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Remarks on Mathematical Physics

Themes and Goals

“The laws of nature are constructed in such a way as to make
the universe as interesting as possible.” FREEMAN DYSON, in
Imagined Worlds (1997)

In mathematical physics, one attempts, beginning with the fundamental equations
and assumptions of physics (like Newton’s equation, the Boltzmann distribution, or
the Schrédinger equation), to derive facts of physics by means of mathematics.

So it is the problem of physics that is center stage (for instance, the question
about the stability of the solar system, the reason for the existence of crystals, or the
localization of electrons in an amorphous solid).

The methods needed to solve the respective problems can, in their majority, be
classified as analysis or geometry, but algebraic techniques also play a role.
Roughly, the mathematical correspondence

e to classical mechanics is the theory of ordinary differential equations,
e to quantum mechanics is functional analysis, and
e to (classical) statistical mechanics is probability theory.

However, a series on theoretical physics should also include electrodynamics
and thus, mathematically speaking, the theory of Maxwell’s equations, which are
linear partial differential equations. The general theory of relativity, one of the
foundations of modern physics, leads, like many other questions, to a nonlinear
partial differential equation. Quantum field theory relies on a variety of analytic,
geometric, as well as algebraic methods.

Given the vast extent of the area, the question arises how one could possibly gain
some ground within a reasonable time and whether the study of mathematical
physics is worthwhile.

The present first volume of a projected three-volume course on mathematical
physics offers an answer to the first question.

ix
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As for the second question, everybody needs to decide for themselves. Students
of mathematics and physics often have different motives in this respect:

e In the regular sequence of lectures ontheoretical physics, a mathematically

rigorous foundation cannot be provided for reasons of time. Thus, for instance,
Schrodinger operators are treated like finite matrices as a matter of necessity.
Here, mathematical physics can serve as a reasonable complement.
The price to be paid for a higher mathematical rigor is that a course on math-
ematical physics cannot discuss as large as variety of physical phenomena
within the time decreed for a bachelor’s degree as could be done in a course on
theoretical physics. Instead, we will focus on conceptual foundations and
investigate representative models.

e In the study ofmathematics, a deductive development of mathematical notions is
chosen for good reason.

In this context, mathematical physics, which is oriented at problems, not at
methods, can motivate the practical relevance of these notions—for instance, the
dynamical relevance of the spectral decomposition of a self-adjoint operator.

Another reason for the interest in mathematical physics is a phenomenon that
Eugene Wigner made into the title of an essay of 1960, namely

“The unreasonable effectiveness of mathematics in the natural sciences”
Or, quoting Albert Einstein:

“How is it possible that mathematics, which is an independent product of human
thought, independent of all practical experience, is such an excellent fit for objects
in reality?”!

The immediate application of the quote by Einstein is to “all objects in reality”.
However, it is in physics that it is confirmed best. Here, mathematical structures (like
differential geometry for the theory of relativity or group theory for quantum field theory)
lead the way to an appropriate theory, often prior to observations in experiments.”

In contrast, for instance in biology, which is considered the new lead science,
structures that have arisen in natural history are key. Even if many phenomena can
be modeled mathematically, the predictive value of the models is limited. The same
applies even more for instance for economic sciences.

The diversity of technological inventions can also be described in the language
of mathematics, and here, too, one works more by problems than by methods; the
distinction is, however, in the goal. The primary goal of mathematical physics is the
insight into phenomena of nature, whereas in “Mathematics for Technology”, the
ultimate purpose is the simulation and optimization of structures and processes.

! A. Einstein: Geometrie und Erfahrung. Festvortrag, gehalten an der Preussischen Akademie der
Wissenschaften zu Berlin, am 27. Januar 1921. Berlin: Julius Springer 1921.

2 Conversely, the book [Lev] by MarkLEvishows in an entertaining manner that “proofs by
physics” can be given for facts of mathematics.
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Contents of the Book “Classical Mechanics”

“In the prescientific era, the Greek term unyovy' (méchané) refers to a construction,
artifice, or an (illegitimate) trick. If treaties in ancient Greece wanted to outlaw deceitful
conduct, they would prohibit the use of t&' yvn (techné) or méchané, of deceitfulness and
malice.” [Me], page 129

This is the first in a textbook series on mathematical physics that is projected to
have three volumes. The following tree gives the first approximation to the logical
interdependence among the chapters of the book.

2: Dynamical Systems

| 3: Ordinary Differential Equations

4: Linear Dynamics

| 5: Classification of Linear Flows | | 6: Hamiltonian Equations and Symplectic Group

| 7: Stability Th. | | 8: Variational Pr. | | 10: Symplectic Geom. | | 9: Ergodic Theory | 11: Motion in Potential

| 13: Integrable Systems

| 14: Rigid Body | | 17: Symplectic Topology | | 16: Relat. Mech. | | 12: Scattering Th. |

15: Perturbation Theory

By example, the following selection of material could be the basis of a four-hour
course (provided basic knowledge about ordinary differential equations can be
assumed):

Chapter 2: Dynamical Systems

Chapter 6: Hamiltonian Equations and Symplectic Group
Chapter 8: Variational Principles

Chapter 9: Ergodic Theory

Chapter 10: Symplectic Geometry

Chapter 13: Integrable Systems
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Contents of the Series

This projected series of textbooks is intended as a basis for a three-semester course
(4 hours each) on mathematical physics, like they are offered at several universities
in German-speaking countries. The material is limited in a way that can be inte-
grated into a curriculum in either mathematics or physics.

Moreover, the three volumes are largely independent of each other, which allows
to integrate them more easily in different curricula.

Explicitly assumed prerequisites are only the lectures on Analysis and Linear
Algebra. The main prerequisites from, e.g., Differential Geometry, Group Theory,
Topology, and Probability are gathered in appendices. Essentials from, say, the
theory of ordinary differential equations or functional analysis will be introduced
where needed. Students who have these prerequisites may skip the corresponding
chapters.

The volumes are appropriate for individual study.

This projected series cannot replace the well-known four volume treatises,
Methods of Modern Mathematical Physics by M. Reed and B. Simon, or the books
on Mathematical Physics by W. Thirring. Whereas the former pioneered the
mathematization of quantum mechanics, the latter went the entire length from the
basic equations to the proof of properties of physically realistic models.

Here, we start at a slightly lower level of mathematical sophistication, but at the
same time attempt to reflect the breadth of present questions and to lay the foun-
dations for an understanding of more specialized literature.

Chapters marked by an asterisk (*) are mathematically more advanced, but will
not be assumed in the sequel.

The exercises (of which this volume contains over 100) will to some part be
complemented with hints, as their level of difficulty varies considerably. Solutions
are gathered in an appendix. The illustrations (some 340 for the present volume)
are, to the extent possible, quantitatively exact.

Acknowledgement

The projected series of textbooks originates in the lecture series “Mathematical
Physics” that was established by Ruedi Seiler in the Dept of Mathematics of the
Technische Universitét (University of Technology) Berlin. I myself, as well as the
series of textbooks, owe him a lot.

Robert Schrader (1939-2015)3, who directed my Master Thesis (Diplomarbeit)
and Ph.D. Thesis at the Department of Physics at the Freie Universitit (Free

3The International Association of Mathematical Physics IAMP, www.iamp.org) published an
obituary for Robert Schrader in its News Bulletin of April 2016.
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University) Berlin, has shaped my view of mathematical physics decisively. He was
an excellent scientist. For me, he was a mentor, colleague, and friend. I dedicate this
volume to his memory.

I am grateful to Ms. Irmgard Moch, who did the detective work of deciphering
my handwriting and typed the German edition of this book. Christoph Schumacher
contributed several exercises, among other things. Viviane Baladi, Tanja Dierkes,
Jacques Féjoz, Daniel Matthes, Herbert Lange, Johannes Singer, Zhiyi Tang, Stefan
Teufel, Stephan Weis, and numerous other colleagues discovered typos or mistakes
in the manuscript, or contributed otherwise to improving it.

I am grateful to Ms. Allewelt, Ms. Herrmann, and Mr. Heine from Springer
Publisher for their friendly help in publishing this book.

Concerning this English edition, I am very grateful to Jochen Denzler
(Department of Mathematics, University of Tennessee) for having done a superb
job in translating the German edition. He was also extremely helpful in improving
the text.

Any remaining mistakes are of course my responsibility. I appreciate being
notified of such mistakes.

Erlangen, Germany Andreas Knauf
July 2017

Notation

Subsets: If A and B are sets, A is called a subset of B (written as A C B) if
x € A = x € B. In particular, it is true that B C B. Strict inclusion A C B means
A CB, but A # B. In mathematical literature, one also finds the symbol A C B for
subsets.

Power Sets: If A is a set, then the power set of A is
24 := {B|BCA).

Synonymous notations in the literature are 3(A) and P(A).

Functions: For f : M — N and A C M, we define f(A) := {f(a)|a € A}.
For BC N, we define f~!(B) := {m € M|f(m) € B}. For b € N, we will define

) =71 ({b)).

Numbers: N = {1,2,...} is the set of positive integers, Ny = {0,1,2,...},
Z=1{0,1,—1,2,-2,...} is the ring of integers.

Q, R, C are the fields of rational, real, and complex numbers, respectively.

For a field K, the symbol K* will denote the multiplicative group, K* := K\ {0}.
Finally,
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R*:={x € Rjx >0} = (0,00).

We write 1 rather than i for the imaginary unit.

Intervals: I CR is an interval if, for y<z € I, every point x € R with y<x<z
belongs to I. For a € RU{—o0} and b € RU{ + oo}, we denote

(a,b) :={x € R|x > a, x<b}, (a,b] := {x € R|x > a, x<b},

etc.

(Synonymous notations are |a, b[= (a,b), |a,b] = (a, b], etc.).

We occasionally also use (generalized) intervals like [0, + oo] = [0, 00)
U{+oc}.
Matrices: Mat(m x n,K) denotes the K-vector space of m x n matrices with
entries from the field K, and Mat (n,K) denotes the ring Mat (n x n,K).

Spheres and Balls: For d € Ny, we define ¢ := {x ¢ R/*!| || x |= 1} = 9B *!,
i.e., the boundary of the closed unit ball; here BY := {x € R?| || x || <r} is the
closed unit ball of radius r > 0, and B¢ := B”ll .

We write S! C C for {c € C||c| = 1}, but also S' :=R/Z (with the identifi-
cation [x] — exp(2mux)) for the multiplicative and additive group, respectively.

The Greek Alphabet

a) Lower case letters

o Alpha { Zeta A | Lambda T Pi ¢, ¢ |Phi

p Beta n Eta i | My p, 0 | Rho b4 Chi

Y Gamma | 0,9 | Theta v Ny g, ¢ Sigma V] Psi

0 Delta 1 Jota & IXi T Tau w Omega
€& Epsilon K Kappa o Omikron v Ypsilon

b) Capital letters (to the extent that they are distinct from capitals in the Latin alphabet)

I' |Gamma |® |Theta 2 |Xi |X |Sigma ® |Phi |Q |Omega
A | Delta A |Lambda |[IT |Pi Y |Ypsilon |¥ |Psi




Chapter 1
Introduction

Prop. VIIL. Prob. IIL

Moweatur corpus in circulo P Q A : ad bunc effeStum vequiritur lex
vis centripetee tendentis ad punétum adeo longinguum§, ut line.c om-
nesPS, RS ad id dute, proparallelis haberi poffint.

A circuli centro C agatur femidiameter C 4 parallelas iftas per-
pendiculariter fecans inM & N, & jungagtur CP.  Ob fimilia
triangula CPM, & TPZ, vel
( per Lem. VJIL)TP Q,cft C Py. A2 50
adPMq.uc PO_q.vel( per Lem. o N
VIL )PR4.ad 9T 4. &exnatu- %5
ra circuli reGtangulum QO R xR N A e
+ON aquale eft PR quadra- [ ! N\
to. Cocuntibus autem pun&is “—— 5
P, 0 fit RN+ QN aqualis 2PM. I !

Ergo cft CP guad. ad PM guad- , sl s

ut QR x2PMad QT guad. ade- 3

From Newton’s own copy of the first edition of his book Philosophice Naturalis
Principia Mathematica. Reproduced by kind permission of the Syndics of
Cambridge University Library

How it all Got Started
And he was told to tell the truth, otherwise one would have recourse to torture. [He replied:]
I am here to obey, but I have not held this opinion after the determination was made, as I
said.

© Springer-Verlag GmbH Germany 2018
A. Knauf, Mathematical Physics: Classical Mechanics, La Matematica per il 3+2 109,

https://doi.org/10.1007/978-3-662-55774-7_1



2 1 Introduction

Judicial protocol of the Holy Office of Inquisition on the GALILEI case (1633)!

A bit more than 50 years lapsed between the guilty verdict on Galilei and the
publication of Newton’s Principia. During this time, modern science was established,
with classical mechanics as the leading science. We will begin this introduction with
the solution of the equation of motion for the planets, which amounts to confirming
Galileo Galilei’s heliocentric cosmology and making it more precise.

Both the research of differential equations and the physics-based celestial mechan-
ics go back to Isaac Newton (1643-1727).

e Isaac Newton the mathematician is known (together with Leibniz) as the founder
of differential calculus.
e Isaac Newton the physicist lent his name to the law

Force = Mass x Acceleration. (1.1)

Both of these activities of Newton’s are interconnected. Namely, if

e x(t) € R?is the position of a particle at time ¢ € IR, then (using Newton’s notation
for time derivatives) () = §£(1) € R? is its velocity and ¥ (1) = ‘é%‘(t) eR3is
its acceleration at that moment of time.

e On the other hand, the force F can depend on the position and velocity of the
particle, and also directly on the time, so that equation (1.1) has the form

’F@JJ):m%.

It is assumed here that the force function F is known.

This is an example of a differential equation, as it is an equation satisfied by the
unknown (vector-valued) function # — x(¢) and its derivatives.
For instance, on the earth (with its center? located at x), with mass m > 0, the

force is
X

™ (x e R*\ {0}), (1.2)

F(x) = —my

where we have used the Euclidean norm || x| = ,/ )cl2 + x% + x32, and where we have

assumed for simplicity that the sun force
is at rest in the origin of the coordi-
nate system. A more detailed study
shows that the true 2-body problem,
in which earth and sun move around

. center of mass
their common center of mass, can be

ISee SOBEL [Sob2, Section 24].

2In Problem 12.37 on page 308, we show that for the centrally symmetric distribution of mass, the
gravitation has the same effect as if all mass were concentrated in the center.
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1 Introduction 3

reduced to the central force problem just discussed if in (1.2), the mass m of the
earth is replaced with the reduced mass nﬁ—% < m.? The positive constant  is the

product of the gravitational constant and the mass of the sun. So after cancelling m,
equation (1.1) has the form

. X

Newton solved this differential equation, and in doing so, he derived Kepler’s laws
of planetary motion, which had previously only been abstracted from observational
data, as a consequence of the foundational mechanical laws (1.1) and (1.2). This was
the first triumph of the new natural science—published in his main opus “Philosophiz
Naturalis Principia Mathematica” (shortly: Principia) [Ne] in 1687.

Newton was well aware of the significance of his insight; and as he also leaned
towards the mysterious, next to mathematics and physics, he encoded the Latin sen-
tence data aequatione quotcunque fluentes quantitates involvente, fluxiones invenire
et vice versa in an anagram*

baccdael3eff7i319ndo4qgrrids8tl2ux.
A free translation of that sentence reads

It is useful to solve differential equations.

Derivation of Kepler’s Laws
Let us follow Newton’s advice and solve (1.3).

1. First we observe that the planet will remain, for all times, within the orbital plane
spanned by its initial position and its initial velocity®; this is because

. . . . . . X XX
—x XX]=AXxX+xXX=xXxXX—v—+ =0, (1.4)
dr [lx]3

so the vector x () x x(t) € R3, which is orthogonal to this plane, is constant in
time.

2. Now it is useful to describe the position x(¢) in this orbital plane by a complex
number z(#), where z(¢) = x;(¢) + ix,(¢), provided x x x points in the third coor-
dinate direction (which we may assume with no loss of generality).

Then in polar coordinates, one has z(t) = r(t)e'*?"), and therefore

=0+ ircﬁ)ei*’ and 7 = (;; — r¢2 +iQip + rgo'))eigp.

3See Example 12.39 on page 310.

4See http://www.newtonproject.sussex.ac.uk/view/texts/normalized/NATP00180. Quotation from
the introduction of ARNOL’D’s book [Ar3]. Interesting biographical notes on Newton can be found
in [Ar6].

SIf  is parallel to x, we obtain a straight line instead of a plane.
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1 Introduction

After division by ¢'¥ and separation of real and imaginary parts, Newton’s force
equation, 7 = —’y#, leads therefore to the coupled real differential equations

D): 7 — r? + rlZ — 0, (I): 27+ r = 0. (1.5)

. Because & (r2¢) = r(27¢ + r$) = 0, the quantity € := r’p = const is a con-
stant of motion. By definition, the product of this quantity with the mass m of the
planet is the angular momentum. So this quantity is constant in time.

. Substituting ¢ = £/r? into (I) produces the equation

ZZ

Fe =+
73

v
— =0.
)

Here, too, we can find a constant of motion; for if we let

U, (r) = ey 2y . 122
() .—ﬁ—;anng(r,r) =577+ Ue(r),

we have %Hz (r(t), i’(t)) =7 (;; — % + :—2) = 0, hence Hy is constant in time:

Hy(r(1), 7(1)) = H,(r(0), 7(0)) =: E.In physics, the product E m is interpreted
as the rotal energy of the planet, and all real numbers can occur as values of the
energy.

. Now initially, we are less interested in solving the differential equation

F = +£2(E — Us(r)), (1.6)

namely how the radius depends on time, than we are in the shape of the orbit
R(p) :=r(t(p)). If we assume that £ = r?p # 0, we can switch to ¢ as the
independent variable. Then, from (1.6), we obtain

dR 7 +R*J2(E — U,(R))

dp ¢ ¢ ’

hence by separating variables and substituting Uy,

/ ¢dR /d ,
= Y =¥ = ¥o.
+R2ER? + 2R — (2

Using the constants e := /1 + szz and p := 2/, the integrand on the left hand
side can be transformed into

¢ B p/R
RV2ER?+2yR—¢* JER*—(p—R)?

Using a table of integrals, we conclude arccos (%) =@ — g, Or
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p

Rip) = 14 ecos(yp —g)

(1.7)

But this is the equation of a conic, in which the constant e is called the eccentricity
and p the parameter of the conic. The angle ¢ — ¢ is called true anomaly in the
astronomy literature.

Results
1. We obtain, for angular momentum ¢ # 0, depending on the energy E, the fol-
lowing:

e For E<0: 0<e <1 (anellipse), with the circle as a special case for
e=0.

e For E =0: e =1 (aparabola)

e For E > 0: e > 1 (ahyperbola)

We have thus derived Kepler’s first law.

hyperbola

parabola
force

| force

center of mass

center of mass

2. Kepler’s second law states that the segment connecting sun and planet will swipe
out the same area during the same time.
This law follows from the fact that £ = ¢ is constant, because the area swiped
out during the time interval [f, 1,] is

7 2 [ 24y i
| ire@rao=1 [rarPma=tewm -,
1

131

3. Similarly, we confirm Kepler’s third law, according to which the squares of the
orbital periods® (of different planets) are proportional to the third powers of the
major semiaxes.

For a solution ¢ +— x(#) of the force equation (1.3), we substitute X (¢) :=
cxx(t/c;) with positive parameters ¢, and ¢,. It is exactly when ¢? = ¢? that
the curve ¢ +— X () again satisfies the force equation; indeed

d2x ¢, d%x X . X

— ()= —(@and — =c F——.
TR oA FTER

This proves the law of scaled orbits of equal shape.

6To memorize which quantity to square: Times Square.
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1.1 Exercise (Kepler’s Third Law) Show that the orbital period on a Kepler ellipse
depends only on its major semiaxis.’

Hint: Show first that
(a) for the minimal and maxi-

mal distances  rmin := R(po)
and  rmax = R(po + ), the
length of the major semiaxis
equals the arithmetic mean
a:= %(rmm + rmax), Whereas the
minor semiaxis equals the geo- ~7max T'min
metric mean b := (Fmin Fmax) />

(b) Due to Kepler’s second law, the
orbital period is 2wab/L.

(c) Next use the relation £2 = 72 e;—gl
between angular momentum and
eccentricity. O

So we have solved the differential equation of the Kepler problem.?

While this may not have become transparent, we have profited from the symmetry
of the system under consideration, namely the invariance of (1.3) under orthogonal
transformations of R?, by noticing that certain quantities were constant in time; and
this allowed us to reduce the number of variables. Newton’s equation with a central
force is always integrable.

In (1.2), at most second derivatives of x with respect to time occur, and accordingly,
we need to prescribe, as initial conditions at time 0, the initial position x(0) € R3
and the initial velocity x(0) € R®. Then there exists for all times a unique solution
of (1.3) (except in the case of collision with the central mass at x = 0, which occurs
when x(0) and x(0) are linearly dependent).

The n-Body Problem

This success of Newton’s is contrasted with a failure.
One may study, more generally, the motion of n mass points that attract each other.
For instance, consider the solar system consisting of the sun and several planets.
Since the force on the ith body (with position g; € R?) equals the product of
its mass m; and its acceleration §;, one obtains’ from Equations (1.1) and (1.2) the
system of differential equations

Gi=>m BTI =1, (1.8)
Z ey —ail

71t follows from the formulas for the semiaxes that their ratio b/a is 1 + O(e?), whereas the ratio
rmin/"max depends on the eccentricity e in the form i—jﬂ‘f =1-2e+ O(?). Planetary orbits with
eccentricities e < % are therefore, in first approximation, circles, where the sun is shifted by order
e from the center. The ellipse in the figure has eccentricity e = %, whereas the earth has e = 0.017.
8The parametrization of the conics by time is obtained by elliptic integrals.

%in units that make the constant of gravity 1.
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It is the fact that the planets are of so much smaller mass compared to the sun that
results in the approximate solution from the two-body problem being so precise.

But nevertheless, Jupiter, the heaviest planet, has almost 1/1000 the mass of the
sun. So one can expect that already after about 1000 years, Jupiter’s presence has a
notable effect on the orbit of the earth. So the solution of the next simplest problem of
three bodies would be of special interest to us. However, the 3-body problem resisted
all attempts to solve it for 200 years after the publication of ‘Principia’.'?

In 1885, the French mathematician Henri Poincaré was awarded a prize that had
been offered by the Swedish King Oscar II for the solution of this problem. However,
Poincaré had not solved the problem in its generality, but rather had found indications
that attempts at a series solution would have to be divergent (DIACU and HOLMES
[DH] tell this interesting story.)

1.2 Remark (Three-Body Problem)
As a matter of fact, the orbits of the

restricted 3-body problem are already very
complicated. In the restricted 3-body prob-

lem, a satellite with negligibly small mass

is moving in the gravitational field of two .
bodies that circle about their common cen-

ter of mass.

In the numerical solution of the differential
equation depicted on the right, one can see

the shape of the orbit of the satellite, as seen in a coordinate system that rotates
along with the massive bodies, whose position is therefore fixed in that coordinate
system. o

This observation by Poincaré gave rise to a new era in which more emphasis
is placed on qualitative properties of differential equations. For instance, one may
ask whether the solar system is stable or not, or whether it is possible to capture
celestial bodies in the absence of friction forces, etc. In this book, both types of
questions, those about explicit solutions to differential equations, and those about
their qualitative properties, will find a place.

Constraints and Friction

Itis the goal of classical mechanics to conclude from the kind of forces acting between
the massive bodies to the kind of motion they undergo. A first task in this process
consists of setting up the equation of motion.

Let us consider the motions of a ball. It consists of a huge number of atoms.
However, inasmuch as their distances are constant in time, the ball can be considered
as a rigid body, and six equations of second order suffice to describe its motion in
space. Three of them describe the position of its center of mass, and three describe
the rotation with respect to its initial configuration.'!

10See Chapter 11, beginning on page 256.
!See Chapter 14, beginning on page 365.
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If the ball rolls on a surface, this constraint reduces the number of degrees of
freedom by one. If it rolls without sliding, then a motion of the center of mass is only
possible if the ball rotates at the same time. In this case, the question arises whether
the ball can reach any prescribed point in its configuration space by appropriate
motions.

Whereas in the case of the motion of the earth around the sun, we can neglect
friction in good approximation, this is not the case for a ball rolling on the earth. Here
the deceleration is proportional to the speed. In the course of time, the ball dissipates
energy into the environment and thus gradually comes to rest.

We will predominantly discuss Hamiltonian systems, in which the energy is a
quantity that is conserved in time. In doing so, we will see that Hamiltonian systems
allow a geometric description; this geometry of the phase space, called symplectic
geometry, differs significantly from the more customary Riemannian geometry.

Nevertheless, in particular at the beginning, we also want to consider more general
dynamical systems; for instance those that are losing energy. It is only in this way
that we can clearly recognize the special nature of Hamiltonian dynamics.

Discrete Dynamical Systems

Here is one last example: In high energy physics, particles are accelerated to high
energies in order to let them collide afterwards. But for various reasons, often one
does not want to make particles collide immediately. This is why storage rings are
being used, in which the particles that had been accelerated to almost the speed of
light are forced onto a circular orbit by means of a magnetic field.

A constant magnetic field produces a spiral-shaped orbit in which the component
of the velocity parallel to the magnetic field is constant.'? After few orbits, the charged
particles would therefore leave the storage ring. To prevent this, more complicated
configurations of magnets are used.

In order to study these configurations, one can measure location and velocity of
the particle perpendicular to the direction of the ray at one particular position of
the ring. This way we obtain a mapping that allows to obtain, from position g, and
velocity v, of the particle in the n'" orbit, the values of these same quantities in the
(n + D™ orbit:

qn+1 = fl (qm Un)y Upt1 = f2(Qm vn)a

or briefly,
— ; e (4K . (N
Xnp1 = F(x,) with x; 1= (UA) and F := (fz)'
In order to determine the mapping F', one has to calculate the effects of the magnets
on the relativistic particles.

Where are the particles by the end of the time of storage, for instance after 10°
orbits? To answer this question, we must, in principle, iterate the above mapping.
We set

F'':= F o F" with F* :=1d.

12This will be shown in Section6.3.3 on page 122.
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If F is invertible, then we define analogously F~"~! := F~1 o F7",

This way, we obtain kind of a stroboscopic model of the motion. In this model,
the time parameter n takes on values in the integers Z, whereas in the previous case,
we had t € R.

Again one could have conservation of energy in good approximation, or else
energy could be lost, for example by radiation.

One engineering task consists of designing the magnets in such a way that one
obtains stability, such that the particles do not leave the storage ring. In doing so,
it would be calculationally ineffective to actually do 108 iterations of F. After all,
we have to show stability for a continuum of initial conditions. A deeper analysis of
dynamics is needed.

Let us assume that F(0) = 0, in other words, those particles that start without
deviation of location and velocity will also return that way. A first approximation
then consists of the linearization of F, i.e., one needs to investigate the matrix M :=
DF(0). If this matrix were to have only complex eigenvalues whose absolute values
are less than 1, then the motion would be stable.

However, in the case of conservation of energy, this will not happen. The best
that we can achieve constructively here is marginal stability, in which all complex
eigenvalues are located on the unit circle. In this case, can we still conclude from M
to F? This is indeed possible with Hamiltonian perturbation theory, according to
the famous theorem of Kolmogorov, Arnol’d, and Moser!® which even applies for
infinite time. Indeed, as one varies the parameters of F, i.e., the configuration of the
magnets, one discovers that for particular values of the parameters, a bifurcation from
unstable to stable behavior occurs. So, in principle, the engineering task is solvable.

Additionally various interactions between particles within the beam threaten sta-
bility, in particular for large intensities. Then their collective motion is modeled by
the Vlasov equation, a Hamiltonian partial differential equation.

Figure 1.1 shows how instabilities appear for large charges.

Relation to Statistical Mechanics and Quantum Mechanics

Whereas the rigid body, which consists of many atoms, could be described by merely
six coupled differential equations, this is not the case for gases. Nevertheless, gases
can be described very effectively in statistical mechanics. However, this is no longer
done on a deterministic basis, but on a probabilistic one. One assumes that the
equilibrium state of the gas can be described by few parameters like density and
energy; it is a probability measure that is evenly distributed on the manifold defined
by these parameters. This successful assumption, however, needs to be justified by
analyzing the ergodic properties of the mechanical system.

In reality, nature is not classical, but quantized. The Newtonian equation of classi-
cal mechanics only appears in an asymptotics of the quantum mechanical Schrédinger

I3KAM theory will be discussed in Section 15.4, beginning on page 412.
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Figure 1.1 Beam instability. Left: charge 1 picocoulomb, middle: charge 8 pC, right: charge 12

pC. Images: courtesy of Andy Wolski (Liverpool)

equation. Nevertheless, nobody would have the idea, for instance, to study the
mechanical properties of a bicycle by means of quantum mechanics. Likewise, it
is often effective in microscopical objects like atoms and molecules to treat quantum

dynamics as a perturbation of classical motion.



Chapter 2
Dynamical Systems

Ocean snails (Left: Oliva porphyria, Right: Conus marmoreus). Each time, a
photograph on the left, and a simulation by a dynamical system on the right.'

Dynamics can be viewed under different aspects, and with a variety of additional
structures; accordingly, there are different definitions of dynamical systems. Whereas
we will mainly consider fopological and differentiable dynamical systems in this
chapter, we will start with some larger generality.

It is only in Chapter 6 that Hamiltonian dynamical systems, which dominate in
classical mechanics, will move center-stage. These are solutions of a special kind of
differential equations of first order. They have a time-invariant measure, which, in
the case of a vector space as the phase space, is the Lebesgue measure.

Chapter 9 is dedicated to such measure-preserving (not necessarily Hamiltonian)
dynamical systems.

IThe photos are from Chapter 10 (written by D. FOWLER and P. PRUSINKIEWICZ [FP]) in H.
MEINHARDT: The Algorithmic Beauty of Sea Shells. 4. ed., ¢ Springer 2009. Photos: courtesy of
D. FOWLER and P. PRUSINKIEWICZ

© Springer-Verlag GmbH Germany 2018 11
A. Knauf, Mathematical Physics: Classical Mechanics, La Matematica per il 3+2 109,
https://doi.org/10.1007/978-3-662-55774-7_2
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The textbooks by KATOK and HASSELBLATT [KH] and by ROBINSON [Ro] con-
sider general (not necessarily Hamiltonian) dynamical systems, as well as iterated
non-invertible mappings (which are also often viewed as dynamical systems). ¢

2.1 Iterated Mappings, Dynamical Systems

“Nous devons donc envisager l’état présent de 'univers, comme [’effet de son état
antérieur, et comme la cause de celui qui va suivre. Une intelligence qui, pour un
instant donné, connaitrait toutes les forces dont la nature est animée, et la situation
respective des étres qui la composent, si d’ailleurs elle était assez vaste pour
soumettre ces données a l’analyse, embrasserait dans la méme formule les
mouvements des plus grands corps de 'univers et ceux du plus léger atome: rien ne
serait incertain pour elle, et I’avenir comme le passé, serait présent a ses yeux.”
PIERRE- SIMON LAPLACE (1814), [Lap], page 2.2

Given a mapping f : M — M of a set M into itself, we can iterate it by defining the
iterated map
fOu=1dy , fOi=fofh (reN).

For each m € M, we obtain a sequence a : Ny - M, a, = f(’) (m). We then call M
the phase space, ¢ the time parameter, and m the initial point. We have not assumed
f to be injective. So one can see from the graph of f that different initial points may
have the same future.

2.2 Example For f : Ny — No,m — |m /2], the mapping yields the graph depicted
in Figure 2.1.1 (left) by arrows from m to f (m). O

Simple iterated mappings can already lead to very difficult questions.

2.3 Example (Collatz Conjecture) On the phase space M := N, the mapping f
is defined by f(m) := m/2 when m is even, and f(m) := 3m + 1 when m is odd.
For instance, the sequence with initial point 7 begins as 7, 22, 11, 34, 17, 52, 26, 13,
40, 20, 10, 5, 16, 8, 4, 2, 1, 4, ... and becomes cyclic once it reaches 1, as seen in
Figure 2.1.1 (right). The conjecture by Lothar Collatz that every sequence contains 1
has been neither proved nor disproved since 1937. O

2Translation: “We therefore must consider the present state of the universe as the consequence of its
earlier and the cause of its future states. An intelligence that would know, for some given moment,
all forces that animate nature, as well as the respective positions of the elements of which it consists,
and which would be comprehensive enough to subject these quantities to analysis, would in one
and the same formula comprise the movements of the largest celestial bodies and the lightest of
atoms; nothing would be uncertain to that intelligence, and future and past would be visible to it.”
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26 ¢ 52 « 17 ¢ 34 « 11 « 22 « 7 = 14 « 28 « 9

//\ /
/\ /\ \

” N

AN = G

3« 6«12

Figure 2.1.1 Iterated maps. Left: Example 2.2. Right: Collatz graph from Example 2.3

2.4 Example (Calkin-Wilf Sequence) For the decomposition x = |x| + {x} of
x € R, with [x] € Z and {x} € [0, 1), we iterate the mapping

1

R +
f:R" =R ’x}_)l_xj—i-l—{X}’

beginning with 1. The first terms
in the sequence are therefore

1 1 2 3 5 2
]1 5? 2’ 3 29 37 3’ 4’ 31 51 2? 57
3.3 Thi t
35 g0 v 1S sequence enumerates

the positive rational numbers. A
proof can be found in CALKIN and
WILE [CW]. O

2.5 Exercise (Cantor Set)
The interval I :=[0, 1] contains the hole

L := (1/3, 2/3). We iterate the mapping

fiR->R, x> 3(1-2x—1/2) /\
until we reach the hole. So we consider, for 1

the start value xo € I, the sequence (x,),eN,
Xn+1 = f(x,). Show that the set

Nl&ﬁ

={xoelI\L|VneN:x,el\L}

X

which consists of initial values that will
never fall into the hole, is the Cantor-
1/3 set. O T 7T =TT

2.6 Remark (Invertibility) The fundamental equations of nature do not prescribe a
direction of time. This is why non-bijective mappings defining dynamics play a role
for events in physics only as coarse models. In classical mechanics, it is dynamical
systems in the sense of the following definition, rather than general iterated mappings,
that are in the center of interest.

(=

1

W=
LR
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Nevertheless we will occasionally return to non-injective iterated mappings (as
the logistic family of Example 2.26), because these examples can feature compli-
cated dynamics already in dimension one and are therefore good for the purpose of
illustration. O

2.7 Definition For the groups G := (Z,+) or G := (R, +) respectively, a family
of mappings ®, : M — M (t € G) onaset M is called a dynamical system, if the
following conditions are satisfied:

®y=1dy and ®,0®, =, ., (.0 €G). @2.1.1)

Then M is called phase space. For G = 7, the dynamical system is called discrete,
for G =R, it is called continuous or a flow on M.

2.8 Example (Discrete Dynamical System)
(®/)sez 1s a dynamical system if and only if f := & : M — M is bijective, with
&, = fOand d_, = (fH® fort € N,. O

2.9 Remarks

1. The phase space point ® (¢, m) describes the state of the dynamical system (e.g.,
the positions and velocities of the celestial bodies under consideration) at time ¢,
if the state at time 0 was m.

2. The requirement ®((m) = m is obviously justified, and it ensures that the map-
pings ®, are bijective.
The requirement ®,, o &, = P, 4, of invariance under time translations will be
satisfied for G = R when @ is the solution of an autonomous system of differen-
tial equations (see Definition 3.13). For instance, in order to calculate the position
and velocity of the earth in 10 months, we can first determine its state in 7 months,
and then take that point in time as a new origin of the time axis and calculate the
state 3 months later.
However, for solutions & of differential equations with an explicit time depen-
dence, this requirement will not be met. Let us imagine, for instance, that eight
months from now, a fast comet will deflect the earth and let ® (¢, m) be the state of
the earth at time 7. Then this mapping ® will not satisfy the above condition. Only
after including the dynamics of the comet by enlarging the phase space to include
its position and velocity do we again get an autonomous system of differential
equations, and a dynamical system as its solution. O

2.10 Definition For a dynamical system (®,);cc on the phase space M and a point
m e M, we call

e The mapping G — M, t — ®,(m) the orbit curve through m.

e Its image O(m) := {®,(m) | t € G} the orbit or trajectory through m.

e m is called equilibrium or fixed point if O(m) = {m}.

e m €M is called periodic (or closed) with period T € G if T >0 and
Or(m) = m.
Here, T is called minimal period if ®;(m) # m forallt € (0, T).


http://dx.doi.org/10.1007/978-3-662-55774-7_3

2.1 Tterated Mappings, Dynamical Systems 15

Analogous definitions apply to non-invertible mappings, if one replaces the group Z
with the set Nj.

2.11 Example (Matrix Powers as Dynamical Systems) For an invertible symmet-
ric matrix A € Mat(n, R) and M := R", the mapping

Q:ZxM—>M , d(x) = Alx with A" = 30\ APy,

where A = >, espec(A) AP) is the spectral representation of A, is a dynamical system.
If 1 ¢ spec(A), i.e., is not an eigenvalue, then x = 0 is the only equilibrium. O

2.12 Exercises (Period)

1. On the phase space S! = {c € C | |c| = 1}, we define, with a parameter o € R,
the rotation by multiples of 27« by

®,: 5t = S, d,(m) :=expQrita)ym  (t € 7), (2.1.2)

see the figure. Show:

(a) The mappings (2.1.2) are a
dynamical system.

(b) For rational parameters « € Q,
ie.,a = %,q €7Z,p € N,andg,
p relatively prime, every point in
the phase space is periodic, with
minimal period p.

(¢) For irrational o € R\ Q, no
point in the phase space is peri-
odic.

2. ThemappingC — C,z = " withm € N\ {1}induces, by restrictionto |z| = 1,
a non-invertible mapping f,, : S' — S' of the circle onto itself.
Calculate, for n € N, the number P,( f;,) of periodic points of f,, with period n
(where n doesn’t have to be the minimal period), and show that the set of periodic
points of f,, is dense in S I O

2.13 Theorem (Orbits of Dynamical Systems)

1. The relation my ~ my if my € O(my), in words, ‘if my belongs to the orbit
through m1’, is an equivalence relation on M.

2. Ifmisperiodic with period T, then the same is true for all points of the orbit O (m),
we then call this a periodic orbit.

3. If the orbit O has a minimal period T > 0, then this minimal period is unique,
and the periods of O are the set TN = {Tn | n € N}.
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Proof:

1. e Since ®y = Idy,, the relation ~ is reflexive (i.e., m ~ m for allm € M).
o Ifmy, = ®,(my),then ®_;(m,) = ®_; o ®,(m) = ®,_,(m) = my; therefore
the relation is symmetric.
o With my = @, (m;) and m3 = &,,(m,), we conclude mz = ®, 4, (m); so ~
is transitive.
2. If m' = ®,(m), then &7(m’) = &7, (m) = ®, 0o Oyp(m) = &,(m) =m'; so T
is also a period of m’.
3. If § > Ois also a minimal period of O, then T ¢ (0, S), hence T > §; conversely
it is also true that S > T'.

The latter is true for all periods S. If it were true that S ¢ TN, one would have a
unique representation S = n7 +r withn € Nand r € (0, T'). Then r would also
be a period of m € O:

@, (m) = Ps_pr(m) = Pg o P_r(m) = Pg(m) =m.

This would be in contradiction to the minimality of 7. (I

For the group G = Z of times, the equilibria have a minimal period of 1, whereas
for G = R, they do not have a minimal period.

2.14 Definition A subset N C M of the phase space M is called

e forward invariant, if ©,(N) C N forallt € G witht > 0.
e invariant, if ®,(N) C N forallt € G.

Invariant sets have the property that ®,(N) = N for all t € G, since ®_,(N) C N
implies N = ®,(d_,(N)) € @,(N).

We call a nonempty invariant subset N of M minimal (in the set theoretic sense),
if it does not contain a strict subset that is invariant. The minimal invariant subsets
are precisely the orbits. So we have understood a dynamical system (®,),cs once
we know its orbits and the restriction of &, : M — M to these orbits.

2.15 Exercise (Minimal Period of a Dynamical System)
We call T > 0 period of the dynamical system, if &7 = Idy,.

Show that a discrete dynamical system ® : Z x M — M on a finite set M # ()
has the least common multiple of the minimal periods of its orbits as its minimal
period. O

2.2 Continuous Dynamical Systems

The number of questions about a dynamical system increases enormously once a
topology is available (see Appendix A.l), so that we can, for instance, talk about
limits.
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2.16 Definition A dynamical system (®;);cc on the phase space M is called a
continuous or topological dynamical system, if M is a topological Hausdorff space
and

S:GxM—->M , O(,m):=d,(m)
is continuous.’>

2.17 Remarks (Topological Dynamical Systems)

1. AsZis adiscrete topological space, i.e., every subset is open, the continuity of ¢
for G = Z is equivalent to the continuity of &, for each ¢ € Z. This in turn is
equivalent to ®; : M — M being a homeomorphism (see Definition A.17). Con-
versely, every homeomorphism f : M — M generates a continuous dynamical
system by iteration.

2. In almost all applications, the phase space of a dynamical system is a Hausdorff
space in a natural way. However, one needs to decide on a case-by-case basis
whether the dynamics is continuous. For instance, in the case of billiard,* or if
point masses collide, this is not always the case.

3. If one omits topology, and hence the requirement of continuity of ® with it, then
one loses the control that for finite time ¢, the state ®(z, m’) stays close to the
state @ (¢, m) if the initial points m and m’ are close to each other. This is however
a property of practical interest, since in an experiment, m can only be measured
with finite precision.

4. In all the introductory examples, M is the space of positions ¢ and velocities v
of the massive bodies under consideration. For instance, in the case of earth in
3-space, M is the topological space R? x R3, and m = (g, v). The value ®(z, m)
gives the state (here: position and velocity) of the body after time #, given that its
state at time 0 was m.

However, we also want to consider, for example, the motion of a bead on a circular
wire. Its position there is given as a point on the circle S' := {x € R? | ||x|| = 1},
and the phase space is the manifold M := §' x R (where R is for the velocity of
the circular motion). The notion of a manifold is introduced in Appendix A.2.

5. There also occur phase spaces that are not manifolds.
For instance, the Schrodinger equation from quantum mechanics,

dq)t
dr

=—tH® , ®y= 1y,

with a self-adjoint operator H = H* : H — 'H defines a unitary time evolution
&, = exp(—iHt) with t € R on the C-Hilbert space (H, (-, -)). This latter is a
topological space (being a normed vector space), and the mapping

3Here, (R, +) or (Z, +) respectively are considered as a topological group (Definition E.16), and
G x M carries the product topology (Appendix A.1).

4 A mathematical variation of the game of pool.
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P RxH—->H , &, ) =D,®)

is continuous.’

6. Part of our task will be to determine &: for the group G = R by solving ordinary
differential equations; and for G = Z by iterating a mapping. In this process, the
mappings ¢ will turn out not only to be continuous, but also arbitrarily often
differentiable (‘smooth’), provided the same is true for the differential equation
or, respectively, the mapping being iterated.

7. If in Definition 2.16, one admits arbitrary topological groups® (G, o), requiring
more generally that &, o &, = ®,,,,,, one obtains the notion of a (topological)
group action, more precisely action, or operation, from the left, in contradistinc-
tion to an action from the right, which requires ®,, o ®; = ®,,. Such group
actions can occur for instance as symmetries of a dynamical system. The special
case of dynamical systems is simpler inasmuch as the groups R and Z are abelian.
However, they are not compact, and this makes the analysis more difficult. O

2.18 Examples (Topological Dynamical Systems)

1. One simple example is the free movement of a celestial body in vacuum. The
phase space is again M := RZ x R3. As, by hypothesis, no forces act on the
body, its acceleration is %q = 0. So the velocity, i.e., the derivative v = éi—lq of
the position with respect to time, is constant in time: $v = 0, and we have the

dr
solution
d(t,m)=(q+vt, v) (teR,m:(q,v)eM)

continuous in the initial data m and time ¢.

2. In contrast, the example of the two body problem of celestial mechanics, given in
the introduction, is strictly speaking not even a dynamical system in the sense of
Definition 2.7, because both bodies can collide in finite time. However, if the phase
space (Rg \ {0}) x R? is restricted by the (flow-invariant) condition g x v # 0,
i.e., non-vanishing angular momentum, then one obtains a continuous dynamical
system.

3. For a finite set A # ¢, a discrete dynamics can be defined on the sequence space

M:=A"={a:Z— A} = {(a)rez | ax € A}

by setting
O :M—>M , (), =ay (<L) 2.2.1)

If the set A, called alphabet, is equipped with the discrete topology, and the
sequence space M (also known as shift space) with the product topology, then
M is a topological Hausdorff space, and the shift ® is a continuous dynamical
system. By Tychonoff’s theorem (Theorem A.19), the phase space M is compact.

SBut it is only when dim() < oo that the phase space will be a (finite-dimensional) manifold
according to the definition A.25.
See Appendix E.1 and E.2.
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Even though the phase space of this dynamical system is not a manifold (assuming
|A| > 1), it can nevertheless be used for the analysis of physically relevant chaotic
dynamical systems. An easy example is the one of a particle, reflected elastically
by three discs, see figure. The orbits that stay bounded in the past and the future
have infinitely many such collisions. As they cannot collide twice with the same
disc in succession, their collision sequence is a point in

Yi={ae A |Vk€L:ar # a},

for the alphabet A := {1, 2, 3} enumerating
the discs. It turns out that there is a bijection
between X and the phase space points on
the discs belonging to these bounded orbits.
There are two periodic orbits shown in the
figure, with periodic symbol sequences 12
and 123, respectively.

See [KS, Section 3] for more details. O

2.19 Exercise (Shift)

As
(a)

(b)

()

in Example 2.18.3, let A be an alphabet and M := A%,
Check thatd : M x M — [0, 00), given by

d(x,y) = ZZ_UI da(xj,y)  (x =) jez. y = W))jez € M),
ez

withd 4(a, b) := 0ifa = bandd 4(a, b) := 1 otherwise, defines a metric on M.
Show that the shift ® is continuous.

How many periodic points m € M, and how many periodic orbits with period
n € {2, 3, 4}, does ® from (2.2.1) have, when the alphabet is A = {0, 1}? Specify
all points with minimal period n for n € {2, 3, 4}.

Show that there exists an x € M whose orbit is dense in M, i.e.,

{P:/(x) |t eZ} =M.
Remark: This means that the continuous dynamical system @ : Z x M — M is

topologically transitive, 1i.e., for open non-empty sets A, B C M, there exists
art € Z such that ®,(A) N B # @. O

The long-term behavior of a point in phase space M is described (at least in case
M is compact) by its limit sets:

2.20 Definition
For a continuous dynamical system ® : G x M — M and x € M, we call

a(x) = {y eM ‘ 3(t,)weny with 1im 1, = —co and lim ®(s,, x) = y}
n—oo

n—0o0
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w(x) == {y eM ‘ It )wen with Tim 1, = 400 and lim ® (1, x) = y}
n— 00 n— 00

the o-limit set of x and the w-limit set of x respectively.

On the one hand, these sets are invariants of the orbit O(x), i.e., a(y) = a(x) and
w(y) = w(x) if y € O(x); on the other hand, these sets are invariant themselves.

Now one isn’t merely interested in individual orbits, but also in the behavior of
neighboring orbits. For instance, it is comforting that even in the case of the small
change in the velocity of the earth, as caused by a meteorite impact, the new orbit
will stay near the old one for all time. We first study the stability of fixed points, later
we will study the stability of periodic orbits.

2.21 Definition (Stability) Letmy € M be a fixed point of the continuous dynamical
system ® : G x M — M.

1. my is called Lyapunov-stable if for every neighborhood
U C M of my, there exists a (smaller) neighborhood V of my, such that for all
t >0,
Q,(V) ={®:(m) [me V}CU.

2. Otherwise my is called unstable.
3. my is called asymptotically stable if m is Lyapunov-stable and there exists a
forward-invariant neighborhood V.C M of mg, with

lim ®,(m) =myg (meV).
—00

2.22 Exercise (Stability)
On the phase space M := C, consider, for a parameter A\ € C \ {0}, the mappings
®,: M — M, d,(m) := Nm,witht € Z. Show:

(a) These mappings form a continuous dynamical system, and 0 € M is a fixed

point.
(b) This fixed point is Lyapunov-stable if and only if |\| < 1.
(c) The fixed point is asymptotically stable if and only if |A| < 1. %
2.23 Definition

e A compact invariant subset A C M is called attractor of the continuous dynam-
ical system ® : G x M — M if there exists an open neighborhood Uy C M of A
such that

(a) Uy is forward invariant;
(b) For every open neighborhood V of A with A CV C U, there exists a T > 0
such that ®,(Uy) C V forallt > 7.

e The basin of an attractor A is the union of all open neighborhoods Uy of A that
satisfy items (a) and (b).
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As a consequence, that basin B itself is an open neighborhood of A satisfying prop-
erty (a). However, as shown by the next example, property (b) is not in general
satisfied by B.

2.24 Example (Attractor) On the phase space C, a continuous dynamical system
® : Z x C — C with a parameter A € R is given
by iteration of the homeomorphism

C
i\
e'm O
d = W’m#
1(m) [0 m=0, Y
m

see the figure. Here, A := S' C C is an
attractor, and its basin is C \ {0}. This is q)Q(m
because @, : C — C maps circles of radius
r > Oonto circles of radius 7. So the cir-
cle S' (which is compact) is invariant, and
the images of the open annuli

U(ri,r) == {ceCllc[ € (n,r)} c C\{0}

converge, for 0 < r; < 1 < rp, to A in the following sense:

Forevery ¢ > 1, there exists 7 € Nwith ®,(U(ry, r2)) € U(1/c, ¢)ift > 7. Due
to the compactness of A, every open neighborhood V of A contains some U(1/c, ¢).
The basin of A cannot contain the fixed point 0 € C, but does contain all the sets
U (ry, rp); it is therefore equal to C \ {0}. O

2.25 Exercise (Attractor)
Let ® : G x M — M be a continuous dynamical system.

(a) Is the union of two attractors again an attractor?
(b) Show that for an attractor A € M and a corresponding set Uy (from Definition
2.23 of an attractor), one has A = ﬂlzo D, (V). O

2.26 Example (Logistic Family)
For a parameter p € [0, 4], we consider the (non-invertible) logistic mapping on
phase space M := [0, 1]

fprM—>M , f(x):=px(—ux). (2.2.2)
e The point 0 € M is mapped by f), into itself, i.e., is a fixed point, for every value

of the parameter p.
o If p < 1,then f,(x) < x for every x > 0, and so it follows for all m € M that

lim f£”(m) = 0.
11— 00



e Moreover, for the parameter p € (1, 4], there
exists a second fixed point of f, in M,
namely y, := ”le, see the figure on the
right.

If pe(,3], all sequences with initial
point m € (0, 1) satisfy lim, o f"(m) =
yp. For p € (1, 2], this can be seen as fol-
lows: we only need to consider initial val-
ues x € (0, 1/2] since f, maps the right half
interval [1/2, 1) into the left half (0, 1/2].
Forx € (0,y,),onehas f,(x) € (x,y,); for

x € (yp, 1/2], one has f,(x) € (yp, x).

The general case is to be studied in Exer-

cise 2.27.

e For parameter values p € (3, 4], the iter-
ated map f, o f, has four fixed points. In
the figure on the right, they can be found as
intersections of the diagonal and the graph
of f, o fp. Two of these fixed points are
the fixed points of f), that we discussed
already. The other two, let’s call them yg)
and yf), are mapped into each other under
the logistic mapping, i.e., f, (') = y?
and f, (u5") =

2 Dynamical Systems

p=1.5
fp 1d
1+
1
3
p-1
p
L 2 X
1 1
I3 1
p=3.5
f})olfij Id
1
T
(1) (2)
ol h) Yp ¥y X

Due to the Bolzano-Weierstrass theorem, we know that the sequences ¢ fp(’ )(m)

will always have an accumulation point.
We are interested in

the set of accumulation
points, in dependence on
the parameter p and the
initial value m.

As  f,(0) =0, there
is only the accumu-
lation point O in case 2
m = 0. For typical initial

points m, however, a

complicated  structure 0

| —

{accumulation points}
‘1 E

of accumulation points
arises in dependence on
the parameter p, as seen

3 4P

in the figure on the right (with initial value m = 0.01). Let us note as an aside that
the iterated logistic map is used in physics as a simple model for the transition from
laminar to turbulent flows in fluids, where large values of p are associated with the

turbulent regime, see FEIGENBAUM [Fei].

o
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2.27 Exercises (Logistic Family)

1. We consider the n'™ iterate f4(") of the logistic mapping (2.2.2).

Show that f4(”) has exactly 2" fixed points in [0, 1], by analyzing the intervals of
monotonicity of f".

2. Show that for parameter values p € (1, 3), the logistic mapping (2.2.2) has the
fixed point y, = (p — 1)/p, and that lim,, ., [ (x) =y, forall x € (0, 1).
Hint: What are the values of f; (yp) in the interval 1 < p < 3? %

We now want to compare continuous dynamical systems with each other.

2.28 Definition For two continuous dynamical systems ®@ : G x M@ — M®
withi =1, 2,

e we call ®? a (topological) factor of ®V, and ®® semiconjugate ro ®1, if
there exists a continuous surjection h : MY — M@ with®? o h =h o @ for
allt € G, i.e., if the following diagram commutes:

CD(U
MO 2y
hl lh (2.2.3)

2y o 2
MO L 5 MDD

e we call ®? conjugate to @, if ®? is a factor of ®V, such that the diagram
(2.2.3) is even valid with a homeomorphism h : M) — M® . In this case, h is
called a conjugacy.

2.29 Remarks (Conjugacy)

1. As inverses and compositions of homeomorphisms are again homeomorphisms,
the definition of conjugacy is independent of the numbering of the dynamical
systems, and we obtain a categorization into classes of mutually conjugate con-
tinuous dynamical systems.

2. If two continuous dynamical systems are conjugate at all, there are usually many
conjugacies. For if 2 from (2.2.3) is a conjugacy, then, for example, all A :=
h o &V withs € G are conjugacies, too; they are different from /2 if &1 # Id 0.

3. In the proof of Theorem 2.31 on circle rotations, a semiconjugacy will be used
as a proof technique. O

As the notions defined in this chapter are purely of a topological nature, they carry
over to conjugate systems. In particular, one obtains:

2.30 Exercise (Conjugacy) Leth : M) — M® be a conjugacy of the continuous
dynamical systems ®@ : G x MD — M®_ Prove:

(@) x; € MY is an equilibrium of ®W if and only if x, := h(x;) € M@ is an
equilibrium of ®®. Conjugate equilibria do not differ with regard to Lyapunov-
stability or asymptotic stability.
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(b) The ®D-orbit O(x,) through x; € MY is periodic if and only if the ®@-orbit
O(x,) through x, := h(x;) € M®@ is periodic. In that case, the periods are equal.
(c) The image of the w-limit set w(x;) of x; € M equals

h(w(xl)) =w(h(x1)). O

In order to show that two continuous dynamical systems are not conjugate, it suf-
fices to use an invariant under conjugacy. For example, according to Exercise 2.30(b),
the systems are not conjugate if a periodic orbit of a certain period exists in the first
system, but not in the second.

In the proof of the following theorem, a quantity called rotation number is almost
such an invariant.

Namely, we study when rotations of a circle from Exercise 2.12.1 are conjugate.
For these dynamical systems

O Zx §' = S, P, m) =expRmivtym (v €R)

one even has: ®@ = ®@ if and only if & — 8 € Z. So we may assume, without
loss of generality, that v € [0, 1).

2.31 Theorem (Circle Rotations) Two such circle rotations ®“ and &P are
conjugate if and only ifa = Bora=1— (3.

Proof:

e For a = 3, we can take Idg as a conjugacy, for « = 1 — 3, we can take the
mapping S! — S', z > Z.

o If, conversely, ®” = h o ®'“) 0 h~! (¢ € Z) for a homeomorphism / : S! — S,
then we will /ift these dynamical systems to the phase space R. This process is
explained in the following: The mapping

T R—>S", x> exp(2mix)

is continuous and, intuitively speaking, it rolls up the real line onto the circle. 7
is a group homomorphism from (R, 4) to (S', -), since 7(x + y) = m(x)7(y) by
the functional equation of exp.

e We call a dynamical system

O :ZxR—>R

a m-lift of the circle rotation @ : Z x S' — S1, if 10 " = & o 1 for all
teZ,ie.,
exp (277@'@2” (x)) =exp(2mi(x +7)) (x € R),

ie., @7 (x) = x 4+~ — n, for a certain n,, € Z. (It is by continuity of ®© that
n., does not depend on x.)
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e Similarly, we call a continuous mapping h:R—>TRa w-lift of the conjugacy
h:S'— S'ifroh=hor,ie., exp(2mih(x)) = h(exp(2Tix)).
Then it must be true that ﬁ(x +1) = ft(x) + n for some n € Z. As h is strictly
monotonic, we have n % 0. On the other hand, since there is no y € (x,x + 1)
with fz(y) — ﬁ(x) € Z, the only options forn aren = —l andn = 1.

e The rotation number of the 7-lift ® is defined as

R(7) := lim m (2.2.4)
t—00 t
and is indeed independent of the starting point x € R; namely we have R(y) =
v — n,. It makes sense to choose n, = 0. Then, for dynamical systems @D that
are conjugate to ®@, the only possible rotation number is, dependent on whether
h is strictly increasing or decreasing,

hod ™ oh™(x) a+7Z, h increasing
R = 1. -_— ’ 7 .
) parii € —a + Z, h decreasing

This shows that only 8 = «and 8 = 1 — « can be solutions. [

So most circle rotations are not topologically conjugate.

On the other hand, one can also define the rotation number R(f) of the iterated
mapping for other diffeomorphisms f : S' — §' of the circle (see Def. 2.36) that
are not rotations, in analogy to (2.2.4), and the following remarkable theorem (see
HERMAN [Her]) applies:

2.32 Theorem (Denjoy) If the rotation number R(f) of a diffeomorphism f €
C*(S', 8" is irrational, then the dynamical system defined by f is conjugate to the
circle rotation ®RU)

2.3 Differentiable Dynamical Systems

In order to use techniques from analysis for continuous dynamical systems, it is
natural to assume that their phase space is a differentiable manifold. We give a
systematic introduction to manifolds in Appendix A. Here, we will only consider the
case of submanifolds of R”. This is not really a loss of generality (see Theorem A.4).

2.33 Definition
For an open subset W € R" and f € C'(W,R™), we call y € R™ a regular value
of fifforallqg € W with f(q) =y, the derivative D, f : R" — R™ is surjective.

This notion will first serve to define submanifolds of R”. It will be generalized in
(A.45) to mappings between manifolds.
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2.34 Definition

For p €{0,...,n}, a subset M C R" is called a p-dimensional submanifold of
R" if there is, for each point x € M, a neighborhood V, € R" such that one can
write, with a suitable [ € C! (Vx, R”‘p) having 0 as a regular value,

MNV, = f10).

In the simplest case, M = f~!(0); however, one also wants to admit as manifolds
sets like the one in the following example:

2.35 Example (Mobius Strip)

For U :=R x (-1, 1) and g € C®(U, R?) defined by
( (2—ysin §) sinx )

gx,y) = (2-ysini)cosx |,

x
YOS 5

the set M :=g(U) C R? is called the i~

Mobius strip. 83
The range of angles x € [0,27) would -~

be sufficient to parametrize M: Whereas -2
angles x/2 occur in the of g, one has g(x +

21, y) = g(x, —y). The set g(R x {0}) is a &1
circle of radius 2. Since the surface M has

only one side, it cannot be the level set £ ~!(0) of a regular value 0 for any function f;
for otherwise V f (x) # 0 would be perpendicular to the surface at each pointx € M
and thus distinguish one of two sides. O

2.36 Definition Let U C R" be open and f € C L, RrRM.

e f is called a diffeomorphism onto the image V := f(U) C R" if V is open,
f : U — V is bijective, and f~' : V. — U is also continuously differentiable.

e f iscalled alocal diffeomorphism if each point x € U has an open neighborhood
U C U such that the restriction f [y, is a diffeomorphism onto the image.

e Forr € N and open sets U,V C R", a mapping f € C" (U, V) is called a C"-
diffeomorphism if f is a diffeomorphism onto the image V (and by consequence,
the inverse mapping f~' € C"(V, U)).

One can view diffeomorphisms as changes of coordinates, and as one prefers to use
coordinates that are adapted to the problem at hand, diffeomorphisms are a frequently
used class of mappings.

2.37 Example (Affine Maps) An affine map f : R" — R” is of the form f(x) =
Ax + b where A € Mat(n, R) and b € R". It is a diffeomorphism if and only if it is
bijective, i.e., if and only if A € GL(n, R). O

One can see from this example that the regularity of the Jacobi matrix D f influences
the invertibility of the mapping f, for in this case one has D f = A.
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2.38 Theorem (Local Diffeomorphisms) For an open set U C R”, a function f €
CY (U, R") is a local diffeomorphism if and only if

Df(x) €e GL(n,R) forallx € U.

Proof:

e Let f be alocal diffeomorphism, x € U, and g : V, — U, the inverse function of
the diffeomorphism f [UX : Uy — V.. Then one has, by the chain rule,

Dg(f(x))Df(x) = D(go f)(x) = DIdy, (x) = 1, soDf(x) € GL(n, R).

e Conversely, assume D f(x) € GL(n, R). To find the local inverse of f atx € U,
we apply the inverse function theorem. As we shall see, this in fact follows from
an application of the implicit function theorem to

F:R'"'xU—-=R" , (y,2) = —y+ f(2).
By hypothesis, one has, with X := (f(x), x), the relation
D,F(X)=Df(x) e GL(n,R) ,and F(X)=0.

Using the implicit function theorem gives the existence of open neighborhoods
V CR" of f(x), WC U of x and of a mapping g € C'(V, W) such that
F(y,g) = f(g(y) —y =0y € V). Wedefine U, := g(V) C W.Both g and
fly, are injective, for otherwise f o g =1Idy would be impossible. But then
we also have g o fly, = Idy,, and by the chain rule, Dg(y) € GL(n, R) for all
y € V. By the following theorem, this guarantees that U, is an open neighborhood
of x. |

2.39 Theorem Let U C R" be open and f € C'(U,R"). If f is regular, iec., if
Df(x) € GL(n, R) forall x € U, then f(V) is open provided V C U is open.

Proof: See for instance SPIVAK [Spi], page 39. (]

2.40 Remark (Local Coordinates for Submanifolds)
Assume, for an open subset W C R”, that 0 € F(W) is a regular value of F €
C'(W,R™). Then obviously m < n, and by the implicit function theorem, we can
find for ¢ € M := F~'(0) a neighborhood U € W of ¢ and a diffeomorphism ¢ :
U — R" such that p(z); =0forn —m <i<mnandallz € UN M.

The first n — m components of ¢, restricted to U N M, will serve as local coor-
dinates of the submanifold M of R". At ¢ for instance, one can always use an
appropriate choice of n — m of the n cartesian coordinates. %

2.41 Example (Sphere)
Zero is a regular value of the function F : R? — R, F(x) := ||x||> — 1, because
IDF(x)|| = ||I2x|| =2 for the pre-images x € F~'(0) = S>. The north pole
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q = (EI;) € S?hasU := {x € R? | x3 > 0} as aneighborhood. The diffeomorphism
p:U—=>V, px):= (xl,xz, F(x)) onto the image has the mapping ¢~ (y) =

(yl, Yo, AJys + 1 — yf — yg) as its inverse.
As we can make an analogous construction for each point ¢ € S by an appropriate
rotation, we have shown that S? is a 2-dimensional submanifold of R3. O

2.42 Example As a counterexample, take

X2
F:R2—>R,F(x1,x2):=x12—x§, 1
so that F~1(0) = {(x1, x2) € R? | x} = 1 Ix[23
x3}. Here, too, F is infinitely differentiable, 2
but 0 is not a regular value of F. The level | X
set F~1(0) is shown on the right; it is not a -1 1 1

submanifold. O

2.43 Definition A continuous dynamical system ® : G x M — M is called differ-
entiable if M is a differentiable manifold and ® is continuously differentiable.

2.44 Remarks (Differentiable Dynamical Systems)

1. The methods of analysis can therefore be applied to differentiable dynamical
systems. One example is the investigation of stability. For instance, Lyapunov’s
theorem (Theorem 7.6) concludes from the eigenvalues of the total derivative of
a vector field at an equilibrium to the asymptotic stability with respect to the flow
defined by this vector field.

2. The diffeomorphisms f € C"(M, M) of a manifold M (see Def.A.36) form a
group under composition, which is called the diffeomorphism group Dift" (M). If
M is compact, one can consider Diff> (M) as an infinite dimensional Lie group
whose Lie algebra is the space X'(M) of smooth vector fields with Lie bracket
(10.20).

Thus a differentiable dynamical system ® : G x M — M is a group homomor-
phism
G — Diff(M) , g+ &,.

This point of view is sometimes helpful in understanding dynamical systems.

e It makes sense to study which properties of dynamical systems are typical. For
instance, it is true for compact M that those diffeomorphisms F € Diff (M)
that have only finitely many fixed points form an open and dense subset of
Diff (M), in the topology of uniform C” convergence.

More generally, we call a property that can apply to discrete dynamical systems
generic if the subset of Diff (M) defined by this property is the intersection of
countably many open and dense subsets.

e Instead of the point set topology of Diff (M), one can study its algebraic
topology and for instance observe that the diffeomorphisms F € Diff (S') of
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the circle ' C C either lie in the connected component of the identity, or else
of the conjugation map S' — S!, z > Z. O

2.45 Exercises (Diffeomorphism Group) Show that the diffeomorphism group
Diff (M) of a connected manifold M operates transitively, i.e., for every x,y € M,
there exists some f € Diff (M) for which f(x) = y.

Hint: First prove that for all y in a small neighborhood of x € M, there exists a
vector field on M whose time-one flow f is a diffeomorphism with f(x) =y. O

2.46 Literature An early survey article on differentiable dynamical systems that is
useful reading is [Sm1] by STEVEN SMALE. O



Chapter 3
Ordinary Differential Equations

Motion in a random potential (see page 248)

Differential equations are as varied as the phenomena of nature described by them.
This chapter begins by organizing different notions for differential equations and
by transforming differential equations into a normal form (for explicit differential
equations of first order). After this, existence, uniqueness, and smoothness of the
solution to the initial value problem will be investigated. In doing so, explicit solution
techniques are not in focus yet. Readers who have the corresponding prerequisites
may skip Chapter 3.6 without problems.
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3.1 Definitions and Examples

We begin with (somewhat informal) definitions and a rough classification:

3.1 Definition

¢ A differential equation (DE) is an equation in which derivatives of one or several
functions of one or several variables occur. In a DE, the unknown quantities are
the functions.

e If the functions depend on only one variable (often called time), the differential
equation is called ordinary (ODE), otherwise partial (PDE).

e [f several functions are to be found, we talk about a system of differential equa-
tions, otherwise a single DE.

3.2 Examples (Differential Equations)

1. For instance, for ¢ > 0, the single ordinary differential equation

L) =—cx)

describes radioactive decay; here x is the amount of a substance as a function of

time ¢, and c is the decay constant. If the amount
at time + = 0 equals xo € R, then

the unique solution is i

x(t) =xpe " (t eR).

1

2
So we obtain a one-parameter fam-
ily of solutions, which depends lin- 0 ;
early on the initial value xo (see 0 1 2

figure).

2. The orbit of an object that is thrown within the constant gravitation of the earth
with acceleration of gravity! g > 0 is described, neglecting air resistance, by
the system of ordinary differential equations

2 2
Lamn =0, 2@ = —g.

Here, x; denotes the horizontal component and x, the vertical component of the
position as a function of time 7.
For an initial position xo = (1)) € R? and initial velocity vo = (1}0) € R?,

V2,0
the solution is:

xi(t) =x10+viof , x(t) =x20+v20t — 39 (1 €R).

! At surface level, g = 9.81 m/s>.
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This corresponds to the velocities

v =2y =vo ., )=o) =vne—g (eR).

The figure shows several trajectories
with a common initial position and
common absolute value of the initial 0.2
velocity, but differing in the direction
of the initial velocity. The trajectory at
an initial angle o = 7 /4 reaches far-
thest, because for time ¢ := 2v; /9, 02 0.4 0.6

X2

0.1

X1

one has x, (1) = x;,0, and in view of vg = [lug|| (Sne ), the horizontal distance is

201020 _ [lvol* sin(a)
x1(t) —x10 = = .
g g
. . .y 92 .
3. The one dimensional wave equation %(x, t) = CZ%(X, t), with the wave

speed ¢ > 0 as a parameter, is an example of a partial differential equation. For
arbitrary functions fi € C*(R), the function

u(x,t) = fr(x —ct) + f-(x +ct) (x,t € R)

is a solution. An application in physics is the travel of electrical signals f in a
telegraph wire, where x denotes the position and ¢ the time. O

In this book, we will only deal with ordinary differential equations, or ODEs.

3.3 Definition The highest order of a derivative occuring in a DE will be called the
order of the differential equation.

3.4 Examples (Order of Differential Equations)

1. The ODE from Example 3.2.1 is of first order.

2. The one from 3.2.2 is of second order.

3. The differential equation (1.3), as well as its radial component, %(t) = _rZVW’
which is obtained by specializing to the case of vanishing angular momentum,
are of second order. The latter ODE describes, for example, the motion of a
spacecraft that moves away radially
with speed % from the center of the
earth. Then the parameter y is the
product of the constant of gravitation
and the mass of the earth, M > 0; and
r denotes the distance of the space-
craft from the center of the earth, and 7
F= %r the radial velocity. O

earth spacecraft

- — —
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3.5 Definition

e A system of ordinary differential equations for the functions xi, ..., X, is called
linear if it is of the form

Z AD)xD() = b(1).

i=0

Here, x) = (%xl, R f—;[xm)T denotes the vector of the i™ derivatives; t +—
AD() € Mat(m,R) and t — b(t) € R™ are given matrix or vector valued
functions respectively.

e Inall other cases, the system of ordinary differential equations is called nonlinear.

e A linear ODE is called homogeneous if b(t) = 0 for all t, otherwise it is called
inhomogeneous.

e The components b; of b are called forcings, or source terms.

For instance, Example 3.2.1 is linear homogeneous, Example 3.2.2 is linear inho-
mogeneous, and Example 3.4.3 is nonlinear.

From now on, we will introduce many notions for single differential equations only.
Most of them will carry over immediately to systems of ODE:s.

3.6 Definition
1. An ordinary differential equation is called implicit if it is given in the form
F(t,x,x',....x") =0, (3.1.1)
and explicit if it is given in the form
xW = f(tx,x o x"TY) (3.1.2)

2. An n times differentiable function defined on an open interval I, say x : I — R,
is called an explicit solution of the ODE (3.1.1) or (3.1.2) respectively if one
has

F(t,x®),x'(),....x"@®) =0 (tel

or x"@) = f(t,x®),x@®),....x""@®) el

respectively.

Examples 3.2.1-2 and Example 3.4.3 are explicit differential equations. For Exam-
ples 3.2.1-2, we have also given the explicit solutions.

3.7 Remark (Notion of a Solution) We are familiar with algebraic equations like
ax? + bx + ¢ = 0, with given coefficients a, b, ¢ € R; they are blank statements
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depending on variables x taken from the set R, such that a statement (either true or
false) arises, when we plug in a number x € R.

Similarly we can consider a differential equation, e.g., of type (3.1.2) with a
continuous f to be a blank statement about variables from the set C"(/, R), where
solutions are the ones that make the statements true, see WUST [Wu], Chapter 5.2. ¢

3.8 Example (Implicit and Explicit Solutions)
y% + x = 0 is an example of an implicit nonlinear DE. The general solution is
the equation of a circle x> + y?> = ¢ > 0, but it is given in implicit form. Explicit
solutions are: y(x) = £+/c — x2 for |x| < 4/c, s0

dy_:F X X o
dx T Je—x2 y

The following definitions are somewhat heuristic:

3.9 Definition

e A single solution (without an arbitrary constant) is called a special or particular
solution.

e A solution of a differential equation of the n™ order is called a general solution if
it contains n arbitrary independent parameters;

e a solution dependent on parameters is called complete , if all particular solutions
arise from it by choosing appropriate values for the parameters.

e A particular solution that does not belong to a parameter dependent solution is
called singular.

Examples 3.2.1 and 2: The general (also complete) solutions have been given. A
particular solution to #2 is for instance x;(#) = 0, x,(¢) = —% gtz.

Note: In #2, there are four parameters x; o, xX2,0, V1.0, V2,0, because these are two
differential equations of second order, 2 x 2 = 4.
Example 3.8.: Here, ¢ > 0 is the parameter of the general (and complete) solution.

3.10 Example (Implicit Differential Equation)

(y")? — 4xy’ 4+ 4y = 0 is an implicit nonlinear ODE of first order.
The general solution y(x) =

2cx — 2, ¢ € Ris a family of
straight lines, parametrized by c.

But this is not the complete solu-
tion, because there still exists the
singular solution y(x) = x2. This
parabola is the envelope of the
family of straight lines, see the
figure. O

Questions: e How can one find solutions?
e How does one determine that all solutions have been found?



36 3 Ordinary Differential Equations

These questions have been studied by many mathematicians since Newton’s days
(and we will study them in this chapter).”
Let us first study single explicit differ- y

ential equations of first order RS S S NN NN
SONNNNN NN NN

NN NN Y N NN

Yy =fx,y) (x,y) €U CR* Uopen.

Geometric Interpretation: If at each
point (x, y) € U one draws a straight
line segment with slope f(x,y), then
the graph

i
i i i i i
VS S S S S S S SSSSS
VS S S S SS

graph(y) = {(x, y(x)) |[x € I} C U -1

of every particular solution y : I — R to the differential equation is the image of
acurve I — U, x — (x, jl(x)) that is everywhere tangential to the local straight
line segments.

Example: y = —cy,so f : R? — R, f(x, y) = —cy, see the figure above.

In conclusion, to find the particular solution passing through the point (x, y), one
moves, beginning at (x, y), in directions that are always tangential to the field of
directions.

Caution: How do we know that there is only one solution curve passing through
each point (x, y) € U C R??

3.11 Examples (Counterexamples to unique solvability)
1. Implicit Differential Equation from Example 3.10
O —4xy +4y=0  (3.1.3)

In this example, there are two solution
curves passing through each point
(x0, Yo) below the parabola y = x2,
namely straight lines tangential to the
parabola. Their slopes correspond to the
two solutions of the quadratic equation
(3.1.3) for y’ at the point (xg, o).
There are no solutions above the graph
of the parabola.

2. Explicit Differential Equation with f not Lipschitz continuous
A general solution of the ODE v = f(v) with f(v) := 302 is given by

v(t) = (t —¢), c e R.

2Numerical methods for the solution of differential equations are discussed, for instance, in GRIF-
FITHS and HIGHAM [GH].
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But in addition, there is a singular solu-

tion, v(#) = 0. Piri iy
Therefore there are at least two solu- A -
tion curves passing through each point A L
on the 7-axis! R ¢
It is noteworthy in this example that the / AR
. . ; i A A A A A A A A A A A A A A
function f, while being continuous, is Ry
not differentiable at 0. A
Comparison with the (unique) case f(¢) := [t| suggests that it is not the lack

of differentiability, but the lack of Lipschitz continuity, that causes the failure of
uniqueness.

In physics, this example models, for instance, the growth of the volume v of
raindrops due to condensation of water vapor on the surface. It is assumed here
that the rate of condensation is proportional to the surface of the water drop,
i.e., proportional to v?/3. Therefore this model cannot explain anything about the
actual formation of drops. %

3.12 Exercises (Single Differential Equations of First Order)
1. Sketch the graphs of the velocity functions f; : R — R with

i) =G> =12, fHrx) = +1)7.

Determine the fixed points and the minimal invariant sets of the differential
equations x = f;(x).
Without solving the differential equations explicitly, describe the qualitative
behavior of their solutions x; (¢, xo) for times ¢ and initial value x.

2. Determine, in dependence on & > 0 and the initial value xy > 0, the maximal
time interval on which the initial value problem x = f(x) for f : Rt — R,
f(x) := x* has a solution. O

After this informal survey of phenomena occurring in ordinary differential equa-
tions, we now show in mathematical rigor the (local) existence and uniqueness of
solutions to sufficiently regular explicit ODEs of first order. We will later see that
this also answers the same question for explicit ODEs of higher order.

3.2 Local Existence and Uniqueness of the Solution

We will now see that the differential equationx = f (¢, x) is locally uniquely solvable
if f has a bit more regularity than merely being continuous. We will study the
n-dimensional situation right away:
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3.13 Definition
o IfU CR, xRlisopenand f : U — R" is continuous, then U is called extended

phase space, f is called a time dependent vector field, and the equation

is called a nonautonomous or explicitly time dependent differential equation.
e [fin particular U = R, x U with phase space UC R? open, and if f has the
form f(t,x) = f(x), thenwe call the ODE autonomous or a dynamical system.
o A differentiable function ¢ : I — R% on the interval I C R, is called a solution
to the differential equation if graph(¢) C U and

dey

i f(r.o(@®) (el

1=t

e For (ty, xo) € U amap ¢ : I — R’ satisfies the initial condition (7o, x¢) if to € I
and ¢(ty) = Xxo. ¢ solves the initial value problem (IVP) if

de

- = f(t, (@) (xel) and ¢(t) = xo. (3.2.1)

e The time dependent vector field f : U — R" satisfies

— a global Lipschitz condition with constant L if

£t x0) = ft. xDIl < Llxo—xill (¢, x) €U),

— and alocal Lipschitz condition if each point (z, x) in U has a neighborhood
V C U such that

£, x0) = f(t,xD)Il < Lllxo—xill (¢t x) € V) (3.2.2)
for some constant L = L(t, x).

3.14 Lemma (Local Lipschitz Condition)

If the time dependent vector field f : U — R is continuously differentiable, then
a local Lipschitz condition (3.2.2) is satisfied on every compact and convex subset
V C U of the extended phase space, with the Lipschitz constant

L:= sup [ID,f(t,2)].

(t.x)eV
Proof:
e Since D, f : V — Mat(n, R) is continuous and V is compact, one gets L < oo.
e For the points x; := (1 — s)xo + sx; (s € [0, 1]) on the segment, one obtains

(t, xs) € V from the assumption of convexity.
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e The fundamental theorem of calculus gives us: f (¢, x;) — f (¢, xo) =
'L x)ds = [i Do f (1, x) % ds = [ Do f (2, x,) (x1 — x0) ds, which implies

0 ds d
(3.2.2): |
If(2, x1) — ft, x0) | < [y D2 f(t, x) || ds llx; — xoll < Lllxy — xol. 0

3.15 Remarks (Existence and Uniqueness)

1. Observe that in (3.2.2), Lipschitz continuity is only required with respect to the
variable x.

2. By the Picard-Lindel6f theorem (Theorem 3.17), the local Lipschitz condition is
already sufficient for existence and uniqueness (see Definition 3.16) of a solution
(local in time) to the initial value problem.

The mere existence of such a solution already follows from our general hypoth-
esis that the time dependent vector field f is continuous (Peano’s theorem).

3. As has already been observed, a solution ¢ : I — R} to the IVP gives rise
to a solution ¢[; by restriction to a smaller interval I C I that still contains
1. Strictly speaking, this is a different solution because the domains of the two
functions ¢ and ¢|; are different. In this sense, of course, the solution to the
initial value problem is not unique.

However, as we are looking for the largest time interval / on which a solution
to (3.2.1) can be defined (see Sect. 3.5), we are not interested in this trivial
distinction between solutions and thus remove it by definition: %

3.16 Definition We say the solution to the initial value problem (3.2.1) is unique
if any two solutions ¢ : I} — R} and ¢, : I, — R to the initial value problem
coincide on the interval Iy := I N I, i.e., satisfy the condition

1 [13 =¢2 [13 .

In the proof of Theorem 3.17, we will find the unique local solutions to the initial
value problem as fixed points of a contraction mapping on some space of continuous
functions. In order to guarantee the existence of the fixed point, we use Banach’s fixed
point theorem (Theorem D.3 in the appendix) and accordingly the completeness of
said space of continuous functions, which is stated in Theorem D.1 on page 543.

3.17 Theorem (Picard-Lindelof)

Assume that the time dependent vector field f : U — R" on the extended phase
space U C R, x R? satisfies a Lipschitz condition on U.

Then for (ty, xo) € U, there exists an € > O such that the initial value problem

X = f(t,x) , x(th) =xo (3.2.3)

has a unique solution ¢ : [to — €, to + ¢] — R

Proof: Let us denote the yet to be determined time interval as [ = [, := [ty) —
ety + ¢l
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e If such a solution exists, it has to satisfy the integral equation

€0(l)=xo+/ fs.o())ds (el (3.2.4)

to

as can be seen by taking a definite integral and plugging in 7y respectively.

On the other hand, by the fundamental theorem of calculus, every continuous
solution to (3.2.4) is automatically differentiable and therefore a solution to the
initial value problem (3.2.3).

e Now the solution ¢ is to be found as a fixed point of a certain mapping A.
A is to map continuous curves in phase

space to such curves again. In order to
choose the domain of A conveniently,
let the region in phase space be the
closed ball V = V, = U,(xy). We
define

Ver =1 xV,

and choose r small enough for V., to be
contained in U.

Moreover, let L > 0 be a Lipschitz constant of f Fv,,,.,

. r 1
N :=max( ey, | f(, x)| and & :=min (r, N i) . 3.2.5)

Then? in particular, V,, € V,, C U. Let
M =C{,V)CCU,R"

again denote the metric space of continuous functions ¥ : I — V, equipped with
the sup metric

A, ¢) = sup [ (@) =@l

By Theorem D.1, (M, d) is a complete metric space (since V € R” is closed).
e We define by

(AV) (1) = x0+/ fls,w()ds (el

fo

amapping A : M — C(I,R"). We first show that its image is again contained
in M. The distance between (Avr)(¢) and xg is

3With the stipulation /N := 400 when N = 0.
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=

/ f(s, ¥ (s)) ds

fo

[ s vo)] o

max || f(#, x)| ds

fo (f,X)E Vir

<

< |t—1t|N <eN <r,

where we have used the definition (3.2.5) of ¢.
So one has (Ay)(t) € U,(xg) = V forall times t € I, hence Ay € M.

e Now the missing hypothesis in Banach’s fixed point theorem is that this so called
Picard map

A'M—->M
is a contraction, i.e., for an appropriate 0 < 6 < 1, it satisfies

d(Ag. AY) <0d(p.¥) (9. ¥ € M).

Indeed, we conclude

d(Ag, AY) = sup [ Ap(r) — Ay (1)

tel

/ [f (s, 0(5)) = f(s,¥(s))]ds|| <e sup 1 (s, 9(9)) = f (s, ()]l

<eLsupllp(s) — ¥ )|l =eLd(p,¥) < 3d@, V).

sel

=sup‘

tel

In the last inequality, we have again used the definition (3.2.5) of ¢.
In conclusion, A is a contraction mapping on the complete metric space M.

e By Banach’s fixed point theorem (see page 544), A has a unique fixed pointgp € M.
This function ¢ satisfies the integral equation (3.2.4) and hence solves the initial
value problem. O

The Picard iteration x; 1| := Ax; used here to find the fixed point ¢ = lim;_, o, x; of
A can also be used to solve differential equations:

3.18 Examples (Picard Iteration)
1. We approximate the solution to the initial value problem
x =x,x(0) =x9 € Rby

t
xo(t) == x9 and x;41(f) := xo +/ xi(s)ds (r e R),
0
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i.e., (see figure)

x1(t) = x0 (1 4+1)
12 2
xa2(t) = x¢ (1 +1 4+ 3)
: »
xn(t) = X0 Z; -1 0 1 !
i=0

As x(1) = x0 X0 % = xg - €, forall t € R, the n™ iterate x,, (t) converges to
the solution x (¢), and it does so uniformly on every compact time interval (but
not uniformly on all of R).

The initial value problem ¥ = 1+x? , xo = 0 has a solution only on the interval
(—%. %), namely the tangent function.

We optimize the constants in the proof of the Picard-Lindelof theorem: For

r > 0,wehave N = max <, || f(x)|| =1 +r2, and the Lipschitz constant L =
max|y <, || f/(x)|| = 2r. So by definition (3.2.5), we have ¢ = min (# ﬁ)
& will be maximal for r = %3, ie., &= \/T_i. For times |t]| < ¢T§,
we can therefore guarantee conver-
gence. The Picard iteration with initial tan(t)
value xo(t) := x¢ yields 4
2

xo() =0,
x1() = (Axg) (1) = fot [14+x3()]ds =1, -
x(t) = (Ax)(@) = [y [1 +s%]ds =1 + 173,
x3(1) = (Ax) (@) = [y [1+ (s +57/3)*] ds

— 8o 2.5 1.7
=t+35+ 30+ 5,

etc. As a matter of fact, this sequence of functions will converge to the tangent

function not only on the interval [—e, ¢], but on the entire interval (— %, %) O

3.19 Exercise (Picard-Lindelof) We consider the differential equation

Xx=f(x) with f:R—> R, f(x):=exp(—x)

and initial condition x(0) = 0. As f is locally Lipschitz continuous, there exists, by
Theorem 3.17, some ¢ > 0 and a function ¢ : [—¢, ¢] — R satisfying the initial
value problem.
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(a) Find a lower bound for ¢ guaranteed by this theorem.
(b) What does the Picard iteration look like for this initial value problem?
(c) What is the maximal solution to the initial value problem? O

In applications of differential equations to science and technology, we usually do
not know the initial values precisely. The following theorem tells us that this is not
actually necessary.

3.20 Theorem Under the assumptions of Theorem 3.17 (Picard-Lindeldf), each
point (Ty, Xo) € U of the extended phase space has a compact neighborhood V. C U
and an interval I, := [—¢, €] such that the family

DI, xV—>U , (550, %) @y +5)

of solutions to the initial value problem (3.2.3) is a continuous mapping. Therefore,
the solutions depend continuously on their initial values and initial time.

Proof:

e For small R > 0 and ¢ > 0, the set [Ty — 2¢, Ty + 2¢] x Ugr(Xp) is a subset of
the extended phase space U.
Ver = [Ty — &, Ty + €] x U, (Xp), the set of initial values (f, xp), is contained
in this subset when r € (0, R). Moreover, the set is bounded and closed, hence
compact. Now, instead of using the space of curves for the Picard iteration, we use
the metric space

M :=C(I. x V., , Ur(Xp))

with the sup metric
d(®, V) :=sup{||®(r; y) — V@ VI [ (15y) € e x Ve, b (P, W € M).

e (M, d) is a complete metric space, because:

(a) The target space is a closed subset of R”, hence complete.
(b) The domain I, x V., is compact. Therefore d(P, W) < oo, and each Cauchy
sequence (P,,) ey in M has a pointwise limit

DI x Ve, — Ur(Xg) , @@ y):= lim &,(1;y).

(c) Moreover, the £/3 argument from the proof of Theorem D.1 carries over to this
situation, so this limit & is continuous and thus ® € M.

e For W € M, we consider the Picard mapping

(AW)(s; to, X0) 1= Xo +/ f(to + 1, W (T; 1o, xo)) dr ((s; tg, xo) € I, x V“).
0
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If @ is a fixed point of A, then this means that
®(0; 19, x0) = AP (0; 19, x0) = Xo

and
d d
aQ(S; fo, Xo) = g(ACD)(S; f0, x0) = f (to + 5. D(s: 1o, x0)).

So the mapping t — ®(t — 1o; to, xo) solves the IVP with initial value (#y, x¢).
e By the same reasoning as in the proof of Picard-Lindelof, the Picard mapping will
be a contraction
A:M—>M

for small parameters ¢, r > 0. So it has a unique fixed point ® € M by Banach’s
fixed point theorem. ]

3.3 Global Existence and Uniqueness of the Solution

It is plausible to study also differential equations on manifolds.
3.21 Definition

e If f : M — TM is a (time independent) vector field on the manifold M (see
Definition A.39), a curve ¢ € C'(I, M) is called solution to the differential
equation X = f(x) if $o(t) = f(¢(1)) for all times t € I.

e A vector field f : M — TM on the manifold M is called complete if for all
X0 € M, the initial value problem x = f(x), x(0) = x¢ has a unique solution
¢:R—> M.

In this section, we provide criteria for the completeness of vector fields. We begin
with the case where the phase space is M = R".

3.22 Examples

1. In Example 3.18.2 with the ODE X = f(x) = 1 + x? for the tangent function,
we see that the solution does not exist for all times, but rather diverges to infinity
(beginning at 0) within time Z., due to the fact that x — f(x) exhibits superlinear
growth. This is not a contradiction to the local Lipschitz continuity of f.

2. Incontrast, in Example 3.18.1, f(x) = x is even globally Lipschitz continuous,
and this linear vector field is complete. This is true in full generality: %

3.23 Theorem
e Lipschitz continuous vector fields f : R" — R" are complete.

e More generally, let I C R be an interval, and let the time dependent vector field
f I x R" — R” satisfy the time dependent global Lipschitz condition
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If (@t x) = ft, ) < LOIx —x2ll - (€1, x1,x €R"),

with L : I — R* continuous. Then the initial value problem has a unique solution
¢ . I — R" for all initial values (1, xo) € I x R".

Proof:

e The time independent case arises from the time dependent one by taking / = R
and having L constant.

e It suffices to consider compact time intervals I, because each interval I > #; can
be represented as a union of compact intervals I > f.

e Then as L : I — R™ is continuous, it follows by means of the compactness
hypothesis on the interval T that sup,.; L(#) < oo. So there exists a Lipschitz
constant L > 1 with

It x) — ft,x)ll < Llxi —x2l (el x1,x € RY).

We choose the radius r = r(xg) := sup,¢; | f (£, xo0) || + ﬁ < oo of a ball around x
in such a way that inside this ball, the maximal velocity

N(xo) := max ; vyerxu, (xo) ILf@ 0l
satisfies the inequality
N(x0) < max;er (1f (2, x0) || + max, gy ILf (0, )= £ (2, x0) 1) < r(xo)(1 + L).

Then the constant ¢ from (3.2.5), which defines the time interval, is independent of
Xo; however, it is no longer necessarily true that [f) — €,y + €] C I:

. r(xo) 1 . 1 1 1 1
£(xp) = min | r(xo) , ,—~)=min|{ —, —, =) =—.
N(xo) 2L 2L 1+ L 2L 2L

e For arbitrary times #, € I and initial values x; € R”, we can find, by Theorem
3.17, the unique local solution ¢, : I, — R” to the initial value problem x = f (¢, x)
with ¢y (f;) := x; on the interval I := [ty — &, tp +¢€] N 1.

With the times #;, := 1y + %k € I, we now define for k € N the initial value
Xr = @g—1(#) in terms of the known solution ¢;_;. Analogously, we choose for
integers k < 0 the initial condition x; := @r41(f).

e So we have ¢;_1(tx) = @i (t;). By uniqueness of the solution to the initial value
problem in the sense of Definition 3.16, we obtain with

o: 1 —>R" | @():= ¢ () whent € I

a unique solution of the initial value problem x = f (¢, x), x(f)) = xo. ([l
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3.24 Remarks

1. Inanalogy to Lemma 3.14, the following sufficient condition for global Lipschitz
continuity is available: If the vector field satisfies f € C'(R", R"), then f is
Lipschitz continuous if and only if

sup [[Df(x)[l < oo.

xeR”

2. In particular, it follows that for all linear differential equations, the initial value

problem

x=Ax , x(0)=x
has a unique solution for all times, because the vector field f(x) = Ax is
Lipschitz continuous with constant L = ||A|| := sup,c¢.1 [[Av]], i.e., the matrix

norm of A € Mat(n, R). In Section 4.1, we show that this solution has the form
x (1) = exp(At)xo.

3. Theorem 3.23 guarantees the unique global solvability, provided a time depen-
dent Lipschitz constant L : I — R™ exists. For linear inhomogeneous differen-
tial equations X () = A(t)x(z) + b(t), it even suffices to assume that ||A|| and
||b]| are locally integrable, see WEIDMANN [Weid], Theorem 2.1. O

3.25 Exercise Find the solution to the initial value problem x = sin x with x(0) =
/2. Calculate lim,_, _o, x(¢) and lim;_, o x(2). O

The following example shows that Lipschitz continuity of the vector field on the
entire phase space R” is sufficient, but definitely not necessary for the vector field to
be complete.

3.26 Example (Complete Vector Field)
The vector field f : P — R?, x — |x|? (_xf(l) on the phase space P = R? is
smooth. However, it is not globally Lipschitz continuous, because its derivative

. _ 2x1x2 x12+3x22
Df: P — Mat2,R) , Df(x) = (_Sx%_xzz A
is not bounded. Therefore, we cannot use Theorem 3.23 to prove its completeness.
However, we observe that f is tangential to the circles Srl ={xeP||x||=r}of
radius r, because it is orthogonal to their normals: ( f(x), x) = 0.
In polar coordinates, x; = r cos ¢, x, = r sin ¢, the ODE x = f(x) becomes

The unique solution r(t) = ro, ¢(t) = ¢y — rgt to the initial value problem exists
for all times ¢ € R. O

In this example, the decisive reason for global solvability was the possibility to restrict
the vector field f to the compact submanifolds S} of the phase space.
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3.27 Theorem (Completeness)
Lipschitz continuous vector fields on compact manifolds are complete.

Proof:

e First note that local Lipschitz continuity (and this is what matters in view of the
compactness hypothesis) is defined independent of coordinate charts. This is because
changes of coordinate charts are diffeomorphisms of open subsets of R”, and their
derivatives are bounded on compact sets.

e For each point x € M, there is now a compact neighborhood K, and an ¢, > 0,
according to Theorem 3.20, such that the initial value problem has a unique solution
on time interval (—&,, &,) for each xo € K,. Also, in the maximal atlas for M,
there are coordinate charts (U,, ¢,) for each x € M, with open domains U, C K,
containing x and mappings ¢, : U, — R".

As the manifold M is compact, only finitely many of these charts are needed for
an atlas (since every open cover of M has a finite subcover due to compactness). So
we may assume that the index set I of the atlas {(U;, ¢;) | i € I} of M is finite.

e As the minimum of the ¢; (i € I) is still positive, on can construct, with the piece-
by-piece method from the proof of Theorem 3.23, a unique solution to the initial
value problem with time interval R. (I

3.28 Exercise (Existence of the Flow) Let H : R — R be a smooth function
such that H~'((—o0, E]) is compact for all E € R.

(a) Give an example of such a function H.
(b) Show that the flow generated by the (Hamiltonian) differential equations

oH

8xj+ﬂ

. . oH )
Xj=— x) , xj+n=£(x) (jefl,....n})
J

exists for all times. O

3.4 Transformation into a Dynamical System

Reduction to First Order

Differential equations of higher than first order can also be treated with the methods
described, by converting an explicit ordinary differential equation of n'" order into a
system of n ODEs of first order.

3.29 Theorem The differential equation of order n > 1,

n n—1
r = F (& 5H) 34.1)

drm — s dr 0

with F € CY(R"™"), is equivalent to the system of differential equations
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Y2

d . .
d—f — f(t,y) with f(1,y):= ; (3.4.2)
F(t 31w 3n)
in the following sense:
(p/
¢
e Ifp: I — Rsolves (3.4.1), then  := : : I — R" solves (3.4.2).
(p(n'—l)
Vi

e Conversely, if r = ( :

)solves (3.4.2), then yry solves (3.4.1).
VY

Proof: By definition, ¢ is n times differentiable, so v : I — R”" is differentiable,
and ¥ = Sy (k=2,...,n),

S =S = F(t.0, ¢, ..., 0" ) = F(t, Y1, ..., ¥).

The reasoning can be reversed. (]
3.30 Exercise

Consider the one dimensional motion X = x. Find the solution with initial condition
(x0, xX9) = (1, —1). How much time does it take to reach x = 0? O

3.31 Example (Kepler Problem)

The 2-body problem from celestial mechanics describes, for instance, the motion of
earth and sun around their common center of mass. It can be reduced to the one-center
problem (mentioned in the introduction), which describes the motion of a point mass
at location x € R3\{0} in the gravitation field of a celestial body that is located in
the origin of the coordinate system. According to (1.3), one has

X

=y
flx1?

This system of ODEs of second order can be transformed into a differential equation

of first order with the phase space U := (R?\{0}) x R3:

t=f@= (%) (=&wvev) (3.4.3)

The phase space U is an open subset of R®, with a vector field f € C*®(U, RY).
This way, we can solve (3.4.3) by Picard iteration or some other method, for short
times. The analogous statement applies to the n body problem (1.8). O

Transition to a Time Independent System

We can also reduce explicitly time dependent differential equations to autonomous
ones. Instead of the ODE x = f(¢,x) with f : U — R", U C R, x R open, we
consider the autonomous system of differential equations
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y=g() with g:U >R | y:=()  g0)=(5)- (3.4.4)

In doing so, we increase the dimension of the phase space by one, by joining the time
parameter s to the phase space point x. In full detail, Equation (3.4.4) is of the form

Ls=1, $x=f(s,x). (3.4.5)

Now if ¥ 1 1 — U solves (3.4.4), then it follows with (1) = (1(}) that s(t) =

5(0) + 1; so the phase space coordinate s coincides with the time ¢ up to an additive
constant. The solution v = (} ) to the initial value problem y = g(y), ¥(0) = ()
will therefore yield a solution x to the initial value problem x = f (¢, x), x(ty) = xo.
Simply let x(¢) := x(t — tp).

Conversely, one can construct, from a solution to the IVP x = f (¢, x), x(¢y) = xo,
a solution to (3.4.4) by complementing it.

If f: U — R”"is Lipschitz continuous (in all its arguments), then so is g. So
the theorem about existence and uniqueness carries over. Note however that we do
not require Lipschitz continuity with respect to time ¢ in the case of nonautonomous
ODE:s.

Key Notions for Autonomous Differential Equations

If there exists, for every xo € M, a unique solution ¢y, : R — M to the initial value
problem x = f(x), x(0) = xo on the manifold M, then the mapping

P:RxM—->M , (t,x)— @ (t) (3.4.6)

is called phase flow, or short flow of the differential equation. Then the flow is a
continuous dynamical system in the sense of Definition 2.7.

However, it is often convenient to extend the use of notions that were so far
defined only for dynamical systems to the situation when the solution to the initial
value problem does not exist for all times:

3.32 Definition Let the vector field f : M — T M on a manifold M be locally
Lipschitz continuous. We consider the differential equation X = f(x).

1. Let ¢ : I — M be a solution curve of the differential equation with maximal
time interval 1. Then the image ¢(I) € M will be called orbit. For x € ¢(I)
the set O(x) := ¢(I) is called the orbit through x.

2. x; € M is called a singular point of the vector field f, if f(xs) = 0.

If x; € M is a singular point of f, then x is also called a rest point or
equilibrium of the differential equation.

3. x € M is called a periodic point with (minimal) period T > 0, if ¢, (T) = x
(and ¢, (t) # x fort € (0, T)).

An orbit O(x) is closed, if x € M is a periodic point.
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3.33 Remarks

1. For a singular point x; of the vector field f, the constant function x(¢) = x; is
the only solution to the initial value problem.

2. A point x; is called singular not for the vector field having a singularity at that
point, but rather because the direction field* x — f(x)/||f(x)| is undefined
there and can also in general not be extended continuously into x;.

3. As we have already used in Theorem 3.27, the notion of /ocal Lipschitz conti-
nuity, which is the basis of Definition 3.32, is well-defined also for vector fields
on manifolds. O

3.34 Theorem If the initial value problem x = f(x) defined by a locally Lipschitz
continuous vector field f : M — T M has the solution ® : R x M — M, then ® is
a continuous dynamical system (in the sense of Definition 2.16).

Proof: According to Theorem 3.20, the mapping ® given by (3.4.6) is continuous.
The condition & = Idy, is satisfied due to the condition ¢,,(0) = x( for a solution
to the initial value problem. The composition property &, o ®;, = &4, (11,12 € R)

follows from the uniqueness and translation invariance of the solution. (]
3.35 Examples
1. For a real polynomial f(x) = [[_,(x — a;) with zeros a; < ... < a,, the

differential equation x = f(x) has unique local solutions, and for x € [ay, a,]
it even has solutions ¢ — &, (x) defined for all ¢ € R.

The equilibria are the points ay, ..., a,. For x € (a;,a;4+;) and n — i even,
we have f[, .., > 0. In this case, one has therefore w(x) = {a;11} and
a(x) = {a;}. On the other hand, if n — i is odd, hence f [ ,. ) < 0, one has
conversely w(x) = {a;}, a(x) = {a;+1}. There are no periodic points in this
dynamical system.

2. For the system of differential equations (in polar coordinates (r, ¢))

F=r(l=r) , ¢g=1,

with phase space R?, the origin (» = 0) is the only equilibrium, and {1} x [0, 27)
is the only periodic orbit. For all x € R?\{0}, the e-limit set w(x) equals this
periodic orbit. For ||x| < 1, the a-limit set «(x) = {0}. O

3.5 The Maximal Interval of Existence

As a preparation for the Principal Theorem (Chapter 3.6), we first determine the
structure of the maximal domain of definition D for a solution ® : D — M.

We consider the vector field f € C'(U, R") on the phase space U € R” (or more
generally a vector field on a manifold), and we want to assign (for initial time ¢ty = 0)

“For instance, with a norm coming from a Riemannian metric.
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to all initial values xo from U its maximal interval in time for which the solution to
the initial value problem is defined. According to the Picard-Lindelof theorem, this
interval is a neighborhood of 0, and it is open since the same applies to all points on
the orbit. So we can write it in the form

(T~ (x0), T (x0)) with —o00 < T (x0) < 0 < TH(xp) < 400.

The corresponding solution to the initial value problem is also called the maximal
solution. We now investigate the escape times

T :U — R :={—00} URU {400}, (3.5.1)

whose values are on the extended real
line.

To this end, we equip R with a topology hl(x)
that makes R homeomorphic to the
interval [—1, 1], the homeomorphism
being

T 2
-1 ,x=-©
h:R—[-1,1],x — {tanh(x), x e R
1 , X = 4o00.

The following example shows that in general T+ and T~ are not continuous:

3.36 Example (Escape Times) Consider the initial value problem for the constant
vector field f(x) := e; on the phase space U := R*\{0}; so ®;(x) = x + ejt.
This is defined for all ¢, provided x = (2) with x, # 0. But if x, = 0, then
(T’(x), T*(x)) = (—oo, [x |) if x; < 0,and = (—xl, +oo) if x; > 0. O
In his example, 7" jumps upward, but not downward; and this is typical for all
differential equations:

3.37 Definition A function f : U — R on a topological space® U is called upper
semicontinuous oz, respectively, lower semicontinuous at xy € U, if

f(xo) = limsup f(x) or respectively, f(xo) <liminf f(x),
xX—>X0

X—>X0

and upper semicontinuous (respectively lower semicontinuous), if it has the
respective property at all x) € U.

SWe will always work in spaces whose topology is metrizable, so we understand

limsup f(x) as li\rjg)sup{f(x) | x € Ug(x0) \ {xo}}.

X—X0

In general such a function is lower semicontinuous exactly if its epigraph is closed.
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3.38 Example (Floor and Ceiling)

When we decompose x € Ras x = |[x]| 4+ {x} with |[x] € Z and {x} € [0, 1),
the floor function |-] : R — R (also called Gauss bracket) is upper semicontinu-
ous, whereas the fractional part

x — {x} is lower semicontinu- [x]

ous, and so is the ceiling func- L s
. X,
tion

['T:R—R, - /// .

. -4 1 2
xt—>min{z €Z|z>x}. O

3.39 Theorem (Escape Time)
The escape l‘ime_TJr U — Rin (3.5.1) is lower semicontinuous, and the escape
time T~ : U — R is upper semicontinuous. This makes the domain

={(t.x) eRxU |te (T (x), T (x))}

of ® : D — U (called the maximal flow) an open subset of the extended phase
space.

Proof:

e Let xg € U. Then there exists, since U is open, a neighborhood U, (xy) with
U,(x0) C U. As U, (xp) is compact, the restriction of the vector field to this set is
Lipschitz continuous. By the Picard-Lindelof theorem, there exists some ¢ > 0,
such that for all y € U, »(xp), the initial value problem x = f(x), x(0) = y has
a unique solution for ¢ € (—¢, ¢).

e Now we consider an increasing sequence of times () ,eny With#; = 0,1lim,, oo 1, =
T (xo) such that for appropriate r, > 0 and &, > 0, the initial value problems

x=f) , x(0O)=y forallt € (—&,,&,)andy € U, o(x,)

can be solved, where we have set x,, := ®;, (x). By construction of the maximal
solution we may assume that 7,1 | — 1, < &,.

e Now suppose that T is not lower semicontinuous at xo, i.e., that one has
T := lim inf,_,, TT(x) < T*(xo); then choose k € N in such a way that
n<T < tr+1. By assumption, #, + ¢, > T. By continuous dependence of the
flow with respect to the intial conditions (an iteration of Theorem 3.20), there
exists a neighborhood V' C U of xq for which ®, (V) C U,,/2(x,); and for all
y € V, we obtain, in contradiction to the assumption, that

T =6+ THD, () =t +e > T.

e The upper semicontinuity of 7~ is shown analogously.
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e Now if D were not open, there would be a sequence (,, x,),en in (R x R?) \ D
with limit (¢, x) := lim,,_, 5 (¢, X,) € D.
As U C R” is open, we may assume (by dropping the first few terms of the
sequence) that x, € U. Therefore the following alternative applies for each n:
Either t, > T (x,) ort, < T~ (x,). One of the two cases must occur infinitely
often, for instance, assume itis t, > T (x,). We pass to the corresponding sub-
sequence. Since (¢, x) € D, one has ¢t € (0, TT(x)); but by

liminf 7% (x,) < liminft, = t < T (x),
n— 00 n—oo
this is in contradiction to the lower semicontinuity of T+ at x. (]

3.40 Remark (Nonautonomous Differential Equations)

In this section, we have assumed that the differential equation is autonomous. The
analogous statements do however hold true for initial value problems of nonau-
tonomous differential equations with a fixed initial time #,. This is because the ODE
can be written in autonomous form by addition of one dependent variable. We will
use this fact when we prove our principal theorem. %

3.41 Exercise (Escape Time)

The function H : R x (0,00) — R, H(p,q) = %pz — % with the parameter
m € (0, 0o) and the corresponding Hamiltonian differential equation p = —m/q>,
q = p describes radial motion in a gravitational field.

(a) Obtain an upper bound for the escape time (i.e., time of collision).

(b) Obtain a lower bound for the escape time.

(c) Find an ODE on R whose escape times are — depending on the initial value —
infinite only in the past, only in the future, or always. %

3.6 Principal Theorem of the Theory of Differential
Equations

From Theorem 3.20, we know that for continuously differentiable time dependent
vector fields f, the solutions @ (¢, x¢) to the initial value problem

X)) = f(t,x(®) , x(t) =xo (3.6.1)

depend continuously on the time ¢ and on the initial value x.
The Principal Theorem will now tell us that the solution ® is as smooth as f.
The Gronwall inequality, which is used in the proof of the principal theorem, is
an important estimate in the theory of differential equations. It is a bit reminiscent
of Miinchhausen’s trick get out of the swamp by pulling himself up at his own hair.
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3.42 Theorem (Gronwall Inequality)
For F,G € C([to, t), [0, oo)) and some a > 0, assume the inequality

F(t)<a +/ F(s)G(s)ds (¢ € [10,11)). (3.6.2)

fo

Then it follows that

F(t) <a exp (/ G(s) ds) (t € [to, tl)). (3.6.3)

Proof:
e If a > 0, then the right hand side h(¢) ;= a + ft:) F(s)G(s) ds satisfies h(t) > 0;
moreover, due to hypothesis (3.6.2), we have h'(t) = F(t)G(t) < h(t)G(¢), and

(1)
therefore = G(1).

By integration one obtains ln(hfl—t)) < ft;G(s) ds, or h(t) < aexp (j;;G(s) ds).
Together with the inequality F (¢) < h(t), this shows the claim (3.6.3).
e When a = 0, the hypothesis as well as the conclusion are satisfied for all @ > 0.

Therefore F = 0. O

3.43 Remark (Gronwall Equality)
The estimate can be memorized easily if one assumes equality. The integral equation

F(t)=a+ [, F(s)G(s)ds

corresponds to the initial value problem F = FG, F(t)) = a, with the solution

F() =aexp ([ G(s)ds). 0

3.6.1 Linearization of the ODE Along a Trajectory

In preparation for the proof of the Principal Theorem, we will first learn which
differential equation should be satisfied by the derivative of the solution with respect
to the initial value. To this end, we will assume that both the time dependent vector
field f : U — R" in (3.6.1) and the solution ® : D — U are continuously
differentiable, and for (¢, x) € D we let

M(t, x) =D, ®(t,x) € Mat(n, R).
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Then, letting A(t, x) := Dy f(¢, x) € Mat(n, R), one obtains from

O(t,x) =x+ /t f(s, O (s, x)) ds 3.6.4)

o

the integral equation

M(t,x) = 11~|—/ A(s, x)M(s, x)ds (3.6.5)

Iy

with A(s, x) := A (s, D (s, x)). A is continuous, being the composition of continuous
maps. We will first study integral equations of type (3.6.5) for arbitrary continuous
A. They are equivalent to the linear initial value problem

DiM(t, x) = Alt, x)M(t,x) , M, x)=1. (3.6.6)

The continuous dependence of the solution to (3.6.6) on the time ¢ and the parame-
ter x, as claimed in the following lemma, does not follow from previously proved
statements like Theorem 3.34.

3.44 Lemma
Let D € R, xR% be an open neighborhood of (ty, xo) that (just as D does in Theorem

3.39) intersects the time axes R, x {x} in intervals containing t.
Then, for A € C(D, Mat(n, R)), the initial value problem (3.6.6) has a unique
solution M € C(D, Mat(n, R)).

Proof:

e By Theorem 3.23, the initial value problem (3.6.6) for initial value (¢, 1) has a
unique solution; because x is but a parameter, and A is continuous in #, hence the
time dependent vector field is Lipschitz continuous.

e To show continuity of M with respect to (z, x), too, it suffices to restrict the
discussion to such compact neighborhoods K C D of (¢, xo) that are of the form

K = Us, (t9) x Us, (xo).

Now k := sup, ek |A(Z, x)|| < oo, hence by (3.6.5)

1
/ M (s, )] ds
o

and using Gronwall’s lemma (Theorem 3.42),

(M@ 0l <1+k

3

sup [|M(t, x)|| <. (3.6.7)
(t,x)eK
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e From (3.6.5), we get the identity

M(t,x) — M(t, xg) = / A(s, xo)(M(s, x) — M(s, xo)) ds

1y

+ / (A(s, x) — A(s, xo))M(s, x)ds. (3.6.8)

fo

The second term has an upper bound a(5,) > 0 that depends on the radius such
that lims \ g a(8,) = 0. This is because the continuous function A is uniformly
continuous on the compact set K, and the norm of M is bounded by (3.6.7).
Hence we get for F,(t) := || M (t, x) — M (¢, xp)||, using (3.6.8):

/ k F.(s)ds

to

F. (@) <a(,) +

Gronwall’s inequality turns this into
Fo(1) < a(8,) exp(klt — 10]) < a(8;) exp(kd;)  (x € Us, (x0)),

hence lim,_,,, M(t, x) = M(t, xo) uniformly in ¢ € [ty — &, to + &;]. U

We are now in a position to prove the Principal Theorem of the theory of ordinary
differential equations.

3.6.2 Statement and Proof of the Principal Theorem

Assume that the time dependent vector field f on extended phase space U € R x R”
is in C"(U, R") for some r € N. We fix an initial time #, € R and consider, for
initial value (79, x9) € U, the maximal interval of existence (T’(xo), T*(xo)) for
the initial value problem

X =f@tx) , x(to) =xo. (3.6.9)
Just as in the time independent case, we obtain a maximal domain

D={t.x)eU|te (T ()T )}

(open in U) of the nonautonomous flow ® : D — R”, with

(19, x9) = xo and j—tq)(l‘, Xp) = f(l, d(r, Xo)) . (3.6.10)

The nonautonomous flow is as smooth as the vector field:
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3.45 Theorem (Principal Theorem in the Theory of ODEs)
If the time dependent vector field f in (3.6.9) satisfies f € C"(U,R") forr € N,
then

deC"(D,RY).

Proof:

e From Theorem 3.20, we know that ® € C°(D, R") when r = 1. The time deriv-

ative of the solution exists as well, and D;® € C°(D, R"); this follows from the
second formula in (3.6.10).
Our first goal is to show that f € C'(U, R") implies ® € C'(D, R") as well. As
the time derivative D;® is continuous, all we need to show is the existence and
continuity of the derivative D,® : D — Mat(n, R). If D, ® exists, this mapping
has to be continuous, because then D,® = M where M is the solution to the
integral equation

M(t,x) = 11+/ A(s, x)M(s, x)ds,

fo

see Lemma 3.44. Continuity of D;® and D,® then will imply existence and
continuity of D®.

So by definition of the total derivative with respect to x, we have to show, for initial
value (19, xo) € U and times 1 € (T~ (xo), T (xo)), that

D, x0+h) — P, x0) = M(t, x0)h +o(||A]). (3.6.11)
e We can Taylor expand the time dependent vector field near (¢, x) and obtain

f(ts )’) = f(tv-x) +D2f(tsx)(y _-x) + R(t’xv y) (3612)

with a remainder R(¢, x, y) = o(||y — x||) that is continuous in ¢, where ¢t €
[to — &, 10 + 6]

Due to A(s, xg) = sz(s, D (s, xo)) and (3.6.12), we obtain from (3.6.4) and
(3.6.5) the following deviation from the linear approximation:

(D(1, xo + h) — D(t, x0)) — M(t, xo)h

= / (f(s, D (s, xg + h)) - f(s, D(s, xo)) — A(s, xo) M (s, xo)h) ds

fo

= / Dgf(s, D(s, xo)) . [@(s, xo+h) — ®(s, xg) — M(s, xo)h] ds

fo

+/ R(s, @ (s, x0), P(s,x0 + h))ds. (3.6.13)

to



58 3 Ordinary Differential Equations
The Gronwall estimate first improves the continuity of & to Lipschitz continuity
D (s, x0 + h) — ®(s, x0) | = ORI (s € [to — &, 10 + 8:1),
uniformly on the time interval. Due to the estimate for the remainder, the second
term in (3.6.13) has the order o (]| &]]).
Abbreviating
F(t) :==[[®(t, xo + h) — (1, x0) — M (2, xo)h|,

we can write the absolute value of (3.6.13) as

/ F(s)ds

with k := sup, ||Dy f (s, (s, x0))||. By Gronwall, we get

F() <o(lhl) + &

)

Ft)=o(lhD" " =o(lhl) (¢ €lto— 8. to + 8.1).

This proves (3.6.11).
e To show for f € C" (U, R") with r > 2 that the flow is also » times continuously
differentiable, we argue by induction. To this end, we set

FiUxR" > R"xR" | f(t,x,h):= (f(t,x),Daf(t, x)h).

This makes f: e C""Y(U,R" x R") a time dependent vector field on the extended
phase space U := U x R". By what we have just shown, and letting D := D x R",

d:D—>R"xR" | O, x0, ho) := (P (t, x0), Da®(t, x0)ho)

is a continuous mapping that solves the initial value problem
d ~
& =rfxh) L () () = (o, ho).

We also know that the time derivative D; ® is continuous. To show that ® €
C! ([), R" x R"™), we only need to show the existence and continuity of DZ&D. This
is done just like the existence and continuity of D, ® was proved above. Using the
induction step r times, we obtain D"® € C 0 hence ® € C" (D, R"). O
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3.6.3 Consequences of the Principal Theorem

We can linearize an autonomous system of differential equations near an equilibrium,
but the connection between the solutions of both differential equations is not always
that close; see Chapter 7.

The situation near a non-equilibrium is different:

3.46 Theorem (Straightening Theorem)
Let U C R" be open and let the vector field f satisfy f € C"(U, R") for somer € N.
Then, if x € U is not an equilibrium, there exists a C"-diffeomorphism

G:V->W
from an open neighborhood V of x onto some W C R" such that
DG, f(x)=e; =(1,0,...,00" eR" forallx € V.

3.47 Remark Therefore, in appropriate coordinates on V, the vector field f is
constant, and the local solution to the IVP x = f(x), x(0) = x¢ is therefore
x(t) = xo + eyt, i.e., an affine function of time. O

Proof: Since f(x) # 0, the set
Fo={xelU(x) | (x —x, f(x)) =0}
is, for small € > 0, a disc of dimension n — 1, and
(f(x), f(X)) >0 (x € Ua(i)). (3.6.14)

By means of a Euclidean transformation 7 of R”, i.e., a composition of a translation
and a rotation, we can achieve that 7(x) = 0 and T( f (i)) = Ae; with A > 0,
namely

T(F)={yeR" |y =0yl <e}.

To simplify notation, we assume that f and x themselves already have the properties
x = 0and f(xg) = re; with A > 0. Consider the cylinder Zs := (-8, §) x Fs.
For small § > 0, the map @[, : Zs — U,(xo) is injective; this is because (3.6.14)
yields, as long as &, (x) € U,,

d
(—CD(t,x)) = fi(®(,x)) > 0;
dr |

therefore no trajectory in U, will intersect F3 more than once. By the Principal
Theorem, @[, is a C"-diffeomorphism onto its image V := ®(Zs), which is a
neighborhood of x. Thus the inverse mapping G is also a C”-diffeomorphism. [
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Differential equations frequently depend on parameters p € P, like for instance the
mass or the length of a pendulum. We therefore consider the parametric initial value
problem

x=f@ x,p) , x(ty) = xo (3.6.15)

withU CR x R" and P € R? open and f € C"(U x P,R").

3.48 Theorem Let D € U x P be the maximal domain of the parametric initial
value problem (3.6.15). Then the solution ® satisfies ® € C" (D, R").

Proof: The result is immediate if we transition to the initial value problem

(%, p) = f(t,x,p) , (x, p)to) = (x0, po)

with the time dependent vector field
fec (U,R" xRY | f(t,x,p):=(f(t,x, p),0)

onlU :=U x P, because this vector field leaves the value of the parameter invariant
and has a solution ® € C"(D, R"t9). O
The main conclusion from the principal theorem is this one: Near a non-equilibri-
um, smooth differential equations do not possess any local structure. All interesting
questions are global in nature, i.e., they are questions about the behavior of the
solution for large times.

3.49 Literature The books by AMANN [AM], ARNOL’D [Arl], HEUSER [Heu],
PERKO [Per] and WALTER [Wal] are standard references for ODE.



Chapter 4
Linear Dynamics

A particularly important class of differential equations consists of the linear ones;
by Theorem 3.29, we may assume that we have a system of first order. The inhomo-
geneous initial value problem reads

X(1) = A(t) x(1) + b(1), x (o) = X0, 4.0.1)

with a system matrix A : I — Mat(n, R) and aforcingb : I — R", tyin the interval
I, and xo € R". The solution strategy consists of first solving the homogeneous IVP

y =A@y, y(to) = xo, (4.0.2)

and then to get the solution of (4.0.1) by means of the Duhamel principle, which
amounts to an integration. Formally, one can write the solution to (4.0.2), in the case
of a constant system matrix A, as

© Springer-Verlag GmbH Germany 2018 61
A. Knauf, Mathematical Physics: Classical Mechanics, La Matematica per il 3+2 109,
https://doi.org/10.1007/978-3-662-55774-7_4


http://dx.doi.org/10.1007/978-3-662-55774-7_3

62 4 Linear Dynamics
y(1) :=exp((t —t9)A)xg  (t €R), (4.0.3)

because then, applying the differentiation rule exp’ = exp to the right hand side, will
result in Ay, and clearly y(#y) = xo.

4.1 Homogeneous Linear Autonomous ODEs

Matrix Exponentials

In order to define and justify Eq. (4.0.3), we will now study matrix valued functions
for vector spaces over the scalar fields K = R and K = C. Just as in dimension
n = 1, the exponential function is defined by its power series:

4.1 Definition

e For an endomorphism M € Lin(V) of a finite dimensional K-vector space V, the
mapping exp(M) € Lin(V) is defined as

exp(M) := —_— “4.1.1)

(where M© = 1dy and M*+D = M o M®),
e The matrix exponential of matrices in Mat(n, K) is defined in the same way.

Why does the matrix exponential solve the homogeneous initial value problem (4.0.2)
in the case of a constant system matrix? This question is not mere nitpicking, because
in the case of a time dependent matrix A, the mapping t +— exp ( ft(: A(s) ds ) xo does
not solve (4.0.2), except in special cases like dimension n = 1.

Equation (4.1.1) involves a series whose terms are elements of Lin(V'), the space
of (bounded) linear mappings from V into itself. Suppose for instance that V = K",

with the Euclidean norm || - ||. The operator norm on Lin(K"),
M
1Ml = sup Bl = sup M@,
veK"\(0) veK?, [v]=1

has the usual properties of a norm, namely |[M| >0, |[M|| =0«<= M =0,
IAMI| = A IM]| (A € K), and [[M + N|| < [[M| + [IN]];

moreover, it is submultiplicative:
4.2 Lemma For M, N € Lin(K"), one has the inequality |MN| < M| || N|.

Proof: Except when N = 0 (in which case both sides are 0 anyways), we calculate
from [[MN| = sup, IMNv] .

lIvll
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_ IMNv||  [INv] IMwll INvll __
IMNI = sup B - S < supy s HEEL - sup o FE = 1M1 IV
v v

m}
Based on this lemma, the above definition of exp(M) is meaningful, because the
series converges:

4.3 Lemma (Matrix Exponential) For M € Lin(K"), the partial sums

Sk 1= ]Zzo MZ—(,“ (k € N) of exp(M) form a Cauchy sequence.

Proof:
By the triangle inequality and Lemma 4.2, we estimate for k| > ko > || M ||:

ky 14 ky ¢ k ¢
M IM©] M|
||sk] - sko” = I = m < 7
{=ko+1 : l=ko+1 . t=ko+1 !
—1
IMIPO*! ki —ko—1 MY Mt (M)
< (ko+1)! Zm:O (ko 1) < Gro+ 1! 1 ot

This expression tends to 0 as kg — o0, because the factorial grows faster than the
(real variable) exponential function. m|
We note in passing that we have not assumed anywhere that the linear endomorphism,
or the matrix, is real. This is useful because the Jordan normal form of A in (4.0.2),
and thus the one of exp(At) as well, could be complex.

To see that (4.0.3) indeed solves the initial value problem (4.0.2), we need to be
able to differentiate the mapping

R — Lin(K"), t —> exp(Ar)

with respect to time 7. We will also study later how the solutions depend on possible
parameters in the linear ODE.

For this kind of question, one evaluates the matrix exponential as a multi-variable
function, i.e., one studies the mapping

exp : Lin(K") — Lin(K"), M > exp(M)

in its dependence on M. The Weierstrass test comes to help:
4.4 Theorem (Weierstrass) Ler (V, | - ||) be a Banach space, X C V and let

fi: X—>V (eNy

be functions with sup,..x | fi(x)|l < a; such that Zfio a; < o0. Then the series
Y 2o fi converges uniformly on X.
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Proof: The reasoning for the case of series of real valued functions generalizes: Since
the metric space V is complete, we have pointwise convergence of the partial sums

/ .
S =) o fmsie,

s(x) = Il_lglo si(x)  (x € X).

By hypothesis, there is for every ¢ > 0 anm € N for which )/ ., @/ < & when
n > m.

This implies ||s,(x) — s, (X) ]| < Z};m @ <& (x € X), hence uniform conver-
gence on X. m|

4.5 Theorem (Exponential Mapping) For A € Lin(K"), the mapping
R — Lin(K"), t — exp(At)

is continuously differentiable, and more specifically,

4 exp(At) = Aexp(An). 4.12)

Proof: e If welet V :=Lin(K") and f; : X - V, M — Ml—:l) in Theorem 4.4, we
have for all [ € N: supy,.y || fi(M)] = oo. '

So we cannot take the entire vector space V as domain X, when using the Weierstrass
theorem.

e However, for the ball X := {M € V | |M|| < r} with radius » > 0, one has

1 1 !
ar = sup | fiM)]| = - sup [MO| <~ sup M| = .
Mex ' mex 1" mex I

and the series Y -, a; < exp(r) converges for every choice of r.

e Therefore the exponential mapping is continuous on X, being the uniform limit
of continuous functions s;[y : X — V; and as the derivatives Ds; also converge
uniformly on X, the exponential mapping is also differentiable. This implies formula
(4.1.2), and with it the continuity of the derivative. O

Using the Jordan Normal Form

For the evaluation of exp(At) in practice, one can use the Jordan normal form of A.

Al ---0
4.6 Definition e For A € K and r € N, the matrix J.(A) := 0" €

: Al

0--- 0 A

Mat(r, K) is called an r x r Jordan block with eigenvalue .
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e A Jordan matrix is a square matrix of the form

Jr O0) 0

Jrz()LZ)
J: .. EJ}‘]()“l)@"'@Jrk(A‘k)' (4'1‘3)

0 T ()

e A Jordan basis of an operator A € Lin(V) on the K-vector space V is a basis of
V with respect to which the representing matrix A is a Jordan matrix.

From linear algebra, one has a (constructive) proof of the following theorem:

4.7 Theorem Let V be a finite dimensional C-vector space and let A € Lin(V).
Then there exists a Jordan basis for A.

As the vector space V is isomorphic to C" with n := dim(V), we can write the
representing matrix A in the form

A=WJW™' with aJordan matrix J € Mat(n, C) and W € GL(n, C).

Since Mat(n, R) C Mat(n, C), we can in particular bring real square matrices A
into Jorda n form, but in general, J will not be real; so we are doing a complexification
of A in the sense of linear algebra.

0-1

4.8 Example (Jordan Basis) A = 10

has the complex eigenvalues =£:. The

11 11
: . 1 : 1 1 : : .
matrix W := _\/5 ( . l) S GL(2, (C), with W = _ﬁ (1 l>, dlagonahzes A:

WAW = (g _Ol> =) ® Ji(—1). 0

Just as in this example, it is true in general that for every non-real eigenvalue A of
a real matrix A € Mat (n, R) and a Jordan block J, (1), there exists an eigenvalue
 with the same multiplicity' and a Jordan block J, (1), because the characteristic
polynomial of A can be factored over R into factors of degree at most two (see
Figure 4.1.1).

'For A € Mat (n, K) the algebraic multiplicity or simply multiplicity of 1 € K is the order of the
zero X of its (monic) characteristic polynomial ps € K[x], pa(x) = det(x1, — A) of degree n,
whereas the geometric multiplicity is the defect of A — A1l,,, with def(B) = dim(ker(B)).
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ImA

Figure 4.1.1 Complex eigenvalues (with multiplicities) of a real matrix

For A= WJW~!, one has ’exp(At) = Wexp(Jt)W™! (t e R).
This follows from the power series of the matrix exponential by using

= (WJW=hy" = WJmW~!. Since, for a Jordan matrix J like (4.1.3), exp(Jt)
equals

exp (J,1 (Al)t) 0
. = exp(J, (A1) & ... & exp(Jy, (A1),

0 exp (Jy, (A1)

4.1.4)

it suffices to calculate exp(J, (A)t). But J,(A) = J.(0) + A1, and J,(0) and Al
commute; this simplifies the calculation of exp(Jr (A)t):

4.9 Lemma For commuting matrices B, C € Mat (n, C), i.e., when BC = CB, one
has
exp(B + C) = exp(B) exp(C).

Proof: Formally, we obtain the identity by plugging B + C into the definition of
exp:

%) 1 n ' 4
exp(B + C) = Z —(B +oy PEP Y — <n>B’C”’
=0

n=0 i

0o n ' ‘ © 1 ©
Z l‘(n Bicri = <Z l_'Bt) ZFCJ ,

n=0 i=l i=0 j=0

hence exp(B) exp(C). This formal calculation is legitimate by a theorem about the
Cauchy product, since both series are absolutely convergent. O
4.10 Remarks 1. As acounterexample (in the non-commuting case) we may use

the triangular matrices B := (8 (1)) and C := BT = <(1) 8) Then exp(Bt) =
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11t 10
(O 1) and exp(Ct) = (t 1), hence

2
exp(Bt) exp(Ct) = (1 tt i) and exp(Ct) exp(Bt) = (: 1_|t_t2>-

01\ 01) > neven
In contrast, we infer from (B + C)" = (1 O> = 01 that
(1 O> , nodd
(10 o 01 oo ¢m+1  (cosht sinht
CXP((B + C)’) = (0 1) > =0 amt T (1 0) 2m=0 Cm+D! — (sinhz cosh t) '

(4.1.5)
2. Forall A € Mat (n, K), we have the functional equality

exp(An) exp(An) = exp(A (11 + 1)) (1.0 €R),

since multiples of the same matrix commute. The flow @, solving the differential
equation x = Ax for A € Mat (n, R), namely

D, :R" - R", &,(x) =exp(At)x  (t € R),

is therefore a one-parameter group. O

For the Jordan blocks in (4.1.4), one has exp(J, (k)t) = exp(J, (O)t) exp(kt 11).
Here exp(1z1) equals exp(if) 11, and exp(J, (0)t) =y 1 (J, (O))nt” with

n=0 n!

(L) =8ikn  (ikefl,....r}),

hence
1t S
D!
01 ¢ :
exp(J,(M)t) =exp(rt) |- - - ) (4.1.6)
oy
O -vn- 0 1
4.11 Exercise (Matrix Exponential)
100
Solve the system of differential equations x = Ax withA=|110|. O

111
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Using the Real Jordan Normal Form

For A € Mat (n, R), it can often be useful to employ the real Jordan normal form of
exp(At). It is obtained by setting

JFG) =000 (L eR)

for real eigenvalues, and, for A € C\R, transforming pairs of Jordan blocks as
J,A) 0
0 )’

1, ) into the real normal form

L
by means of X := NG <_,11, 11,

e (B0 0Ny (4w —gl,
o (“"X( 0 J@)X ‘(wlr um) (€ CAR),

where ;= Re(A) and ¢ := Im(X). Now exp (JrR()\)t) equals

J-) 0 S o COS((pt)eJ’(O)’ —Sin((pt)eJ’(O)’
Xexp << 0 J (X)) l)X =e sin(pt)e” Ot cos(pt)e Ot ) 4.1.7)

and in the special case of multiplicity » = 1, one has

R e [cos(pt) —sin(pt)
exp (J1 (A)t) =t <sin(g0t) cos(gr) ) . (4.1.8)

Interpretation of the Trace

The image g(A) of a compact set A C R” under a diffeomorphism g : R" — R”
has the volume

Vi(g(n) = /A | det(Dg(x))| dx,

so the absolute value of the functional determinant at x € A is the factor by which
g enlarges the volume near x; this is the transformation theorem.

Let us now consider the solution operator for the differential equation X = Ax
for time ¢ € R, namely the linear mapping

@, € Lin(R"), ®,(x) = exp(Af)x .

The derivative is constant, as with every linear mapping:

D®,(x) = exp(Af)  (x € RY), (4.1.9)

and we have the
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4.12 Theorem For A € Lin(C"), one has det(exp(A)) = exp(tr(A)).

Proof: This is a consequence of the existence of a Jordan basis, i.e., of the existence
of W € GL(n, C) such that W~ AW = J with a Jordan matrix J. Using the notation
(4.1.3) for J, one has

det(exp(A)) = det(W~'exp(A)W) = det(exp(W'AW)) = det(exp(J))

[T;_, det(exp(J,, (1)) = [Ti_; exp(rere)

and on the other hand tr(A) = (W 'AW) = tr(J) = Y, tr(J,,(he)) = X, rede,
so the claim follows from the functional equation of the complex exponential func-
tion. O

Conclusion: The linear flow ®,(x) = exp(Az)x generated by A € Mat(n, R) on the
phase space R” is volume preserving if and only if tr(A) = 0.

4.13 Remark (Real General Linear Group)

GL(n, R), the group of invertible matrices in Mat(n, R), is the most important exam-
ple of aLie group. GL(n, R) is the open and dense subset consisting of those matrices
A in the n%-dimensional vector space Mat(n, R) for which det(A) # 0. This makes
GL(n, R) into a submanifold of Mat(n, R), see Definition 2.34. Matrix multiplica-
tion and inversion are smooth operations on the entries of the matrix (in the latter
case, this follows from Cramer’s rule in Linear Algebra).

If we consider the mapping

Mat(n, R) — GL(n, R), u — exp(u),
the image of the exponential function is indeed contained in GL(n, R), because
det(exp(u)) = exp(tr(u)) > 0.

As there do exist g € GL(n, R) with det(g) < 0, it is clear that exp is not surjective;
rather the image is the subgroup GL™ (n, R), see Example E.18).

On the other hand, the exponential map is invertible at least for those A €
GL(n, R) that satisfy || — A| < 1, because this is where the power series of
the inverse function converges:

(I - A)

In(A) = In(I— (11— A4)) = = .

k=1
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Mat(n, R) together with the commutator is an example of a Lie Algebra.” The
commutator, [u;, ur] = ujur — upuy if uy, u» € Mat(n, R), measures the lack of
commutativity in the group multiplication, because

exp(euy) exp(eu,) exp(—euy) exp(—euy) = 1+ 82[u1, ur] + 0(83) .

This is why Mat(n, R) is called the Lie algebra of GL(n, R). O

4.2 Explicitly Time Dependent Linear ODEs

The Homogeneous Problem

First we consider, on a time interval / containing fy, the linear homogeneous, but
non-autonomous (i.e., explicitly time dependent) initial value problem

y(©) = A(n)y(@), y(to) = Yo, (4.2.1)

where A : I — Mat(n, R) is a continuous matrix valued function.

4.14 Theorem The initial value problem (4.2.1) has a unique solution

y: 1 — R with |y(0)]| < exp(

LA iyl @22)

Proof:

e It suffices to consider ¢ > #y because (4.2.2) is invariant under time reversal.

e The unique solvability of the initial value problem for the time dependent vector
field (¢, x) — A(t)x on the interval I follows from Theorem 3.23 with the time
dependent Lipschitz constant L(¢) := ||A(®)]|.

e Forr € I,thefunction z(¢) := exp (— ft(: LA ds) y(t) satisfies the initial value
problem

2(t) = N(1)z(1), 2(0) = yo with N (1) := A(r) — [A@®)|1,
as can be checked by differentiating. Estimate (4.2.2) follows once we have proved

Izl < liyoll (& =10,1€1). (4.2.3)

2Definition: A Lie Algebra is a vector space E together with a bilinear anti-commutative mapping
[-,-]: E x E — E, that satisfies the Jacobi identity (see also Appendix E.3)

[A,[B,Cll+[B,[C, Al +[C,[A, B]] =0.
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Now for S(z) := N(t) + N (¢) and ¢ > 1y, we calculate

Lz = (2(0), 2(0)) + (2(1), 2(1)) = (N )z (1), 2(1)) + (z(1), N()z(1))
= (z(1), S(H)z(t)) <0, (4.2.4)

because S(¢) is self-adjoint and has only non-positive eigenvalues E.
The latter can be seen as follows: If it were true that S(r)v = Ev withv € R"\ {0}
and E > 0, then it would also follow (A(t) + A(t) ")v = (E +2||A(#)||)v, hence

1A +AD T > 21AD I = IADI + [AD ],

in contradiction to the triangle inequality for the operator norm. But (4.2.4) implies
(4.2.3).

O

If o1, ¢, : I — R" are solutions to the ODE y(¢r) = A(¢)y(¢) and ¢y, ¢; € R, then

the linear combination c;¢; + ¢, : I — R” also solves the differential equation.
The set

Lo:={p e C',R") | ¢(t) = A()p(t), t € I} 4.2.5)

of solutions forms therefore an R-subspace of C L(I,R™), called the (homogeneous)
solution space. If ty € I, then by local existence and uniqueness of the solution to
the initial value problem, the linear mapping

By : Lo — R", ¢ = ¢(t)

is an isomorphism, hence dim(Lg) = n.

4.15 Definition A basis of the homogeneous solution space Ly is called a funda-
mental system of solutions to the differential equation.

As the solution to the homogeneous system (4.2.1) depends linearly on yy, we can
write the general solution in the form

yu(t) = @, s)yn(s),

where ® : I x I — Mat(n, R) is called the solution operator. In the case of a time
independent matrix A,

O(t,s) = exp((t —5) A) (t,s € R).

In the general case, one has

%Cb(t, s) =A(t)P(t,s) and P(s,s) = 1. (4.2.6)
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4.16 Remarks 1. Even though this family of matrices depends on rwo parameters,
namely the initial time s and the final time ¢, it suffices to know the one-parameter
family

t— O, 1y) el

for a single #y € I because ®(z,s) = D (¢, to) (g, 5) = D (¢, tg) D(s, ).
2. The solution of such a homogeneous nonautonomous problem will often be a

matrix whose entries are not elementary functions, even if the entries of A are

elementary functions.

As amatter of fact, many so-called higher transcendental functions are defined as

solutions to this kind of ODE:s, for instance the Bessel equation and the Mathieu

equation. O
The Wronskian
4.17 Definition For an interval I and curves vy, ..., v, € C(I,R"), their Wron-

skian, or Wronski determinant, is the continuous function
w:l— Rt det(vi(t),...,v,(0)).

We are interested in Wronskians w of solutions vy, ..., v, to the ODE (4.2.1). As
these solutions are C! functions of time, the Wronskian satisfies w € C'(Z, R) and
also solves a certain differential equation:

4.18 Theorem The Wronskian w satisfies
d
Ew(t) = tr(A(t)) w() (tel), 4.2.7)

and therefore

w(r) = exp ( / w(Als)) ds) w(to) . (4.2.8)

to

Proof:
Since the solutions v; € C!'(I, R") to the differential equation have the derivative

vi(t) =A@vi(t) (G =1,...,n),

it follows from the product rule that

%U)(l) = Zdet(vl(t), ey vi_l(t), l)i(t), UH_]([), e, Un(l))

i=1

= det(vi(®), ..., vi1 (1), Avi (1), Vigr (1), ..., v (1))
i=1
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For the canonical basis ¢, ..., e, of R", one has
n n
w(A) = (A=) detfer ..., eimr, Aej,eirr, ... e),
i=1 i=1

and this generalizes to arbitrary vectors vy, ..., v, € R" in view of the product rule
for determinants:

n
tr(A) det(By, ... 0,) = »_det((@r..... 5.1, ... eim1. Aej. €irn. ... )

=1
ll’l n

= Z Zdet(ﬁl, ooy Uiy (A)iVks Vil « - v s l~1n)
i=1 k=1
n

= det(By..... o1, A, Bigr. ... D),
i=1

hence the ODE (4.2.7). Its solution (4.2.8) is obtained by separation of variables:
log ( w(”) = [0 &~ [ (AGs)) ds i wlio) € R\{0). O

w(fo) w(ty) u

4.19 Remarks (Wronskian)

1. So the Wronskian of a fundamental system can be calculated by integration,
even if only the initial values v (#y),..., v,(fy) are known. And since w(ty) =
det(v1 (to), ..., v, (to)) # 0, it also follows from Formula (4.2.8) for the solution
that w(z) # Oforallt € I.

2. Theratio w(t)/w(fy) of the Wronskian of a fundamental system gives the factor
by which the volume of ®(z, 7y)(K) at time ¢ has changed compared to the
volume of the compact K C R”.

3. For a linear differential equation of n'"

order in the form

n—1

YOO+ ainy) =0

i=0

with continuous coefficients ay, . .., a,—1, the corresponding differential equa-
tion of first order according to Theorem 3.29 has the form

. 0 1
X1 X1
=A| : | withx; =y“Yand A =

—dog —dady ... —dy—1
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In this case the Wronskian of solutions y;, ..., y, : I — R equals
i@ oo
w(t) = det : : cand Lw(t) = —a, 1 (Hw(?). O
OIS ()
The Inhomogeneous Problem

The inhomogeneous initial value problem with continuous forcing b : I — R”,
z2(t) = A@)z(t) + b(1), z(to) = 20 (4.2.9)

can easily be solved if the homogeneous solution operator from (4.2.6) is known.

4.20 Theorem (‘Duhamel Principle’)
The solution of the initial value problem (4.2.9) is

2(t) = Dt 10)z0 + [} Pt $)b(s)ds (1 € 1), (4.2.10)

Proof: e From ® (s, s) = 1, one gets z(#)) = zo in (4.2.10).
e Moreover, from %fb(t, s) = A(@)P(t, s), one gets

() = AP (¢, ty)z0 + A(z)/ O(t,5)b(s)ds + ®(t,1)b(t) = A(t)z(t) + b(2).

Therefore, (4.2.10) is the solution to (4.2.9). m|
The set of solutions to the inhomogeneous linear differential equation,

Ly:={p € C'(,R") | 9(1) = A()e(t) + b(t), 1 € I},

has the form
Ly = Lo+ ¢,

where L is the homogeneous solution space defined in (4.2.5) and ¢, is the particular
solution

op € C' (LR, gy(t) = / O 1. $)b(s) ds.

fo

This makes the inhomogeneous solution space L;, into an n-dimensional affine sub-
space of C' (1, R").

4.21 Example (Inhomogeneous Problem)

The ODE X(t) + %)'c(t) + x(t) = cos(¢) of a damped harmonic oscillator with
external forcing is equivalent to the system

z2(t) = A(t)z(t) + b(1)
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with z(¢) = (igg) and A(t) = <_01 _11/1()), b(t) = <cog(t))' A has the

complex eigenvalues

2
Mp=—5%4(35) —1=3(=1£+3991)
and eigenvectors

)

mﬂ:<%u4¢¢w%v
1

so it follows, with the diagonalizing matrix

1—/399 1++4/399; —10:
W= (Wi W) = ( 20 20 > ,hence W' = [ V3
1

2439

1 2739

V399

B I— 1l —
+ |

O =}

S~——

A1 0
0 A

399

that W—1AW = < 55, one gets

). Consequently, with w :=

sin(wt) 1 o

—_— — Sin
T B 0 cos (wt) + /355 — sin (wr)
0 e)nzt 4 =e sin(@t)
V399

exp(At) =W <e

—i sin (wt)  cos (wt) —

From (4.2.10), one obtains

t
7(t) = exp(At)zg +/0 exp(A(r — $))b(s) ds =

—1/20 (:03 (o) + Siﬂéc;)é) % sin (wt) ) . ( sin() — %e—t/ZO sin (o) )
€ Y Z0 ) .

. i 0 ~1/20 in(wr
—Lsin(wr)  cos (wr) - Sm%);) cos(r) + e~/ (—COS (wr) + Sm%)g)

Therefore, the general solution to
this second order ODE has the

form X
5t
x(t) = e71*(c; cos(wt)—c; sin (wt))+10sin 7. | ¢
5
-5t
The solution to the initial value

problem for xo = x; = 0 is
depicted on the right.

While there are no difficulties with the integration in principle, it is already calcula-
tionally complex in this simple example. O
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4.3 Quasipolynomials

The method of quasipolynomials is used to reduce the calculational effort when
solving a linear inhomogeneous differential equation with constant coefficients.
Reminder: The solution operator exp(At) for the linear ODE X = Ax is

exp(At) = Wexp(JH)W™!

with the Jordan matrix J = exp(J,, (A1) @ ... & exp(J,, (Ax)), and according to

=1

(4.1.6), one has exp(J,(M)r) = M

Conclusion: If A € Mat(n, C), and Ay, ..., A, € C are the eigenvalues of A with
multiplicities vy, ..., vk, then the entries of the matrix exp(Ar) are of the form

Zle et pi(t), where p;(t) is a polynomial of degree < v; — 1.
We can use this conclusion to find a solution for linear ODEs directly by using a
corresponding ansatz for the solution.

4.22 Definition For A € K and a polynomial p € K[t], we call the function
t — e p(t) a A-quasipolynomial of degree deg(p) over K.

If the eigenvalues A, ..., A, and their algebraic multiplicities vy, ..., v, are known
from evaluation of the characteristic polynomial of A, one can make a solution ansatz
in the form given above.

The K-vector space of A-quasipolynomials is mapped into itself under differenti-
ation, and we have the formula

G (@ p®) = (p'(0) + Ap(@)).

Plugging the solution ansatz into the ODE yields, for each eigenvalue 1;, an equa-
tion for the polynomials p; (in general a system of equations because x(f) =
(x1 ®,..., xn(t))T). In principle, the coefficients can be calculated from this.

The solution ansatz is particularly simple in the case of single differential equa-
tions of higher order. For if

x™ 4 a1 x"D 4 4+ aex =0,
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Vi
then the equivalent system y = Ay withy = | © |,y = ‘21:—1’]‘
Yn
o 1 0 ... 0
0 0 1
has the matrix A = - 0
0 0 ... 0 1
—dog —dady ... —Ady—2 —Aay_—1

The characteristic polynomial of A is then simply

A—10 ... 0
0 » —1

det(A1 — A) = det ‘ 0 =\ 4 a, A L+ ag,
00 A =1
apg ay ... Aay2 A+ a,_

so its coefficients are just the coefficients of the differential equation.
So we do not need to make the detour to a first order system when we want to
write the general solution in the form of a quasipolynomial.

4.23 Examples (Quasipolynomials for ODE)

1. x* —ax =0,a > 0. The zeros of the characteristic polynomial A* — a = 0
are

M=1"Va  k=1,...,4).

Therefore, each solution is of the form x(¢) = 22=1 cre™! with coefficients

¢ € C. If we are looking for a real solution, we obviously need ¢;, ¢4 € R and
c1 = ¢3. Thus, with w := ¢/a > 0 the general real solution is of the form

x(t) = d; exp(wt) + ds exp(—wt) + dz cos(wt) + ds sin(wt) (dr € R).

2. The differential equation X + kx + x = 0 with k > 0 (see Example 4.21)
describes a damped harmonic oscillator (without external forcing).

The two eigenvalues A1/, = —% + ,/% — 1 of the matrix A = (_01 —lk> only

coincide in the critically damped case k = 2: In this case A} = Ay = —1, so the
general solution is x(z) = (¢ + cat)e™" (see also Chapter 5.4). O

For 1 € R (even for & € C !) we have cosh(Ar) = (¢ + ™) and sinh(Ar) =
1 (€* — e7*"), and thus by Euler’s formula, cos(A1) = 5 (¢'* + ¢~"*) andsin(A1) =

% (e’M — e M ) Solutions to linear ODEs with constant coefficients can therefore
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be written in terms of products of these four elementary functions and powers of ¢,
because this is what one obtains by linear combinations of appropriate quasipolyno-
mials.

Note a further consequence: If x = Ax 4 b(t), where b(¢) is a sum of quasipoly-
nomials, then the solution to this inhomogeneous differential equation with constant
coefficients can be written as a sum of A-quasipolynomials (where A is either an
eigenvalue of A or an exponent that occurs in b(¢)). This is an immediate conse-
quence of the solution formula for the initial value problem with ¢(0) = X in this
case (see (4.2.10)):

@(t) = exp(Ar) (xo + fot exp(—As)b(s) ds),

because products and integrals of quasipolynomials are quasipolynomials.

4.24 Examples (Inhomogeneous Linear Differential Equations)

1. ¥ + x = 2. A particular solution to this inhomogeneous differential equation
is x,(t) = t2 — 2, so the general solutions is aj cost + az sint + x,(t), with
ap, ay € R. B

2. x® +x = t%¢' cost. The right hand side is of the form 1#%(e*" + ¢*') with
Ai=1+41.

Generally speaking, the k™ derivative of a quasipolynomial e p(t) is
i (¢p) = & X, (DA PP, @3.1)

because under the Leibniz rule, there are (Il‘) possibilities to hit the exponential
factor with / derivatives.

So for a particular solution x,,, we make the following ansatz: x, = y, + 7V,
with yP (1) + y,(1) = %e“, where y, (1) := e (a:t* + ait + ao). By formula
(4.3.1), the left hand side y;“) ) +y,(t) =

M (A + Daot® + [ + Day + 8% ax]t + [(A* + Dag + 42%a; + 122%as]).
Comparing with the right hand side and using 1> = 21, A* = —4, we get

1/2 1 —81%a 8
a =22 =14 = o = o(l—1)andag =

_4)L3al+1212a2 _ 21
A1 - 27"

Thus we find x,(r) = 2Re (e<1+’>’(—§ +8(1 -0 + %z)) =

e ((—%—{-g—%)cost—i-(%l—%‘)Sinf)- %



Chapter 5
Classification of Linear Flows

We know the flow on the phase space R” that is generated by a linear differential
equation X = Ax with system matrix A € Mat(n, R), namely

d,:R" > R" |, x> exp(At)x (¢t € R),

but we wish to obtain a deeper geometric insight. In particular, we will study the
phase portraits of ® for small dimensions 7.

Generally speaking, the phase portrait of a dynamical system ® : G x M — M
refers to the decomposition of the phase space M into orbits.

© Springer-Verlag GmbH Germany 2018 79
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Figure 5.1.1 Phase portraits of stable spirals of the differential equation x = Ax. Left: A =

(_l1 5 1_/15) right: a matrix that is similar to A

5.1 Conjugacies of Linear Flows

First let us ask, somewhat imprecisely, when a second linear differential equation
X = Bx on the phase space R” has a similar phase portrait as the one of X = Ax.
Maybe the following classification seems like a plausible start.

The matrices A, B € Mat(n, R) are called similar, if there exists S € GL(n, R)
such that B = SAS~'. In this case, the flow W,(y) := exp(Bt)y generated by B
satisfies

W, (y) = Sexp(Ar)S~ly = S, (S 'y). (5.1.1)

So the phase portrait for B arises from the one for A by a basis transformation of
R". In Figure 5.1.1, we see phase portraits of two similar matrices.

Since similarity transformations leave the eigenvalues and their multiplicities
invariant, this classification is too fine for many purposes. What is more appropriate
for comparing two continuous dynamical systems ®@ : R x M@ — M@ is the
notion of a conjugacy by ahomeomorphismh € C(M®, M®) (see Definition 2.28).

If the dynamical systems are differentiable and if / is even a diffeomorphism —i.e.,
heC' (MY, M) and k=" e C' (M@, MM)—, then it follows from &> o h =
ho <I>§1) that the vector fields f; satisfy:

:%(hocbfl)) —Dho fi,

t=0

fzoh=% (q>§2>oh)

t=0

or

fr=Dho fioh™". (5.1.2)
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So the vector fields generating the flows are mapped into each other by the lineariza-
tion of A.

If in particular x; € MV is an equilibrium of ®1, then according to Exercise
2.30, x; = h(x;) will be an equilibrium of ®?, and the linearizations D f; (x;) and
D f>(x,) are similar matrices from Mat(n, R).

So if we apply this to the equilibrium 0 € R”, it follows for linear flows on R”
that such flows are conjugate by diffeomorphisms if and only if their vector fields are
defined by similar matrices. In this case, we may however take the linear mapping
defined in (5.1.1) by S € GL(n, R) as a conjugating diffeomorphism, rather than
having to take general diffeomorphisms of R”.

The situation is different when we use homeomorphisms / that need not be dif-
ferentiable.

5.1 Example (Linear differential equations on R) For a parameter a € R, we
study the linear differential equation x = ax on R, with its flow <I>,(”) (x) = ex.
Then the origin x = 0 is an equilibrium for all a € R. Now if x € R\{0}, then the
a- and w-limit sets of x (see Definition 2.20) depend on the parameter:

o fora <0: oa(x) =0, wkx)={0}; h
o fora=0: o) =wk)=I{x} Y
e fora>0: a(x)=1{0}, wkx)=42.

Due to Exercise 2.30, the flows ®@ and
®® can only be conjugate if sign(a) =
sign(b). And in this case, the flows are
indeed conjugate. For if a and b are both
positive, or both negative, we can use the
homeomorphism

he : R — R, x — sign(x)|x|®

of R (where o > 0). Indeed, h,' = hy;, The conjugating homeomorphism A,
and therefore choosing o := Z >0, we foraa=1/2, 1 and 2
have

ho o @ o h7'(x) = ha(e“sign(x)|x|"/%)

= sign(x)(e“|x|"/)* = ”sign(x)|x| = €”x = ® (x).

Note that this conjugating homeomorphism is smooth except at 0.

Thus the parameter space of one dimensional linear dynamical systems X = ax
(which is itself one dimensional as it is parametrized by a € R) is decomposed into
three equivalence classes by conjugacy. O
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5.2 Hyperbolic Linear Vector Fields

We now generalize Example 5.1 to arbitrary dimensions.

5.2 Definition

e A matrix A € Mat(n, R), the vector field x — Ax, and the flow (t, x) — &,;(x) =
exp(At)x are called hyperbolic, if all eigenvalues \ € C of A satisfy Re(\) # 0.

e The sum of the algebraic multiplicities of those eigenvalues \ that satisfy Re(\) <
0 is called the index of A and is written as Ind(A).

e F':={x e R" | lim,_ o ®,(x) = 0} is called the stable subspace,
E" :={x e R" | lim,_, _o ®;(x) = O} the unstable subspace of A.

5.3 Theorem Foralln € N, the set of hyperbolic matrices in Mat(n, R) is open and
dense.

Proof: e Let A € Mat(n, R) be hyperbolic and let A € iR. Then A is not an
eigenvalue of A. The modulus of the characteristic polynomial diverges with the
modulus of its argument: det(A I, — A) = \"(1 4+ O(||A[|/A)), and the mapping
det : Mat(n, C) — C is continuous. So

I1(A) := inf{|det(A 1, — A)| | A €iR} > 0,
and there exist A > 0 and a neighborhood U C Mat(n, R) of A with
I(B) = inf{|det(A 1, — B)| | A €iR, A\|<A}>0 (BeU).
So the matrices B € U are also hyperbolic.
e Assume A € Mat(n, R) is not hyperbolic. Then for ¢ € R, the matrix A 4 cll,, €
Mat(n, R) is hyperbolic provided |c| € (0, C) with
C :=inf {|Re()\)| | A € C eigenvalue of A, Re()) # 0} € (0, 00].
This set of matrices has A as an accumulation point. (I

5.4 Remarks (Hyperbolic Matrices and Indices)

1. Whereas typical matrices in Mat(n, R) are hyperbolic, the same is no longer true
when we restrict the discussion to the subspace of the infinitesimally symplectic
matrices (see page 104), which are the ones that occur as system matrices in
classical mechanics.

2. A matrix A € Mat(n, R) is hyperbolic if and only if

Ind(A) + Ind(—A) = n.
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3. InEx. 5.1, the hyperbolic dynamical systems with the same index were conjugate
to each other. We will now prove the same for arbitrary dimensions 7.

4. The (commonly used) indices s and u refer to stable and unstable respectively.

5. The index of an equilibrium xy of a dynamical system x = f(x) is defined to
be the index of D f (x¢). For a linear vector field (f(x) = Ax), the index of any
equilibrium, in particular 0, is therefore the index of the system matrix A. O

5.5 Exercise (Index) Determine a fundamental system of solutions to

I 1 -1
x=(0 -1 2 ]x.
—2-11

Which solutions remain bounded as t — oo? Is the matrix hyperbolic, and if so,
what is its index? O

5.6 Lemma (Index) For a hyperbolic matrix A, one has dim(E*) = Ind(A).

Proof: First note that, due to the linearity of the flow ®,, the sets E* and E° are
indeed subspaces of the phase space R”.

e If x € R” is an element of the direct sum of the generalized eigenspaces for the
eigenvalues )\; that satisfy Re()\;) < 0, then the components of the vector valued
function ¢ — @, (x) are sums of )\;-quasipolynomials, hence x € E*. This shows
dim(E*) > Ind(A).

e On the other hand, a similar argument for the eigenvalues with positive real part
shows that dim(E*) > Ind(—A) = n — Ind(A).

e Furthermore, for any sum f (1) := >, p; (¢)eM! of \;-quasipolynomials, one has:
Iflim, o f(¢) =lim,,_o f(¢) =0, then f = 0.

Sowehave E* N E* = {0} and thus dim(E") + dim(E*) = n, which now implies
dim(E*) = Ind(A) and dim(E*) = n — Ind(A). ]

5.7 Example The figure at the beginning of this chapter (page 79) shows orbits of
a linear flow on R? with index 3. O

If we look at the phase portrait on the right in Figure 5.1.1, we see that the trajectory
is stable, but does not approach the origin monotonically. This deficiency can be
mended by transition to the similar system matrix on the left side of the figure. Such
a transition is possible in generality:

5.8 Lemma Let A € Mat(n, R) and A := max{Re()\) | \ eigenvalue of A}. Then,
for each A" > A there exists a scalar product on R" whose associated norm allows
the estimate:

d
12l = Ae )l (xeR", teR). (5:2.1)

Proof: Because of £ @, (x) = £@,,(x)|,0 = £ P, (y)],—0 with y := @, (x), it suf-
fices to show (5.2.1) for r = 0.
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e Instead of (5.2.1), we show for an appropriate scalar product on C" that

| e

% (exp(An)x, exp(AD)x) ;=0 < A’ {x, x) (x e CH. 5.2.2)

o

t

Without loss of generality, we may assume that the change of basis to Jordan
normal form has already been performed. Then

% (exp(At)x, exp(At)x) |,=0 = 2Re((x, Ax)) .

e If the scalar product is chosen in such a way that subspaces corresponding to dif-
ferent Jordan blocks are orthogonal, this expression is a sum over the contributions
from each Jordan block.

If J. () is a Jordan block for eigenvalue A, then for ;o := Re(\) < A, we get

Re((x, J,(M)x)) =Re((x, J.(wx)).

e For € > 0, we conjugate J. (1) = pll, + J,(0) with the diagonal matrix D, :=
diag(l,e,€2,...,¢" ") € GL(r, C) (hence D;l = Dy

D', () D- = pll, + D' J.(0)D- = pull, +¢J,(0) .

So the off-diagonal has been multiplied by ¢. Let us denote the canonical scalar
product on C" by (-, -).an- The Cauchy-Schwarz inequality implies

— can *

Re((x, Jr(0)x)can) < Ixllean 17 0)x lcan < IIx |17
Therefore, for ¢ € (O, A — A), we have

Re((x, (pl, +€J,(O))x)can) = (X, X)ean + sRe((x, J,(O)x)can)
S (A+e)(x, X)ean < A (*s X)ean -

So we define the scalar product by (x, y) :=(D-'x, DZ'y)  and obtain for

can
X = D;lx:

Re (x, J,(w)x) = Re (&, (ull, + £J,(0)F) oy < A (F, F)ouy = A (x, 1),

hence altogether 1 < || exp(An)x|?[;=o < A'[lx]% ie., (5.2.2). O

5.9 Theorem (Conjugacy Classes)
The linear flows of two hyperbolic matrices AV, A® e Mat(n, R) are conjugate if
and only if

Ind(AV) = Ind(A?) .
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Proof: We denote the linear flows as ®” (x) := exp(A©1)x, and their stable sub-
spaces as E®@ (i =1,2). Let || - |V : E® — [0, c0) be norms that satisfy the in-
equality from Lemma 5.8 for some A < 0.

e If a conjugating homeomorphism / : R” — R” exists, then 2(0) = 0 using Ex-
ercise 2.30 (a). In addition A(E") = E®, because the points in x € E® can be
defined by the characteristic property that {0} = w(x), and Exercise 2.30 (c) pro-
vides /1(w(x)) = w(h(x)). An important property of homeomorphisms of vector
spaces is that they leave the dimension invariant.! This implies that, if a conjugacy
h exists, then

Ind(A"V) = dim(E") = dim(h(E")) = dim(E®) = Ind(A®).

e We now assume conversely that Ind(A") = Ind(A®) and construct a conjugating
homeomorphism /4. As each of the two phase spaces R” is the direct sum of its
stable and unstable subspaces, we write the homeomorphism as & = (h(s), h(“))
with respect to these decompositions, so that h®) : E® — E® and h® similarly
maps the unstable subspaces to each other.

e Now we define /) and show that this mapping is a homeomorphism. First,
h®(0) := 0, because equilibria are unique here, and are mapped to equilibria.
Next, if x € EM\{0}, then lim,_, ;o ®'" (x) = 0 and
lim,, o || d>,(1)(x) ||(1) = 00. By 5.8, there is exactly one

T() eR with o) (x)e sV = {y e ED ‘ Iy = 1};

and T : EMW\ {0} — Rissmooth by the implicit function theorem and the smooth-
ness of the flow. In geometric terms, SV is the unit sphere in E.

Similarly, S® :={z € E® | ||z||® = 1} will denote the unit sphere in E®. As
the two R-vector spaces EV) and E® have the same dimension, there is an iso-
morphism 7 : EY — E® and correspondingly, the diffeomorphism

1(y)

[:80 5850 |y —2
DI

We set
s 2 7 1
hOx) = 0% Jolodl) (x)  (xe EV\{0}).

Being a composition of smooth maps, 2*) is smooth on EV\ {0}, and 2 (x) — 0
for x — 0. The analogous statements hold for the inverse mapping of 2*). This
shows that 2¢) is a homeomorphism.

h® is defined analogously, by working with the system matrices— A instead
of A®_ Thus, finally, / is a homeomorphism, too.

I'This is a nontrivial result, using tools from algebraic topology.
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e h is aconjugacy between the flows. To see this, note first that for y := &'V (x) and
x € EMW \ {0}, one has
L) () = @5, 0 @) (y) = ) (x), hence T(y) =T(x) —s.

Next, forall # € R and (initially, only) for x € E, one finds therefore that ' o
h(x) equals

(2) 7 Y] N3] 7 QY] (D _ (H
D, 7ol o®r(xX) =@, 7 0olodr ) ,0® (x)= hod,”(x).

The analogous argument for the unstable subspace implies the conjugacy property
for all x € R”. U

We have thus found that under conjugacy, there are exactly n + 1 equivalence classes
of hyperbolic matrices A € Mat(n, R).

5.10 Literature A more extensive analysis, in particular a generalization to the local
theory of nonlinear differential equations near a hyperbolic singular point, can be
found in PALIS and DE MELO [PdM], and also in AMANN [Am]. O

5.3 Linear Flows in the Plane

After the case of phase space dimension n = 1, which was discussed in Example
5.1, we now study the next simplest case n = 2.

an Cllz) € Mat(2, R) the flow ™ : R x R? — R? of
az| ax

the linear ODE x = Ax. Similar matrices lead to flows that differ only by a basis
transformation. The quantities

So we study for A =

tr(A) = ay + axp , det(A) = ajaxn — appaz; and D(A) = tr(A)2 — 4det(A)

are invariant under conjugations A — SAS™', and the eigenvalues A, € C equal
)\1/2 = % ('[I‘(A) + \/B) .

It is only for discriminant D = 0 that the complex Jordan normal form of A can have
a Jordan block of size 2, and it is only in that case of a double eigenvalue that the
similarity class of A will not already be determined by tr(A) and det(A).

The matrix A fails to be hyperbolic if and only if at least one of the eigenvalues
has vanishing real part. This happens exactly when

1. det(A) = 0, i.e., one eigenvalue is actually 0, or
2. det(A) > 0, but tr(A) = 0, i.e., the eigenvalues are purely imaginary.
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These conditions form the horizontal and the positive vertical axis in the plane of
(tr, det) € R?, so they separate three domains,” see Figure 5.3.1.

e Ind(A) = 0 applies to the quadrant with det(A) > 0 and tr(A) > 0.
e Ind(A) = 1 applies when det(A) < 0. In this case, both eigenvalues are real.
e Ind(A) = 2 corresponds to the quadrant with det(A) > 0 and tr(A) < 0.

det(A)
. unst
st. spiral 9 spiral
32
3

Figure 5.3.1 Bifurcation diagram for matrices A € Mat(2, R), with discriminant D = D(A) =
tr(A)2 — 4det(A). tr(A) < 0: sink; tr(A) = 0: volume preserving flow; tr(A) > 0: Source

As shown in the previous section, flows inside each of these three domains are
conjugate to each other, but flows of matrices with different index are not conjugate.

The case Ind(A) = 1 can be further subdivided, according to the sign of tr(A).
In the case tr(A) = 0 with two eigenvalues A\; = —\, € R, the phase space volume
is conserved under the flow, whereas for tr(A) < 0 it tends to 0 with an exponential
rate according to Lemma 4.12. The case tr(A) > 0 is shown in Figure 5.3.2.

The parabola defined by the equation D = 0 further subdivides the conjugacy
classes Ind(A) = 0 and Ind(A) = 2. For D > 0, i.e., real eigenvalues, we obtain
phase space portraits called nodes, see Figure5.3.3. These nodes are called stable
when dim(E*¥) = 2, i.e., Ind(A) = 2 and unstable when Ind(A) = 0.

For D = 0, the Jordan normal form of A could consist of a single nontrivial Jordan
block. A corresponding phase portrait, called improper node, can also be found in
Figure5.3.3.

If in addition, tr(A) =0, i.e., both eigenvalues vanish, one obtains a one-
dimensional eigenspace of equilibria, as in Figure5.3.4 (left). The case tr(A) =
0, det(A) > Oleads to imaginary eigenvalues and periodic orbits (Figure 5.3.4 right),
these are also called centers.

Finally, for D < 0 and tr(A) < 0, the motion is described by spirals, and is stable
(Figure 5.3.5), whereas D < 0 and tr(A) > 0 leads to unstable spirals.

The (Hamiltonian) case of classical mechanics without friction corresponds to a
matrix A € Mat(2, R) withtr(A) = 0. So we are on the vertical axis of the bifurcation
diagram 5.3.1.

2 A domain is defined as an open, nonempty and connected subset of a topological space.
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=~

Figure 5.3.2 Phase portrait of saddles for the differential equation x = Ax. Left: system matrix

A= (3 _9); Right: a matrix similar to A

~— (~
— N — /)

Figure 5.3.3 Phase portraits of nodes for the ODE x = Ax. Left: unstable node, for A = (0] 1/02);

Right: unstable improper node, for A = ((1) i)

Figure 5.3.4 Phase portraits for x = Ax: the case of purely imaginary eigenvalues. Left: the
i atri — (OI\. Right- : - . _ (01
nilpotent matrix A = (;)); Right: Center, for the antisymmetric matrix A = (°, ;)
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Figure 5.3.5 Phase portraits of stable spirals for the differential equation x = Ax. Left: A =

(_11/5, 1_/15), right: a matrix that is not similar to A

p -1 0 l1

e \\\_7

" \\\\a////
\\\\-////

q Ly A » lo
. — pt T‘q
—1] L A \1
\ ////*\\\\

////*\\\\ /A 1
/ S NG NN B
ST A q

Figure 5.3.6 Repelling force (¢ = 1): vector field ¢ = p, p = ¢ and its phase portrait

5.11 Example (Hamiltonian Linear Differential Equations)
We consider a mass point of mass 1 at location g € R that is accelerated by a force

F(q) := a g, with a parameter a € R. In terms of physics, this could represent an
object that slides under the influence of gravitation and without friction on a parabola
shaped surface near its minimum (see also Exercise 8.21 for the true solution). Ac-
cording to Newton, the second order ODE ¢ = a ¢ applies. By introducing the
velocity p = g one obtains the linear ODE system of first order

or)'czAxwithxz(q) and A := (Ol). O
p a0

5.12 Exercise (Hooke’s Law) Show that the linear flow

(g, p()) = ®:((q0. po)) = exp(A 1) (;];;) for A= (2 (1))

satisfies the following:


http://dx.doi.org/10.1007/978-3-662-55774-7_8
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(a) Ifa > 0 (see Figure 5.3.6), then
(q(@). p()) ( o cosh(wr) + 2 sinh(wr) , wgo sinh(wr) + po cosh(wt))
w

where w := /a.
(b) If a = 0 (see Figure 5.3.7), then

(g(1), p()) = (g0 + pot. po).

(c) Ifa < 0, (see Figure5.3.8), then
( (1) p(t)) ( o cos(wt) + o sin(wt) , —wqo sin(wt) + po Cos(wt))
w

with w 1= /—a.

o=
q

17 . :
7 AN
s L
JOTTE TN /' \
h ///,4\\\\
Ity IR
L AN p P
Y SR B
AN L
ANANEN S \\ /
N \*//// N 711
q I S 4 q

Figure 5.3.8 Attracting force (a = —1): the vector field ¢ = p, p = —¢g and its phase portrait
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We note that in all three cases, det(exp(A¢)) = 1 fort € R. This also follows from
Theorem 4.12. An intuitive interpretation of this fact is the observation that the flow
in R? is area preserving.

5.4 Example: Spring with Friction

As an application of the theory of linear differential equations, we discuss the example
of a mass m > 0 suspended from a spring; its equilibrium is to be at height x = 0.

The force F(x, x) that acts on the mass is, in the simplest approximation, a linear
function of the elongation x € R and the velocity x € R, thatis, F(x,x) = —Dx —
Rx. The first constant of proportionality, D > 0, is called the stiffness constant
because it is a measure for the stiffness of the spring.

The second constant, R > 0 describes the friction of the massive body in the
surrounding air as well as internal friction of the material that makes up the spring.’
Autonomous Case
So by Newton’s law, we have mg—;x(t) =—Dx(t) — R%x(z‘). With the new time
parameter s = \/%t and the abbreviation x for c%x(t(s)), we get the linear homo-
geneous ODE

. . . R
X=—x—kx ,with k:=

>0. (5.4.1)

g

This kind of rescaling is commonly used to bring a differential equation to its simplest
possible form.
Introducing the velocity v := x, one obtains the linear system of first order

()-2) v (1)

The eigenvalues of A are obtained as the zeros A, = —k4 i,/1— % of the char-

2
acteristic polynomial det(A\ll — A) = A\? + kX + 1.

Asdet(A) = 1 and tr(A) = —k, we find our system along a horizontal line in the
diagram 5.3.1. Depending on the magnitude of the friction term, three cases need to
be distinguished:

1. Oscillatory case: Small friction, 0 < k < 2, (see also Exercise 5.12).
In this case, the general solution is of the form

x(t) = e 1% (a cos(w(k)t) + bsin(w(k)1)) ,

3In contrast to this friction, which is proportional to the velocity and named after Stokes, the friction
within a turbulent fluid is empirically described as being proportional to the square of the velocity.
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where w(k) :=Im(\;) =,/1 — %, and the coefficients a and b are to be deter-

mined from the initial values x(0), x(0).

In the frictionless case k = 0, we
have a center, otherwise a spiral.
The frequency w(k) of the os-
cillation is reduced, compared to
w(0) =1, but it is still true that
w(k) > 0.

The mass suspended from a spring
will gradually oscillate towards its
equilibrium (x, x) = (0, 0).

Critically damped case: k = 2.
0 1
-1 -2

11 . 1
1 l) with V7=

Inthiscase, A = ( ), and the

matrix V:= (

(11
2\1 1

triangular form:

o (12
Ji=V AV_(O_I.

Therefore exp(Jt) = e’ (] Zt)

) transforms A into upper

01
and exp(At)=Ve!' V1=
A . For instance
-1 1—1¢

when the initial velocity vanishes,
vo = 0, the solution is

x(t) =xo(1 +1)e".

X

1

N|—
T

Two solutions for the
oscillatory case (k =1/2)

- 2r 3 7Tt
Two solutions for the
critically damped case (k = 2)

So there is no oscillation left. Due to the nontrivial Jordan block, the motion to

the equilibrium is slowed down compared to the solution x(¢) = xpe™".

1
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3. Overdamped case: Large friction, k > 2.
In this case, A has two negative real eigenvalues

k+VkE—4 &k 4
Mp=—o =12, /1-=).
2 2 k2

For k — oo one has
Mo~ =kt X~ —k.

The phase portrait is a node. In terms of
physics, this means that the approximation% b
to the equilibrium is slowed down as & in-
creases, except in the case of very specific
initial values xg, vg that correspond to an /
eigenvector for the smaller eigenvalue \;: m 2n

\ o Two solutions for the
x(1) = ae™ +be™ . overdamped case (k = 2.5)

Non-autonomous case
A practically important generalization of the example just discussed is the situation
when the mass point is under the influence of an external forcing. For instance,
one could move the suspension point up and down periodically in time, in order to
maintain a permanent oscillation. Then the differential equation under consideration
has the following normal form:

r,e

i+kidtx=f),

where the given function f repre-
sents the external forcing, for exam-
ple f(t) = A cos(wt).Butascos(wt) =
Re(e!“"), it is plausible to simplify the
calculation by looking for a particular
solution y : R — C to the complex dif- ‘ ‘
ferential equation 1 2

—_— RN N

Amplitude and phase shift

.. + k . + — A lv.)t
Y Y ¢ of the forced oscillation (k = %)

and then set x(7) := Re(y(?)).
In terms of physics, one expects that, due to friction, the mass point will after

some time mainly oscillate harmonically with the frequency* w that is externally
imposed on it. With the ansatz y(¢) := Be'“’, one obtains y') (1) = (iw)’ y(t), hence

(1 — w? +ikw)y(t) = Ael“"

4called ‘circular frequency’ in physics.
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or, solving for B:

B = m = Ar(w)e @ with  amplitude ry(w) =

1
A/ (1=w)?+(kw)?

) of the forced oscillation (see the figure, which is

and

phase ¢y (w) := arccot (1;—:})2
called a Bode diagram).

The case w = 1 plays a special role; this comes as no surprise, because the ho-
mogeneous equation without friction had this same frequency in its solutions.

Let us interpret the amplitude and phase in terms of physics:

e Amplitude: For a small frequency w, the mass oscillates in accordance with the
amplitude of the forcing, since 7 (0) = 1.

As w gets close to the eigenfrequency (which for damping k£ = 0 was 1 by our
normalization), resonance occurs. The amplitude of the oscillation will be enlarged
in comparison with the forcing amplitude, and this effect is the larger, the smaller
the damping.’

The maximum of the amplitude r;(w) occurs when w equals

wmax (k) = /1 —k2/2.

The maximal amplitude diverges as the damping goes to 0:

rk(wmax(k)) = ask (0.

I 1
kJ/1—12/4  k

1—w?
kw

tion lags behind the forcing, has the following properties:

e Phase: The phase shift ;(w) = arccot ( ), by which the responding oscilla-

— Forw « 1, the external forcing and the resulting oscillation are in phase, namely
lim,\ 0 x (W) = 0.

— As lim,, 74 ¢k (w) = m, they are in counter-phase for w > 1.

— For w = 1, they have a phase shift of (1) = % Then the external force and
the velocity are in phase.

So we obtain the general solution of the inhomogeneous differential equation
X+ kx +x = Acos(wt)
for0 <k < oo as
x =xyg+x; with x;(t) =r(wW)A cos(wt — <pk(w)) ,

and xy a solution to the homogeneous problem (5.4.1).

5We assume here a damping k < /2.
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For k = 0, however, we get the particular solution

— A 3
xi(t) = Et sin(z) ,

a catastrophic resonance to be avoided in mechanical applications.
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Chapter 6
Hamiltonian Equations and Symplectic
Group

The symplectic group Sp(2,R) = SL(2,R) with the matrices +11 and the
hypersurface of matrices with degenerate eigenvalues +1 (right half) and -1
(left half) respectively.

The notion of energy may well be the most important notion in physics. In any case,
the Hamilton function of the system (which is its total energy) defines the dynamics
of the particles. The vector field of the differential equation arises by a rotation from
the gradient of the Hamilton function. In the linear case, the dynamics happens within
the symplectic group.

6.1 Gradient Flows and Hamiltonian Systems

In this chapter, we will deal with differential equations whose vector fields are
defined in terms of a single function: Gradient systems and Hamiltonian differential
© Springer-Verlag GmbH Germany 2018 97
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equations. These are frequently studied, and the latter are foundational for classical
mechanics. On the other hand, their dynamics enjoys special properties.

6.1.1 Gradient Systems

We consider the gradient system of H € C*(M, R) on the phase space M, which is
an open subset of R":

d= Gl )
or briefly x = VH (x) 6.1.1)
Xy = g_;ll(xla ey Xn)

Here V denotes the gradient with respect to the canonical metric on R” (See page 503).
If H satisfies the appropriate hypotheses, the differential equation above defines a
differentiable dynamical system ® : R x M — M, called the gradient flow.

We observe that H increases along orbits:

6.1 Lemma Either the orbit of a gradient system (6.1.1) is an equilibrium, or else
H is strictly increasing along the solution curve.

Proof: Let t — ¢(¢) be a solution curve, i.e., %ga(t) = VH(cp(t)). Then

d .

EH(@(Z)) = (VH (), o)) = IVH (p®))II* = 0.

If the gradient of H at ¢() is 0, then the orbit is an equilibrium. Otherwise, the strict

inequality holds (for the entire orbit). O
The superlevel sets

M :={meM|Hm)>c} (ceR)

are therefore forward invariant (®,(M°) € M¢ (¢t > 0)), i.e., the trajectories are
‘trapped’ in M€ for all positive times. Since H increases along orbits, as we have
seen, one gets the following

Conclusion:
Equation (6.1.1) does not have any periodic orbits other than equilibria.

6.2 Example H :R?> — R, H(x, x;) := x% + (xl2 — 12
The gradient flow exists for all negative times (but only some positive times) and
has the equilibria (0, 0), (1, 0) and (—1, 0), see Figure 6.1.1. O
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Figure 6.1.1 Level sets of H(x) = x% + (xl2 — 1)?, and gradient flow of VH

6.1.1.1 Tests, Properties, Examples

How to decide whether a given vector field f is a gradient vector field? The theory
of differential forms is helpful (Appendix B). For in cartesian coordinates, VH is
simply the transpose of the exact 1-form dH = 3—gdx1 + -4+ gTden- Therefore,
it is necessary that the 1-form ’

W= fldx1+"'+fndxn

associated with the vector field f = (f1, ..., f,)" be closed (dw = 0) if f is to be
a gradient vector field.
For example in the case of convex phase spaces, this condition is also sufficient:

6.3 Theorem
If M C R" is open and simply connected (e.g., convex), then the vector field f €
CY(M,R") is a gradient vector field if and only if w is closed, i.e., if and only if

af; _ d fr
8)Ck 8xi

(G, kel{l,...,n}). (6.1.2)

Proof:
e The necessity of the condition follows from f; = % and the commutativity of
; J
partial derivatives of H € C*(M, R).
e The converse follows from the Poincaré Lemma B.48. ]
The assumption for simple connectedness of M cannot be omitted:

6.4 Example (A Curl Free Vector Field)
The vector field f € C'(M,R?), f(x):= W (72) on the phase space M :=

2 . . . (’M _ xzz—xlz _ % .
R~\{0} has partial derivatives 7o (x) = = o (x), hence satisfies (6.1.2).
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The vector field f is orthogonal to the X7

radial direction, and || f (x)|| = ”}C—H.

Therefore, the line integral

H) = fy (£ (n®), 70) dt (xeM) L

depends only on the angle swiped out by

Yx : [0, 1T — M. On the simply connected ' A b S

domain (plane with a cut) . S X4

M :=R*\ ({0} x [0,00)) C M,

the integral is therefore the angle between
the start and end points. So f[; is a gradi-
ent vector field.

However, H cannot be defined continuously on M. So f itself is not a gradient
vector field. O

The orbits of the vector field in the preceding example are circles centered at the
origin. For gradient vector fields, this could not happen by Lemma 6.1.

Linear Gradient Vector Fields

Which linear vector fields are gradient vector fields? By Theorem 6.3, for f(x) =

Ax, the condition ngk = %, i.e., A;x = Ag, has to hold for all pairs of indices
(i, k): So the linear gradient vector fields are distinguished by having a self-adjoint

system matrix. Then, f is the gradient of the function
H:R'—>R , Hkx):=1(x, Ax),
i.e., a quadratic form on the phase space R”".

By means of a rotation, we can achieve that the system matrix is diagonal, so,
without loss of generality,

A =diag(\j, ..., Ay) with A\, eR. (6.1.3)
Then exp(At) = diag(eM’, ..., eM").

If all \; are nonzero, the phase space splits into the direct sum R" = E° @ E* of
two subspaces, a splitting that is invariant under A, and A[g < 0, Az, > 0, hence
Ind(A) = dim(E*). One has

E° = {x € R" | lim exp(Ar) x = O} ,EY = {x e R"| lim exp(At)x = O},

t—00 t——00

so E¥ and E" are the stable and unstable subspace from Def. 5.2 respectively.
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6.5 Example (Linear Gradient Flows in the Plane)
Asthe discriminant D(A) = tr(A)*> — 4 det(A) ofa symmetric matrix A € Mat(2, R)
is non-negative, the system matrices of gradient flows in Figure 5.3.1 on page 87 are
located below the parabola D = 0. Conversely, each point below this parabola can
be realized by a gradient flow.

After the diagonalization (6.1.3), one has A = diag(\, A), and the solutions are
x(t) = (e’\"xl 0), eAZ'xz(O)), see Figure 6.1.2. O

VAV
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S oa
N ——

- .
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o
[

Figure 6.1.2 Left: gradient vector field V H (x) with H (x) = —x? — 0.3x2. Right: its orbits

I N N
— T
—— 2

On Riemannian manifolds, the Morse functions, studied in Appendix G, give rise to
gradient vector fields that are important in topological considerations.

6.1.2 Hamiltonian Systems

A small but significant change in the system of differential equations leads to the
notion of Hamiltonian system, which is center stage in mechanics:

6.6 Definition Ler M C R?" be openand H € C 2(M,R). The ODE system

OH
0qi

. . OH _
pi=—5-(p.q . qz=a—(p,q) t=1,....n),
Pi
or, in the coordinates x = (p1, ..., Pnsq1s--->qn) = (P, q),
X = Xy(x) with the Hamiltonian Vector FieldX, := JVH

and J := () € Mat(2n, R), is called Hamiltonian Differential Equation.
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6.7 Remarks (Hamiltonian Functions and Vector Fields)

1. H is called Hamilton function or Hamiltonian, such as to indicate the relation
with the above differential equation.

2. H is acommon symbol for the Hamiltonian, going back to Lagrange.! In choos-
ing this symbol, Lagrange could not have thought of Hamilton, as is obvious from
the time of Hamilton’s lifespan.”

3. Inview of the connection VH = —J Xy with the gradient vector field, Theorem
6.3 provides a criterion for a vector field X : M — R?" on a simply connected
phase space M to be Hamiltonian. O

In the sequel, we will assume for the sake of simplicity that the vector field X g is
complete in the sense of Definition 3.21, so that H defines a dynamical system.?

6.8 Theorem H is constant along any orbit of the Hamiltonian vector field X y.

Proof: Letting ® : R x M — M be the flow generated by Xy = JVH and y :=
d (¢, x), we calculate

d d
aH(cp(z, x)) = DH, (Eqm, x)) =DH,(JVH(y)) = (VH(y), I VH(y)) .

But for v := VH(y) € R*", one has
(v, Jv) = (I"v, v) = — (Jv, v) = — (v, Jv) = 0. 0

Theorem 6.8 permits us to restrict the dynamical system to the level sets H ! (E)
(E € R), which are often called energy surfaces or energy shells. By the implicit
function theorem, these energy shells are submanifolds of M, whenever FE is aregular
value of H.

Inthecasen = 1,i.e., M C RZ, this allows us to find the orbits for a given function
H, albeit without the time parametrization:

e If VH(x) = 0, the orbit is O(x) = {x}.

e In contrast, if VH (x) # 0, then the orbit O(x) is the connected component of the
curve ¥ :={y e M | H(y) = H(x), VH(y) # 0} that contains x. The orientation
is obtained by the direction given as a clockwise rotation by 7 /2 of the direction
of the gradient, since J is exactly such a rotation.

1Joseph Lagrange (1736-1813), a French mathematician and physicist.
2William Hamilton (1805-1865), Irish mathematician, physicist, and astronomer.

3By multiplying a vector field by a suitable smooth positive function, completeness of the flow can
be attained without changing the orbits. The property of being Hamiltonian will, however, not be
preserved in general.
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6.9 Example For the Hamiltonian 29 0 1

H:R>—> R, H(p,q):=p>+(¢g> — 1)*,

see the figure on the right, and also Figure
6.1.1, H '(E) consists of one, three or two
orbits, for E>1, E=10or 0<E <1, PIIT
respectively. O

Summary of Notions: For the phase space
M CR* =R? x R}, we call

n the number of degrees of freedom, q
g € R} the position and
pE ]R; the momentum,

Level sets of H

] = %—I[f the velocity and g the acceleration,
e H : M — R the Hamilton function or Hamiltonian, or also the fotal energy.
If the phase space is of the form M = R} x N with N € R7, then N is called the

configuration space.

6.2 The Symplectic Group

6.2.1 Linear Hamiltonian Systems

For the Hamiltonian ODEs to become linear, the Hamilton function has to be of the
form
H:R” >R , H(x)=H(O) +1(x, Ax)

with A € Mat(2n, R) and, with no loss of generality, A = AT.

e Then it follows that VH (x) = Ax and X = u x with the system matrix u := JA €
Mat(2n, R).

e The differential equations are invariant if we add a constant to H. This matches
the fact from classical physics that we cannot measure absolute energy, but only
differences in energy. Let us assume, for simplicity, that H(0) = 0.

e The system matrix u satisfies the identity

W I+Ju=AT]"J+PA=A-A=0.

This leads to the following definition*:

“In the book [Art] by E. ARTIN, there is a discussion of the symplectic algebra over arbitrary fields
rather than the field R of real numbers.
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6.10 Definition (Symplectic Algebra ) A matrix u € Mat(2n, R) and the corre-
sponding endomorphism of R*" are called infinitesimally symplectic , if

W IJ+Ju=0. (6.2.1)

As the condition on u is linear, the infinitesimally symplectic endomorphisms form a
subspace sp(2n) C Lin(R?).

6.11 Theorem r(u) = 0 for u € sp(2n).
Proof: tr (u) = —tr (uJ?) = —tr Jul) = —tr (u") = —tr (w). O
Conclusion: (Linear) Hamiltonian systems are volume preserving.

Proof: By Theorem 4.12, det (exp(ut)) = exp(tr(u)t) = 1. O
Not only does the flow of a linear Hamiltonian system have the property of preserving
volumes; it satisfies the property

(expun)' Jexp(ur) =1 (1 € R), 6.2.2)
for (exp(ut))T = exp(uTt), hence by (6.2.1)

(exp(ut))TJ =Jexp(—ut) =] (exp(ut))71 .

Equation (6.2.2) says that a linear Hamiltonian flow leaves the antisymmetric bilinear
form

’wo ‘R xR > R, wolu, v) := (u, Jv) ‘

invariant, i.e., wy (<I>,(u), CIDt(v)) = wo(u, v), which is similar to the fact that an
orthogonal transformation leaves the canonical scalar product on R” invariant. There-
fore mechanical motions correspond to a particular kind of geometry, which we will
investigate in more detail in the next chapter.

6.2.2 Symplectic Geometry

Symplectic geometry, which underlies mechanical motion, has certain similarities
with Riemannian geometry. We want to elaborate on these similarities now.

6.12 Definition (Bilinear Forms) Let E be an R-vector space of finite dimension
nandletw : E x E — R be a bilinear form .

e The transpose w ' of w is given by w' (ey, e2) := w(ea, e1).

e w is called symmetric, if w' = w, antisymmetric, if v’ = —w.

e w induces a linear mapping W’ E — E* W(e)) - e :=wler, es) into the dual
space E* of E.
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w is called non-degenerate, if w’(e) = 0 only when e = 0.

Relative to a basis (b1, ..., b,) of E, the representing matrix J € Mat(n, R) of
w is given by (D) := w(b;, by), (i, k=1,...,n).

The rank of w is the rank of a representing matrix of w (independent of the basis
chosen).

If p is a bilinear form on F, and f € Lin(E, F), then the bilinear form

ffpEXxE—R , f*pler,er) = ,O(f(el), f(ez))

is called the pull-back of p with f.

6.13 Theorem (Normal Forms)
Let w be a bilinear form on an n-dimensional R-vector space E.

1.

(Sylvester’s Law of Inertia) If w is symmetric with rank r, then, with respect to
an appropriately chosen basis, the representing matrix of w is of the form

m
J=diag(771,...,77,,0,...,0)= " € Mat(n, R),
o
where n; € {—1, +1}.
(Darboux Theorem—Linear Version) If w is antisymmetric with rank r, then

r =2m, m € Ny and with respect to an appropriately chosen basis, the repre-
senting matrix of w is of the form

J= (ﬁ?)ﬂg) € Mat(n, R) ,
000

where 1l denotes the identity matrix in Mat(m, R).

Proof: These statements are frequently proved in a lecture on linear algebra.

1.

Use the polarization identity w(e, f) = %(w(e + fie+ f)—w(e— f,e— f)).

Soifw # 0, there exists a vector ¢; with ¢; := w(ey, 1) # 0. Lete; := é;//|c1]
and 7 1= w(ey, e1).

Now consider the subspace spanned by ey, callit E; C E andlet £, :={e € E |
w(e, e;) = 0}. Then E; N E, = {0} and E| + E, = E, because forany z € E,

Z— T]]OJ(Z, 61)61 S E2 .

Now consider the restriction of w to E; and continue inductively.
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2. Forw # 0, there exist &1, €,,+1 € E with ¢y := w(é,,41,€1) #Z0.Lete; := /¢,
and e, 11 := é,41. Then we have

wler, e)) = wlemsts emy1) =0 and wleny1, e1) = —w(er, eur1) = 1.
Let P; := span(ey, ¢,,41) C E and
E, = {e € E|w(e, f)y=0forall f € Pl}.
Then E, N P; = {0} and E, + P, = E, because
z+wler, 2)emy1 — w(emsr, 2)er € E

for z € E. By induction, we next treat the restriction of w to E; etc. O

6.14 Definition
e A symplectic form on a finite dimensional R-vector space E is a non-degenerate

antisymmetric bilinear form
w:ExE—R.

e Then the pair (E, w) is called a symplectic vector space .
e If(E,w)and (F, p) are symplectic vector spaces, the linear mapping f : E — F
is called symplectic if the pull-back satisfies f*p =

6.15 Remarks
1. Onthe R-vector space E := R’ x Ry, the standard symplectic form is wo, given

by
wo((p. @), (P q") : Zq]p, rid}) (.9, (p'.q") € E). (6.23)

On E, multiplication by the matrix J = (] ') corresponds to the automorphism

E — E, (p,q) — (—q, p). So the mapping id: E — C", (p,q) — p +iq
conjugates multiplication by J and multiplication by the imaginary unit ¢ € C.
This is why J is also called a complex structure . In terms of the standard scalar
product

U) = Z’U,/U_] (u, LSS (Cn),
j=1

and with the identification of E with C", the symplectic form wy can be written
as
wo (u, v) = Im((u, v)) (u, v E (C”).

2. Symplectic mappings f € Lin(E) are precisely those that preserve the symplectic
form w, i.e., f*w = w. By Theorem 6.13, we can find a basis of E with respect
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to which the representing matrix of w equals J = ( (,} _O“ ) If A is the representing
matrix of f, then
ATJA=1]. (6.2.4)

3. While symplectic mappings do preserve volume, in general, not every volume
preserving mapping is symplectic.

For instance, consider a four dimensional vector space E with basis ey, ..., e4
and symplectic bilinear form w with matrix J. Then the linear mapping
f:E— E, (e, e, e3,eq) — (—ey, —ea, €3, eq) is volume preserving, but

w(f(er), f(e3)) = —w(er, e3).

In contrast, in two dimensions, if an endomorphism f of R2 leaves the oriented
area invariant, then f is indeed symplectic. This is because all matrices A €
Mat(2, R) satisfy (ATJA)J~! = det(A) 1. This shows that (6.2.4) holds if and
only if the endomorphism f given by A is area preserving. O

6.16 Theorem Let (E, w) be a symplectic vector space; then the set of symplectic
endomorphisms f : E — E is a group under composition, called the symplectic
group Sp(E, w).

6.17 Remark (Orthogonal Group)

For a Euclidean space (E, w) with a positive definite symmetric bilinear form w, we
get analogously the orthogonal group O(E, w), which consists of compositions of
rotations and reflections of E, see Example E.19. O

Proof of Theorem 6.16:

o If f is symplectic, then f € GL(E) (see (6.2.6) below for det f # 0), hence f~!
exists. Then we have (f ~")*w = (f*) " 'w = (f*) ' (f*w) = w.So f~!issymplec-
tic as well.

e For symplectic f, g, one has (f o g)*(w) = g* o f*(w) = g*w = w.

e Moreover, the identity map is symplectic, so Sp(E, w) # . ]

By Theorem 6.13, Sp(E, w) is isomorphic to the group
Sp(2n) := Sp(2n, R) := Sp(R*", wy) , (6.2.5)

where wy, with respect to the canonical basis of R”, is represented by the matrix J.
(In complete analogy, by Theorem 6.13, one only needs to study the orthogonal group
O(n) := O(R", wp), whose canonical inner product has the representing matrix 1,
rather than O(E, w).)

6.18 Example The time-f flow ®,(x) = exp(ut)x, u = JA of a linear Hamiltonian
system with Hamilton function H(x) = % (x, Ax), A € Sym(2n, R) is an element

of the symplectic group Sp(2n), due to formula (6.2.2). O
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The absolute value of the determinant of a symplectic endomorphism is 1, because
from (6.2.4) one obtains

(det A)? = (det A)>det(]) = det(ATJA) = det(J) = 1. (6.2.6)

As will be shown in Exercise B.16, one even has det(A) = +1.
An immediate consequence is that the product of the 2n complex eigenvalues of
a symplectic endomorphism f € Sp(2n) equals one.

6.19 Theorem (Eigenvalues of Symplectic Endomorphisms)

o If A € C is an eigenvalue of f € Sp(E, w) with (algebraic) multiplicity k, then
A, 1/ X and 1/ X are also eigenvalues with multiplicity k.
e Should 1 or —1 occur as eigenvalues, their multiplicities are even.

Proof: n := % dim(E) denotes the number of degrees of freedom of (E, w).

e From the fact that f is real, it follows that Ais an eigenvalue if )\ is.

e We prove that 1 /) is an eigenvalue by studying the characteristic polynomial. To
this end, we choose, by the normal form theorem 6.13, a basis of E, in which w is
represented by the matrix J and f by the matrix A. Then for A € C\{0},

det(\ — A) = det(JOT — A)J ") = det(A\ 1 — JAT ™)
=det(AM — (AT)™") (sinceATJA=1J, orJAJ ' = (A"
=det(A\l — A7) = det(A7'(\A — 1))
=det(A™") det(A\A — 1) = det(AA — 1) = A" det(A — A\~ '1)
= A\"det\"'1— A).

e So the characteristic polynomial p4(A) := det(All — A) satisfies the equation
Pa) = X" pa(l/X). (6.2.7)
If there is an eigenvalue Ao € C with multiplicity k, we can split it off:
Pa) = A=) QW), (6.2.8)
and therefore, with (6.2.7) and (6.2.8),

1 X N
pPa (X) = )\—anAO\) =)\ A — )\o)kQO\) = )\]6 ()\—0 — X) A\k=2n o).

As Q is a polynomial of degree 2n — k in ), the function A — M\~2" Q()\) is a
polynomial in 1/\. So 1/ is a zero of multiplicity [ > k of p4(1/)).

Exchanging the roles of Ay and 1/)\y shows that indeed / = k.
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e Now \g = 1/)\¢ if and only if A\ € {£1}.
As there are altogether 2n eigenvalues and the number of those eigenvalues that
are # *1 is even, the combined multiplicity of the eigenvalues 1 and —1 has to

be even as well. But with det A = 1, it now follows that the multiplicities of 1 and
—1 are separately even. ([

(2) 2)

Figure 6.2.1 Complex eigenvalues of f € Sp(2)

When dim(E) = 2, the cases that can occur are sketched in Figure 6.2.1.
As a matrix group, Sp(2n) = {A € Mat(2n, R) | F(A) = J} with

F :Mat(2n,R) — Alt2n,R) , A+ A'JA,

see (6.2.4). J is a regular value of F since, for A € Sp(2n) and B € Alt(2n, R),
we have DF4(C) = B for C := —%AJB € Mat(2n, R). So the symplectic group
becomes a submanifold of the R-vector space Mat(2n, R) by Definition 2.34. This
makes it even a Lie group (see Definition E.16), i.e., multiplication and inverses are
smooth mappings.

Considering a pathin Sp(E, w), 1.e., acontinuous mappingc : [0, 1] — Sp(E, w),
we observe that simple eigenvalues of ¢(¢) that lie on the real axis, or the unit circle,
cannot leave these by changing ¢, see Figure 6.2.2. We will see in Theorem 7.3 that
this property implies some kind of stability of linear Hamiltonian systems under
small perturbations.

A A A

kSR G
NN N

Figure 6.2.2 Complex eigenvalues of f € Sp(4)
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6.2.3 The Symplectic Algebra

Generalizing Definition 6.10, we define:

6.20 Definition
e A mapping u € Lin(E) is called infinitesimally symplectic with respect to a
symplectic bilinear form w if

w(u(el), ez) + w(el, u(ez)) =0 (e,ep€ekE). (6.2.9)
We denote the set of these mappings as sp(E, w).
e The commutator of u, v € Lin(E) is [u,v] :=uov —vou.

Due to the linearity of (6.2.9) in u, the set sp(E, w) is a subspace of Lin(E). Moreover,
it even is true that

6.21 Lemma (sp(E,w), [-, 1) is a Lie algebra.

Proof: e (Lin(E ) [ -]) is a Lie algebra, because the commutator is bilinear and
alternating ([u, u] = u o u — u o u = 0), and the Jacobi identity holds for u, v, w €
Lin(E):

[u, [v, w]] + [v, [w, u]] + [w, [u, v]] =
Uovow —uUowWov—vowou+wovou+vowou—vououw

—wouovV+uUuowov+wouov—wovou—uovow+vouow=0.
e Since for u, v € sp(E, w) C Lin(E) and arbitrary e;, e, € E, one has

w([u, vley, ez) + w(el, [u, U]€2)
= w(u ov(ey), 82) — w(v ouley), ez) + w(el,u o v(eg)) — w(el, vo u(ez))

= —w(v(en), uler)) + wluler), v(ez)) — wluler), v(ez)) + w(vier), uler))

=0 (using (6.2.9) for the second equation), it follows [u, v] € sp(E,w). O

Similar to Theorem 6.19 on the symplectic group, one obtains the following statement
for sp(E, w):

6.22 Theorem (Symplectic Algebra) Let (E, w) be a symplectic vector space.

o If A € C is an eigenvalue of u € sp(E, w) with (algebraic) multiplicity k, then
=\, A\, =\ are also eigenvalues of multiplicity k.
e If0is an eigenvalue of u € sp(E, w), then its multiplicity is even.

6.23 Exercise (Symplectic Algebra) Prove Theorem 6.22. %

6.24 Example u € sp(R?). In this case, the pair of eigenvalues can only be either
real or purely imaginary, see Figure 6.2.3. O
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Analogously to the mapping exp : Mat(u, R) — GL(n, R) considered in Remark
4.13, we consider the exponential mapping

sp(E,w) = Sp(E,w) , ur exp(u)
from the symplectic Lie algebra
into the symplectic Lie group (see the general definition of the exponential map

in (E.3.1)). Indeed, exp(u) € Sp(E, w), because we have, due to (6.2.9),

w(exp(u)er , exp(u)e;) = w(er, exp(—u)exp(uex) = wley, ea).

A=—2N\ _ _
—A=—=A A=A

A==

Figure 6.2.3 Eigenvalues of u € sp(R?)

We see that the eigenvalues A of u with Re(\) > 0 become eigenvalues exp(\) of
exp(u) with absolute value | exp(u)| > 1.

6.25 Remark (Lyapunov-Stability)

Recalling now the fact (Example 6.18) that for a quadratic Hamiltonian H (x) =
% (x, Ax), the differential equation x = X (x) = JAx will have the solution @, (x) =
exp(ut)x withu := JA € sp(R?"), it follows from Theorem 6.22 that the fixed point
0 can only be Lyapunov-stableif all eigenvalues of w are purely imaginary. O

6.26 Exercise (Symplectic Matrices) Let J = (§ ') € Mat(2n, R).

(a) Show that u € Mat(2n, R) is infinitesimally symplectic (u"J + Ju = 0), if and
onlyifu = (2 %) with A, B,C, D € Mat(n,R), D = —A" and B, C symmet-
ric. Consequently dim (sp(2n)) = n(2n + 1).

(b) Show that a € Mat(2n, R) is symplectic, i.e., a'Ja = J, if and only if a =
(é g) with A, B, C, D € Mat(n,R), ATC and B" D symmetric and AT D —
C'B = 1.

(c) Show by means of (b) that Sp(2, R) = SL(2, R).

Show also that Sp(2, R) is homeomorphic to the 3-dimensional solid torus ' x
B, where B := {x € R? | ||lx|| < 1} is the open disc.

Hint: Use the polar decomposition theorem from Appendix E.18:

Every matrix M € GL(n, R) has a unique decomposition as a product M = O P
with O € O(n) and P € Sym(n, R) positive definite.
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(d) Show that the eigenvalues of M € Sp(2, R) are degenerate, i.e., both equal 1 or
both equal —1, if and only if in the polar decomposition

M= (i?rf((:f)) ;S'S‘Eg;)) exp (4 %,) ,onehas cos(p) = +1/cosh(Va® + b?).
The two hypersurfaces of such parabolic matrices separate Sp(2, R) into four
open connected components. Two of them consist of elliptic matrices M, i.e.,
such with two eigenvalues on the unit circle, other than +1. Two components
consist of hyperbolic matrices, i.e., such with two real eigenvalues other than
+1.

This is depicted in the figure at the beginning of the chapter, on page 97. ¢

6.27 Literature The normal forms of infinitesimally symplectic and of symplectic
mappings under symplectic conjugacies are constructed and classified in the articles
[Wil] by WILLIAMSON and [LaMe] by LAUB and MEYER. O

6.3 Linear Hamiltonian Systems

The linear Hamiltonian vector fields X : E — E on the symplectic vector space
(E, w) correspond to elements of sp(E, w). Without loss of generality, we assume
that (E, w) is R* with the symplectic structure given by J = (§ !). Then the vector
field can be represented in the form

X(x)=JVH(x) with H(x)=1(x, Ax) (x e R*¥)

and A € Sym(2d, R), hence VH (x) = Ax.

Like any other linear differential equation with constant coefficients, the Hamil-
tonian initial value problem x = X (x), x(0) = xq is solved by x (1) = ®,(xp) =
exp(X1)xp.

However, hidden behind this general formula, there are a multitude of special
issues, in terms of mathematics as well as of physics; we will pursue these in the
present chapter.

Firstly, the motion on the energy surface X := H~!(E) is obtained (due to
linearity) by scaling from the motion on the energy surfaces X,, e := sign(E).
Forif x € X for E # 0, then x, := x//]E| € %, and ®,(x) = /|E|®,(x.). So it
always suffices to consider merely the energies 1, 0 and —1.

6.3.1 Harmonic Oscillators

In physics, harmonic oscillators are used to describe a linear approximation to the
dynamics of Hamiltonian systems for small deviations from a stable equilibrium. By
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Remark 6.25, such a linear Hamiltonian vector field X € sp(E, w) can, in the best
case, lead to Lyapunov- stability of the equilibrium O under the differential equation
X = X(x), if all eigenvalues of X are purely imaginary.

6.28 Definition A linear mapping X € Lin(E) is called semisimple if its minimal
polynomial’ does not contain quadratic factors, in other words, if the algebraic and
geometric multiplicities coincide.

629 Lemma [. If X € sp(E,w) is semisimple and the eigenvalues of X are
imaginary, then there is a symplectic basis (py, ..., pa, q1,...,qq) of E (i.e.,
w(pj, pr) = w(§j, q) =0, w(@;, px) = ;) for X such that

X(pr) =—wegr » X@)=wppe  (k=1,....d), (6.3.1)

where £iwy, ..., Xiwy are the eigenvalues of X.
2. Sufficient for the hypotheses in part 1 to be satisfied is that X is the Hamiltonian
vector field of a positive (or negative) definite quadratic form H : E — R.

Proof:

1. We certainly can write the eigenvalues of X in the form 4wy with w; > 0, and
we choose complex conjugate eigenvectors é,:f to these eigenvalues, so X (é,:f) =
+iwy é,f. For w; = 0, too, there are linearly independent eigenvectors é,f, because
the multiplicity of the eigenvalue O is even by Theorem 6.22. Eigenspaces for
eigenvalues wy # wy are w-orthogonal, because fora, b € {—1, 1} one gets (using
(6.2.9))

0=w (e, (X — ibwe EL) + w((=X + iawg 1)és, &8) = i(awy — bwpw(Ed, &8).

If we decompose into real and imaginary part, i.e., é,f = pr L igy with py, gy €
E, then we obtain a symplectic basis by using Theorem 6.13 and rescaling. Com-
paring coefficients yields (6.3.1).

2. By hypothesis, w(X, -) = d H. Now if H is positive definite, then this quadratic
form defines the scalar product

(Il tExXE—>R ., (g =3Hx+y -Hx-y). (632

We choose an orthonormal basis for (E , (o) H). With respect to this basis, we
denote by X the coordinate vector of x, and then H(x) = % (x, x)y becomes

%()E, X), and the symplectic form is represented as w(x, y) = <)E, jg}> with JT =

—J € Mat(2d, R). So the Hamiltonian vector field X is ¥ > J%. As an anti-
hermitian matrix, J is normal® hence semisimple; and it has purely imaginary
eigenvalues.

For a negative definite quadratic form H, simply change the sign in (6.3.2). (]

5This is the monic polynomial p € C[x] of smallest degree for which p(X) = 0.
%A € Mat(n, C) is called normal, if ATA = AAT.
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Under the hypotheses of part 1 of Lemma 6.29, the Hamiltonian vector field X in
the given basis has the Hamilton function

H:R¥ >R |, H(p,q) =20, %(p}+qD). (6.3.3)

(6.3.3) is a normal form representation of a harmonic oscillator in d degrees of
freedom, with the frequencies w; € R. Its Hamiltonian equations

Dk =—wWqk > Gr=wipx (k=1,...,d)

have the solutions
pe(@) ) _  cos(wit) — sin(wit) Pi(0)
(qk(t)) - (Sin(wkt) cos(wit) ) (qk(O)) ) (6.3.4)

They are all bounded, and the equilibrium is Lyapunov-stable.
Now all energy surfaces ¥z = H~'(E) are compact if H is positive or negative
definite, i.e., if the frequencies wy all have the same sign.

6.30 Remark (Indefinite Hamilton Function) The case of an indefinite quadratic
function (6.3.3) occurs for example as the linearization of certain problems in celestial
mechanics (see SIEGEL and MOSER [SM], §36).

In that case, it is more difficult to decide whether a small perturbation of (6.3.3)
leads to a Hamiltonian dynamics whose equilibrium is still stable. %

Let us have a closer look at the definite case and assume without loss of generality
that all frequencies are positive. The phase space functions
Wi (

F R - R | F(p,q) = 5 pi+ay) ((k=1,....d)  (63.5)

are constants of motion (6.3.4), and f = (fi,..., fo)' € RY is a regular value in
the image of
F:=(F,...,F)" :R* = [0, c0)? (6.3.6)

if and only if the f; are positive. In that case, F~!(f) C R* is a d-dimensional
submanifold of phase space, which is also invariant under the flow and diffeomorphic
to a d-dimensional torus.

It is crucial to understand that qualitative properties of the dynamics depend
heavily on number theoretic relations among the frequencies. We will see this in
more detail in Chapter 13 on integrable systems, but will have a sneak preview
already now.

6.31 Definition The frequency vector w = (wy,...,wy)' € RY is called ratio-
nally independent if no k € Z%\ {0} exists for which (w, k) = Z?:l wik; = 0.
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6.32 Theorem The following are true for every positive definite Hamiltonian (6.3.3)
of the harmonic oscillator and for values E > 0 of the energy:

e There are at least d periodic orbits on .
e [fw is rationally independent, there are only d periodic orbits on on X .

Proof:
e For k=1, ...,d, consider the initial data x(0) = (p(O), q(O)) € X, given by

pi(0)=0(@G=1,...,d),and g;(0) = i—f when i = k, and ¢,(0) = 0 otherwise.
Then the orbit through x (0) is periodic with minimal period 27 /wy, by (6.3.4).

e If x(0) € X is periodic with period 7 > 0, then T must be an integer multiple of
27wy if Fy (x (0)) > (. Should this be the case for exactly one k, this corresponds
to the above normal oscillations. Otherwise let Fy, (x (0)) > 0 for k| # ky. Then, for
appropriate ¢, £, € N:

T:zﬂﬁkl/wkl and T=27r£k2/wk2,

hence wy, €, — wk, €k, = 0. Thus w is not rationally independent. O

6.33 Remarks 1. The number of only d periodic orbits on Xz C R?¢, which
occurs in the rationally independent case, is very small; it has been shown (see
GINZBURG [Gi]) that large classes of nonlinear Hamiltonian differential equa-
tions do not fall below this minimum number of periodic orbits.

2. Forthe normal oscillations, the images of the orbitcurve t > ¢ (¢) in configuration
space R? are straight line segments along the k™ axis. In the case of rationally
independent frequencies, the orbit curve with initial conditions xo € R*? and
f = F(xy) € (RT)? is dense in the rectangular box

0(xo) = {qeRd ‘Vk:l,...,d: gl < %} (6.3.7)

(see Figure 6.3.1 left). This box is the projection of the torus F~'(f) c R* on
the configuration space, and the orbit is dense in F~!(f) by Corollary 15.8. ¢

Next, let us consider frequencies wy, ..., wy > 0 that are all integer multiples of a
single base frequency wy > 0. Then all orbits are closed, and T := 27 /wy is a period
(not necessarily the minimal period). In this case, the projections of the trajectories
in configuration space are not dense in the box (6.3.7), except in the case of a normal
oscillation. For d = 2, the closed curves in R? are called Lissajous figures (see
Figure 6.3.1 right).

6.34 Exercises (Lissajous Figures) 1. How can you read off the frequency ratio
wy/wy € Q of a harmonic oscillator from the Lissajous figure of a trajectory?
(This is only possible if the oscillation is not a normal oscillation.)

2. Given a harmonic oscillator with two degrees of freedom and irrational frequency
ratio w; /wy, consider for £ > 0 apointg € R? with H (0, q) < E for the Hamil-
tonian (6.3.3). Which subset of the elliptic domain {Q € R? | H(0, Q) < E} can
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q2

q1

Figure 6.3.1 Lissajous figures: finite length trajectories of harmonic oscillators with two degrees
of freedom, with frequency ratios +/2 (left) and 5/3 (right) respectively

be reached with initial values {(p,q) | H(p,q) = E} ?

Conclude from this example that Theorem G.15 by Hopf and Rinow about the
existence of a connecting geodesic between any two given points does not have a
general analog for motion within a potential. (Notice however Theorem 11.6). {

Let us begin with the simplest case w; = ... = wy = wp, when all frequencies
are equal. Then the motion (6.3.4) is periodic with minimal period T = 27 /wy, and
for E > 0, all orbits in X are diffeomorphic to the circle S . We assume, without
loss of generality, that E = %wo, hence

Sp =8 = xeR¥ | xl=1) = yeC |yl =1).

Passing to complex coordinates yx = py + igx (k =1, ..., d) permits representation
of the motion (6.3.4) as

2(t) =e™'zy  (teR, z0 € S¥7). (6.3.8)
The orbit through zy is therefore the intersection of the sphere S?¢~! with the one
dimensional subspace Czy C C? spanned by zo. This leads to the following statement
(compare with Theorem E.36 in the appendix):

6.35 Theorem [Ifin the Hamiltonian (6.3.3) of the harmonic oscillator, all frequen-
cies wy, coincide, then the orbit space X /S" is the projective space CP(d — 1).

This projective space (generally defined in (E.2.1)) is a compact manifold with real
dimension
dimg (CP(d — 1)) = 2(d — 1),

as can be seen from the representation CP(d — 1) = §2¢~1/5!.

6.36 Remark (Orbits of the Harmonic Oscillator for w; = wj;) Therefore,
in the case d = 2, the manifold of orbits on X - is the 2-sphere CP(1) = S2. This fol-

z1(1)

() ) cannot vanish

lows from (6.3.8) by observing that both components of z(¢) = (
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simultaneously and that

(e.g., for z, # 0) the ratio

% € Cwill be independent

of time.

This ratio thus characterizes

the orbit, and by means of
2-dimensional stereographic
projection, the ratios % and

;—? can be viewed as two coor-
dinate systems covering the
surface S2. X5 |
By means of 3-dimensional
stereographic projection, the
energy surface Xz = S° can

be identified with R3 U {oo},

and thus R represents (up to .
one point) the orbits of the | / / X3
harmonic oscillator, see the

figure. The surjection

X1 .
T:8 > 8, (z1.22) = (2Re(z1Z2) . 2Im(z1Z2) . |22)* — |21 [)

(with $*> = {z € C? | |Iz]| = 1} and §? = {x € R? | ||x|| = 1}) is invariant under the
flow (7w o &, = m) and is called Hopf mapping.

This mapping has a wealth of geometric applications (see also Chapter I of BATES
and CUSHMAN [CB]). While for base points o € S2, thefibers 7' (0) C S3, whichare
the orbits, are of the form S', the bundle is not trivial, because S° is not diffeomorphic7
to S? x S'. As can be seen in the figure (stereographically projected onto R?), the
orbits are linked. O

6.37 Remark (Linking Number) Fortwo non-intersecting continuously differen-
tiable closed curves ¢y, ¢; : ' — R3, the Gauss mapping

c1(t)) — ca(tr)

G:T? > §2 , () ——————
P o) — @)

is a mapping between two compact surfaces, whose Jacobi determinant for
t:=(t,) € T =S" x S and Ac(t) := |lc1 (1) — c2(t2) || equals

det(DG (1)) = det (G(;), i) C/z(lz)).

Ac(t)’ Ac(t)

TThis follows, for instance, from the observation that S° is simply connected, but S I and hence
also S x S, is not, see Definition A.22.
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As the surface area of the sphere S? equals 4, the linking integral
1
LK (cy, ) = — det(DG(t)) dr; dr, (6.3.9)
47T T

has an integer value. This value is called /inking number and, intuitively speaking,
describes the number of interlacings of both curves in space.® The quotation by Gauss
printed in the box below shows that this topological notion was also inspired by a
mechanical problem.

For two nonintersecting differentiable closed curves cy, ¢; : St — §3, there is
always some point n € S* that is not in the image of either curve. If we project
S3\{n} stereographically (with respect to n) onto R?, we can define LK (ci, c3)
analogously. This number is independent of the choice of n because it is an integer
and depends continuously on 7. O

6.38 Exercise (Linking Number) For the minimal period, calculate the linking
number of the two normal oscillations of a harmonic oscillator. Assume the frequen-
cies are w; = njwp, Wy = Nwy, with relatively prime ny, n, € N.

Using the continuity of (6.3.9), obtain the linking number of arbitrary pairs of
distinct orbits in X z. Compare with the figure on page 116. O

The Beginnings of Knot Theory

The possible geocentric positions of the orbit of a planet or asteroid make up
a subset of the celestial sphere that was called zodiacus by Gauss.

In the case of planets, this set has the shape of a ribbon.

To elaborate on the analogous question about the newly observed asteroids,
Gauss made the following distinction in his 1804 paper on astronomy:
“With respect to the location of the planetary orbit relative to the orbit of the
earth, there are three cases to be distinguished. Either the latter surrounds the
former, or the former the latter, or both each other (as in chain links).” ...
“As can be explained by the geometry of locations”, in the last case, the
zodiacus comprises “the entire celestial sphere”.

Quoted after (and translated from) M. EPPLE [Ep], page 65. See Figure 6.3.2

8For suitable orientations of T2 and S? and an arbitrary regular value s € S of the Gauss mapping
G, the linking number equals the mapping degree

deg(G) = > sign(det(DG(1))).
teG=1(s)
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Figure 6.3.2 Zodiacus. Left: linking number 0, right: linking number 1

6.3.2 Harmonic Oscillations in a Lattice

We know that in principle, linear Hamiltonian differential equations can be solved
algebraically, but in the case of many degrees of freedom, an explicit solution of the
eigenvalue problem is often difficult or impossible.

However, in some cases, an additional symmetry of the Hamilton function helps.
Oscillations of atoms in a crystal lattice about their equilibria are an example. A
plausible model for the crystal is a regular lattice £ C R?, for example Z*> C R?,
where the lattice points denote the equilibria.

But in this case, we would have to model the motion of infinitely many atoms,
which is not possible with ordinary differential equations.

Instead, we use a ‘finite lattice’ £ :=
(Z,)¢ where neN, and the additive
group of residue classes Z, :=7Z/nZ =

{0,1,...,n—1} (see Appendix E.1). In LW-W‘_S‘J*\M\N‘]‘

J".J‘J‘J'-J"J‘J‘J'\

J‘J‘ﬁJ‘ﬁJ‘ﬁﬁ.

‘4

AWWWWWAQ- WA

other words, we are using periodic bound- = =
ary conditions. We start by assuming that at g :&"
every lattice site £ € L, there is an atom of = =

mass m > 0, and that its distance from the  VWW W WWW-Q-W WM‘ AW
equilibriumis g, € R?. Assume also that the
interaction between the atoms at £ and ¢ € £
is quadratic in ||g¢ — g¢ || and only depends

on £ — ¢, i.e., is invariant under translations.

mw.mmiwmﬁﬁm A

J‘J‘-.-‘J‘-:"J‘-)‘J‘u

WWW ﬁ.i M-V wgfx.wwm

‘JJ‘-«*J‘J‘-EMJ‘J‘-}M‘;‘

MWW
‘J‘JWJ

Thus on the phase space P := R‘;"d X Rgnd, we have the Hamilton function

H:P—>R , H(p,q)=z||p;” +3D 0D g —qel®.

tel rel tel

where ¢, > 0 represents the strength of the interaction. The Hamiltonian equations

Ge=po/m . pe=—2.c:Qq —quir—qir) (L) (6.3.10)
rel
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are solved by the complex ansatz

qe(t) == D qui(t) with 6.3.11)
kel

qeo(t) :=dy + d(’,t , Qox(t) == dy exp(2m’ (k, £) /n) exp(iwgt) (k € E\{O})

(where (k. £) = 3°9_, k;¢; (mod n) and dj € C?).

6.39 Remark (Translation Invariance and Fourier Transformation)
The ansatz (6.3.11) arises from the fact that lattice translations by the vector £ € L,
i.e., the linear mappings

T.:P— P, (Tu(p.q), = (Preegre)  (r € L),

leave the Hamilton function and thus the system matrix of the linear vector field
invariant. In the complexified phase space P¢ := C2n" = ¢4 @ CE, the T, are uni-
tary mappings. These translations have the following common, mutually orthogonal
eigenfunctions: ¢y . ; := ¢y 9, 0; € Pc, where

o € CE L pr(m) == exp(2mi (k,m) /n)  (k,m € L)

is independent of the indices r € {1,2}, j € {l,...,d} for the momentum and
position components. Therefore the solution to the differential equation leaves the
eigenspaces spanned by the ¢y ; ,, invariant.

The ¢y : £L — S' (k € £) form the group of characters of the abelian group L.
Thus £ is its own dual group, and we are using Fourier transformation F : C* — C*,

(FP)K) = 2 pep V(01 (£). ¢
The frequencies wy in (6.3.11) can be found by plugging the ansatz into (6.3.10):
Solutions with this frequency satisfy the equations p; = mg, = —mwiq;.

On the other hand,

Pe= (240 = quir — qe—r) = — D 2¢, (1 = cos@r (k. r) /n))qe -

rel rel
Altogether, this implies

wl = % > (1 —cos@m (k. r) /n)), (6.3.12)

rel

and our ansatz was successful if w,% > 0 for all k € £\ {0}. In the simplest case, we
have a chain (i.e., d = 1) of n atoms in which only nearest neighbors are coupled,
for instance ¢; > 0, ¢, =0 (r € Z,\{1}). One then obtains
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we =2,/ L [sin(rk/n)]
m
see Figure 6.3.3 (left).
w Q)O)wa
e e
2 T
N K
1
k : k
25 50 25 50

Figure 6.3.3 Dispersion relations for one dimensional lattices with n = 100 particles. Left: nearest
neighbor coupling. Right: two atoms of different mass in the fundamental domain. Top: optical
branch, bottom: acoustic branch

In the limit of a large number of particles n — oo, one obtains the relation

w(K) = 2\/C>—1 | sin(w K)|
m

in the variable K := k/n. It is called dispersion relation in physics. The derivative
w'(K) is called group velocity , and it can be understood as the speed with which
energy is transported by waves with wave length 1/K.

Long wave oscillations of the lattice spread here with a speed that is almost
constant and proportional to \/é , whereas for K — %, the group velocity goes to
0. On page 61, at the beginning of Chapter 4, one can see the dynamics of atoms
that are initially compressed like a Gaussian in the center of the image. They spread
outward, so that, after some time, compression waves are moving to the left and to
the right.

A more complicated picture of the dispersion relation arises if each cell of the
lattice contains a number A > 1 of atoms.

6.40 Exercise (Dispersion Relation)

(a) For A = 2 atoms per cell of the lattice, assume that the dynamics of the chain is
given by the Hamiltonian H : ]Rf,” X Rf]" — R,

— = PP e o @) o _ o)
Hp =3 (2 o +5 (o -a2) + (" -a) )

(=0 \a=1

Here, m™, m® > 0 are the masses of the two types of atoms, and ¢ > 0 is the
coupling between them.
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Show that the dispersion relation consists of the solutions

1
8 (m(1)+m(2’i\/(m“)—mm)z-k—m“’m(z) (cos(ZE) (2+cos(25))+1) \2
Wo/a (k) =

mOm @ ’

see Figure 6.3.3, right.

The solution w, is called acoustic branch in physics literature, and w, optical

branch.’
(b) Calculate the coupling constant c,, if the function k + wy from the dispersion
relation (6.3.12) is given. O

6.41 Remarks 1. The case k = 01in (6.3.11) corresponds to a motion of the entire
lattice with a constant velocity.

2. Inamore accurate description of physics, the lattice oscillations will be quantized

and will then be called phonons . O

6.3.3 Particles in a Constant Electromagnetic Field

The next example leads to affine vector fields X : R* — R, i.e., those of the form
X(x) = Ax+b  with A € Mat(k, R) and b € R*.
But affine differential equations x = X (x) can just as well be solved by methods

of linear algebra as the linear ones. Namely, according to the Duhamel principle
(Theorem 4.20), the solution is

x(t) = exp(At) (xo +/ exp(—As)b ds) . (6.3.13)
0

We specifically consider Hamiltonians of the form
H:R* >R , H(p,q)=3llp—eoBql’+eo(E q),
where B € Mat(d, R),and E € R9. In terms of physics, B is interpreted as a constant

magnetic field and E as a constant electric field.'” ey € R is the charge of the particle.
The equations of motion are then of the form

9The name is owed to the fact that, when the atoms of the two sublattices have opposite charges,
an oscillation of the optical branch can generate a light wave.

19The linear vector field A : RY — R?, g — Bg is also called vector potential of B.

The differential one form Zi:l Ar(@)dgr = ZZ ¢=1 Bk,e qe dqi associated with A has exterior
derivative ZZ ¢=1 Br,edqe N dgy. This two-form is called’magnetic field strength’. For more on
this, including non-constant magnetic fields and the time dependent case, see Example B.21.
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G=p—eBqg ., p=e(B'(p—eBq) —E),

or, written as a second order differential equation, the equation of the Lorentz force,

G=—e((B—B§+E). (6.3.14)

To simplify the ensuing discussion, we assume without loss of generality that the
magnetic field tensor B € Mat(d, R) is antisymmetric; after all, only the antisym-
metric part of B enters into Equation (6.3.14). (So we remark that there is no magnetic
field in space dimension d = 1.) We also assume ¢y = 1.

e Firstly, if B = 0, then (6.3.14) has, for initial values g (0) = go, ¢(0) = vy, the
solution
q(t) = qo + vot — LE1*.

The particle is therefore accelerated in the direction of the electric field.
e In contrast, if £ = 0, but B # 0, then

— for d = 2 the antisymmetric matrix B is of the form B = 1 ( %, %), so the veloc-

ity v(t) = ¢ () satisfies the differential equation v = b Jv with J = (97 ) and

solution v(¢) = (‘;ﬁf((é’t’)) _Cg;‘;gx)) vo. Therefore

t 1 . B
0O =+ [ ods a5 (1280, ) v

This is the rotation about the center at ¢ := g + % J vo, with period 27/|b| and

radius ”lvb‘J"' , also known as Larmor radius.

— For even d > 2, we can use a theorem of Linear Algebra to transform the anti-
symmetric matrix B by means of an orthogonal transformation O € SO(d) into
the form OBO~! = d/2 | B with Bk ( f;k ’f)k ), for odd d, we can likewise

obtain the form OBO~ 1—OEBGBk 1Bk

Applying this transformation not only to the position vector ¢ € R, but also the
momentum vector p € R4, leaves the form of the equations of motion invariant,
and we can solve them blockwise.

— Of all this, only the case d = 3 is of interest in physics.

> B
Then the vector B := % (B;) € R? is related to the anti-symmetric matrix
B3

0 733 Bg
B 0 -B | by
-B, By 0

BxV=BV (VeR, (6.3.15)

B :=i(B) :=

=
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so we recognize the usual vectorial form of the magnetic field. By a rotation with

a matrix O € SO(3), the direction of B becomes the first coordinate direction:
00
OBO~'= (8 ob g) We will see that we have free motion in the first coordi-

nate direction, and the already described circular motion in the (2 — 3)-plane.
Altogether, the orbits of the particles ¢ > g(¢) are therefore helices in R.

e In dimension d = 2, we now consider the case of nonvanishing electric and mag-
netic fields.

So we write (6.3.14) as a differential equation for the velocity w := ¢, namely

w = bJw — E. The solution to the corresponding homogeneous equation v =
b J v has already been determined, namely

. bt) —sin(b
vy = 0wy with 0(1):= (S smin)).

By (6.3.13), we have therefore

w(t) = 0(1) (vo +/ O(—$)E ds) = 0(t)vy + %J(n —0(0)E
0

Integrating again yields

O(t)

g0 = a0+ [ wis)ds =gt 1T (01— 0w+ 3T E1+ 1
0

This is a superposition of circular motion with straight motion in direction JE,
which is orthogonal to the electric field, see Figure 6.3.4.

Figure 6.3.4 Motion in the plane, with constant electromagnetic fields, and vertical direction of
the electric field

6.42 Exercise (Upper Half Plane and Mdbius Transformations)
By Exercise 6.26,

Sp(2,R) = SL(2,R) = {M € Mat(2, R) | det M = 1}
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The upper half plane is H := {z € C | Im z > 0}, and

(a)

(b)
(©)

(d)

(e)
®

H:={zeC|Imz>0}U{oo}.
Show that for each M = (‘C‘ f}) € SL(2, R), the Mobius transformation

~ —~ b
M:H—-H , Mz::az+
cz+d

is well-defined. (See also Example 16.17.)

Show that the mapping SL(2, R) x H — H given by (M, 7) Mzisa group
operation.

Mobius transformations can be extended continuously to H. A matrix M €
SL(2, R) with |tr M| < 2 is called elliptic, one with |tr M| = 2 parabolic, and
one with |[tr M| > 2 hyperbolic.

Show: Mobius transformations corresponding to an elliptic matrix have exactly
one fixed point in H. Mobius transformations for parabolic matrices other than
=+ 1 have exactly one fixed point, for hyperbolic matrices exactly two fixed points,
and these fixed points lie in OH := H \ H.

On H, one defines a metric

9(2) = (Im 2) 2 graetia(z)  (z € H),

where ggucliq is the Euclidean metric on H C C.

Show that the Mdbius transformations for (ga’il ) and (7?,1 o) witha,b,c € R
and a, ¢ # 0 are isometries of g. Conclude that all Mobius transformations are
isometries of g.

sp(R?) denotes the group of infinitesimally symplectic 2 x 2 matrices. Show
sp(R?) = sl(R?) := {m € Mat(2, R) | tr m) = 0}.

An infinitesimally symplectic matrix m € sp(R?) generates the one-parameter
group {exp(tm) | t € R} € Sp(2, R). Which one-parameter groups are gener-

ated by
me{(26).(10). (10)}?

Classify them as elliptic, parabolic, and hyperbolic respectively. Which are the
fixed points of the corresponding Mobius transformations on H? What do the

orbits {exp(rm) v | ¢ € R} through v € H look like? O

6.4 Subspaces of Symplectic Vector Spaces

In a vector space E, the group of structure preserving mappings is the General Linear
Group GL(E). Two subspaces of E can be mapped into each other by a mapping in
GL(E) if and only if their dimensions coincide.
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In a symplectic vector space (E, w), the group of structure preserving mappings is
the symplectic group Sp(E, w), which is a strict subgroup of GL(E). Fordim(E) > 4
there are more invariants of subspaces under Sp(E, w) than merely the dimension,
namely the rank of the restriction of the bilinear form w to the subspace.

Of particular importance are those subspaces that have either rank 0 or maximal
rank:

6.43 Definition Letr (E, w) be a symplectic vector space and F C E a subspace.

e The w-orthogonal complement of F is defined to be the subspace
Ft:={ecE| VYfeF: we f)=0}.

e F is called isotropic if F+ D F, and Lagrangian if F- = F.
e F is called symplectic, if F- N F = {0}.

Symplectic subspaces (F,wr) of E with imbedding ¢ : F — E and pulled-back
two-form wp 1= 1*(w) are therefore symplectic vector spaces in their own right,
and a subspace cannot at the same time be isotropic and symplectic (except when
dim(E) = 0).

6.44 Examples We consider the standard case for a 2n-dimensional symplectic
vector space, namely (E, wg) = (R’; X RZ, ( ((ﬁ ’0]1) ))

1. ForO <k, £ <nand F := (RS x {0}"*) x ({0}~ x R) the space F* is

Fr= (R x {0})) x ({0} x RZ ™).
A subspace F of this form is isotropic if and only if k + £ < n, and is Lagrangian
if and only if k + ¢ = n. In particular, the subspaces R, x {0}, and {0} x R of
E are Lagrangian.

2. The one-dimensional subspaces are isotropic because wy is antisymmetric. If
dim E = 2, then it is exactly the one dimensional subspaces that are Lagrangian,
because wy ist not degenerate.

3. For a matrix A € Mat(n, R), let F4 := {(gq, Aq) | g € R"}, i.e., the graph of the
linear mapping represented by A. This n-dimensional subspace is Lagrangian
if and only if 0 = wo((q, Aqg), (¢, Aq/)) = (q, Aq’) — (Aq, q’) for all ¢, ¢’; in
other words, if A is symmetric (see Theorem 6.46.2).

4. For the subspaces F := (RY x {0}"7%) x (R x {0}"~*), one has

Fr = ({0} x R2%) x ({0} x R2TH),

so they are symplectic. O
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6.45 Exercise (Symplectic Mappings and Subspaces) Let (E, w) be a symplectic
vector space.

(a) Show that for any two vectors v, w € E \ {0}, there is a symplectic mapping
f € Sp(E, w) for which f(v) = w.

(b) Show by counterexample that, for dim(E) > 2, an arbitrary 2-dimensional sub-
space F of (E, w) cannot be mapped by symplectic mapping f € Sp(E, w) on
an arbitrary 2-dimensional subspace F'.

(c) Show that it is possible to map any symplectic subspace F onto any other sym-
plectic subspace F’ of the same dimension, dim(F’) = dim(F), by some sym-
plectic mapping f € Sp(E, w). %

6.46 Theorem Let (E,w) be a symplectic vector space and F C E a subspace.
Then

1. dim(F) 4 dim(F') = dim(E).
2. F C E is Lagrangian if and only if F is isotropic and dim(F) = % dim(E).

Proof:

1. We reduce the dimension formula to the one for orthogonal subspaces. According
to the normal form theorem 6.13.2, we may assume that £ = R = R’;, X Rz
and w is of the form (6.2.3). Then, with respect to the Euclidean inner product
(,-) on R, one has the formula wy(X, ¥) = (X, JY) with J = (4 1).

Forn =1, Jis arotation of the plane E by /2, forn > 1 it is a rotation by 7/2
in all (p;, g;)-planes. Then

Fl={X€eE|VYeF:(XJY) =0}

is the subspace that is orthogonal to JF with respect to (-, -); this proves the first
claim.

2. Ifdim F = % dim E, and hence by the first part also dim F L= % dim E, then it
follows from the assumed isotropy (F € F1) of F that F = F* already. Con-
versely, if F' is Lagrangian, hence by definition isotropic, it follows from part 1
that dim F =  dim E. 0

6.47 Exercise (Dimension Formula) In the proof of Theorem 6.46, part 1, the
antisymmetry of w was used. Construct a proof that does not use antisymmetry and
relies only on the non-degenerate property of w, so it can also be used for orthogonal
spaces with respect to the scalar product (or a Lorentz metric). O
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Graphs of symplectic mappings can be viewed as Lagrangian subspaces:
6.48 Theorem Let (E,w;) and (E;,ws) be symplectic vector spaces and
mi: E1® Ey — E;, i =1, 2, the projections. Then

W) Bwy = 7T>1kw1 — F;(wz .

is a symplectic form on the vector space E\ & E.

Proof: We need to show that the antisymmetric bilinear form w := w; © w, on
E := E| ® E;isnotdegenerate. A vectore = (e, e;) € E \ {0} mustsatisfye; # 0
or e; # 0. In the former case, there is a vector f; € Ey with wi(ey, f1) # 0,
because (E;, wp) is a symplectic vector space. Thus f := (fi, 0) satisfies w(e, f) =
wi(er, f1) # 0. The case e, # 0 is analogous. ]

6.49 Theorem An isomorphism A : E\ — E, is symplectic if and only if its graph
Fy={(e1,Aer) | ey € E1} CEI D Ey

is a Lagrangian subspace of the symplectic vector space (E 1D E),w 6 wg).
Proof: Since the linear mapping A is an isomorphism, dim(E;) = dim(E;). The
graph I' 4 thus being a linear subspace of dimension dim(I"4) = % dim(E, & E,), it
is Lagrangian if and only if it is isotropic, i.e.,

wi O ws((er, Aey), (e}, Ae))) =0 (er, e} € Ey),
or equivalently

wiler, €)) —wr(Aer, Ae)) =0 (e1, €| € Ey).

This is the case exactly if A is symplectic. (I

6.5 *The Maslov Index

Lagrangian subspaces frequently occur as tangential spaces of flow invariant tori in
integrable Hamiltonian systems. An example for such invariant tori is the pre-image
F~Y(f) for F as in (6.3.6)). In such cases, we will consider the dependence of the
Lagrangian subspace on the point of the torus. In preparation, let us investigate the
set of all Lagrangian subspaces (without orientation).
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6.50 Definition
e For an R-vector space11 v with m = dim(v) < 00, we call the sets

Gr(v,n) := {u C v | u is an n-dimensional subspace} (n € {0, m})

the Grassmann manifolds of v, and let Gr(m, n) := Gr(R™, n).
e Specifically, we call RP(m — 1) := Gr(m, 1) the projective space.
e For a symplectic vector space (E, w), the set

A(E,w) :={u C E | uis Lagrangian subspace}

is called Lagrange-Grassmann manifold of E, and A(m) := A (R*", wy).

Since all m-dimensional R-vector spaces are isomorphic, it suffices to study the
Gr(m, n); analogously, it suffices to study A (m), since all 2m-dimensional symplec-
tic vector spaces are isomorphic (see Exercise 6.45 (c)).

6.51 Theorem In a natural way,

e Gr(m,n) is a compact manifold of dimension n(m — n), with
Gr(m,m —n) = Gr(m, n),

e and A(n) C Gr(2n, n) is a compact submanifold of dimension %n(n + 1).
6.52 Examples (Grassmann Manifolds)

1. According to Example 6.44.2, all one-dimensional subspaces of a two dimen -
sional symplectic vector space are Lagrangian, hence A(1)= Gr(2, 1)= RP(1).

The one dimensional subspaces (without orientation) of R? are parametrized by
their angle ¢ € [0, 7] with respect to the first coordinate axis, where ¢ = 0 and
(o = 7 represent this coordinate axis itself. This way, the projective space RP(1)
is naturally homeomorphic to S'.

2. For (R4, wo), the four-dimensional manifold Gr(4, 2) is the disjoint union of
the three-dimensional submanifold A(2) and the open and dense set of two-
dimensional symplectic subspaces in Gr(4, 2). O

Proof of Theorem 6.51:

e To begin with, we may view Gr(m, n) as a subset of the vector space Lin(R"),
since there is a one-to-one correspondence between the n-dimensional subspaces
u C R™ and the orthogonal projections P, € Lin(R™) onto them.
This makes Gr(m, n) into a metric space with the distance

d(u,v) := [Py — Pyl

! Analogous definitions apply to C-vector spaces.
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e Now Gr(m, n) C Lin(R™) becomes a manifold if, on the neighborhood
U := {v € Gr(m,n) | d(u, v) < 1}
of u € Gr(m, n), we define the coordinate map'? ® implicitly by
®: U — Lin(u, us) , v = Graph(®(v)), 6.5.1)

where u; is the subspace that is orthogonal to u with respect to the Euclidean scalar
product:
Uy = {xeRm |Vy€u:(x,y)=0}.

In doing so, the condition || P, — P,|| < 1 guarantees that only the zero vector in
v is orthogonal to the subspace u, hence v is the graph of of a uniquely deter-
mined linear mapping from Lin(u, u,). The space ug, which is orthogonal to
the n-dimensional subspace u, has dimension m — n, hence dim(Gr(m, n)) =
dim(Lin(u, us)) =n(m — n).

Being the set of orthogonal projections of rank n, the Grassmannian Gr(m, n) is
bounded (with bound 1 in the operator norm) and closed, hence compact.

e The mapping Gr(m, n) — Gr(m,m —n), P, — 1 — P, is a diffeomorphism.

e The Lagrangian subspaces u of R*" are distinguished among all n-dimensional
subspaces by the condition u = w, and thus they form a closed (and thus compact)
subset of Gr(2n, n). In Example 6.44.3, we had already observed that the graph
{(g,Aq) | ¢ e R"} C E =R" x R" of a matrix A € Mat(n, R) is a Lagrangian
subspace if and only if A is symmetric. Analogously, for A € Lin(u, uy), the graph
graph(A) is a Lagrangian subspace exactly if

wrx+AX),y+AW) =0  (x,y €u). (6.5.2)
Since u and u, (= Ju) are Lagrangian subspaces,
w(x,y) =0 and w(A(x), A(y)) =0.

Therefore, under the hypothesis (6.5.2), one has w (A x), y) =w (A ), x) , which
means that the bilinear form

uxu—R , (x,y)Hw(A(x)sy)

is symmetric. As dim(u) = n, we obtain an n(n + 1) /2-dimensional space of such
A € Lin(u, u), and therefore the claimed formula about the dimension. ([l

12Strictly speaking, ® becomes a coordinate map only when we identify Lin(u, uy) with Mat (n X
(m —n), R) = Rrrm—n) by choosing a basis. Moreover, we use in (6.5.1) that R” = u @ .
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6.53 Exercise (SO(3) = RP(3))
Find a diffeomorphism (i.e., an invertibly smooth mapping) between the rotation
group SO(3) (see Example E.28) and the projective space RP(3). %

Following work by V.P. Maslov, V.I. ARNOL’D defined smooth mappings
MA,, : A(m) > S'  (meN) (6.5.3)

in [Ar4]. In the simplest case A (1) = S', this is the identity map.'® The definition
for general m will follow in Lemma 6.57. These mappings play an important role in
the study of integrable quantum mechanical systems, for instance the approximate
calculation of eigenvalues, which leads to the Maslov index 14 a5 a correction term
to the Bohr-Sommerfeld quantization. Continuous mappings ¢ : S' — A (m) can be
concatenated with MA,, to a continuous mapping

MA,, oc:S' — S'. (6.5.4)
6.54 Definition
e The mapping degree of a mapping f € C'(S', S') is"
d dz
d = —1 —
eg(f) /S & 0g(f(@) 5

e The Maslov index of a continuously differentiable mapping ¢ : S' — A(m) is
defined as deg(MA,, o c).

In other words, the mapping degree of f :S! — S! measures the number of
roundtrips made by f(z) per one roundtrip of z. It is invariant under orientation
preserving changes of parameter; under orientation reversing changes of parameter,
however, it changes sign.

6.55 Examples (Mapping degree and Maslov Index)
1. Form € Z,themapping f,, : S' — S', f(z) = 2" has mapping degree deg( f,,) =

m dz
s 7 2m

If f:8" — S!is of the form f(z) = €@ f,,(z) with ¢ € C'(S', R), then it is
still true that deg( f) = m, due to the fundamental theorem of calculus.

131f both the points on §' and the subspaces R C R? are parametrized by an angle ¢ as in Example
6.52, this identity map takes the form MA| : A(1) — S!, p > 20!
14See also BOTT [Bol].

15We consider the circle as S' = {z € C | |z| = 1} and extend the natural logarithm in such a way
that the mapping S' — iR, z > d% log(f(z)) is continuous.
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2. If we parametrize the level set H~'(E) of the harmonic oscillator
H:R, xR, - R , H(p,q):%(p2+q2)

for E >0 as the path ¢:S' — HI(E), &(z) :=+/2Ez (where we have
identified R, x R, with C), then the tangent
space of H “I(E) até(z) is spanned by the vec-

tor ic(z).
‘We obtain a mapping

c:S' = A(l) , c(z) = span(ié(2))

with Maslov index deg(MA| o ¢) = 2.
The non-oriented tangent spaces at (—p, —q)
are the same as at (p,q) € H™'(E); see also

the adjacent figure. On the Maslov index of

the 1D harmonic oscillator.

Now for the definition of the mapping MA,, in (6.5.3): This leads us to the following
representation of the Lagrange-Grassmann manifolds.

6.56 Theorem (A (m) as a Homogenous Space) For all m € N, the map

UGm)/0Gm) = Aem) . UOGm) — [ (F0)) ‘ 0 € 0m), x e R"}
(6.5.5)

is a homeomorphism between the homogenous space'® U(m)/O(m) and the
Lagrange-Grassmann manifold A (m).

Proof:
e For V € U(m), the set {(}ffx;‘) | X € R’"} is a Lagrangian subspace: Any m-
dimensional subspace L C R” x R can be represented as the image of an injective
linear map

R”" > R" xR" , x> (4))

with A, B € Mat(m, R) and rank ( g) = m. Then L is a Lagrangian subspace if and
only if
((32) k) =0 Gyern.

ie,if ATB=BTA.

1Definition: A set M is called a homogenous space , if some group G operates transitively on
M. —In the present example, the Lie group U(m) operates continuously on the set U(m)/O(m)
of equivalence classes of unitary matrices if we use the quotient topology coming from U(m) (see
page 484).
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The normalization requirement that the images of the basis vectors ey, ..., e, €
R™ should be an orthonormal basis of L is tantamount to (AT BT) ( g) =ATA+
BB =1

Both requirements are satisfied together if and only if V := A 4 ¢B is unitary,
because

V*V =(AT —iB")(A+iB)=(ATA+B'B)+i(ATB—BTA)=1.

e A given Lagrangian subspace still corresponds to many unitary matrices V, because
we could have taken any orthonormal basis of R™ instead of the basis vectors
€1, ...,e, € R™ Choosing such an orthonormal basis however corresponds to a
change of basis by means of an orthogonal matrix from O(m).

e The corresponding bijection U(m)/O(m) — A(m) is continuous, hence, in view
of the compactness of U(m)/O(m), a homeomorphism. O

The given representation of A () now permits us to define the Maslov index:

6.57 Lemma The mapping MA,, : A(m) — S', UO(m) — det(UO(m))2 iswell-
defined.

Proof: Regardless of the choice of O € O(m), one has
[det( 0)]” = [det(@)]’[ det(0)]* = [det@)]’ . 0

The Maslov index of a loop in the Lagrange-Grassmann manifold A (m) can also
be calculated by assigning certain integers to its points of intersection with a certain
subset A(m) C A(m), and adding these integers up.

6.58 Example (Maslov Index for the 1D Harmonic Oscillator) In Example
6.55.2, the Maslov index of the parametrization ¢ : S' — H~'(E) of the energy
curve of a harmonic oscillator was calculated; more precisely, this was the Maslov
index of the curve ¢ : S! — A(1) associated with the curve ¢. Each pointinv € A(1)
gets passed over by ¢ twice, namely in mathematically positive direction. So the
Maslov index is

deg(c) = Z sign(c/(z)) = 2. O

zec(v)

When generalizing this example to m degrees of freedom, it is often convenient to
choose the “vertical” Lagrangian subspace v := R}} x {0} C R} x R7 as areference
point'” v € A(m). Now form > 2, typical smoothcurvesc : S' — A(m) will not hit
the reference point because now dim (A (m)) = W > 1. However, if we consider
the disjoint decomposition of the Lagrange-Grassmann manifold into

Am) = | J Axm) with Ag(m) == {u € A(m) | dim(unv) =k},
k=0

17 Any other point of A (i) could be chosen just as well.
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then it will in general be unavoidable, as we’ll see, for ¢ to intersect

A1 (m) := A(m)\Ag(m) .

6.59 Exercises (Maslov Index)

1. Show that for all Xk, m € Ny, k < m, the subset Ay(m) is a fiber bundle (see
Definition F.1) over the Grassmann manifold Gr(v, k) with the mapping

7 Ag(m) = Gr(v, k) , ur—>unNv

in which the dimension of the fiber is

m—k+1)(m—k)
2

dim (7' (w)) = (w € Gr(v, k)).

Using Theorem 6.51, conclude that the manifold Ay (m) has the dimension
dim(Ag(m)) = 3((m + Dm — (k+ Dk)  (k=0,...,m).

2. Show that A;(m) = A;(m), hence for k > 2, the submanifolds A, (m) lie in the
closure of A(m), whereas Ag(m) is open.

Hint: Show first that 7~ "(w) # ¥. Then consider, using Example 6.44.3, a neigh-
borhood of u € m; ' (w). O

6.60 Example (m =1) A;(1) = {v}, and Ao(l) = A(1)\{v} is diffeomorphic
to R. O

We already know that, generalizing this example, Ag(m) is diffeomorphic to
the vector space Sym(m, R), because precisely those Lagrangian subspaces that
are transversal to the vertical subspace V = R} x {0} can be written as graphs
{(Aq, q) € R’Zf X RZ’} of a symmetric m x m matrix A.

Therefore each loop ¢ : S! — Ag(m), c(z) = Graph(A (z)) can be contracted to
the constant loop (with value {0} x R;” € Ao(m)) by means of the homotopy

H:S'x[0,1]1— Ao(m) , H(z,t) = Graph(tA(z)).

As the integer valued Maslov index cannot change under this continuous contraction,
itis O for loops ¢ : S! — Ag(m).

6.61 Exercise (Range of the Maslov Index)

For given m € N and I € Z, there exists acurve ¢ : § I'— A(m) with

deg(MAm ) c) =1
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Hint: Using A (1) = S, first find such a curve for m = 1, then imbed it into A (m)
by viewing R, x R, as a symplectic subspace of (R} x R, wp). O

This exercise shows that intersections of ¢(S!) with A (m) are in general unavoid-
able. It is however possible to avoid, if need be by means of a homotopy, the
set Ar(m) := A (m)\A(m), and to have, for c(z) € A;(m), the direction vector
c'(2) € To;y A(m) transversal'® to the tangent space T.;) A (m); see the (schematic)
Figure 6.5.1. This is due to the formula

ke + 1k

codim(Ax(m)) := dim(A(m)) — dim(Ay(m)) = 5

for the codimension of the submanifolds (see Exercise 6.59 and Figure 6.5.1). For
k > 2, this codimension is at least 3, hence larger than dim(S 1y = 1, and also larger
than the dimension 2 of a loop moved by a homotopy H : S' x [0, 1] — A(m)
(which is why the following, second, definition of the Maslov index is independent
of the choice of a homotopy).

If ¢(z) € A1(m) and ¢(z) is transversal to A;(m), then exactly one eigenvalue
A(z) of a unitary representation U (z) of c¢(z) is purely imaginary; and its derivative

N(z)
1 A(z2)

X (z) has a well-defined orientation sign ( ) The sum of these signs equals the

Maslov index of c.

6.62 Exercise (Harmonic Oscillator)
Calculate the Maslov index for the Lissajous figure from Figure 6.3.1 (right part),
i.e., for a closed solution curve ¢ : §' — F~!(f) C R* with

F Wi w
F=("") . Fp.g= —(p}+4¢}) and 27,
F, 2

A(m)

Figure 6.5.1 Schematic depiction of a closed curve ¢ : S' — A(m) in the Lagrange-Grassmann
manifold with Maslov index MA,,, o ¢ = 2, and the submanifolds A (m)

181n HIRSCH [Hirs], one can find an extensive exposition on the subject of ‘transversality’.
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The mapping
c:S' 5 AQ) , c@@) =T F'(f)

is assigned to this curve. How can one determine, from the projection of ¢ onto the
configuration space depicted in the figure, that deg(MA, o ¢) = 16? O

A Maslov index cannot only be assigned to loops of Lagrangian subspaces, but also to
symplectic mappings. This is an immediate consequence of Theorem 6.49 in Chapter
6.4, because a loop ¢ : S' — Sp(2m, R) corresponds to a loop

¢:8"'— A@m) , &(z) = graph(c(2)).

As a matter of fact, the Maslov index of c is defined as % deg(MA,, o ¢). The factor %
has the effect that every integer, rather than only even integers, can occur as a value
of the Maslov index.

The Maslov index of ¢ : ' — Sp(2, R) can also be defined by means of the
hypersurface of matrices with degenerate eigenvalues +1 (see Exercise 6.26).

6.63 Literature More advanced aspects are treated for example in the book [LiMa]
by LIBERMANN and MARLE, and in the online manuscript ‘Symplectic Geometry’
by DUISTERMAAT [Dui] (which includes exercises). The monograph [Lon] by LONG
has as its subject symplectic index theory. [SB] by SCHULZ- BALDES describes an
alternative approach to calculating the Maslov index. O



Chapter 7
Stability Theory
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1886 Coventry Rotary Quadracycle in Washington DC.!

The notions of stability introduced in Definition 2.21 have so far mainly been
applied to linear systems. As we analyze nonlinear systems in the present chapter,
asymptotic stability will turn out to be robust. An equilibrium is asymptotically
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stable if the linearization of the vector field at this point is asymptotically stable
(Theorem 7.6).

Unfortunately, asymptotic stability plays no role in Hamiltonian systems. Here
instead, at least in the linear case, Lyapunov-stability transpires to be robust under
small Hamiltonian perturbations. However, the proof of Lyapunov-stability in nonlin-
ear Hamiltonian systems is often difficult; this subject will be resumed in Chapter 15.4
on KAM theory.

Bifurcations are topological changes of the phase space portrait of parameter
dependent dynamical systems. In the simplest (local) case, they are a consequence
of a change in stability properties of an equilibrium or a periodic orbit.

7.1 Stability of Linear Differential Equations

Before moving on from linear differential equations, let us study the gestion of their
stability. Compared to the results from Chapter 5.2, the only new thing is the inclusion
of non-hyperbolic matrices.

We again use the index of a square matrix, i.e., the sum of the algebraic multi-
plicities of those eigenvalues A € C that satisfy Re(\) < 0.

7.1 Theorem The equilibrium O of the ODE x = Ax with A € Mat(n, R) is

1. unstable if either Ind(—A) > 0, or Ind(—A) = 0, but there is an eigenvalue
A € iR whose algebraic multiplicity exceeds its geometric multiplicity;

2. Lyapunov-stable if neither of the conditions in part 1 are satisfied;

3. asymptotically stable if and only if Ind(A) = n.

Proof: As instability, Lyapunov-stability, and asymptotic stability of linear differ-
ential equations are not affected by similarity transformations, we may assume with
no loss of generality that A is already in Jordan normal form, i.e., it consists of real
Jordan blocks of the form

. . Jr (1) —ll,
JEQ) = J,(\) for A e R and JE()) = ( G J;;m) for A € C\R,

with p := Re()), ¢ := J(A), and the Jordan blocks J, (1) from Definition 4.6.

1. By hypothesis, there exists a Jordan block for an eigenvalue A, for which Re(\) >
0,orRe(\) = Obutr > 2. We use as an initial value the rth canonical basis vector
e, in the flow-invariant subspace of this real Jordan block. Inspecting (4.1.6) or
(4.1.7) respectively shows that

. R —
Jim exp (/7)) er || = oo

2. Otherwise, there are no eigenvalues \ with real part ;4 > 0, and those with real
part i = 0 belong to Jordan blocks J, () of size r = 1.
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In the case p < 0, formula (4.1.6) for real A and formula (4.1.7) for non-real A
show that

: R o t R : _
Jim [ exp(Z000)| = tim e[ exp(JF )| = 0.

For Re(\) = 0 and r = 1, apart from the case exp(J,(0)t) = 1, only the case of
a real Jordan block

Jexp(r200n) | = | (smieh i) | = 1

from (4.1.8) occurs; both cases lead to Lyapunov-stability.
3. If Ind(A) = n, hence Re(\) < 0, then lim,_, || exp(JrR(/\)t)H =0.
Otherwise there exists a A with Re(\) > 0, hence

lim [ exp(JX(\1)|| € {1, 00} . O
t—+00

Hamiltonian flows do not have asymptotically stable fixed points because they
leave the phase space volume invariant (this also applies to the nonlinear case, see
Remark (10.14.2).

By Remark 6.25 and Theorem 7.1, the origin is a Lyapunov-stable fixed point
of a linear Hamiltonian system if and only if all eigenvalues of the infinitesimally
symplectic endomorphism generating the flow lie on the imaginary axis, and their
algebraic and geometric multiplicities coincide.

So in a certain sense, Hamiltonian systems tend to have less stability than general
dynamical systems. But there are other aspects as well.

7.2 Definition (Strong Stability for Linear Hamiltonian Systems)

An infinitesimally symplectic endomorphism A € sp(E, w) is called strongly stable
if there exists a neighborhood U C sp(E,w) of A such that, for all B € U, the
origin is Lyapunov-stable with respect to the flow exp(Bt).

First notice in this definition that we are talking about stability not of a fixed point
of a flow, but of an endomorphism generating a flow. This is of course owed to the
fact that O is always a fixed point of a linear flow.

Moreover, this endomorphism is assumed to generate a Hamiltonian flow.

The underlying idea in the definition of strong stability is that in a particular
mechanical system, we do not know the equation of motion with infinite precision,
for example because we can only measure the masses of the interacting bodies with
finite precision. We are therefore interested in the question if we can still decide
whether the mechanical system is Lyapunov-stable.

7.3 Theorem (Strong Stability)
If all eigenvalues \ € C of an infinitesimally symplectic endomorphism A are distinct
and lie on the imaginary axis, then A is strongly stable.
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Proof: Let the minimal distance

of two zeros of the characteris-

tic polynomial be 4¢, ¢ > 0.

We consider for each zero an

e-neighborhood. These neighbor-

hoods do not overlap, see the adja-

cent figure. The roots of the char-

acteristic polynomial of a matrix

depend continuously on the matrix

entries. Thus an endomorphism

B that is sufficiently close to A

must have eigenvalues of which

one each lies in one of the e- Eigenvalues of a
neighborhoods. matrix A € 5p(R4)
If these eigenvalues A did not at the same time lie on the imaginary axis, then

- # A would lie in the same e-neighborhood; contradiction! O

7.4 Exercise (Strong Stability)
We consider the single linear, time dependent differential equation

X(t)=—-f@x@) (eR)

with continuous, T-periodic f : R — [0,00), T > 0, hence f(t + T) = f(¢).
This differential equation is equivalent to a Hamiltonian system with time dependent
Hamiltonian

(a)

(b)
()
(d)

(e)

H: R, foC — R , H(t, x1,x) = %xlz—i—%f(t)x%.

Show that the linear mappings ®, : R*> — R?, ®,(x(0)) := x(¢), t € R,
defined by the Hamiltonian flow do not in general form a group, due to the time
dependence of f.

Show that &7, = &3 0 &7 for all s € R. It then follows that the mappings
®,r = (®7)", n € Z, form a group.

Then A := &7 : R? — R? is called the period map of the system. Explain why
this map is linear and has determinant 1.

Show that the zero solution ®,(0) = 0 is Lyapunov-stable if and only if 0 is a
Lyapunov-stable fixed point of A, i.e., of the dynamical system

U:ZxR>R? , Wn,x):=A"®x).

Generalizing Definition 7.2, we call the zero solution strongly stable, if it is
Lyapunov-stable for all Hamiltonians in a neighborhood of H. Here we limit
ourselves to Hamiltonians of the form H : R, x R? = R, (£, x) — (x, B’(t)x)
with continuous B : R — Mat(2, R), E(t) = }§(t)T = B(t + T') and use the
norm
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3 2
IH| == sup {IB()vlg= | 1 € [0, T], v € R?, |Jv|| < 1}

to define a neighborhood. Show that the zero solution is strongly stable if A
(from (c)) satisfies the condition |tr (A)| < 2.

(f) Now consider in particular the function f(1)? := w?(1 + £ cos(t)) withw € R
and |e] < 1. Show by means of (e) that the zero solution for the parameters
e=0andwe R\ %Z is strongly stable. O

7.2 Lyapunov Functions

We now leave the case of linear systems of differential equations and turn to the
nonlinear case.

A natural question is whether a fixed point is asymptotically stable, provided the
linearization of the ODE about this fixed point leads to an asymptotically stable linear
flow. Lyapunov functions are useful to answer this question and similar ones (like
the question addressed in Remark 7.9).

7.5 Definition Let ® : G x M — M be a continuous dynamical system.> L €
C%(M,R) is called a Lyapunov function for ®, if L (oder —L) decreases along
orbit curves.

Similar to the case discussed in Section 6.1.1 on gradient systems, an orbit curve that,
at a given time, meets the sublevel set M, := {m € M | L(m) < £}, cannot leave
this set in the future. On the other hand, one would like for the function to decrease
strictly in time (other than at fixed points), so that the trajectories are trapped in
smaller and smaller sets My C M, where £/ < £.

Of course, a corresponding argument can also be used for functions that are
increasing along orbit curves.

We now want to show that the solutions of the differential equation are controlled,
in leading order, by the linearization of f, as long as we are close to an equilibrium.
We can use Gronwall’s inequality (Theorem 3.42).

7.6 Theorem (Lyapunov)
An equilibrium x; € U C R" of the differential equation

¥=f(x), feC(UR"

is asymptotically stable if Ind (D f (xs)) =n.

2When using Lyapunov functions, it often suffices to show that the dynamics ®; : M — M exists
for all # > 0, as is the case for example in the proof of the following Theorem 7.6.
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Proof:
e By shifting coordinates, we may again assume that x; = 0. Since U € R” is open,

a ball of some positive radius 7 belongs to U.

e For A := D f(xy), there exists A < 0 with Re()\;) < A for all eigenvalues \; € C
of A. Moreover there exist some C > 1 (as can be read off the Jordan normal form
of exp(At)) with

lexp(AD)|| < Cexp(At) (¢t > 0). (7.2.1)

The Duhamel equation (4.2.10) permits to write the maximal solution to the initial
value problem in the form

x(t) = exp(At)x(0) + /l exp(A(t - s))R(x(s)) ds (el
0

with I C R, with the source term R(x) := f(x) — Ax, evaluated along s > x(s).

e Now there exists some radius » € (0, 7) such that

|A] .
IR = 5= Il i flxlf = 7 (7.2.2)

because by Taylor, lim,_, ”’ﬁgﬁ” =1lim,_¢ || f(x) =D f(0)x — £O)||/lIx] = 0.

e Using (7.2.1) and (7.2.2), it follows for the function
F:1I—1[0,00) , F(@):=|x@@)lexp(|Alt),

for all solutions with initial values x (0) € U, (0), and for the maximal time interval
[0, T) C I with x([0, T)) C U,(0) that

|A]

F(1) < CF(0)+/ C3clx@lds §CF(O)+/ %F(s)ds (t €10,7)).
0 0

20
By Gronwall’s lemma 3.42, one concludes F(¢) < CF(0) exp(% |Alt), or

Ix@1 < Cllx(O)l exp (3A1).
Thus the solution curves with initial condition x(0) € U,,c(0) stay in the ball

U, (0) for all positive times and converge to the equilibrium at 0. In other words,
X, is asymptotically stable. (]
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7.7 Remarks

1. The proof also provided the statement that all x € U,,¢(0) belong to orbits that
converge to the equilibrium, i.e., are in its basin, (see Def. on page 20).

2. Although the function x — |x|| used in the proof of the theorem is in general
not a Lyapunov function, it served the same purpose, as lim;_, ., F (t) = 0.

3. Asa corollary, we obtain that an equilibrium x; is unstable if Ind(—D f (xs)) =
n. This follows from Theorem 7.6 by time reversal, i.e., by transition to — f.
However, for the instability of x;, it already suffices that Ind(—D f (xs)) > 1,
that is, there is one eigenvalue A with Re()\) > 0 (see e.g.[Wal], §29). O

7.8 Exercise (Lyapunov Function)

The vector fields in the following exercise are not complete. So we extend definition
7.5 to this situation: We assume that for the differential equation X = g(x) on
M < R" with a locally Lipschitz continuous vector field g : M — R”, there
exists a continuously differentiable function V : M — R, such that all solutions
I 5t — x(¢) to the differential equation satisfy

Lvxm) <0 (el.

As we know, the origin is a Lyapunov-stable, but not asymptotically stable, fixed
point of the linear system ¥ = Ax withx € R%, A = (V!).
Use its Lyapunov function V(x) := %||)c||2 to investigate the stability of the

perturbed systems X = Ax + fj(x) with f; : R* - R? (j € {1,2,3}):

(@) fi(x1, x2) == (—x] —x1x3, —x3 — x7x2) "
() folxr, x2) := (x] + x1x3, x5 + xjx2) "
(©) f3(x1,x2) = (—x1x2, xlz)T.

Which shape do the orbits have in case (c)?

7xz7x1x§+x§7x?
Now let x = fy(x) := xiHx3—x3 . Show:
—X1X3 =X X3 — X2 X3 —X3
(d) 0 € R? is asymptotically stable.
(e) The trajectories of the linearized system x = D f4(0)x lie on circles parallel to
the x1, x, plane, so for the linearized system, the origin is Lyapunov-stable, but
not asymptotically stable. O

7.9 Remark (Lyapunov Function and Hamiltonian Dynamics)
It may appear that the notion of a Lyapunov function does not apply in the Hamil-
tonian case. Indeed, the phase space volume is conserved in this case, so asymptotic
stability cannot be expected. There are however other applications:

1. Nondegenerate extrema x; of a Hamilton function H are Lyapunov-stable fixed
points, because on one hand, Xy (x;) = 0, on the other hand, H itself is a
Lyapunov function since the value of H does not change along orbits. Thirdly,
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for a minimum x;, every neighborhood U of x has a neighborhood V C U of x;
in the form V = H~'([h, h + ¢€)), with h := H (x,).

2. As a different application, consider the free motion ¢ = p, p = 0 with the flow
® (1, (po. 90)) = (Po, go + pot), given by the Hamiltonian

H:R)xRj >R , H(p,q9)=3lpl*

Then L : RY x RY — R, (p,q) + (p, q) is a Lyapunov function because

d . . . 2
aL(CD,(p,q)) =(p.q)+(p.q)=(p.q) = lpl°=0.

Since L(p, q) = %% llg |2, the function ¢ — llg I>(¢) is convex. In this example,
we could have calculated this directly, because ||g|>(t) = |lgo + pot||*.

But we can argue similarly if the motion of the particle is perturbed weakly by a
force field. Under appropriate hypotheses, we can then conclude that the trajectory
still goes to spatial infinity as time # — =oo. This is why this argument is popular
in scattering theory (see for instance the proof of Theorem 12.5). In that context,
L is called escape function. O

7.3 Bifurcations

A dynamical system will frequently depend on parameters, like the example of a
spring with friction discussed in Chapter 5.4. As the parameter is changed, in general,
the phase portrait (i.e., the decomposition of phase space into orbits) will change.

It is possible that the dynamical systems for any two values of the parameters are
conjugate in the sense of Definition 2.28, so that we can find a homeomorphism of
the phase space that maps the phase portraits into each other, i.e., that maps oriented
orbits onto oriented orbits. We constructed such homeomorphisms for the linear
hyperbolic flows with the same index in Theorem 5.9.

But it can also occur that for a particular choice of the parameter, the phase portrait
changes qualitatively, in other words that it is not merely a deformation of the phase
portrait for other parameters, and thus such a homeomorphism does not exist. Such
a phenomenon is called bifurcation. The notion goes back to Poincaré, as do many
things in the theory of dynamical systems.

Qualitative changes of the phase portrait by bifurcation of a fixed point are called
local bifurcations, all others global bifurcations.

A special situation arises if the phase space itself changes in dependence on a
parameter. For instance, in Hamiltonian systems, the total energy is a constant of
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motion, so one can use its level surfaces as reduced phase spaces. As the energy
changes, these phase spaces can either remain homeomorphic to each other, or they
can change in shape.

7.3.1 Bifurcations from Equilibria

The simplest case is the theory of local bifurcations of a parameter dependent dif-
ferentiable dynamical system. Its phase space M and the parameter space P are
assumed to be differentiable manifolds.

So we study, for a level of differentiability n € N (or n = 00):

e in case of discrete time 7, a parameter dependent diffeomorphism
FP =F(G p):M—->M (peP)

given by some F € C"(M x P, M), and a fixed point mo € M of F ",
e in case of continuous time R, the parameter dependent differential equation

m= fP(m) for fP(m):= f(m,p)and f € C"(M x P,TM), (71.3.1)

with the tangent bundle 7y, : TM — M of the manifold M (see Appendix A.3)
and vector fields f”) on M (that is, 7y o f») = Idy,). For the parameter py € P,
let the point mq € M in phase space be an equilibrium ( f *?) (mg) = 0).

For local considerations in a neighborhood of (mg, py) € M x P, we assume with
no loss of generality that the phase space M is an open subset of R?, rather than
an arbitrary manifold, and that the parameter space P is open in R¥. Then we can
consider the vector field asamap f : M x P — R<.

7.10 Definition p, € P is called bifurcation point for the equilibrium m if

e D, F(my, po) € Mat(d, R) has a complex eigenvalue with modulus 1;
e Dy f(mg, po) € Mat(d, R) has an imaginary eigenvalue.

7.11 Remark

On one hand, this definition has the advantage that the condition can be checked
easily. On the other hand, we know as a consequence of Theorem 5.9 that for linear
differential equations x = Ax, these are exactly the non-hyperbolic system matrices
A € Mat(d, R) for which bifurcations do occur. And it is exactly in this case that the
solution operators exp(Ar) for times ¢ # 0 have a complex eigenvalue of modulus
1; this motivates the first part of the definition. O
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At these points (mg, po) € M x P, the parameter dependent phase portrait can
change qualitatively, but it doesn’t have to. Conversely, however, one has

7.12 Theorem (Parametrized fixed points) Let mg € M be a fixed point for the
parameter py. Under the following hypotheses there exist open neighborhoods PC
P of po and McM of my and a mapping m € C"(P, M) with m(po) = my that
parametrizes the equilibria locally:

e If 1 is not an eigenvalue of the matrix Dy F (mg, po). Then for p € P,
F(i(p), p) =m(p) ,and graph(in) = {(p,m)| F(m,p)=m} N M x P.
e If 0 is not an eigenvalue of the matrix D f (xo, po). Then

S (m(p). p) =0 ,and graph(i) = {(p.m) | f(m,p) =0} N M x P.

Proof: This is simply the implicit function theorem, applied in a chart of P x M to
F —pr,, withpry,, : M x P - M, (m, p) — m,orto f,respectively. O

In each case, the hypothesis is satisfied if m is not a bifurcation point.

7.13 Remark (Asymptotic Stability)

The theorem says that under small changes of the parameters, the fixed point cannot
disappear, nor can a second fixed point appear in its proximity. Instead, its location
changes according to m, namely with as much differentiability as the parameter
dependent diffeomorphism F or vector field f itself has.

If one even requires that pg is not a bifurcation point for the equilibrium m, then
in the case of continuous time, the index p + Ind (D1 fm(p), p)) of the system
matrix (Definition 5.2) is constant in a neighborhood of pyg.

A similar statement applies to the case of discrete time, for the number of complex
eigenvalues with modulus strictly less than 1. O

The situation is different in the following examples. The fact that they don’t generate
dynamical systems in the narrow sense since the solutions do not exist for all times
is of no relevance to the issue.

7.14 Example (Saddle-Node Bifurcation)
We consider the family of differential equations x = ") (x) := p + %xz, parame-
trized by p € P := R, on the phase space M := R.

e For p > 0, one has " (x) > p > 0, so there exists no fixed point.

e For p = 0, there exists only the fixed point xo = 0. It is unstable because the
general solution x(¢) = even diverges for the initial values xp > 0, namely
at time t = 2/xy.

e For p < 0, there exist two fixed points x.(p) :==+/—2p. x_(p) is an asymptot-
ically stable, and x (p) an unstable equilibrium, as Df P (x(p)) = x+(p).

/2
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The linearization of the differential
equation at the fixed points is of the T R
form v T

y=x(p)-y for p<0

and

y=0 for p=0.

So it is exactly at p = O that the

linearization doesn’t have the max-

imal rank 1. Saddle-node bifurcation & = p + %mz.
unstable fixed point: light red

)
¢
tor ot
f

This example shows how a pair consisting of a stable and an unstable fixed point can
disappear when changing a parameter p. %

7.15 Example (Hopf Bifurcation) On the phase space M := R?, the normal form
of the Hopf DE is
i= (’l’_pl)x — x|, (71.3.2)
with parameter p € R, see the
adjacent figure. Obviously, 0 €
M is an equilibrium for all val-
ues of the parameter. It is also the
only equilibrium since the norm
squared of the vector field on the
right side of (7.3.2) is, for x # 0,

1201% = xlI* (14+(p—11x[1*)?) > 0. ((

At the only bifurcation point py = X2
0 for this equilibrium, one has
DO = (15).
so the eigenvalues are not real. So X1
the equilibrium is preserved, but its
stability changes: On R? \ {0}, the P
ODE in polar coordinates, x; = The Hopf bifurcation (7.3.2)
rcosp,x; = rsing, (r,p) €
(0, 00) x R, is of the form

f:r(p—rz) , o=1,

4.2 . . . .

because f = & = 2D gpd = —xzj%;gfz =1.
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So the time derivative 7 will be negative when 7> > max(0, p), and positive when
0 <r? < p.Forr? = p > 0, one has i/ = 0, and we have found a periodic orbit of
period 27 (see also Example 3.35.2). O

In a sense, these two examples are typical for one-parameter bifurcations from fixed
points. Let us consider a continuous family

A:l - Mat(d,R) , t+— A

of matrices parametrized over an interval /. We assume that for parametert =0 € I,
the matrix Ao has at least one eigenvalue Ao with real part 0. Then there are two cases:
Ao = 0 or \g # 0. In the second case, Ao, X €iR \ {0} are two distinct imaginary
eigenvalues. If Ay has maximal rank subject to this stipulation, then a real Jordan
normal form of Ay is

— for \p =0,equalto 0 J € R Mat(d — 1,R)

— for Ao, Ao € iR \ {0}, equal to (3&) ‘390)) @ J € Mat(2, R) ® Mat(d — 2, R),

where in both cases the matrix J is regular. The first case occurs in a saddle-node
bifurcation, the second in a Hopf bifurcation.

7.3.2 Bifurcations from Periodic Orbits

As for bifurcation from a #y-periodic orbit O (my) in a parameter dependent dynamical
system @) : G x M — M:

e In the case of discrete time G = 7, and CD(I’)) = F® : M — M, it can be reduced
to bifurcation from the fixed point mg of the iterate CID,(({’ ) M — M.

e In the case of continuous time G = R and (%CD,(" ) |,_, = f, the situation can
also be reduced to bifurcation of the fixed point m of a certain mapping, which
is called the Poincaré map.

7.16 Definition

e For a vector field X € C"(M,TM) on the manifold M, a submanifold S of
dim(S) = dim(M) — 1 will be called a (1ocal) section transversal ro X, if

T.M =T,S @& span(X(m)) (meS).

e For the differentiable dynamical system ® € C"(Rx M, M) of the vector field X =
% D, |;—0 and apointm € M onaperiodic orbit, let S C M be a section transversal
to X, with m € S. For open neighborhoods U,V C S of m, a diffeomorphism
F : U — V is called Poincaré map of the orbit O(m), if F is of the form
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F(x) = ®(T(x),x),
with the Poincaré time
T:U— (0,00) , T(x):=inf{t >0]| d,(x) € V}.
7.17 Theorem

For every periodic orbit O(m) of ® € C"(R x M, M) with minimal period ty > 0,
there exist

e asection S C M withm € S, transversal to the vector field X, and
e a Poincaré map F € C"(U, V) with open neighborhoods U, V. C S of m, whose
Poincaré time T € C"(U, R") satisfies T (m) = to.

Proof:

e Since m is not an equilibrium, hence the vector field X = %(b, |;=0 1s nonzero at
m, there exists a transversal section at m: Namely, by the straightening theorem
(Theorem 3.46), there exists a C" coordinate chart (W, ¢) of M withm € W that
maps X [y onto the constant vector field e; = (1,0, ..., 0)" on p(W) C R".
Here d := dim(M).

With no loss of generality, we simply set p(m) := 0 € R? and calculate in the
local coordinates of the chart. With the projections
M:R - RY, TI(x) := (x,e1)e; = @1(x)e; and T+ := 1, — T, (7.3.3)

the set
W.={xeW| O] <e, [TTH@] <e}

is a cylinder for small € > 0, with W, = (—¢, ¢) x S. for
S:i={x e W.|II(x) =0}.
On W., the flow is of the form
D,(x)y=x+te; (xed., |t| <e), (7.3.4)
because X = ¢; on W.
e WeletU :={x € S. | &,,(x) € W.}. Then with
T:U— (0,00) , T(x):=1ty— <p1(<l>to(x))
and F : U — V := F(U), F(x) := ®(T(x), x), we have

F(x) = ®(—¢1 (P, (x)), Pyy(x)) €S-,
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because (7.3.4) implies ®(—p;(y),y) € S. for all y € W.. Since the flow
® is in C"(R x M, M) and the coordinate ¢; is in C"(W, R), it follows that
T e C"(U,R")and F € C"(U, V).

e For ¢ > 0, sufficiently small, T is a Poincaré time, i.e., T = T with
T:U—>R" , Tx):=inf{t >0]| ®,(x) € S.}.

because for t € (g, fy — €), it follows that ®,(m) ¢ W., else fy would not be the
minimal period. On the other hand, |7 (x) — fy| < € for all x € U, so we obtain a
contradiction to the existence of a sequence of x,, € U with lim,,_, - x, = m and
lim, . T (x,) € (0, tp). (I

7.18 Remark (Benefit of the Poincaré Map)

Whereas in general, the Poincaré map F : U — V from Theorem 7.17 does not
define a discrete dynamical system, since domain and range do not coincide, the
information contained in F is nevertheless sufficient to analyze bifurcations from
the periodic orbit. It is actually more appropriate for the purpose than the mapping
®,, : M — M, which has m as a fixed point as well.

Here is why: The linear mapping 7, ®,, on the tangent space T, M has X (m) as an
eigenvector for eigenvalue 1:

d

(o)
ar ¢ (m) 0’

d d
qu)tﬂ (X(m)) = Tm(bl() (E(Dt(m)‘t:()) = E¢t0+t(m) -0 =

which equals X (m). In other words, the linear mapping 7, ®,, — Idr, » has on 7,, M
a nontrivial kernel. So in the case of a parameter dependent dynamical system

®P :RxM—>M (peP),

CAC=

Figure 7.3.1 Left: Poincaré section; right: Bifurcation of a periodic orbit

if ®P0) has a periodic point m( with period #,, one cannot use the implicit function
theorem to conclude that ®”) has a periodic point 7 (p) of the same period #, for p
in a neighborhood of py. And usually this is not the case.

However, typically there do exist periodic points 772(p) of ®» with minimal period
t(p), m(po) = mg, t(po) = ty, and continuous maps p — m(p), p — t(p). O
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7.19 Lemma (Eigenvalues of the Linearized Poincaré Map) If O(m) € M is a
to-periodic orbit of the flow ® : Rx M — M, and if F : U — V is a Poincaré map
of this orbit with F (m) = m, then the complex eigenvalues satisfy>

spec(D®,,(m)) = spec(DF (m)) U {1}.

Proof: As the transversal section S. C M containing U and V has the property
TwM =T,S. ® span (X (m)) according to Definition 7.16, we can choose adjusted
coordinates just as in the proof of Theorem 7.17.

In these, x € W, = (—¢, ) x S, is of the form

x=y+se with (ser,y) = (Mx), T (x)) ,hence s € (—¢,¢), y €S-

with the projection IT from (7.3.3). With representation (7.3.4) of the flow in the
chart, @, (y + s ey) = ®,4,(y) equals

Dsiiy-1(3) © Pr(n) (V) = Pygr—r(r) © F(¥) = F(y) + (s + 1o — T())er,

thus .
D, om) (35) = (5 5w’ ) (3)-

This block structure implies the claim about the eigenvalues. (]
We have even proved that the algebraic multiplicity of the eigenvalue 1 of D®, (m)
is by one larger than that of DF (m). From this, we obtain

7.20 Corollary (Parametrized Periodic Orbits)

For the parameter dependent flow ®P : R x M — M (p € P) of (7.3.1), let
O(moy) € M be a periodic orbit of ®PV with minimal period ty > 0.

If the eigenvalue 1 of T, @550) has only algebraic multiplicity one, then this periodic
orbit may be continued in the following sense:

There exist a neighborhood P C P of py in the parameter space and mappings
meC'(P,S.)andt € C”(ﬁ, (O, oo)), with m(py) = mqy and t (pgy) = to, such that
the ®P -orbit through m(p) is periodic with minimal period t (p).

7.21 Exercise (Parametrized Periodic Orbits) Prove Corollary 7.20. Make pre-
cise in which sense these orbits are essentially unique. O

7.22 Remark (Bifurcations from Periodic Orbits)
If the eigenvalue 1 has a multiplicity larger than one, further periodic orbits with
similar period could bifurcate from the given periodic orbit.

The latter doesn’t happen if the hypotheses of Corollary 7.20 are satisfied, but
other bifurcation phenomena could still occur. For instance, as indicated in the right

3The spectrum spec(A) of A € Mat(n, K) is the set of its complex eigenvalues, For an endomor-
phism ¢ : E — E of a finite-dimensional K-vector space E, spec(y) is defined in the same way.
Here E = T,,M or E = T,,S;, respectively.
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half of Figure 7.3.1, the occurrence of an eigenvalue —1 could give rise to an orbit
of twice the period.

In Chapters 7 and 8 of ABRAHAM and MARSDEN [AM], one finds illustrations for
generic and Hamiltonian bifurcations respectively. O

7.3.3 Bifurcations of the Phase Space

As mentioned in the beginning of this chapter, the situation could occur in Hamil-
tonian systems with Hamilton function H : M — R that the (reduced) phase space
H~'(E) itself ‘changes its form’ in dependence on a parameter, since the energy,
being a constant of motion, can be viewed as a parameter.

Dependent on the structure of the dynamics, further constants of motion Fy : M —
R can exist, and we will combine them with H to a single mapping F € C*°(M, N).

Whenever such a mapping F of differentiable manifolds is given, the question
arises how the level sets F~!(f) change with f € N.

In the simplest, but untypical, case, F : M — N is a C*°-fiber bundle in the sense
of Definition F.1 in the appendix. Then N can be viewed as the base of the bundle,
and all the fibers F~!(f) are diffeomorphic to one standard fiber.

More frequently, this situation occurs only locally (see also [AM], Section 4.5):

7.23 Definition For manifolds M and N, let F € C*(M, N).

e F is calledlocally trivial at fy € N, if there is a neighborhood V. C N of fy such
that:

— Forall f €V, the set F~'(f) C M is a differentiable submanifold;
— There is a mapping G € C* (U, F‘l(fo)) onU = F~(V), forwhich F x G :
U — V x F7'(fy) is a diffeomorphism.

e The bifurcation set of F is
V(F) :={f € N | F is not locally trivial at f}.

Note first that at a locally trivial point, the restricted mapping F |, : U — Visa
C*°-fiber bundle, even a product bundle.

On the other hand, for singular values f € N of F (i.e., those for which there is a
pre-image m € M at which the linear mapping 7, F : T, M — T, N is not regular,
see Definition A.45):

7.24 Lemma The singular values of F belong to the bifurcation set V(F).
Proof: Let my € M and fj := F(m). We assume that F is locally trivial at fy € N.
Then rank(Tmo(F, G)) = dim(M). Since

rank (T,,, (G)) < dim(F~'(fy)) = dim(M) — dim(N),
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rank (7,,,(F)) = dim(N), and thus m is a regular point. O
One might conjecture that V(F') actually consists only of the singular values. But the
following example shows that this is not necessarily the case:

7.25 Example (Bifurcation Set)
For W : R — R, ¢ — —exp(—q?), (see top figure) only the minimal value —1 is
singular, because W’'(q) = —2¢g W (q) vanishes only when g = 0.

The bifurcation set of W is however V(W) = {—1, 0}, because W~ (E) = ¢ for
E >0and |W-Y(E)| =2 for E € (—1,0). To see that the values E € (—1, 0) are
locally trivial, we use, in Definition 7.23, the sets V := (—1,0) and U = F (V)=
R*, and the mapping w

‘ q

G: R > w (B,

q > sign(g)y/In(1/|E|).

If we understand W as a potential
of the Hamilton function

H:R,xR, > R, H(p,q) = }p*+W(q),

_/_¥
then V(H) = {—1, 0} as well. q

Level sets of H are displayed in the lower figure. Their topological type changes
at the bifurcation set: Whereas the level sets for E > 0 are diffeomorphic to two
copies of R, H~!(E) is diffeomorphic to a circle S' for E € (=1, 0). For E < —1
inturn, H '(E) = 0. O

In Section 11.3.2, we will study bifurcations for the (integrable) two center model of
celestial mechanics.

7.26 Literature A more extensive look at bifurcation theory is found in GUCKEN-
HEIMER and HOLMES [GuHo]. The monograph [MMC] by MARSDEN and
MCCRACKEN on the Hopf bifurcation can also be obtained online. MARX and VOGT
[MV] combine theory and numerics of bifurcations. O
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Chapter 8
Variational Principles

Parabola slides, Zentrum Mathematik, at the TU Miinchen
(Technical University of Munich, Germany).'

The Lagrange equations arising from a Lagrange function are second order differen-
tial equations. With this formalism, it is possible to realize constraints (such as occur
in applications when objects are affixed to an axle or connected by rods) by simply
restricting the Lagrange function.

!Image: courtesy of Zentrum Mathematik (Technical University of Munich, Germany).
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Variational principles interpret solutions to differential equations as extrema of
functions that are defined on spaces of curves. This interpretation simplifies the task
of finding solutions, but also is a conceptual preparation for quantum mechanics.

8.1 Lagrange and Hamilton Equations

So far, we have adopted the point of view that the goal of analytical mechanics is to
find the solutions to the Hamiltonian differential equation, given the Hamiltonian,
or, should this turn out to be impossible, at least to study qualitative properties like
fixed points, stability, etc.

It has not been analyzed how to find a Hamiltonian function that describes a given
mechanical system.

Certainly, to some extent, this question is not a mathematical one, but rather
belongs to the domain of modeling in physics. On the other hand, nevertheless, it is
possible to calculate the Hamiltonian of a system in physics, if only a certain form
of elementary interactions (like electromagnetism, or gravitation) is assumed.

In doing so, however, there is a problem related to the notion of momentum.
Whereas position and velocity of a particle are well-defined quantities that can be
measured,” the momentum is a dependent quantity for which a measuring protocol
can only be found after the Hamiltonian H is known. The velocityisq = D H (p, q).
Therefore the momentum is proportional to the velocity only if the Hamiltonian is
of the form H(p, q) = c|p|*> + V(q).

This is one of the reasons why, next to the Hamilton function, also the Lagrange
function is important in mechanics. The latter is a function of positions and velocities
(rather than positions and momenta).

In the example just considered, the associated Lagrange function is

L(g.q) = +14dlI> = V(g). 8.1.1)

The first term in the sum is also called kinetic energy, the second potential energy of
the particle. As both terms are subtracted, rather than added, the Lagrange function
is in general not a constant of motion. This disadvantage is contrasted however (as
will be shown in Section 8.2) by the fact that constraints can be incorporated easily
into the Lagrange formalism.

In any case, one can typically switch between these two formalisms of mechanics
(see Theorem 8.6).

2This also applies in special relativity, in each inertial frame, and one can convert between different
inertial frames.
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The most direct, and historically first, formalism of mechanics is the one by
Newton, namely the law

Force = Mass x Acceleration, or F(q,q,t) = mg.

This formalism gives the equations of motion immediately.

As seen in the introduction already, it is useful to observe that the force frequently
is not just a function of the position ¢, but also that it can be represented as the
(negative) gradient of a real-valued function V of ¢:

F(g)=-VV(q). (8.1.2)

From this fact, and with the momentum p = muv, we conclude that Newton’s

equations arise as Hamilton equations from the Hamilton function H(p,q) =
2

% + V(gq). From Theorem 6.3, one concludes:

8.1 Corollary The force field F € C'(U,R") on an open and simply connected
(e.g., convex) configuration space U R is a gradient vector field if and only if its

components satisfy

OF;, OF;

—=— (i,kef{l,...,n}.
g 0gi

For instance, when n = 3, this means that the curl of F has to vanish.
Soitis a specific form of the forces that allows to express the mechanical equations
of motion in terms of a single function.

8.2 Definition

e For a function L € C* (U xR?, R), called Lagrange function, or Lagrangian,
with an open configuration space U C Ry, the system of differential equations

d oL OL

G @D=5 @D (=10 (8.1.3)

is called Lagrange equation(s) of L.
e p:=D,L(q,v) is called (generalized) momentum.
8.3 Example The choice ¢ := 1/(2m) in (8.1.1) yields L(g, v) = %I|v||2 —Vig).

So the Lagrange equation mg = —VV (g) corresponds to the Newtonian equation
of motion of a particle with mass m in the potential V. O

In this example, we can solve the equation p = D, L(g, v) defining the momentum
for v, namely v = v(p, ¢) = p/m. If we now consider the Hamiltonian

2
H(p.q) = (p.v(p.q)) — L(g.v(p.q)) = % +V(q), (8.1.4)
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and rewrite the Lagrange equations as a system of 2x first order equations, using the
momentum, one obtains that these equations

mb:—VV@)]¢:>[ﬁ=—VVW)
g=v qg=p/m

are the Hamiltonian equations of H.

We want to make such a connection for other Lagrangians as well. The question
arises which hypotheses on the Lagrangian L allow for the equation p = p(gq, v) =
D, L(g, v) to be rewritten in such a way that v = v(p, ¢) becomes the dependent
variable.

This geometric problem of a variable transformation defined in terms of derivatives
is solved by the Legendre transform (see Appendix C).

For those Lagrangians that satisfy the relevant condition, (8.1.4) will yield a
Hamilton function whose Hamiltonian differential equation is equivalent to the
Lagrange equation of L.

8.4 Example (Legendre Transform of Quadratic Forms)
For a symmetric matrix A € Mat(d, R), A > 0, the quadratic form

fiRES R, fx) =1 (x, Ax)

1
2
has the second derivative D? f (x) = A and the Legendre transform

F*(p) = sup ((p. x) — f(x)) = (p. x(p)) — 1 (x(p), Ax(p)) withx(p) =A""p,

xeRd

hence f* : RY — R, f*(p) = 1 (p, A~'p). This relation serves, e.g., to convert the
kinetic energy from velocity coordinates to momentum coordinates. O

8.5 Exercise (Legendre Transform) Let H : R? — R be convex and

H*:R! > RU({+o0} , H*(q):= sup ((p,q) — H(p))
peRd

the Legendre transform of H.

(a) Show: If H(p) = %||p||’ with r € (1,00), then H*(q) = %||q||s, with
Lyl

(b) Now choose H(p) = % (p, Ap) + (b, p) 4 ¢ with a symmetric, positive definite
matrix A, b € R? and ¢ € R. Determine H*.

Remark: This formula is used for the Legendre transform of the Lagrangian that
describes the motion in an electromagnetic field, see Exercise 8.8 (b). O
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More generally, we now apply the Legendre transform to convert the Lagrangian
into the Hamiltonian, and conversely. This can be done if the growth in the velocity
is quadratic’:

8.6 Theorem
For L € C*(U x R?, R) with an open U C R’;, let there exist an a > 0 such that

(w,D%L(q,v),w)za(w,w) ((q,v) ceUxR), w GR”).

e Then, with the momentum p = p(q,v) = D,L(q, v), the function

|H(p,@) = (p,v) — L(g, V)]

is the Legendre transform of L with respect to v, and H € C 2(]1%;’7 x U, R).
e The Lagrange equations (8.1.3) are equivalent to the Hamilton equations

. OH ) OH
P dqi "= opi
Proof: e In the relation between H and L, the quantity ¢ € U plays merely the role
of a parameter. Letting £, (v) := L(q, v), Theorem C.7 tells us that v = p(g, v) =
DL, (v) is a diffeomorphism onto the image. This image B := p(q,R") € R" is
however again R” due to the hypothesis D%L(q, v) >all.

e Let us consider the mapping

P:U xR] —>R; xU , (9)+— (g) _ (DL.L;q,v)).

By what has just been proved about the mapping v — p(q, v), the mapping P is
once continuously differentiable and bijective. At the point (g, v) with image (p, ¢q),
its total derivative is given as

2
Dot = (POHL O D).

The Jacobi matrix has the determinant (—1)" det (D%L) # 0 and is therefore invert-
ible. Then, by Theorem 2.38, & is a locally invertible, hence a local diffeomorphism;
and being bijective, it is a diffeomorphism.

e It follows from Theorem C.9 that H has the same order of differentiability as L
does.

e The equivalence of the equations of motion follows by taking the total exterior
derivatives of H and L: On one hand, dH = D,H dp + D, H dq, on the other hand
in view of D, L = p, the exterior derivative dH = d((v, p) — L(q, v)) equals

3 As the statement of Exercise 8.5 (a) indicates, this condition is by no means necessary.
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vdp+ pdv—-Dy,Ldq —D,Ldv=v(q,p)dp—D,Ldgq.

Comparing coefficients yields § = v =D,H, D;,H = —D,L = _(?TDUL = —p,
if we assume the Lagrange equations D, L(q, v) = %DUL(q, v) (along with the
definition v = i—? of the velocity). (]

Conversely, from a Hamiltonian H that is convex in the momentum p, we can obtain
the Lagrangian by means of the Legendre transform with respect to p.

8.7 Example (Relativistic Hamiltonian)
If ¢ > 0 denotes the speed of light, the Hamiltonian of a free relativistic particle with
mass m > 0 is

H:]R; XRZ —R , H(p,q) =cJ/|pl? +m232.

Interpreting H as the total energy, we obtain a Taylor expansion

- 2 lp ”2 4
H(p,q) =mc”+ —— +O(lpl") .
2m
in which the first term is called rest energy and the second term is the non-relativistic

kinetic energy. Here the velocity

p

G¢=D,H(p,q) = c——o—o
! VIpIZ+ m?e?

can take on only values of absolute value strictly less than the speed of light c¢. The
Lagrangian L : RY x Uc(0) — R equals

m*c® 2 [[v]]?

—mc 41—

VPP +m2c ?

In this example, the domain of L is not all of RZ x RY, as DIZ,H fails to satisfy the
hypothesis of Theorem 8.6. O

L(g,v) = (v, p(v)) — H(p(v),q) = —

8.8 Exercise (Legendre-Transformation)

(a) A particle is moving in the configuration space R? in a central potential
V:R2—>R , V(g)=U(lgl) with U:R—R.

Re-express the Lagrangian i(q, v) = %||v||2 — V(g) in terms of planar polar
coordinates (r, ). Let the result be called L. Calculate the Legendre transform
of L with respect to velocity (v,, v,).

(b) The motion of a charged particle in an electromagnetic field is described by the
Lagrangian
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LeC®Rl xRl R) , L(g,v) = imllv|* — ed(q) + < (v, A(q))

where ¢ € C®°(R",R) and A € C®(R",R"). Here ¢ € R is the charge of
the particle and ¢ the speed of light. Calculate the Hamiltonian by means of a
Legendre transform. O

8.2 Holonomic Constraints

In many cases, the motion of the particles to be described is restricted in some way
or another. For instance, we will discuss the example of a bead on a wire.
Letus consider the motion of a particle in an m-dimensional submanifold § € R7.

Let the Lagrangian of the particle in Ry x R} be L. Near a point ¢y € S, we can
parametrize S locally as ¢ = g(x), x = (xq, ..., Xim)-

8.9 Definition With L(x, w) := l~,(q (x), Dg(x) w), the ODE of second order

d
EDZL(X, X) = DIL(x7 X)

is called system with configuration space S and holonomic constraint.

8.10 Remark (Non-holonomic Constraints)
By restricting the location ¢ to the submanifold S € R7, the velocity is restricted to
the subspace 7, S of the tangential space 7;R7.

In a neighborhood U C RZ of Q, the manifold S can be written as the level set
S = F~1(0) of the regular value 0 of some function F € C®(U, R"™).
This function defines the geometric distribution Dy on U (see Definition F.23):

Dp :={(u,v) |ueU, veT,U, (DF),(v)=0} < TU.

This is a smooth family of subspaces ker(DF), C T,U. So if we consider, for
an initial configuration go € U not necessarily lying on S, only those trajectories
¢ : I — U with ¢(0) = go and (c(t),c'(t)) € Dp, then these trajectories will
accordingly remain on the level set F~'(f) of f := F(qo).
Such a constraint that is defined by the distribution Dy is also called holonomic.
We are here not interested in the question which choices of f can be realized in
the context of physics. An example would be F : R> — R, F(q) = |lq|% ie., a
pendulum in the plane with adjustable length f.
However, what is of interest is the following generalization:
Define a constraint as a distribution D C TU in the configuration space. We
call the constraint holonomic if this distribution is integrable, and non-holonomic
otherwise. Non-holonomic constraints occur in the example of a rolling ball (see
Chapter 14.4). O
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If we want to describe the motion of a particle on a submanifold S of the configuration
space, we first give the Lagrangian L of the particle that can move freely in RY, then
calculate L, and from it, if desired, the Hamiltonian H : T*S — R by means of the
Legendre transform. Here 7*S is called the cotangent bundle of S, which is a 2m-
dimensional manifold whose points are pairs (p, x) with x € S and p the canonical
momentum.

While initially the above construction is only valid in a neighborhood of g € S,
we will discuss the notion of a manifold in Appendix A.2, and it will allow us to
discuss the global motion on S.

8.11 Example (Bead on a Wire)
A bead slides on a circular wire without friction. The circle of radius R is centered at
0 € R3. It rotates with angular velocity
w about the (vertical) g;-axis, and the
plane in which the circle lies contains
this axis (see figure).

Denoting by 1 the angle between
the lower equilibrium position and the
actual position g of the bead, one has

q —cos(v)
q = (qz) =R sin(v) sin(wt) | .
a3 sin(1)) cos(wr)

The Lagrangian of the bead is thus of
the form L(g,v) := %||v||2 - Vi),
namely it is the difference between
kinetic and potential energy. The latter
is equal to V(g) = mgq, where g > 0
is the acceleration of gravity as usual.

The bead has one, rather than three, degrees of freedom. Accordingly, we write the
Lagrangian as a function of v, the angular velocity v, = %, and possibly the time ¢
(see also PERCIVAL and RICHARDS [PR2]). We get

g sin(y)y) .
qg= 14| =R | cos(¥)sin(wt)y + w sin(v)) cos(wt) |,
q3 cos(1)) cos(wt)th) — w sin(v) sin(wt)
hence )
117 = R? (¥? + w?sin® (1)) .
Moreover, V(q) = —mgRcos(v), and therefore in the new coordinates, the

Lagrangian takes the (time-independent) form

2

R 2R
L, vy) = mij, +mR (g cos(1)) + ”T sinz(w)) .
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The conjugate momentum p,;, for the angle 1) is therefore

oL R
W = T = m Uy -
Thus the Hamiltonian has the form
P2
H(py. ) = vopy = LW vy) = 3t —mR (g cos(d) + Jw’Rsin*(1))

We may restrict our discussion to the case m = R = g = 1, which can always be
achieved by appropriately rescaling length, energy, and time. We then get, with a
new angular velocity Q := w +/R/g, the new Hamiltonian

Ho(py,¥) = 505+ Wa@)  ((py, ) € M)

with the potential Wq(v)) := — cos(y)) — %2 sin?(1)). The phase space of Hy, is the
cylinder M := R x S'.
For Q@ = 0, one has Wy(¥)) = — cos(v)), so the potential has a non-degenerate

minimum in the location of the lower equilibrium 2 = 0 (Figure 8.2.1).

Wa
1,

Figure 8.2.1 Potential W for Q =0, Q2 =1and Q = V2

On the other hand, for larger |2|, the centrifugal force becomes dominant, and
Wqa (1) has minima for values of ¢ that are close to £7/2 (see Figure 8.2.1).

In the phase space portrait of Hg, this translates into a bifurcation (see Figure 8.2.2).
For all values of €2, the lower equilibrium in M, namely the point with the coordinates
(py, ) = (0, 0), is a zero of the vector field

—ng(w) _ (— sin(¥) + 422 sin(2y)

XH (p by w) = (
o Y P P

) ((pys ¥) € M)

associated with Hg. We can calculate its stability by studying the linearization
DXy, (py, ) = (?*Wg(w). The eigenvalues of DXy, are 4,/—det(DXy,).
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Q=0 Q=1 Q=v 2

Py 0 p,_.. 10 Py 0

T 1 W

Figure 8.2.2 Phase space portraits for Ho

Because of
det(DX p1,) (1)) = W (1) = cos(y)) — Q7 cos(29) ,

they are equal to =+/—1 + ©2, namely imaginary for |2| < 1 and real for || > 1.
Thus for angular velocities whose absolute value is below the bifurcation value 1,
the lower equilibrium will be Lyapunov-stable according to Remark 7.9.1, whereas
for larger values of the angular velocity, it will be unstable. O

8.12 Exercise (Bead on a Wire) A bead with mass m slides without friction under
the influence of acceleration of gravity g on a parabolic wire of the form z = %azxz,
where the z-axis points vertically upwards. The wire rotates with a constant angular

velocity w about the z-axis.

(a) Calculate the Hamiltonian H.

(b) Investigate the stability of the point (0, 0) by means of the linearization of the
Hamiltonian vector field X .

(c) Show that for ga2 > w? (i.e., slow rotation) and energy E, the bead performs a
periodic motion with period

Sm (50 o'E , \"
T:T/O (1+ 7 sm2(9)) de

with 8% = %(goz2 —wh). O

8.3 The Hamiltonian Variational Principle

The shortest connection between two points xg, x; € R" is the segment connecting
these points. This can be proved by considering all possible paths between the two
points. If these paths ~y are continuously differentiable with respect to their parameter,
they have a well-defined length:
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1
V0> B, ) =x0 v =x1 , 1()) :=/ L(5)) dr
0

with Lagrangian
L) :=|v|| = /vi + ...+ v2.

The length functional I is therefore a mapping from the set of eligible paths into
the real numbers. Such a functional, just like a function defined on a finite dimen-
sional space, can have minima, or, more generally, extrema. And just as in the finite
dimensional case, the linearization at the extremum will be the zero mapping: The
variation of I vanishes there.

Let us generalize this approach. In doing so, we will assume that functions consid-
ered in the sequel are smooth enough for our purposes. L will be a general Lagrangian
that may depend on time.

So if configuration space is an open set U < Ry, then we consider a Lagrange
function

LeC*(UxR!x[to, ], R).

Choosing (for instance) the space

X :={y e C*([to. 11, U) | 7(to) = x0. 7(t1) = x1}

of paths from x( to x; € U, we use the action functional

I:X—>R , I(fy):/lL(’y(t),"y(t),t)dt.

fo

T
The difference & := ~; — v, of two
paths with common start point xo and
end point x; is amapping & belonging
(1)
to an R-vector space, namely to

Zo

Xo == {h € C*([to. 1], R") | h(ty) = h(t;) = 0}.

Here X is neither finite dimensional (as is seen easily in a Fourier representation of
h € Xp), nor is X a linear space.
On the vector space X, we can, for instance, introduce the norm

Ihllo == sup (2@ + IDA@I) .

telty, 1]
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This norm leads to the metric d (71, 72) := |71 — 721lo on X. The image of a curve
v € X is a compact subset of U € R”, and the complement R" \ U is closed. So
there exists an € > 0 such that the image of (v + k) : [fo, f;] — R” lies in U if
Allo <e.

8.13 Definition A functional I : X — R is called

o (Fréchet) differentiable at v € X if there exists a bounded linear mapping L., :
Xo — R such that

I(y+h)—1(y) = Ly(h) +o(|hll)) (h e Xowithy+h e X). (83.1)

e [ is called (Fréchet) differentiable if L., exists for all v € X.
e 1 is called a stationary point (or critical point) of I if L, = 0.
e [ iscalled continuously differentiable if even the mapping v +— L. is continuous.

8.14 Notation (Functional Derivative) If the linear mapping £, exists, then it is
uniquely defined by (8.3.1). More common than £, are the notations d/ () and
DI (+).* With this notation, DI () = 0 for stationary points .

8.15 Theorem For L € C*(U x R? x R,, R) and ¥(1) := (v(1), (1), 1),
I:X—>R, I(y):=[L{HW®)d (8.3.2)
is a differentiable functional, whose derivative is
(DI),(h) = ft(’)‘ [DiL — 4D,L] 0 5(r) h(t)dt  (h € Xo). (8.3.3)

Proof:
e The left side of the equation (8.3.1) defining £, is

IOy +h) = 1) = [ L(3@) +h(0), (1) + h(1), 1) dr — [ L(F@)) dr

= / [DILGF(®) - h(t) + D2 LGE@) - k()] df + O (|A]3) -

By integration by parts, we get rid of the time derivative of the variation /:

Ju D2L(3®) h(6)dt = DoL - hly = [ot §(D2L(G)) - h(6) de

ty dr

Since h € Xo, we have h(ty) = h(t;) = 0, hence (DI),(h) isindeed given by (8.3.3).
e D/(vy) : X9 — Ris bounded, with operator norm

IDIMI = sup (DI, (h)] < (11 —19) sup [[(DiL — EDs2L) 0 F(1)]|,
heXo, hllo=1 telto, ]
because the vector valued function is continuous on the compact set [#, #;]. [l

4When we apply the operator DI (7) to a vector /&, we write ~ as an index.
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8.16 Theorem (Hamiltonian Variational Principle)
v € X is a stationary point of the functional (8.3.2) if and only if v satisfies the
Euler-Lagrange Equation

(DlL — %DQL) o :)'/(l‘) =0 ([ € [19, ll]). (8.3.4)

To prove this theorem, we prove a simple lemma.

8.17 Lemma (Fundamental Lemma of the Calculus of Variations)

If f € C([to, t], R) satisfies the condition ft;‘ f@®h(@)dt = 0 for all h €
C([to, 111, R) with h(ty) = h(t) =0, then f = 0.

Proof: Assume that instead f # 0. Then, as f is continuous, there exists a t* in the

open interval (fy, t;) with f(t*) > 0 (or < 0, with an analogous argument). Thus
there exist € > 0 and ¢ > 0 such that [t* — e, t* + €] C (ty, t;) and

f)y=c (telt*—e 1" +e]).
Choose a cutoff function h € C([to, tl, R) with 4 > 0,

0,r<t*—c¢
. * __ € *
h(it)y =31, ¢ 5 <t<t*+
0,t>t"+e¢,

(SO

(see figure). Then [\ f(t)h(r)dt >
ce>0. O
Proof of Theorem 8.16:

e If v € X is a stationary point, i.e.,

DI () = 0, then it follows with (8.3.3) % 1 { % { 1 %
that 0o tr—e * t*+¢eiy

0 = (DI),(h) = / 1 [DlL - %DZL} 0 (1) h(t)dt  (h € Xo withy + h € X).

fo

Applying Lemma 8.17 on the n components of & € X, (which can be varied inde-
pendently), yields the Euler-Lagrange equation (8.3.4).

e Conversely, the vanishing of D/ () follows from (8.3.4) according to (8.3.1). O
Thus the solutions of the Euler-Lagrange equation are precisely the extremals of
the action functional /. This in turn is the integral of the Lagrangian along a path
on phase space® U x R" = T U, namely the tangential space of U. The argument
of L is the curve t — ~(t) = (w(t), f'y(t)). Under a coordinate transformation of
the configuration space with a smooth diffeomorphism 7 : U — V, the curve
v : [to, t1] = U becomes ¢ o y : [ty, 1] — V, and 7 becomes

5We assume here for simplicity of the discussion that L does not explicitly depend on the time.
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—~

Yoy :lto,nn] = V xR" | thoy(t) = (¢ ox(t), Dby ¥(1)).
Soitundergoes the transformation rule of a curve in the tangential space (see Theorem
A.42), and we have proved:

8.18 Lemma If v satisfies the Euler-Lagrange equation for L € C? (U x RY, R),
then the same is true with 1) o v and L o W™, where

V:UXxR"—> VxR, ¥(g,v):= (1/)(61), Dz, U)'

This behavior with respect to transformations allows us to also consider, for curves
vyeC 2 ([to, nl, M ) in a configuration manifold M, the action functional

1(7) = / L(y(0),4(0) dr

fo

of Lagrange functions L € C?(T M, R) on the tangent bundle 7 M of M, see Appen-
dix A.3.

8.19 Remark (Functionals)

1. Notevery functional has a stationary point (this is already true for functions, after
all). As an example, take the length functional L (x, v, t) := |[v|| in the punctured
plane U := R?\ {0}. The segment from x, := (Bl) to x; = ((1)) contains the
point 0 € R2. So within U, there is no shortest curve between xo and x;.

2. Extremals need not be unique. As an example, consider the space

X = {WECZ([O, 11, 8%) \W(O)Z (%) )= (gl)}

0
of those curves that connect the north pole ((1)) to

the south pole (_81 ) on the sphere
§? = {x € R?®| ||lx|| = 1}, and the functional

1 2
dy
I(y):=2 —@)| dr.
o=t o
The segments of great circles that begin at the north S
pole and end at the south pole are extremals of / Geodesics connecting
(see adjacent figure, and also Example G.14.2). north and south pole

3. Even if the image of a curve is unique, its parametrization need not be unique.
An example is the length functional /(y) = fol [I7(®)]| dt, because under a dif-
feomorphism ¢ : [0, 1] — [0, 1] with ¢(0) = 0 and c¢(1) = 1, it transforms
as
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1 1
J lateon] o= |
0 0

with the new parameter s = c(¢). Sometimes, this nonuniqueness of the parame-
trization causes trouble. This is why the energy functional

d
—(c(0))

d 8.3.5
” s ( )

d
57(5)

1
vw%/ I5@) 1% dt
0

which has just been used in Remark 2, is preferred. Up to parametrization, it
has the very same extremals as the length functional, but the parametrization is
unique (see Remark G.3.2). O

8.20 Exercise (Example on non-Minimality of the Action Functional)
Given the Lagrange function

LeC®R*xR*R) , L(g,v):=i(IvlI* —g3).

where ¢ = (g1, ¢2) " In physics, this could describe a particle moving in some gutter
with a certain — shaped cross section.

Problema novem ad cujus (olutionem Mathematici y

invitantur. f x

Datis in plane verticali dvobus punilic 4 & B (vid Fig. 5]
affignare Mobili M, viam AMB, per guim gravitate fus defiendens &

msveriimcipiens & punile A, brevifimo sempore perveniar ad alterum B
punilum B,
Ut harum reru ft & proy anime

f«:nwr:-‘.l!ﬂumwhtl]\l\p:lﬂ)lcmnm}(iant non confiltere in nuda
fpeculanane, ut quidem videtur, ac fi nullum haberet ulum ; habet
i § L & i 9 me(hlni(ls\tilmd nemo
facile credideric. Interim (utforeeq Jam praecipin udicio obyis

Figure 8.3.1 Left: Johann Bernoulli’s announcement [Bern] about the brachystochrone problem.
Right: A family of cycloids (to go with the box on page 169)

(a) Calculate the extremals ¢ that satisfy ¢(0) = (0,0)" and ¢(T) = (c, 0)" for
the action functional I (q) = fOT L dt. (Be sure to take care to distinguish times
T =nmand T # nm.)

(b) Show, for the solution g(¢) = (7 ¢, 0)" and any variation ég of ¢, i.e., for
dq € C*([0, T1, R?) with 6¢(0) = (0,0)T and §¢(T) = (0,0) T, that

X(8q) :==1(q +389) — 1(q) = L [ (180 |*> = 6g3(1)) dr .

(c) Next evaluate X (dg) for a variation dqg = (dq,, 6g>) " with

o0

Sqr(t) = ch sin (Z4) ., gi(t) =0 , where Z(n cn)? < 00.

n=1 n=1
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(d) Based on the result from (c), explain that I (¢) is minimal for times 0 < 7" < 7,
but that for Im < T < (I + 1), there is an /-dimensional subspace on which X

is negative definite.

The Challenge by Johann Bernoulli

In the Acta Eruditorum, which was the first scientific journal in Germany,
Johann Bernoulli from Basel (at the time living in Groningen) published the
following question in 1696:

“If in a vertical plane two points A and B are given, assign to a moving point M
such a path AM B along which the point M will pass most rapidly from A to B,
based on its own gravity.”

This problem was solved by many of the most significant contemporary
mathematicians: next to Johann Bernoulli himself, by his older brother Jakob
(whom he despised), by Leibniz, de I’Hospital, Tschirnhaus, and Newton.

The problem itself had already been mentioned by Galilei in [Gal2], where
he claimed circular segments to be the solutions. With the newly developed
methods of the differential calculus, segments of cycloids could now be
identified as the true solution paths (Figure 8.3.1).

Despite certain variational problems like the one by Dido being known since
antiquity, this brachystochrone problem (as it came to be known) is the
beginning of the modern calculus of variations.

The quest is for a function ¥ : [0, xp] — R, whose graph is the path
of minimal time T (Y). The path starts at the origin A = 0 e R? of the
plane, and the end point has coordinates B = (xp, yp) with xz > 0 > yp.
Therefore Y (0) = 0 and Y (x5) = yp.

As M starts at A with zero speed, M will, under the influence of gravitation,
have at height y < 0 the speed /—2gy, where the acceleration of gravity is
g. This makes

T(Y) = / L di (8.3.6)
0

Instead of determining the Euler-Lagrange equation for L(y, v) := ,/ 1:;;; ,

we write down the Hamilton function H that is associated with the Lagrange
function L by Theorem 8.6, as a function of y and v:

O
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H(y.v) = DaL(y. v) v — L(y. v) = i et =
’ 2= T a2y VY T o agy)

Denoting the constant value of H < 0 as —1/,/4gr, we conclude therefore

1+Y'(x)* = Y'x) or Y'(x)= —1—Y2(;). (8.3.7)

This is the differential equation of cycloids, i.e., of curves that have the
parametric form

x(t)=r (t — sin(t)) , y@t)=—r (1 — cos(t)) (t e R)

and thus satisfy Y'(x) = £ (3 rrin iff{f) (See the figure on page 169.)
The given solutions Y have a derivative that diverges at x = 0, so strictly
speaking they do not belong to the class of admissible functions. On the other
hand, nowadays even less smooth solutions are considered. Minimality and
uniqueness of solutions can be shown by means of a maximum principle,
which is a technique from the theory of optimal control. See SUSSMANN and
WILLEMS [SW].

Johann Bernoulli claimed that his solution would be “quite useful also for
other areas of science than mechanics”. Well: The halfpipes used in skate-
boarding are often shaped with a cycloid cross section.

While the parabola shaped slides depicted in the beginning of the chapter are
not optimal for time, they are more comfortable than the brachystochrone,

since with them, the trip does not start with a free fall.

8.21 Exercise (Tautochrone Problem)

Show that the cycloid also solves the tautochrone problem, namely that all mass
points starting at an arbitrary location of the curve with speed zero should arrive at
the lowest point of the curve at the same time. O

8.4 Geodesic Motion

We investigate geodesic motion on submanifolds M C R". Submanifolds are often
defined as pre-images, and by their Definition 2.34, they can always be so represented
locally. So let W € R” be open, F € C*°(W,R™),and 0 € F(W) C R™ a regular
value of F, and let M := F~'(0) be the submanifold. We are interested in the free
motion on W, given by the Lagrangian

L:WxR! R, Lig,v) = vl


http://dx.doi.org/10.1007/978-3-662-55774-7_2
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and its restriction by the holonomic constraint g € M.

As on page 27, we restrict the coordinate diffeomorphism ¢ : U — R”" to the
neighborhood V := U N M of ¢ in M and write it in the form

elv(@) = (¥(2),0) € R x R™,

where d := n —m. The mapping ¢ : V — R? can be smoothly inverted on its image
V' = (V) C R? x {0} = R?, and we get the local coordinates

g =v":V >V

inV C M, see Figure 8.4.1.

% o ‘ p(U)
N (ﬂ . Rrm
e v Ay

Figure 8.4.1 Construction of local coordinates in V C M

The Lagrangian L defined by
L:V xRS R , Lx,w):= L(q(x),Dq(x) w) ,

namely L(x, w) = 5 [|[Dg(x) w||?, is of the form

1
7

n 8Qk aqk

d
L(x,w) = %UZ;I gi,j(x)w; w; with g; ;(x):= 8_)ci(x) aj(x). (8.4.1)

k=1

8.22 Lemma The matrix valued function g : V' — Mat(d, R) (also known as the
first fundamental form) is ¢ Riemannian metric on V, i.e.,

gij=gj; G j=1,....d) and g(x)>0 (xe V).
Proof:

e The symmetry of g follows immediately from its definition.
eForallx e V/,
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d
> gii@wiw; =[Dg) w|*>0  (weR\({0}):

ij=1

here ¢ is positive definite because, along with v, its inverse ¢ : V' — V is a
diffeomorphism as well, and therefore rank(Dq (x)) =d. O

Since M can be covered by open sets of the form V', we obtain a metric on all of M.
The Riemannian metric allows us to measure lengths of curves independently of a
coordinate system. The length of a curve ¢ : [0, 1] — V is defined by

1
L) = /0 2 0 GO) L0 Sy ar = / 2L (60, £(1)) d

with ¢ := 1 o c.0

The extremals of this functional, which is by (8.3.5) independent of the parame-
trization, coincide, up to parametrization, with the extremals of the functional given
by the Lagrangian L.

By

d 091, () L. dg; (x)
D;L(x,w) = %Z é)jcl . %Z ij

ij=1
and

d d
DyLx,w) = [ D g1j@wj. ... D ga; 0w |

the Lagrange equation is

d

d
0gi.j(x) . . dar.
1 ,J o j B
Eijz=:1 Ox H= Z(gk](x)xj +Z x] i (k=1,...,4d).

j=1

We define the Christoffel symbols by

89, gl J

h . h.k ..
1",»,,»()6)-—29 ()( ()) @ jh=1,....4d),
(8.4.2)
where (¢"*){ ,_, is the matrix inverse to (gk,,»)f’l.= ,» and the Einstein summation
convention has been used, namely the convention that summation over indices
occurring twice is to be tacitly understood.

8x

The length functional £ is not to be confused with the Lagrangian L !
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With this, we obtain the equations

BT @i =0 (h=1,....d). (8.4.3)

They are called the geodesic equations, and its solutions # — x(t), geodesics.

We first notice that the metric tensor g, and thus also the geodesic equation,
contain only informations about the intrinsic geometry of the d-dimensional sur-
face M, independent of its (isometric) imbedding. So we can study geodesic motion
on Riemannian manifolds (i.e., manifolds with a metric tensor) independent of any
imbedding.

8.23 Exercise (Euler-Lagrange Equation in Polar Coordinates)
Consider the plane R? with polar coordinates.

(a) Calculate the Christoffel symbols determined by the Lagrangian of free motion.
(b) Write down the length functional for curves in R? and the Euler-Lagrange equa-
tions for straight lines in the plane, in polar coordinates.

While the form of the matrix elements g; ;, depends on the choice of a coordinate
system, the following quantities can nevertheless be defined without coordinates.

e In Riemannian geometry, there exist invariants that characterize the (intrinsic)
curvature of the space M.

e In addition, there are curvature invariants that characterize the form of the imbed-
ding of a submanifold M C R".

It is important to distinguish these two aspects.

8.24 Example (Gauss Curvature) A two dimensional surface M C R? has, at each
point ¢ € M, the intrinsic curvature K (q) := k;(q) k2(q), which is the product of
the reciprocals k; of the curvature radii of a certain two curves. These curves are
obtained as the intersection of M each with a two dimensional affine space through
q that contains the normal to the surface. These two affine spaces are to be chosen
in such a way that the radii of curvature become extremal.

The sign of the principal curvature k; is positive, when the curve is curving
towards the surface normal, otherwise negative. So whereas k; and k, depend on the
choice of the normal, their product K, the Gauss curvature, is independent of it
(and therefore also well-defined for a non-orientable surface).

e A sheet of paper in R? has intrinsic curvature K = 0, even though we can bend it.
Even in the bent sheet of paper, one of the two principal curvatures k; will vanish
everywhere (see Figure 8.4.2).

e The sphere {x € R? |||x|| =R} of radius R: Its curvatureis K = k; k» = R~2 > 0.
The Gauss curvature, say, of a soft contact lens will also not change if it gets
compressed in one direction.

e Saddle: Here the signs of k; and k, differ, hence K < 0. O

7 According to the Theorema Egregium by Gauss it can be written in terms of the metric g, its first
and second derivatives. So it is an intrinsic quantity.
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O =

K:%>0 K <0

Figure 8.4.2 Gauss curvature K of surfaces

From the derivation of the Lagrangian L, it transpires that we can interpret

VILG ) = |3 o 0100 ik

as the speed (absolute value of the velocity) of a particle.

As can be seen by plugging the geodesic equations into the time derivative %L =
g—f)'c + %x of the Lagrangian, this time derivative is zero, hence L is a constant of
motion. So the speed of the particle on M will be constant.

A particularly simple class of imbedded Riemannian manifolds are the surfaces

of revolution.

8.25 Definition Let I be an interval and R € C®° (I, R"). Then,
M = {x eR3 | x3 € I,x,2 +x§ = (R(x3))2}

is called the surface of revolution with profile R.

The simplest surface of revolution is the cylinder (with constant R), see
Figure 8.4.3.

Figure 8.4.3 Left: Geodesic on a cylinder. Center: Definition of the angle a.. Right: Geodesic on
a surface of revolution

We parametrize a surface of revolution by z € I and ¢ with

X = R@)cos(p) , x2=R@sin(p) , x3=2z.
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Thus (8.4.1) yields the metric tensor g(z, ) = ( ”(R(; @7 RZO(Z) ) and, with the veloc-

ity components w, and w,, in z and ¢ directions respectively, the Lagrangian

Lz . wz.wy) = 5 [(14 (R'(2)*) w? + R*(9w?].

8.26 Exercise (Geodesics on Surface of Revolution)

(a) Show by calculating the Christoffel symbols that the geodesic equations on M
are

. M P T R(Z)R'(z) :2 R (2)R"(2) =2 _
Pt T P2=0, - Fomi ¥+ R 0.

(b) Show that the meridians (in other words curves in M with constant angle ¢ =
¢ € R), parametrized by arclength, are geodesics in M.

(¢c) Which parallels of latitude, i.e., curves with constant z = ¢ € R, are
geodesics? O

oL
Jw,,
% = (1 + (R’(z))z) w,. Therefore the Hamiltonian H related to L by the Legendre
transform is

= R*(z) wy, and p, =

The momentum p,, conjugate to ¢ is given by p, =

H(pza P> 2 ()0) = p;w; + PpWyp — L(z, ¥, W, w(p)

p? p;
= 1t 0rn009) = (s + )

The equations of motion are

, OH  R()R'()p? I OH
= — R N = —— = O N
bz 0z (1+(R(2)?)? @p5 -~ P dp
. OH Pz . OH Dy
i==—————" = — = .
op. 1+ (R(2))? 7 dp, R*(2)

It is immediate that p,, is a constant of motion.?
If we denote by « the angle of the direction of a geodesic with a meridian at the
same point (see Figure 8.4.3), we obtain

8.27 Theorem (Clairaut)
For a geodesic on a surface of revolution, R(z) sin « is constant in time.

8The system is integrable in the sense of the definition on page 330.

We can also understand the fact that p,, is constant by noting that p,, is the 3-component of the
angular momentum. It is conserved because the surface of revolution is invariant under rotation
about the 3-axis: see Noether’s theorem on page 351.
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Proof: We have R(z) ¢ = |v|sina with speed ||v|| = ~/2L. Therefore Py =
R?>¢p = R |v| sinca, and as ||v] and D, are constant, we get that R sin o = const.
O
As | sin | < 1, agiven (nonzero) value of the Clairaut constant implies that R cannot
become too small.
This could imply that motion along a certain geodesic is confined to a band
Z0 < z < z; with R(z9) = R(z;) = |const|, see the figure on the right of 8.4.3.

8.28 Literature
An introduction to differential geometry can be found in KLINGENBERG [Klil].

A deeper introduction to Riemannian geometry is offered by the books [GHL]
by GALLOT, HULIN and LAFONTAINE, [Kli2] by KLINGENBERG, and [Pat] by G.
PATERNAIN, where the latter two have a focus on geodesic flow.

[Berg] by BERGER gives a survey without proofs. [JLJ] by JOST and LI- JOST is
a monograph on the calculus of variations. In [Ra], PAUL RABINOWITZ gives an
overview of variational methods for Hamiltonian systems. O

8.5 The Jacobi Metric

An immediate application of (semi-)Riemannian geometry to mechanics is the geo-
desic motion within metrics of general relativity, for example the metric of a black
hole. But its relevance to mechanics is not limited to this application.

Many problems of mechanics are described by motion within a potential. So it
would be advantageous to be able to generalize the theory of geodesic motion, which
is rich and comparatively well worked out, to such problems with potential whose
Hamilton function is H(p, g) = % + V(g). To some extent, this is possible, as
was understood by Jacobi and others in the 19th century.

The reason for this relation is in the following theorem.

8.29 Theorem Let H;, H, € C*(M,R) on the phase space M = R’l’) xU (U C RZ
open), and suppose for the regular values h; € H;(M), i = 1, 2 that

Y= H;'(h) = Hy '(hy).

Then the maximal Hamiltonian flows generated by H, and H, respectively on the
hypersurface ¥ have the same family of orbits.

Proof: X C M is a (2n — 1)-dimensional submanifold, since the h; € H;(M) are
regular. In (p, g) coordinates, the Hamiltonian vector fields generated by H; are of
the form (Figure 8.5.1)

Xy, =J VH; ,with J=(§).

At each point on the energy shell X, both VH; and V H, are orthogonal to the
(2n — 1)-dimensional tangent plane, because the energy shell is an equipotential
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surface of both functions. Therefore V H; and V H, are parallel. Since 4 and h, are
regular values of H| and H, respectively, VH;(x) # 0 for all x € ¥. Hence

VH (x) = f(x) VHy(x)  (x € X),
and f : ¥ — R is smooth and not zero. This implies that on the level set,
X (x) = fx) Xp,(x)  (x € X),

so the Hamiltonian vector fields are parallel (or anti-parallel) and do not vanish. The
statement follows from this. O

VH(x)
JVH(z)

Figure 8.5.1 Gradient and Hamiltonian vector field

Therefore the shape of the energy shell alone determines the orbits of the Hamil-
tonian flow. On the other hand, the parametrization by time is not so determined; in
the situation of the theorem, the reparametrization is obtained by integrating f along
orbits.

We now apply Theorem 8.29 to motion in a potential.

8.30 Definition Ler V € C2(R*,R), h € R, and U C Ry open. If Viy < h, we
call the metric g, on U with components

(@), ;=0 =V@)-b; Gj=1...n

the Jacobi metric on U for energy h.

The Lagrangian for geodesic motion in this metric is
L(g.v) = 520 i (0w (@), ; viv; -

The canonically conjugate momentum is p = g—ﬁ, hence p(q,v) = gn(q) v. Thus
the Hamiltonian of the geodesic motion equals

1
H:RxU—>R , Hp,q):=——— |Ipl*.
2Ry xU — 2P, q) 20—V Q) Ipl
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We compare it with the Hamiltonian

H:R xR >R ., H(p.q):=3lpl>+V(q). (8.5.1)

8.31 Theorem

For a solution (p,q) : I — R} x U to the Hamiltonian equations of (8.5.1)
with energy h := H(p, q), there exists a diffeomorphism p : J — [ such that
q o :J — U solves the geodesic equation (8.4.3) for the Jacobi metric on U.

Proof:
e Restricted to the phase space over U, one has H~!(h) = H2_1 1.
e Transforming the Hamiltonian equations of H, into a system of second order differ-

ential equations in the coordinates (qy, ..., g,), one obtains the geodesic equations
for the Jacobi metric.
e The above Theorem 8.29 (with H; := H) now yields the claim. [l

8.32 Example (Double Pendulum)
A typical application of the Jacobi metric is given by the double pendulum. We study
the case when a rod of length R, attached to the origin, oscillates in the g;-g3 plane,
and another rod of length R,, attached to the end of the former rod, oscillates in the
plane determined by the first rod and the g-axis. So the planes of oscillation are
orthogonal to each other.’

Assuming R; > R, > 0, the set of positions g : S' x S! — R3,

cos ¢y 0 —singp; 0 0
5](901,902):(‘0 |0 )(Rl(o)-|-R2(siw2 ))
sing; 0 cos ¢ -1 — oS

sin ¢ sin g cos ¢y
=R ( 0 ) + R, sin 2
—cos ) — COS (] COS 2

of the mass point is a two dimensional submanifold
of R3. More specifically, it is diffeomorphic to the
2-torus T2, where for n € N, the n-torus is defined
by

T" := x}_,; ' with §'={xeC]||x|=1}

(see figure to the right). The Lagrangian

Double pendulum

L(g,v) = %”0”2 —V(g) with V(q):= gq3

(g > 0 acceleration of gravity) attains, after plugging in the holonomic constraints,
the form

9The discussion in [Ar2], §45 for the planar double pendulum is problematic because the metric
on the configuration space becomes degenerate in this case.
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L(p, w) = 1 (R + Ry cos(p2))*wi + Ryw3) — V().

with potential
V(p) = —gcos(p1)(Ry + Ra cos(¥2)). (8.5.2)

For arbitrary smooth potentials V, we thus obtain H : R} x T* — R of the form

H(p, ) = 1 ((Ri + Racos(2)) 2 p} + Ry p3) + V().

As can be seen from the numerical solution of the Hamiltonian differential equation

P1,$2

6m
47

2r

Figure 8.5.2 Numerical solution of the differential equation of the double pendulum (the angle
drawn in bold is 1)

for the potential (8.5.2) in Figure8.5.2, the dynamics of the double pendulum is
complicated. Nevertheless, by means of the Jacobi metric, one can prove the existence
of certain periodic orbits.

For the total energy # > maxpV (which means in the case of the gravitation
potential (8.5.2) thath > g - (R; + R)), the Jacobi metric can be represented by the
following positive definite symmetric matrix, which is defined on all of T?:

2
9(9) = (h =V (p) ((R‘ Hlege e b)) e,

Similar to the discussion above, we can study the geodesic motion on T? with
respect to the Jacobi metric. O

8.33 Theorem For energy h > max,emV(p) and (m,n) € 72\ {(0,0)}, there
exists a periodic motion with this total energy for which the first segment of the
double pendulum rotates m times and the second n times.
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Proof: On T2, we look for a closed
geodesic with respect to the Jacobi
metric, say in the form sketched in
the figure on the right.

Such a geodesic exists by gen-
eral principles from the calculus of
variations (or by Morse theory) for
each nontrivial class of paths in the
homotopy group 7 (T?) = Z? (see
Theorem G.24).

The idea in this argument is to
reduce the length of a given curve Closed geodesic on a torus
with the prescribed numbers of rota-
tions as much as possible. The result
will be a closed geodesic with those numbers of rotations, because these num-
bers do not change under shortening. In analogy to Theorem 8.31, there is a peri-
odic solution for the double pendulum corresponding to the closed geodesic; a
solution that differs from the geodesic only by the parametrization with respect
to time. ]

The Maupertuis principle, which claims that the action integral f7 p - dgq on the
energy surface is extremal for the trajectories (see for instance §45D in [Ar2]), is
closely related to the Jacobi metric. Maupertuis viewed his principle as a proof of
God, his successors viewed it as a mathematical theorem.

8.6 Fermat’s Principle

The refractive index n of a transparent medium is the ratio between the phase velocity
of the light in vacuum (i.e., the speed of light) and the phase velocity in the medium.
For instance one finds in the relevant tables that for air n = 1.000 292, and for water
n = 1.33.

As a matter of fact, n in general varies with the density (for example the refractive
index of the atmosphere tends to 1 for large elevations) and it also varies with the
frequency of the light; this latter fact is being used in prisms.

Let us first look at monochromatic (single-colored) light. Then 7 is a real func-
tion depending on location. We assume n € C*(U, R), for an open set U C R,
Fermat’s principle says that the trajectory of a ray of light ¢ : / — U in a medium,
parametrized over an interval / of time, is described by the Lagrangian of the optical
distance 3

L:UxRI—>R , (q.v)~ n@ll,

namely the length element of a metric that differs from the Euclidean metric by a
location dependent factor.
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As seen already in Section 8.4, we transition to the Lagrangian
. d 1 2
L:UxXR) =R , (q,0) 3(n@lvl)
of geodesic motion. Then the Lagrange equations read

n(@)§ = 141> Vn(q) = 2(Vn(g),4) 4 , (8.6.1)
and one can check by direct calculation that L is constant along solution curves.

8.34 Example (Mirage)

We assume that the density of air is a function of the elevation above ground. Then
the horizontal direction of the ray is constant in time, and we calculate in the plane
U := R?> C R? parametrized by (x, y) and spanned by this horizontal direction
and the vertical direction. Here y measures the elevation, and we write the refractive
index as a function y + n(y) of this elevation.

It is useful, if possible, to parametrize the ray by the horizontal component x € R
of the location, rather than by time. Then the vertical component x +— y(x) satisfies
the differential equation

n(y" =n'M(1+ ")) (8.6.2)

following from (8.6.1). Let us now assume that n is an affine function, i.e., it is of
the form
n(y) =no+ky; (8.6.3)

then, for k # 0, one obtains the following solutions, dependent on the parameters ¢
and xg:
cosh(c(x — xq) no
y(x) = ¥ - —. (8.6.4)
c k
Choosing now xg := arcosh(cng/k)/c, we get a one-parameter family of solutions
v satisfying y.(0) = 0. So the rays all emanate from the origin, but will cross a
second time (see Figure 8.6.1).

y

N ——

Figure 8.6.1 Mirage: rays emanating from one point
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This means that for large distances x, the object will be reflected, i.e., appear to
be upside down. If the air is hotter near the ground, hence k > 0, one does not see
objects close to the ground at a far distance.

The ansatz (8.6.3) is not entirely true to reality. As a matter of fact, the refractive
index will become approximately constant again for larger y, and we will see objects
twice (once directly, once reflected), see Figure 8.6.2. O

Figure 8.6.2 Mirage over the Mojave desert (Photo: Wikipedia, https://es.wikipedia.org/wiki/
Archivo:Desert_mirage_62907.JPG)

8.35 Exercises (Refraction (of Light))

1. Derive the Lagrange equations (8.6.1) and from these, the ODE (8.6.2).

2. How does one find the solution (8.6.4) by using that the Lagrange function is
constant?

3. Let the x-axis represent the boundary between two media with different speeds
of light. Above the x-axis, let the speed of light be ¢; > 0, and below ¢, > 0.
Now consider the path of a ray of light that starts from the point a; = (0, y;) with
y1 > 0, undergoes refraction in the x-axis, and then meets the point a, = (x2, y2)
with y, < 0. By Fermat’s principle, the point of refraction ap = (xo, 0) is located
in such a way that the travel time

lai — aoll =~ llaa — aol|
+
Cl (&)

T((lo) =

of the ray is minimal. Show for this point ag, Snell’s law of refraction '°
¢ sino = ¢ sinap

(with the angles «, o of the segments against the normal).
Hint: It is not necessary to calculate x explicitly. %

19Named after the Dutch mathematician Willebrord van Roijen Snell (1580-1626). The law was
first found by the Arabic mathematician Abu Sa‘d Ibn Sahl (ca. 940-1000), in the form n; sin a] =
ny sin v, with the refractive indices n1, n in the two media.
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8.7 Geometrical Optics

Lenses have two refractive surfaces. If » > 0 is the radius of the lens and D, :=
{(y,z) € R? | y> 4 z% < r?} denotes the disc of radius r, we describe the refractive
surfaces as graphs of smooth functions

O:D,—R,.

We assume that O(—y, —z) = O(Yy, z) so that the surface is symmetric with respect
to the optical axis {(x,y,z) € R® | y =z = 0}.

8.36 Examples (Refractive Surfaces)

1. If the surface is planar, then O is a constant function, whose value describes the
position of the surface on the optical axis.
2. If the surface is spherical, with radius of curvature R € R, |R| > r, then

0<y,z>=0<0,0>+R(W_1). 0

Indexing the two surfaces in such a way that Ot > O~, we call either surface convex
or concave respectively, if and only if the corresponding function O~ or —O™ is
convex or concave respectively. Lenses with convex surfaces gather (focus) the light
(assuming the medium between the surfaces has the larger n).

A determining parameter for the properties of the lens is its focal length. To define
it, we first note that due to the assumption of symmetry, aray arriving along the optical
axis will not be deflected by the lens.

Usually the focal length is defined as the distance along the optical axis between
the lens and the focal point. This however fails to be precise, not only because lenses
have a finite thickness, but also because spherical lenses do not diffract rays that are
parallel to the optical axis into a single focus:

8.37 Example (Plano-convex Lens)
We consider a plano-convex spherical lens, i.e., we set

2 2
0~ =0 and 0+(y,z):=d+R( R —1),

R2

with d > 0 and R > 0. Rays arriving from the left and parallel to the axis are not
diffracted by the planar surface. Denoting by £ := \/y% + z2 < R/n the distance
of the parallel ray to the optical axis, it will hit the right surface at an angle 6, :=
arcsin(£/R) against the normal direction to the surface. By Snell’s law of refraction,
with refractive index n > 1 inside the lens, and 1 outside, one obtains that

. ) n
sinth =nsinf; = — .
R
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Thus the ray hits the optical axis at the point
X(0) = O() + £cot(B, — 6))

with O(¢) := d + R(,/1 — £2/R? — 1). Taylor expansion in £ yields

R 1 (nt\*
1— -~ owh ).
n—1 ( 2 ( R ) + O ))
The focus is defined by the leading term X (0) = d + %, which is independent of
e O

X)) =d+

The phenomenon that spherical lenses and mirrors focus rays parallel to the axis only
approximately in one point is called spherical aberration. Rather than seeing a focus,
one observes bright curves at the envelope of the bundle of rays, called caustics (see
the left one of the Figure 8.7.1 on page 186).

In practical technology, one strives to avoid this phenomenon as much as possible
by a combination of lenses, or by aspherical lenses. On the other hand, caustics are an
interesting phenomenon occurring frequently in nature, see for instance Figure 8.7.1,
right half.

8.38 Definition (Caustic)

Let 1 : L — P be the imbedding of an n-dimensional submanifold into the phase
space P := R} x R}, and 7 : P — Ry, (p,q) v q the projection of the configu-
ration space Ry,

Then the set of singular values of w o1 : L — RY is called a caustic.

8.39 Example (Folding Singularity) For n = 1 and the imbedding: : R — P,
1(x) = (x, (x —a)? + b), the caustic consists of the single point b € RR,,. O

8.40 Literature In the example, one can see that small changes in the imbedding
1 of L will only change the location of the caustic, but will not make it disappear.
This is a general phenomenon, and it is possible to classify typical local shapes of
caustics. The relevant theory is developed in the book [AGV] by ARNOL’D, GUSEIN-
ZADE and VARCHENKO. In the Les-Houches lectures [Berr] by M. BERRY, many
applications to physics can be found.

In applications to mechanics and optics, the submanifolds L that occur are fre-
quently Lagrangian (see Chapter 10.4). O

8.41 Exercise (Reflection of Light in a Cup)
We consider the circle S! ¢ R? and a family of rays parallel to the 1-axis that, for
the first time, hit the circle at A(p) = ($m%) with ¢ € [0, 7].

cos
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There they will be reflected according to the law
“reflected angle = -- incoming angle”.

(a) First show that the next reflection occurs at the point A(3¢p) € S'.

(b) Let B;(p) :=tA(p) + (1 —t)AQByp) (¢ € [0, 1]) be a point on the ray between
the first and second reflection. For which value ¢y of ¢ is it true (with J = ((1) _01 ))
that

d
<@Br(<ﬂ)’ T(AGy) - A(@))> =07

(c) Calculate the caustic By, : [0, 7] — R2, which is the blue curve in Figure8.7.1
on the left. Which is the brightest point on the caustic? %

Figure 8.7.1 Caustic in a cup that is illuminated from the left (left figure). Caustics on the ocean
floor (right figure)

Below however, we will study linear optics, in which the propagation of rays near
the optical axis is described by the multiplication of matrices.

In doing so, we will describe rays as graphs of curves ¢ : R — R2.

As long as they remain in a medium with constant refractive index n, one has, for
an appropriate vector p € R?,

X — Xo

q(x) = q(xo) + D

n

where p parametrizes the direction of the ray and is independent of z. Thus

. 1 0
(20) =m (9) with M= (hy}) e Sp@.R). (8.7.1)

In the linear approximation, only the second degree Taylor polynomial needs to be
considered near an interface. Due to the symmetry assumption O(—g) = O(q), the
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graph of the interface is of the form
0(g) = 0(0) + 5 (g, Aq) + O(llq ") (8.7.2)

with a matrix A € Mat(2, R) that can be chosen to be symmetric.

8.42 Exercise (Linear Optics) Show that in linear approximation, the refraction
in an interface described by (8.7.2) is given by the linear mapping

(7)) N(§) with N:=(§214)eSp@4,R), (8.7.3)

where An denotes the difference of the two refractive indices. O

So the calculation of the linearized propagation is achieved by multiplying matrices
in Sp(4, R).

8.43 Example (Spherical Lens)
Let the refractive index of glass be n > 1, and approximate the refractive index of

air by 1. Let the two radii of curvature be R~ and R*, and the thickness of the lens
d > 0. This lens is then described by the matrix L(d) =

d(1-n) (A=n)d(n—D)+n(R~—=R*t))
L:(n%n)(dﬂ 0)(11';3;,‘11): O e
’ 0 1 w1 0 1 dy (1+d(n—l|)n

1 =1 1 1
— = - — |,
Ax R R +d*=!

then the 4 x 4-matrix ML for M := (AEH ﬂ) € Sp(4, R) is of the form ML =

If we set

(f;ﬁ f;]ﬁ) with ¢p = 0 and ¢; = —1/c2. So Ax is the distance of the focus from

the right surface of the lens, and for a thin lens, the focal distance f is approximately
. (n—1) : : (8.7.4)
f RT R

By definition, a thin lens is described by the matrix

NIRRT _ (1A
N.—CliliI})L(d)_(ORﬂ)

with an effective radius of curvature R and % = R—L — %.
We can also verify, by multiplying matrices, the well-known lens equation or

imaging equation

_1
=+,

~| =
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where b denotes the image distance and g the object distance, see Figure§8.7.2.
Generally speaking, in optics, reciprocals of distances are more natural than the

distances themselves, as (effectively) infinite distances often occur. O
A
| | b
) f | |
Y

Figure 8.7.2 Imaging equation for a thin lens

It is now easy to develop optical instruments based on this linear approximation.

8.44 Example (Kepler Telescope)
We put two thin lenses with focal lengths £}, f> > 0in arow in such a way that their
distance equals d. The entire assembly is therefore represented by the matrix

(lfi)]ld fi-12 g

La:= (o %) (&) (67%") = ( du Mdl)n ) : 8.7.5)

For relaxed viewing, the parallel rays from a star should again be parallel as they
exit the eyepiece. For d = f; + f>, this is satisfied because in this case, the top right
J1
(f?ff:;ll (,)2]1 ) Angles will then be magnified by a
factor —41. As can be seen from the negative sign, the image is upside down.
Typical numerical values for an amateur telescope are about f; = 1 m for the objec-
tive and f, = 20 mm for the eyepiece, hence a 50-fold magnification. O

entry of L, vanishes: Ly = (

8.45 Exercises (Optical Devices)

1. Design a microscope consisting of two thin lenses.
2. Calculate the matrix N of a lens that, in linear approximation, corrects for a
nearsighted eye with astigmatism. %

As a final practical application, we want to correct for the chromatic aberration of

lenses. This aberration is caused by the fact that the refractive index of glass depends

on the frequency of the light. n(w) increases with the frequency w, which results in

the focal length of a collecting lens being smaller for blue light than for red light.
To correct this, one uses lens systems made of different kinds of glass.
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8.46 Example (Achromatic Lens)
An achromatic lens or, more precisely, achromatic doublet, is a system of two lenses,
often consisting of a collecting lens made of crown glass and a diverging lens made
of flint glass, that are often glued
together, see figure. If the achromatic
doublet is to have a focal length f (wy)
at frequency wy, it needs to satisfy

crown flint

———

1 1 1
Fon - fr@o T @)
(8.7.6)

If moreover f'(wg) = O is required,
then by (8.7.4), the condition

rr(wo) | ri(wo) —0 with rp= ' (wo) and ryg = g (Wo)

fr(wo)  fx(wo) nrp(wo) — 1 ~ ng(wy) — 1

(8.7.7)

must be verified. Equations (8.7.6) and (8.7.7) are linear in the reciprocals of the
unknown focal lengths fr(wp) and fx (wo). They are solvable, given f (wy), because
the coefficients r and r for flint glass and crown glass are unequal. The solution is'!

1 _ rg 1 1 . rr 1
fr rk—re fwo) T fx rr—rk flwo)
8.47 Remark (Linear Optics and Symplectic Group) o

We have observed in this chapter that geometrical optics in its linear approximation
leads to calculations in the group Sp(4, R).

Indeed, one can show (see GUILLEMIN and STERNBERG [GS1], Chapter4) that
linear optics is equivalent to the theory of this symplectic group in the sense that
every element of this group can be written as a finite product of matrices of the forms
(8.7.1) and (8.7.3). O

"n practice, one frequently corrects for the colors blue and red (see figure) and therefore uses
quantities called Abbe numbers of the different kinds of glass, rather than their refractive indices.



Chapter 9
Ergodic Theory

=4

Smoke. Picture: courtesy of Rick Hanley.

In ergodic theory, one investigates statistical properties of dynamical systems.
This is often possible even if the dynamics is difficult to calculate, namely in the case
of chaotic motion (and particularly in this case).

9.1 Measure Preserving Dynamical Systems

“The studies about the foundations of geometry suggest to us the problem of treating, accord-
ing to this paradigm, those disciplines of physics in which mathematics is already today
playing a prominent role; primarily these are probability and mechanics.”

DAVID HILBERT, 6th problem

© Springer-Verlag GmbH Germany 2018 191
A. Knauf, Mathematical Physics: Classical Mechanics, La Matematica per il 3+2 109,
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After the topological and geometric properties of dynamical systems, we will now
look at aspects of measure theory and probability. This point of view is particularly
important when we describe the long term behavior of unstable (‘chaotic’) systems.

In the simplest case, the measure under consideration will be the Lebesgue mea-
sure \¢ on the phase space R4, However, as we will also consider other measures,
we start with some basic notions of measure and probability theory.

The above-quoted sixth of Hilbert’s 23 problems presented in his speech at the
International Congress of Mathematicians in Paris, in 1900, shows that at that time,
the theory of probability had not been put completely on a mathematical foundation
yet (and was partly attributed to physics, as an applied science, due to the statistical
mechanics propagated by Boltzmann, among others). This axiomatization happened
essentially by Andrey Kolmogorov in his 1933 textbook Foundations of the Theory
of Probability.

9.1 Definition A measurable space (M, M) is a nonempty set M with a family M
of subsets of M (the measurable sets), satisfying:

e M e M.
o If A, € M (n € N), then also | J,, .y A, € M.
e If A e M,thenalso A°:= M\ A e M.

M is then called a o-algebra on M.

Compare this with the definition A.1 of topological spaces.
9.2 Examples (Measurable spaces)

1. {@, M} is the smallest o-algebra on M.
2. The power set 2M = P(M) of M is the largest o-algebra on M.
3. If M # ¥ and NV a subset of the power set 2", then the system

o(N) = N A ©.1.1)

o—algebra AC2M: N'CA

is a o-algebra on M with N' C o(N). It is the smallest such o-algebra and is
called the o-algebra generated by N .

4. If (M, O) is a topological space, then o(Q) is called the o-algebra of the Borel
sets. It contains in particular all open and all closed subsets of M.
This is the o-algebra used most frequently in classical mechanics on the phase
space M (which, as a manifold, is in particular a topological space). %

9.3 Definition

e A measure on a measurable space(M, M) is a mapping" 11 : M — [0, co] (that
is not constant o0), which is o-additive (also called countably additive), i.e.,

110, oo] denotes the set [0, +00) U {+00}.
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p(UAn) =D wan. 9.12)

neN neN

Sfor disjoint (A, N A, =@ for m # n € N) sets A, € M.

e [ is called a probability measure if moreover u(M) = 1.

e A measure space (M, M, u) is a measurable space(M, M) together with a
measurep : M — [0, co].

e If wis a probability measure, then (M, M, ) is called a probability space.

9.4 Examples (Measures)

1. (Rd, +) and (Zd, —l—) are examples of (locally compact) abelian topological
groups (M, +). For such groups, there exists a translation invariant?(regular)
measure g on a certain o-algebra M containing the Borel sets of M that is
positive on nonempty open subsets.

This measure is unique up to multiplication by a constant and is called Haar
measure. Its construction can be found in ELSTRODT [El], Chapter VIII, §3.

For instance, in the case of the group (Rd , +), we obtain p = e for the
Lebesgue measure A’ with a normalization constant ¢ := ([0, 1) > 0.

2. If h is a regular value of a smooth function H : RY — R, and if the level set
M = {x e RY | H(x) = h} is compact (and M # ), then

X (BOH (-2 +9)
2¢e

Ai(B) :=lim

defines a measure on M. In this definition, we have assigned to any Borel set
B € M the set B € R that is intuitively a ‘thickening’ of B; more precisely it
is the union of all segments of some small length 24 that are centered at some
b € B and orthogonal to M. If H is a Hamilton function on phase space, the
measure )\, on M is called Liouville measure.® It can be proved that the limit
indeed exists. But despite the notation, it does depend on the function H, not
merely the value /. For example, for H : R¥T! — R, H(x) := ||x||>, we obtain
a rotationally symmetric measure on the sphere ¢ = H~!(1). %

2Definition: Translation invariance of o means (A +m) = p(A) forall A e Mandm € M.
3See [AM, Theorem 3.4.12] for the construction of a corresponding volume form.
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9.5 Definition

e A mapping T : M| — M, between measure spaces (M;, M;, ;) is called mea-
surable if

T™'(A) e My (Az € My).
e A measurable mapping T : M| — M, is called measure preserving if
1 (T71(AD) = 12(A2)  (Ar € My).

e If ®:Gx M — M is a dynamical system (with group G =R or 7Z), and
(M, M, p) is a measure space, then (M, M, u, ®) is called a measure pre-
serving dynamical system if ® is measurable* and the mappings
D, : M — M (¢t € G) are measure preserving.

9.6 Exercise (Invariant Measure)
Show that the piecewise continuous Gauss map’

h:[0,1) - [0,1) , RO0):=0 , h(x):=1/x—|1/x]forx >0

preserves the probability measure ;4 on [0, 1] given by p(A) = @ / " ﬁ dx. ¢

9.7 Remark (Existence of Invariant Measures)

In most cases, one knows that a given dynamical system has an invariant mea-
sure. For example, the theorem by Bogoliubov and Krylov guarantees for contin-
uous mappings 7 : M — M of a compact metric space M even the existence of a
T -invariant probability measure.® O

In classical mechanics, there is always a distinguished invariant measure:

9.8 Theorem Let H € C*(M, R) on the phase space M := R}, x Ry be a function
generating (according to Definition 6.6) a Hamiltonian flow ® on M. Then the
mappings ®, : M — M (t € R) preserve the Lebesgue measure \*.

Proof For the case of a linear flow, this claim was already proved as a corollary to
Theorem 6.11. Analogously, the claim now follows using Theorem 4.18 (Wronskian)
from the form X = JDH of the Hamiltonian vector field of H. Namely, the trace
of the linearized vector field is O:

r(DXy) = tr(JD°H) = r(JD*H)") = tr(=JD*H) = —r(DXp). [

4with G x M carrying the product o-algebra of the Borel o-algebra on G and M.
3See also 433.

%It is constructed as a cluster point of a sequence of measures that come closer and closer to being
invariant, see WALTERS [Wa2], Corollary 6.9.1.
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9.9 Remark (Hamiltonian Flows are Measure Preserving)

Compare with Remark 10.14, concerning Hamiltonian flows on symplectic mani-
folds. Analogously, for regular values E of H, the flow on the energy surface H ! (E)
obtained by restriction preserves the Liouville measure \g. O

9.10 Exercise (Phase Space Volume) Suppose we are given the Hamiltonian
H:M—R,H(p,q):=ilIpll> + W(lgl) with potential W (r) := —r~°

on the phase space M := R" x (R" \ {0}). For which values of the parameter & € R
is the volume V(E) := X*" ({(p,q) € M | H(p.q) < E}) of the part of the phase
space below energy E finite for all E < 0, for which is it infinite? O

9.2 Ergodic Dynamical Systems

Many dynamical systems have the property that initially nearby trajectories diverge
rapidly, thus making long-term predictions on the basis of finite precision knowledge
of the initial data impossible.

Nevertheless, it is possible in these cases as well to make statements about long-
term behavior; however, these statements will be of a statistical nature.

This application of probability theoretic notions to dynamical systems is called
ergodic theory. So we investigate the properties of a measure preserving dynamical
system (M, M, p, @), where we assume that y is a probability measure.’

An important question is how many ®-invariant measurable sets there are, in other
words, how large the set

T:={AeM|VteG: DA = A) 9.2.1)

actually is. Trivially, it is always true that {J, M} C Z, and Z C M is a o-algebra
on M. Roughly speaking, 7 is the smaller the more the flow ® mixes up the phase
space M.

9.11 Definition

The measure preserving dynamical system is called ergodic® if

n(A) €{0,1} (A eD).
9.12 Examples (Ergodicity of Circle Rotations)

Let M be the circle S! C C. As this phase space is also a compact abelian group, the
appropriately normed Haar measure® z on M is a probability measure.

TThere does also exist an ergodic theory for measures that are not finite, see AARONSON [Aa].
8To preempt any misunderstandings: Ergodic theory also studies systems that are not ergodic.
9See Example 9.4 on 193.
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1. The group action of R givenby ® : R x M — M, ®(¢, m) := expQmiat) m is
measure preserving and is ergodic for o € R \ {0}, because if any m € S! belongs

to a d-invariant set A € S', then A = S'.
2. For a € Q, the group action of Z,

DP:ZxM—>M,d(t,m):=expQlmat)m

is not ergodic: namely if « = p/q with
q € Nand p € Z, then the set

q-1 1
k k+ 5
A= U exp| 2mt | —, 2 cM A
k=0 7 4

A Sl

®-invariant set A for

is ®-invariant, but 1 (A) =
on the right. O

In the last example, for o € Q all orbits are periodic, whereas for

1, see figure a=p/qwith ¢ =3

€ R\ Qno orbit

is periodic. In that case, will this discrete dynamical system then also be ergodic?
This question isn’t answered quite easily; certainly there are more invariant sets
than M and @ (for example the orbit {exp(2miat)x | t € Z} of a single point x € M

this orbit is countable and thus does not coincide with M).

In this case, it is useful to consider how the dynamical system operates on phase

space functions, specifically the square integrable functions on M.

9.13 Lemma [f (M, M, u, ®) is a measure preserving dynamical system, then the

linear endomorphisms

O LX(M,p) — L*(M, ) , & f:=fod (teG)

are unitary, i.e., D, is surjective and <Ci>,f, &),g) =(f, 9 (f, geL*(M, ,u)).

Proof

e By the ®;-invariance of the measure y, it follows with y = ®,(x) that

<5>zf, <f>fg>=/Mfo<1>z(X)§o<Dt(x)du(x)=/Mf(y)§(y)du(<bfz(y))

= /Mf(y)ﬁ(y)dﬂ(y) =(f.9).

° <f>, is surjective, since the inverse mapping exists: (dA>,)" = <i>,,. U
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9.14 Theorem (Koopman) .
The group action ® is ergodic if and only if all ®-invariant functions

fel*M,p) , &f=f (teG)

are constant pi-almost everywhere.

Proof We will identify the square integrable functions f : M — C with their equiv-
alence classes [ f] € L?>(M, ).

e For a ®-invariant function fe L*(M, 1), the functions Re (f) and Im (f) will
be ®-invariant as well, and vice versa. So we may assume that f is real valued.
For all n € N and k € Z, the measurable subsets

Ani = fH([k27", (k+ 1D277))

of the phase space are ®-invariant (A, € 7). For all n € N, they also form a
partition of M, i.e.,

Anty N Apiy =0 fork; #ky € Z ,and | A =M. (9.2.2)
keZ

If @ isergodic, then j1(A,, ) € {0, 1}; consequently by (9.2.2), there exists a unique
index k,, with 1(A, ) = 1. Now

Angk = Ant100 Y Angr ok

and therefore the sequence (k,27"),cn converges to a real number z, which is
taken on by f p-almost everywhere (i.e., u({x € M | f(x) # z}) = 0).

e Conversely, if all ®-invariant functions f € L>*(M, u) are constant j-almost
everywhere, then this applies in particular to the characteristic functions 1,4 of
invariant sets A € Z. As these take on only the values 0 and 1, it follows

p(A) =/ Iadp € {0, 1} (A€,
M

hence ergodicity. U

9.15 Examples (Ergodicity of Discrete Circle Rotation, Continued)
We return to Example 9.12.2 and assume that the circle S' is rotated by integer
multiples of the angle 27, witha € R \ Q. Now if f € L?(M, p) is invariant under
@ and we let

f= chek with ¢, := (f, ex)

keZ

be the Fourier expansion of f with the orthonormal basis consisting of the characters
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e S' > SY L em)i=mt (ke

then
(f) = Z adi(e) = Z crexp(2mitka) ey ,

keZ keZ

and for time 7 = 1 it follows: >, ¢k (1 — exp(2mika)) e = f — o,(f)=0.
Since « is irrational, the parenthesis only vanishes when k = 0, and therefore the
basis property of the functions ¢; implies that: ¢, =0 (k € Z \ {0}).
Therefore, f is constant p-almost everywhere. Thus & is ergodic. O

9.3 Mixing Dynamical Systems

“Ich bin eigentlich nur Physiker aus Ordnungsliebe geworden
(er stellt die Stehlampe auf). Um die scheinbare Unordnung
in der Natur auf eine hohere Ordnung zurtickzufiihren.”
NEWTON, in The Physicists by Friedrich Diirrenmatt'°

As shown in the last example, very regular and well predictable dynamical systems
can be ergodic. In contrast, the dynamics of mixing systems is more complicated.

We again begin with a measurable dynamical system (M, M, u, ®) with a prob-
ability measure (.

9.16 Definition The dynamical system is called mixing, if

Jim j(®:(4) (1 B) = u(A) j(B) (A, B € M). 9.3.1)

In a measure theoretic sense, for large times t, the set ®,(A) is equally distributed in
M, somewhat like milk gets distributed in coffee by stirring.

9.17 Lemma Mixing dynamical systems are ergodic.

Proof If A € 7 (see (9.2.1)), then ®,(A) = A for all times ¢, hence by the mixing
property, (A N B) = limy;, o (P, (A) N B) = p(A) pu(B).
For B := A, this yields the equation 1(A) = p(A)?, hence p(A) € {0, 1}. O

9.18 Example The example of rotations of the circle (Example 9.12.1 and 9.15)
shows that conversely, not all ergodic dynamical systems are mixing, because in this
example the limit from (9.3.1) does not exist, see Figure9.3.1. O

10Translation: “I can’t stand disorder. Actually, I became a physicist only because of my love of
order. (He rights the floor lamp). To prove that the apparent disorder of nature is founded in a higher
order.”
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1

However, it is true for ergodic systems that the Cesiro-mean'!' of the function on

the left hand side of (9.3.1) converges to the right hand side.
9.19 Definition

e For a measure preserving dynamical system (M, M, i, ®) with probability mea-
sure Ji, the group of times G = R or G = Z, and f, g € L*(M, 1), the function

Crg:G—C |, Cro(t):= (D f, g)— (f 1) (I, g)

is called the correlation function of f and g.
o Cy := Cy,y is called the autocorrelation function of f.
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Figure 9.3.1 The function ¢ — u(tbt(A) n A), its mean, and the Cesaro-means, for the circle
rotation ®;(x) = exp(2mit) x and the circle segment A := {exp(2miz) |0 <z < 1/3}

In particular, the correlation function of characteristic functions is of the form
Cu,, Up(0) = p(®(A) N B) — u(A) p(B) (A, B € M). 9.3.2)

Cy 4 1s linear in the function f and conjugate linear in the function g.
Moreover, C; ;= Cyqif f — f and g — g are constant functions.
In analogy to Theorem 9.14, we have

9.20 Theorem For a measure preserving dynamical system (M, M, u, ®) with
probability measure i, the following statements are equivalent:

1. The system is mixing.
2. The correlation function of f, g € L*>(M, p) satisfies limj; o Cyy(t) = 0.
3. The autocorrelation function of f € L*(M, ) satisfies limy,|_, o C (1) =0.

Proof
e For f := 14 and g := 15, one obtains from (9.3.2) the implication #2 = #1.

Definition The Cesaro-mean of a sequence (ax)ren is the sequence (ck)ken, Ck = % ZIE:I ap.
The Cesaro-mean of an integrable function a : Rt — Cis the function ¢ : RY — C with ¢(x) :=
1 Jo ady.



200 9 Ergodic Theory

e #1 = #3 follows by approximation of f € L>(M, 1) by simple functions, i.e.,
functions of the form f, := ZZ’:] cnilla, ,, with coefficients ¢, € C and mea-
surable A, € M. For € > 0, let N(¢) be chosen such that

If = fulla<e (n=N().

It suffices to show property 3 for functions f with mean (f, ;) = 0, and these
latter can be approximated by simple functions f,, with mean ( f,,, /) = 0. From

the Cauchy-Schwarz inequality and the unitary property of &, (Lemma 9.13), it
follows that

€10 = Cr 0] = (& f = £, )+ (&S £ = 1) 9.33)

< 1®:(f = Flall fll2 + 1D: full2 L f = full2
= 1f = fal2If N2 + 1 full) < el fl2+ 12 +2),

and therefore lim,,_, o C 7, = C uniformly in time. On the other hand, by hypoth-
esis 1,

Cr() =D cnrnr (1(®r(Ani) N An) = (A i) 1(An))
k=1

converges to 0 for all n € N in the limit |¢| — oo.
e #3 = #2 follows from a polarization identity. If we assume again, without loss

of generality, that f, g € L>(M, ;1) have mean zero, the same is true for i :=
%(f +i*g), and

ii’fcm (1) = j—i:[@,f, g> + (=D (g, £)+i* <<i>zf, f> +i* <<i>tg, g>]
k=1 k=1
= <<i>, 1, g> =Cry(t). (9.3.4)

As by hypothesis, the left side of (9.3.4) converges to O in the limit |¢| — oo, it is
also true that lim;|_. o, Cy4(t) = 0. O

9.21 Examples (Torus Automorphisms)
The set of all invertible 2 x 2-matrices with integer entries is a multiplicative group

GL(2,7) := {T € Mat(2,Z) | | det(T)| = 1},

the general linear group of degree 2 over Z.
For each T € GL(2, Z), we obtain thus a dynamical system

®:7Z xR*—> R? , CTD(n,x) =T"x,

which maps the lattice Z> C R? to itself.
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Now Z is a subgroup of the abelian group R, so the set R/Z of cosets is also
an abelian group (by Theorem E.7), and we can choose the numbers from [0, 1) as
representatives. Then addition of real numbers becomes addition modulo 1.

The mapping x — exp(27x) maps R/Z isomorphically onto the multiplicative
group S' = {c € C | |c| = 1}, the circle. Componentwise addition modulo 1 pro-
duces the isomorphism of the 2-torus T? = §' x S! as introduced in Example 8.32
(double pendulum) with the factor group

T2 := R?/Z* = (R/Z)* and projection 7 : R> — T2, (3) (2 Enmlggi;) .
As the mappings &D, are linear and d~>, (Z?) = 7?2, one obtains for all times t € Z
that y B
Q(x+0=d(x) (modl) (xeR* £eZ?.

Thus, by projecting to the factor group, we get the dynamical system
D, : ™ > T2 (O (ﬂ(x)) = ﬂ(&)t(x)) (x € Rz).

@, is an automorphism of the group T2 and is therefore called a forus automor-
phism.12 If moreover, det(7") = 1, then one calls 7" and the torus automorphism

e hyperbolic if |tr(T)| > 2, i.e., if T has real eigenvalues \; with |A;| > 1 > |\;].
The mapping T will then stretch by a factor \; along the direction of the first
eigenspace, and contract by a factor A, = 1/A; along the direction of the second
eigenspace.

e parabolic if |tr(T)| = 2, i.e., the eigenvalue is equal 1 or —1.

e clliptic if |tr(T)| < 2, in which case the linear mapping given by T is conjugate
to a rotation of the plane by an angle of £7/3, +7/2 or +27/3.

In Figures9.3.2 and 9.3.3 we see the operation of @, for a hyperbolic or a parabolic
matrix T, respectively, on a subset of the 2-torus T2. O

9.22 Theorem Hyperbolic torus automorphisms are mixing.

Proof The Hilbert space L2(T?) of (equivalence classes of) square integrable func-
tions f, g : T2 — C with the scalar product (f, g) := [, f(x)g(x) dx has the ortho-
normal basis of characters (ej)iezz With

er(x) = expmi (k,x))  (x € T?). (9.3.5)

These characters satisfy

ex (Cbn(x)) = exp(27rl (k, (Dn(x))) = exp (271'1 <<f>7TL(k), x>) = €57 () (x),

12As a matter of fact, every continuous automorphism of the group T2 has this form (WALTERS
[Wa2], §0.8).
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d

Figure 9.3.2 Operation of the hyperbolic torus automorphism for the matrix 7 := (f :) Left: a
subset A C T2. Center: ®;(A), Right: ®3(A)

r

\

> |

Figure 9.3.3 Operation of the parabolic torus automorphism for the matrix 7 := ((1)}) Left: a
subset A C T2. Center: ®>(A), Right: ®5(A)

because if T is in GL(2, Z), then so is the transpose TT.

Since T is hyperbolic, there does not exist a lattice vector k € Z? \ {0} that would
be mapped to itself for any time ¢ € Z \ {0}; so CiD,T(k) # k.

Let us therefore consider, for r > 0 and arbitrarily large, the finite set Zf =1k €
72 | |k| < r}; then there exists a time #,(r), by which all k € Zf \ {0} should have
left this set, i.e.,

o (k) ¢ Z; (Il > 10(r).

The linear mappings
&, LT » LT, b f=fod
are unitary by Lemma 9.13. We show, according to Theorem 9.20, that

‘l‘im Crt)=0 (f e LX(T%). (9.3.6)
t|—00
We again may assume without loss of generality that f averages to 0, so that in the
Fourier series

f= Z crex with ¢ == (f,e) € C

keZ?
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(and >, e lcx|> < o0) the coefficient ¢y = 0. We truncate this series, letting

= E Cnén .

nez?

Now for times ¢ € Z with |t| > fy(r), one has

<<i>tfr, fr> = Z Ck Cyp - <&>z€k7 €e> = lco|* =0,

k,eeZ?

because e, = €37k 1s then orthonormal on the e, £ € Z? for lattice points

k € 72\ {0}. On the other hand, the mappings d, are unitary, so with the triangle
inequality and the Cauchy-Schwarz inequality, it follows, analog to (9.3.3), that

(&1 1)~ (&1 1)

=eClfllz+9),

provided r = r(¢) is chosen so large that || f — f,|» < €. For |f| > #(r(¢)), this
implies the inequality |C;(¢)| < e(2]| fll2 + €), hence (9.3.6). O

9.23 Exercise (Decay of Correlation) By Theorem 9.22, a hyperbolic torus auto-
morphism T : T? — T2, Tx = Tx (mod 1) with T e GL(2,7Z) and |tr(T)| > 21is
mixing, i.e., with U : L?(T?) — L?*(T?) and Ug := g o T, one has

lim (f,U"g) = (f.1) (1) (f. g € LX(T%)).

In this exercise, we estimate the rate of convergence for f, g € C 1 (']I‘z).

To this end, we use that the Fourier coefficients fi = (f, ex) € C, [4] k € Z?
satisfy more than merely the Parseval equality >, ;. | f¢|* = (f, f), which follows
from the orthonormality of the characters e; : T> — S!, e, (x) = exp(2m: (k, x)); if
f € C'(T?), it even follows that

\V/ 2
DUk AP = IV o (9.3.7)

472
keZ?

So the Fourier coefficients have to decay comparatively rapidly, because f is differ-
entiable (see also Lemma 15.14 on 405).

(a) Show for two functions f, g € C'(T?) and with 7 := (7 T)~! that

(LU= (Mg + D fiTy-

keZ\{(0,0)}
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(b) Obtain the existence of an (( f, g)-dependent) constant L € (0, co) for which

[ (£.U"g) — (£ 1) (1, g)| < L( > (||k||2+||7~""k||2)74)%-

keZ2\(0}

Hint: Use (9.3.7), the Holder inequality and xy > 2 forx > y > 1.

(¢) The matrix 7 is hyperbolic and decomposes the space R? into two eigenspaces:
R? = E* @ E*. We introduce on R? the norm

Ikl = llksll2 4 [1kull2 -

Of course, || - || is equivalent'? to || - ||,. But || - || is easier for calcula-
tion, because ||Tk|z = A |lksll2 + Allkull2 for k = ky + k, € E* & E*, with
the largest absolute value A > 1 of an eigenvalue of 7.

Show that the correlation decays exponentially'*:

l n
[{fUmg) = (£ g | = 2L( 3 InzY) AT men. 0
heZ2\{0}

9.24 Literature In the example of hyperbolic torus automorphisms, we took advan-
tage of the fact that the torus R?/Z? is an abelian group, and the mappings are group
automorphisms.

In applications in physics, this can of course not be expected, and other techniques
will need to be used. An important class of examples for mixing Hamiltonian systems

is the geodesic flow on compact manifolds with negative sectional curvature.
The proof that these flows are

ergodic can be found in the appen-
dix (written by M. BRIN) to the book
[Ball] by BALLMANN.

Another class of examples consists
of billiards.

The best known among these is
the Sinai billiard. In this exam-
ple, the billiard ball moves on a 2-
dimensional torus (or equivalently
in a square, see the figure and is
reflected at a circular obstacle. This
example was first studied by YAKOV
SINATI in [Sin].

See CORNFELD, FOMIN and SINAI [CFS], KozLoV and TRESHCHEV [KT], LIVERANI
and WOJITKOWSKI [LW], and TABACHNIKOV [Ta]. %

Bie,3C = 1: C7 kil < [Ikll2 < Clk| -
14Exponential decay of the correlation is the subject of the book [Bala] by VIVIANE BALADI.
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9.25 Exercise (Product Measure on the Shift Space)
We define subsets called cylinder sets of the shift space M := A” over the alphabet
A (see Example 2.18) fork € Z, j € Ny, and 7 = (73, ..., 7;) € A/ by

[Tlv---,Tj]:Jrj_l = {CIZZ—>A‘VEE{l,...,j}IakJr(,l =T@}.

So the lower index designates the position of the first determined symbol, the upper
index the position of the last one. The cylinder sets generate the o-algebra (see
Definition 9.1.1)

M:za({[n,...,ﬁ]iﬂfl keZ, jeNy, Tl,...,TjEA}).

For a probability function p : A — [0, 1], >, 4 p(a) =1 on the alphabet A, a
probability measure y, is determined on M by

J
Hp ([7'1, cees Tj]iﬂ;l) = EP(TK)

according to Kolmogorov’s extension theorem (see e.g. KLENKE [Kle]); this measure
is called the product measure.'”> This measure is invariant under the shift map
DP:ZxM—> M.

Show that for all probability functions p, the measure preserving dynamical system
(M, M, up, ®) is mixing. O

9.4 Birkhoff’s Ergodic Theorem

This theorem by George David Birkhoff studies the existence of the time average

n—1

fom) = lim — §f o®d,(m) (meM) (9.4.1)

of functions f : M — C on the phase space M of a measure preserving dynam-
ical system (M, M, u, ®). We will assume here, for simplicity, that x is a prob-
ability measure and & is a discrete dynamical system. This dynamical system is
thus generated by ®; : M — M. We introduce the abbreviation f; := f o ®,. The
Cesaro-means of the sequence of functions ( f;);en, Will be denoted as'®

For A ={-1,1} and p(l) =t € [0, 1], hence p(—1) = 1 — ¢, this measure is also called the
Bernoulli measure with parameter t.
16The notation A,, for average and S, f := z,”;ol f for sum are customary in ergodic theory.
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n—1
A,=A,f:M—C , Ay:=0 and An:z—Zf, (n € N). 9.4.2)
n
=0

So we are asking in (9.4.1) for the existence of the pointwise limit of the sequence
of functions (A,),cn. Birkhoff’s theorem (Theorem 9.32) answers this question and
is therefore also called the pointwise ergodic theorem.

(9.4.1) defines the temporal mean 7+ (m) := ?(m) of the future. Similarly,

n—1

. 1
F(m) = lim ggﬁt(m (m € M)

is the temporal mean of the past.

e . = . . —+
Even if f is continuous, f(m) does not exist in general; and if the means f~ (m)
do exist, they need not be equal:

9.26 Examples (Shift Space) The sequence space M := A” over the alphabet A :=
{—1, 1} together with the shift map

o, M—-> M | (CD,(a))k = gy (te?)

forms a continuous dynamical system with respect to the product topology on M
(see Example 2.18.3). The function

f:M—-R , f(a):=ap
is also continuous with respect to the product topology on M. For instance at location

1 , k=0

meM , my:= (—Dlom Kl "k e 7.\ {0} °

where | -] denotes the floor function, i.e.,

k=0
m=(..,—1,1,1,1,-1,-1,1,1,1,1, -1, -1, -1, -1, -1, =1, =1, =1, ...),

the limit 9.4.1 does not exist, because for n := 2/, the subsequence of Cesaro means
(indexed by /)

-1
A,(m)=2"" (1 + Z(—z)k) =12 =D (eN
k=0

A, = A, f has the two cluster points j:%.
Some deliberation shows that the time average f even fails to exist on a subset
that is dense in M. Namely, let i € M. Then the sequence of points x) € M with
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© . I’"" kl=s o CeN ke (9.4.3)

k my , k| > s

converges to /1. However, f(x*)) does not exist for any of these points.
For example, for the point

meM my 1= ! k=0

» TR Tsign(k) L ke Z)\ {0}
one has 7+(m) =1, but 77 (m) = —1. Here, too, one can find a dense subset of the
phase space M, by means of a construction analogous to (9.4.3), such that on this
subset, the time averages ?i(x) exist, but are different. O
9.27 Exercise (Shift Space) For the function f : M — R, m > m( from Example

9.26, find a dense subset U C M = {—1, 1}Z, such that for all m € U, the set of
cluster points of the sequence (A, f(m)), _ is the interval [—1, 1]. O

The preceding examples may lead to the wrong conjecture that time averages typically
do not exist. In any case, if f exists, it is invariant under ®:

9.28 Lemma (Time Averages)
If the time average f(m) of f : M — C exists for the phase space point m € M,
then the same is true for all points of the orbit through m, and

F(®:(m)) = f(m) (t €Z).

Proof: From the caset = 1, the claim for arbitrary ¢ € Z follows by induction. Now
for t = 1, the difference of the Cesaro means for the two initial points equals

1
A, (@1(m)) — A, (m) = ;(f (@, (m)) — f(m))  (neN). 9.4.4)

In the limit n — oo, the second term f (m)/n on the right converges to zero. While
the numerator f,(m) of the first term f (@,L(m)) /m will in general be unbounded in
n, the assumed convergence of the sequence (A,, (m))nEN and the equality

n n

assure nevertheless that the first term on the right side of (9.4.4) converges to zero
as well. O

9.29 Remarks (Time Averages)

1. The existence of the time average f(m) is independent of the choice of a ®-
invariant probability measure i on M. However, it is by means of y that we can
define what it means for f (m) to exist typically, namely it means to exist z-almost
everywhere.
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2. If for such p, the dynamical system is ergodic, then, from Birkhoff’s ergodic
theorem, it follows for integrable functions f : M — C with expected value

E(f) = [, f dp that
f(m) =E(f) for u-almost every m € M , 9.4.5)

in other words the equality of time and space average. If one is ready to believe
that the limit f (m) exists p-almost everywhere, then formula (9.4.5) is easy to
understand.

Namely, for real valued f, if f were not constant p-almost everywhere, then

one could obtain a ®-invariant set of the form U := ?71 ([a, oo)) in M, with
pu(U) € (0, 1), contradicting ergodicity. But the constant value cannot be anything
but E(f), because E(f) = E(A, f) = E(f). O

As Birkhoff’s ergodic theorem does not assume the measure preserving dynamical
system to be ergodic, it needs to allow for the following generalization of the right
hand side of (9.4.5).

M denotes o-algebra of the measurable sets in the phase space M, and in (9.2.1),
we introduced the o-subalgebra Z C M of ®-invariant measurable sets.

9.30 Definition For the random variable f € L'(M, 1) on the probability space
(M, M, ) and the o-subalgebra A/ C M, the function g € L'(M, W) is called a
conditional expectation of f, given A/, if the following conditions hold:

1. gis N-measurable (thatis g~'(B) € A for all Borel sets B € C),
2. E(glly) =E(f1,) forall A e NV.

As a matter of fact, such a conditional expectation of f given N always exists,
and two such conditional expectations differ only on a p-null set, see for example
KLENKE [Kle], §8.2. We call them versions of the conditional expectations, and write

E(f17D).

9.31 Example (Conditional Expectation)
For the parabolic torus automorphism given by the matrix 7 := ((1) }) (see Example
9.21 and Figure 9.3.3), the ‘horizontal circles’ (see Figure9.4.1)

K,;:{(f)eﬁ’”xe[O,l)} (r €[0,1))

are ®-invariant, and ® operates on K, by rotation with the parameter r. If r is
irrational, then every orbit on K, is dense, whereas for r € Q, every orbit on K, is
periodic (compare with Example 9.15).

Now let f : T> — C be a function (say, continuous) with Fourier representation
f= Zkezz ¢k ey inthe orthonormal basis (e; )72 defined in (9.3.5), with coefficients
Cr € C.
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For the o-subalgebra 7 C M of ®-invariant measurable sets, the function obtained
from averaging over the circles K,

Zk:(koz)ezz ce T — C, (9.4.6)

is a version of the conditional expectation of f given Z (see Figure 9.4.1).

Figure 9.4.1 Invariant circle K3 (left). Gray scale images of the characteristic function 1p :

T2 — R of a disc D (center) and its conditional expectation E(lp | Z), given the algebra of
invariance Z for the torus automorphism generated by ((1) i) (right).

Another version of E(f | Z) (which equals the time average f of f in all points)
is given by averaging f over the circles K, with irrational r, but averages only over
the finite period ¢ for circles whose parameter r = p/q is rational. In contrast to the
version (9.4.6), this version is in general discontinuous. %

S

9.32 Theorem (Birkhoff’s Ergodic Tlforem, [Bil])
If f € L"(M, p), then the  time average f(m) from (9.4.1) exists for p-almost every
initial value m € M, and f € L'(M, ) and

7 =E(f |Z) (u-almost everywhere). 9.4.7)

9.33 Remark (Birkhoff’s Ergodic Theorem)
1. From Lemma 9.28 and E(A,,) = E(f), it follows

/ ?du:/ fdu and fo®, =f  (u-almosteverywhere).
M M

Moreover, a statement analogous to (9.4.7) holds for f , so that future and past
look similar: T
f =f (p-almost everywhere).

2. By considering real and imaginary parts separately, we may assume without loss
of generality that f is real valued, f € Lﬂ{(M , 1t). Then (with the Cesaro means
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A, f from (9.4.2)), the convergence claim of the ergodic theorem reads:

limsup A, f =liminf A, f  (u-almost everywhere).
n—oo

n— 00

The advantage of writing it in this form is that lim sup and lim inf are always guar-
anteed to exist, unlike the limit. The lim sup will be controlled by the maximum,
using the following lemma (see for instance [Kle], Chapter 20.2, and KRENGEL
[Kre], Chapter 1.2 for a generalization to positive contractions). O

9.34 Lemma (Maximal Ergodic Lemma)
For the function g € L]%(M , b) on the phase space M of the measure preserving
dynamical system (M, M, , ®) and S,, := Z?:_ol G, So : =0, let

F, = {m € M|max(S,(m), ..., S,(m)) > 0}.

Then
E(glg)>0 (neN).

Proof: For all k € Ny, one has g = Sg11 — Sp o T. With M,, := max (S, ..., S,),
it follows for T := @, that

g=> Sk —MyoT (k=0,...,n),
hence

E(g1r,) >E((max(S, ..., S,) — M, oT) ly,) =E((M, — M, o T) I,
>E(M, — M, oT)=E(M,) —E(M,) =0.

Here the first equation follows from F,, = {m € M | M,,(im) > 0}, the second last
from the T-invariance of the measure p. The second inequality follows from M,, o
T >0and M,,(m) =0 form € M \ F, (because Sy, = 0). (I

Proof of Theorem 9.32: (See Remark 9.33.2 for the proof strategy)

e It suffices to show for all £ > 0 and

Fr:=FX(f):= [m eEM

limsup A, f (m) > E(f [ )(m) + 6] ;

n—oo

F= = F7(f) = {m eM ‘ liminf A4, f(m) < E(f | T)(m) — 5}

that u(FEi) = 0. This however already follows from u(F") = 0 alone, because

F-()=F (=f).
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e For f := f —E(f|Z) — ¢, one has E(f | Z) = —e, because conditional expecta-
tion is idempotent: E(E(f | 7) |I) = E(f|Z). Therefore

FX(f)=F (/)= [m eM

limsup A,, f (m) > 0 ] . (9.4.8)

n—00

e Wenowletg:= f1 r+. By the ®-invariance of lim sup,, .., A,g, it follows that

F* € T, and therefore the iterates gy = g o @y are of the form g, = fel £t
As in the proof of Lemma 9.34, we use

M,, g :== max(Sog,...,S,9) and F,:={me M | M,g(m) > 0}.
Since n — M,, is increasing, F,, € F,,1, and with (9.4.8),

U Fu=tmeM]| lim M,g(m) >0}

neN
= {m eM |supS,g(m) > O] = [m eM |supA,g(m) > 0]
neN neN
= {m €M | sup A, f(m) > 0and limsup A, f(m) > o] =F'(f).
n—o0 n—oo

e Pointwise convergence of the functions g Iy, to g Iz+ = g and their domination
by |g| follows by the dominated convergence theorem

lim E(g 1) = E(g).

n— 00

By the maximal ergodic lemma 9.34, E(g lr,) > 0, hence also E(g) > 0.
e On the other hand, with F." € 7 and E(f |Z) = —¢, one obtains

E(9) = E(f 15) =E (E(/1D) 1s: ) = —e E(Ig) = == u(F),

which is compatible with E(g) > 0 only when p(F) = 0. ([l

9.35 Exercise (Birkhoff’s Ergodic Theorem for Flows)

Let (M, M, u, ®) be a measure preserving dynamical system with a compact metric
space M, the Borel o-algebra M, a probability measure y, and continuous flow
®:R x M — M.Moreover, let f € L'(M, (). Show that the time average

f(m) = lim ;/ fo®(s,m)ds
11— 00 0

exists for pi-almost all m € M, and that moreover f € L'(M,p), [,, fdu=
fM fdu, and f(m) = f o ®(t, m) for y-almost all m € M and all r € R.
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Hint: Show firstthat [ f o ®(s,m)ds = > [Z) F o T¥(m)forn € N, T := (1, ),
and F(m) := [ f o ®(s, m)ds. O

9.36 Exercise ( (Normal Real Numbers)

Show that for Lebesgue-almost all x € [0, 1), the frequency with which the digit 1
occurs in the binary representation of x is %

Hint: Consider the mapping 7' (x) := 2x (mod 1) on [0, 1) and use Birkhoff’s
ergodic theorem 9.32 with an appropriate observable. O

9.37 Remark (Measure Theoretically Typical Dynamics)
For a given dynamical system & : Z x M — M, there are in general many ®-
invariant probability measures on the phase space M.

For example, if m € M is a periodic point with period T, the probability measure
% ZtT;Ol O, (m)is invariant and ergodic, and so are the product measures from Exercise
9.25. Accordingly, the typical behavior predicted by the ergodic theorem will strongly
depend on the choice of the measure. O

9.5 Poincaré’s Recurrence Theorem

Imagine a container C = C; UCy C R? divided into two chambers by a wall.
Assume the left side C, to hold a vacuum, whereas the right side Cy is filled with
air. We now remove the dividing wall. Without knowing the precise positions and
velocities of the gas molecules, we expect the molecules not to stay in the right half,
but to spread out about evenly over both sides.

® oo o ® ® o
o o%° ° o ° o o
(] °
®e > o ©
o © ° °
([ J o Y Y o L
[ o ©
° ° °
CL Cr

Nobody would expect, intuitively, that at some later time, the air would regather
in the right half of the container. However, this is what is going to happen as a
consequence of the following theorem:

9.38 Theorem (Poincaré Recurrence Theorem, [Poi2])
Let @ : Zx M — M be a dynamical system that preserves the measure p on M
(see Definition 9.5). Moreover, assume that B < M < M are measurable and M is
O-invariant, with M(M) < oQ.

Then p-almost all points of B return to B infinitely often.
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9.39 Remarks (Poincaré Recurrence Theorem)

1. If p(M) < oo, one can simply set M := M. Without the hypothesis u(lVI) <
00, however, the theorem does not hold, as the simple example of a translation
®,(x) ;== x +t on M := R with the Lebesgue measure ;1 shows.

2. If werestricta flow @ : R x M — M to the discrete times ¢ € Z, we can apply
the theorem to the restricted system.

In the case of discrete time, it is also more natural to formalize the colloquial
statement “x returns to B infinitely often” for x € B as

[{neN|®,(x) e B}| =occ. O

Proof of Theorem 9.38:

e If u(B) = 0, the claim is obvious, since in measure theory, ‘almost all’ means ‘all
with the exception of a set of measure zero’.

e Soassume p(B) > O andlet K, := [J%2,, ®_;(B) (n € Ny).

j=n N
K, is a countable ugion of measurable sets, hence measurable, and M O K,
implies u(K,) < u(M) < oo. The sets K,, satisfy

Ky =®_1(K,) and MDKo2K 2...2K, 2 Kpy12....

B N K, is the set of those points from B that return to B after time n.

e BN (Npen,Ky) is the set of those points from B that keep returning to B after
arbitrarily long times, i.e., that return infinitely often. This set is measurable,
because it is the countable intersection of measurable sets. We now want to show
that

/J/(B N (mnENO Kn)) = u(B). 9.5.1)
Since the K,, are nested,
ﬂ K, = KO\ (UneNgK” \ Kn-H) s
neNy
and therefore by o-additivity (9.1.2) of p, one gets

p(BN([) K)) = w(BNKo) = D u(BN(Ku\ K1) (952)

neNy n=0

But B N Ky = B; and from K,, 2 K41 and (K1) = p(®_1(K,)) = p(Ky),
it follows that (K, \ K,,+1) = 0. Therefore, (9.5.2) implies formula (9.5.1).

O
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9.40 Examples (Statistical Mechanics and Reversibility)

In the example of the container C C R3, (R? x C)" is the phase space of the n atoms
of some gas. We model the interaction between the atoms with a smooth function
V € C*(R3?, R). Then the Hamiltonian is of the form

n

H:RxO" >R . Hprqi....pnogn) = 2 slpkl®+ D Vg —qo-

k=1 1<k<l<n

We stipulate that in case of hits against the walls of the container, the particles will
be reflected (outgoing angle = —incoming angle). This gives us a dynamical system
that preserves the Lebesgue measure.!”

Now consider, for a regular value E of H, the energy shell M:=M := H Y(E)
with its (finite) Liouville measure z, and set B := M N (R x Cg)" in Theorem
9.38. This is the portion of M that represents all n particles being located in the right
half of the container.

A crucial point with Poincaré’s recurrence theorem is that no assertion is made
concerning the time of the recurrence. In the case of the container, the recurrence
time to B (with realistic parameters for the container C, the number of particles n
and energies E) is larger than the present age of the universe. This is essential for
the practical validity of statistical mechanics with its claims about irreversibility. ¢

9.41 Literature The theorem just proved belongs to ergodic theory (namely the
connection of the theory of dynamical systems with measure and probability theory);
likewise Theorem 12.16 belongs here. A good book on ergodic theory is WALTERS
[Wa2]; applications to problems of classical mechanics can be found in ARNOL’D
and AVEZ [AA], and in BUNIMOVICH [Bu]. O

17This system is not continuous, but it is a dynamical system in the measure theoretic sense.
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Contact structure for the contact form dt — p dg on the extended phase space R?

When one leaves the special case of linear Hamiltonian differential equations behind,
the symplectic bilinear form studied in Chapter 6 becomes a symplectic form, and
Lagrangian subspaces become Lagrangian submanifolds. Symplectic manifolds, i.e.,
manifolds with a symplectic form, have a special kind of geometry. Their structure
preserving mappings are called canonical.
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10.1 Symplectic Manifolds

The dynamical systems studied so far frequently had as their phase spaces open
subsets of R". Starting with this chapter, we will systematically study more general
phase spaces that are differentiable manifolds: (see Appendices A.2 and A.3). There
are three reasons to embrace this generality:

e Firstly, the existence of constants of motion in mechanics leads to (sub-) manifolds
in a natural way.

e Secondly, the geometric contents of statements is displayed more clearly if they are
made (as far as possible) for manifolds and not just R”. This is because in the latter
case, one usually ends up calculating in arithmetic coordinates; and moreover, R”
has additional structures (it is a vector space, has a canonical metric, etc.), from
which we should rather abstract.

e Furthermore, this generalization requires little effort, which to some extent has
been made already (for instance in Lemma 8.18 for the Euler-Lagrange equation
on tangent bundles of manifolds).

The Hamiltonian formalism uses as phase space the cotangent bundle 7*M of a
manifold M, rather than its tangent bundle 7 M.

The relation between the two is just like the relation between a vector space and its
dual space:

10.1 Definition Let M be a differentiable manifold.

e A I-form on the tangent space Ty M of M at x (i.e., a linear mapping T,M — R)
is also called a cotangent vector of M at x .

o The dual space to T, M, i.e., the linear space T} M of such I-forms, is also called
the cotangent space to M at x.

e The union T*M := |,y T M is called cotangent bundle of M.

Coordinates. Let n := dim(M). If local coordinates ¢ = (g1, ...,¢,) : U — R"
are given on a neighborhood U € M of x, the 1-form p on T\ M is determined by
f)

90 (x)) . With respect to these coordinates, we then identify

the n numbers p, := p (
p with the vector (py, ..., p,) and use the bundle coordinates (p, g) on T*U.

Obviously dim(7*M) = 2 dim(M). The cotangent bundle 7*M is even diffeo-
morphic to 7'M (but not canonically diffeomorphic; see page 503).

10.2 Remark (Cotangent Bundles as Phase Spaces) We have already encountered
some examples of cotangent bundles 7*M, namely

1. T*R*" = R" x R" (free motion)
2. T*S'=R x §'  (planar pendulum)
3. T*T? X R? x T? (double pendulum).

The Hamilton functions in these examples were smooth mappings H : T*M — R.
The right side of the Hamiltonian differential equation was given by the Hamiltonian
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vector field Xy induced by H. If we denote the phase space as P := T*M, then
Xy is in particular a smooth mapping Xy : P — T P into the tangent bundle of
P, subject to the property that mp o Xy : P — P is the identity mapping; in other
words, Xy is a tangent vector field.

With respect to the local (p, ¢) bundle coordinates, X y has the components

_( OH OH OH 8H)T
H — 8q1,..., aqn, 8p1,...,8pn .

The following, coordinate free, definition of the Hamiltonian vector field permits a
better geometric insight.

10.3 Definition

e A symplectic form on a manifold P is a closed (dw = 0) 2-form w on P that is
nondegenerate, i.e., forall x € P and ¢ € T, P \ {0},

Inel,P: wEmn #0.
e (P, w) is then called a symplectic manifold.

10.4 Remark

1. It follows from linear algebra (see Theorem 6.13.2) that dim (7, P) must be even
for x € P in order for the 2-form to be nondegenerate. Of course, phase spaces
P of the form P = T*M meet this condition.

2. Not every closed k-form « (i.e., da = 0) is exact (i.e., « = df for some
(k — 1)-form (). If w is exact, we call (P, w) exact symplectic.

3. Inthe case P = T*R", the 2-form wy := >_"_, dg; A dp; is available.
(T*R", wo) is exact symplectic, since wy = —dby with 0y := >, pidg;. O

We know that an arbitrary (not necessarily antisymmetric) nondegenerate bilinear
form allows to transition from vector fields to 1-forms and back. If we apply this to
the symplectic 2-form, the relation is given by the equation

wX,) =« X , avector field, val-formon P .

X can be determined from «, and « can be determined from X.

10.5 Definition A vector field X : P — T P on the symplectic manifold (P, w) is
called

e Hamiltonian if w(X, -) is an exact 1-form,
e locally Hamiltonian if the 1-form w(X, -) is closed.
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e Fora continuously differentiable function H : P — R, the vector field X i defined
by w(Xy, ) = dH is called the Hamiltonian vector field generated by H, and
(P, w, H) is called a Hamiltonian system.

10.6 Example Considering the case (P, w) = (T*R", wy), one obtains that, with
respect to (p, q) coordinates,

! 0 0
Xy = Z ((XH)ig + (Xm)ati 5611-)

i=1 i

n

Zdéh Ndpi(Xp,-) = Z((XH)Hndpi — (Xn)idg;)

i=1 i=1

and
n

OH OH
dH = ; (a—qid% + a_pidpi) )

hence by comparing coefficients:

OH 0H .
Xw)i=——7 , X@)im=7— (@=1,...,n), (10.1.1)
9q; opi
namely indeed the right hand side of the Hamilton equations. %

One may ask why we used specifically the form wy. As a matter of fact, in Exercise
10.8, we will encounter a formulation of the motion of a particle in a magnetic field
B that uses a different symplectic form wp 7# wy.

Nevertheless, wy does play a special role: namely it can be defined geometrically
without reference to coordinates. This definition will carry over to all phase spaces
P that are cotangent bundles (P = T*M). We denote by

Ty P—>M WX,I(TQ*M) = {q} (10.1.2)

the base point projection of the cotangent bundle P := T*M of M.

We want to define a 1-form on the phase space P whose exterior derivative gives
the canonical symplectic form. Such a 1-form 6, is defined by how it maps an
arbitrary tangent vector field Y : P — T P. Then 6y(Y) : P — R is a function
on the phase space. Considering a point x € P in phase space, it can be viewed as
a cotangent vector of the configuration manifold M at the base point ¢ := 7}, (x).
Such a cotangent vector can in turn be applied to a tangent vector to M at the same
point. Combining these observations, we can define a 1-form 6, on P by
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M
M
T3 (Y (x))
Figure 10.1.1 On the definition of the canonical symplectic form 6
(Bo(x), Y (x)) := (x, TWX,I (Y(x))) (x € P) (10.1.3)

(Figure 10.1.1), because the tangent mapping 7 7}, maps tangent vectors of phase
space P into such of the configuration space M, and these in turn can be paired
with the 1-form x to result in a number. The following diagram of manifolds and
mappings commutes,

TP —— TM

Ty,
™ pl l ™
P LN M
i.e., the two concatenated mappings from 7 P to M are equal to each other.

10.7 Definition

e The differential form 6 defined by (10.1.3) on the phase space P = T*M is called
the canonical 1-form, Liouville form or tautological form.
e wy := —dby is called the canonical symplectic form.

In a canonical bundle chart (p, q) : T*U — RZ x U of T*M, one has

(1,2 0 . D
Y:;(Yia—m-i-YHna—%) and (TWM)YZEYH-na—qi.

The vector p can be written in the form p = > p; dg;, so we obtain

bo =20, pidg;.

However, p is a 1-form on M, whereas 6 is a 1-formon P = T*M!
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So it suffices to specify a (Hamilton) function H : T*M — R on the cotangent
bundle of a configuration manifold M to define a Hamiltonian vector field Xz on
this phase space by virtue of the relation

wo(Xp, ) =dH ,

and thus to define a differential equation there.

10.8 Exercise (Particles in a Magnetic Field)

Let B = (By, By, B3)" € C™® (RZ, R3) a location dependent magnetic field, i.e., a
divergence free vector field, div(B) = 0. The 2-form wp € Q?(P) on the phase
space P := R} x R} will be defined by

3
wp = wo + B qu /\dq3 + By dq3 /\dQ] + B3 dql /\dq2 with wg = z dQI A dv;.

i=1

(a) Show that wg is a symplectic form on P.

(b) For vector fields X, ¥ : P — RO, calculate the function wg(X, Y) : P — R.

(c) For H: P —- R, H(g,v) = %||v||2, calculate the 1-form dH and dH (Y).
Find the unique solution Xy of the equation wg(Xy,Y) = dH(Y), where
Y : P — RS are arbitrary vector fields.

(d) Write out the Hamiltonian differential equation x = Xy (x) in position and
velocity coordinates x = (g, v) € P. O

This example shows that one can use symplectic forms on cotangent bundles
that differ from the canonical symplectic form wy. Moreover, not every symplectic
manifold (P, w) is a cotangent bundle, and not every symplectic manifold is exact
symplectic:

10.9 Example (2-Torus) In local (!) angle coordinates ¢, ¢, the area form w :=
dp; Adp; is a symplectic form on the 2-torus P := T?. But fP w = 4n? # 0. So the
symplectic manifold (P, w) is not exact symplectic, because if we had w = —d©,
then by Stokes’ Theorem (see Theorem B.39), it would follow

/w:—/d@:—/ ®=0,
j2 P op

as the compact manifold P = T? does not have a boundary (9P = #).

More generally, all orientable and closed (i.e., compact without boundary) sur-
faces have an area form, which is a symplectic form, but this form is not exact
symplectic, for the same reason. O

Also, not every locally Hamiltonian vector field is Hamiltonian.
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Figure 10.1.2 Locally, but not globally, Hamiltonian vector field on the torus T2. Left graphic:
T2 c R3, right graphic: T? = R?/(27Z)?

10.10 Example (Conditionally Periodic Motion on T?)

On the phase space P = T2, define the vector field X : P — TP in local angle
coordinates ¢ = (@1, ¢2) by ¢ — (p; a), where a = (a;, ay) € R2.

X is locally Hamiltonian, since the 1-form 3 := w(X, -) is closed:

0 0
= dpr Ndps (al— +a2—) =a;dp, —ardyp; ,hence dg=0.
D1 D2

However, for a # 0, there does not exist a function H : T2 — R such that 8 =dH,
because the 1-form 3 does not vanish anywhere, whereas a function H € C'(T?)
must take on a maximum at some x € T? on the (compact!) torus, and dH(x) = 0
at such a maximum (Figure 10.1.2).

The time-1 flow of X, namely the translation ¢ — ¢ + a, is also not generated
by time dependent Hamiltonian vector fields, see Example 10.29.3. O

10.11 Remark (Contact Manifolds)
Symplectic manifolds have an even dimension. There is however a similarly impor-
tant geometric structure on certain odd-dimensional manifolds .

By definition, a contact form on a manifold M of dimension 2n + 1 is a 1-form
6 € Q' (M), for which the (2n + 1)-form § A (d6)"" does not vanish anywhere. In
this case, (M, 0) is called a contact manifold.

1. Anexample is the extended phase space M := T*N x R, of a cotangent bundle
(T*N, 6y), with the Liouville form 6, from (10.1.3). If we denote the projections
bym : M — T*Nand m : M — R,, then 0 := mjdt — w0y is a contact
form. In the case of N = ]RZ, one has therefore § = dt — ZZ:I Pr dqk.

2. If ¢ is a Riemannian metric on N and H : T*N — R is of the form
H(p,q) = %gq(p, p) + V(g), and we consider a level set M := H~'(h) for
h > SUp, ey V(q), then the restriction of 6 to M is a contact form. Indeed, letting
n := dim(N), the form d H A6y A (d6y)""~! is proportional to (H — V') (dfy)™",
and therefore not degenerate on M C T*N.
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3. The same is not true for energies i that are smaller than the supremum of the
potential V. For example, the restriction of 6y = >"}_, px dgy is not a contact
form for the energy surfaces M = H~'(h) of the harmonic oscillator

H:R" >R , Hp,q9) =ipl*+lql*.

However, in this case, one can use 6 := % ZZ=1(P1< dgir — qrx dpy), which is a
1-form that differs from the Liouville form 6y = >/ _, px dgi by an exact form:
6o = 0 4+ d (p,q) /2. One can prove, analogous to Case 2 above, that ¢ is a
contact form on M.

The kernel of 6 defines hyperplanes in the tangential spaces 7, M, and the collection
of these hyperplanes is a geometric distribution on M, called the contact distribution.
What is special about 6 is that it is maximally non-integrable in the sense of Frobenius
(see Appendix F.3). This implies in particular that the contact distribution cannot be
tangential to any 2n-dimensional submanifold of M. This can be seen intuitively in
the example of the contact distribution on R* depicted on page 215. %

10.12 Literature An introduction to contact geometry is given by H.GEIGES in [Ge]
and by V.ILARNOL’D and A.GIVENTAL in [AG]. O

10.2 Lie Derivative and Poisson Bracket

“La vie n’est bonne qu’a deux choses: a faire des mathématiques
et a les professer.” SIMEON POISSON!

In the previous chapter, we introduced the notion of a symplectic manifold (P, w).
Here, P was a manifold, and w a symplectic 2-form, i.e., a nondegenerate closed
differential form of 2nd degree. The standard example is

(P,w) = (T'R) , X7 dgi Adp;) .

A Hamilton function H : P — R will then induce the Hamiltonian vector field X g,
which is defined by the relation w(Xy, -) = d H. In the standard example, in (p, q)
coordinates, one has

o — (—on .. _on . onm . om)'
H = g, > dqy * Op1? > Opn .

Any vector field, in particular X, generates a flow @, that exists at least for small
times.

I Translation: “Life is only good for two things: to do mathematics and to teach it”.
Quoted after: Frangois Arago: Notices biographiques, Volume 2, 662 (1854).



10.2 Lie Derivative and Poisson Bracket 223

In mechanics, the relation & (®7w) = ®} L yw between flow and Lie derivative,
which was proved in Theorem B.34, has the following consequence:

10.13 Theorem Let (M, w, H) be a Hamiltonian system, and let the Hamiltonian
vector field X i generate the flow ® : R x M — M. Then, for all times t € R,

Prwt =w™ (kell,..., idimM}).

Proof
e & = Idy, hence (by Theorem B.15.3) ®j W = Wk,

o Ldrw = ®fLy,w = ¥} (ix,d + diy,)w = ®}(ix, dw +ddH) = 0, hence
0 0

by the Leibniz rule also £ @7 w™ = L(Pfw A ... A Pfw) = 0.
I ——

]

k times

10.14 Remark (Symplectic Forms and Hamiltonian Flows)

1. So Hamiltonian flows leave the symplectic 2-form w invariant. This is an impor-
tant property of consistency, since the vector field X generating the flow was
defined by means of w. As we have seen, it follows from the requirement that a
symplectic form be closed, a requirement that may initially have seemed unmo-
tivated.

In contrast, for exact symplectic 2-forms (i.e., those of the form w = —d®), the
1-form @ is in general not invariant.

2. In particular, the volume form w”" with n = %dim(M) is flow invariant. So
Hamiltonian flows preserve volume.

Conversely, on R?, every volume preserving flow is Hamiltonian, because for
the generating vector field X, the form w(X, -) will then be closed, hence by
Poincaré’s lemma (see Appendix B.7), exact.

On the other hand, for n > 1, not every volume preserving flow on R*" will be
Hamiltonian. O

An important role in mechanics is played by the Poisson bracket:

10.15 Definition Ler (M, w) be a symplectic manifold and f, g € C*°(M,R). The
Poisson bracket of f and g is the function

{f. 9} =wXys, X,) € C*(M,R). (10.2.1)

10.16 Theorem {figt=—-Lx,g=+Lx,[.

Proof —fog = —indg = —iniX”w = —W(Xg, Xf) = w(Xf, Xg) O
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This relation with the Lie derivative means that the Poisson bracket g — { f, g} with
a given function f is a derivation, i.e., it satisfies the Leibniz rule

{f.gh} = {f. g}h + g{f. h} and therefore also {f,Goh}=G oh -{f h}

for continuously differentiable G : R — R.

10.17 Theorem Let f € C*®(M, R) generate a Hamiltonian flow ® on M. Then
the following are equivalent for g € C*(M,R):

1. {f.g}=0
2. g is constant on the orbits of ®.

Proof By Theorems B.34 and 10.16, we have
90 = §®rg=PjLx,g = —P;({f.9)) - O
10.18 Remark (Poisson Bracket)

In canonical coordinates (py, ..., pu, q1,---,qn), .., coordinates in which the
symplectic form w equals >, dg; A dp;, the Poisson bracket is of the form

N df g of dg
(fot =30, (52 - 3 22)

due to (10.1.1); in particular

pipd=1gna} =0 and {gi.ps) =06k (Gk=1,....,n). ©

As the Poisson bracket { f, g} again defines a Hamiltonian vector field Xy, it is
natural to ask how this vector field relates to X ; and X ;. This leads us to the notion
of a Lie bracket.

In (A.3.3), when writing a vector field X in local coordinates (z, ..., z,) as

n a
X@) =) Xi(x)5—.
; 32,:

we used the isomorphism between vector fields and first order differential operators
as given by the Lie derivative of functions. Then obviously a composition of Lie
derivatives Lx Ly is a second order differential operator. But interestingly enough,
the following lemma holds:
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10.19 Lemma The operator Lx Ly — Ly Ly is a first order differential operator.

Proof In local coordinates (zy, ..., 2,),

_ " < _8Y~ Op _ 0
LyLyp = ZX ZY’az, _EZ(XW—Z:%NLXZY,BZ@Q),

hence

. aY; 8X dp
(LLy — LyLy)p = zz( -r o) 28,
=1 j=I 627 azj O

We can therefore define, in view of the above-mentioned isomorphism:

10.20 Definition The Lie bracket or commutator of two vector fields X, Y : M —
T M, denoted as [ X, Y], is the vector field on M that satisfies

L[X,y] = LxLy — Lny .

In local coordinates (z1, . . ., z,), our lemma implies that

" 8Y aX )
=33 (x50 -r 20y L.

j=1i=1

10.21 Theorem The flows &, and VY, generated by complete vector fields X and Y
commute if and only if [ X, Y] = 0, see the figure.

Proof

o If Cbt (@) \I'ls (Z) = \Ils o CDI(Z)
for all s,¢ € R, then for all func-
tions f € C*°(M, R),

Lix, Y]f_LXLYf_LYLXf:
d *
_ 4 _q>* —
(dt "ds vif s dr tf)

t=5s=0

e The proof of the converse can be P Dy(2)
found for example in GIAQUINTA
and HILDEBRANDT [GiHi],
§9.14. O

Non-commuting flows ® and ¥
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10.22 Theorem
For functions f, g € C*(M,R) on a symplectic manifold (M, w), one has

d{f, g} = —ix, x,w -

10.23 Remark Therefore the commutator of the Hamiltonian vector fields of f and
g is again a Hamiltonian vector field, whose Hamilton function is —{ f, g}:

Xirg = —[Xp, Xgl. v

10.24 Lemma For vector fields X,Y : M — T M and k-forms o on M, one has
i[XqY]Oé = inya — iyLXa{ .

Proof

e For O-forms, the relation is trivial, because the inner product of a function and a
vector field vanishes.

e For a local coordinate system (zy, ..., z,) on M and the 1-forms « := dz;, one
gets

Lxiydzy —iyLxdzy = (LxLyzy — Lxd iyzy) —iydLxzi
——
0
= LxLyzy — LyLxzx +diyLxzx = Lix y12k = dijx y)2x Hix ydzk .
0 0

e More general forms are combined from functions and the 1-forms dz; by exterior
products, and one uses (B.5.2). 0

Proof of Theorem 10.22:
In view of dw = 0, one calculates

d{f, g} = dnginw = Lxginw — ixgdixfw

=nylx/w — lxnyfw ~|—lxgledw = qulew — leLxgw = —Iix, x, W,

because Lx,w = Ly,w = 0. O
The fact that w is closed has entered into the proof in an essential manner.
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10.25 Theorem (Lie Algebra Properties of Poisson Bracket)
For f, g, h € C*(M, R), one has the properties

{f. 9y =—g. f} (Antisymmetry)

and

{f. gt hy+{g. h}, fY+ R, £}, 9} =0 (Jacobi Identity) . (10.2.2)

Proof
e The antisymmetry of the Poisson bracket follows from the antisymmetry of w.

e We have {{f, g}, h} = —Lx, h

gt "
{{g, h), f) = —Lx,Lx,h and {{h, f}, g} = +Lx,Lx,h,

hence the left side of the Jacobi identity equals

(LX_(/LXf — LXfog)h — LXUZ.q)h = (L[ng)(f] + LX(y‘f,)h =0. O
10.26 Remark
Consequently, the R-vector space C*°(M, R) on a symplectic manifold (M, w),
together with the Poisson bracket, is a Lie algebra (see page 553). O

10.3 Canonical Transformations

10.27 Definition

e Let (P,w) and (Q, p) be symplectic manifolds with dim(P) = dim(Q). A map-
ping
F eC'(P, Q) satisfying F*p=w

is called symplectic, or a canonical transformation.

e A symplectic diffeomorphism F € C'(P, Q) is called a symplectomorphism.

e Ifa symplectomorphism F € C'(P, P) can be written as the solution F = F, ofa
differential equation %F, = Xp,oF;, Fy = Idp with explicit time dependence, and
the Hamiltonian vector field Xy, of a time dependent Hamiltonian H; : P — R,
it will be called a Hamiltonian symplectomorphism.
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10.28 Remark

1. Canonical transformations are the structure preserving mappings of symplectic
manifolds, in a similar sense as linear mappings preserve the structure of vector
spaces.

2. The symplectomorphisms of (P, w) form a subgroup of the group of diffeomor-
phisms of P, and the Hamiltonian symplectomorphisms in turn form a subgroup
of the group of symplectomorphisms.

3. The books [LiMa] by LIBERMANN and MARLE, by MCDUFF and SALAMON
[MS], and by HOFER and ZEHNDER [HZ, Zeh] discuss further geometric and
topological aspects. O

10.29 Examples (Symplectomorphisms)

1. For the symplectic manifolds
(P,w) := ((0, o0) x R, rdr A dgp) and (Q,p) = (Rz, dx; N dxz) )

the transformation into polar coordinates F(r, p) := (rcose,rsinyp) is a
canonical transformation (but is neither injective nor surjective).

2. f ®: R x P — P is a Hamiltonian flow on the symplectic manifold (P, w),
then by Theorem 10.13, the &, : P — P are symplectomorphisms.

3. The translations ®, : T> — T2, x — x +a (a € T?) of the 2-torus T?
with the area form w are symplectic, but only in the case &y = Id» are they
Hamiltonian:

For Fi = ®,, Fy = Idy2, $ F, = Xy, o F; with a time dependent Hamiltonian
vector field t — Xy, (and with the identification TT? = R? x T?), one has

1
a:/ aw:/ (Fl(x)—x)w(x)z/ / iF,(x)dtw(x)
T2 T2 T JO dt
1 1
:/ / XH,oF[(x)dtw(x):/ / Xp, o Fy(x)w(x)dt
T J0 0o Jr2
1 1
:/ / XH/(x)w(x)dtzj/ / VH (x)w(x)dr =0.
o Jr o Jm

Here the inner integral vanishes according to Stokes’ theorem (Theorem B.39).0



10.3 Canonical Transformations 229

10.30 Exercise (Sphere and Cylinder)> Show that for the cylinder
Zi={xeR | xl4x3 =1, |x3] < 1},

the radial projection onto the
sphere, i.e., the mapping F : Z —
52,

T
2 2
x> N xiy/ 1 —x35, x04/1 —x3, x3) ,

is a symplectomorphism onto its
image (i.e., onto the sphere minus
its poles). Hereby, the underly-
ing symplectic forms are the area
forms of the surfaces imbedded
into R3. For instance, for the
sphere, this is

w, (Y, Z) :=det(x,Y,Z) (Y,ZeT.S%).0

Locally, in any symplectic manifold, one can always use the canonical coordinates
from Remark 10.18. In other words, locally, all symplectic manifolds of a given
dimension look alike:

10.31 Theorem (Darboux) For every point x € P of a 2n-dimensional sym-
plectic manifold (P, w), there exists a chart (U, @) near x with coordinates p =

(Plsees Pnsqis oo s qn), such that wly = >0 dg; A dp;.

Proof
e We work in the images of local charts at x. So we show that for any two open
neighborhoods Uy, U; of 0 € R?* and symplectic forms wy on Uy, there exist
neighborhoods V; € U of 0 and a diffeomorphism F : Vo — V; such that wy [y, =
F* (w 1 rVI )

In each step of the proof, we may reduce the neighborhoods Uy, as needed, without
renaming them.
e We assume that by means of a linear map, it has already been achieved that w, (0) =
w1(0). The linear Darboux theorem (Theorem 6.13) shows that this is possible.
e The diffeomorphism will be constructed as solution F = Fj to a time dependent
differential equation %F, = X, o F; with initial value Fy = Id. The diffeomorphisms

2This is actually the title of an opus by Archimedes published in 225 BC. In it, he proved among
other things that a sphere and its circumscribed cylinder have the same area.

When Cicero was questor on Sicily he looked for the tomb of Archimedes, who had been murdered,
and believed to have found it. “Above the brush, I noticed, there rose a small column, on which
there were the shapes of a sphere and a cylinder.” (45 BC, Tusculanae disputationes).
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F, will satisfy F;(0) = 0 and DF;(0) = 1. The vector field X, will be chosen to
satisfy the condition

Lx, w =wy—w; with w; := (1 —Hwy + tw; (10.3.1)

(The last bullet point explains why this is possible.) This implies that F*w; = wy,
because Fjwy = wp and

4Ffw, = F (Lx, w + $w,) = F(0) =0.

So F, deforms the symplectic form.

e On a small neighborhood of zero, w; is a symplectic form for all # € [0, 1], because
wy (0) is constant and non-degenerate, and to be non-degenerate is an open condition.
e By the Poincaré lemma (see Appendix B.7), the closed form w; — wy is exact in
some ball around 0, so it is equal to d for an appropriate 1-form 6. As w, in (10.3.1)
is closed, its Lie derivative is Lx,w, = dix,w;, so the requirement is that iy,w, = 0
(possibly plus some df). Since w; is non-degenerate, this requirement can be met.
By adding an appropriate df to 6, we normalize #(0) = 0, hence X,(0) = 0, and
thus F,(0) = 0. O

In the remainder of the chapter, for simplicity, we will restrict our discussion to
symplectic manifolds that are cotangent bundles (P, w) = (T*M, wy) of a manifold
M (with the canonical symplectic form wy = —d6 from Definition 10.7). They have
a particular class of canonical transformations:

10.32 Definition For a diffeomorphism f € C'(M, N), the mapping
T*f:T*N— T*M,(T*f(B),v) == (B, Tf () (6, €N, veT,M)

with n := f(m) is called the cotangent map or the cotangent lift of f.

10.33 Remark

1. As the derivatives of f at m € M, namely the linear mappings 7,,, f : T, M —
T, N, are surjective, the mappings

T f =T flpy:T/N = Ti;M  (n€ f(M)CN)

are isomorphisms of the cotangent spaces. As f itselfis surjective, T, f is defined
foralln € N.

2. So this is the dual notion to the tangent map 7f : TM — TN introduced
in Definition A.47. The diagram to the right, with the base point projection 7},



10.3 Canonical Transformations 231

introduced in (10.1.2), commutes. Note however that the 7xp T/ 7sps
tangent map (in contradistinction to the cotangent map)

is also defined for mappings f € C'(M, N) that are not W”fvl lﬂk
diffeomorphisms. =

N — M
Moreover, for diffeomorphisms g : L — M and f : M — N, one has

T(fog)=TfoTg ,but T*(fog)=T*goT*f. (10.3.2)

3. In classical mechanics, these mappings are also called point transformations.

O

10.34 Example (Cotangent Lift of a Gradient Flow) On the circle ‘
St = {(2) | ¢ € [—m, w]}, the height function & : ' — R, (J&%) —

cos
cos ¢ generates the gradient vector field that is tangential to S' (see page 97),

Vh ((génsﬁ)) =sing (—Sicl;);w) .

The gradient flow ¥ = Vh(x) T
(intuitively speaking opposed to g% %
the direction of gravity!) there- {
fore corresponds to the differential . §1 2
equation ¢ = — sin ¢, which has 2

r/S

fi(p) = 2arccot(e’ cot(p/2)) (t € R)

as a solution (see the figure).

The cotangent lift
T*f,(p.¢) = ((cosh(r) +
sinh(t) cos(9)) p, f-()) 4

of the diffeomorphism f; is an

area preserving mapping of the

cylinder R x §' = 7*S!, '

In the figure on the right, one ‘_ _
can see the (transparent) cylinder

[—1, 1] x S! and its image under

the cotangent lift 7* f;. O

10.35 Theorem (Cotangent Lift) The cotangent lift T* f of a diffeomorphism f €
C' (M, M) leaves the tautological 1-form 6y on T*M invariant, i.e.,

(T*f)* 0y =0y .

Proof In local vector bundle coordinates (p, g) and (P, Q) with Q := f(gq), one
has p =Df(q)" P,hence P = (Df(q)T)_1 p and
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b= (P.dQ) = ((Df @) p.Df (@) dq) = (p.dg) = (T /)"b0.

Here we have used the abbreviated notation (P, d Q) := Z?‘:"I M p.do;. ]

Thus in particular, cotangent lifts are symplectic.
Another class of symplectic mappings is given by certain fiber translations:

10.36 Definition A fiber translation of a cotangent bundle T*M is a mapping
transy : T*M — T*M , transa(p) =p+A(q) (qeM, pe Tq*M),

with a 1-form A € Q' (M).

10.37 Theorem A fiber translation trans, is symplectic if and only if A is closed
(dA = 0), and it is Hamiltonian if A is exact (A = dh).

Proof

e In local canonical coordinates (p, ¢), the symplectic form >, dgx A dpy is trans-
formed into D, dgx A d ( Pr — Ag (q)) by pull-back with the fiber translation of
A(q) = >, Ak(@)dgy. So it changes by dA.

o If A =dh,thenthe lift H = hony, : T*"M — Rof h : M — R generates
a Hamiltonian flow ® : R x T*M — T*M with ®_; = trans,, because the
Hamiltonian vector field Xy equals — >, %(q)a%k =—->, Ak(q)a%k in local
coordinates, hence ®,(p, q) = (p —tA(q), q). (]

As with all transformations, we can take an active or a passive point of view for
canonical transformations. In the first case, we are interested in how phase space
points are mapped by F’; in the second, how a a coordinate system (like for instance
the coordinates (py, ..., Pu, 41, - - -, qn) On the vector space R’;, X R’;) becomes a
new coordinate system under F*.

An important motivation for using canonical transformations is to solve the Hamil-
tonian differential equations

OH . OH
0qi 1= pi

pi=

Namely, it is possible that in a new coordinate system (P, Q), the differential equa-
tions have a simpler form, so that we can solve them. It transpires that it is expedient
in this process to choose not some arbitrary new coordinates X, . .., X,,, but rather
such as preserve the form of the Hamiltonian equation. This is why canonical trans-
formations are recommended for a change of coordinates.

For a given Hamilton function H : P := T*M — R, we consider, using the
canonical 1-form 6, on P introduced in Definition 10.7, the 1-form

Oy = 77790 — H dt
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on the extended phase space P x R;. Here R, represents the time axis, and m; :
P x R, — P is the projection on the first factor P.
Because dfy = —wy, we conclude

dOy = —mtwy — dH Adt .

This 2-form must be degenerate as it is an antisymmetric bilinear form on the odd-
dimensional space P x R,. In particular, the vector field X on P x R, given by

Xpy(x, 1) := Xpx) + g (10.3.3)

satisfies if(Hd@H = —dH + dH = 0. On the other hand:
10.38 Lemma [f a vector field W on P x R, satisfies

doy(W,) =0,

then ~
W=7fXyg

for an appropriate function f on P x R, and the vector field X i from (10.3.3).

Proof The local form of a vector field on P x R, is

w S 0 +b _8 + 0
= a; — i C— .
= 9q; opi ot

So the 1-form d® gy (W, ) equals

If this vanishes, one gets by comparing coefficients that a; = +c 3—,’3 andb; = —c ?)_qH
(i=1,...,n),hence W = f Xy with f = c. -

So at each point x of P x R, there exists in the local tangent space T, (P x R;)
a subspace of dimension exactly 1, consisting of vectors that produce a vanishing
1-form when plugged into d®p.

Following these directions, we obtain curves ¢ : I — P x R, which we can even
choose to be parametrized by #; these curves are called characteristic or vortex lines

c@) = (p1@). ..., pa(0), q1(0), ..., qu(®), 1) (t€]).
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Then it follows by Lemma 10.38 that p;, = and gi = namely the Hamil-
tonian differential equations.

10.39 Theorem [f the coordinate change (p,q) +> (P(p,q), Q(p,q)) on the
phase space M C R, x Ry gives rise to a canonical transformation g : M —

. . . . . . OH - OH
R} x Ry, then the Hamllton.lan differential equations p; = —oq 4 = G of
H : M — R are transformed into

po_ 0K 5 0K
T © T op

50, ,with K(P(p.q). Q(p.q)) = H(p.q).

Proof We consider the 1-form o« := Z;’zl (pidq; — P;d Q;) on the coordinate chart
in M. Since g is canonical, we have da = 0. Therefore on the extended phase space,
it follows that

n n
Ty Z pidq; — Hdt = 7} Z PidQ; — Hdt + i«
i=1 i=1

If we subtract 7} v on the right hand side, the vortex lines remain the same, because
they only depend on the exterior derivative, and d7ja = mjda = 0. As the vortex
lines are the same, so is the Hamiltonian equation. [

Itis not just the Hamilton function generating the equations of motion that transforms
in a simple manner under canonical transformations, but also the Poisson brackets:

10.40 Theorem Assume the diffeomorphism F : P — Q is a canonical transfor-
mation of the symplectic manifolds (P, w) and (Q, p). Then, for f,g € C*(Q, R),
the pull-back® F* satisfies

F*X;=Xpy and F*({f, glo) ={F*f. F*g}p

Proof

e The first identity follows from
ipx,w=ipx, F'p=F"(ix,p) = F*df) =d(F* f) = ix,.,w
because w is nondegenerate.

e The second identity follows from the first one: F* ({f, g}Q) = F* (ixgix, p) =
=ipex, ipx F*p =ix. ix. w={F"f, F*g}lp. O

3Definition: The pull-back F*X of a vector field X : Q — T Q on a manifold Q with respect to
a diffeomorphism F : P — Q is the vector field F*X := T(F-"YoXoFonP.
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10.4 Lagrangian Manifolds

“Symplectic Creed: Everything is a Lagrange manifold.”
ALAN WEINSTEIN, in [Wein]

The Hamiltonian equations of motion are distinguished from other systems of ordi-
nary differential equations by the fact that the information incorporated in them is
encoded in a single function, the Hamilton function. Similarly (albeit subject to cer-
tain restrictions), canonical transformations can be represented by a single function,
called the generating function. To understand this representation, we introduce the
notion of a Lagrangian manifold.

Let us first recall the definition of Lagrangian subspaces L C E of a symplectic
vector space (E,w) in Chapter 6.4: they are isotropic (i.e., w vanishes on L) and
of maximal dimension (dim(L) = %dim(E )). This notion generalizes easily from
symplectic vector spaces to symplectic manifolds:

10.41 Definition Let (P, w) be asymplectic manifoldand I : L — P the imbedding
of a submanifold L.*
L is called isotropic if /*w = 0, and Lagrangian if moreover dim L = % dim P.

10.42 Examples (Lagrangian Manifolds)

1. For dim(P) = 2, every 1-dimensional submanifold L is Lagrangian, because
I*w is a 2-form on L and therefore I*w = 0.
2. Letdim(P) = 2n and Fi, ..., F, € C®(P,R). Let f € F(P) be a regular

value of
F
F:=( : ):P—)R”.
in

Then L := F~'(f) is an n-dimensional submanifold of P.

If{F;, Fi} =0fori, k € {1,...,n}, then L is Lagrangian.
Proof: By regularity of F, the n-formd Fy A...AdF, (x) # Oforanyx € L;and
because of the relation iy FW = d F;, the Hamiltonian vector fields X, ..., Xp,

are linearly dependent at each x € L. Moreover, they are tangential to L because
sz(XFk) = iXdeFi = inkiszW = {FZ, Fk} = O

As dim(7, L) = n, the vectors X, (x), ..., Xf, (x) span the tangent space T, L
of L atx. Hence, tangent vector fields Y, Z to L can be written as linear combina-
tions Y = 3" | ¥;- X, with functions ¥; : L — R, and accordingly also for Z.

Therefore w(Y, Z) = 0, hence [*w = 0, and this means that L is isotropic, and
because dim(L) = n, Lagrangian.

4Submanifolds of manifolds P are defined in analogy to the case P = R” (Definition 2.34).
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3. Let M be a n-dimensional manifoldand P := T*M its cotangent bundle. Then
on P, there exist the canonical 1-form 6 introduced in Definition 10.7, and the
canonical symplectic form wy = —d6y.

In the example M = R}, one has 6y = > ;| pidg; and wy = 371, dg; A dp;.

We now consider a 1-form o on M.
The graph L of « is an n-dimensional submanifold L C P (see Figure 10.4.1).

Interpreting the 1-form «v as a mapping & : M — L C P, we can therefore pull
back the canonical 1-form 6, by this mapping &, and we obtain

&0 = o, (10.4.1)

because by Definition (10.1.3) of 6, and using the base point projection 7}, :
T*M — M, we have

{foa(@)). ¢) = {a@), Ty Q) (¢ € TaP).

Figure 10.4.1 Lagrangian
submanifold as the graph of

a closed 1-form
T*M

and therefore, with 7}, o & = Id);, we obtain for v, € TyM:

(6%60(q) . vg)=(0(&(@)) . T(@)(vy)) = (alq), T(mhy) o T(A)(vy))
= (a(q), T (m}; 0 &) (vy)) = (alq), T1dy (vy)) = (a(q). vy).

The exterior derivative of (10.4.1) is
da = dd*eo = &*deo = —&*WO s

and therefore L = graph(«) is Lagrangian if and only if « is closed.’ %

>Compare this with Theorem 10.37 on fiber translations.
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In complete analogy to the linear case (Theorem 6.49), one obtains the following
statement:

10.43 Theorem Let F : My — M, be a diffeomorphism between the symplectic
manifolds (M;, w;). Then F is symplectic if and only if the graph

I'r:= {(x, F(x)) | x € M1} C M| x M,

of F is Lagrangian with respect to the symplectic form w, © wy on M| x M>.

Proof The tangent space T, r)['r of I'r at point (x, F (x)) is of the form
To ranl'r = {(v TF(U)) |ve TXMI}.
Therefore, the imbedding I : I'r — M} X M, and w := w; S w; (see (6.48)) satisfy

(I'w) ((v1, TF (1), (v2, TF(2)))
= wi (v, 1) =W (TF (1), TF(v2)) = (w1 — F*wy)(v1, 1) . |

10.5 Generating Functions of Canonical Transformations

We will now show that canonical transformations can, at least locally, be repre-
sented in terms of a single function, called a generating function of the canonical
transformation.

We know by Theorem 10.43 that the graphs of canonical transformations are
Lagrangian submanifolds.

So let now (M, w) be a symplectic manifold and / : L — M a Lagrangian
submanifold. By the Poincaré Lemma (see Appendix B.7), every x € M has a
neighborhood U C M of x and a 1-form 6 on U with w[,; = —df. Now if x € L,
then 70 is closed because

0=Il'wly =—1"d0 = —dI*f.

Therefore, again by the Poincaré Lemma, on an appropriate neighborhood V C L
of x, there exists a function S : V — R such that

Such a function will be called a generating function for L.

Let us now consider in particular a canonical transformation F from (M, w) to
(M>, w,), where these symplectic manifolds are assumed to be exact symplectic, i.e.,
w; = —d#6;. Then the symplectic manifold (M, w),
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M =M xM, and w:=w; O wy,
is also exact symplectic:
w=—df with 0:=60,6060, =710, —736, on M.

By Theorem 10.43, the graph I'r C M is a Lagrangian submanifold. At least
locally (namely by restricting F' to an appropriate neighborhood U; C M| of m| €
M), we can find a generating function S such that

"0 =—dsS.

We use local canonical coordinates (P, Q) = (P, ..., Py, Q1,..., Q,) on U and
(p.q) =(p1,---. Pusq1s - ., qy) o0 Uy := F(Uy) € M>, where

F(P, Q)= (p.q).

By Darboux’ theorem (Theorem 6.13), we may assume 6, = > ", p; dg; and 6, =
Z?zl P;dQ; on U; and U, respectively, so that

0= Z(Piin —pidq;).

(2

For n = 1, the canonical form can be written in at least two of the following four
forms, because at least two entries in DF (P, Q) € Mat(2, R) do not vanish:

1. We write S as a function (g, Q)‘of (q1, - - qn,s Oi1,...,0,). FromdS, =
—1I%0,, it follows that dS; = Zi(?)—j;dqu + g—ngi) = > (pidq; — PidQ)),
hence '

a8, 0S8 .
= P7=—— =1,..., .
b 0qi 00; ¢ "
2. If S is set up as a function S,(g, P), it is expedient to add an exact form to 6;:
s, = —1*92 with 492 = 91 —d (27 QiPi) = Zi(_QidPi — pid%‘), thus

08, 0S5, .
_3Pi s pl—a—qi (t=1,...,n).

Qi

3. If weset S as S3(p, Q), one obtains with 63 := 0, + > . d(piq;) = > ; P,d Qi+

qupl that
oA oS .
= 3 qi = 3 (t=1,...,n).

_8_Qi ' _api

4. If we take 04 := 6, + d (Z_Qipi +C]ip7j) = Zz —Q;dP; + qidp;, then S,
expressed in terms of Sy(p, P), —dSs = I*0,, yields
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oS oS
4 _ 954 (=1

- 5 i e, ).
Op; oP; )

qi =

In all four cases, we equally get w = —d6;, (k=1,2,3,4).

Generally, dim(M; x M;) = 4n. In this case, at least one of the coordinate 2n-
tuples can be used for the local representation of the canonical transformation. The
argument can be found in Lemma 1 on 276 of HOFER and ZEHNDER, [HZ].

10.44 Example (Polar Coordinates and Harmonic Oscillator)
For w > 0 and

F:R*xR—>R? , (p.q) (P,0) = ( /22 cos(2rq), %sin(qu)),
one has
dQ AdP = (% [-Lsin@rq)dp + 2,/ cos(27rq)dq) A

(% \/,,IW cos2mq)dp — 2./ por sin(27rq)dq)
=dg ANdp,

so the (local) diffeomorphism is area preserving.
For S1(q, Q) := —5 2 cot(2mq), one gets

0S8, TwQ? 08,
—__ 7= d — = — t(2 .
9q ~ snlng) M 9o T weorm)

Therefore S generates the canonical transformation F':

p BN

— =wcot(2ng) , hence P = 22t

Q 20
Q’ P S

=) = — ,hence p= —.

sin“(2rg) 7w dg

If we consider the Hamilton function H (P, Q) := %(P2 +w?Q?), it gets transformed
into
w
K(p.q):=>_p.
m
The linear equations of motion of H give rise to a constant vector field for K:

w

= — :O
27 p 0

q
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10.45 Exercise (Representation of the Flow by Generating Functions)

(a) Show that for the Hamilton function of the harmonic oscillator
Hy:R* >R , Ho(p,q) =31(p*+q%
and times ¢t € (—7/2, w/2), the solution (p;, g;) can be written in the form

pr = po—tDoH(po,q:) , qr =qo+tDiH/(po,q:), (10.5.1)

with the function

sin(7)

H(p,q) = [ o

(PP +4q°) + C()S(tt#pq} /cos(t) (0 < |t < 7/2)

extending H.

(b) Generalize this result to the effect that for every quadratic Hamilton function
Hy : R — R, there exists a time T > 0 and generating functions H,, |[t| < T
such that a relation analogous to (10.5.1) holds. Calculate H; from the solution
(with H;(0) := 0). Conclude that (¢, p, q) — H;(p, q) is smooth also at t = 0.

(c) Show: Whereas the anharmonic oscillator with Hamilton function

Hy:R* >R , Ho(p,q)=3(p*+q*+4"

does define a dynamical system, a relation analogous to (10.5.1) cannot exist for
any t # 0 on the entire phase space. %
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Foucault pendulum. Image: courtesy of Miami University (Oxford, Ohio).
Photographer: Scott Kissell

This class of Hamiltonian motion is the most important one. It comprises both elec-
trostatic and gravitational force fields.

It shares the property of reversibility with geodesic motion, and it can often be
compared well with geodesic motion. Accordingly, many geometric techniques have
been developed for the analysis of dynamics in a potential.
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11.1 Properties of General Validity

In this chapter, we study Hamiltonian systems on the phase space' P := RY x R
whose Hamiltonian has the form

H:P—>R , Hp,q9) =3 (p.Ap)+V(q), (11.1.1)

where A = AT € Mat(d, R) is positive definite and V € C>(R?, R) is a potential;
such Hamiltonians occur frequently in physics. The Hamiltonian differential equation
is therefore

p=—-VV(g) , ¢=Ap. (11.1.2)

The kinetic energy, i.e., the quadratic form K (p) := % (p, Ap), can be diagonalized
by a linear symplectic transformation P — P, (p,q) — (Op, Ogq), where O €

SO(d) is arotation. Denoting the reciprocals of the eigenvaluesof Aasmy, ..., myg >
0, one obtains K (p) = Z 1 2 . In terms of physics, these m; will be 1nterpreted
as masses.

11.1.1 Existence of the Flow

For initial conditions xy € P, the only way for the norm ||®,(x)]| of the solution
to become large is that, along with (p(t), q(t)) := ®,(x), the position g (t) goes to
infinity. This leads to the following sufficient condition for the existence of the flow.

11.1 Theorem If there exists a constant ¢ > 0 such that
Vig) = —c(1+1ql*) (g €RY, (11.1.3)

then the differential equation (11.1.2) generates a flow ® € C'R x P, P).

Proof:
e For myiy := min(my, ..., my), one has ||g|| < ||pll/mmin.

e Let £ := H(xp). Then for all times ¢t € (fyin, fmax) from the maximal interval of
existence, one has

@)l < @Il <6

min

d
DA /mi = E = V(gn) (11.1.4)
k=1

with ¢ 1= ¥=Fma zm‘““‘ . Letting ¢; := cj+/2 max(E, c¢), we conclude from (11.1.3) that

"More generally, the configuration space is a manifold M and the phase space P is its cotangent
bundle 7*M, see Chapter 10.1.
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IGON < eiVE + e+ Ilg®)1?) < exy/T+ g

e Therefore, letting f(z) := 1 + |lg(®)||> and A := f(0), we conclude for all
1 € [0, tmax):

f) = A+ 2/0 (). 4(s)) ds < A +2/0 I 1G] ds
<A+ 2c2/ (1+ lg()P) ds = A+ 202/ £(s)ds.
0 0

An analogous claim applies for t € (fin, 0]. Then, from the Gronwall Lemma 3.42,
we infer

f(@) < Aexpest]),

so f(¢) is in particular bounded. Therefore, in view of (11.1.4) and (11.1.3), the
solution @, (xp) = (p(t), q(t)) satisfies

12, (x) 1> = P> + lgOI* < c3(1+ llg®)]?) < c3A exp2ealt])

with an appropriate constant c3. By this estimate and local Lipschitz continuity of
the right hand side of (11.1.2), the solution can be extended for all times.

e The continuous differentiability of the flow follows from the continuous differen-
tiability of the right hand side of (11.1.2) and Theorem 3.45. (]

11.2 Exercise (To Infinity in Finite Time)
Show that for ¢ > 0 and potential V(g) := ¢ (1 + ||g||*)'*¢, the differential equa-
tion (11.1.2) generates a complete flow if and only if ¢ > 0. O

The kinetic energy K being nonnegative, for a total energy E := H(po, qo), the
trajectory with initial condition (py, go) is confined to the connected component of
qo of Hill’s Domain {qg € R? | V(q) < E}.

11.1.2 Reversibility of the Flow

We now allow the configuration space M to be a manifold. On the symplectic
cotangent bundle (T*M, wy) instead of (11.1.1) we consider Hamiltonian functions
H e C?(P,R) with P := T*M that (in local bundle coordinates) have the form?

H(p,q) = 39;(p. p) + V(q). (11.1.5)

2This includes open subsets M C R and H(p,q) = % + V(g) as a special case.
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Here g denotes a Riemannian metric on M. So g, is a positive definite bilinear form
on the tangent space T, M at g, and g its dual on T.*M, see also Example 8.4. If
V =0, then H generates (the cotangent form of) geodesic motion.

The motion generated by H is reversible:

11.3 Definition

e The mapping T : P — P, (p,q) — (—p, q) on the phase space P is called
time reversal.

e A Hamiltonian H : P — R (and the flow generated by it) is called reversible, if
it is invariant under time reversal, i.e., H o T = H.

T is an antisymplectic (T *wy = —wy) diffeomorphism and an involution, i.e., T o
T =1dp.

11.4 Examples (Reversibility)
1. The Hamiltonian (11.1.1) for motion in a potential is reversible.
2. For Be R\ {0}and J = (97'), the Hamiltonian

H:R*xR*—>R , H(p,q) :=1llp—Blql*

from Section 6.3.3 is not reversible. It describes the motion of a charged particle
in the plane under the influence of a constant magnetic field of strength B. ¢

11.5 Theorem The flow ® : R x P — P generated by a reversible Hamiltonian
H : P — R of the form (11.1.5) satisfies

P, =T od;07 (teR). (11.1.6)

Proof:

e As 7 is an involution, (7 o ®;, 0 7)o (7 o ®,07) = 7 o &4y, o T and
T o ®yo 7 =1Idp. So both sides of (11.1.6) are dynamical systems.
In order to prove their equality, it thus suffices to show that the time derivatives at
time zero coincide.

e For the left hand side, we simply have %Cbil |t=0 =—Lx, =L_x,.
For the right hand side, (%T*CD?‘T*L:O =T"Lx, 7" = L1-x,.
But as 7 is antisymplectic (7 *wy = —wy) and H is reversible,

_iT*XHW() = T*(ixﬁwo) = T*(dH) =d7T"H =dH = iXHu.J() s

so that 7* Xy = — Xy, too. This proves (11.1.6). O

If a Hamiltonian flow is reversible, and if there exists a time #, where the momentum
p(tp) = 0, then afterwards the particle traces back its trajectory:

(p(to +5), q(to + s)) = (—p(to —5),q(ty — s)) forall s € R.
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11.1.3 Reachability

By an appropriate choice of the initial condition, one can get from any position in
space to any other.’

11.6 Theorem (Reachability)

If the connected Riemannian manifold (M, g) is geodesically complete, then the
Hamiltonian dynamics generated by (11.1.5) satisfies this property: For all en-
ergies E > sup, V(q) and positions qo, g1 € M, there is an initial condition
x0 = (po, qo) € g and a time t > 0 such that q(t, xo) = q;.

Proof: According to Theorem 8.31, the solution curves of the Hamiltonian equations
coincide, up to parametrization, with the geodesics of the Jacobi metric

9e(@) = (E—=V(@)g@) (g9 €M),

analogous to Definition 8.30. So one shows that a geodesic segment of (M, gg)
connecting go and g exists. This however is guaranteed by the Hopf-Rinow theorem
(Theorem G. 15, Criterion 2. on page 589), because the Riemannian manifold (M , gE)
is geodesically complete due to the bound gz > (E — sup, V(¢))g. O
As an example, the statement holds true for Hamiltonians of the form (11.1.1). This
property also distinguishes motion in a potential from motion in a magnetic field:
Planar motion in a constant magnetic field is circular (see Section 6.3.3), so it cannot
connect points with too large a distance.

11.2 Motion in a Periodic Potential

In the following, we consider the motion of a single particle on R?. So there is only
a single mass m occurring in the kinetic energy term. Multiplying the Hamiltonian
by m only rescales the time. So we can simply study the Hamiltonian differential
equation

p=—-VV(g) , ¢g=p. (11.2.1)

generated by
H:P—>R , H(p,q)=3lplF +V(g) (11.2.2)

on the phase space P := IR{;’, X RZ . We will assume that the potential V € C? (RZ , ]R)
is L-periodic with respect to a lattice

L :=spany(Ly,...,Lq) = {Zle nil;

nieZ}

31n this, it is not essential for the flow to be complete, i.e., whether the potential V satisfies condition
(11.1.3). It is however essential for the energy E to be sufficiently large, compare Exercise 6.34.2.
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spanned by the basis vectors £y, ..., £; of R4; this means that
Vig+0 =V (qeR’ ter).

This differential equation models for example the motion of a classical electron in a
d-dimensional crystal.

11.2.1 Existence of Asymptotic Velocities

As an application of Birkhoff’s ergodic Theorem 9.32, we compare the asymptotics
of the motion in future and past. A>? will denote the Lebesgue measure on the 2d-
dimensional phase space P = ]R‘]j7 X Rg .

11.7 Theorem (Asymptotic Velocities in a Periodic Potential)

e The ODE (11.2.1) generates a flow ® = (p,q) € C'(R x P, P).
e For \*-almost all initial conditions x € P, the asymptotic velocities

1 T
v (x):= lim —/ p(xt, x) dt
T Jo

T—+o00
exist. Setting V= (x) := 0 otherwise, one obtains measurable mappings
TP >R

For N*-almost all x, one has v (x) = v~ (x).

e One has |[vE(x)|| < V2(H(X) — Viin), With Vigin := inf,ere V(q) > —o0.

11.8 Remark

The conclusion that the asymptotic velocities of past and future coincide almost
always is actually quite surprising, because for chaotic dynamical systems, the far
future cannot be predicted from a finite precision knowledge of the past. %

Birkhoff’s ergodic theorem, which is used in the existence proof of 7%, requires a
finite measure, but A> fails to satisfy this hypothesis. For this reason, we prepare by
first constructing a comparison dynamics on a compact space.

Due to the £-periodicity, we can also view V as a function on the d-dimensional

torus
T::Rd//l:{q—i—ﬁm eRd}.

This manifold can be identified with the compact parallelotope

D = {Z?:l .X,[,'

memJﬂcW,
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called the elementary domain, after identifying opposite parts of the boundary by
means of the equivalence relation ¢ ~ r when g —r € L. In particular, T is compact.
Intuitively speaking, the smooth mapping

mTRI>T , g>q+L
wraps the configuration space onto the torus and allows us to define the potential
V:T—>R s V=Vor!
on T. The phase space of the torus is the 2d-dimensional manifold
P = R‘f, xT.

The mapping 7 : P — P, (p,q) — (p, ﬂ'(q)) of the phase spaces is a local
diffeomorphism. The projection of the function (11.2.2) onto P, i.e.,

H:P—R , Hp, ¢ =3pl>+ V), (11.2.3)

has as its Hamiltonian differential equation p= = —VV(g), q = p; its solution is
given by a Hamiltonian flow = (p P.q) R x P — P.

Proof of Theorem 11.7:
e First note that Vi, > —00 and Vi := sup V(g) < 400, because
geR?

inf,cre V(q) = infyep V(q), and D is compact and V' is continuous.

Thus the hypothesis of Theorem 11.1 is satisfied, and the differential equation
(11.2.1) generates a complete flow ® € C'(R x P, P).
e Because 71 o ®, = ®, o 7, it follows (with the stipulation 7£(%) := 0 in case the
limit fails to exist) that

1 T

() =vE(®) == lim —/ p(£t,%)dr for % :=7r(x). (11.2.4)
T—+oo T Jo

e With the measure ) := A\ x /4 on P = R‘Il, x T and the Haar measure . on the

torus normalized by ;(T) = \(D), \ is invariant under ®, and for all measurable
subsets A C P, one has

A (A) = ZAM(A NRIX(D+0)) = Zf\(ﬁ(A N RIX(D+0)), (11.2.5)
el tel

because the translates D + £ (£ € L) of the elementary domain have RY as their
union, and their intersection is of measure 0. So it suffices to show that for A-almost
all £ € P, the limits 7= (%) exist, and v F() = v~ (%).
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e Now \ still is not a finite measure, but for all E € R, the restriction of \ to the
d-invariant sublevel set

Pr:={teP|H®) <E)

of the phase space is a finite measure, with S\(FE) < M (Bf) w(T) < oo for the
d-dimensional ball Bf of radius r := /2(E — Vpin).
On the other hand, S\(ﬁg) > 0 for £ > Vpax, With Vi = sup, Vig) < oo. We

can therefore normalize \ [ p, to a probability measure and apply Birkhoff’s ergodic
Theorem 9.32 to it. Null sets remain null sets if we merely multiply the measure by
a positive constant. So we conclude

vT(X) =0 (&) for A\ — almost all £ € Pg.

Since P = | EeN Py, the same conclusion now follows even for A-almostall § € P.

The set of pre-images of x € P under # : P — P is countable, like the lattice L.

Because of (11.2.4) and (11.2.5), it also follows that 77 (x) = v~ (x) for A\>?-almost
all x € P, and the measurability of the mappings v™*.

o As ||pll < V2(E — Vi) for all (p,q) € S = H~'(E), the Cesaro-means
(11.2.3) have the same majorant. ([l

11.9 Remark (Random Potentials)

In the theory of metallic alloys, one assumes that the sites of a lattice £ C R4 are
occupied randomly by atoms from one out of two or more chemical elements. In this
case one refers to this as a substitutional alloy. Assigning to an atom of kindi € 7
a compactly supported single site potential W; € C>(R?, R), and making a choice
w € Q := T of the kind of atom at each site, one obtains the total potential as

VIQXxRISR | Vw,g) = Won(@—10).

To describe a particular alloy, one chooses a probability measure 5 on € that is
invariant under translations from L. In the simplest case, this is the product measure
of the probability measure on Z that quantifies the mixing ratio of the alloy.

The Hamiltonian H : Q@ x T*RY - R, H(w; p,q) = %Ilpll2 + V(w, g) on
the extended phase space defines a time evolution on T*R? parametrized by 2. The
asymptotic velocity exists for 3 x A*-almost all initial conditions on Q x T*R?,
and their distribution is the same for 3-almost all Hamiltonians H (w; -) (w € Q).4
The motion in such a random potential is shown at the beginning of the chapter, on
page 33, underlaid by a gray scale image of the realization V (w, -). O

“Provided /3 is ergodic under translations from £, as is indeed the case e.g. for the product measure.
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11.2.2 Distribution of Asymptotic Velocities

Which asymptotic velocities do typically occur? As the limits 7+ and 7~ anyways
coincide almost everywhere, we simply consider the measurable mapping

_+ A . _+ A pu— A
— d —an . | OTE) HVTEX) =07 (X)
v:P >R, V() = [ 0  otherwise.
Referring to the Hamiltonian H from (11.2.3), we obtain the energy momentum

mapping R R
I:= (H,i):P—)Rde.

The image measure v := [ (5\) on R x R? describes the joint distribution of energy
and asymptotic velocity.

11.10 Examples (Energy Momentum Mapping)
1. For the potential V = 0 and x = (p, ¢), one has v(x) = p and ﬁ()?) = %||]3||2.

Therefore the support of v is the paraboloid
H

supp() = {(E.7) € RxR’ | E = 3|9}

For a fixed energy E > 0, the asymptotic
velocity is therefore uniformly distributed Vinax
on a sphere of radius v/2E in R?.

2. For d = 1, the support of v bifurcates at v
energy Viax, see Theorem 11.11. The figure
on the right shows the support of v for the Vimin
potential V = cos. O

In space dimension 1, the asymptotic velocity exists always and can actually be
calculated:

11.11 Theorem Ifd = 1 and ¢ is a period of the lattice, one has the estimates:

1. For E < Vg and initial condition xo = (py, o) € H™'(E):
lg(t;x0) —qo] <€ (t €R).

2. For E > Vpax and initial condition xo = (po, qo) € H™'(E):

|q(t: x0) = (g0 +T(x0))[ =€ (1 €R),

with the asymptotic velocity
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sign(po)
e [J2(E = V() *dg

e
v(xg) 1= Thmoo ?/ p(t; xo)dt =
- 0

Proof:

e To begin with, it is useful to find the phase portrait, i.e., the decomposition of the
phase space into orbits.
As the orbit through xy € X := H~!(E) is contained in X, for regular values
E of H, every connected component of this level line of H will be an orbit. As the
term % p? in the sum H (p, g) has only one value that is not regular, namely 0, the
regular values of H and V coincide. In particular, all values E > Vj;,x are regular.

e For E < V., the particle cannot be at positions ¢ with V(¢q) > E. These pro-
hibited zones are nonempty intervals that are arranged with the periodicity of the
lattice. So their complement {g € R | V(g) < E} is the disjoint union of closed
intervals of length < £. This proves the first part of the theorem for E < Vijux-
If E = Vpax, then in both directions within distance < ¢ from g, we find points
q1. g2 with V(q1) = V(g2) = Vimax. The points (0, ¢1), (0, g2) € Zg are equi-
libria, and the orbit through x( lies between them. This means that the motion is
bound for £ = V,,,x as well.

q

N\

o=

N
=
[S)

:

TAATA

_x 0 T o7

Figure 11.2.1 The potential V(g) = %cos(q) + %cos(Zq) (left) and the corresponding phase
portrait of H(p, q) = 1 p* + V(q) (right)

e In the second case, E > V., the set X consists of only two regular connected
components, namely orbits, which can be written as the graphs of

PiR—>R , pi(q):=+J2(E—-V(q).

Hereby, pj > 0 corresponds to a motion to the right, and p; < 0 to a motion to
the left. Then
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14 4 1 ¥4 1
/0 1 /0 pEq) ! /o 2E V) !

is the time needed by the particle of energy E to proceed by one lattice period £.
This is where the ansatz for the average velocity v = % comes from. Within time
t > 0, the particle proceeds by at least n := |¢/T] € Ny, and by at most n + 1

lattice periods. This proves the claim (Figure 11.2.1). (]

dr
dg

One dimensional motion is not particularly interesting from the point of view of
physics. We can reduce the motion in a periodic potential in R? to the motion in
1-dimensional potentials, if after choosing an appropriate orthogonal basis, V can
be written in the form

d
VRIS R, Vg =D Vilg). (11.2.6)
i=1
!
N g ""\.,\
H

. -‘
e
o.\\. R ﬁ‘} - »\
0

Figure 11.2.2 Distribution of asymptotic velocities for energy £ = 3 and potentials V (g1, g2) =
cos(g1) + cos(qa) (left) and V (g1, g2) = cos(q1) + cos(g1 + g2) (right)

see Figure 11.2.2, left. Such potentials are called separable. In general, this is however
not the case, for instance not for the potential V (g, g2) = cos(g;) +cos(q; +¢2). Its
distribution of asymptotic velocities can be seen in Figure 11.2.2, right. One observes
in these pictures that the resulting asymptotic velocities, which make up the support
of the measure v, are symmetric with respect to the reflection

S:RxR!>RxRY |, (E,7)— (E,-7).
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This is true for arbitrary potentials, and more generally:
11.12 Lemma The distribution v of energy and asymptotic velocity is S-invariant.

Proof:

e If the limit v ¥ (x) of the asymptotic velocity of x € P exists, then from the
reversibility of the flow ® by Theorem 11.5, it follows for the time-reversed initial
condition 7 (x) that

v (T(x)) = 11m —/ —1,T(x))dt = 11m —/ p(+t, x)dt = —v T (x).

Otherwise, by definition of 7%, both sides equal zero.
By the semiconjugacy property Fo®, = d 0# of the flows, this relation also
holds on the phase space P, because U “(m(T(x) = —vF (7(x)).

e ByTheorem 11.7,v" and v ~ coincide A-almost everywhere with v. For the energy-
momentum mapping [ = (ﬁ , ) and time reversal 7T on P, one has therefore

Sol(X)=10T() (\— almost everywhere). (11.2.7)

e The measure \ is 7 -invariant. Since v was defined as the image measure of A
under the energy-momentum mapping, this, in connection with (11.2.7), proves
the claim. O

11.2.3 Ballistic and Diffusive Motion

11.13 Definition The point® xo € P in phase space is called ballistic, if its asymp-
totic velocity v(xg) is non-zero.

If, in contrast, v(xp) equals 0, this does not automatically mean that the motion is
bound, i.e., that g (¢, xo) stays for all times ¢ in a bounded domain of the configuration
space R?. As we will see, there are also cases in which ||g (¢, xo) — go|| typically
diverges like /7] rather than |¢|. Such motions are called diffusive.

As a simple standard of reference for the dynamics, we use free motion, which is
generated by the purely kinetic Hamiltonian H(p, ¢) = 1| p||*,

(p(t, x0), q(t, x0)) = (po. g0+ pot)  (x0 = (po.q0) € P, t € R).

For this motion, we can choose an arbitrary lattice £ C Rg. The following results
hold in this case:

SThen the orbit O(xq) will also be called ballistic, because the asymptotic velocity is clearly the
same for all points of O(xg).
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1. For positive energies, the motion is bal-
listic. For all xo = (po, qo) € P, one \
has v(xg) = po, hence for py # 0,

llg (2, x0) — qoll
m _—_—m—

[t]—00 ]

= llpoll > 0.

2. Integrability: For E > 0, the en-
ergy surface H-'(E) C P is fibered
by flow-invariant d-dimensional tori. In
this case, the phase space tori are of the
form T, := {p} x T with ||p|| = V2E \
and with T = RY/L being the torus in
configuration space.
So the system is completely integrable.

We now study which of these properties stay true for motion in a periodic potential.
11.14 Examples (d = 1)Inthe case of a periodic potential V € C 2(R, R) (Theorem
11.11), both characteristics of free motion remain true for all energies E > Vpux:

The limit v(x() exists and is non-zero, and the energy shell H-! (E) is the disjoint
union of (exactly two) invariant one-dimensional tori. O

In higher dimensions, the ballistic character of the motion is subtle:

11.15 Exercise (Ballistic and Bound Motion) Show:

(a) Let the dimension be d € N, and E > Vj,x. Then for every lattice vector
£ € L\ {0}, there exist initial conditions xo € Xy with asymptotic velocity

T(xo) ¢

V(xg) # 0 and direction — = —.
0 [Tl 1€l

So initial conditions whose solution curves are ballistic do exist.

(b) In space dimension d > 1, there exist periodic potentials that lead to bound
orbits, even for appropriate initial conditions xo € Xg with certain energies
E > Viax:

sup |lg (z, xo) || < 0.
teR

So the distance from the start point doesn’t scale like ¢!, but like #°. O

More realistic periodic potentials in physics contain coulombic singularities at the
sites s of the nuclei. There, the potential V (¢) is asymptotic to IIq_TsH where z > 0
denotes the charge of the nucleus. As an example, we consider the periodic potential

Vig) =

sEZ?

—ella=sll
——  (¢eR*\Z?
llg = sll
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in the plane, which is obtained by adding up local Yukawa potentials at all sites
s € 7?2 of nuclei in the plane. For the Hamiltonian H with this potential, the following
theorem holds:

11.16 Theorem (Deterministic Diffusion [Kn1])

There exists a threshold energy Ey > 0 such that for all E > E, and all those
probability measures pp with support in the energy shell ¥ that are absolutely
continuous with respect to the Liouville measure (see page 193) and that have suffi-

cient spatial decay to ensure (||q0 ||2)HE < 09, the following limit exists:

.1
DE) = lim 7 {la® = @l’),, > 0.

Here the bracket (), denotes the expected value with respect to .

HE

As a matter of fact, the constant D depends only on E, but not on the choice of
measure p1g. D can be interpreted as a diffusion constant.

We take the expected value in order not to have to take exceptional orbits, like
ballistic or bound orbits, into explicit consideration. (Both of these types do occur,
but have measure 0.)

In the long term limit, typical orbits behave like paths of Brownian motion, see
Figure 11.2.3.

Figure 11.2.3 Orbit in a periodic coulombic potential for total time 7 = 1 (left), T = 4 (center)
and T = 16 (right). The length has been scaled like 1/+/T

11.17 Remark (Anomalous Diffusion)
We denote as anomalous diffusion the case when for some o € (0, 2), the limit

1 2
tlggo EHCI(I,XO) = qol|

exists and is positive. Namely subdiffusion refers to the case o € (0, 1) and superdif-
fusion to a € (1, 2). For ordinary diffusion one has a« = 1. In GEISEL, ZACHERL
and RADONS [GZR], the occurrence of anomalous diffusion is shown numerically
for periodic smooth potentials, and the value of « is explained by the coexistence of
KAM tori and ergodic domains in phase space. O
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Finally, we want to remark that for smooth periodic potentials, classical motion
at high energies is typically ballistic.

More precisely, there exists a subset of the energy shell H~'(E) (with the Hamil-
tonian H from 11.2.3), whose (Liouville) measure for high energies E is asymptotic
to the measure of the energy shell, such that the motion with initial conditions in this
set is ballistic. The reason is that for high energies, the smooth periodic potential can
be viewed as a small perturbation of the case V = 0, namely of free motion.

The KAM theorem (Kolmogorov,
Arnol’d and Moser), see Theorem
15.33, guarantees in this case that
many of the invariant phase space tori
of free motion will only be deformed
but not destroyed (here we consider
motion within a given energy shell
H-Y(E) c P). This will be shown
in Example 15.33.

But if we have this kind of motion (on
KAM tori) over a torus T = R?/L in
configuration space (see the figure),
then the motion in RY is ballistic.

7 /
)

This in turn leads to the question whether the energy shell H! (E) for energies
E > Viax consists entirely of invariant tori, in other words whether the motion is
completely integrable.

We know that this is the case for one degree of freedom (Example 11.14). In
contrast, we have the following result [Kn2]:

11.18 Theorem (Complete Integrability)

Let the potential V € C*(R?, R) be L-periodic and d > 2. If there exists an energy
surface H! (E) with E > Vyax on which the motion is completely integrable, then
the potential is constant.

11.19 Exercise (Complete Integrability)
Show Theorem 11.18 for separable potentials, i.e., those of the form (11.2.6). O

11.20 Remark (Quantum Mechanics) In the case of a Schrodinger operator
—%ZA + V  on the Hilbert space L*(RYy,

the motion in a periodic potential V is always ballistic, even for small energies. In
this situation, the mathematical question arises why and in what manner the corre-
spondence principle is violated. This heuristic law states that quantum mechanical
motion should become ‘similar’ to classical motion when the Planck constant £ is
small. What is happening here is the exchange of two limits, namely the semiclassical
limit A\(0 and the time limit # — oo; such exchanges are not generally permissible.

In physics, the question about the type of motion (bound, ballistic, diffusive etc.)
is interesting when considering transport phenomena in a solid. O
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11.3 Celestial Mechanics

“Mathematical physics, as we are well aware, is an offspring
of celestial mechanics.” HENRI POINCARE, in [Poi3]

The n-body problem in celestial mechanics has a special status among Hamiltonian
dynamics in a potential: it is the longest and most intensely studied among these
differential equations.

The equations of motion (1.8) of the n-body problem in d space dimensions are
(the version written in 2nd order of) the Hamiltonian differential equations for the
Hamiltonian

= |l pell? . mim
H:P—)R,H(p,q)zZ;k +V(g) with V(g =— >
= 2my L mren ok = qell
(113.1)

on the phase space P :=T*M = R x M over the configuration space

M:={qg=(q1 - q.) € R" | g # q¢ fork # ¢}. (11.3.2)

The masses m; > 0 are parameters in the differential equation. The fotal mass is
denoted by my = > }_, my.

11.21 Exercise (Constants of Motion)

Show that in d space dimensions, along with H, the following phase space functions
are constants of the motion generated by (11.3.1) in the phase space P (if need be
extended with the time axis R;):

e The total momentum py : P—>RI (P, q) — D4 Pk »
e Center of Mass at time 0 (see also Theorem 12.38):

e The total angular momentum with the (¢ ) components

Lij:P—>R,(p.q) > i (qripe—aupri) (1 <i<j<d.

How many of these altogether (d;z) constants of motion are algebraically indepen-
dentin d = 2 or d = 3 dimensions respectively? %

11.3.1 Geometry of the Kepler Problem

In the introduction, we proved that the orbits of the Kepler problem in configuration
space are conics. So for negative energy E, the mass point moves on elliptical orbits
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around the origin, whereas for positive E, it is led on a hyperbola. The case E = 0
corresponds to parabolas.

So initially it appears that we have completely understood the Kepler problem
(and thus also the dynamics of two bodies), at least up to the time parametrization.
And once the shape of the orbit is known, the time parametrization can be found by
integration.

At closer look, however, the Kepler dynamics offers some surprises and special
features. One needs to know these in order to better understand the n-body problem,
or the perturbation theory of the Kepler problem.

Let us begin with the Hamiltonian version: On the configuration space® M =
R?\ {0}, the Kepler, or Coulomb potential V : M — R, V(g) = H_q_ﬁ is defined.
In the case of gravitational (attractive) forces, Z > 0 is the (reduced) mass of the
central force. In the electrostatic case, —Z is the product of both charges. So in the
case of charges of equal sign, one has repulsive forces.

In any case, the phase space is of the form

P:=TM =Rx M,

andas P C T*R? is open, the restriction @ := wy[p of the canonical symplectic
form wy = Zle dgq; A dp; on T*R? is symplectic (see Definition 10.3 on page
217). The motion generated by the Hamiltonian

H:P—>R , H(p,g)=iIpl>+ V(@ (11.3.3)

is complete for Z < 0, because oAnly energies £ > 0 occur, and for these, the minimal
distance min{||¢|| | I3p e R? : H (p,q) = E}is —Z/E > 0.
For the case Z > 0, which we will now study further, the maximal flow

®:D— P withdomain DCR, x P (11.3.4)

(see Theorem 3.39) is incomplete for exactly those initial values xo = (py, qo) € P
for which the initial momentum py is contained in span(gp). We will regularize the
corresponding collision orbits in a moment.

Asthe trajectory t — g (¢, xp) € M remains in the subspace spanned by g and py,
we may assume without loss of generality that the dimension d of the configuration
space M equals 2, and we set £ := L (x) with angular momentum

~

L:P>R , L(p.Q)=qipr—qp1- (11.3.5)

As already shown in (1.4), L is constant in time.
The simplest shape of an orbit is a circle, which occurs (as a special case of an

ellipse) only for energies E := H(xp) < 0, namely when £ = ’—f” This can be

2llq

SWhile the configuration space in physics is 3-dimensional, the case d = 2 is also relevant because
motion in a central force field is planar.
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seen by noting that the effective potential V,(r) = % — % has its minimum for
r := ||qoll, where £*> = rZ, and the value of the minimum is E. For all other initial
conditions (py, go) and corresponding constants of motion (E, £), the distance of the

pericenter, which is the orbit point closest to the center, 7py;, : P — [0, 00), is

—Z+VZ2H2E
-5 E#0

Fmin(Po. qo) = inf {r > 0| V,(r) < E} =[ e ’
2 E=0

which is not a minimum of V,. This minimum distance is O if and only if the angular
momentum vanishes, too. Each orbit takes on its pericenter distance at least once
(where this distance corresponds to a collision in case £ = 0). If the orbit is not
a circle, it can be parametrized locally by the time 7 : P — R that has to elapse

until the next pericenter. As the radial velocity is of magnitude ,/2E + 2% - 1% (see
(1.6)), it follows that

R Tl r R
T(p.q) = | ——dR =si , dR. (11.3.6
(P, q) /rmde/dt sign((p. q)) N ( )

For positive E, we evaluate this integral in Exercise 12.10.

As for the properties discussed so far, the Kepler problem hardly differs from other
homogenous singular potentials g — —Z/||q||* with a > 0. The special nature of
the exponent @ = 1 lies in the existence of an additional conserved quantity:

11.22 Exercise (Laplace-Runge-Lenz Vector)

(a) Innotation adjusted for d = 2, show that the Laplace-Runge-Lenz vector
A: PSR, A(p,q) = Lip.9) (5) =27 (11.3.7)

is constant in time and points in the direction of the pericenter.
(b) Show that ||Al|/Z = e, whege e is the eccentricity from (1.7). Prove Equation
(1.7) for the conic by using A. O

This conserved quantity, which was discovered by Jakob Hermann in 1710, permits
us to regularize the collision orbits. The latter are parametrized by their energy E € R
and the direction @ € S?~! of the pericenter for the colliding mass point. The fact that
such a direction exists at all, as a limit for almost-colliding orbits, is a consequence
of the existence of A.

In geometric terms, regularizing collision orbits amounts to reflecting them in the
origin of configuration space. Mathematically, regularization can be described as an
extension of the dynamical system (Definition 10.5).

11.23 Theorem (Regularization of the Kepler Problem)
The Hamiltonian system (P,©, H) can be extended to a Hamiltonian system
(P, w, H) as follows:
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e As a set, the 2d-dimensional differentiable manifold P is
P=PU(RxS""). (11.3.8)

e The restriction of the smooth symplectic form w € Q? (P) toj’\ is Q.

e The restriction of the smooth function H : P — Rto P is H .

e The Hamiltonian flow ® of (P, H, w) is smooth and complete, i.e., ® € C*(R x
P, P).

Proof:

e We investigate the Kepler dynamics
in the following neighborhood U of the el
singularity in phase space:

~ —~ 2 c”Z 2t
U:=i(p.q) € P|lpl > Tl
(11.3.9)
where ¢ := %, or any value in (1, 2). 1

Within U, foranorbit (p,q) : I — ﬁ,
the derivative

d Z c—1 Z
—(g,p)=llpl* - — > —
dr llgll 2 gl

(11.3.10)

R Phase space neighborhood U of the singu-
is positive, so the flow & there is larity. Circular orbits (eccentricity e = 0) are
transversal to the pericentric hypersur- disjoint to U.
face (Almost-) collision orbits (e ~ 1) intersect U

(example: e =2/3, E = —1/2).
So:={(p.q) € Pl{g.p)=0}.
(11.3.11)
By % lgl? = 2% (g , p) > 0, this inequality also shows that the intersection of the
orbit with 3’0 is indeed the pericenter, i.e., the orbit has minimal distance from the
origin at the intersection point.

Every collision orbit will be within U immediately before and immediately after the
collision, because an orbit with energy H (p, q) = E satisfies

cZ (2-0Z
gl llg

q—0

I plI? +2E 15 400,

e By Theorem 3.39, the domain D C R, x P of the maximal flow from (11.3.4)
with the upper and lower semicontinuous escape times T+ : P — (0, co] and
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T-:P — [—00,0) := {—00} U (—00, 0) respectively has the form
D={@tx)eRxP|re (T (x), T x)}.

For initial values x with 7% (x) < oo, there will be a collision at time 7" (x), i.e.,

lim ¢q(t,x)=0.
{ ATH(x)

e As noted already, the solution curves 7 +— ¢(¢, xo) in M with initial values xy =
(po, o) € P remain in the plane (or line) through the origin that is spanned by pg
and go. So let us first assume d = 2.

The angular momentum (11.3.5) is invariant under the flow &:D— P.

e The direction of the Laplace-Runge-Lenz vector (written in complex coordinates)

¢:U—S', $(p,q) =arg(A(p, q)) = arg (—zpi(p, q) — z;—|) (11.3.12)

is defined and thus smooth, because the argument of arg in (11.3.12) is not zero:

2
1L(x)p + Z|Z—| =2L(x)’HX)+2*>0 (x=(p,q)eU). (113.13)

The inequality isAobvious for H (x) > 0. For H (x) <O, on the other hand, one
concludes from |L(x)| < |p||q| and Definition (11.3.9) of U that

2L)*H () = 1pPlgl(1pPPlg1-22) = (IpPlgl—2)’ = 2> > =Z> (x € D).

For simplicity, we will denote the restrictions f [ of functions f :P >R again
by f . So we have the local coordinates’

A

(A,7,L,$):U - R>x S". (11.3.14)

e These coordinates are canonical in the sense of Definition 10.18, i.e., the Poisson
brackets are of the form

(T.HY=1{4,L}=1 and {L,HY={0,H}={(L, T} ={$,T}=0.
(11.3.15)

To see this, recall that the Poisson brackets with H are the derivatives { f ,HY =
(f—[ o ®;|;—o. Whereas L is a conserved quantity due to the potential V being cen-

trally symmetric, see (1.4), and ¢ is also conserved according to Exercise 11.22,

TThis wording is not precise, because the values of ¢ are not from R, but from S'. More precisely
speaking, we equip also S! with coordinate charts, on which the angle is then defined as a real-valued
coordinate.
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T is defined as the time parameter, so its time derivative is 1. From the definition
of T in (11.3.6), on can see that this quantity is invariant under rotation of position
and momentum space by the same angle. As L is the Hamiltonian generating this
rotation (see also Example 13.15), it follows that {I:, f"} = 0. Mutatis mutandis, the
angle changes under the flow generated by L with speed {, Ly=1.

e A comparatively simple way of showing the remaining relation {¢, f‘} = 0is by
observing that the Hamiltonian vector field X, of ¢ is tangential to the hypersurface
T = 0. To this end, we show that

{6, (. p)}=0 (11.3.16)

on the surface 7 = 0. This surface in phase space equals So N U with 8, from
(11.3.11). On this surface, both complex numbers showing up in Definition (11.3.12)
of ¢ have the same argument modulo 7, and this argument is invariant under the
dilation (p, g) — (e~'p, e'q) generated by (g, p), hence (11.3.16). On the other
hand, {{, f”} is invariant under the flow CfD, of H:

Son(p. 1) = 0114 (5. T0) = Bi(p (7, AN} + {T1A, a1 =0,
where we have used the Jacobi identity (E.21). Except for collision orbits, all orbits
in U intersect the hypersurface So. As the collision orbits, which are characterized by
vanishing angular momentum, form a subset that is nowhere dense in U, the equality
{4, T} = 0 holds everywhere.

e In the chart (11.3.14), the incomplete flow ®on U generated by H has therefore
been linearized.

The points (p, q) € U on collision orbits have angular momentum ¢ = 0, but
T(p.q) # 0. The cylinder R x S9! in the set P = P U (R x S¢~1) from (11.3.8)
will then be identified with the set of missing phase space points that is characterized
by (¢,t) = (0,0). Then P obtains the structure of a differentiable manifold by
introducing a chart on

Ui=U0URxs"") cP,
initially for the case d = 2. Namely we extend (11.3.14) to a mapping
(H.T.L,¢):U - R’ x §' (11.3.17)
by defining for (E, §) e R x S:
(H,T,L,9)(E,0) :=(E,0,0,0).

e From (11.3.15), we obtain the identity
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Oly =dT AdH + dp AdL

for the restrictions & € ©2(P) of the canonical symplectic form wy. Therefore, we
define conversely the extension w € Q2(P) of & by

wly:=dT ANdH + dp AdL.

e Since w is symplectic, and H, viewed as an extension of H : P — Rdefined onall
of P by (11.3.17), is smooth, we can use H as Hamiltonian. Its flow ® is complete,
and is linear in the local coordinates (11.3.17).

e For d = 2 degrees of freedom, the values (¢, ) of angular momentum and pericen-
ter angle are points on the cylinder T7*S'; analogously, for arbitrary d and (p, q) € So,
the values of the “angular momentum vector” ||¢|| p and the pericenter direction
q/|\q || are elements of T*S?~!. This allows the generalization of the above construc-
tion to d degrees of freedom. ]

11.24 Remarks (Kepler Problem)

1. Whereas the motion of two mass points under gravitational attraction is singular
in (p, g)-coordinates, it is smooth in adapted coordinates.

2. Just as every central force problem is integrable, see Section 13.1, so is the Kepler
problem in particular. But similar to the harmonic oscillator in d degrees of
freedom, and with equal frequencies, as analyzed in Theorem 6.35, it has more
than d independent constants of motion (namely 2d — 1). Such Hamiltonian
systems are called superintegrable. They enjoy special properties. In the examples
mentioned here, the periodicity of all orbits on compact energy surfaces follows.

3. The method of regularization presented here has the advantage over other variants
that the phase space gets extended, rather than changed altogether, that the time
parametrization remains the same, and that the flow gets completed on all energy
surfaces at the same time.

On the other hand, its geometric content is less transparent than for instance in
the case of regularization by the Levi-Civita transformation: This regularization
relies on the observation that the holomorphic mapping

C—C , Qr—q:=0?

maps straight lines to parabolas (see Figure 11.3.1), and more generally the conics
of the Kepler orbits are images of conics that are regular in the origin. The corre-
sponding local point transformation (see (10.32)) of the phase space transforms
the momenta according to p = ZL, and thus after reparametrization of time, it
leads to the motion in the potential of a harmonic oscillator.
The analog of the Levi-Civita transformation for three degrees of freedom is called
the Kustaanheimo-Stiefel transformation, or Cayley-Klein parametrization (and
is based on the Hopf mapping (6.36)), see STIEFEL and SCHEIFELE [StSc].

4. Another method of regularization is described in the article [Mos3] by MOSER.
It shows that for energies £ < 0, the restricted flow ®, (t € R) on the energy
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) 753

O q1

Figure 11.3.1 The effect of the Levi-Civita transformation C — C, Q — 072, i.e., (g1, ¢2) =
(Q% — Q%, 201 Q2) on straight lines in the Q-plane

surface Xz := H'(E) C P is conjugate, in the sense of Definition 2.28, to the
geodesic flow

T8 — TiST , Wi(x,y) = (cos(t)x + sin(t)y, — sin(t)x + cos(t)y)
(t € R) on the unit tangent bundle
718 = {(x,y) e R x R | x|l = Iy =1, (x,y) =0} (11.3.18)

of the d-dimensional sphere. In particular, X is diffeomorphic to 7} s,

More specifically, the sphere minus its north pole 7 is projected stereographically
to the momentum plane R‘Z, of the phase space = R‘; x M of the unregularized
Kepler problem, and the unit tangent bundle is mapped under the linearized map to
H YE) C P.Sothe sphere of collisions S¢~! of the Kepler problem corresponds
to {(x,y) € TS | x = n}.

This transformation also shows that the Kepler problem has special symmetries.
For, whereas general central potentials (as discussed in more detail in Example
13.15) are invariant under the action of the rotation group SO(d), the larger group
SO(d + 1) operates on the unit tangent bundle (11.3.18). O

11.25 Exercises (Regularizable Singular Potentials)

1. For which homogeneous singular potentials of the form g +— —Z/||q||* with
a € (0, 2) is it possible to regularize the Hamiltonian dynamics analogous to the
Kepler case a = 1?
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Hint: Consider the total deflection

angle Ay for energy £ > 0 L

AQ(E, £) = 2/ ®ar

Tmin

0 g/ 2
=2 - d
/ PE Vi) a1

with an effective potential V,(r) :=
% — % in the limit of vanishing an-
gular momentum ¢. Show that this
limit lim\ o0 A@(E, £) is indepen-
dent of the energy, namely it equals

Almost collision orbit with negative
o energy in a non-regularizable

© du /
/1 uNur— — 1 = :I:2 - potential (V(q) = —1/|q||*?)

2. Conclude from Remark 11.24.4 that for negative energies E and d degrees of
freedom and the energy shell £z of the Kepler problem, the space Xz /S' of
orbits

=32

(a) is diffeomorphic to S? when d = 2,

(b) is diffeomorphic to S* x S? when d = 3.

(c) Show directly for the Kepler problem with d = 2 degrees of freedom that
Yp/S' = S?, when E < 0.
What is the shape of this orbit space when E > 0 ?

Hints:

e Ford =2 and (x, y) € T S?, consider the vector x x y € R3.

e For d = 3, identify the vector space R* x R* from Definition (11.3.18) of 7} >
with the cartesian product H x H of the skew field of quaternions H from E.27,
and show that the mapping

718%/S' - §? x 2 c ImH x ImH , [(x, y)] — (xy*, y*x)

(where [(x, y)]is the orbit through (x, y)) is well-defined and is a diffeomorphism.
e Use the Laplace-Runge-Lenz vector A : P — R? obtained from Ain (11.3.7) by
regularization. Show that ||A||> = 2||L||>H + Z2, hence for energy E < 0 and
X € X, the values of A lie in the disc ||A(x)|| < Z. How many orbits in X g
correspond to a value a of A, satisfying |la|| = Z or ||a|| < Z respectively?  {

The form of the orbit space obtained in Exercise 11.25.2 is essential for perturbation
theory. It is used in [Mos3] by MOSER to show that for small perturbations of the
potential H , at least 3 periodic orbits of a given energy E < O survive when d = 2,
and likewise at least 6, when d = 3.
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11.3.2 Two Centers of Gravitation

It is only in the case n = 1, which was just considered, that the n-center problem
can be viewed as a special case of an n-body problem. We will however see that the
two-center problem has nevertheless applications in celestial mechanics.

In the n-center problem, one studies the motion of a mass point in the gravitational
field of gravitational centers fixed in n different locations sy, . .., s, € R?. This makes
the problem simpler than the (n 4 1)-body problem.

So for the case d = 3 and n = 2 that we are about to consider, the configuration
space is M :=R3 \ {51, 52}, and for masses or charges Z;, Z, € R\ {0} respectively,
the function
—Z -2

+
lg —sill ~ llg — sl

V:M—>R , Vig)=

1s a smooth potential. While for Z; > 0, the Hamiltonian | H:P >R, H (p,q) =
3 LplI? + V(g) on the phase space P=T*M=R!xM generates an incomplete
dynamics, the regularization at s; can be performed exactly as in the 1-center problem
of Sect. 11.3.1.

Amazingly, this system is integrable. This was shown by JACOBI, see [Jac]. Sub-
sequently, the dynamics was repeatedly investigated in more detail. WAALKENS,
DULLIN, and RICHTER [WDR]
contains an extensive literature q>
list on the 2-center problem.
By a Euclidean motion and a T
rescaling, we may restrict our

discussion to the special case
-1

s; = (é) and s, = ( 8 )
Specifically, the integration is q1
performed by means of the use
of prolate spheroidal coordinates
(& n,9) € (0,00) x (0, 7) x '
for M; see also Chapter4.3 of
THIRRING [Th1]: Here

q cosh(&) cos(n)
q = (qz) = F(f, 7, (p) := | sinh(&)sin(n) cos(p) | .
3 sinh(€) sin(n) sin(y)

Level sets of ¢ and 7 are depicted in the figure. The Jacobi determinant is positive
on the entire domain (0, oo) x (0, 7) x S

det(DF (£, 1, ¢)) = (cosh?(€) — cos*(n)) sinh(&) sin(n) ; (11.3.19)

but it vanishes on the axis through s; and s, (because this g;-axis is pointwise invariant
under rotation by an angle ¢ € S'). The prolate spheroidal coordinates are well
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adapted to the two center problem, because the distances to the centers are of the
simple form®

lg — s1ll = cosh(§) —cos(n) , llg — s2ll = cosh(§) + cos(n) .
So, letting Z, 1= Z, = Z; and f(&,n) = coshz(g) — cos?(n), the potential is

—Z cosh(§) + Z_ cos(n)
f(&m)

For the Hamiltonian equations, we still need momenta (p¢, p;, p,) that are ad-
justed to the coordinate system (&, 1, ¢). As the velocities are transformed by the
Jacobi matrix DF, the dual momenta are defined by the relation

p=(1)=0FEno™" (n).

VOF(fJIMP)=

Therefore
_ aFl 4 an i 8F3 _
Pe = 9o P1 00 P2 Dp P3=q2p3 —q3p2

is a constant of motion: Letting W (g, r) = 7 7le)2+ = + N 1212)2+ -
q1— r q1 r

,/q22 + q32, one has V(q) = W(qi, r), and therefore

v, _ G2P3—q3P2+q2P3—q3p2 = P2P3—P3P2+6—W(ms r) (612@ - %Q) =0.
dr or r r
D, is the first component of the angular momentum vector. By the Noether theorem
(Theorem 13.22), the constancy of p,, follows geometrically from the invariance of
V under rotations about the g;-axis.
The kinetic energy has the form

Pl = 3e po A DFE ) ) DFE ) (1),

For initial values xo € P, let ¢ = py(xg) and E := H (x0). Then, using

(DF)(DF')" = (DFTDF)™" and

DFTDF (¢, 1, o) = Soed. 1. sinh(€)~2 + sin()~2) |
fFEm

one obtains H — E in the new coordinates as

8 As these relations imply cosh(§) = %(llq —s1ll4+lg +s1l), the level sets of £ are indeed rotation
ellipsoids with foci s;.
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FE ™ (He(pe, & + Hy(py. 1)),

where He(pe, &) = %pg + V(&) with
2

e _ 2
2 Sl (©) Z, cosh(§) — E cosh”(§)

Ve(§) =

and H,(py, 1) = 5 p; + V, () with

2
V,(n) == 23%2(77) + Z_cos(n) + E cosz(n) .
Transitioning to the extended phase space P x -/ E
T*R = P x Rg x R and using the new time para-  The potentials V¢ and V,
meter s defined by for{ =0, 21=25=1
and £ = -3/4
dr
a = f(g? 77) s

the new Hamiltonian® H : P x T*R — R given by:

H(pe, & pos 3 Ev5) = f(Em(H — E) = He(pe, &) + Hy(py, 1)

separates. The motion on H~!(0) coincides—up to the parametrization by time—
. . ~ -1
with the motionon H  (E). For

K := H¢(xo) = —H,(x0) ,

we have three constants of motion, which are in general independent of each other,
namely H , He, and pgy; and their values are E, K, and £.

InFigure 11.3.2, we see three trajectories in the g;-g»-plane (for which the angular
momentum is therefore £ = 0). They lie entirely in the Hill domain defined by
V(q) < E.This domain is symmetric under reflection in the g;-axis (and in this case
also the g,-axis because we have chosen Z; = Z, = 1). Moreover, it is connected,
because the value £ = —3/4 of the total energy surpasses the value V(0) = —Z, =
—Z\| — Z, of the saddle point. We observe the following:

e In the figure on the left, the projected 2-torus does not contain any of the singu-
larities sy, s5; rather the trajectories move around these singularities, say, counter-
clockwise. By time reversibility (pi, p2, g1, q2) — (—p1, —P2, 41, q2), there is a
second invariant torus with the same constants K and E, which corresponds to a
clockwise motion.

9This definition of H is written a bit shoddily, because H is a function of the cartesian coordinates.
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Figure 11.3.2 Three trajectories in the two center potential for energy £ = —3/4, angular mo-
mentum £ = 0 and various choices K; for the constants of motion Hg

e In the figure in the middle, the projection of the invariant 2-torus on the configu-
ration space contains both singularities s, s5.

e In the figure on the right, the trajectory remains near s;. For the value K of
the constants of motion, there exists (due to the symmetry (pi, p2, q1, q2) —
(=p1, P2, —4q1, q2)) a second 2-torus, along with the 2-torus of the depicted tra-
jectorys; its projection onto the Hill domain contains only s;.

The bifurcation set is given as the set of those values for which the mapping from the
phase space to the space of constants of motion is not locally trivial (see Definition
7.23). For the case £ = 0, we obtain planar motion.

Investigating the extrema of V¢ and V,,, we observe that for the the simplest
(2-dimensional) case £ = 0, the image of (I-AI , H¢) is the closure of a domain in R?
that is delimited by the graphs of the following curves: From K = H¢ > V¢, one
obtains K > K, (E) with

Z 0>E>—%
K. (E):=] % g
—(Zy+EVE<-Z,/2

from —K = H, > V,, one obtains K <
K_(FE) with

V4l
K_(E):=] i JE>|Z_|/2 .
Z|—E.E<|Z_|)2

For the symmetric situation Z; = Z,, the
bifurcation diagram (see figure) is the union
of the two boundary curves K and the three
straight lines in the image of (H, He).

Bifurcation diagram for the two

center problem with £ =0 and
Zy =27y =1

e E = (corresponds to the transition from compact to non-compact energy surfaces,

e K =0 corresponds to the critical value of V, atn = £7/2
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e and Ko(E) := —(Z4 + E). This line K corresponds to the (I:I , He¢)-values of
the periodic orbit that oscillates between s; and s, hence has constant coordinate
£E=0.

In the bifurcation diagram, the three points with energy E = —3/4 correspond
in their position (left, middle, right) to the three trajectories from Figure 11.3.2. In
WAALKENS, DULLIN and RICHTER [WDRY], the bifurcation is also analyzed for the
case of unequal masses/charges and for d = 3 degrees of freedom.

Not all trajectories of positive energy E are scattering orbits. The bound orbit
that shuttles between the two centers is hyperbolic and thus has stable and unstable
manifolds. Both of them have dimension d and have the parameter value K (E).
In the figure on the right, one can see ford = ) 0 2
2 the projections on the configuration space ‘ ‘ ‘
of a family of trajectories that form such a
manifold.

Due to the reversibility of the motion, these 9>
projected orbits look alike for escape orbits,
which are bound in the past, and capture or-

bits, which are bound in the future. Only the
direction in which they are traversed is dif-
ferent.

11.26 Remark (The Gravitation Field of the Earth)

In 1687, Newton noticed that the rotating earth should be flattened at its poles. In
Proposition XIX, Problem III of volume III of his Principia [Ne], he inferred from a
calculation that treated the earth like a drop of liquid:

*“...and therefore the diameter of the earth at the equator is to its diameter from pole to pole
as 230 to 229.”

Essentially, this was confirmed by measurements.'® Even though the surface of
the earth with its mountains features differences in elevation by several kilometers,
the geoid, which is the idealized equipotential surface of the gravitational field at sea
level, differs from a rotational ellipsoid by barely 100 metres.

This rotational ellipsoid is almost fixed in space. Therefore satellite orbits are
integrable in good approximation. Whereas the two center model models a prolate
(cigar shaped) rotation ellipsoid, it can be applied, by analytic continuation, to the
oblate (flattened) shape of the earth.

Nowadays, satellite orbits can be measured to centimeter precision by GPS and
other techniques. This allows to determine deviations of the (harmonic) gravitational
field from the field predicted by the two center model with high precision. While this

10The actual flattening is only about 1/298. As the density of the earth increases towards its center,
Newton’s calculation only gives an upper bound for the flattening.

Conversely, HUYGENS in [Huy] assumed that the mass of the earth is concentrated in its center.
From the requirement that the sum of gravitation and centrifugal force be normal to the surface of
the earth, he calculated a flattening of 1/578—which is a lower bound.
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does not immediately determine the density distribution in the earth (see Exercise
12.37 in this context), important conclusions about it can nevertheless be drawn. ¢

11.3.3 The n-Body Problem

“D’ailleurs, ce qui nous rend ces solutions périodiques si précieuses, c’est qu’elles sont,
pour ainsi dire, la seule bréche par ot nous puissions essayer de pénétrer dans une place
Jjusqu’ici réputée inabordable.” HENRI POINCARE, in: Les Méthodes nouvelles de la mé-
canique céleste, Volume 1, §36.11

In contradistinction to the two-body problem, the motion of three or more mass points
is not integrable. The best mathematicians since the days of Newton attempted to
find an explicit solution for the equations of motion. But it became understood only
gradually that the failure of these attempts is due to properties of the system itself,
and not due to insufficient human skills.

In 1887, HEINRICH BRUNS showed in [Br] that next to the known 10 integrals of
motion (Exercise 11.21), the n-body problem has no further independent integrals
that are algebraic functions on the phase space. This alone does not imply that the
system isn’t integrable, but it showed that certain approaches at a solution would
have to be doomed to failure (see also [Whi] by WHITTAKER, §164).

But already in the 18th century, certain special solutions to the n-body problem
were found, solutions that had a high symmetry. To this end, a study within the center
of mass system, i.e., on the manifold

My = {q € M | > meqr = 0}.

is sufficient. The diagonal matrix M := @Z=1 my ; € Mat(nd, R) is called the mass
matrix.'*> Using this matrix, the Hamiltonian equations of (11.3.1) can be written in

the form
Mg=p, p=-VV(g) ,or MG=-VV(qg).

11.27 Examples (Central Collisions)
Let us begin by deriving special solutions of the form g(t) = r(¢)qo with gy € M

and r(t) > 0, r(0) = 1. As VV is homogenous of degree —2, it follows that

FMgy=—-r"2VV(g) , hence ¢ Mgy= VV(go)and# = —cr2,

U Translation: “Moreover, what makes these periodic solutions so valuable for us is that they are, if
we may say so, the only breach by which we can try to enter into a location that was until now con-
sidered to be unreachable.” Indeed, the semiclassical theory of chaotic systems is successfully based
on periodic orbits. Keywords in this context are the trace formulas by Selberg and by Gutzwiller.
This is explained in detail in the internet based Chaos Book [Cv] by CVITANOVIC and others.

121n (12.6.2) we define the scalar product corresponding to M.
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with ¢ > 0. We already know from Exercise 3.41 that the Hamiltonian differential
equation i = —cr~2 only has solutions that feature collisions in at least one direction
in time. As all particles collide simultaneously in the origin, we are talking about a
central collision.

For every solution of c Mgy = VV(qo), the constant of proportionality is
c = ﬁ. This follows by scalar multiplication of both sides with g, because
(g0, VV(q0)) = =V (q0)-
The equation ¢ Mgy = VV(qo) is

e solvable for every g € My, when there are n = 2 particles, because in the center
of mass system the two products ‘mass times location’ for either particle are each
other’s negative.

e In the case of n > 3 particles, one can still construct new solutions from a giv-
en solution g, by rotation or reflection with a matrix O € O(d), and by dilation
with a factor A > 0; the new solution being then A(O & ... @ O)q. O

The above ansatz can also be generalized to find solutions to the n-body problem
that do not have collisions. The following notions are customary:

11.28 Definition

e A configuration q € 1\70 is called central if the vectors VV (q) and Mgq are
linearly dependent.

e Two central configurations q,q' € My are called equivalent if they are trans-
formed into each other by orthogonal transformations from O(d) and dilations.

e Asolution I >t q(t) € ]\70 of the n-body problem is called homographic if
for all times s, t € I the configurations q(s) and q(t) are equivalent.

e A configuration ¢ = (q1,...,qn) € My is called collinear (resp. planar) if
span(qy, . .., q,) C R? is one dimensional (resp. at most two dimensional).
11.29 Theorem Let ¢ = (q1,...,q,) € MO be a planar central configuration.
So without loss of generality d = 2. Let t +— (r(t), cp(t)) be a solution to the
Kepler problem (11.3.3) with parameter Z = (@V/@()@)’ in polar coordinates with

r(0) = 1. Then, for the matrix function t +— A(t) := r(t)R(t) with R(t) :=

cos(p(r)) —sin(p(7))
sin(p(t)) cos(p(1) )’

t > q0) = (Aqu, ..., A)g,) € Mo
is a homographic solution to the n-body problem.

Proof: Letting J = (9 '), we have

G = (F@) —r@@*®) (Rq:. .-, R(1)gn)
+ (r@@) + 2F 9 ®) (R Iq1, . . ., R(1)]gy) .

Due to the form (1.5) of the Kepler DE in polar coordinates, the second term in the
sum drops out. Due to Newton’s equation and the fact that g is a central configuration,
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. _ V@ V@ 4 i :
we conclude § = — M~ VV(g) = wMgd = gy This is also compatible
with the radial component of Kepler’s equation (1.5), when Z is the constant given
above. ]
So we are looking for central configurations of the n-body problem with n > 2 that

are not equivalent.

11.30 Theorem (Moulton [Mou])
There are exactly n!/2 equivalence classes of collinear central configurations.

Proof: [Partly following MOECKEL'?]

e Without loss of generality, we assume for representatives g € A//io of the equiva-
lence classes that

span(qi, . .., q,) = span(e;)  (withe; = (1,0,...,0)" e RY).

Accordingly, we write gy = rre;. So there is exactly one permutation m € S,
for which ry < rro) < -+ < rr@m. We now show conversely that for every
m € Sy, there exists exactly one sequence r = (ry, ..., r,) satisfying rrq) <
Fr@) < 00 < Famys 2gey Mirk = 0, and the normalization > }_, myr? = 1 that
satisfies the scalar analog of the equation of motion c Mg = VV (g), namely

F(r) = M'VUR+U@r =0 with UG :=-> 2 (11320)
1<k<t<n |rk - Vg|
where M := diag(m, ..., m,). (Note that in the normalization ZZ=1 mkr,f =1,
one has c = —U(r).)
e With thisr = (ry, ..., r,), we associate a representative (¢qi, . . ., ¢,) of an equiv-

alence class of collinear central configurations.

Solutions for m # o € S, will correspond to the same equivalence class if and
only if (k) =o(n —k) (k=1,...,n),1ie., if and only if the order is reversed
along the axis. The claimed number of n!/2 equivalence classes follows.

e The force F from (11.3.20) is tangential to the sphere
Sy = {r eR" | X _ mr =0, (r, Mr) = 1},

because the vector /\;lr, which is orthogonal to the sphere at r, has the scalar
product

(Mr,F(r)) = (r,VU@)) + (rn Mr)U(r) = (n,VU@) +U@r) = 0.

I3R. Moeckel, Celestial Mechanics (Especially Central Configurations), Course at CIME, Trieste
(1994).
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e Now we study, without loss of generality, the domain G :={r € S [ r; <--- <
1, } on the sphere that corresponds to the identical permutation. As the intersection
of S with the n — 1 half spaces ry < r41, this domain G is diffeomorphic to an
open (n —2)-simplex, whenn > 2. The restriction Ug : G — R of the potential U
to G is smooth. Since by definition, the tangent vectors v € 7,.G are perpendicular

to the vector r with respect to the scalar product (-, -) oy = (-, M), it follows that

(F(r),v) o = </\;I’IVU(r)+U(r)r, v> — (VU(r),v) = DU(r)v.

So F is the gradient vector field of Ug with respect to the scalar product (-, -) ;.

In particular, the location of a maximum r € G for Ug satisfies the condition
F@r)=0.

e Such a maximum actually exists, because lim,_, 96 Ug (r) = —o0.

e The location of the maximum is unique in G, because Uy is a strictly concave
function (show this as an exercise). U

So for the 3-body problem, one obtains 3 families of collinear central configura-
tions. They were already found by EULER in 1767 in [Eu].

In 1772, LAGRANGE [Lag] found another family of planar central configurations
to the 3-body problem. In the astronomy literature, this family is split up into two
families. Given the positions of the first two mass points, there are two points (called
the Lagrange points L4 and Ls) for the third mass point that form an equilateral
triangle with the other two mass points. In comparison, the three locations for the
third mass point in the collinear Euler solutions, are denoted as L, L, and L.

11.31 Theorem (Lagrange) The non-collinear central configurations of the 3-body
problem have the shape of an equilateral triangle.

Proof: The central configuration g = (g1, g2, q3) € M, satisfies the equations

-
cqp=> m Tk =1,2,3),
= lgr — qell-

By summation, one obtains, with the help of the center of mass condition
- 2(37&1( meqe = Mgy, that

1
me( - < )(Clk—CIl)=0 k=1,2,3).
llgx

o —ql®  mi+my+m;

By hypothesis, the two vectors g; — g, in this sum are linearly independent, so their
coefficients ||gx — q¢||~> — ¢/(m, + m, + m3) have to vanish. Therefore all sides
llgx — q¢|| are of equal length. ]
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11.32 Remarks (Central Configurations)

1. TItis surprising that even in the case of unequal masses, one obtains an equilateral
triangle.

2. Concerning these periodic solutions to the 3-body problem found by himself,
Lagrange wrote in [Lag], page 230: “Cette recherche n’est a la vérité que de
pure curiosité”.'* As a matter of fact, it was only in 1906 that celestial bodies
were found that orbit near a Lagrange point. These objects, called Trojans, are
populating a neighborhood of the Lagrange points L4 and Ls for the pair of sun
and its heaviest planet Jupiter. Today, it is believed that there are a million Trojans
of diameter larger than 1 kilometre.

For the pair consisting of earth and sun, the (unstable) Lagrange points L; and
L, are used as positions for satellites.

3. Forn > 3 particles, the structure of central configurations gets complicated rather
quickly. For n = 4 mass points, it has been known since the article [HaMo] by
HAMPTON and MOECKEL that there are only finitely many equivalence classes
of planar central configurations (probably between 32 and 50, depending on the
relative masses). In [AIK], ALBOUY and KALOSHIN prove similar results for n =
5.

4. The five Lagrange points lead to bifurcations of the mapping defined by the
constants of motion, and to a change in topology for its pre-images.

STEVEN SMALE in [Sm2] has studied the n-body problem with regard to such
bifurcations. O

The Lagrange points serve as a starting point for a better understanding of the 3-body
problem. This can probably be seen most easily in connection with the restricted 3-
body problem, in which one mass moves within the gravitational field of two stars that
move on Kepler ellipses about their common center of mass. For the circular case,
this problem therefore differs from the integrable two center problem by a rotation
with constant angular velocity (Figure 11.3.3).

A better understanding of the non-restricted planar 3-body problem can be ob-
tained by considering the space of its equivalent configurations. In doing so, we
classify the configurations ¢ = (q1, g2, q3) € 1\70 into equivalence classes of tri-
angles under rotations and dilations. The manifold obtained in this manner has the
topology of a sphere with three punctures, S> \ {p, pa. p3}. called form sphere, see
Figure 11.3.4.

This can be seen by interpreting the difference vectors g — g1 and g3 — g as
nonzero complex numbers. The ratio Z‘ characterizes the equivalence class. All
points in C\ {0, 1} occur as ratios. By stereographlc projection, C\ {0, 1} corresponds
to the triply punctured sphere. These three puncture points correspond to the three
2-body collisions.

14 Translation: This study is actually made just for the sake of mere curiosity.
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Figure 11.3.3 Potential of the restricted 3-body problem, with the five Lagrange points

Figure 11.3.4 The form sphere, with the five Lagrange points Ly, ..., Ls and the three collision
points Cy;. The equator parametrizes the collinear configurations, the other three great circles
parametrize isosceles triangles

Figure 11.3.5 A stable solution of the 3-body problem, after CHENCINER and MONTGOMERY [CM,
Mon2]
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11.33 Definition A planar T -periodic solution

te>q(0) = (qi(0), ..., q.(1)) € My

of the n-body problem is called a choreography if the orbits of the n mass points

satisfy
G () =q1(t = Tk/n) (teR, k=1,...,n—-1),

i.e., if all points traverse the same orbit in the plane, with a fixed distance in time.

In the past years, numerous choreographies have been found, in particular one in
which three equal masses move through a figure 8 shape (see Figure 11.3.5). This
solution is stable, so it is conceivable that somewhere in the universe three stars
actually do perform this curious dance.

More importantly, this and other choreographies may possibly open a geometric
access to the 3-body problem: Viewed as a curve on the form sphere, this Figure 8
is wrapped around the three collision singularities along the equator. The general
question is which homotopy classes of collision free closed curves on the form
sphere have representatives that are actually solutions.

11.34 Literature The literature on the n-body problem of celestial mechanics is
vast. The textbooks [AM, DH, HaMe, Mos4, SM] offer introductions to its various
aspects; [Sa] is distinguished by a unique selection of subjects. %



Chapter 12
Scattering Theory

Billiard!

The major part of our knowledge about molecules, atoms, and elementary particles
is obtained by scattering experiments, in which particles of a specific initial velocity
collide with each other or with a fixed target. After the scattering process, one registers
which particles occur and with which velocity. Although the correct language for
the description of these processes is quantum mechanics, in certain situations, its
predictions agree with those of classical mechanics in a good approximation.

"Image: https://commons.wikimedia.org/wiki/File:Billard.JPG, August 2006, photo by Noé
Lecocq in collaboration with H. Caps. Courtesy of Noé Lecocq.

© Springer-Verlag GmbH Germany 2018 277
A. Knauf, Mathematical Physics: Classical Mechanics, La Matematica per il 3+2 109,
https://doi.org/10.1007/978-3-662-55774-7_12


https://commons.wikimedia.org/wiki/File:Billard.JPG

278 12 Scattering Theory

Examples of genuinely classical scattering processes are given by billiard balls,
or by comets in the gravitational field of our solar system.

12.1 Scattering in a Potential

“Therefore rectilinear motion occurs only to things that are not in proper condition
and are not in complete accord with their nature, when they are separated from
their whole and forsake its unity.”> NICOLAUS COPERNICUS,

in De Revolutionibus Orbium Coelestium (1543) [Cop]

We first study the scattering of a (classical) particle in a long range potential. This
process is described by the Hamiltonian

H(p.q) :=%Ipl>+V(g) onthephasespace P: =R} xRS,  (12.1.1)

where the potential V e C 2(Rg, R) tends to O at infinity. In scattering theory, we
distinguish short and long range potentials. We can define them in terms of the
smoothed absolute value function

()R> [1,00) , (q):=+lql*+1

and multi-indices o = (aq,...,qq4) € Ng, la] := ay + ... + a4 and partial

derivatives 9° := 2L .. 2 indexed by multi-indices as follows:
0 1 C) d y
q1 qd

12.1 Definition (Classes of Potentials) V € C2(R?, R) is called

e long range if it satisfies, for appropriate ¢ > 0, ¢ > 0, the estimate
"Vl <clg)™™™ (g eR o] £2);

e short range if it satisfies, for appropriate € > 0, ¢ > 0, the estimate
"Vl el (g eRY Jal =2).

12.2 Remarks (Range and Asymptotics)

1. So if V is short range, then it is in particular also long range, with the same
constants ¢ and c.

2. As shown in Theorem 12.11 below, short range potentials have the property that
their scattering trajectories are asymptotic to the orbit curves

o (x0) = (p©(r, x0), ¢V (1, x0)) = (po, qo + pot) (eR) (12.1.2)

2Quoted after Nicholas Copernicus: On the Revolutions, edited by Jerzy Dobrzycki, translation and
commentary by Edward Rosen, 1978, The Johns Hopkins University Press; p 17.
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of free motion as defined by
HY:P >R , HO(p,q) = 4ipI?
with initial value xo = (po, qo) € P.
Certain long range potentials do not have this property, namely the Coulomb
potential ¢ — —Z/||q||, which is important in physics and is called Kepler
potential when Z > 0. Whereas the Kepler hyperbola is asymptotic to an

unparametrized straight line, it is traversed with a speed /2(E + Z/||q||), which
deviates too much from the free speed v2E.

3. Long range potentials give rise to a force F(gq) := —VV(q), that is of order
F(q) = O((q)_l_s), and is therefore radially integrable. As we shall see, this
guarantees at least the asymptotics of the velocity. O

Now assume that the potential V' is long range. From the assumed continuity and
limy o0 V(q) = 0, it follows that the infimum Vi, = infqe]Rg Vig) > —ocois
finite, and we obtain a complete flow for (12.1.1) by Theorem 11.1:

deC'RxP,P) , (p(t,x),q(t,x)) = d,(x) :=D(t,x). (12.1.3)

Now we want to obtain more precise information about this dynamics, and we begin
by distinguishing scattering and bound orbits.

12.3 Definition We distinguish the following kinds of subsets of phase space:
Bound states b := b+ N b~ with b* := {x e P | limsupllg(s, 0| < oo},

t—+o0
Scattering states s := s* Ns~ with s* := {x €P ‘ lim; 100 [lg (2, X) || = oo}
and
Trapped states ¢ :=t* U~ with t* :=bT NsT.
For energy surfaces L = H™'(E) with E € R, we set bz := b* N g etc.

12.4 Remarks

1. The sets defined here are ®-invariant.

2. Forenergy E < 0 the energy surface X is compact since lim -0 V(g) =0
and H(p, q) = V(q). So we have ¥ = by for those energies.
In the sequel, we omit the discussion of energy £ = 0 and turn to energies
E > 0. O

12.5 Theorem (Scattering Asymptotics) Let V be a long range potential.

1. Then for appropriate ¢; > 0, the virial radius R, (E) := c;E~'* (E > 0)
has the property that xo = (po, qo) € X with (go) > Ryi(E) and (qo, po) > 0
implies xp € s7.
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2. For all initial conditions x, € sf, the asymptotic momenta

p*(xo) ;= lim p(t, x0) € R
t—+o00

exist and satisfy | pT(xo)|| = V2E. We call p*(xy) = IIﬁgE;H e S the
asymptotic direction.
3. If V is short range, then the asymptotic impact parameters

i :sp ~ RY L qi() = 1im (gt x0) = {q(t. x0). p*(x0)) p*(x0))

exist.
Proof:

e Without loss of generality, we only consider the limit 1 — +o0o and write the
solution for initial value x( in the form ¢ — ( p), q(t)). For

F(1):= 5llg@®)]*,  we then have F'(1) = (q(1), p(1))
and, using the constant energy £ = H(xg) = H(p(t), q(t)),

F'(1) = lp@)I* = (g @), VV(q(1))) = 2E — 2V (q(1)) — (q(1), VV (q(1))).
(12.1.4)
With the long range property of V, this implies

F'(t) = 2E =2|V(¢))| = (¢@) |[VV(¢®)] = 2E —cQ+d) (g(0)),

(12.1.5)
with the constants € and ¢ from Definition 12.1. Now if (g(s)) > Ryi:(E) with

Rir(E)=ciE™Y* and ¢, :=(c@+d))'"", (12.1.6)
then the radial acceleration satisfies F”(s) > E > 0. This implies F'(t) > F’(0) +
Et, as long as the condition (g(s)) > Ryi(E) is satisfied for all s € [0, ¢]. As
F’(0) = (g0, po) = 0 and (¢(0)) > R,i:(E), it follows under this hypothesis that
F'(s)= Es (s €0,1]),

hence
F(t) > F(O)+/ Fi$)ds = 3| (Ra(B) + EF]. (12.1.7)
0

Now let 7 := inf{s > 0 | F'(s) = 0}. From the Taylor expansion F’'(s) =
F'(0) + F"(0)s + o(s) = Es + o(s), we infer T > 0. If we had T € (0, o0),

then it would follow that (g(T)) = (g(0)) + fOT (1;((5))) ds > Ry, (E) and F'(T) =
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F’(0) + fOT F”(s)ds > E T > 0, in contradiction to the definition of T'.
Therefore it follows that lim,_, , [|¢(¢)|| = o0, i.e., xg € sT.

e For every xo = (po, qo) € sg, there exists a time #y with (g (), p(t)) > 0 and
(q(t0)) = Ryir(E). We will assume without loss of generality that ) = 0. By (12.1.7),

we then have (q(¢)) > +/(Ryir(E))? + Et% forall t > 0, and thus forall t, > 1; > 0,

/2 VV(q(s)) ds

4]

< dc/z ()™= ds (12.1.8)

151

Ip(t2) — p)| = ’

< dc/ [(Rar(E))* + Es*] 7 ds
4]

e [ " P dCE_%
§ch_%/ s_('*")ds:cztl_“ with ¢ i'= —.
€

3|

Thus the Cauchy condition for the existence of p*(x¢) = lim,_, o, p(¢) is satisfied.

e Because (p(t),q(t)) € X, hence ||[p(?)] = ,/Z(E — V(q(t))), and because

lim,— o0 V (g(1)) = 0, it also follows that

Ip* (o)l = lim [Ip@)] = V2E > 0.
e Forg, (1) :=q(t) — (q(t), ﬁ*) pT (with p* := pT(xp)), one has
qi(t) —qi(t) = / [p(s) = (p(s), pT) pT] ds

=/ () = p) = (p(s) — p*, p*) 5] ds.

and thus for ©, > #; > 0 in the short range case, analogous to (12.1.8):

*© + *© —l—c 3.
g () —qu(t)l < / Ip(s) — pTllds < c3/ s ds = 2
f f
(145
with ¢3 := %, because

o0 o0
Ip(t) — pFll < dc/ (g(s) 2" ds < dc/ (Es?)~ 4D ds = 317149,
t t

So the asymptotic impact parameter g} (xo) = lim,_, ;g1 () also satisfies the
Cauchy condition. ]
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12.6 Remarks (Asymptotic Momenta and Angular Momenta)

1. Similar to the asymptotic velocities in a periodic potential (see Theorem 11.7),
the asymptotic momenta can be written as Cesaro limits. So if p*(xo) =
lim,_, 1o p(t, xo) converges, one has

1 [T t,
() = lim —/ st xo)d = Iim 400 (12.1.9)
T—+oo T 0 t—

+o0 t

The latter limit exists for a/l initial values xy € P. In contradistinction to The-
orem 11.7 however, we here have typically p™(xo) # p~ (xo) (provided d > 2
and the energy H (x() is positive).

2. For short range potentials, Theorem 12.5 implies that the limit

L*(xp) == Aim_q(1. x0) A p(t. x0) (xo € 5%) (12.1.10)

exists; it describes the asymptotic angular momenta. In dimension d = 2, the
2-form g A p can be identified with the number g, p» —¢> p1. Indimensiond = 3,
it can be identified with the vector g x p. O

12.7 Exercises (Asymptotics of Scattering in a Potential)

1. Show that the Cesaro limits in (12.1.9) exist for all initial conditions xy € P
(whereas for xy € b*, the limits lim,_, +o0 p(¢, Xo) do not exist in general, and
for the motion in periodic potentials, even the Cesaro limits do not always exist).
This property is called asymptotic completeness, see Theorem 12.53.

2. Show that the asymptotic angular momenta (12.1.10), and with them also the
asymptotic impact parameters, also exist if V differs by a short range potential
from some long range, but centrally symmetric, potential W.

An analogous claim holds for the singular n-atom molecule potentials

n

V4 Z
Vig)=-> ——— and W(g):=——— (12.1.11)
g — sl gl
with atomic sites s, € R® and total charge Z := >"|_, Z;. O

12.8 Corollary Let V be a long range potential.
e For all E > 0, the energy shell is the disjoint union

of bound, scattering, and trapped states. Here bg is compact and s is open.
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e There exists an energy threshold Ey > 0 such that for all E > E|, there only exist
scattering states, i.e.,
Yp=Ssg. (12.1.13)

Proof:

e We first show that X = s;7 Ub . It is immediate from their definition that the sets
s+ and b} are disjoint.

e If some xo € X is not contained in o™, then there exists an increasing sequence
of times (#,)nen for which || (t,4+1) | > [lq ()| and lim,,—, « ||g (#,) || = o©. So there
exists n with ||g(#,)|| = Ryi:(E) and, since F(t,+1) > F(t,) for F(¢t) := %||q(t)||2,
there existsatimet € [t,, t,41] with F'(¢t) = (q(¢), p(¢)) = Oand ||g(¢)|| > Ryi(E).
Concerning the phase space point x(#) = (p(t), q(t)) € X, Theorem 12.5 tells us
that x(¢) € s™. As the set s is invariant under ®, the initial point x, is in s as well.

e The analogous decomposition of the energy surface £ = s; U by determined
by the dynamics in the past follows from Theorem 11.5 about reversible flows.

e Combining both decompositions, we obtain
Se= (s Nsp) U sy Nby) UbENsg)UbENby) =sg Uty Uth Ubg,

hence by 1 =1 U tg claim (12.1.12).
e We let Ey := c] with the constant ¢; from (12.1.6), so that R (E¢) = 1, and
we consider the time dependence of F(t) = %Hq(t) |?> for E > E, and initial value
Xo = (Pos qo0) € ZE.

As now the inequality F”(t) > 2E — Eg(q(¢)) " > E > 0 (see (12.1.5)) holds
for all xo € X, it follows that

’ E2
F(t) > F(O)~|—F(0)t+3t ,

hence lim;_, 1 [|g(t)|| = 00, i.e., xyg € sg, and therefore (12.1.13).
e by is contained in the bounded set {(p, ¢) € Xg|llg|l < Ryir(E)}. If xo is the limit
of a Cauchy sequence (x,),cn in bg, then continuity of the flow implies that

®,(xe0) = lim ®,(x,) (t € R). (12.1.14)

Now if we had x, € sg, then for an appropriate time ¢, it would follow that

(q(tv-xoo» > Rvil‘(E) s <q(t9-xoo)v P(taxoo» >0.

By (12.1.14), the same would apply for ®,(x,) with n large. But then, x,, would also
be contained in sz. Therefore we must have xo, € b};, and similarly x, € by;so bg
is closed and therefore compact.

e Conversely, this implies that the s7 are open, hence also sz = s N'sj. O
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So this corollary rules out the existence of orbits for which

limsup|lg(¢)]| = o0 ,but lim+inf lg(@®] < oo, (12.1.15)
——+00

t—+00

and likewise the analogous statement for t — —oo.
We summarize the informations obtained about the asymptotics of scattering
orbits in Theorem 12.5 as follows: Denoting by

TS = {(u,v) e R x RY | |Ju|| = 1, (u, v) = 0} (12.1.16)
the tangent bundle of the (d — 1)-sphere S¢~! (see page 499), we have found mappings
s> T8 x> (), g1 ().

The manifold 7S¢~! parametrizes the ori-

ented lines in R?, because such lines can
uniquely be represented in the form

qz

t—>v—+ut with (u,v)e TS,

The trajectory ¢ +— ¢(t) in configuration
space is asymptotic to the lines s +— qf +
s pT in the sense that in the limit t — o0,
the minimal distances

d*(q0) = min |a) — (@F +5 )|
tend to zero. This is because

d*(q®) = llgt @ —qill,
where the quantity g7 (1) := q(t) — (q(t), p~) p* is taken from Theorem 12.5.

12.9 Remark (Long Range Potentials)

Such an asymptotics of the scattering trajectory towards straight lines can also occur

in long range potentials, see Exercise 12.7.2. Just think of the Kepler hyperbolas.
However, according to Remark 12.2, these Kepler hyperbolas are traversed at

speed t — /2 (E + Wzt)u) This differs from the speed +/2E for the free mo-

tion generated by H (p, ¢) = %” p||? so much that an asymptotic synchronization
becomes impossible, i.e., there does not exist #y for which

. ot _ V|| —
Jim g (@) = (g1 + (¢ = 10)pD) =0,

see Exercise 12.10.1. O
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12.10 Exercises (Scattering Orbits)

1. Show that for the Kepler hyperbolas of energy E > 0 with angular momentum
¢ € R in the potential ¢ — —Z/||q||, the time elapsing between two radii is
given by the corresponding definite integral for the indefinite integral

i L PO A (12.1.17)
VEt2Zr— € V2E rE  2r2E o
Z 1 1
- GEEh (Er+§z+\/E(r2E+Zr— EEZ)) +oec.

The logarithmic term in (12.1.17) makes asymptotic synchronization impossible
(see also THIRRING [Th1], Chapter4.2).

Painlevés Stockholm Lectures
In 1895, upon invitation by King Oscar II of Sweden, the 31 year old mathematician
(and subsequent prime minister of France) PAUL PAINLEVE gave a lecture series
on differential equations in Stockholm.
As the highlight and conclusion of his manuscript [Pai] of nearly 600 pages, which
was published two years later, he pointed out that in celestial mechanics, some kinds
of singularities other than collisions could be conceivable. See the manuscript,* and
Diacu and HOLMES [DH].

588
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d cxciste aw moing ¢I(In't:‘c '-]':oiulolgm o?'u."t’émc.'_. soite- M, ... M’?“' (s i) qui

- ? 3 O - . 3 - . = .
e fcu?cnt..ucr.‘ @ilcune I?f‘aif.'lou.- {inulc .S .?':étczm:c, Puuc_._. el cTul. ,?e. I:Pu.} donf_

o 5 ? i
tels (.1{((‘_. [Jc.. i nienes @ (t) D:‘,- pcn'r.‘b Distauces -ﬂ(l.lhlt.f[,c." tende vers ".‘}c-r_.: avee

'['-'f" . SamHe .]n e e ?‘c ceo ?&‘Manccb teude Condtaintmtgats VeTd Heto.

0

3¢ .points du systéme tendent vers des positions limites & distance finie, ou bien il existe au moins
quatre points du systéme, soit My, ..., M, (u > 4) qui ne tendent vers aucune position limite a
distance finie, et qui de plus sont tels que le minimum p(¢) de leurs distances mutuelles tende vers
z€ro avec ¢ — t1, sans qu’aucune de ces distances tende constamment vers zéro.’

Translation: ‘mass points tend to positions with a finite distance, or else there exist at least four
mass points My, ..., M,, (1 > 4), that do not converge to a limit position within finite distance,
and for which their mutual minimum distance p(t) goes to 0 as t — ¢ goes to 0, but without any
single one of these distances converging to 0.’

[In Xia’s example, some distances converge, but not all do.].
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This conjecture was proved by
JEFF XIA in [Xi] almost 100 years
later. He showed in 1992 that in
the n-body problem (1.8) of celes-
tial mechanics, mass points can es-
cape to infinity in finite time. In the
configuration he found, a ‘messen-
ger’ star shuttles between two dou-
ble star systems increasingly more
rapidly and drives them to infinity
in finite time. This obviously is not —
an example of astronomical reality,

but it shows what kind of surprises

need to be expected when study-

ing the n-body problem mathemat- Xia's solution for the 5-body problem
ically. of celestial mechanics

asymptotically complete in the sense of Definition 12.40.
Sometimes in mathematics, one has to wait a while for a proof.

There also exist analogous solutions that have the divergent behavior only in the
limit of infinite time. In this case, the position of the messenger star satisfies
(12.1.15), and the velocities do not have a limit, in other words, the motion is not

2
)
q1

2. For E > 0, we consider the energy surface ¥y C P := R; X R; of the
Hamiltonian* H : P - R, H(p,q) = %||p||2 + V(g) with the potential
92
V(g) = 34745 -
Show:
Except for the four orbits in the closed set
q1
se = 1{(p.@) € T | q12=p1p2=0. ¢ || p}. ;)
there are no initial conditions xy € Xg
for which lim,_,  [|g (¢, x0)|| = oo. In
particular, the set s of scattering orbits is
not open. A typical trajectory in
Hill's region V(¢) < E
Hint:
Assuming lim,_, 4 q;(t, x0) = 400, consider the quantity J(p,q)

% (q1q22 + —) and show that it is approximately constant (see Section 15.2).

Conclude by comparison with H that this quantity is actually 0.

O

4This Hamiltonian occurs in the proof of non-integrability for the classical Yang-Mills equation

with gauge group SU(2).
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12.2 The Mgller Transformations

We now compare the flow (12.1.3) generated by H from (12.1.1) with the free
dynamics (12.1.2) generated by H©®.

12.11 Theorem
e For short range potentials V € C*(R?, R), the Mgller transformations® (compare
with Remark 12.2.2 and Figure 12.2.1)

Q PV 5t Q= lim d_, 00" (12.2.1)

t—+o0

are homeomorphisms on the phase space domain Pf_o) = (R‘Z, \ {0}) X RZ’ and they

conserve energy.
HoQ*x)=H(x) (xePr?). (12.2.2)

e With respect to time reversal T (Definition 11.3), one has Q= =T o Q*t o 7.
e The Myller transformations conjugate the two flows:

Qo0 =0, 0QF (teR). (12.2.3)

e If the potential is even smooth, V € C* (Rd, R), and has compact support, then
Q* are smooth, symplectic and therefore volume preserving mappings.

12.12 Remarks (Variants)

1. Working harder than is done in the proof below, one can even prove the dif-
ferentiability of the Mgller transformations for short range potentials under the
hypotheses of Theorem 12.11.

2. If we were to strengthen Definition 12.1 of short range potentials V to the effect
that for V € C®(R?, R) we demand with appropriate ¢, > 0 that

0°V(@)| < calq) ™" (geR’ aeNj),

then the Mgller transformations would also be C*°-diffeomorphisms.

3. If in contrast, one were to weaken Definition 12.1 to the effect of omitting the
decay condition for the second derivative, one can find potentials for which dif-
ferent orbits have the same asymptotic data (see SIMON [Sim]). This phenomenon
is comparable to the existence of several solutions for the initial value problem in
the case of differential equations that are not Lipschitz continuous, see Example
3.11.2. O

3 Christian Mgller, Danish physicist (1904—1980). See his article:
General properties of the characteristic matrix in the theory of elementary particles. Danske Vid.
Selsk. Mat.-Fys. Medd. 23, (1945) 1-48.
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Po

40
qo + pot
Q+((poa (10))

Figure 12.2.1 Definition of the Mgller transformation Q7 for a potential V with compact support

Proof of Theorem 12.11:

e We begin with the last claim, which is easiest to prove. Outside the phase space
area over the compact support supp(V) = {g € R? | V(q) # 0} of V, both flows
coincide. Therefore for all xo = (po, qo) € P(O), there is a time 7 > 0 so that for all
initial conditions x = (p, ¢) in U(xo) := {x € P | |lx — xoll < 1/2 Il poll}, one
has

q+tp¢supp(V) (¢ =>T).

So for x € U(xyp), the limit in (12.2.1) is reached already at time 7. As both flows
are symplectic, the assertion is proved.

For all x = (p,q) € U(xp), the velocity satisfies || p| > %||po|| > 0. On the
other hand, supp(V) lies in the interior of some ball B¢ = {g € R? | ||lg|| < R} of a
large radius R > 0, whereas the distance of the initial point ¢ to the center O of the
ball is less than ||qo || + %H poll- Therefore the free flow will have led the set U (x)
out of the phase space area above supp(V) forever after a time of at least

R+llgoll+3llpoll
3lpoll

T =T(x) := sup{ Rﬁrlllnqll ‘ X € U(xo)} <

Therefore, for all x € U(x,), one concludes Q7 (x) =

lim & 7, 0®%.(x)= lim & 70 (cp_t ° cp}‘”) 0 () = d_7 0 DY (x),
t—+00 t——+00

which in turn implies the existence and smoothness of the Mgller transformation
by Theorem 3.45. The fact that the mapping Q% is symplectic and thus volume
preserving is a consequence of the corresponding property for ®, and CDEO) ,1.e., of
Theorem 10.13.

e From energy conservation (H o ®_, = H and H® o & = H©), one gets for
x=(p,q) € Pf)) that H o Q*(x) =

lim Ho®”(x) = lim H? 00 (x) + lim V(g +1p) = HO®x).

t— o0
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e From Theorem 11.5 and the relation 7 o 7 = Idp, one has

Q = lim & 009 = Jim (Tod 0T)o(To o o T)

t—+00

=To( lim CDto<D§O)>oT=ToQ+oT.

t—>+00

This relation is valid whenever the limit Q% exists, which we are about to prove hap-
pens in particular for all short range potentials. Therefore, Q* o CD,(O) =
(limy— 00 D5 0 D) 0 7 = limy_, oo P 0 B, = lim, 100 Pr—y 0 PO =
®; 0 (limyos 400 Py 0 D) = @, 0 Q.

e Similar to the case of solving the initial value problem locally in time (Theo-
rem 3.17 by Picard-Lindelof), we will now represent the Mgller transformations as
fixed points of contraction mappings. The short range condition from Definition 12.1
corresponds to a Lipschitz condition at infinity.

We assume that for xo = (po, qo) € pYO , there exists an initial condition x;, € P
with lim, 400lq (7, x5) — ¢ @ (2, x0)] = 0 (where (p©, ¢©@) = @ denotes free
motion, namely ¢ @ (t) = ¢© (¢, x0) = qo + pot).

Then it would also follow that lim,_. p(f, x;) = po. The difference vector
Q(1) = Oy, (1) :=q(t, x() — g (¢, xo) would satisfy the differential equation

Q"(1t) =—-VV(q(t,xp)),

and we can rewrite it in the form

0'(t)=-VV(qgP®) + 0®). (12.2.4)

Using the boundary condition lim;_, », Q(¢) = 0, we are looking for solutions to the
integral equation

o) = —/OO/OO VV (g () + O(r))drds. (12.2.5)

Thus for all times T € R, the function Q[ o, is a fixed point of the mapping
Ay, = Ag),

(A, w)(t) == _/ / VV (¢ () +w(n)drds  (t €[T,00) (12.2.6)
on the normed space

c=c? .= {w e C(IT, ), RY) ‘ lw|@ = sup [w(®)] < oo}.

te[T,00)
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By Theorem D.1 from Appendix D, (C™, || - |7} is a complete metric space.
e Actually, A,, maps the space C into itself, because for ¢; := ||go|l + ||w[|’ and
T = ¢/l poll, one has

1AD )| < / Oo / TPV + ) fards
T s
<dc / oo / T 0@+ w) > drds
T s

o0 o0
§dc/ / (lpollT — 1) 275 drds < o0.
T K

The constant ¢ > 0 has been taken from Definition 12.1 of short range potentials. In
the last inequality, we have used that for xo = (po, qo) € Pfro), the initial momentum
po is not 0.

e For large initial times 7', the mapping A"’ : C™ — C® is also a contraction,
because for wy, w; € CT one has

A i) = A wo) |

5/ / [VV (@@ +wi(r) = VV (g (1) + wo(r))| dr ds

-

sc3/ / UlpoliT — e2)™> drds flwi — woll ™. (12.2.7)
T Ky

drds

/ DVV (¢ () + w, (7)) - (wi () — wo(7)) dr

In this estimate, we have used the fundamental theorem of calculus, which implies this
identity, which is also called the Hadamard lemma: For F (x) := VV (¢ () 4+ x),
x; ;= w;(t) (=0,1)andx, := (1 —r)xy + rxi, one has:

Y4F ! dx, !
F(X1)—F(XO)=/ —(xr)dr=/DF(xr —/DF(xr)~(X1 — Xo) dr.
0 dr 0 dr 0

In (12.2.7), one can choose ¢ = |lgoll + lwoll™ + JJwi|. For T — 400,
the Lipschitz constant c3 [~ [~ (Il pollT — c2) 7 d7ds of A goes to 0, so the
mapping is a contraction for large 7.

Thus all hypotheses of Banach’s fixed point theorem (Theorem D.3) are verified,
and we obtain a unique fixed point Q, initially as a curve on the interval [T, 00),
then by solving the differential equation (12.2.4) as a curve Q : R — R¢.

e (,, depends continuously on the initial conditions xy € Pio). Indeed, for
given w € C, the mapping xo +— (Ayw)(t) defined in (12.2.6) is continu-
ously differentiable for all ¢+ € [T, co). The directional derivative -2 ? in direction
v = (/) € R} x RY in phase space is given in terms of #(t) := v, + tv, as
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Dp(Aqw)(t) = —/oo /OO DVV (¢ (1) + w(r)) - 5(r)drds,

where the exchange of differentiation and integration is justified by the estimates
(locally uniform in xg)

DVV (¢ () +w() =0 (1)) , (1) =0((r)
and Lebesgue’s theorem.
This implies that 9, (A, w)(t) = O({t)™°), hence [|0,A,w||T < oo. The conti-
nuity of xo — Qj, is concluded by applying the parametrized fixed point theorem

(Theorem D.4).
e The Mgller transformation is therefore given by

2 (x0) = (po+ 0}, 0. g0+ 05, @) (0= (po.q0) € P”)
and is continuous there. The existence and continuity of the inverse mapping
@5 s> PO x> lim 090, (x)
t—Fo0

follows in analogous manner, by exchanging the roles of the two dynamics. (]

12.13 Exercise (Mgller transformations in 1D) Show in d = 1 dimension for a
short range potential V that the scattering transformation S := (Q*)™! o Q~ (see
(12.2.8)) for energies larger than Viax := sup, g V(g) = 0 is given by

Sp.e)=(p.a—p7(p)) ((p.@) eR*, E:=1p*> Vo),

with a time delay
(= [ [ = v - er e

also see THIRRING [Th1], Chapter 3.4, and our Section 12.4). O

12.14 Example (Decomposition of Phase Space)

Take the phase space P = R, x R, and the potential V' as in Figure 12.2.2 (top part).
The phase space points xj, x3 € s are scattering states, whereas x, € 1™ and x4 € 1~
are trapped states. Bound states are marked in black. O
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N =

Figure 12.2.2 Bound, scattering, and trapped states (the former in black)

Intuitively speaking, the image s* of Pfro) under Q% consists of those phase space
points that escape to infinity in the future or the past respectively. In general, s ™ #£ s~.
A particle that is bound in the past may well be free in the future and vice versa. For
instance, a meteorite could be captured by the earth-moon system. But is such an
event to be expected as likely?

To answer this question, we consider the measure® \??(s* A s7) of the set of
those states that only scatter in one time direction. Here \>? denotes the Lebesgue
measure on P = RY x RY.

12.15 Theorem (Measure of the Trapped States)
For scattering in potentials V € CCZ(R", R), the Lebesgue measure of the trapped
statest = s A s™ is zero:

N4y =0.

The intuitive reason why this theorem holds is that phase space volume arriving from
infinity cannot pile up in finite space because the flow ®, is measure preserving. This
is the contents of Schwarzschild’s capture theorem:

12.16 Theorem (Schwarzschild’s Capture Theorem)

Let ® : Z x P — P be a dynamical system that preserves a measure p on P, and
let A C P be measurable with u(A) < oo.

Then the subsets A* := Nten, P+r (A) of A satisfy:

SThe symmetric difference of two subsets A, B C M is AA B :=(A\ B)U (B \ A).
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WAY) = (AT N A7) = u(A™) , hence p(ATAAT)=0.
Proof: For all T € Z, the ®-invariance of p implies that
AD) = 11(Dreryy @£(A)) = 1(P7(Nrery, P (A))) = 11(Nreny, P14 (A))

hence (due to the exterior continuity of the measure p, see BAUER [Bau], Theorem
3.2) we get u(A*) = u(ﬂ,ezq)z(A)) =pu(ATNA). O

Proof of Theorem 12.15. The set t = s™ A s~ of trapped states is measurable
because s and s~ are open. ¢ is contained in the subset H~' ([0, E¢]) of phase space,
where Ej is the energy threshold from Corollary 12.8.

For k € N, we define the sets A; = {(p,q) € H'([0, Eo]) | |lg]l < k}. Being
compact subsets of phase space, they have finite Lebesgue measure. We can apply
to them the Schwarzschild capture theorem and obtain A* (A A A;) = 0, hence
also A (UrenAf A Ap) = 0.

On the other hand, the set ¢ of trapped states is contained in UkeNAZL A A, ; the claim
follows. O

Assuming the existence of the Mgller transformations and asymptotic completeness,
we can define the scattering transform

S:D>D x> QH 'oQ (x) with D:= Q) (), (12.2.8)

which was introduced by NARNHOFER and THIRRING in [NT],
see the figure on the right. Then for x € D,

Sx) = lim Y o dy 00 (x).
t—+00

It follows from (12.2.3) that the scattering T
transform commutes with free motion, i.e.,

So0dV =008 (1eR). (122.9)

S(z)
All relevant information about the result of Definition of the scattering
the scattering process are encoded in the transformation &

scattering transform.

In contrast to the Mgller transformations, the scattering transform can in principle be
measured in scattering experiments, which means in mathematical modelling that it
consists of time limits of observable quantities.

12.17 Remark (Quantum Mechanical Scattering)
In order to relate classical scattering results to microscopic scattering experiments,
one typically has to calculate a scattering cross section from S (see Section 12.3).
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For in microscopic scattering experiments, the impact parameter can usually not be
measured.

Ironically, it is the null set ¢ of classically trapped states that plays a central role
especially in the quantum mechanical scattering process. Its so-called resonances can
often be related to this null set. The reason for this relation is as follows: Scattering
states s with a small distance to ¢ spend a long time near bound states and have
therefore a large time delay. As there is an interference effect in quantum mechanics,
by which such differences in travel time lead to phase shifts with constructive or
destructive interference of amplitudes in the outgoing wave, resonances can occur.

The structure of ¢ can be rather intricate. For instance, in the n-center problem,
which is relevant for scattering by molecules, this set has locally the structure of a
Cantor set provided n > 3 [Kn3]. A similar phenomenon occurs in scattering by
circular discs (cf. Example 2.18.3), see UZY SMILANSKY [Smi], and [KS]. O

12.3 The Differential Cross Section

In scattering experiments with electrons, atoms and other particles, one frequently
shoots a ray of particles at a target and then measures the intensity of scattered
particles in dependence on the direction. In doing so, the width of the ray is large
compared to the distance of neighboring target particles, so the impact parameter
cannot be measured directly.

12.18 Example (Rutherford’s Experiment) Thomson, who in 1897 had discov-
ered the electron by means of cathode ray experiments, designed a model of atoms
called plum pudding model, in which the negatively charged electrons are contained
in a homogeneous background of positive charge, like raisins in a pudding.

In 1909, under the guidance of Rutherford, Geiger and Marsden tested this model
by aiming alpha particles at a very thin foil of gold. From the angle dependence of
the scattered alpha particles, which turned out to correspond to the scattering cross
section for the Coulomb potential (see Theorem 12.21), Rutherford deduced his
atomic model in 1911, postulating the existence of a nucleus. O

The differential cross section is a quantity that can be measured in an experiment;
it tells how the angle distribution of the intensity of scattered particles depends
on energy and incoming angle. This is done under the assumption that the impact
parameter of the incoming particles is equidistributed.

How can this verbal definition be formalized? First, for energy E > 0, let

Ay ={(pT(0).qT(x)) e TS " | x € s¢} (12.3.1)
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be the set of scattering data for this energy.” As there is exactly one scattering orbit
for every point in AJE[, we can define a continuous mapping by

op:Ap = ST L (P ().q () P pT ).

Here x is an arbitrary point on the scattering orbit. By Corollary 12.8 for long range
potentials and energies E > 0, we have Af =715

12.19 Definition
e For = € S9!, let A\y- denote the (d — 1)-dimensional Lebesgue measure on the
vector space Ty- $97" := {g € R? | (g, 6~) = 0}. The image measure of Ay~ under
the mapping
PE.6- ‘= PE fTrSd-l : T()—SGF1 — Sd71

will be denoted as o (E, 67).
e The differential cross section ‘;—g (E, 07, 67) is the density of this image measure
at the point T € S9!,

12.20 Remark Speaking more precisely, the differential cross section is the Radon-
Nikodym derivative of the measure o(E, 6~) on the sphere, with respect to the
rotationally invariant probability measure ;2 on S?~!. As the image of the Lebesgue
measure, o (E, §7) is not a finite measure. Whether it is absolutely continuous with
respect to i, as required in the theorem of Radon-Nikodym, needs to be checked for
each particular scattering problem. O

12.21 Theorem (Rutherford Scattering Cross Section)
We consider scattering by the Coulomb potential

_ z
VeCMR), Vi = ~al

on the configuration space M= RI\{0} for d > 2 with a charge

Z € R\ {0}. Then for E > 0, the do
differential cross section equals de

d—1
do B |Z|
—(E, 07,0 = ——M ,
do+ ( ) (4E sin? (%A@))

where AO € (0, 7] denotes the an- P
gle between 0~ and 0. 0 5 e Py 2n

7If E is a regular value of H, one can show (analogous to Theorem 12.15) that the complement sets
T84\ Af have measure zero, in reference to the natural measure on 7.S¢~!. These sets belong
to the trapped orbits.
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Proof:
e We first consider the case of d = 2 dimensions.
For a value ¢ of the angular momentum L, the impact parameter at energy E

equals g, = ”[f%“ = \/% ‘We now calculate the dependence of the scattering angle

*q
AO(E, £) = 2/ Lar+r, (12.3.2)

T'min

on the angular momentum in polar coordinates (r, ¢); here r;, denotes the pericenter
radius, which is the radius of the point on the hyperbola that is closest to the origin.
At this point, the radial velocity is 0, hence

zZ 2
E-W()=E+2—-=0,
ro 2r?

and this determines ry,, > 0. Using

dp ¢ dr
= ad = V2(E = W(r)),

dr ~ r2

see the formula (1.6) in the introduction, one obtains (modulo 27):

00 EZ . 7
AO(E, L) =2 dr = 2tan™ (—) ,
Vmin I‘2 '2(E+%—2Z—:2) EN/ZE
or
= ¢ _Z t Af (12.3.3)
w="pE 269\ 2 ) 3

The derivative with respect to Af is, in absolute value,

Lzl 1

‘dq_l _a
4E sin® (1A0)

dAag

which is the claim for the case d = 2.
e For d > 3, notice that in the vector space Ty-S¢~! = RY~! of impact parameters
(see Definition 12.19), the ball of radius r has volume v;_; for 74-2 d7, whereas the

segment of the sphere S¢~! that is defined by the condition Af € [0, AG] has volume

AO 5 5
Va1 / (sin(A0))4 2 dAG.
0

Here v, denotes the volume of the d-dimensional unit ball. The ratio of both inte-
grands is the differential cross section. For 7(A6) := |lg| (A0)]|, the two variables
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of integration are, by (12.3.3), related as F(AD) = % cot (%9) Therefore, using the

trigonometric formula sin(Af) = 2sin ( M) cos AT) one concludes that

2
=42 dF 7 Ag\\ 72 d-1
ot 2s e (PN gz (g
vier (sin(a0) 7\ 2Esinad [ apsin (4)  \ 45 sin? (&)
which proves the claimed formula for dimension d > 3. (I

12.22 Remarks (Rutherford Scattering)

1. Whereas the differential cross section diverges in forward direction (because far
distant particles experience little deflection), it is also nonzero for the backwards
direction, which corresponds to a collision orbit.® This was incompatible with
the plum pudding model.

2. Note that the Rutherford cross section is independent of the sign of the charge Z.

3. The analogous cross section in quantum mechanics is of the same form. This
was fortunate because in 1911, when Rutherford derived his cross section from
classical mechanics, the Schrodinger equation of quantum mechanics was not
available yet. o

12.23 Example (Rainbow Singularity) Let V € C?(R?, R) be a centrally sym-
metric potential with compact support, i.e., V(g) = W(|lg||) for some function W
satisfying W (r) = O for all sufficiently large r, say r > R > 0.

As V is bounded, there are energies E > sup, V(q), and it is for those that we
want to analyze the cross section. For impact parameters whose absolute value is
larger than R, the orbit does not hit the support of V and is therefore not deflected
at all. Likewise, every orbit with impact parameter O is a straight line, for reasons of
symmetry.

On the other hand, for V' # 0, there do exist orbits that are deflected (think why).
Since the dependence of the deflection Af on the impact parameter is continuously
differentiable and we have the symmetry Af(—q,) = —A6(q.), there must exist
a nonzero maximum of Af. At this maximum, one has Aﬁ = 0, so for this angle,
the differential cross section diverges, in contrast to the cross section for the singular
Coulomb potential!

For instance, this phenomenon oc-
curs for the scattering of light

in water droplets and is called \
rainbow singularity for this rea-

son. This singularity is a convo- /
lution singularity in the sense of
Example 8.39. O

8Strictly speaking, the Kepler motion had to be regularized for these collision orbits. Then the
expression for the Rutherford cross section is obtained also for A6 = .
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12.24 Exercise (Scattering at High Energies) Let the support of the potential V €
C*(R?,R), V # 0 be contained in a ball of radius R, and let

[Vlleo := sup [V(g)] , [IVV]e := sup [VV(g)I.
geR4 geR?

(a) Show that for all E > ||V ||, with the maximum and minimum speeds

Umax ‘= V2(E + [[Vle) 5 Vmin :i=vV2(E — [[V]lso) ,

the rate of change of direction for a particle with energy E in the potential can
be estimated by

dé

dt

(b) Show furthermore that for times ¢ € [O, ”é”+h“], the distance traveled by the

9V

Umin

particle satisfies the two-sided estimate
0 <1 (vmin = 31VVloot) < lg(®) = gO)|| < Vmax 1 -

(c) Show that for particle energies E > ||V |o+2R ||V V ||, the particle is scattered
and undergoes a deflection of at most

2R [IVV oo
A0 < ———+— =<
E— V]

(Generally, at large energies E, smooth long range potentials lead to scattering
with small deflections O(1/E).) O

12.4 Time Delay, Radon Transform, and Inverse Scattering
Theory

How do we actually know how the interactions between microscopic particles look?
The example of the Rutherford atomic model from Section 12.3 indicates that this
knowledge can be obtained from scattering experiments. However, the following
questions arise:

1. Could a different potential than Coulomb also lead to Rutherford’s cross section
(Theorem 12.21)?

2. If Rutherford had not started with the correct formula for the potential, could he
instead have calculated it, in principle, from his scattering data?

3. Which quantities that are accessible to measurement, if any, allow the reconstruc-
tion of the potential?
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Of course, if the first question had a positive answer, this would make it impossible
for an inverse scattering method, as addressed in the following questions, to exist.

12.25 Examples

1. Nonexistence of a 1D Inverse Scattering Theory
This is indeed what happens in d = 1 dimension: Let V : R — R be a short
range potential and @ the corresponding flow.

Then if we consider the potential V shifted by ¢ € R, i.e., the potential V¥ (q) :=
V(g — £), and transform the phase space correspondingly by

WOP =P , (@) (p.g+0),
then the flow W® corresponding to V® is of the form
O =wOod, oW  (reR).

We now consider the phase space domain Pt := H -1 ((Vmax, oo)) with Vipax =
SUp,cr V(q). In this domain, solutions (p(t,x()), q(t,xo)) = ®,(x9) do not
reverse direction, i.e., sign ( p(t, xo)) is independent of 7.

Let S® be the scattering transform for ¥ and S the one for ®. Then

SY9w) =8x) (xeP), (12.4.1)
and one cannot see from the scattering data that the potential was shifted.
Equation (12.4.1) follows for x = (p, g) from the relation

WO = (p.g+0) = o), () :
SOx) = lim 2% 0w 0 0 (x)
= lim @2 o W 6 dy 0 W0 0 % (x)

—>00

=W, (lim ®© 6 dy o qﬂ’f) o WEO ()

11— 00
=WOoSo W) =df) 0S0dY) (x)=38).
In the last step, we used (12.2.9), namely that S commutes with ®©. (12.4.1)
can also be obtained by explicit calculation (Exercise 12.13).
2. Differential Cross Section It is impossible in any space dimension d to re-
construct the potential V from the differential cross section (Definition 12.19),
because the latter is invariant under translation of V. O
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Fortunately, the situation is better in dimensions d > 2 and for other kinds of scat-
tering data. Different potentials lead to different scattering transforms, and there also
exist methods to reconstruct the potentials from scattering data like the time delay.

These methods are related to those of the Radon transform or the X-ray transform,
which is used in computer tomography.

12.26 Definition In dimension d > 2, the X-ray transform of a function f €
C?(R?, R) with compact support is the function (see Definition 12.1.16)

Rf:TS 'SR, (u,v)|—>/f(v+tu)dt.
R

12.27 Remarks (X-Ray and Radon Transforms)

1. In the X-ray transform, f is integrated over that straight line with direction u €
§9=1 which comes closest to the origin 0 € R¢ in the point v € T,,S"! = {g €
RY | (g, u) = 0}.

2. IntheRadon transform” one integrates over hypersurfaces rather than over straight
lines. So for d = 2, the Radon transform essentially coincides with the X-ray
transform.

3. Computer tomography was developed theoretically and practically by the physi-
cist Allan Cormack (1924-1998) and the engineer Godfrey Hounsfield (1919—
2004). It was in the 1970s, at a time when effective calculation of the inverse
Radon transform by computers became feasible, that the first prototypes came
into existence.

4. A standard textbook on computer tomography is [Nat] by NATTERER.

9

The book [Hel] by HELGASON on Radon transforms (as defined more generally
in terms of group theory and thus including the X-ray transform) is also available
on its author’s home page.

5. Ttis subtle to determine precisely the classes of functions f to which the Radon
or X-ray transform can be applied, but this question is of practical importance.
Think of f : R® — R* as the optical density of the tissue being X-rayed (in
the wavelength range of X-rays), a quantity called the X-ray absorption factor).
Then the value of f will have a jump discontinuity at the interface of bone and
muscle tissue (see Chapter IV.2 in [Nat]). O

In computer tomography, one measures the intensities of the X-rays passing through
the object, which means one measures R f. The mathematical task consists of re-
constructing f from R f. To do this, the first important observation is:

e R is a linear mapping. So the question is whether its kernel consists only of the
zero function.

9The Austrian mathematician Johann Radon (1887-1956) investigated this integral tranform named
after him in a 1917 paper.
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e For the domains of R f and of f, one has dim(7 §4~") = 2d — 2, which ford > 2
is larger or equal to dim(R?). So — in contrast to one dimension — we have at
least a chance to solve the problem in higher dimensions.

The key for inverting the operator R is the following statement, called Fourier slice
theorem.

e Here, we denote by

FaorSRY) > SERY) L (Fapk) = @m =2 | fae dx
Rd

the Fourier transformation on the space of Schwartz functions'® on R9.
e Moreover, for a direction u € S¢~1, let

R :S(RY) — S(T,87") . (R'fHw) = (Rf)u, v)

be the restriction of the X-ray transform (namely what the computer tomograph
sees when X-rays pass in direction u).

e The Fourier transformation of a function on the (d — 1)-dimensional subspace
7,871 = {v € R? | (u, v) = 0} will be denoted as FY_,.

12.28 Theorem (Fourier-slice-Theorem) For d > 2, one has

(FU_\R“f) (k) =21 (Faf)(k)  (ue S keT,s").

Proof: Given u € S?~!, we can uniquely write any x € R in the form x = tu + v
with v € 7,59 ! and ¢ € R. Then we obtain

Q0T (FILR"f) () = / (R f)(u, v)e™ V¥ du
T, 8471
/(/f(v+tu)dt) —ivk gy = / /f(v—i—tu)e’i(“*’”)'kdtdv
stl 1 Szl—l R

f)e R dx = QM)A (Fy k),
R4

because u - k = 0. O

As a consequence, the operator R of the X-ray transformation is invertible, be-
cause the Fourier transformation 7, : S(R?) — S(R?) is invertible.

1ODefinition: The Schwartz space S(R?) is the function space

S(RY) :={f e C®®RY,C) |Va,B eNd: 1+ 1°9” f(1) is bounded}.



302 12 Scattering Theory

RERR

Figure 12.4.1 From left: letter R; its Radon transform (abscissa: angular variable); numerical
inverse Radon transform; inverse Radon transform using a filter

12.29 Remark (Ill-Posed Problems) Integration averages out high frequency os-
cillations, whereas differentiation amplifies them. This results in the fact that the
X-ray transformation, defined on appropriate function spaces, is a compact operator,
whereas its inverse is unbounded. In practice, this leads to a strong amplification of
noise in the image data, and to artefacts (see Figure 12.4.1).

So to achieve a regularization of the problem, one applies methods from the theory
of ill-posed problems, see for instance the book [Lou] by Louis. O

Let us return to scattering theory. From the scattering transform S : D — D for
short range potentials defined in (12.2.8), one can calculate the transformation of the
asymptotic momenta and impact parameters introduced in Theorem 12.5, because if

(rt.q")=8(p~.q)) ((p.q)eD),

we already have the asymptotic momenta p*, and then the asymptotic impact para-
meters are obtained as -
qf=qi——(q L
Ip*I?
Next to these 2d — 1 coordinates, there is another piece of information contained in
S, namely the time delay

{p=.a7)—(p*.q%)
=112

T:D—->R , T((p_, q_)) = , (12.4.2)

introduced by H. NARNHOFER in [Nar].!!

12.30 Remark (Time Delay) The time delay tells how much longer (in the limit
R — 00) the orbit with initial condition

x=(p.q) =2 ((p*.q")=Q ((p~.q)

See also the survey article [CN] on classical and quantum mechanical time delays.
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stays in a ball B,‘é of large radius R than orbits of free motion would do. This can be
q2

studied in the following figure.

e As the two orbits of free motion are straight lines, their intersections with the ball
are segments of lengths

L*(R) =2,/R*> — ¢TI = 2R/ 1 — (llgEII/R)> = 2R + O(1/R). (12.4.3)

So in the limit R — o0, the difference between L+ and L~ tends to 0.
e For the path from ¢* to the pericenter point g1 (where (p*, ¢7) = 0), free motion
takes the time
£ ._ (p*. q%)

_ g (12.4.4)
I p=I1?

because (p*, g* + 1= p*) = 0. From the pericenter, the time needed yet to leave

the ball By has absolute value %.
e If the true orbits and their free asymptotes already coincide outside Bg, then the

time Tk which the orbit spends in By is exactly

LT (R L™ (R
n= (50 ) - (58 ). (1245)
2l pIl 2lp~I
otherwise the difference of Tk and this expression tends to Oin the limit R — oo.

e Plugging (12.4.3) and (12.4.4) into (12.4.5), one obtains with 7 from Formula
(12.4.2):

Jim (Tg — LER)/ I p*1) = 7((p7.47)- %

12.31 Theorem (Time Delay) For the orbit curve t — q(t) = q(t, x) with initial
value x = Qi((pi, qi)) € s and energy E := H(x), one has

((p~.q0)) = RE)™ /}R [ZV(q(t)) +{g @), Vv(q(z)))] dr.  (12.4.6)
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Proof: o ..
o By Definition (12.4.2), one has 7((p~, g 7)) = L0007 pecayse | p* 2 =
2F.

e On the other hand, by Definition (12.2.1) of the Mgller transforms Q*, one has

dim [(p0.q(0) = (p*. g% +1p*)] = 0

for p = ‘;—‘l’, and therefore by the fundamental theorem of calculus (as in (12.1.4)),

= la)= [

R

d
@E—Eumxam)m
:ié[ﬂwﬁxE—V@UD)+@U%VV@UD”dL

The formula follows. O

Rather than defining the time delay as a function defined on D C P© as in
(12.4.2), we can also fix the energy E and view the time delay as a function on
TS

Using the subset A, C TS?~! from (12.3.1) associated with scattering data for
energy E > 0, we obtain a well-defined mapping

FriAp >R, Fe(p.q0) =7((p7.qD)-

For all energies E > E, Corollary 12.8 tells us that the energy shell consists only
of scattering orbits, and then 7z is defined on all of 759!,
We now consider a potential V € C®(R?, R) with compact support and the

function
2V(g) +{q, VV(q)
2EV2(E-V(q)

A Taylor estimate of fz(g) yields, uniformly in g € R?, that

fe: RIS R, fp(g) =

_2V(g) +{g, VV(9))
B (2E)3/2

fe(@) +O(E™?). (12.4.7)

So for large energies, fr in (12.4.6) may be integrated approximately along the free
orbit to obtain the time delay:

12.32 Theorem (Inverse Scattering Theory) For energy E > Ey, the difference
between the time delay Tg and the X-ray transform of fg, i.e.,

AE ZZ%E—RfEZ TSd_l —>R,

is of order sup, |Agp(x)| = O (E’S/z).
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12.33 Remark (Inverse Scattering Theory)
So by measuring 75, we can reconstruct the X-ray transform of fr up to a small
error of relative order O(1/E) for large energies E. By the Fourier Slice Theorem
12.28, f itself can therefore be measured in the experiment. 2

The same also applies to a short range potential V: As can be checked by plugging
in, for any dimension d, one can reconstruct V from the numerator F'(q¢) := 2V (q)+
(¢, VV(q))in (12.4.7) by

V)= 1FO) . V(‘”Z_/l Flg)tde (g€ R\ {0}).

This solution to the quasilinear partial differential equation 2V (¢) + (¢, VV (q)) =
F(q) is found by integrating along the characteristic vector field. See ARNOL’D [Ar3,
Chap.2.7], and SCHMITZ [Schm]. ¢

Proof:
e Rather than by its time ¢, we will q2

parametrize the orbit curve ¢ +—
q(t, x) by its projection

s() = (p~(x),q(t, %)) (R,

see the figure to the right. This is pos- .
sible if E is sufficiently large, because s(t)
in this case, by Exercise 12.24.c, Bp
the deflection <t (p~(x), S¢(t,x)) is
smaller than 7 /2, hence s'(¢) > 0.

e Using

$@0 = {(p ), pt, ) = (00, 25} 2 (B - Vige, )

and AG(t) := <I(ﬁ’(x), p(t, x)) = O(1/E) (Exercise 12.24), hence

<13‘(x), Hgg;;g“) = cos(A0(1)) = /1 —sin*(AO()) =1+ O(E?), (12.4.8)

we obtain

r(x):/fE(c;(s)) ds + O(E™"?)
R

with g(s) :==¢q (t (s)). Choosing R > 0 large enough to ensure supp(V) € B¢, and
thus also supp(fr) < B}‘é, one obtains

R R
/fE(‘7<S)) dS=/ fe(d() ds=/ felgr +sp)ds + O(E™2).
R —R —R

12Up to an error depending on E, which can be found in the theorems in [Nat], Chapter IV.2.
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The latter estimate follows from ||G(s) — (¢ +s5p7)|| = O(1/E) (|s] < R) and
the Taylor formula for the difference of the terms under the integral. Therefore,

(7 q)=7(p".q7) =Rfr (7 q0) +O(E™?),  (1249)

as claimed. |

12.5 Kinematics of the Scattering of n Particles

‘We consider the motion of finitely many particles that may exercise forces upon each
other, but are not subject to external forces, which would depend on the position of
their center of mass.

One question is about the long term dynamics: Will the particles end up grouping
together in clusters, with strong interaction inside the clusters, but such that the
interaction between particles of different clusters decays with time?

12.34 Example (Billard Balls in Space)
If we consider #n balls of radius R > 0 in RY whose masses are my, ..., m, > 0,
then their configuration space is of the form

M:=R"\A with A:= (] A

I<i<j<n

and A; j :=1{qg =(q1,....q,) € @®RHY" | llgi — q;ll < 2R}, because the midpoints
of the i™ and the j™ ball must have distance at least 2R.
According to the Hamiltonian '3

n

H:P—>R , H(p.q) =,

i=1

IlpilI*
2m,-

on the phase space P := R"™ x M of the n particles, these particles move at constant
velocity ¢; () = p;(0)/m; until they hit the boundary of their configuration space.

Here we encounter clusters for the first time, because for ¢ € M, we can define
a graph on the set N := {1, ..., n} of vertices by connecting those elements i < j
with an edge {i, j} for which ||g; — g;|| = 2R (i.e., for which the balls numbered i
and j are in contact). So the set N is decomposed into clusters of vertices that are
connected by edges, see Figure 12.5.1.

e We say a configuration ¢ € OM has only double collisions, if the clusters have
size at most two. Then for cluster {i, j}, the motion will be continued after the
collision according to the following rules for an elastic collision:

13 A more realistic study of the mechanics of billiard can be found in § 27 of SOMMERFELD [Som].
It includes the study of top and bottom spin, follow shots etc.
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Let the momenta of the balls immediately before the collision be p;~, p;’, and after
the collision p;", p]+ Then we have the following conserved quantities:

o2

Figure 12.5.1 Configuration of billiard balls (left) with its corresponding graph (right) and its
cluster decomposition {{1, 3, 4, 5}, {2}}

(a) The total momentum is conserved, i.e., p + p| = p; + p;.

+112 - -
[ 1 T G o

(b) The total energy is conserved, i.e., 55— 3 - .
m; m; m; m;
(c) Decomposing the momenta into components parallel and orthogonal to the line
that connects the centers of the balls, the orthogonal components are conserved,

i.e., for the decomposition

I?

S 1, 1,- .
p,f = p,! + pt*  one has Di t= Pk k=1i,j).

These rules imply a quadratic equation for the component of the momenta that is
parallel to g; — g ;. This equation has (next to the unphysical solution p,!’J’ = p,!’_)

the solution

L+ _ mi—m; _|.— 2m; - A+ _ mj—m; |,— 2m; -
pi = mi+m; pi +n1;+M/ Dj > Pp = mi+m; pj +m,-+mj pi - (12.5.1)

The solution can be continued with these data.

e However, if, as in Figure 12.5.1, three or more balls collide simultaneously in
a cluster, there is in general no rule for continuing the motion that would be
continuous in the initial data. So one assumes such initial conditions are given that
do not lead to this kind of collision. This is indeed the case except on a null set of
exceptional initial conditions.

In 1998, BURAGO, FERLEGER and KONONENKO showed in [BFK] that, under these
hypotheses, there will be only finitely many collisions, and they also gave an upper
bound for the number of collisions.
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As the momenta remain unchanged after the last collision, we obtain a decomposi-
tion into groups of balls that move with the same velocity, where, typically, different
balls have different final velocities. O

12.35 Exercise (Billiard Balls)

(a) For n balls of equal mass in one dimen-
sion (d = 1), give an upper bound for
the number of collisions.

Compare with the dynamics of New-

ton’s cradle, the pendulum arrange- = 0 % 0

ment shown in the figure on the right.
(b) Same question for three balls of differ- ==
ent masses. O \

In the following, we study the nonrelativistic motion of n particles in R? that can
attract or repel each other with forces derived from a potential. Again denoting their

masses as my, ..., m, > 0, the Hamiltonian
P o V1
(p.q) =D ——+ V() (12.5.2)
=1 2mk

leads to the equations of motion

Po=-VoVig) . =25 k=1.....n. (12.5.3)

s

We assume that the potential is composed of two-body potentials, i.e.,

Vig) = Z Vii(gi —q;) .

1<i<j<n

12.36 Example (n-Body Problem)

A prominent example is the n-body problem of celestial mechanics from Chap-
ter11.3.3. There, V; ;(Q) = —% and the Newtonian differential equations
are (1.8). In contrast, in electrostatics, the particles carry charges Z; € R and
Vij(Q) = % So charges of equal sign repel each other, whereas gravitation
is always attractive. O

The following exercise explains why the gravitational potential of a centrally sym-
metric mass distribution, for instance (in good approximation) of a star, has the
claimed form in the exterior domain.

12.37 Exercise (Potential of a Centrally Symmetric Mass Distribution)
We study the (gravitational or electrostatic) potential generated by a mass or charge
distribution. Assume the continuous density p : R® — [0, co) to have its support
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contained in the ball B} = {x € R? | |lx|| < R}. We assume that this density is
centrally symmetric, i.e., p(x) = p(||x||). The potential is given by:

V:RP>R , V(q)::/ ﬂ
5, g —xll

and we call M := / p(x) dx the mass or charge.
5

(a) Explain why the potential V is centrally symmetric, i.e., V(g¢) = V(O, 0, llq II).
(b) Weassumeqg = (0, 0, a), wherea > 0.Express ||¢g —x|| in spherical coordinates.
(c) Show by means of spherical coordinates that

2 R
V(q)=§/ rﬁ(r)(r+a—|a—r|)dr.
0

M
(d) Show that V(¢q) = — fora > R.
a

() Show for0 <a < Rthat V(g) = V(a) where

_ a r2 R
V(a) :=4r (/ — p(rydr +/ rp(r) dr) .
0o a a

Derive that (92V)(a) + 2(0a V)(a) = —4mj(a) (i.e., in Buclidean coordinates:
—AV = 4mp). This is the Poisson formula.

(f) Satellites close to the earth have orbit times of about one and a half hours. How
long approximately would a satellite orbiting close to the sun take? %

The singularities occurring in Example 12.36 complicate the study of the dy-
namics significantly. Therefore we only consider two-body potentials V; ; that are in
C?(R?, R) and assume that they are long range in the sense of Definition 12.1. Thus
we require, with appropriate constants C, € > 0, that

10°Vi; (@) <C(O)=  (1<i<j<n QeR! aeNj, |a] <2).

It is convenient to define V;;(q) := V; j(—q) when 1 < i < j < n. Then the
Hamiltonian (12.5.2) is twice continuously differentiable on the phase space P :=
R’;f’ X ]R’;d, and by Theorem 11.1, the flow is ® € C'(R x P, P). We write the

solutions in the form (p (t, x0), q (2, xo)) = ®(t, xp), or briefly, (p(t), q(t)).
12.38 Theorem (Motion of Center of Mass) Denote by

o my 1= > ;_, my the total mass,
e py: P —RY (p,q) > D_, pi the total momentum and
e gn: P —RY (p,q) = ;- D). migy the center of mass.
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Then (pn (1), gn (1)) := (PN, qn) © D1 (p, q) satisfies:

pn(@) = pnO0) , gn () =gn(0) + prv) (t € R).

Proof: The equations of motion (12.5.3) imply

%PNU) = Z%Pk(t) =DV V@ == D VaVijlgi—q)
k=1 k=1

k=1 1<i<j<n

= > (VeViilai —a) + Vg, Vij(ai —q;)) =0.

I<i<j<n

On the other hand,

d 0
avo == ka—qka)— Z (”ZPZ(N)' O

So the total momentum is a conserved quantity, and \Wé also know the time evolution
of the center of mass. As V only depends on the distances g; — ¢, not on gy, we
can reduce the phase space dimension by 2d and study the motion in the center of
mass system.

12.39 Example (Reduction of the Two Body Problem)
This is done most easily for the motion of two bodies. In terms of the total mass

my = m; + m, and the reduced mass m, = m’"jrm , the linear transformation
W : P — P with phase space P = T*R*,
(P1, P2, q1,q2) V> (PN+ Proqn, qr) o= (p1 + po, MREIUEE DTG g g,
my my
leads to the Hamiltonian H o ¥ = Hy + H, with '
lpw? (AR
Hy(pn. qn) = and H,(pr.q,) = —— + Via(q,) -
2my 2m,

Now W € Sp(P, wy), i.e., this linear mapping is symplectic on the phase space P,
because W(p, ¢) = W (/) with the matrix

- 11 myg my
U= (40)eMat4d,R) , A:= (%uf—}vu) and D := (»ﬂ m_NH“).
Therefore ATD = 1 and thus W J¥ = J, see Remark 6.15.2 and Exercise 6.26.b.

So the equation of motion remains Hamiltonian even after transformation W, and the
study of H is reduced to the study of H, : R — R. O

4More precisely: H o W = Hy o7y + H, o m with (71, m) : T*R% T*RZN X T*RZV.
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12.6 * Asymptotic Completeness

“Could one not ask whether one of the bodies will always remain in a certain
region of the heavens, or if it could just as well travel further and further away
forever; whether the distance between two bodies will grow or diminish in the

infinite future, or if it instead remains bracketed between certain limits forever?
Could one not ask a thousand questions of this kind which would all be solved
once one understood how to construct qualitatively the trajectories of the

three bodies?” HENRI POINCARE "

12.40 Definition The n-body problem (12.5.2) is called asymptotically complete,
if the asymptotic velocities

Tt = lim 28X (12.6.1)

t—+o0 t
exist for all initial conditions xy € P.

12.41 Remarks (Asymptotic Completeness)

1. Inthe case n = 2, asymptotic completeness has been shown already. Namely it
follows from Exercise 12.7.1 in conjunction with Example 12.39.

2. The definition of asymptotic completeness is not uniform through the literature.
Our definition is a rather weak one.

3. In quantum mechanical scattering theory, the proof of an analogous property
of asymptotic completeness was achieved first, with contributions by V. Enss,
Ch. Gérard, G.-M. Graf, .M. Sigal, A. Soffer, D. Yafaev and others. In the
classical case, essential contributions to the proof were provided among others
by J. Dereziniski and W. HUNZIKER [Hun].

4. The following proof is a variant of the exposition in the standard reference [DG]
by DEREZINSKI and GERARD. It is complicated and may be skipped without
problems, since later chapters will not refer to it any more. On the other hand,
the entire scattering theory in practice relies on the assumption of asymptotic
completeness.

This proof is among the highlights of mathematical physics, and readers can test
their analytical skills by trying to simplify it. %

In Example 12.39, for two bodies, internal and external dynamics (with Hamiltonians
H, and Hy respectively) have been studied separately. This approach is now to
be generalized to the dynamics within and between clusters. So we will do some
kinematic deliberations.

15 After: Henri Poincaré: New Methods of Celestial Mechanics, Daniel L. Goroff, Ed., American
Institute of Physics. Page 19.
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12.42 Definition

e A partition or cluster decomposition of the index set N := {1,...,n} is a set
C:={Cy,..., Cy}of atoms (clusters) ¥ # C, C N such that

k
JCi=N and C,nCy=0 for ¢#m.
(=1

e Thelattice of partitions P (V) is the set of cluster decompositions C of N, partially
ordered by refinement, i.c.,

C={Ci,....C} < {Dy,..., D} =D,

if C,, € Dy for an appropriate mapping 7 : {1, ..., k} — {I,...,¢}. In this
case, C is called finer than D and D coarser than C.

e The rank of C € P(N) is the number |C| of its atoms.

e The join of C and D € P(N), denoted as C v D, is the finest cluster decomposition
that is coarser than both C and D.

The unique finest and coarsest elements of P(N) are

Crin == {{1},....{n}} and Cpax :={{1,....n}}
respectively.

12.43 Example (Lattice of Partitions)

For n = 3, P(N) consists of five elements, 1213

which are ordered as in the graphics to the / \\
right (vertically arranged by rank).

In the figure we have for instance used 12|3 123 1312 23]1

to denote the partition {{1, 2}, {3}}, with rank

11,2}, (31| = 2.

The join of 12|3 and 1]23 = 23|1is 123. 0 123

On the configuration space M := @@;_, My = R"? of all particles, where M) := R?
is the configuration space of the k" particle, we now want to make a choice of
coordinates that is adapted to the cluster decomposition C € P(N), in analogy to
Example 12.39. We write configurations ¢ € M in the form ¢ = (qi, ..., g,) with
qr € M. The notation will be simplified by using the mass-weighted scalar product

(@.d )y =D milan-ai) (a4 € M) (12.6.2)
k=1

and correspondingly the norm || |a1 1= /{q, @) pq-
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12.44 Definition In the cluster decomposition C = {Cy, ..., C;} € P(N),

o the mass of the i cluster C; is m¢, := > m;.
o E . L
e the center of mass of C; is ;. = e D jec,Midjs
e and the center of mass projection is the linear mapping

l'[g:M—>M s Hg(q)g:zqgl_ ,with £ € C;.

Thus IT g is an orthogonal projection with respect to the chosen scalar product, and
S0 is Hé =1y — l'[g. In terms of the latter, Hé(q)g =qy— qgi (with £ € C;) is the
distance of the £™ particle from the center of mass of its cluster.

The symbols I and E stand for the internal and external dynamics of clusters.

12.45 Exercise (Cluster Projections) Prove that for all C € P(N), the linear map-
pings [T} and I1§ are orthogonal projections. O

We denote the images of these projections as Ag]) =11 g (M) and call them collision
subspaces. As they are parametrized by giving the centers of mass of the clusters (of
which there are |C|), one has dim(AéO)) =d|C|, and

AP NAD =AL, (€, DeP(N)). (12.6.3)

The latter identity is the reason why the Vv-operation is relevant, see Figure 12.6.1.

12.46 Remarks
1. By (12.6.3), the subspaces Ag)) of M generate a partition of M with atoms

¢ = Ag”\ U aY  (cePwv). (12.6.4)
Dxe

If the asymptotic velocities in (12.6.1) exist, we can partition the particles in the
far future or past uniquely into clusters by

CE: P> PIN) , T500) € B, -

In this asymptotics, there will be no more interaction between particles of dif-
ferent clusters.

2. For finite times, the partition (12.6.4) is not very useful for proving anything.
Accordingly, we introduce for given € > 0 the e-neighborhoods

AY ={geM|ITL@Im<e} (CeP(N)). (12.6.5)
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g2=q3

41=3s3

Figure 12.6.1 Collision subspaces for n = 4 particles in d = 1 dimension, with center of mass at
0 € R*. Shown are the intersections of these hyperplanes {g; = ¢ ;1 with the sphere s?

(&) A% 13
Adzg A%l 3 Al

123

Figure 12.6.2 Inconvenient cluster partitions of the configuration space (with center of mass at 0)
for n = 3 particles in d = 1 dimension

So for g € A(CE ), the position g; of the i™ particle is not too far away from the
center of mass of its C-cluster; see Figure 12.6.2 (left).

In the quest for a cluster partition of M, we might be tempted to use, analogous
to (12.6.4), the subsets

5 = A?)\ U Ay (cePw). (12.6.6)
prC
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However, these are not disjoint, because the analog of (12.6.3) does not hold for

the . Figure 12.6. eft) shows that there are points g € that cannot be
he AS. Figure 12.6.2 (left) sh hat th. points ¢ € M th b

uniquely assigned to one E(CE), and that the set of these points even has positive

volume.

For the same reason, it is not helpful either to modify Definition (12.6.5), begin-
ning with the family of e-neighborhoods A%) of two-particle collision subspaces

A, |D| = n — 1, by defining
A(Cg) ; M and A(CS) ; ﬂ A(é) (C e P(N),ICl <n— 1),
D<C, |Dl=n—1

see Figure 12.6.2 (right). Applied to this family, (12.6.6) again does not yield a
partition of M. O

This is why we proceed differently and use the Graf partition of M: This partition

relies on the (mean) moment of inertia

J:M—>R ., J@=lqlic= D mellgl®,
k=1

which, in the cluster decomposition C, will be of the form
J=JF+ 7l with JE:=JoMf and J.:=JoT, (12.6.7)
due to the orthogonality of the projection IT 5 . Indeed,
J(g) = (¢ + g , (¢ + TE)g),
and
(Mg Meg)y = (Mg, (v = TEa)y, = (g, Te (= TE)g),, =0.

Here we have the intuitive understanding

e of JCE (g) as the moment of inertia of the configuration in which all masses of each
cluster are joined in its center of mass;

e of Jé (g) as the sum of the moments of inertia of the clusters, each referred to the
respective center of mass, rather than the origin.

12.47 Exercise (Moments of Inertia) Show that for partitions C, D € P(N) with
D = C, one has J5 < JF (and hence by (12.6.7) J/, > J2). O
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12.48 Lemma There exists ' € (0, %] such that

Je+Tp

(e +Jp) = Jewp = 5

(C.D e P(N)).

Proof:

e By Exercise 12.47, any constant §’ € (0, %] can be used for the left inequality.

e For the right inequality, we use the identities J2,, = J o I}, , and
(JE 4+ Jh) o l,p = JE + Jh. Both JE,p, and J} + J, are positive definite
on the space im(n’cw;) = ker(l'lgvD).

Such quadratic forms on finite dimensional vector spaces are always comparable.
So for every pair (C, D), there exists a constant §'(C, D) € (0, %] that makes the
right inequality true. But there are only finitely many pairs, so there exists a smallest
nonzero ¢'. O

12.49 Definition For § € (0, 1), let
JO MR, Jg) =max{JE (@) + 5| C e P(N)}.

The Graf partition of the configuration space M is the family of subsets

5D .= {q eM ‘ JE(@q) + 6 = J@(q)} (C e P(V)). (12.6.8)

While this is not a partition in the
sense of sets, it is a partition in the
sense of measure theory since

=0 _
U e@=m.
CeP(N)

and for C (?é D the Lebesgue mea-
sure of E(C) Eg) is zero, because
values of the functions JF + §/°!
and JE + 6P! coincide only on
quadrics in M.

We expect from a cluster decom-
position of M that particles in
the same cluster are close to each

.
Graf partition of the configuration

other, whereas particles of differ- space (center of mass at 0) for n = 3
ent clusters stay apart by some particles in d = 1 dimension.
minimum distance. Yellow: Eéé)_ Blue: E((:é)

Both expectations are met, see the
figure on the right and the follow-
ing lemma.
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12.50 Lemma For every § € (0, %/), there exist 0 < p; < py such that the e-

neighborhoods A(Cs ) of the collision subspaces Ag)) as defined in (12.6.5) satisfy (see
Figure 12.6.3)

A < | EY C AP (CePV)).
Dx=C

Figure 12.6.3 The inclusions of Lemma 12.50 forn = 3,d = 1 and C = {{1, 2}, {3}}

12.51 Remark Readers should convince themselves that the lemma shows that the
Graf partition indeed satisfies the above requirements for a cluster decomposition. ¢

Proof:

e We begin with the inclusion on the right and set p, := V8. Then A(Cp 2 = {qg €
M | Ji(q) < 6}.If D = C, then by Exercise 12.47, one has J},(¢) > J.(g). But for
q € Eg) , one has (by definition of the Graf partition and comparing D with Cpin) the
estimate Jé(q) < 5Pl — " < 6. Combining the two, we obtain Jé (g) < 0, hence
g e AL,

e Instead of the left inclusion, we show this slightly stronger (stronger since the
partition is not entirely disjoint) statement: For an appropriate p; € (0, p2), one has

Aé’“) N Eg) =¢ ifE¥C (Enotcoarser thanC). (12.6.9)
Under this condition, one always has |£ vV C| < |€| and |€ Vv C| < |C|, with equality
if and only if £ 2 C (€ strictly finer than C).
()

Forq € Ag") N Efg), one has JX(q) < p? and, by definition of E,

JHg) < JL,c(q) — 81V (1 — glE1mIEvery (12.6.10)
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e Now if we had £ 3 C, then the condition in (12.6.9) would be satisfied, E vC = C,
and the inequality would imply

JEHq) < Jiq) =81 —6) < p? =60 —8) < p? ="' (1 = 0) <0

for small p;. But this is not possible because J/ > 0.

e The other case that is compatible with condition (12.6.9), namely that C and £ are not
comparable and one has £ £ C in addition to £ % C, also leads to a contradiction for
small py, because with Lemma 12.48, one concludes from (12.6.10) for § < ié’ < %

that

/\

1
Je@) = 5 (Ve + Je (@) = §EVEl(1 - 6)

! &l _ gleny _ glevel 2, 0 e
(274 (q) + 861 = 5) — §EVCI1 —5) < gt 4+ — L5

<
- 6/ 6/ 6/
2 5 2
lEvel 2 1gn—l

= 5,01 46 < y[)l Z(S
In the second last inequality we have used |€ | |E v CJ. This expression will
become negative, too, if we choose p; < +/9"¢’. So we have led the assumption
g € AYY N EY to a contradiction. O

Another property that was illustrated in the figure on page 316 is generally valid for
Graf partitions:

12.52 Lemma For small § € (0, 1), the Graf partition (12.6.8) has the property

that for & ’"(6) ﬂ ’:(6) # (), the cluster decompositions C and D are comparable, i.e.,
C<xDor C

Proof: By Lemma 12.48, forg € E "(6) na& "( ), we have

Je (@) + J5 (@)

5 and J5(q) — 0PV = Jk(g) — 5"

JCI\/D (q@) <

Now if C and D were not comparable, and therefore |C v D| < min(|C|, |D|), and
without loss of generality |C| < |D|, then one would conclude:

(JC[\/D(Q) — §1VPlY — (JL(g) — 81
<— (JC (@) + (IL(q) — 8 + P)) — (1L(q) — 51°) — 51OV

2
- 1) Jh(@) + 619 = 51VPI < (5 -

IA

1) si€l + sicl _ slevDi

IA

€
€
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provided § € (0, ¢’/2). This however means that g cannot lie in :(c) , because in
Definition 12.49, J¥(q) + 6I°! = J(¢) — (JL(g) — 6'°!) is not maximal. O

It is because of this lemma that the Graf partition of the configuration space M is
closely related to the lattice of partitions P(N). We will use the Graf partition in the
proof of the following main statement:

12.53 Theorem (Asymptotic Completeness) For all Hamiltonians (12.5.2) with
long range potentials V; ; € C?’(RY,R) (1 <i < j < n) and for all initial

conditions xy € P, there exist asymptotic velocities ii(xo) = lim;_ 40 M

Proof:
e As the Hamiltonian flow ® € C2(R x P, P) is reversible, it suffices to show the
existence of v T (xp).

o Ina first step, we show that the norm of t > =2 has a limit. With (p(1), ¢ (1)) :=
d(t, xg), define
@) =J (qi)) (tell,00)).

So we want to show the existence of j* := lim,_, o, j (¢).
e The key step is a cluster decomposition that depends on time and is adjusted to the
motion. We will find measurable mappings

q(t) =)

A:[l,00) = P(N) with P € B -

(12.6.11)

It is exactly on the interfaces between the :(Cé) that 4 is not uniquely determined

by this condition. But since the trajectory ¢ in position space is twice continuously
differentiable (and since, by reason of Lemma 12.52, 6!/ £ §/P! when C # D and
"‘(d) N :g # ) in (12.6.8)), we can conclude by Sard’s theorem !¢ that for almost
all 0 € (0, 1) in Definition 12.49 of the Graf partition, .4 can even be chosen to be
piecewise constant.
e The scaling factor
of the moment of inertia,

t'7%/2in (12.6.11) has the consequence that in the decomposition

J@) = j5 0+ j @) with jE@) = I, (@) and j' (1) == T, (@) ,
(12.6.12)
the second term does not contribute to the asymptotics:

J'0 =10 () =7, (12.6.13)

16Theorem (Sard), see HIRSCH [Hirs, Chapter 3.1]: For f € CX(U, R") withk > max(n—m+1, 1)
and U C R" open, let Crit(f) := {x € U | rank(D f(x)) < m} be the critical set of f. Then the
set f (Crit( f )) C R™ of critical values has Lebesgue measure 0..
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because for all C € P(N) and g € Eg} ), it follows by (12.6.7) and the definition of
the Graf partition that

IO =J@) —IE@ = U, @)~ JE@ <8 =& <1, (126.14)
To show the existence of the limit j© = lim,_ o j(z), it therefore suffices, by
(12.6.12), to show that jZ(z) has a limit. In doing so, one has the difficulty that

jE is discontinuous where ¢ — A(¢) is not constant.
We therefore decompose j/ into

j'=Jj"+nh (12.6.15)

with f’ continuous and % piecewise constant. This decomposition is unique up to an
additive constant, which we will yet determine. Accordingly, in view of j E—j—jl,
the function j := j£ — h is continuous as well.

With ¢ (1) := TT% )¢ (1) and v/ (1) := 44! (1), we get the piecewise equality

271 _z q[(t) 1 Cll(t) _ —1—¢/2
a’ ) = ; <—t , U (1) — — >M =0t ) (12.6.16)

because g’ (t) = O('~/?) and

o ®lla < @l = /2(E = V(q()) < V2(E = Vinin) -

Therefore, lim,_, 5 f’ (1) exists as well, and we choose the additive constant in
(12.6.15) in such a way as to make this limit 0. Then we have also

ht) = jl()— j' ) = O™ + O = O/?). (12.6.17)

e To show that the limit of j E exists, it suffices to show that the continuous function
te> jE@0) = jEQ) + [ f(s)ds with

2 1q"%(s) UE(S)_qE(S)

N s s

f(s) =

> =0(/s) (12.6.18)
M

(and qNE =q—q ~’ ,vE = £4F) converges. We again decompose the integrand as
f = f + g with f continuous and g piecewise constant. Then we get

f@)=fA)+g@) —gl) +/1 I(s)ds (12.6.19)

with the integrand I (s) := I,(s) + L(s) + [:(s) = O(l/sz), Ii(s) := —%f(s),
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p 4E®°
v7(5) S

‘ M

2 E
L(s) ::5—2‘ . L(s) = —;< &) gvEq <s>)>

and the intercluster potential
VEGG) =D Vi @) = ;).

The symbol > indicates that we only sum over those pairs (i, j) of indices that
belong to different atoms in the cluster decomposition A(s). For these pairs, one has
by (12.6.11) and Lemma 12.50 the estimates

lgi(s) = g; () = cs'= (s €[l,00)),
hence by the long range property (Definition 12.1) of the pair potentials,
VVE(q() = O ) = 0(s5) (12.6.20)

provided we choose € € (0, %).
e The integrand [ in (12.6.19) is piecewise equal to the time derivative of f. As can
be checked by plugging in, the integral equation (12.6.19) has the solution

t
f@)y=g@0)+17° (f(l) —g(1) + / (s* (Ia(s) + I3(5)) — 25 g(s)) ds)
1
(12.6.21)
We would like to show that this solution satisfies f € L'([1, 00)), because then
t — jE(r) converges.
For g = 0, we argue as follows:

— The absolute value of /3, being integrable, see (12.6.20), leads to an integrable
contribution of order O(t~'~%) in (12.6.21).

— I, is non-negative. If the contribution from 7, were to cause f to be non-integrable,
then j£ would diverge to +oo. But we know that jZ is bounded. Therefore jZ
converges.

o If the parameter ¢ quantifying the long range property were 0, then the jump of ¢
at a point of discontinuity 7, would satisfy:

9() — 9(ty) = 9a(ty) — gaty)  with g(t5) := 11{1(1) g(to £7) etc.

—d JE 9@
andgA(to) =1y dt‘IA(t ) ( ! )z =1

In reality however, £ > 0 and therefore by (12.6.18),

9(t9) = glty) = galty) — galty) + g(tg) — g (ty) (12.6.22)
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for the piecewise constant function g with the jumps

o
q- (%) _
fo M
— With the & from (12.6.15), one has

98(t) — gp(t)) = —2¢ [h(tz) _ k) +/2 @ds] (1<t <n),

15} I

E/ .+
gp) — ga(ty) = —— [<q Gy )»UE(Z(T)>
) ) M

hence by (12.6.17),

gs() —gpt) = O, A <1 <n).

Without loss of generality we assume: lim,_.» gp(t) = 0, hence gp(t) =
O(t’l’g/ 2). Then gp leads to an integrable contribution of order O '"2) in
(12.6.21).

— The piecewise constant function g4 in (12.6.22) is increasing, because by Defini-
tion (12.6.8) of the Graf partition and (12.6.11),

[ .
tqlf—f/)z cEQ NEY  with A* = 1{% Aty +~) and AT £ A~
0 !

satisfies the inequality

T |:JA+ (—t‘—5/2 —J4i Py - >0.
So altogether, we can treat the case g 7 0 in complete analogy to the case g = 0.
We conclude that j£ (and thus also j£ = jf + hand j = j! + j£) converges.
e Now if the limit j* = 0, then the asymptotic velocity exists: v 1 (xy) = 0. So we
now assume that j* > 0.

Q(t) := q(t)/t satisfies Q € C%([1, 00), M). We now consider the set of cluster
points of this curve:

Q:={v €M | 3(ty)nen with lim 1, = 400 and lim Q(1,) = v} .
n—0o0 n—oo
The curve is contained in the sphere
Smi={veM]|lvly =i

As Sy is compact, €2 is not empty. We want to show that 2 consists of only one
point (namely the asymptotic velocity v+ (xp)).
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Recall the partition (12.6.4) of M and consider first a cluster point v € 2N E(CO)
for which the number |C| of clusters is maximal. Define U,(v) = {v' € M |

lv" — v]pm < 7). As the atom Eg)) of the partition is relatively open in the collision

subspace A(CO), for small v > 0, the 2y-neighborhood Us,(v) N © of v will lie in
= (0)

CFor all n > N(v), one has Q(t,) € U,;2(v), because v is a cluster point of
(Q(tn))n. We want to show that Q(¢) € U, (v) forallt > T (). As y can be chosen
arbitrarily small, this implies Q = {v}.

e Let x € C(M, [0, 1]) be a function with support in the neighborhood U, (v)
whose restriction to U, (v) is 1.

E
UCE(t) _4c ()

W ifl,00) = [0,00) , W(1)=x(Q0) ‘
M

is bounded and has the derivative
E E
Vo) = x(Q) (42 -k ) /|42 k] VVEGQED)

+1{v0) = 22, vx(0W)) | L2 k| —tww.  (12623)

— Because of (12.6.20), the first term in the sum is in L' ([1, oo)).
— There exist such cutoff functions x that have a product form

x@) = X' (ME ) X5 (M) (v e M).

For large times ¢ and Q(t) € Uy, (v), it follows that Q(¢) € A(CW 2 (because oth-
erwise v would not be a cluster point for the maximal number |C| of clusters).

Therefore x' (ML (Q(1))) = 1, and hence in the second term of (12.6.23),

vx(Q®) = Vxf (MEQ@)) e AY.

So the absolute value of the second term is less than

2

E
1
gc (1) ,with € = sup [|VX(0) |l -
M X

—vg ()

c
t

From the integrability of the term ¢ + =2 [[ s2L,(s) ds in (12.6.21), one con-

c|a®
t 1

in L' ([1, oo)), and therefore so does the second term of (12.6.23).
— The third term of (12.6.23) can be written in the form

2
vt (1) H also lies
M

cludes by means of an integration by parts that ¢ +—
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d g )
dr 1t

1
Yo = x(Qm) ‘

‘M

As it is non-negative, and the other two terms on the right hand side of (12.6.23)
are integrable, and the left hand side of (12.6.23) is bounded, it follows that ¢ +—
Lw(r) e LI([1, 00)).

o As we have therefore [~ x(Q(1)) %qgt(’) Mdt < o0, and Q(t,) € U, (v) forall

sufficiently large n, it follows that Q(¢) remains in U, (v) for ¢ large. O

As mentioned on page 285, the asymptotic completeness, which we have just
shown for bounded potentials, does not hold for all initial conditions for the Kepler
potentials from celestial mechanics.
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13.1 What is Integrability? An Example

“When, however, one attempts to formulate a precise definition of integrability,
many possibilities appear, each with a certain intrinsic theoretic interest.”
D. BIRKHOFF, in: Dynamical Systems [Bi3]

In a heuristic meaning, a differential equation is integrable if we are able to ‘write
down’ its solution.

There are two reasons why this “definition” obviously leaves much to be desired.
For one thing, we would like to have a notion of integrability that tells something
about the differential equation, rather than our mathematical abilities. On the other
hand, it is not quite clear what is meant by ‘write down’. Is the solution to be given
in terms of ‘known functions’, in terms of convergent series, or possibly in terms of
a limiting process?

We will proceed by first discussing an example of a Hamiltonian system that we
consider as integrable, and thereafter we will abstract a notion of integrability from
1t.

13.1 Example (Planar Motion in a Centrally Symmetric Potential)

We consider the motion in a configuration space that is a plane, so the phase space
willbe P := T*]Rg = R* with its symplectic form wy = dq, Adp; +dg> Adp,, and
the Hamiltonian H (p, q) := 1||p||*> + V (g), with a centrally symmetric potential

VeC®RLR) , Vig)=W(ql)-

The angular momentum L : P — R, L(p, q) := —q1 p2 + g2 p1 Poisson-commutes
with H, i.e., {H, L} = 0; we abbreviate the energy-angular momentum mapping as

F:=(H,L) e C®(P,RY.

So we know that the orbit through x, € P stays in the set F~'(f) C P with
f := F(xo). For regular values f in the image F(P) C R? of phase space, this set
is a 2-dimensional manifold.

A value f = (h, £) is regular if and only if for all x = (p,q) € F~'(f), the
covectors d H (x) and d L(x) are linearly independent.

e In contrast, if d H(x) = 0, then one concludes from
dH(x) = pidpi + p2dp> + 0, V(g)dq: + 0,V (q)dq> (13.1.1)
that W/(|l¢ll) = 0 and p = 0, hence also L(x) = 0 and H(x) = W(|lgl|). Thus

the corresponding singular values are of the form (h, £) = (W(||q D, O), so they
lie on the vertical axis (in Figure 13.1.1) of the (&, £) plane.
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e If however d H(x) # 0, but

dL(x) =cdH(x) (13.1.2)
for some ¢ € R, then one concludes from
dL(x) = q2dp1 — qidp> — prdqi + p1dg,
by comparing coefficients from (13.1.1) and (13.1.2) and letting J = ((1’ ‘0] ):
g=clp and p=—cJVV(g).
The set of such singular points is a null set in phase space P,andby L(x) = (g, Jp) =

c|lp||?, it corresponds to circular orbits. In Figure 13.1.1, the corresponding singular
values can be recognized as the boundary curves of the set F(P) C R?.

H

Figure 13.1.1 Energy-angular momentum mapping for centrally symmetric potentials. Left: Har-
monic oscillator, right: Kepler potential

Due to the rotational symmetry of the Hamiltonian, polar coordinates (r, ¢) are
appropriate, where
q1 =rsin(p) , g2 =rcos(y), (13.1.3)

and we can enhance these to canonical coordinates. To this end, we make a generating
function ansatz as in case 2 of Chapter 10.5 (page 238):

( L (2505 05 05
pr7 pgo7 CII, qz - arv a(ps ap19 (9172 .

For S(r, o, p1, p2) := pir sin(p) + por cos(v), Eq. (13.1.3) holds. Furthermore, we
get then

. (p.q) )
Pr = p18in(p) + pacos(p) = Tl Py = p1rcos(yp) — parsin(p) = L.
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Interms of physics, we may simply view p, as the radial component of the momentum
p = (p1, p2), whereas p,, is the angular momentum.
Altogether, we obtain a canonical transformation

VT (RY x ') = T* (RP\{0}) . (Pr.Porn @) > (P1. P2, G1. 42) -

Because of the identity p% + p% =p’+ f—zz (obtained from trigonometric formulas),

one has 5

2
r p
B 2w,

H\IJ I s Iy =
oW (py, po, 1, ) > o2

As H o W does not depend on the ¢ coordinate, one gets p, = L = 0, hence
£ := p,(0) = p,(¢) is a constant of motion for H o W.

62
Ko:T'RD) = R o Ki(pror) = 1p} 4+ Wer) with Wo(r) == W() + 5

is a Hamiltonian with a single degree of freedom. W, is called the effective potential.
Since the energy h := K,(p,(0), r(0)) is constant in time, we already know the
orbits of the flow generated by K.
Their time parametrization is obtained from 77 = p, = /2(h — W,(r)) by invert-
ing the integral
r® dr

+ _— =
ro vV 2(h - Wg(l"))

For £ # 0, our assumption that V be continuous implies that lim,\ o W, (r) = 400,
and therefore, for this energy /, the centrifugal potential % prevents the particle from
visiting the origin. If instead we take a potential like V (¢) = —W with « € (0, 2),
thus W(r) = —%, the same conclusion still applies.

Under the hypothesis V(q) > —c(1 + ||g||*), see Theorem 11.1, the existence
of the solution to the Hamiltonian differential equation is guaranteed for all times,
and the radial component of the orbit can be described by routine single variable
calculus. Namely, only those values r for which W, (r) < h can occur; this condition
is satisfied on certain intervals in R.

4

t—1.

Wayys

Tmin Fmax
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We only consider the interval that contains the initial value.

This interval is either of the form [, #max] O €lse of the form [y, 00), depend-
ing on whether we have bound or unbound motion. In the example of the Yukawa
potential W (r) := —exp(—r)/r, the energy shell in phase space looks as follows:

p

(T~ — ,
—

So for aregular value /, in the bound case, the radius
corresponding to the location of the particle varies
periodically in time between 7y, and rmyax, Whereas
in the unbound case, it goes to infinity as t — F00. 0

Plugging the solution ¢ + r(¢) into the differ-
ential equation

. OH p, 14
Y= a = —2 = 7 s q1
Py r r=(1)

one obtains

p(t) = (1) + £ [y r(s)ds .

In particular, the angular velocity is smallest near
rmax-
In the configuration plane (for the Yukawa poten-
tial), one obtains the form of motion described in the picture. In phase space, the
connected components

My S F ' () ={(p.9) eR* |H(p,q) =h, L(p,q) = ¢}

for regular values f = (h, £) and bound motion correspond to a torus T2 := §' x S!,
which is parametrized by  and the time that has elapsed since the latest pericenter.
In the case of unbound motion, these sets are cylinders St x R.

We will see in Theorem 13.3 that these shapes of submanifolds are typical for
integrable Hamiltonian systems. O
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13.2 The Liouville-Arnol’d Theorem

We abstract the essential ingredients of the preceding example in a definition:

13.2 Definition Let H € C*°(P,R) be a (Hamilton) function on the symplectic
manifold (P, w) of dimension 2n.

e Then F € C*°(P, R) is called a constant of motion if {F, H} = 0.
o Aset{Fy,..., F} of functions F; € C*(P,R) is said to be in involution if the
Poisson brackets vanish:

{Fi, Fj}y=0 (i, j €{l,....k}).
e The set is called independent if the set
{xeP|dFi(x) A... NdFr(x) =0}

has Liouville measure' zero.

e {Fy,..., F}iscalled (Liouville-) integrable if the F; are in involution and inde-
pendent, and k = n.

e The function H is called integrable if there are, in addition to Fy := H, another
n — 1 constants of motion F,, ..., F,, such that {F\, ..., F,} is integrable.

At first, this definition of integrability appears to be somewhat abstract; however
it permits to linearize the motion by introducing appropriate (semilocal) canonical
coordinates

Iy oo Ly 015y 00) -
In these coordinates, the Hamiltonian equations will take on the form
Li=0 , ge=w() (kefl,....n})
so that their solution is simply
L) = 1k (0) , (1) = o (0) +wie(D) 1 .

We begin with a statement that has been developed into the following form over a
period of more than 100 years (including the work by HENRI MINEUR [Min] from
1936).

Definition: If (P, w) is a symplectic manifold and n := % dim(P), then the measure on P that

.. —1)ln/2] . . . .. .
is induced by the volume form %w’\” is called the Liouville measure (giving rise to an

invariant measure on an energy surface, defined in Example 9.4.2. See also Remark 10.14). For
(P, w) = (T*R", wy), it coincides with the Lebesgue measure A2 on R2 = T*R",
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13.3 Theorem (Liouville and Arnol’d)
Let (P, w) be a 2n-dimensional symplectic manifold, and let {F, ..., F,} be inte-
grable. If f € F(P) C R" is a regular value® of the mapping

Fy
F::(:):P—>R",
F

then each compact connected component My of F~'(f) is diffeomorphic to an n-
dimensional torus T" = (S")".

More specifically, there exist angle coordinates ¢y, . .., p, on My and frequencies
Wi, - .., Wy € Rinwhich the flow generated by H on My has the form

wr(t) = pr(0) + wr t (mod27) , (t eR, kefl,..., n}). (13.2.1)
Proof:

e We already know (Example 10.42.2) that M is an n-dimensional Lagrangian
submanifold.

o Let B.(f) :={f € R" | |f' — fll < €}, the closed ball with small radius
€ > 0; then the connected component K of M in the set F! (Bg(f)) C Pis
also compact, because My is compact and f is a regular value.

e Moreover, since d Fy (X ) = {Fk, F1} = 0, the vector fields X 5, are tangential to
the level sets of F by Theorem 10.16. By Theorem 3.27, the flow ®f : K — K
on K that is generated by the Hamiltonian vector field X z, for the k™ constant of
motion Fj exists for all times ¢ € R.

e We know, for all times #; € R, that

Dp o @ =Dl odf (k. I€(l,....n}),
because by Theorem 10.21, the flows generated by vector fields X, Y commute
if and only if [X, Y] = 0; and by Remark 10.23, the commutator [Xr,, X5 ] =
—Xir,.ry = 0, since {Fy, F1} = 0. Now we want to use the mapping
WoR' < My — My, (.. t0),x) > @) o .0o®) (x)  (13.2.2)
for a parametrization of M ;. This is indeed a mapping into M ;, because the flows
X leave M s invariant (as their vector fields X r, are tangential to M ;).

Moreover, W, : My — My , W;(x) := W(z, x) satisfies

Wo=1Idy, , WoW, =W, (s,reR").

2Equivalently: the functions Fi, ..., F,, are independent on the level set F -1 fie, dFi A A
dF,(x) 20if F(x) = f.


http://dx.doi.org/10.1007/978-3-662-55774-7_10
http://dx.doi.org/10.1007/978-3-662-55774-7_10
http://dx.doi.org/10.1007/978-3-662-55774-7_3
http://dx.doi.org/10.1007/978-3-662-55774-7_10
http://dx.doi.org/10.1007/978-3-662-55774-7_10

332 13 Integrable Systems and Symmetries

So W is a group action of the Lie group R" on M,. (See Remark 2.17.7 and
Definition E.4).

o As the d Fy are independent, so are the n vector fields Xz, on M y. Therefore (also
using the compactness of M ), there exists a neighborhood U C R" of zero such
that for all x € My, the mapping U — My, t — W(z, x) is a diffeomorphism
onto its image W (U, {x}) (see Figure 13.2.1).

So the group action is locally free. The image W (R", {x}) of the mapping R" —
My, t — W(t,x) is therefore open in M, (and nonempty!). But its complement
Mg\ \IJ(R”, {x}) is also open. For if y is in the complement of the image, then the
neighborhood \II(U , {y}) of y must also be in the complement, because otherwise
there would exist some z € W(R", {x}) N W (U, {y}), hence z = W,(x) = W,(y)
with appropriate s, t € R”, but this would imply y = ¥,_(x).

R"™ U(t,z)

M
U f

‘ ‘ '

&

Figure 13.2.1 Group action ¥ of R” on the compact connected component M s of F “H

So, since \IJ(R”, {x}) is open and closed and nonempty, it must be a connected
component of M ;. But by assumption, M is connected, so one has ‘II(R”, {x}) =
M ;; we say the group action is transitive.

e The isotropy group T" of a point x € M (see figure below) is defined by
=T, ={teR" | Y (x)=x}. (13.2.3)

I" is independent of the choice of x, because by the transitivity of ¥, forany y € M,
there exists s € R” with y = W(x). As W is an action of the abelian group R", we
inferthat I'y = {r e R" | ¥, (x) = W,(x)} =T,.

As the group action is locally free, there exists a neighborhood U C R" of 0 € T’
for which U NT" = {0}. Soif r € I, then ¢ is the only point in the neighborhood U + ¢
that belongs to the isotropy group. Therefore I' is a discrete subgroup of R” (viewed
as a subset of the topological space R", see Def. A.20). We temporarily suspend the
proof of Theorem 13.3 to study these subgroups.
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134 Lemma Let I' C R" be a discrete subgroup and k := dim(spang (T")). Then

there exist linearly independent vectors £y, ..., L, € I" such that
[ =spang(£y, ..., ¢) = {Z,’le zilil z; € Z} .
Proof: We call a subspace U C R" a r
I"-subspace, if . D D . .
2,
spang (UNT) =U, ¢ I ° ° ¢
° 1 (2 . ° °

and we construct inductively bases

£y,..., 4, € T for appropriate T'- . b .

subspaces U,, C R" of respective ! 2 3

dimensions m < k, bases that will . D D . .

at the same time be Z-bases of U,, N

r,ie.,

U, NI =spang(£y, ..., ¢p).

e {0} C I' is a O-dimensional I"-subspace.

e If for m < k, we have constructed a I"-subspace U,, with basis £, ..., {,,, then
there exists a vector €, € I" that is linearly independent of that basis and whose
distance a > 0 from the subspace spang (€1, ..., £,,) is minimal.’

This is because I" \ spany ({1, ..., £,) # @, and from any £, in this set, we can
obtain another vector ¢,,; — £ by translation with £ € spany,({y, ..., {,); this

new vector has the same distance a, but its length is bounded as ||£,,+1 — £|| <
a + Y7 |14l If the infimum of the distances a to the subspace were zero,
we would get a contradiction to the discreteness of I'. A compactness argument
guarantees that the infimum is a minimum.

e By construction, U,,+1 = spang ({1, ..., £y+1) is a I'-subspace.

e {y,..., 0y is a Z-basis of Uy,41, because every £ € U, N T can be uniquely
written in the form

t=2zlp 1 +u withueU,andz e R.
The vector £ — |z]€,+1 € U1 NT has distance (z — [z]) - a from the subspace

U,,. As this distance cannot lie strictly between 0 and a, we must have z € Z.
Therefore u € spany (¢4, ..., ¢,), and ultimately £ € spany (€1, ..., {y41). O

31f one were to take instead a shortest vector m+1 € T thatis linearly independent of ¢4, ..., £,
this would in general not work in high dimensions, see for example QUAISSER [Qu], §5.1.
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Conclusion of the Proof of Theorem 13.3:

o If we extend the Z-basis ¢4, ..., £; from Lemma 13.4 to an R-basis ¢4, ..., £, of
R”, then a change of basis yields the group isomorphism and diffeomorphism

R"/T = R"/ZF = R"* x (R/Z)" = R"* x T*.

As M is compact by hypothesis, and M, = R"/T, it follows that k = n and
M;=T".

e With M ; thus being diffeomorphic to the n-torus, it follows that points on M s can
be parametrized by n angles ¢y, .. ., @,. This can be done even in such a way that
the flow generated by H = F) attains a particularly simple form: Let ¢, ..., ¢,
again be a basis of the isotropy group I' C R” from (13.2.3). Then for every point
x € My, the mapping

n ZEZ
[0, 27" — My , (P1,...,00) —> \IJ(Z iﬂ_ ,x) , (13.2.4)

i=1

which is defined by restriction of the R"-action (13.2.2), is bijective. Assume the

1
0

vectore; = | . | € R"isrepresentedase; =

n Wi

i=1 27

£;. Then the flow generated

0
by H is of the form

. i
®) (y) = ¥((11,0,...,0), y) = \y(zn“;—ﬂ, y).
=1

Therefore, the coordinates o, (¢), ..., @, () of dbtl (y) satisfy Eq. (13.2.1). O

13.5 Remark
A motion on an n-torus that is as given in the second part of the theorem is called a
conditionally periodic motion, see also page 221 and page 395 (Figure 13.2.2). ¢

13.6 Remark (Symplectic Integrators)
Most Hamiltonian systems are not integrable. One therefore has to resort to numerical
methods to calculate their dynamics.

Ironically, integrable systems are useful in developing numerical methods that are
adapted to the problem.

Namely, it is advantageous for a numerical approximation to Hamiltonian dynam-
ics, if this approximation itself produces a symplectic time evolution. For instance,
Theorem 7.3 about strong stability tells us that in the linear case, small symplectic
perturbations of a nonresonant Hamiltonian system will not violate its Lyapunov-
stability, whereas the same is not true for general perturbations.
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0 n
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Figure 13.2.2 Conditionally periodic motion with frequency ratio /2 on the torus T?

12

[\S]

The corresponding numerical methods are called symplectic integrators.

The basic idea can be illustrated in the example of motion in a potential, with the
Hamiltonian H(p, q) = T (p) + V (¢) on the phase space P := ]Rd x R?. The terms
T and V in the sum, viewed as Hamiltonians themselves, are 1ntegrabbie and they
have complete flows

®(p.q) = (p.q +tVT(p)) and ¥, (p.q) = (p —1VV(q).q) (t €R, (p.q) € P).

Let us assume that the flow generated by H is complete as well, so that we can denote
itas €, : P — P witht € R. An arbitrary composition ®. ;o0 W, 0...0P,, 0V,
of the flows is symplectic. We call such a composition a symplectic integrator of n
order, if

Py 0 Wy 0+ 0 Dy 0 Wy = B + O,

possibly with reference to a metric on the phase space that is adjusted to the problem.
For example, the combination ¢; = d; = 1 yields a symplectic integrator of the first
order; and

@120 W0 Py = B, + O,

etc. see YOSHIDA [ Yo]. Numerically, the concatenated mappings are iterated O(7'/t)
times to obtain an error of order O (") after a total time 7. O

13.7 Literature As indicated by the quotation from Birkhoff on page 326, there are
many notions of integrability that can be related to each other, but refer to different
areas of applications.

In particular, nonlinear partial differential equations can be integrable. An exam-
ple is the Korteweg-de Vries equation u, = 6uu, —u,,, discussed by ABRAHAM and
MARSDEN in [AM, Example 5.5.7]. Its Hamiltonian perturbation theory is discussed,
e.g., in the book [KP] by KAPPELER and POSCHEL. OLSHANETSKY and PERELOMOV
review relations to Lie theory in [OP].
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An overview of integrability is presented in [BBT]. Algebraic aspects can be
found for instance in ARNOL’D and NOVIKOV [AN], and in MOSER [Mos2].

Differential geometry allows for a deeper understanding of integrability. But also
objects of differential geometry, like surfaces, can be solutions to integrable partial
differential equations. A discretized version of such a surface is shown at the begin-
ning of the chapter, on page 325, and discrete differential geometry of such structures
is studied in [BoSu] by BOBENKO and SURIS. %

13.3 Action-Angle Coordinates

In a next step, we will introduce angle coordinates not just on a single torus M ¢, but
extend these to an open neighborhood of M in phase space, and complement them
to canonical coordinates in the sense of Remark 10.18 by means of n coordinates
that are called action coordinates.

13.8 Theorem (Action-Angle Coordinates)

Under the hypotheses of the Liouville-Arnol’d theorem (Theorem 13.3), every com-
pact connected component My of F ~1(f) has a neighborhood M r S UC P, with
action coordinates I, : U — R and angle coordinates ¢, : U — R/(2nZ), for
k=1,...,n, such that

e the symplectic form is in canonical format w = 3 }_, dpx A d 1y,
e and the Hamiltonian differential equations are in the following form:

=0, ¢ge=w(l) (k=1,...,n).

Proof:

e The fact that f is a regular value of F is in itself not sufficient to guarantee the
existence of an open neighborhood U C R” of f that also consists of regular values
of F only.* If however U is chosen as that connected component of F~! {gycrp
which contains M, then due to the compactness of M, one can guarantee by
shrinking U that all x € U are regular points of F.

e The common zeros of the n angle coordinates
are to lie on a certain n-dimensional imbedded
surface

N:U— U with FoN=1Id; (13.3.1)

that is yet to be determined precisely, and that
is to be transversal to the tori Mf (f e U).

“Example: The value f = 0 of F : (0, 00) — R, x — x sin(1/x) is regular, but every neighbor-
hood of f contains extremal values of F.
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Since F is regular on U, the mapping
VR'xXU—>U , ((t,....1),x) = <I>t11 o0 (x), (13.3.2)

which extends the mapping (13.2.2) from M to U, is a locally free group action
of R”. In analogy to (13.2.3), the isotropy group

Iy:={teR"| ¥ (x)=ux} (13.3.3)

of a point x € U depends only on F(x). Since by the implicit function theorem,
the points of the lattice ', depend smoothly on x, and since we may assume that U
is simply connected, we can choose a Z-basis £1(x), ..., £,(x) € R" of Iy, whose
vectors depend smoothly on x € U. Then there also exists a section (13.3.1) in
the T"-bundle F : U — U.

Generalizing (13.2.4), every point y € U can be uniquely represented in the form

(Z piti(x) ) with @; € [0,27), x := N o F(y) and £(x) = £;(y) .

(13.3.4)

Thus we have defined angle coordinates 1, . .., ¢, on U. While these are discon-
tinuous, their exterior derivatives dy extend smoothly.

e If the symplectic form on U is to be in the canonical format w = > ;_, dlx A

dyy, then it is in particular necessary that the Poisson brackets {¢;, ¢} vanish
(according to Remark 10.18). Because of the relation {p;, o} = L X, Pis this
holds on N if and only if the locally Hamiltonian vector fields X, are tangential
to the manifold N, i.e., in view of {¢;, pr} = w(X,,, X,,), if N is a Lagrangian
submanifold.

Otherwise we rename the section N from (13.3.1) into N. The deviation from
the property of being Lagrangian is measured by the closed 2-form N*won U.
We assume for example that U is star-shaped (for instance a ball) and write N*w
as an exterior derivative d& of a 1-form & on U ; this can be done because of
the Poincaré-Lemma B.45. Lifting this 1-form to U, i.e., letting o := F*(&), we
get a vector field X : U — TU that is tangental to the tori by ixw = «. The
Lie derivative of the symplectic form with respect to X is Lyw = dixw = da.
Consequently, the time-1 flow ® : U — U of —X maps the submanifold N
onto the Lagrangian submanifold N := & (N). This latter can also be viewed as a
section (13.3.1), because F o ® = F.

So whereas the submanifold N = N corresponds to the value ¢ = 0, the level
sets Nz of the angle variables are obtained from this submanifold by applying
the Hamiltonian flow generated by the action variables I = I o F with time o.
So far, we have not determined whether indeed we can find I in such a way that
{©i, It} = 8;x holds. In any case, for any choice of I, the N will be Lagrangian
manifolds, so the Poisson brackets {y;, ¢} vanish on U.
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e To find action coordinates I : U — R associated with the angles ¢, we are
looking for a property of the mapping

I=(,....1,):U—>R"

that determines for I to be appropriate. I only depends on the values of F, so
I=1o F, with I :U — R" Since {F;, F} = 0, the I; will also Poisson-
commute.

The derivative DI is determined by the intended values {y;, It} = ;1 of the
Poisson brackets. The first argument of W in (13.3.4)isequal to (@) := >, %
So using the dual basis vectors £f : U — R", ( 0* ) = 27d; j, it follows that
(€z,1(¢)) = ;. Finally, from

{pi, Fj} = Lx,,pi = Lx,, (er 1) = <3f Lijt(SD)> =(tf,ej) = e
(13.3.5)
it follows that

n
Six = (i Iy = {pi- It o FYy =D (i, Fj} Djl o F = <5f7 DI o F> ;
=1

or ka oF = 2—* As the basis vectors ¢; are constant on the tori, and can therefore
be written as £ o F, the determining equation is simply

DI = (13.3.6)

L

o
where L := (571, e, Z,l).

e For n > 1 dimensions, the mapping L : U — Mat(n, R) must satisfy an inte-
grability condition in order for (13.3.6) to have a solution. Namely, by the com-
mutability of partial derivatives of I, one must have

Diljy=Dul;; (i, jk=1,....n). (13.3.7)

Conversely, by the Poincaré lemma (Theorem B.48), Eq. (13.3.6) is solvable on
simply connected domains U C R", if condition (13.3.7) holds.
From the Poisson identity

{eies F} + {FeAin 0} + {0 {Fr 0id} =0, (133.8)

we conclude with {¢;, ¢;} = 0 and (13.3.5) that {p;, £, } = {;, £} }. Denoting
the inverse matrix of L by M:U — Mat(n, R), its entries 1 satisfy the
relation Zl jmjx = 0;x (with the Einstein summation convention in effect), and
{pi,my jo F} ={p;,my ;o F}.
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Using (13.3.5) one more time, we obtain from (13.3.8) the relation
mr,i Dr’/hk,j - mr,j Dr”hk,i or Di"ha,b = Zs,i "hr,b Dr’/ha,s . (1339)

Because D; (Mi,) = 0, one has D; fj,k = — fj,a fb,k D;mg . Plugging (13.3.9)
into the right hand side confirms the integrability condition (13.3.7):

Dilij=—LalpslsitiyyDysitgs =—L 40 Dptitgs =Dy L. O

By the way: On the domain U, the vector valued function / : U — R" of action
variables is determined by the derivative (13.3.6) up to addition of an arbitrary vector
from R”.

13.9 Remark (Relevance of the Action-Angle Coordinates)

Why are we interested in the action variables [ at all, rather than being content with
the constants of motion F'?

The reason is that they are so simple that the underlying geometry of the phase space
emerges clearly:

1. On one hand, the Hamiltonian flow generated by I, on M only changes the k"
angle . In contrast, the flow generated by F; will in general change all angles
simultaneously.

2. Even if it is true that {¢;, F;,} = O for all ¢ # k (in particular in one degree of
freedom, n = 1), the Fj, together with “appropriate” angle coordinates ¢y will
in general not be canonical coordinates, i.e., the Poisson brackets {¢y, F;} are not
equal to J; ¢, in contrast to {py, I;}.

Due to their simplicity, the action-angle coordinates are an ideal starting point
for the study of Hamiltonian perturbations (which are mostly not integrable), see
Chapter 15. o

In the following section, we present a method by which the action coordinates can
be found by means of integration.” So it is in this sense that the integrability of a
Hamiltonian system indeed allows us to to calculate its solutions.

Now how do we construct the action variables from the constants of motion Fj?
We will use a 1-form € with its corresponding symplectic 2-form w = —d6. On
cotangent spaces (P, w) = (T*N, wy), the tautological 1-form 6y, is a natural choice.
But also on the phase space neighborhood U C P from Theorem 13.8, there is
always such a 6, namely by construction of the action-angle coordinates for example
ZZ:I I nd ©Ok-

Now for a given point xo € My, we attempt to define a function on My by

S(x) :=/ Olu,

Xo

Ssometimes called by quadratures, since the area of a domain delimited by a curve is to be found.
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This expression is to be understood as the line integral of the symplectic 1-form 6
along a path v : [0, 1] — My, v(0) = x9, y(1) = x connecting x to x. Does now
S, as suggested by the notation, depend only on x, but not on the path ~?

To this end consider two paths o and 7, : [0, 1] — M with the given endpoints.
First we will assume that vy can be deformed into ; while keeping the endpoints
fixed, i.e., we assume the existence of a continuous homotopy H : I x I — My,
I := [0, 1] with

H(t,0) =) , He,)=n@) ., HO,y)=x , H(,y)=x,

see Appendix A.22. Then indeed, |- 0T, = f% 014, because

Oy, — | O, =/ H*(G):/ dH*(0) = H*(d) =0
Yo ol oI xI) IxI IxI

by the Stokes theorem (Theorem B.39), and because the symplectic 2-formw = —d#6
vanishes identically on the Lagrangian submanifold M.

It looks as if we had proved that S(x) does not depend on the path; but beware!
We have assumed that the paths are homotopic. But not all paths on the torus are
homotopic to each other. In particular, we can find n paths vy, ..., 7y, with 7;(0) =
7i(1) = xo, that only intersect at xo. Namely =, traverses precisely the i angle once
in positive direction. So we can calculate the integral ‘S(x()’ in many different ways,
say, by interpreting it as a notation for fw 0. Let us try and denote these integrals as

1

I, = —
k 2w Js,

(k=1,...,n). (13.3.10)

Are the [; zero? In general, they are not.

e
N

Figure 13.3.1 Left: Basis 71, ..., 7, of the fundamental group of the n-torus M y. Right: Invariant
1-torus My = ([0, 1])



13.3 Action-Angle Coordinates 341

13.10 Example In the particularly simple case of the symplectic phase space P :=
R, x R, with wy = dgq A dp, the level set M is the image of a closed curve
v : [0, 1] — P (see Figure 13.3.1, right). The integral from (13.3.10) is

1
I = = 5
by P dq /wo

where, by the Stokes theorem (Theorem B.39), F C R? is the compact part of area
that is enclosed by the circle M ; = 0F . So I is proportional to the enclosed area. ¢

We can introduce paths 7, ..., 7, not only on M, but also on neighboring tori M 7

(with || f /| small), and by what we have just proved, the expressmns I will only
be functions [; = Ik(F I, ..., F,) of the constants of motion.°

The I, are our candidates for action variables.

To introduce the angle variables, we consider the local representation of M
as the graph of a function p = p(l,g) with I = 1(f), see Figure 13.3.2, in the
neighborhood of a typical point xg = (po, go) € M. Of course this representation
will not be possible for all xo € M.

We let .
opi I, oS

wr(q) == / pl( Q) z=a—1 (13.3.11)
k

where S is the function (defined for a simply connected subset of the torus)

. q
$(1.q) = / p(lq)-dq.

q0

To

S R
5

Figure 13.3.2 Local representation of M s as the graph of a function

By the way: To every loop v : S' — M there corresponds a loop 7 : St — AWm), 3(1) =
T,yMy in the Lagrange-Grassmann manifold. Thus as in Exercise 6.62, v also gives rise to a
Maslov index.
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So p = g—j and p =
canonical.

Now the local coordinates ¢, can indeed be interpreted as angles, i.e., we can
interpret exp (i) as a function My — § ' C. This is because in a neighborhood
of xo € My, the expression

01’ hence the transformation (p,q) — (I, ¢) is locally

exp(upk(x) = exp (z—/ A ) (x e My) (13.3.12)

coincides with Definition (13.3.11), and by (13.3.10), the argument of the exponential
function in (13.3.12), modulo 274, is independent of the choice of path v : I — My
between v(0) = xp and y(1) = x.

13.11 Example (Planar Pendulum) The Hamiltonian of the planar pendulum is,
after normalizing its length and the acceleration of gravity, equal to

H(Pw, 1)) = —cos(v) ,

just as in the Example 8.11 of the bead on a circular wire that is not rotating. Hereby,
1) denotes the angle with respect to the lower equilibrium. As can be read off the
Taylor expansion —cos(y)) = —1 + %wz + O(1)*), the linearized expansion at the
lower equilibrium is as for the harmonic oscillator with frequency 1.

The change in the frequency as the total energy 2 > —1 changes can be found
from the formula for the time derivative of the angle: % = py = V2(h + cos()).
Therefore, the pendulum takes the time

(1) = L/w(h +cos(x)) P dx (13.3.13)
V2. Jo

to reach the angle . According to the value 7 = 1 for the potential energy at the
upper equilibrium (py, ¥) = (0, 7), we have to distinguish three cases:

e h =1: The energy surface H~'(h) consists of the upper equilibrium and two
more orbits, called homoclinic, because they connect this saddle point with itself.
Sometimes, H~'(h) is called separatrix, because it is the boundary separating
phase space domains with qualitatively different behavior.

On the homoclinic orbits, the time parameter equals =1 times

P z
W) = ) /0 (cos(e/2) " dx = /0 (1) dy.

with the substitution z = sin(¢)/2). Therefore #;(¢)) = 1 5 log(1= 1+2 =) ie., the
approach to the unstable upper equilibrium ) = 7 occurs m atime that diverges
logarithmically with the difference in angle.

e h € (—1, 1): In this case, the energy surface consists of a single orbit. The total
energy is not sufficient to reach the upper equilibrium, and the maximal angle is
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of absolute value v, := arccos(—#). Plugging this into (13.3.13), #, (1)) equals

1Y ~12 A .9 ~1/2
—/ (cos(x) —cos(hy)) " dx = 2/ (sin® (¢4 /2) — sin®(x/2)) " dx.
V2 Jo 0

Reference to a table of integrals, or a computer algebra system, and solving for
the angle, yields,

sin(ih/2) = sin(;/2) sn(t ; sin(y/2))

where sn is one of Jacobi’s elliptic functions, called sinus amplitudinis. So the
period of the pendulum is 7'(h) := 4K (sin(¢,/2)), where K is the complete
elliptic integral of the first kind,

/2
mm:/lu—#m@ﬂ””@. T
0 6

It can be seen from this formula that the period Ax
increases monotonically from 27 to oo as the
energy increases from —1 to 1. —27]
The angle ¢ (in the sense of action-angle vari-
ables on the invariant torus) is proportional 1 0 1 P h
to the time ¢, with constant of proportionality Period of the planar pendulum
27/ T (h).

e h € (1, 00): In this case, the energy suffices to rotate in constant direction, and
accordingly, the energy surface has two connected components. One obtains anal-
ogously

sin(y/2) = sn(VaFmz ¢ ; v27a+m ),

and the period T7'(h) = 2v27(0+h K ( 2/(1+h)) now decreases monotonically to
zero in the limit # /" 4-o00. The angle variable ¢ is defined just as in the previous
case. O

13.12 Exercise (Action of the Planar Pendulum) Determine the action I as a
function of the energy h by calculating the area of the domain {(py, 1) € R x S |
H(py, ) < h}, in terms of complete elliptic integrals. O

13.4 The Momentum Mapping

Under favorable circumstances, if the Hamiltonian has symmetries, one can calculate
constants of motion from these, ideally even solve the equations of motion.
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Classically, such a connection between symmetries and conserved quantities is
made by Noether’s theorem. Nowadays, one frequently uses the momentum mapping,
which is also discussed in this chapter.

The Example of Motion in a Centrally Symmetric Potential

The notion of integrability given in Definition 13.2 is often too narrow for this
purpose. We can see this in Example 13.1 of planar motion in a centrally symmetric
potential.

e For one thing, in this example we just pulled the angular momentum function L,
which Poisson-commutes with the Hamiltonian H, out of the hat. Butitis important
to see how such phase space functions can be calculated if the symmetry of H is
known.

e On the other hand, it was already assumed as known that the particle moves within
a plane in the configuration space Rg; this can admittedly be proved. To do this
however, one needs to admit constants of motion that do not commute.

We begin with the second observation, thus considering the motion of a particle of
mass m in R} under the influence of a central force with potential V : R} — R
(that is V(O g) = V(q) for O € O(3)) and the Hamiltonian on the phase space
P = R; X RZ,

_lpl?

H:P—->R , H(p,q):
2m

+Vig).

The components of the angular momentum vector are the phase space functions

L 3743
L= (B):r-® Lo =axp=(§)x (F) = (5050).

L q3 P3 q1P2—4q2P1

(13.4.1)

One has

3

OL, 0L, OL, 0L,
(L1, Ly} = Z (— ap; 5_6]1 + a—pl 4, ) =—q@p1 + (=p)(—q1) = L3,

i=1
{Ly, L3} =Ly, and {L3, Li}=0L,.

On the other hand, by the radial symmetry of V : R® — R, there exists a function
W : [0, 00) - R with V(g) = W(||ql|). This implies

1
(L1 H) = (L1, P34+ p3+ p3 (L1, WlgID)

3 3
1 > D(q2p3 — q3p2) OPi + 3+ 13 3 9(g2p3 — q3p2) Ol

_ DW (4l
2m 9qi ap; Opi 0q;

i=1 i=1
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= 0. Analogously, one also has {L,, H} = {L3, H} = 0.

By rotation (p, g) — (Op, Og) withamatrix O € SO(3), we can always achieve
that L1(p, q) = L2(p, q) = 0. Then p and g have to lie in the 1-2 plane, and we can
transition to the new phase space R? x R} C R> x R} and the restricted Hamiltonian
on 1t,

2 2 pi+p [ 2., 2
HrR%xRZ:R[)XRq_}R . (p,q)HT'FW( ql+q2)

The renamed third component of the angular momentum
L:R, xR >R , L(p.q) =qip»—q2p

remains a constant of motion in this restriction process. In this case, we have even
three constants of motion for the motion defined by H, namely the components of
the angular momentum; together with H, they form a system of four independent
functions. But the components of the angular momentum are not mutually in invo-
lution. So the method of integration from the preceding chapter does not apply. So
what is the systematic method underlying the reduction to the 1-2 plane that we just
used?

Symplectic Actions of Groups

Let us start by making the notion of symmetry more precise. We first assume that
there is a symmetry group G acting on the symplectic manifold (P, w) that leaves
the Hamiltonian H : P — R invariant. Thus for the smooth action of a Lie group G
with Lie algebra g (see Appendix E),

®:GxP— P and Py(p):=P(g,p), (13.4.2)

we assume that
Ho®,=H (geG). (13.4.3)

Only such group actions are useful that are compatible with the symplectic structure
of the phase space. At this point, it is not clear what is meant by this compatibility.
Three alternatives come to mind naturally:

13.13 Definition
o The group action (13.4.2) is called symplectic if the diffeomorphisms ®, : P — P
are symplectomorphisms, i.e., if

@Zu):w (g € G).

e A symplectic action of a group is called weakly Hamiltonian if the vector fields
X¢: P — TP (€€ g) are Hamiltonian (i.e., the I-formix w is exact).
e It is called Hamiltonian if there exists a linear mapping
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F:g— C®(P,R) (13.4.4)

that is a homomorphism of the Lie algebras g and (C*(P,R), {-,-}) (ie., the
R-vector space of phase space functions with Poisson bracket (10.2.1)) and that
satisfies” :

Xf = XF(&‘) (f € g) (1345)

Our goals are, to the extent possible,

1. to find a simple test whether a symplectic action of a group is Hamiltonian, and
then to calculate a function F satisfying (13.4.4);

2. to show that for a symmetry (13.4.3) of H, this function F is a constant of the
motion under the Hamiltonian H (i.e., dF({)(Xy) =0 (£ € g)),

3. and to reduce the dimension of the phase space P by means of it.

For a group action ®, the following implications apply:
® Hamiltonian — & weakly Hamiltonian — & symplectic.

But the converse implications do not hold®:
13.14 Examples (Symplectic Group Actions)

1. (symplectic, but not weakly Hamiltonian)
We already know from Example 10.10 that on the 2-torus P := T? with the
volume form w as a symplectic form, the constant vector fields are locally Hamil-
tonian. In this example, the action of the group R is the conditionally periodic
motion in the direction of the vector field, and it is symplectic.
But among them, only the vector field that is constant zero is Hamiltonian, because
only then is the cohomology class [i,w] € H'(T?) = R? equal to 0, see Example
B.54.

2. (weakly Hamiltonian, but not Hamiltonian)
On the phase space P := Rﬁ with canonical symplectic form wy = dx; A dx»,
the action of the group G := R?, given by the translations

P,(x):=x+g (xeP, gei),
is weakly Hamiltonian, with the Hamilton function
F:g— C®P,R), FOX) = (x,J8) =0 —x1& eg=RxeP)

for the matrix J = ((1) ’01 ) But the Poisson bracket

THere the vector field X, ¢ is the infinitesimal generator of & introduced in Definition E.32, whereas
X F(¢) is the Hamiltonian vector field of the function F(§) : P — R.

8There are obstructions that lie in the cohomology group H'(P,R) and in a cohomology group
H%( g, R) called Lie algebra cohomology, see MCDUFF and SALAMON [MS].
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OF(© OF(m)  OF() 0F(n) _ (. J€)
(9)(] 8)(2 6)62 8x1 =\

{F(&), F(n} =

is different from 0 when &, ) are linearly independent.
The linear mapping F : g — C°(P) is not a homomorphism of Lie algebras,
because the Lie algebra g is commutative (i.e., [£, n] = 0).
While we can still add constants to the Hamilton functions F (§) without affecting
the vector fields X ¢, this does still not change the Poisson brackets.

3. (Hamiltonian)
The action of the group R that is generated on a symplectic manifold (P, w)
by k Poisson-commuting functions Fi, ..., Fy € C*°(P,R) is Hamiltonian (of
course, this is under the assumption that the flows generated by F; exist). One sets
F : Rt — C®(P,R), F(¢) := Zf:l & F;. In particular, an integrable system
(Definition 13.2) generates a Hamiltonian action of this group. %

In the following, we will only study Hamiltonian actions of groups.

If we assume that the phase space P is connected, then two mappings FV, F® :
g — C*(P, R)in (13.4.4) that generate the same vector fields only differ by a linear
mapping FV — F@® : g — R, namely an element of the dual Lie algebra g*.

Momentum Mappings for Lifted Configuration Space Symmetries

13.15 Example (Rotation Group)
G := SO(3) acts on the phase space P := T*R> = Ri X ]Rg by

y(p.q) = (9(p).9(@) (9 €SOB), (p.q) € P), (13.4.6)
and we will see shortly that this is a Hamiltonian action. First we calculate a Hamilton
function F : g — C*°(P, R) that is parametrized by the Lie algebra g = so0(3) of

G. Thus so0(3) is the three dimensional real vector space of antisymmetric 3 x 3
matrices £ € s0(3), and it acts by the vector fields

Xe:P—>TP |, Xe(p.g)=(Ep.Eq) (£ €50(3)).
They are Hamiltonian vector fields for the Hamilton functions
FE:P—>R , FOP.9=(p.£q) (§£es003). (13.4.7)

The isomorphism

a 0 —a3 a
iR — s50(3) , (33) > ( a3 0*2,) (13.4.8)

—dy a 0

with the property i(a)b = a x b (a, b € R*), which was already useful in relation
(6.3.15) for magnetic fields, leads to
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Foi(a) ={a, L) (13.4.9)

. L]
with the angular momentum vector L = (Lz ) : P — R? from the example on
Lj

page 344.

So in particular for ¢ € S?, the function F o i(a) is the angular momentum in
direction a, and this Hamilton function generates a right turn of period 27 about the
axis span(a) oriented in the direction of a. %

In the example, the group action @ on the phase space 7* M arose from a group action
on the configuration space M. Namely, ®, was the cotangent lift 7 : T*M —
T*M of a diffeomorphism g~! : M — M (see Definition 10.32). Such examples
occur more frequently; they lead to Hamiltonian actions @ and allow for a simple
calculation of F' (and hence a partial answer to the first question on page 346):

13.16 Theorem (Cotangent Lift)

1. Fora group actionV : G x M — M, the left lift
VG xP—> P, V=T,
to P := T*M is also a group action.’

2. The left lift is a symplectic action of the group G and even leaves the tautological
1-form 0y on P (see Definition 10.7) invariant.

3. Ifasymplectic action ® : G x P — P ofthe group G on P leaves the tautological
form 6y on P = T*M invariant, then it is a Hamiltonian action, and (13.4.4) is
of the form

F:g— C°(P,R) , F():=ix0th.

Proof: We use that wy = —d6),.

° \lfgL maps the cotangent space T,°M to Tq,*q( oM, and statement 1 follows from
(10.3.2): \IlgLoh = T*W (o)1 equals
T Wyiogt = TH Wy 0 W) = TH(Wy1) o TH(Wy1) = Wl o W
e By Theorem 10.35, the cotangent lift is exact symplectic. Hence statement 2.
e Forall £ € g, the function F'(§) is a Hamilton function for X¢, because invariance
implies that Ly, 0y = 0, and therefore

dF(§) = dix. 0y = Lx 0y — ix.dbp =0 +ix.w.

e In order to calculate the Poisson bracket of F (&) and F (n) for &, n € g, we write

“More precisely a left action. If we were to use W, instead of W -1, we would get a right action.
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{F©.,Fm} = Lx,F(n) = Lx,ix, b0
= (Lx,ix, —ix,Lx,)00 = iix,.x,100 = ix,00 = F([& 7).

Here we have used Lemma 10.24 in the fourth equality. We have thus shown that
& — F (&) is a Lie algebra homomorphism. (|

13.17 Example (Rotation Group)
The group actions @, from Example 13.15 are cotangent lifts of the inverse rotations
g ' 1 R?* — R3, with g € SO(3), because (g_l)T =g.

Also, the mapping F : s0(3) — C*°(P, R) defined by (13.4.7) is defined as
required by Theorem 13.16. O

Therefore, whenever a Lie group G acts on a manifold M by diffeomorphisms, we
obtain a Hamiltonian action ® of G on the cotangent bundle 7*M.

The more commonly used wording for Hamiltonian symmetries is dual to the one
given here and accordingly uses the dual g* of the Lie algebra g:

13.18 Definition

e A mapping J : P — g* is called momentum mapping for the symplectic action
D of the group G, if the linear mapping

Jig—C®P) , (JO)x) :=Jx)(E) (Eeg xeP)

induced by J satisfies the analog of (13.4.5), namely

Xe = Xje)

e Let G be a group and M, N sets with group actions ® : G x ®,
M—> MandV¥ : G x N — N.Amapping f : M — N is M— M
called G-equivariant, if fl lf

Vyof=fod, (g€0), Yo

N —— N

i.e., if the diagram to the right commutes.

Equivariant means: varying in the same way. Applied to the p @y p
momentum mapping, on the phase space P we have the action
® of the Lie group G, whereas G acts on the dual Lie algebra JJ JJ
g* by the coadjoint representation defined in (E.4.2). Ad

So in the case of a momentum mapping, which will then be gt —— g*

called Ad*-equivariant, the diagram to the right will commute.

13.19 Example (Rotation Group)

The angular momentum L : P — R3 in (13.4.1) is a momentum mapping and as
such, properly speaking, a mapping with values in s0(3)*. Accordingly, the R? scalar
product in (13.4.9) is actually the pairing of s0(3) and so0(3)*.
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Since (0 a) x (0 b) = O (a x b) for all rotation matrices'® O € SO(3) and all
a,b € R3, the Ad*-equivariance follows. O

Among the two equivalent conditions in the following lemma, the second is local in
nature (because it only refers to the Lie algebra g), but the first is global (because
it refers to the Lie group G). The Lie group needs to be connected so that one can
conclude from the local to the global property.

13.20 Lemma A symplectic group action ® : G x P — P of a connected Lie group
G is Hamiltonian if and only if there exists an Ad*-equivariant momentum mapping
J: P — g* for ®.

Proof:

e letJ : P — g* be an Ad*-equivariant momentum mapping for ®. It is to be
shown that J from Definition 13.18 is Hamiltonian.
The first condition X¢ = X ;. is satisfied by definition. It remains to be shown
that the Poisson bracket satisfies the equation

{J©, i} =J(&n) (Eneg.

To this end, we use the relation

{J©, T} =—Lx, J) = —LxJ ()

)

between Poisson bracket and Lie derivative (Theorem 10.16). By Theorem B.34,
using the exponential map exp : g — G from (E.3.1), it is true for any x € P that

. d . d
(Lx ) ) = 2T ) (@ (exp(rf), x))‘t=0 = <—1(¢(6XP(I§)’)‘))‘, o 77>

dr =
d *
= <5Adexp(t5) -0 77>

d
J =(J — Adexp(—
-0 (x), 77> < (x), ar p(—18)
=(J (). [=&. 7)) = =T ([&. ) (x) .
where we have used the Ad*-equivariance of J and (E.4.3).
e Conversely, let ® be Hamiltonian for F' : g — C*(P,R). We claim that J :

P — g*, J(x)(§) = F(§)(x) is an Ad*-equivariant momentum mapping. Only
the Ad*-equivariance is to be shown yet, namely

J(@y(0) =Ad () (9 €G). (13.4.10)

As this is true for the identity g = e, and G is connected, it suffices to show that the
derivatives of both sides of (13.4.10) with respect to g are equal.

10But not for the orthogonal matrices O € O(3) \ SO(3) !
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Since ®,0 P, = P, by the defining property of group actions, it suffices to prove
this equality at g = e. As the image exp(g) € G of the exponential map (E.3.1)is a
neighborhood of e € G, that claim is equivalent to showing for all £ € g that

d *
a I:J(cbexl)(ff)(x)) - Adexp(—t&)('](x)):l =0 =0.
This in turn in equivalent to the claim
Lx F(m) =—F(&n]) €9,
which is a consequence of Lx, F(n) = —{F (&), F(n)} and the homomorphism
property of F. |

Now we can easily achieve the second of our goals stated on page 346:

13.21 Lemma For a Hamiltonian action ® of a group, with F from (13.4.4), the -
invariance (13.4.3) of a Hamilton function H : P — R, implies that F is a constant
of the motion by generated H.

Proof: It is to be shown forall £ € g, that {H, F(§)} = 0. By (13.4.3), this is however
a consequence of {H, F(§)} = Lx,oH = g—,H 0 Dexpreylr=0 = 0. [l
We have thus proved the theorem by EMMY NOETHER [No] that continuous sym-
metries generate constants of motion:

13.22 Theorem (Noether)

If a Hamiltonian H : P — R on the symplectic phase space (P, w) generates the
flow ¥ and is invariant under a Hamiltonian action ® : G x P — P of a group G,
then there exists a momentum mapping J : P — g* of ® with

JoW,=J (teR).

13.5 * Reduction of the Phase Space

“The more I have learned about physics, the more convinced I am that physics
provides, in a sense, the deepest applications of mathematics. The mathematical
problems that have been solved, or techniques that have arisen out of physics in the
past, have been the lifeblood of mathematics... The really deep questions are still in
the physical sciences. For the health of mathematics at its research level, I think it
is very important to maintain that link as much as possible.” (MICHAEL ATIYAH,
in: Mathematical Intelligencer, 6, 9—19 (1984)

Symplectic Reduction
One one hand, the Noether theorem tells us that in the presence of continuous symme-
tries, there exist constants of motion, which then allow us (for a regular value j € g*
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of the momentum mapping) to study the motion on the submanifold M; := J~'(})
of P.

But this submanifold will in general not be a symplectic manifold any more (as for
instance in Example 13.15, where the momentum mapping is the angular momentum
and M ist 3-dimensional, so it cannot have a symplectic form at all).

As a matter of fact, one can often return to a Hamiltonian system by means of a
further reduction of the phase space dimension, called the symplectic or Marsden-
Weinstein reduction [MW]. This we also have already seen in the case of a centrally
symmetric potential (Example 13.1).

But this new phase space P; arises from M; by taking a quotient, rather than being
a submanifold; the points in P; are the orbits of the action of a subgroup G; of G.
Despite the quotient space construction, P; still has the structure of a manifold, and
the quotient map M; — P; is a principal bundle (see Definition F.4).

We now discuss this reduction technique. All mappings that occur in this chapter
are smooth.

13.23 Theorem (Marsden and Weinstein)
For the Ad*-equivariant momentum mapping J : P — g* of the symplectic action
®: G x P — P ofthe group G, let the point j in the image be a regular value of
J (so that M; := J~'(j) is a submanifold, with inclusion ij: M; — P).
Assume that the isotropy group G; = {g € G | Ad;;( Jj) = j} acts freely and
properly on M ;. Then
Tl'jIMj—>Pj I=Mj/Gj (1351)

is a submersion onto a manifold P;, and P; has a unique symplectic structure w;
with the property

i’;w = ﬂ;wj . (13.5.2)

13.24 Remarks (Generalizations)

1. Itis only for ascertaining the regularity of (13.5.1) that we use that the action of
G on M| is free and proper.

2. Another case of interest could be if the action of G is locally free.!! In this case,
P; may not be a manifold, but will be a kind of object called orbifold (see AUDIN,
CANNAS DA SILVA and LERMAN [ACL]). G; always acts locally freely if j is a
regular value of J. O

Proof of Theorem 13.23:
By Theorem A.46 about regular values, M; is a submanifold of P.

e On this submanifold, the isotropy group G acts because of the Ad*-equivariance
of J.
e By Theorem E.36, P; is amanifold, and 7r; : M; — P; is a surjective submersion.

Definition: A topological group action ® : G x M — M is locally free if there exists a neigh-
borhood U C G of e such that the following implication holds: If ®,(x) = x for some x € M and
some g € U, then g = e.
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e For this reason, pullbacks of different differential forms by 7 are also different.
So there can be at most one symplectic form w; on P; that satisfies (13.5.2).
e As m; is a surjective submersion, we can define the 2-form w; on P; by

wj(Tmﬂ—j(U)v Tn17Tj(w)) =w(v, w) (v,w e TmMj),
independent of a choice of representatives if one has the condition:
w', w) =w, w) if Ty7;(v") = T,7;(v) and T,y 7;(w") = T,y (w)

for all points m’ := ®,(m) € M; on the G ;-orbit and all tangent vectors v, w’ €
T M;.

o If m" = ®,(m), then Pjw = w, so we can assume m = m’ without loss of
generality.

e To this end it suffices to show that

whk)y=0 (keT,M,) (13.5.3)

for all tangent vectors h € ker(7,,7;). But there exists a vector { € g for which
the infinitesimal generator X¢ = %tbexp(,@ li=o at m equals & (so X¢(m) = h).
Now ix,w = dJ(§) is a 1-form that vanishes on M}, because J(§) : P — Ris
constant on M; = J~1(j). Equation (13.5.3) is thus proved.

e The 2-form w; on P; that we have just defined is closed. For on one hand, (B.25)
and (13.5.2) imply

* = * i — '*f :'*. =
Wjdwj—dijj dz]w z]dw 0.

On the other hand, since 7; is a surjective submersion, one can conclude ¢ = 0
from 71';’790 = 0 for any differential form ¢ on P;.

e Also, w; is not degenerate and thus a symplectic form on P;. We see this because
form e M;, veT,P,and £ € g, one has

w(Xe(m), v) = dJ(©)(v) = (T,,J (v),€).

This expression vanishes for all ¢ € g if and only if 7,,J(v) = 0, i.e., if and only
if v lies in the subspace T, M; of T,, P.
In other words, the w-orthogonal complement of 7,, M ; equals the subspace U :=
(Xe(m) | € € g} of T, P.

o It suffices to show that the Lie algebra Lie(G ;) of the isotropy group G ; satisfies

UNT,M;={Xc(m) | € Lie(G))},

because this is the kernel of T,,,7; : T, M; — Ty () P;. But X¢(m) lies in T, M,
if and only if dJ(X¢)(m) = 0, or by the Ad*-equivariance of J, if j € g* is
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a fixed point of the ad-operator adz‘ (see (E.4.4)). This is the case if and only if
¢ € Lie(G)). O

As will soon become apparent in examples, this symplectic, or Marsden-Weinstein
reduction has applications outside the area of dynamical systems. It is in particular
a method for finding new symplectic manifolds.

Nevertheless, we will first have a look at the case where the action & is used to
simplify Hamiltonian differential equations.

13.25 Theorem Under the hypotheses of Theorem 13.23, let the Hamilton function
H : P — Rbeinvariant under the group action ® and generate aflow ¥ : Rx P —
P.

1. The function H; : P; — R defined by the relation
itH =7 H,; (13.5.4)

generates a Hamiltonian flow
W; on the symplectic manifold
(Pj,w;), and this flow is a fac-
tor of the restriction of the flow
v fo Mj.

2. If for the initial value x € M;
and x; = m;(x) € Pj, the curve
t = p(t) € M; is a lift of the
solution t +— W;,(x;) € P;
with p(0) = x, then the solu-
tiont > W, (x) € M; can be
represented in the form W, (x) =
D, (p(1)) (see the figure). Xj Widx)

The curve t — g(t) € G| in the isotropy group satisfies (with L, denoting the
left action from (E.1.3)) the initial value problem

g0y =e , @) =T.Lyé@®) with Xewy(p(0) = Xu(p(t)) — p'(1) .
(13.5.5)

Proof:

1. e To begin with, the Hamilton function H is invariant under the symmetry &, so
Equation (13.5.4) does have a solution H; : P; — R. This solution is unique
because 7; is a surjective submersion.

e The flow W can be restricted to the submanifold M; = J ~1(j) because of
Noether’s theorem (Theorem 13.22). It follows from (13.5.2) and (13.5.4) that
the Hamiltonian vector field X on M; is projected to the Hamiltonian vector
field Xy, on P; by the linearized bundle projection T'7;. So the flows have the
factor property
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mioW,(x) =W, om;(x) (xeM;, t eR).
2. e Again, we first need to check the solvability of an equation, namely this time
£(t) € Lie(G;) with Xeo (p(1)) = Xu(p®)) — p'(t) € TyiyM; .

The existence of such a {(¢) € Lie(G;) is due to the fact that (by the lift
property of p) the vector X g (p(t)) — p/(t) € TyyM; lies in the kernel of the
linearized projection Ty 7; @ TpuyM; — Ty, (x) Pj-
This also determines £(¢) € Lie(G;) uniquely, because by assumption, the
isotropy group G acts freely on M.

e To verify (13.5.5), we next derive the equality W, (x) = ®(g(1), p(t)) with
respect to time. Its left hand side yields %\Il, x) =Xy (\II, (x)), hence

(Toio @) X (W (x)) = X (p(0)) - (13.5.6)

e The time derivative of the right hand side is

d -
7200, (D) = Tu Py () + Ty Pping (1) (13.5.7)

with B ;
o, :G—>P , &.(9) =D(g,x).

We transform the second term in (13.5.7) as follows. From the definition of
group actions, we obtain the relation

b, =P, 0d,0L,1 (9€G, x€P).
Therefore,
Ty ®piy = (Toin Py © (Te®p) © (Tyr Ly ) - (13.5.8)

Thus with ¢'(t) = T,Ly,&(t) and Te&)p(t)g = Xé(p(t)) (& € g) and
(13.5.8), one obtains (13.5.7) in the form

1 d
(Toy®yr)) ‘Ecb(g(n, p()) = p'(t) + Xew (p(0)) - (13.5.9)

(13.5.6) and (13.5.9) display the relation that defines £(¢) in (13.5.5). (Il
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Applications of the Symplectic Reduction

“manche meinen lechts und rinks kann man nicht velwechsern
werch ein illtum!” lichtung,'” by ERNST JANDL

By Theorem 13.25, the integration of the differential equation on P is reduced to
the integration of a differential equation on the reduced phase space P; and, as we
will next see, of a differential equation on the isotopy group G ;.

13.26 Examples (Reduction)

1. As a compact Lie group, the k-dimensional torus G = T* always acts properly,
and the isotropy group G; coincides with G. Therefore, for regular values j €
g = R of the momentum mapping, one has

dim(P;) = dim(P) — 2k .

In the extreme case of an integrable system with k = n := % dim(P), the dimen-
sion of the reduced phase space P; is zero. In this case, the compact connected
components M j of M; are themselves diffeomorphic to the torus T". The task
of integrating the ®-invariant vector field X | iz, ON the fibers M ; of the bundle
M; — P; was solved in Chapter 13.2.

However, it must be noted that it is initially the group R” that acts on P. Itis a
preprocessing step prior to the Marsden-Weinstein reduction that identifies the
periods (and thus the torus action).

2. Let us look one last time at the already overused example of the action (13.4.6)
by the rotation group SO(3) on the phase space P := T*R3. The momentum
mapping (13.4.1) of the angular momentum L : P — s0(3) has 0 € so(3) as its
only singular value. So for values ¢ 7 0 of the angular momentum, the pre-images
M, := L~'(¢) are manifolds. With the 2-dimensional subspace ¢* := {g € R? |
(g, €) = 0}, they are then of the form

M, = {(ﬁq—”‘fz Yeq, q) ‘ ceR, g eeL\{O}} cp. (13.5.10)

This can be checked by plugging the expression in (13.5.10) into the definition
L(p,q) = q x p of the angular momentum.
By parametrization with (c, g), one obtains the diffeomorphism

M; =R x (R*\{0}). (13.5.11)
The isotropy group SO(3), consists of the lifted rotations (13.4.6) about the

axis span(¥€). As this rotation group, which is isomorphic to SO(2), is compact,
it always acts properly. It also acts freely, namely only on the second factor

12Translator’s comment: With due aporogies to the Engrish leadels, this phonetic pun poetly is an
impossibirity to tlansrate; best shot (but not as concise) is: “Some leckon and berieve that light and
reft cannot be confused: What an ellol, what a farracy!”.
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in (13.5.11), so that (RZ\{O})/SO(Z) = R™*. This can be seen by use of polar
coordinates in R?\{0}. The hypotheses of Theorem 13.23 are thus satisfied.
One obtains the reduced phase space P, = M,/SO3), = R x R™, which was
already used in Example 13.1 to analyze the radial motion.

3. The Hamiltonian H : P — R, H(p,q) = %H plI* generates the free motion
®;(p,q) = (p,q +tp) on P := T*R?. This Hamiltonian action by the group
R is free and proper, if restricted to an energy surface Xy = H~!(E) for energy
E > 0.
For instance when E :=
space is diffeomorphic to

%, one has Xp = Si’l X Rg, and the reduced phase

Pg = Zp/R = 75597, (13.5.12)

because for each point (p, g) € X, there is exactly one time ¢t € R for which
{p.q +1p) =0.

This cotangent bundle Pg (or the tangent bundle 7'S*"' respectively) was already
used in the context of scattering in a potential, see (12.1.16). By Corollary 12.8,
the action of the Hamiltonian flow in the potential is also proper and free for high
energies £. While we cannot necessarily parametrize the reduced phase space
(13.5.12) in the same way as in the case without potential, we can parametrize it
by the asymptotic scattering data. O

A mathematically important class of examples is given by the coadjoint action of a
Lie group G on its dual Lie algebra g*, see (E.4.2).

13.27 Example (Coadjoint Action)
For the Lie group SO(3), one has g = Alt(3, R). We identify g* with Alt(3, R) as
well, by writing the pairing of Lie algebra and dual Lie algebra in the form of a trace:

(€ n)=uEn (&1 AlG,R)).

Then from Ad,(n) = gng~', one obtains the coadjoint representation in the form

Ad’(’;,1 (€*) = g¢*g~". By Exercise E.31, with its identification i : R* — s0(3) from
(13.4.8), the adjoint representation is given by Ad, (1) = g7, hence the dual formula

Adi (€ =g&  (9€500), ¢ e R).
In this sense, the SO(3)-orbit of £* € R3 \ {0} is equal to the 2-sphere
{9€ 19 €S003)} = {x e R | ||x|l = [I€¥ ]}

of radius ||£*||, and the origin is an orbit itself. O

In this example, the orbits have symplectic forms that are invariant under the coadjoint
action, namely the area forms. But it has not become apparent yet how these forms
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would have arisen out of the symplectic reduction. Making this connection in all
generality is due to Kirillov, Kostant and Souriau.

13.28 Theorem The orbits of the coadjoint action of a Lie group have a natural
symplectic form that is invariant under this action.

Proof: The idea is to obtain these orbits by Marsden-Weinstein reduction.

e We begin by observing that the cotangent bundle P := T*G of the Lie group G
is a symplectic manifold, just like any cotangent bundle (P, wy) with wy = —d6fy
and the tautological form 6, from Definition 10.7.

e So by Theorem 10.35, the left action
Ly:G—-G , h—goh (g€G)
of G can be lifted to a symplectic action
O, :=T"L,: P> P (g9€0).
By Theorem 13.16, this action has the momentum mapping
J:P =g, T =0aXe(9) (E€9.9€G), (13513

where X¢ : G — TG is the infinitesimal generator for &, i.e., the right invari-
ant vector field with X¢(e) = £. So we can write X¢(g9) € T,G in the form
Xf(g) = TeRg(g)’ or dually, J(O‘g)(f) = (TeRg)*ag(§)~

e Thus for j € g*, the level set of the (Ad*-equivariant) momentum mapping is
M; = J7'(j) = graph(a;) C T*G,

where o € Q'(G) is the right invariant 1-form whose valueine € G is ajle) = j.
Therefore, M is diffeomorphic to G. Since the group action ® : G x P — P is
a left action, the isotropy group

Gj={g€G|Ad()) =}

for the Ad*-action by G equals the subgroup {g € G | Li(aj) = a;} of those
left translations that do not change the right invariant 1-form. Thus the orbit
{Ad;(j) | g € G} € g* of j is of the form G/G; = P; with the reduced
symplectic phase space (P;, w;) from Theorem 13.23. (]

In general, the coadjoint orbits are only immersed, not imbedded, submanifolds
of g*, see Example 14.1.6 of MARSDEN and RATIU [MR]. In any case, being
symplectic manifolds, they are of even dimension.
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13.29 Exercise (Coadjoint Orbits)
Show for the case of a subgroup G < GL(n, R), and for the orbit O(§) C g* of the
coadjoint action of a Lie group G on its dual Lie algebra g*,

(a) that the tangent space T¢O(§) consists of vectors of the form ad}{ (u € g)
(where the operator ad, on g* is adjoint to the operator ad, in (E.4.4),
(b) that the symplectic structure on O(€) is of the form

we(adzé, adie) = — (€, [u,v])  (u,v € @), (13.5.14)

(c) that the momentum mapping J : O(§) — g* is the inclusion of the orbit. O

13.30 Example (Special Linear Group)

For n = 1, the Lie group Sp(2n, R), which is of paramount importance in classical
mechanics, coincides with the special linear group SL(2, R) = {M € Mat(2, R) |
det(M) = 1} (Exercise 6.26). As it is a matrix group, its Lie algebra is

52, R) = {€ € Mat(2, R) | tr(¢) = 0}.

Again we identify the dual Lie algebra s[(2, R)* with s[(2, R) by means of the trace
and parametrize it by

’L.ZR3—>5[(2’R)* , X}—>( X1 X2+x3).

X2—X3 —X|

x'_/
2

det(i(x)) = X3 —x?—x3,

Thus

and this quantity is invariant under the
coadjoint action. The level sets are there-
fore quadrics in R?, namely, depending on
the sign, rotational hyperboloids of one or
of two sheets, or in the case of vanishing
determinant, a double cone (see figure).
Each connected component of a quadric
makes one orbit, with the exception of
the double cone. This latter consists of
three orbits, namely the origin and the two
simple cones without their vertex (corre-
sponding to the orbits of the infinitesimally
symplectic matrices (J4) and () ')).
To these orbits, the exponential map assigns orbits of symplectic matrices with the
same eigenvalues. Compare therefore the family of quadrics with a neighborhood
of the identity in the representation of the symplectic group Sp(2, R) given on page
97. O

X3

Orbits in s[(2,R)*
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13.31 Remarks (Coadjoint Actions)

1. Theorem 13.28 is not an isolated result, but rather is the starting point of a method
by KIRILLOV called orbit method (which he presents in his survey article [Ki]). In
this method, symplectic geometry is chosen as the approach to the representation
theory of Lie groups. The corresponding theory in physics is called geometric
quantization.

2. While the dual Lie algebras studied in Theorem 13.28 cannot be viewed as sym-
plectic vector spaces in any natural way (they often have odd dimension, as is the
case in the example s0(3)), they do have a Poisson structure.

A Poisson structure on a manifold P is a bilinear mapping

{}:C¥%P,R) x C*(P,R) > C*(P,R),
that makes C*°(P, R) into a Lie algebra and satisfies the derivation property:

{(fg. i}y = flo. Wy +{f.htg  (f.g.h € C*(P,R)).

This generalizes the notion of Poisson bracket of a symplectic manifold from
Def. 10.15. In the case of dual Lie algebras, the orbits arise as something called
symplectic leaves of a Poisson structure (see MARSDEN and RATIU [MR]). ¢

Reduction of Symplectic Torus Actions
‘We now study torus actions in particular.

13.32 Exercise (Hamiltonian S'-Action)
Show that the height function

H:S5* > R, H(x) = x;

on the 2-sphere §? = {x € R® | ||x|| = 1}
(with the area form as its symplectic form)
gives rise to an S'-action, namely the rotation
about the 3-axis, see the figure.

Compare also with Exercise 10.30. O

In this case, the image of the symplectic manifold under the momentum mapping is
H(S%), i.e., an interval.

We generalize this example of a torus action by viewing S? as CP(1) and looking
for analogous actions on the projective space CP(d).

13.33 Example (Hamiltonian T<¢-Action on CP(d))
In dimension n € N, the abelian group T" := {t = (¢1,...,1,) € C" | |tx| = 1} acts
by pointwise multiplication

O:T'xC"—>C , ®(t,x)= (tlxl,...,t,,x,,)
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on the symplectic vector space (C", w) with w(u,v) = Im({(u, v)) (see Remark
6.15.1). This action is Hamiltonian, with an Ad*-equivariant (hence invariant)
momentum mapping

J:C" = R"=Lie(T)* , x> —2(xl...[xl?).
On the other hand, S' C C also has a Hamiltonian action on C" by
VSl x>, W(s, x) =sx,

with Hamilton function H(x) = —% lx]|?. This function has the same form as for
the harmonic oscillators with equal frequencies as discussed in Theorem 6.35. So
the reduced phase space M;,/S1 (for h = —%, hence M, = H~'(h) = §?*~1) is the
complex projective space CP(n — 1).

The group actions ¥ and ® commute, so for all # € T" and x € C", orbits will
be mapped to orbits: &, (Oy (x)) = Oy (P, (x)). Thus we obtain an action by T" on
the symplectic phase space (P, w), where P is the projective space CP(d) with the
real dimension 2d (ford :=n — 1).

However, this action is not free any more, because fors € S land§ :=(s,...,s) €
T", one has ®; = ;. But if we consider the subgroup

G :={t....tn)eT" |t, =1} = T

of T, then T" = G @ S', and we obtain a free Hamiltonian action ® : G x P — P.
Its momentum mapping is of the form

s R L) L e =—(HE .
[lxl llxll

Here the notation is to be understood in such a
way that we represent points [x] € CP(d) by their
representatives x € CY*1\{0}, where [x] = [y] if
there exists A € C\{0} such that x = Ay.

Thus the image of the momentum mapping is the
simplex Ay := J(P) C R? with the vertices 0 and

—Jex, k=1,....d. O
As in Example 13.1 (see Figure 13.1.1 left), we
obtain a polyhedron (namely the intersection of Simplex A,

finitely many half spaces) as the image of amomen-
tum mapping for a torus action.

This is not a coincidence. M. ATIYAH in [At],and V. GUILLEMIN and S. STERNBERG
in [GS2] proved the following theorem independently:
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13.34 Theorem If ® : T" x P — P is a Hamiltonian action of a torus on the
compact and connected symplectic manifold (P, w) with momentum mapping J :
P — R™ then:

1. The level sets M; = J~Y(j) C P are connected.
2. The image J(P) C R™ is a polytope, specifically the convex hull of the images
J(p) € R™ of the fixed points p € P of the ®-action.

13.35 Literature A proof of this theorem can also be found in Chapter5.4 of
MCDUFF and SALAMON [MS].

It is precisely known which polytopes can occur as images of the momentum
mapping. These polytopes, called Delzant polytopes are described for instance in the
article by ANA CANNAS DA SILVA in [ACL], and they are important in algebraic
topology and string theory. O

The Theorem by Schur and Horn
From a knowledge of the eigenvalues \; of a Hermitian matrix A = A" €
Herm(d, C), we can obtain the trace of A as the sum of these eigenvalues. In order
to uniquely assign to such a matrix a vector of eigenvalues A = ()1, ..., \y) € R?,
we assume the eigenvalues are numbered in order, \; > A\, > ... > ), and thus we
get a mapping

A : Herm(d, C) — RY. (13.5.15)

We are now interested in the diagonals of the A
isospectral matrices from A~'()\), i.e., we con- N
sider the projection :

I : Herm(d, C) — RY, (a; )7, > (@e)i_;.

As diagonal matrices have their diagonal \ ‘
entries as eigenvalues, it is clear that the set

mA~')) c RY (13.5.16) The polytope II(A~1())) for
the eigenvalues 3, —1, —2
contains the points A\, := (As(1), - - - » Ao(a)) fOr
every permutation o € S;.
The theorem by Schur and Horn states now that this set arises by convex combi-
nations from these diagonal matrices:

13.36 Theorem (Schur and Horn)
For the Hermitian matrices with eigenvalues )\, one has the equality

(A" (V) = conv({A, | o € S4}) (13.5.17)
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Proof: Nowadays'3 the proof can be given by applying Theorem 13.34 (see ATIYAH
[At]). One can figure it out by asking which torus action can be used:

To begin with, Herm(d, C) is a Lie algebra with the Lie bracket [A, B] := i(AB —
BA). But as we are seeking a compact Lie group for the Lie algebra, it is better
to transition to antisymmetric matrices. These make up the Lie algebra u(d) of
the unitary group U(d), and u(d) is isomorphic to Herm(d, C) (by multiplication
with 7).

If we again identify the Lie algebra with its dual (via A — tr(A -)), then U(d)
acts on u(d)*, and thus also on Herm(d, C), by the coadjoint mapping.

As multiplication with unitary matrices corresponds to those changes of the basis
that preserve the scalar product, the U(d)-orbit

Ouw(A) ={UAU"|U e Ud)} (A € Herm(d, C))

consists precisely of all Hermitian matrices with the same eigenvalues \ € R? as
A. Therefore Oy (A) = A~'()), and this manifold has, by Theorem 13.28, a
symplectic structure that is invariant under the U(d)-action.

We first consider the generic (that is, typical) case where the eigenvalues are
pairwise different, (\y4+; < M, kK = 1,...,d — 1). The isotropy subgroup of
diagonal matrices A from A~T()\) is then of the form T < U(d), i.e., it consists
of all those diagonal matrices whose diagonal entries are complex numbers of
modulus 1. On one hand, this implies'#

A™'ON) ZUW@)/TY .
On the other hand, the subgroup T4 acts on A~'(\) (nontrivially if d > 2) by
QT x AN = AN, dy(A) =UAU,
and the only fixed points of this action are the diagonal matrices diag(\,) € A~'(\)

corresponding to the permutations A, .
By Exercise 13.29.c, the momentum mapping of & is of the form

J:ATT ) >, A a(A) =u(TI(A) 1),

with the projection (13.5.16) and the abelian Lie algebra t = Lie(T?) of real
diagonal matrices, which is isomorphic to R,

Thus, in the generic case, the conclusion follows from Theorem 13.34. The case
of degenerate eigenvalues follows by passing to the limit. (]

13The inclusion ‘C’ of the identity (13.5.17) was proved by I. Schur in 1924, the converse inclusion
by A. Horn in 1954, which is long before the symplectic reduction in the version of Theorem 13.23
was known.

14thus for instance A~ (\) = §2 for d = 2, because U(2)/S' = SU(2) = §3 and SU(2)/S! = §2,
see the Hopf map on page 117.
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13.37 Exercise (Ky-Fan Maximum Principle for Hermitian Matrices)
Conclude from the Schur-Horn theorem that the eigenvalues (A\q, ..., A\y) = A(A)
of A € Herm(d, C) satisfy the linear relations

k k

A = max (x;, Ax;) k=1,...,d).
Z (xl,...,xk)er(C”) ;
Here V; (C%) denotes the compact Stiefel manifold of orthonormal k-tuples (xi, . ..,
x) of vectors x; € C¢; the real dimension of this manifold is (2dk — k?). O

13.38 Literature A modification of the Schur-Horn theorem describes the structure
of eigenvalues of the matrix A + B under the assumption that only the eigenvalues of
A and B € Herm(d, C) are known. This theorem can be proved by a generalization
of Theorem 13.34 that goes back to Frances Kirwan, see for instance the article [Li]
by P. LITTELMANN. %



Chapter 14
Rigid and Non-Rigid Bodies

The asteroid Ida ' rotates with a period of 4.6 hours about its axis of maximum
moment of inertia. The sun causes a precession of this axis with a period of

77000 years. Picture: courtesy of NASA/JPL-Caltech.

Until now, we have mostly studied the motion of point masses. They are a good
idealization for many natural phenomena, like for instance in celestial mechanics.
But often, we have to deal with extended solids. Sometimes, as in the case of liquids,
these can only be described by means of continuum mechanics, i.e., with partial
rather than ordinary differential equations. In the case of rigid bodies however, the

11da has an average diameter of about 30 Km and a moon that orbits Ida with pedestrian speed. The
picture was taken in 1993 by the satellite Galileo.
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distances between atoms (viewed as points) remain constant in time, and this allows
a description by ordinary differential equations.

14.1 Motions of Euclidean Space

We begin with Euclidean space (R4, (-, -)) and its canonical scalar product (a, b) =
ZZ:I axby, norm |la|| = +/{a, a), and metric d(a, b) = |la — b||, as well as its
isometries or motions, i.e., distance preserving mappings I : R — R,

We recall a fact known from linear algebra. Obviously, every mapping I : RY —
R?, I(g) = Og + v with O € O(d) (the orthogonal group consisting of rotations
and rotoreflections of RY, see Appendix E) and v € R? is an isometry, because
[{(a) — I(D)|]| =||O(a — b)|| = |la — b||. Conversely, one has:

14.1 Theorem (Euclidean Motions) For every isometry I : R? — RY, there exist
unique O € O(d) and v € R? such that 1(g) = Og +v (g € RY).

Proof: Let I : RY — R? be an isometry.
e Weset v := 1(0); then I (g) := I1(q) — v leaves the origin invariant.
e From the polarization identity for the scalar product

(@, by =1(la+0bl> —lla—b1*) (a,beR?)

and

()| =d(1(0),1(c)) =d(0,¢) = lc|l  (c eRY),

it follows that <i (a), 1 (b)> = (a, b). If I is linear, then [ is orthogonal.

e The linearity of / follows from the relation
||i(aa+ﬁb)—ai(a)—5I~(b)||2=0 (a,ﬂeR, a,beRd).

Indeed, the left side is a sum of scalar products, and therefore, due to the invariance
of scalar products under /, it is equal to ||(aa + b) — aa — Bb||*> = 0. Therefore
I is linear. O

Isometries of metric spaces are always injective, but not necessarily surjective (find
a counterexample!). In the case of R4 however, this is the case, and we obtain the
group of isometries of R?, the Euclidean group E(d).

e The Euclidean group is a Lie group (see Appendix E), and by Theorem 14.1, as a
manifold, it equals

E(d) =R? x Od). (14.1.1)
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e The group structure of [£(d), however, is not that of a direct product of the two
groups, but is rather their semidirect product, a notion explained in Appendix E.1.
So the composition of two isometries is given by

(v2, 02) o (v1, O1) = (0201 + v2, 0,01)  (v; € RY, 0; € O(d)).

14.2 Exercise Which is the inverse element to (v, O) € E(d) ? O

The subgroup of orientation preserving isometries of R? is denoted as

SE(d) :={(v, 0) e E(d) | O € SOd)}. (14.1.2)

14.2 Kinematics of Rigid Bodies

In a rigid body consisting of n mass points, the distances dj  between the kth and
the ¢th mass point remain constant in time.

On the other hand, we cannot simply define a rigid body in R? by prescribing ()
positive numbers di ¢ = dpx, 1 <k < £ < n, because

e the d;; need to satisfy certain relations like for example? the triangle inequality,
which are necessary for points g, . .., g, € R? with these distances to even exist.

e Even as the distances di, stay the same under arbitrary isometries, physical
motions are orientation preserving.

We proceed differently and define

14.3 Definition
e Ford,n €N, the diagonal action of E(d) on R" is defined by

" E(d) x R - R™ |, @1, (q1.....q0) = (I(q1). ... 1(qn)) .
o The ®"?-orbits O C R" of the group SE(d) are called rigid bodies of n points
in RY.

This looks abstract, but it describes what we want to have, because ¢, g’ € R™
belong to the same orbit if and only if

lgr —qll = llge —qell (A <k <t€<n),

and moreover, the orientation is preserved. The orbit O, of the diagonal action of
SE(d) through g € R has the structure of a quotient space

2 Another condition is that certain determinants called the Cayley-Menger determinants of anyd+1
01 1 1

10 df,dis

Ldy, 0 5]

1di, iy 0

points are nonnegative. An example for d = 2 is —16 det
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0, = SE(d)/SE(d), .

where SE(d), = {I € SE(d) | ®"9(1, q) = g} denotes the stabilizer group of ¢,
see Appendix E.1.

14.4 Examples (Rigid Bodies)

1. n =1 particles. Here the isotropy group is
SE(d), = {(v, 0) € SE(d) | v= (Il — O)q} = SO(d) C SE(),

and there is only one orbit: O = RY = SE(d)/SO(d).

2. n = 2 particles. If the distance is d; » = 0, then the orbit O, through g € R* is
again of the form O, = R?. Otherwise, the isotropy groupis SE(d), = SO(d—1)
(with SO(0) := {e}), because we can perform arbitrary rotations in the (d — 1)-
dimensional subspace of RY, that is perpendicular to the line span(g; —g») € R¢.
Therefore, the orbit through ¢ is equal to

0, = SE(d)/SE(d), = R? x SO(d)/SO(d — 1) = R? x §¢7!

ifd>2(and O, =Rford =1).
This can be understood directly, because for the first particle, one can choose its
position g, freely, whereas for given distance d; , > 0, the second particle must
lie on the sphere {g> € R? | ||g2 — q1]| = d1 .2}

3. n > d particles. In an orbit O C R" we can for instance freely choose the
position ¢; € R? of the first particle.
If the vectors ¢» — q1,93 — q1, ... qn — q1 € R? span R?, then the isotropy
group SE(d), has just one element, and thus O, = SE(d).
This actually happens already if they span a (d — 1)-dimensional subspace of
R?, because no true rotation of R? leaves the points of this subspace invariant.
For n > d particles® the case O, = SE(d) is therefore typical. O

It is only this latter case that we will study further, and thus we obtain as rigid bodies
in RY just the submanifolds of R that are isomorphic to SE(d).

The motion on this configuration space is described in the formalism of holonomic
constraints from Chapter 8.2. So if the Hamilton function is of the form

H: R']’f[ X Rgd - R , ﬁ(p, q) = ZZ:I s + V(q),

ka
hence the Lagrange function equals

~ ~ - m ~
LRy xRY >R L Ligov) =) Flul = V().
k=1

3If for example the g are positions of atoms, then d = 3, and for a macroscopic rigid body, one
may have n = 10?3,
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then we parametrize the orbit O,, which contains the reference configuration q €
R™ by the Euclidean group, i.e., we use the diffeomorphism

Q:SE@d) - O, CR™ | Q(a,0):=0qi+a (k=1,...,n).

As for any Lie group, the tangent bundle of SE(d) is parallelizable (see Definition
A.43), and using the vector space

Alt(d,R) = {A e Mat(d,R) | AT = —A}
of antisymmetric matrices, it is of the form
T SE(d) = SE(d) x (R? x Alt(d, R))
according to (E.3.2). Thus the derivative of Q at position (a, O) can be written as
DQ(a, O)(v,A) = (AOgq +v,...,AOg, +v) (veR! AeAld,R)).
By definition, the Lagrange function on the tangent bundle of the orbit
L:TO;, - R, Lix,w)=L(Qx), DOx) w)

with x = (a, 0), w = (v, A), and V(x) := V(Q(x)) is obtained as

n

L(x, w) =Z%(AOCIk—l-v,Aqu—i-v)—V(a,O). (14.2.1)
k=1

Denoting by my := Y ;_, my the total mass, we can now assume that the center of
mass

n

m
gy R >R gn@) =) g € R (14.22)
k=1 "N

of the reference configuration ¢ is at 0, because under translation of g by ®™¢, one
can find a point in O, that has this property.

We expand the scalar product in (14.2.1). Using the orthogonal projections Py :
R? — R? onto span(qk — Q) and the tensor of inertia*

I'=1Iy(q) for Ig(q):=) mllg— QI°P. € Sym(d.R) (14.2.3)
k=1

“The tilde here is meant to symbolize that in three dimensions, this definition does not coincide
with the usual one (see (14.3.4)).
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Figure 14.2.1 Moving quadrangle in extended phase space R? x I. Left: Spatially fixed basis
(e1, e2), with graph of the curve ¢ from Lemma 14.6, Center: Moving basis (E;, E») in spatially
fixed coordinates, Right: Graph of the curve C in moving basis (Ey, E2)

with respect to Q € R4, one then has
Lx,w) = Imyllv|* + iw(I07'ATAO) — V(a, 0). (14.2.4)

In the next section, we will solve the Lagrange equations of (14.2.4) in simple cases.
This will be done by means of a variety of coordinate systems.

14.5 Definition

e The canonical basis (e, ..., eq) of RY is also called spatially fixed basis, and
coordinates with respect to it, spatially fixed coordinates.

e For an interval I C R and a smooth curve O : I — SO(d), the orthonormal

basis
(E1(t), ..., Eq(t)) with Ex(t) := O(t) e

parametrized by time t € I is called the moving basis of R?. Coordinates with
respect to the moving basis are called moving coordinates, or body coordinates.

With these names, we have a motion of the rigid body in mind in which at time ¢,
the points of the body are at locations

qe(t) == O0(t) qe(to) +at) (=1,...,n),

with O(ty) = 1l and a(ty) = 0. If we use that same curve O : I — SO(d) in
Definition 14.5, then (Ex (1), q¢ (1)) = (ex, qe(to) + O(1)"'a(1)). So if the motion
has no translational part (a(z) = 0 (¢t € 1)), then the locations in the moving basis
do not change: defining

d d
Qu(t) 1=y (Ex(1), qu(®) Ex(t) yields Qu(t) =) (ex, qu(to)) Ex(t) .
k=1 k=1
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A useful representation of these bases can be given in the extended configuration
space
E :=RY x I , with bundle projection 7 : E — I, (q.,t) > t.

The spatially fixed basis in the fiber 7! (¢) of the vector bundle E over the point ¢ of
the base manifold / (i.e., the time interval) will now be denoted as (e; (1), . . ., eq(1)).
The moving basis (E 1), ..., Ey4 (t)) is in the same fiber, rotated with respect to the
spatially fixed basis (see Figure 14.2.1).

14.6 Lemma (Kinematics in Body Coordinates)

For a smooth curve ¢ : I — R? in spatially fixed coordinates and the time dependent
rotation O : 1 — SO(d) from Definition 14.5, let C := O~ ' ¢ : I — R? denote its
representation in body coordinates. Then

e the velocity satisfies
C'=07"¢ —BC with B(t):=07'(1)0'(t) € Alt(d,R) (r € I)
e and the acceleration satisfies
C"=0""¢"—-2BC' — B>’C —BC. (14.2.5)

Proof:

e From the productrule O(0O~')Y'+0'0~' = (00" = 1 = 0 for the derivative
of O : I — SO(d),one gets (O~') = —0~'0’O~". The formula for the velocity
C' is obtained from C = O~ ¢ by the product rule.

e B(t)isin Alt(d, R), because (0~!) = (07) = (0’)" implies

B' =) (o Hh'=0Yo=—-0"'100"H0=-0"0"=-B.

e Plugging the just obtained relation O~! ¢/ = C’ + BC into

C'=0'd-BC)Y=0"+(©O"~-BC -BC
=0'¢-0"'00"'"¢-BC -BC,

one obtains the relation C” = O~ '¢” — 0~'0’C' — O~'O'BC — BC' — B'C
between the accelerations in the two coordinate systems. (]
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14.7 Remark (Retrograde Motion of Planets)

More generally, we can consider time dependent coordinate transformations (a, O) :
I — SE(d) that, attime ¢ € I, have the form g — O(t)g+a(t), so they also contain
af translation a(t) € R3 besides the rotation O(¢) € SO(3).

For instance, let a(¢) be the position of the earth (or rather of an observer on it)
at time ¢ in a coordinate system at whose center the sun is located. We make the
simplifying assumption that throughout the year, the observer always looks at the
same point in the background of stars, so we set O(¢) = 1l

Due to the small eccentricity, the ellipse a and the corresponding ellipse of the
Mars orbit may be well approximated by circles that are traversed with constant
velocity. However, transforming that circle into the coordinate system of the observer
of Mars leads to a complicated motion of Mars on the firmament, see Figure 14.2.2
(left and center).

Orbit of Mars
Mars

Earth

Figure 14.2.2 Left and center: Shape of the orbit of Mars as observed from the earth. Photo: Tung
Tezel. Right: Explanation of the retrograde motion

In particular, it appears to return from west to east, against its usual motion on the
firmament, when the earth passes it. This apparent motion is called retrograde, see

Figure 14.2.2 (right).
In Greek antiquity, the retrograde

motion was explained by the theory
of epicycles, in which the planets
move along a small circle (the epicy-
cle), whose center in turn moves
along a circle centered at the station-
ary earth, called the deferent.

Even though this geocentric the-
ory is kinematically equivalent
to a heliocentric circular motion, Epicycle model by Apollonius
due to the commutativity of vec- (about 200 BC)

tor addition, it is not equivalent

dynamically. In particular, the earth undergoes no acceleration in the geocentric
model. O
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14.8 Exercises (Pseudoforces)
1. Show in d = 2 dimensions, for J = (? _01 ) and a time dependent rotation matrix
_ [ cos(p(n) —sin(p())
0@) = (Sin(sﬁ(f)) cos((1)) ) that

C' 0 =( S50 e ) 1) = 20/ (OIC W) + ¢ (120 = ¢ (OIC(@).

—sin(p(1)) cos(p(1))
2. Show in d = 3 dimensions with w(?) := i~ (B(¢)) € R? (see (13.4.8)) that
C"(t) = 07" @) " (1) = 2w(t) x C'(t) —w(t) x (W) x C(t)) — ' (1) x C@¥).

3. Calculate the Coriolis force (see below) acting on a biker of mass m = 100kg
(including the bike!) that is moving westward in Berlin at a speed of 20km/h.
What is the amount of the horizontal component, and in which direction does it
pull? O

If ¢(t) € R? is the position of a particle E,
with mass m > 0 in R9, then by New-

ton’s equation, the terms of (14.2.5), ; -

multiplied by m, can be viewed as forces >f ,{ \

which —from the point of view of the -

body coordinate system— act on the i d
particle: >,'
1. —2mBC’ (in 3D: —2mw x C’) is 'rlr

called Coriolis force,
2. —mB>*C (in3D: —mw x (w x C))

is called centrifugal force, and Eq
3. —=mB'C (in 3D: —mw’ x C) is Velocity (red), Coriolis force
called the Euler force. (purple, orthogonal to C), and

centrifugal force (blue, radial) for
the curve C from Figure 14.2.1

Substituting B into the Lagrange function £ in the case of vanishing potential yields,
inviewof A = 0'(t) = O(t)B(t)O(t)”"!, the result £ = %tr(BIBT).

14.3 Solution of the Equations of Motion

If the potential V is translation invariant, i.e., independent of its first argumenta € R?,
then a does not enter into the Lagrange function (14.2.4).

Consequently, the center of mass of the rigid body moves along a straight line
with constant velocity:

v(t) =v(0) , a()=a0)+v0)¢ (eR),
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and the motion within the center of mass system is determined® by the Lagrange
function

L:TSOWd) - R , £(0,A)=i(I07'ATAO) —V(0,0). (143.1)

We will now study this situation in more detail.

14.9 Example (Heavy Top in 2 Dimensions)
For d = 2 dimensions, one has

SO(2) = {0 - (“’W‘SW) ’¢ € [0, 27r)} ~5' and TSOQ)=S' xR,

singp cos ¢

because Alt(2, R) = {A = (8 ‘0”) |ve R} = R, see also Example A.44.
In this parametrization of the tangent space of SO(2), one has ATA = v? ((1)(1’),
hence

£(0, A)=Lur (io—lATAo)z Lir(T)v? = L7 02 with J := Y il > 0.
k=1

(14.3.2)

Thus the equation of motion is equivalent to the one for the Hamilton function

2
H:T*S' >R, H(p,p) = 5_1 —W(p) with W(p) ==V (0. (5ns )
The corresponding Hamiltonian equation can be solved explicitly (see Theorem
11.11). Likewise, the case of a rigid body in R? that rotates about a stationary axis
can be reduced to this 2-dimensional problem.
Ifeven W = 0, then the rigid body rotates about its center of mass with an angular
velocity determined by the energy E = H(py, ¢o), hamely

o) = po + 2t = o + YEr . 0

The important case in physics, where a rigid body in d = 3 dimensions rotates
freely, seems to be more difficult already because its configuration space SO(3)
cannot be parametrized by coordinates as easily as SO(2). The Euler angles are
available as coordinates in this case.

However, we cannot hope that the expression for the kinetic energy simplifies just
asin (14.3.1). This is because the matrix AT A € Sym(3, R) will now not necessarily
commute with the rotation matrix O € SO(3). Instead we consider two special cases:

5We assume here and in the following deliberations on dynamics that the mass distribution is not
degenerate.
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e The force free top, which is the top in the potential V = 0.

e The heavy symmetric top: The tensor of inertia (14.2.3) of a symmetric top has
two of its eigenvalues equal. We talk about a heavy top, if V describes a constant
field of gravitation.

14.3.1 Force Free Top

In the case of a force free top, we transform into body coordinates.
In d = 3 dimensions, instead of the antisymmetric matrices B € Alt(3, R) from
Lemma 14.6, we use the more familiar vectors

wy 3 0 —w3 wy
w=(3)eR with i(w)=(w 0 - )| =B,

W] —w2

see (13.4.8), to parametrize the tangent space of SO(3). Using the property i(a)c =
axc (a,ceR? from (13.4.8) and the identity

{axc,bxc)={(a,b)cl*—(a,c)(b,c) (a,b,ceR’)

for the cross product, witha = b = w and ¢ = ¢, the Lagrange functions is obtained
in the form

Lw) =L (i(w)ii(w)T) = 1w, Iw). (14.3.3)

Here the symmetric matrix / € Sym(3, R) is equal to I = J1l — I with I from
(14.2.3) and

Giatais *Qk 19k2 —qk1qk3
J = kaﬂqk” thus I = ka —qeide aRiaEs —aqoas | . (14.3.4)
=1 k=1 —Gr1Gcs  —Gk2qr3 G taR,

1 is called the tensor of inertia. As the terms in the sum for [ in (14.3.4) are positive
semidefinite with kernel span(g;) (and an eigenvalue | g > of multiplicity two), 1

is itself positive semidefinite, and it is actually positive definite, except in the case
when all mass points g, are on a single line.

14.10 Exercise (Steiner’s Theorem) Show that the tensor of inertia from (14.3.4),
viewed as a function I : R¥ — Sym(3, R) of the n mass points g = (g1, ..., qn),
will be minimal ® with respect to the translations

TAq) = (q1—a,....qn—a) (aeR)

SFor symmetric matrices, one has A < B if B — A is positive semidefinite.
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if a is the center of mass of the gy from (14.2.2). Also show that

1(q) = I(T,,(@) + mylignl*(3 — Py),

where my is the total mass and gy € R3\ {0}, and Py is the projection onto
span(gy). So the moment of inertia for rotation about the axis span(gy) is the sum
of the moments of inertia of a body of the same mass, shifted by its center of mass,
and of a body concentrated in its center of mass. O

Usually the tensor of inertia I for a body is given with respect to its center of mass.
The eigenvalues 0 < I} < I, < I of I are also called principal moments of inertia,
and one-dimensional eigenspaces for them are called principal axes of inertia. The
latter are pairwise orthogonal, or else if some principal moments of inertia are equal,
corresponding axes of inertia can at least be chosen to be pairwise orthogonal.

14.11 Exercise (Principal Moments of Inertia) 1 1
Show that for n > 3 mass points ¢; € R?, the cone F !

ar 2
() eR | L <h<h<l+h) Qe
l=l3

is the range for the principal moments of inertia. I 3

Which range is covered if n = 3, assuming the lyly=ls \ %here'_l
center of mass gy is at the origin? / 3
By passing from the sum to an integral in (14.3.4), / l1=1y
confirm the labels for the corners in the figure of ! ¥ disk |
principal moments of inertia on the right. I ‘

In this figure we have assumed that I) + I, + I3 = 1.
The data for a human refer to the person’s center of mass for the average adult, as

standing upright, and can vary considerably. %
The interesting feature of (14.3.3) is that only three of the six phase space coordinates,

namely the entries of angular velocity w, remain yet.

Ly

L3

f_1 e L1

Figure 14.3.1 Left: Intersection of the ellipsoids M ~I(m) (blue) and £~ (e) (green). Right:
Equipotential curves on M ~! (). The axes are the components of the angular momentum
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14.12 Theorem
e L:TSO@B) — R from (14.3.3) is a constant of motion.

e The total angular momentum of the force free rigid body in spatially fixed coordi-
nates, i.e., the restriction L : TSO(3) — R3 of the mapping

n
i:R;”><R3"—>]R3 , i(q,v):kaquvk,
k=1

is constant in time. In body coordinates, it is of the form L. = Tw, and ||L| is a
constant of motion for the force free top.

Proof:

e The Lagrange function £ is a constant of motion since in the present case, due
to the equation H(p, q) = {p, v) — L(q, v) from Theorem 8.6, it is equal to the
pull-back of the Hamilton function H : T*SO(d) — R to TSO(d).’

e With (14.3.4), it follows that

L(g,v) = Y meqe x 0 x qi) = Y p_y mic(llgl’w — (W, qi) qi) = Tw.

e The angular momentum is constant because of Noether’s Theorem (Theorem
13.22):

The diagonal action of the rotation group on the configuration space, i.e.,
®:S003) xR > R, Po(qr,....qn) = (041, ..., 0qu),

can be restricted to the orbit, which is isomorphic to SO(3), and thus becomes a left
action on SO(3). The Lagrange function is invariant under the lift of this left action
to 7SO(3), because

(Ow, 0107" Ow) = (w, Iw) (0 €SOE)).

Analogously, the Hamilton function H : T*SO(d) — R is invariant under the
cotangent lift ® of the left action. The angular momentum L : 7SO(3) — R?,
pulled back to 7*SO(3), is a momentum mapping of ® (in analogy to Example
13.19), and the Hamilton function H is ®-invariant.

e ||IL|| is constant in time because L(t) = O~ (¢)L. (I

7While Theorem 8.6 was not worded for configuration manifolds M, but rather just for open subsets
U of R", it can still be read as a statement in the image of each chart of M.
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Next to £, the square M := (L, L) of the angular momentum vector is a positive
definite quadratic form on R3. If the eigenvalues of I are pairwise distinct, then
typical values of £ and M define bounded curves in the space R . So we have solved
the differential equation for the angular velocity w, except for the parametrization
by time, see Figure 14.3.1.

We determine the evolution of the angular momentum L(¢) = O(¢)"'L(t) € R?
in the moving basis. According to Lemma 14.6 and Theorem 14.12, one obtains the
Euler equation

L) = L) x Q1)

for the force free top. Since L(¢) = I(¢), this is a differential equation for the
vector £2: )
IQ@1) = (IQ(t)) x Q(1).

If the symmetric matrix I is diagonal, I = diag(I;, I,, I3), then the coordinate form

Q
of the Euler equation for 2 = <g; > is
3
L2 =L-L)2s,
LQ =0 —-5)Q20Q,
Q=0 —L1)Q Q.

. . Ly . .
Equivalently, the coordinates (%) := L of the angular momentum in the moving
3

basis satisfy Ly = I, hence

: 11
L, = (E—E)Lzh,
: L
L= (- )L,
: 11
L; = (E_E)Lll‘z’

2
with the conserved quantities £ := 12:1 % and |L|? = L% + L% + L%.
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Figure 14.3.2 Left: A model of the Mir space station. Center: damaged space station. Right: the
astronaut Michael Foale (Pictures courtesy of: The Mathematica Journal, Special Section: Dynamic
Rotation of Space Station Mir, Oct 1999 (left), NASA/JPL/Space Science Institute (center) and The
Mathematical Sciences Research Institute (MSRI, Berkeley, California), DVD The Right Spin
(right))

The Right Spin

This is the title of a DVD published by the mathematician Robert Osserman
about a serious accident of the Mir space station (Figure 14.3.2, left and cen-
ter).

On May 25, 1997, while the astronauts were attempting to navigate the dock-
ing maneuver manually, without the automated navigation system, Mir col-
lided with the unmanned supply module Progress. (After the disintegration of
the Soviet Union, Ukraine charged for the use of this system, and the Russian
space program was under fiscal austerity measures.)

To avoid the loss of pressure following the collision, the crew had to escape
into one module of the space station. The next problem was a power outage,
because the cosmonauts were forced to cut apart power cables in order to
close a hatch of their module. The still remaining solar cells would no longer
produce electricity because the collision had caused the station to rotate.

In the movie, the US astronaut Michael Foale (Figure 14.3.2 right), reports
how he and his Russian colleagues attempted to stabilize Mir. To this end,
one had to estimate (based on a broken model of Mir) which of the principal
axes were stable.

The conjecture turned out to be wrong, and Foale attempted to solve the Euler
equations for the station on a laptop whose batteries were beginning to run
low. The attempts at a stabilization were successful enough for the crew to
survive so that they could return to earth three and a half months later in a
space shuttle.
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14.13 Definition
The moving ellipsoid of inertia of a rigid body with kinetic energy h > 0 is

E,:={weR |} Iw)=h}.

It is on this ellipsoid that the vector ¢ +— €2(#) in body coordinates has to move if the
energy equals i. Analogously, the angular velocity €2 in spatially fixed coordinates
satisfies

Q@) € Ex(t) = 0@)E, (t eR).

14.14 Theorem (Poinsot) The time dependent ellipsoid of inertia t — Ej(t) of
the spatially fixed coordinate system rolls without sliding on the planes that are
orthogonal to the angular momentum vector £ € R3, ie., on

Us :={weR| (w, £) = £2h}.

Proof:

e FE;(t) meets the planes at = (7),
because £ = [(¢)Q2(¢t) implies
(2(1), £) = 2h.

e FE;(t) is tangential to these planes
because the gradient of the kinetic
energy at Q(¢) € Ej(t) equals £.

e The ellipsoid of inertia is not slid-
ing as it moves on U, because the
velocity of a point moving along
the ellipsoid of inertia, w(t) =
O(t)w(0) € Ej(2),is

do ,
5 WO = () w)

The ellipsoid of inertia rolls without
sliding on the plane U_

(with the ¢ from (13.4.8)). For

w(t) = Q(t), this expression van-

ishes. [l
As we can see from this description, but also already from the intersection of the
ellipsoids shown in Figure 14.3.1, motion about the axis for the middle moment of
inertia is unstable.

14.15 Remark (Tennis Racket Theorem)

Among other conclusions, this leads to the following observation (see CUSHMAN and
BATES [CB], Chapter II1.8): If you hold a tennis racket horizontally and attempt to
rotate it about its vertical axis, then the handle moves approximately horizontally. If
you catch the racket again after it has performed one rotation, the top and bottom
part will be exchanged, see Figure 14.3.3.b on page 382. %
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14.3.2 Heavy (Symmetric) Tops

As already in the case of the force free top, we will not assume that the top rotates
about its center of mass already. To the contrary, a homogenous gravitational field
will only show an effect if the point of suspension does not coincide with the center
of mass.

The Euler angles are a parametriza- z

tion of the rotation group SO(3). A
rotation matrix R € SO(3) is writ-
ten as a product D;(v)D;(3) D3 (),
with the rotations

1 0 0
D, ((5) = (0 cos(d) sin(&)) ,
0 — sin(d) cos(d)
cos(d) sin(d) O
D;(9) = (—sin(é) cos(6) 0)
0 0 1

about the x- and z-axes respectively.
If we denote the line of intersection
between the xy-plane and its image
under R as nodal line N, then o € [0, 27) (resp. v € [0, 27)) will be the angle
between the x-axis (resp. its image, the X-axis) and N. 8 € [0, m) parametrizes
the angle between both planes. « and (3 are therefore the geographic longitude and
latitude of the Z-axis. Clearly the representation becomes degenerate if 3 = 0. See
figure.

Applied to the heavy top, gravitation acts in the negative z-direction, so the xy-
plane is horizontal. We assume that the X YZ-axes are rigidly attached to the body
and are the principal axes of inertia for the moments of inertia /;, I, and 3. These
I; are to be calculated with respect to the point of suspension, which we take to be
the origin.

The Lagrange function L : TSO(3) — R has L(w) = % (w, Tw) from (14.3.3)
as its kinetic term. The potential energy in the homogenous gravitational field is
the one of the center of mass. We assume that the point of suspension® lies on the
axis through the center of mass, which points in Z-direction, in distance a. Then its
z-component is a cos((3), and with acceleration of gravity g > 0, the potential energy
is V = V(8) = ag cos(3). We will use units of measurement for which ag = 1.

In terms of Euler angles («, 3, 7), the Lagrange function L reads

L(a, B, 6, B,7) = T (e, B, 7, &, B, %) — cos(B) (14.3.5)

with kinetic energy

8which we have taken to be the origin of the cartesian body coordinate system.
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T(a, B, 7, & B, %) =4 () (érsin(B) sin(y) + fcos(7))’
+12(d sin(0) cos(vy) — 5 sin(v))2 + I3 (’3/ + o'zcos(ﬂ))z) .

Q2 A Q2 A Q2 A Q2 A

q |

q1 ™ - q1 ™ - q1 ™ - q1 g
1 1 1 1

Figure 14.3.3 Motion of the locus of the /3-axis on the unit sphere. From left to right: (a) no

symmetry, no gravity; (b) tennis racket theorem; (c) no symmetry, with gravity; (d) symmetry, with
gravity

From the numerical solution, it seems that the motion in the case of generic prin-
cipal moments of inertia is not integrable® (see Figure 14.3.3c). In the axially sym-
metric case I; = I,, the Lagrange function (14.3.5) takes a simpler form, namely'’

L(a, 3,7, é 3. 7) = %[11 (@ sin(3)2 + %) + I3 (7 + éycos(ﬂ))z] —cos(B). (14.3.6)
Here the coordinates v and v do not appear any more. Then their conjugate momenta

oL

Pa=5-= a(Iy sin®(8) + I3 cos*(B)) + 13 cos(B) , py= % =(¥+acos(8) s (14.3.7)

&

are conserved quantities. The values £, and £ of these conserved quantities corre-
spond to the angular momenta about the vertical axis and about the fixed symmetry
axis of the body. Together with the value E of the total energy T 4 V, we thus have
three independent constants of motion, and the motion is integrable in the sense of
Definition 13.2. From the relation £, — £ cos(3) = &I, sin?(3) we conclude the
implicit first order differential equation £ = %Ilﬁ.z + Veir(B) with the effective
potential

(€. —tzcos(3))’ 62

2052 ) + 20 +cos(B).

Verr (B) :=

Transforming to the variable u := cos((3) with ﬂ = —1i1/ sin(/3) makes the equation
more transparent. Because then,

2EL; — (3

. . Z 2 , —lzu)*>  2u(l —u?)
= U th Ue = —2=(1 - - -
u fr(u) Wi fr (1) I (I —u?) B 7,

)

hence the effective potential becomes a third degree polynomial.

9This can be proven, see MACIEJEWSKI and PRZYBYLSKA [MP], and references therein.
10This form does not assume that I3 is the largest of the principal moments of inertia.
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From limy, +o0 Uegr(4) = £00 and Uer(£1) = — (L, F €2)?/1} < 0, we con-
clude that for £, # £{; and physically possible values E of the energy, the poly-
nomial has two zeros in (—1, 1). So the motion of the angle 3 occurs between two
limit angles 0 < B; < (3, < m, see Figure 14.3.3d. This motion of the top is called
nutation.

The nutation is superimposed to the precession of o and the rotation of ~. Their
differential equations are obtained by plugging the nutation ¢ — (3(¢) into (14.3.7).

14.16 Literature In[Whi], Chapter 6 by WHITTAKER (which was the monograph on
analytical mechanics at the beginning of the 20th century), one can find the explicit
solutions (in terms of elliptic functions).

Global aspects are discussed in [CB] by CUSHMAN and BATES. O

14.17 Exercise (Fast Top) Analyze at which frequency of rotation the upper equi-
librium 3 = 0 of the heavy symmetric top becomes Lyapunov-stable. %

14.18 Remark (Hyperion)
Hyperion is a moon of the planet

Saturn.The spacecraft Voyager 2
took its picture (see the figure'!),
and it was possible to determine
the principal moments of inertia
I, < I, < I5. With a value of
(I,—11)/ 15 =~ 0.24, they deviate
significantly from the moments
of inertia of an axially sym-
metric shape. Combined with a
fairly eccentric orbit around Sat-
urn (¢ ~ 0.12), this leads to a
rather chaotic rotation of Hype-
rion, see [WPM] by WISDOM,
PEALE and MIGNARD. Hyper-
ion is the only known moon in
the solar system that has such a

property.

In [ZP], ZUREK and PAZ estimated that after about 20 years, a quantum mechanical
calculation of the rotation would significantly differ from the classical data. So Hype-
rion should be in a macroscopic quantum state. It was the content of the Hyperion
dispute how it could be explained that we do not observe this macroscopic quantum
state. O

picture: courtesy of NASA/JPL-Caltech.
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14.4 Nonrigid Bodies, Nonholonomic Systems

The rigid bodies from Definition 14.3 consist of n
particles in R¢ with fixed distances. So their con-
figuration space is a submanifold of R"¢ whose
dimension is no larger than the dimension of the
group SE(d).

We will now generalize this framework of holo-
nomic constraints in two directions:

1. As mentioned in Remark 8.10, holonomic con-
straints can be viewed as integrable distribu-
tions. More generally, one can talk about (non-
holonomic) constraints when a not necessarily
integrable distribution is given. Of particular
importance are here the constraints that are lin-
ear in the velocity. A first example is the ball
that rolls without sliding.

2. We will also study bodies that are flexible
within themselves rather than rigid. Even if no
distances of particles are fixed, we obtain a geo-
metric structure that is not yet contained in a
pure n-body problem. Namely, we will assume
that certain distances can be controlled, like for
instance the position of a joint or a hinge in
biology or technology. Then the configuration
space will become the total space of a bundle
over this controlled base manifold.

14.4.1 Geometry of Flexible Bodies

Let us begin with item #2. This geometry was
worked out in the 1980s and is described, e.g., in
[MMR] by MARSDEN, MONTGOMERY and RATIU
as well as in [Mon1] by MONTGOMERY.

The paradigm is the free fall of a cat as depicted on
the right.

Even though the cat cannot change her angular
momentum, she will nevertheless succeed to land
on her legs, if she has the time to maneuver as
shown in the picture.'?

12pjcture: Gérard Lacz.


http://dx.doi.org/10.1007/978-3-662-55774-7_8

14.4 Nonrigid Bodies, Nonholonomic Systems 385

The technique she uses is to use a geometrically defined holonomy. With this
technique, cats can survive the fall from the upper floors of a highrise building. We
humans can at least turn on an office chair without touching the ground by using a
similar technique.

Generally, we are discussing the case of a free and proper action by a Lie group
G on a (configuration) manifold Q. The quotient B := Q/G is then a manifold of
dimension dim(Q) — dim(G) according to Theorem E.36 and can be viewed as the
base manifold of a principal bundle

T:0—>B , 1(q)=[q)=Gq (14.4.1)

with standard fiber G (see Remark F.5).

14.19 Example (Shape Space of a Flexible Body)

When deriving the kinematics of rigid bodies in Section 14.2, we started with the
diagonal action of the Lie group G = SE(d) on R". This action is not free on R"?;
however, it follows from Example 14.4.3 that for n > d particles, the restriction of
the diagonal action to the dense, G-invariant subset '3

0:={q=(q1.....q0) € R" | dimyg({q1, ..., qu}) = d — 1}

of configurations is free. Since the condition defining Q is open, O < R™ is an
nd-dimensional submanifold. Then the quotient B = Q/SE(d) is called the shape
space of the flexible body. The points ¢ € w~!(b) in the fiber over b € B are the
configurations of the shape b.

We can obtain local coordinates near b = 7(q) € B in the following way: Assume

thatforay 1= qx —q (k =2, ..., n) already the vectors a, ..., a4 € R? are linearly
independent (this assumption is always satisfied if we allow ourselves to permute
the indices 1, ..., n). We consider the matrix

A= (a,...,aq) € Mat(d x (d — 1), R).

As a consequence of Gram-Schmidt orthogonalization (or QR decomposition), there
is a unique matrix O = O(g) € SO(d) such that

U:=0A eMat(d x (d — 1), R)

is upper trapezoidal (that is, (U);x = 0 for 1 < k < ¢ < d) and has entries
(U)rx > 0. By construction, U is independent of the action of SE(d), so we can

3Here dima ({g1, - . .. ga}) is the affine dimension of the subset {qi, ..., g,} of RY, that is, the
dimension of the subspace spanned by the set of their differences ¢; — g € R.
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write U = U (b). Locally, U (b) depends smoothly on b. Finally, the entries (V); &,
1 < i < k < n) of the upper trapezoidal matrix

Vi=(W,...,v) € Mat(d x (n—1), R) with v, := Oay

are local coordinates on the shape space B near b. O

14.20 Exercises (Euclidean Symmetries)

1. Show that the actions by SE(d) on R" and Q are proper (Definition E.35).
2. Show that the form sphere of the three-body problem as defined on page 274 can
be viewed as the quotient of the configuration space of three particles by a group

action.
Hint: Combine the dilations R?> — R?, x — Ax ()\ € (0, oo)) with SE(2), and
let the group thus obtained act on the configuration space (11.3.2). O

In Example 14.19, B parametrizes the shapes of a very flexible ‘body’. In many
applications, the possible shapes will be limited by the choice of a G-invariant sub-
manifold of Q. In any case, we presume that the shape of the body can be controlled
as a function of time by prescribing a curve ¢ : [0, 1] — B.

If we prescribe a connection on the principal bundle 7 : Q — B, then a closed
curve ¢ corresponds to a holonomy;, i.e., a motion of the body described by an element
of the group G. For example, ¢ could describe a swimming stroke. Then the holonomy
would be the translation effected by performing the stroke.

If the total space is a Riemannian manifold (Q, g), 14 then such a connection can be
defined as follows. The horizontal subspace at g € Q that complements the (vertical)
fiber direction V,, := ker(Dm,) C T, Q will be chosen as

H,:={heT,01g4h,v)=0forallve V,}.

If G acts by isometries, as it does in Example 14.19, then this defines a G-invariant
connection (in the sense of Definition F.17).

These geometric structures correspond to the Hamiltonian mechanics of a natural
mechanical system, which is a function on the phase space P := T Q that is of the
form

H(q,v) = 39,(v,v) + V(q).

This mechanical system defines, by means of the canonical symplectic form wy,
pulled back with the musical isomorphism b : TQ — T*Q (see page 503), a
Hamiltonian vector field on P.

By Theorem 13.16, we obtain a symplectic action of the group G on P, linear
on each fiber. If G not only acts isometrically on Q, but also leaves V invariant,
this action is a symmetry of the dynamics. The constants of motion are given by the

14In Example 14.19, g(v, v) = Y k1 5 (vk, vg) with the Euclidean metric (-, -) on R? and the
mass my > 0 of the kth particle.
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momentum mapping J : P — g* (Definition 13.18). This latter can be written, in
terms of the vector field X : Q — TQ of € € g, as

Jg,v)=X,) (4. v)eTQ)

(where the transpose XqT 7,0 — g of { = X is defined by means of g, see
MONTGOMERY [Monl], Chapter 14.1). So the action is linear on each fiber.

Now we can almost interpret J : TQ — g* as a connection form A : TQ — g
on the bundle 7 : Q0 — B. Only ‘almost’, because the values of J lie in the dual Lie
algebra g* instead of g.

But this deficit can be fixed if we define the moment of inertia at ¢ € Q as the
symmetric bilinear form g x g — R, (£,1) — g, (X ¢(q), X, (q)), or equivalently
as a linear mapping

Ig):g—g" . & g(Xe(@), ).
14.21 Theorem The Lie algebra valued I1-form
A:TQ—g , Alg):=Lg)"'J(q. ")

is the connection form of the Ehresmann connection H on the principal bundle
m:Q — B,ie, ker(A(q)) = H,. In particular, J(q, v) vanishes for horizontal
directions v.

Proof: See MONTGOMERY [Monl], Proposition 14.1. O

Thus mechanical systems with vanishing J move under a controlled dynamics in
such a way as is defined by the Ehresmann connection H.

In the physics literature, the associated holonomy is often called Berry phase
(in quantum mechanical phenomena) or Hannay angle. It can be shown that these
quantities can be read off from the motion in many controlled systems in the limit of
slowly changing parameters.

There is quite a variety of applications: The three-axes stabilization introduced
in Example F.29 can be explained in this framework; likewise, the Foucault pendu-
lum (depicted on page 241) and the cyclic locomotion of microorganisms; even a
technique for swimming in a curved universe has been found (but it is not effective
enough to escape a black hole, see AVRON and KENNETH [AvK]).

14.4.2 Nonholonomic Constraints

Tires, balls, etc. roll on a surface without sliding if their surface does not move at the
point where it is in contact with the supporting surface. This leads to nonholonomic
constraints that are linear in the velocities. For instance, we cannot drive sideways
with a car or a bike, but we can still parallel park.
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14.22 Example (Rolling Wheel) We consider a wheel that is rolling upright
(see the article [BKMM] by BLOCH, KRISHNAPRASAD, MARSDEN and MURRAY).
If the radius of the wheel is r > 0, then the
hub is at point (x, x», 7) just above the point
of contact (x1,x2,0) € R3. Its present ori-
entation in space is described by an angle 6.
A second angle ¢ measures the position of a
marked point on the wheel (say the location
of the valve), relative to the point of contact
with the ground. Thus the hub moves with a 2 0
velocity vector x = (r cos(0) ¢, rsin(6) (p) X1
parallel to the surface.'’

So the distribution D C T'Q in the space Q := R} x Sy x S} of positions, which is
defined by the rolling process, is given by

D(x,0, ) = {(+,0, ) € R* | & = (rcos(®)p, rsin@)¢)}]  (14.4.2)

and it is obviously linear in the velocities. It is 2-dimensional and smooth. Abbrevi-
ating ¢ := (x1, x2, 0, ), it is spanned by the vector fields

Xi:0—->TQ , Xi(q) := (r cos(6), r sin(6), 0, 1) and X,(g) :=(0,0,1,0) .

Thus their commutator [X1, X2](q) = (r sin(d), —r cos(6), 0, 0), does not lie in
D(q). So by the Theorem F.25 of Frobenius, it cannot be integrable.

Because [X», [X1, X211(g) = (rcos(8), rsin(8), 0,0) = X;(g) — (0,0,0, 1),
the X; and these two commutators span all of 7' Q already.
Therefore, by Chow’s Theorem,'® any two points in the configuration space Q can
be connected by a smooth path ¢ : [0, 1] — Q that is horizontal, i.e., whose velocity
vector ¢ (1) lies in D(c(t)). For example, it is possible to move the wheel from point A
to point B in the plane in such a manner that its valve will point in the same direction
at A and at B. O

Such kinematic considerations are complemented by considerations of the nonholo-
nomic dynamics. To this end, a Lagrange function L : T Q — R is restricted to the
distribution D C T Q, i.e., we set Lp := L[p. If n := dim(Q) and the distribu-
tion has rank n — p, then it can locally be written as a zero set of p independent
1-forms wy, ..., w,. In local coordinates ¢ = (r,s) on Q with s = (s1,...,s,),
r=(r,..., 7 m—p), one has

15We now suppress the vertical x3 component.

16Theorem (Chow): If a distribution on a connected manifold Q is spanned by vector fields
X1, ..., X, whose iterated commutators (including the vector fields themselves) in turn span all
of T'Q, then for all g, ¢; € Q there is a horizontal path ¢ € C([0, 1], @) with ¢(i) = ;. See
MONTGOMERY, [Monl], Chapter2.


http://dx.doi.org/10.1007/978-3-662-55774-7_2

14.4 Nonrigid Bodies, Nonholonomic Systems 389

n—p
wa(r,8) =dsa+ Y Aqa(rs)dre  (@=1,....p). (14.4.3)

a=1

Plugging this in and summing over « yields the restricted Lagrange function in
coordinates:
Lp(r,s,7) = L(r, s, 7, —A. (1, 5) ia) .

The Lagrange-d’Alembert equations of motion are obtained by variation of curves
t — ¢(t) that are tangential to the distribution, where the variation d¢ (¢) itself also
lies in D(q (t)). In local coordinates, these equations are of the form

d OLp OJLp T A OLp oL B . ( 1 )
- - = goa—— =———"Db4a087T oa=1,...,n— .
dr or, Org, " Os, D5, 0 g

where B is the curvature of the connection defined by A. It is thus often called
magnetic term (see Remark F.31.2.). In coordinates,

0A., O0A_ 0A . 0A.
< 0 + Aa « 0 - Aa.ﬁ 2 .
T 0s, " Osg,

Orp or,,

B..jp=

14.23 Example (Rolling Wheel)

Assume that the wheel from Example 14.22 has an axially symmetric mass distribu-
tion with total mass m > 0. One principal axis of its tensor of inertia (14.2.3) will
then coincide with the axle of the wheel, and [ is symmetric with respect to rotations
orthogonal to the axle. If we denote the corresponding principal moment of inertia
by 1, and the other two by J, the Lagrange function will be

L:TQ—R , L(x,0,¢,%0,9) = L(mli|* + I1$* + J67).

The form of the distribution (14.4.2) suggests to use the angles as the r-coordinates
in (14.4.3). The restricted Lagrange function is then

Lp(x,0,0,%, 0,9) = 3((mr* + D¢* + J6%).

Using the variable names as indices of A, one has Ay, 9y = A,,9 = 0 and
Ay o(x,0,¢) = —rcos(0), Ay, »(x, 0, ¢) = —rsin(d). It follows that

By 9.0(x,0,0) =rsin(0) , By, ,.(x,0,90) =—rcos(0).
The equations of motion are therefore

mr*+D@=0,J0=0
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with the solution
0(1) = ¢(0) + ¢0) , 0(r) = (0) + 6(0)t (1 € R).

So, depending on the initial condition 0(0), the wheel traverses uniformly either a
circle or a straight line in the plane. O

While the motion of the wheel could have been guessed and does not fall outside
the framework of Hamiltonian mechanics, unusual phenomena do occur already in
nonholonomic systems that are not complicated:

e The phase space volume need no longer be conserved, even though there is no fric-
tion. This phenomenon can lead to asymptotic stability. Such asymptotic stability
is observed in shopping carts that, when running unattended, orient themselves in
such a way that the handle points to the front.

e In contrast to the symplectic case, there is a kind of Poisson bracket that does not
always satisfy the Jacobi identity.

e In contrast to Noether’s theorem, continuous symmetries need not lead to con-
served quantities.

14.24 Literature In [BMZ], BLOCH, MARSDEN and ZENKOV present such cases
and give an overview over the literature. O



Chapter 15
Perturbation Theory

The rings of Saturn, picture taken by the spacecraft Cassini in 2005.
Picture: courtesy of NASA/JPL-Caltech.

In perturbation theory, one considers dynamical systems whose solution is not known
explicitly, but can be controlled by comparison with a known solution of a different
dynamical system on the same phase space. In the Hamiltonian case, this approxi-
mation is particularly precise. In the extreme case of very irrational frequencies, the
approximation is valid for all times.
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15.1 Conditionally Periodic Motion of a Torus

“Je n’avais pas besoin de cette hypothése-la.” (Pierre-Simon Laplace)'

Not all Hamiltonian systems are integrable. For n > 2 degrees of freedom, non-
integrability is even typical in a precise sense (namely generic in the sense of
Remark 2.44.2), see MARKUS and MEYER [MaMe].

In nonintegrable systems, the motion within the (2n — 1)-dimensional energy
shell is not confined to n-dimensional tori for a positive Liouville measure of initial
conditions, and it can look quite complex (‘chaotic’). Entirely new notions had to
be developed to describe the long term behavior of the orbits, like for instance the
notions from ergodic theory described in Chapter 9.

We now focus instead on systems that are almost integrable, which means the
Hamiltonian is of the form

HE(Iv SD) = HO(I) +5H1(19 %0)7

with |e| small. First the goal will be to describe the orbits for times that are not too
large.
So we are looking at systems of differential equations of the form

L= 0 +cfil.p) (ke{l,....m})

o1 =wi(I) +eg, @) (lefl,....n}) (I5.1.1)

on a phase space of the form G x T", with G € R™ open. Generalizing, we will not
assume that the system is Hamiltonian. Also the number of action variables does not
have to coincide with the number of angle variables.

In this context, it is better to talk about slow variables (/) and fast variables (),
because obviously for every e-independent time 7" > 0, one has:

1@ = 1) = O@) and o) — O] =01 (| <T).

):0(0)) (L), (1))
the torus T" as the fiber. In G, one has then .:' >>>> > 7 ./)
only the slow drift of the [ variables, see AV )
the figure to the right. In many cases, we G xT"
are mainly interested in the time evolution l

0

It is sensible to view the phase space as a (I (
bundle G x T" over the base space G with O

of the slow variables 1.

To investigate it, we will apply notions

known from ergodic theory (Chapter 9.4) 0 ° G
to equation (15.1.1): 1(0) I(t)

Fast and slow variables

1“1 did not need this hypothesis”. As a reply to Napoleon’s question why there was no mention of
God in his book Mécanique Céleste (Celestial Mechanics), which among other things laid part of
the foundation for perturbation theory. According to W. Rouse Ball: A short account of the history
of mathematics, 4th edition (1908), page 418.
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15.1 Definition

e The space average of an integrable function h : G x T" — R is the function

dep
Qmm

h):G >R (h>(1)=/”h(1,so)

e The time average of h with respect to w : G — R" is the function
1 T
:GxT"'—- R , h*(I,p) = lim —/ h(1,<p+w(1)t)dt.
T-oo T Jo

We will denote the solution to (15.1.1) for given initial conditions xo = ({o, ©o)
ast — I.(t, xo). The averaging principle consists of comparing this solution with
the solution ¢ +— J.(¢, xo) of a simpler differential equation, called the averaged
system )

Je = e(fd)  (k=1,....,m)

with initial value J. (0, xo) := Iy. The e-dependence of the averaged system is simple:
J-(t, x0) = Ji(e 1, x0).

Under certain hypotheses, the difference || I-(¢, xo) — J=(¢, xo)| will be small for
a long time interval.

15.2 Example (Averaging Principle)
For f :R x S' = R, f(I, ) := 1+ cos(p) and w € R\{0}, let

I=cf(,o) , o=
efl, ¢ p=w 1J

(hence g = 01in (15.1.1)). The solution
of the initial value problem is

€ .
I.(t, x9) = Iy + et + ” sin(wt + )
=1, x0) = po + wr .

The averaged ‘system’ (in reality we t
only have one variable left) is

J=e(f)(J)=¢ ,thus J.(r,x0) = lo+et.
In this case, one has

|1t x0) — J-(t, x0)| < 2 =0,
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uniformly in the times ¢ € R and the initial values x(, see figure on page 393.
However, the distance diverges as w — 0, and this is the typical behavior. %

Of course, in this simple example, we can solve the system by quadratures and
do not need to rely on an approximate solution. Nevertheless, this example shows us
what is essential. While the slow variable I oscillates ‘rapidly’ with a fluctuation of
order O(¢g), due to the p-dependence of f, it is only the space average (f) = 1 of
f that contributes to a long term change in f. Here this space average corresponds
exactly to the time average

17 1T
lim — / f(Ig(t, X0), we(t, xo)) dt = lim —/ (l ~+ cos(po + wt)) dt
0 T—oo T 0

T—oo T
~ m 1 (T n sin(po + wT) — SiH(@o)) _1
T—oo T w

If the space and time averages of f were to coincide in the general case, we could
be sure that the averaging principle gives us a good approximation to the evolution
of the slow variables (assuming a fast convergence of the time average). However,
this is unfortunately not always the case.

15.3 Example (Failure of the Averaging principle)
On the phase space R? x T2, we consider the differential equation

Iy = —¢ sin(py — 2¢2), L = & (cos(ip1 — 22) +singa), o1 =2, 9 = 1 + 1.

So the averaged system is

Ji=1,=0. Loy
For the initial values with Y
©1(0) = ¢»(0) =0and 1,(0) =0,
we denote the solution simply as I5(0) Jo(t)
(1, ¢): f

p1() =2t , pa(t) =t
(1) =0, L(t)=15(0)+c¢(t —cos(t) + 1).

In contrast to the slow variables, the averaged variables remain constant:
Jit) =1L(0) =0 and J,(t) = 1,(0).

So in the limit of large times |¢|, one has |1 () — J(¢)|| = €|t — cos(?) + 1| ~ €]¢],
see the figure.
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Thus, applying the averaging principle does not lead to a good approximation of
the actions [; by the averaged actions J; in this case, at least not for the given initial
conditions. O

If we look for conditions under which we can successfully apply the averaging
principle, we need to analyze why, in the second example, the difference between I,
and J; is large of order 1 already for times t = O(1/¢). To this end, we study the
motion

i) =2t , pa(t) =t

on the torus T2, which occurs in Example 15.3. This motion is 27-periodic, see
Figure 15.1.1.

3

®2

@1

Figure 15.1.1 27-periodic motion on T2

So we cannot expect for the time average and the space average of a function f
on T? to be equal.

In particular, the coefficient f := f, of the system of differential equations (with
fL ) = cos(p1 — 2¢2) + sin(i2)) satisfies

(fay)=0,
but

1 T
lim —[ fz(l, cp(t)) dr=1.
T Jo

So we first need to look for conditions that enforce the equality of space and time
averages for a motion on the torus.

15.4 Definition
o Let ¢ = (¢1,...,p) be angle coordinates on the torus T". Then for w =
Wiy .ooywy) € R the flow @ @ R x T" — T" generated by the translation

invariant vector field p +— w is called conditionally periodic motion.
e The w; € R are called the frequencies of the conditionally periodic motion.
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e They are called (rationally) independent if, for k € 7", the equation {(k,w) = 0
implies k = 0.

15.5 Exercise (Conditionally Periodic Motion)
How often do the hour hand and the minute hand meet during one day? %

The notion of rational independence has already played a role in the harmonic oscil-
lator, see Definition 6.31. Obviously, the flow on T" (mod 27) is (mod 27)

D (2(0) = o(1) = (210 ... u(0) = (1(0) +wit, . ... £ (0) + wyt) .
(15.1.2)
In Theorem 5 of [Wey], HERMANN WEYL stated as much as the following in 1916:

15.6 Theorem (Weyl)

e For continuous functions f : T" — C, space and time averages of the condition-
ally periodic flow exist.

e [f the frequencies wy are rationally independent, then space and time averages of
(not necessarily continuous) Riemann integrable® functions are equal, i.e.,

ffl=(f) (@eT".

The proof of this theorem will be given at the end of this chapter.

15.7 Remark (Independence)
If n = 1 as in our first Example 15.2, then independence of w is equivalent to w # O.
This condition is satisfied in Example 15.2.

If however n = 2 as in Example (15.3), then independence of w; and w; is equiv-
alent to w, # 0 and w;/w, ¢ Q. This condition is violated in Example 15.3 for
1;(0) = 0, because then w /w; = 2. O

15.8 Corollary (Independence) If the frequencies are independent, then

e every solution t — @(t, @) on T" is equidistributed. This means:
For every Jordan measurable® set U C T", the average time which the solution

stays in U, namely lim7_, 7! fOT 1y (go(t, cpo)) dt equals the Haar measure
of U.
e In particular, every orbit is dense on T".

Proof:
e By Theorem 15.6, the Riemann-integrable characteristic function 1l satisfies

ST . N(U)  N(U)
lim T ]‘/0 ]]U(QD(Z’ 900)) dt = HU(SDO) = (HU) = )\ﬂ(’]rn) = (27r);1 .

T—o0

2A corresponding statement is not true for every Lebesgue-integrable function. In particular, for
n > 2, every orbit O := ®(R, ) C T" is a Lebesgue-measurable subset of measure 0, but
I (p) = 1.

3This means we assume that the Lebesgue measures of the interior of U and of the closure of U
are equal.
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e Otherwise there would exist an e-neighborhood U C T" of a point for which
©(R) NU =, hence (1) > 1}, (¢(0)) = 0. O

15.9 Remark (Unique Ergodicity)

From Theorem 9.14 by Koopman, it follows by an approximation argument that the
conditionally periodic motion for independent frequencies is ergodic with respect
to the Haar measure. From ergodicity alone, one could conclude with Birkhoff’s
ergodic theorem9.32 that the time average equals the space average for \"-almost
all initial values ¢y € T".

Weyl’s theorem is however stronger since it is valid for all initial conditions. This
distinction is important, because exceptional sets of initial conditions would prevent
the Cesaro-means in time, namely 7 > T ! OT Iy ((p(t, <p0)) dt, from converging
to the space average uniformly in .

The underlying strong property of the dynamics to have only one invariant Borel
probability measure is called unigue ergodicity. In particular, such measures are then
ergodic (why?). o

As a converse to Theorem 15.6, rational independence is necessary for the ergodicity
of the conditionally periodic flow:

15.10 Lemma [fthere exists a lattice vector k € Z"\{0} with (k, w) = 0, then there
exists a continuous f : T" — C whose time average f* is not constant.

Proof: Let f(p) := exp(z (k, ¢)). Then the time average f*(y) exists, because

l1m —fo fp+wt)dt hm —fo exp(i (k, o + wt)) dt

+ o exp(i tk, o)) dr = f(p).

So the non-constant function f is equal to its own time average f*. (]

Proof of Theorem 15.6 (Weyl’s Theorem):

e The space average exists by the integrability of f.

e In order to prove the existence of the time average and to show, in the case of
rational independence, that it equals the space average, we begin with simple
functions f:

1. If f is constant, then time and space average are equal to this constant.
If f(p) := exp(i (k, p)) for some k € Z"\{0}, and (k, w) = O, then the time
average exists according to the proof of Lemma 15.10.
If (k, w) # 0, then the time average exists as well, and in this case, it is equal to
the space average:

] T
f () = lim —/ exp(i (k, ¢ +wt)) dt
T—oo T Jo

gi(k,ap)T -1

1
= el (ko)) fim o s =0
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By linearity of the integral, the claim of the theorem follows for the finite linear
combinations, namely the trigonometric polynomials.

2. Now we consider continuous functions f : T" — C. By linearity of the integral,
we may assume f to be real valued with no loss of generality. By the Weierstrass
approximation theorem, there exists, for every € > 0, a trigonometric polynomial
p:T"— Cwith|f —p| < %e. By replacing p with %(p + p), we can ascertain
that p is real valued, too. Then we conclude

17 1 [
limsup?/ f(t)dt—liTmioréf?/ f()dr
0 - 0

T—o0
1 [T 1 [T
= (lim sup—/ F@)de — p*((p)) - <liminf —/ F@)dt — p*(g@))
T—00 I Jo T—oo T Jo
< c + - €
-2 2

Hence the time limit exists. The equality of both averages for independent w € R”
also carries over from trigonometric polynomials to continuous functions.

3. We finally arrive at the bounded Riemann integrable functions f:T" — R. While
we cannot approximate them by continuous functions pointwise, we can do it in
the integral norm.

By definition of the Riemann integral of f, forevery e > 0, there are step functions
g1 < f < go with @m) ™" [, (92 — g1) dg < je.
Moreover, there are continuous functions f; < g; and f, > g, with

QM) [ I fi — gl dop < 1e.

This follows from the corresponding statement for the characteristic functions
g = 1y of arectangular box Q: Just set, for ¢ € T",

fi(p) == min(c dist(p, T" — 0), 1) , faly) := max(1 — c dist(y, Q) 0)

with ¢ > 0. Then f; < g < f>. Now choose c sufficiently large.

For continuous fi, we have shown the existence of the time average f;*. We assume
that the frequency vector w € R" is rationally independent. Thus f* = (fi). But
as fi < f < fa, wehave | (f) — (fx) | < €. Therefore, the time average of f
exists as well, and it equals ( f). (]

Excursion: The Virial Theorem

Space and time averages of particular phase space functions can be calculated in
much more general situations. To this end, we consider first a completely general
smooth Hamilton function H : R*" — R, for which the energy shell

Yp:={xeR™|H(x)=E)
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for some value E of the energy is compact.
For an arbitrary function f € C*®°(R?", R), the time average of

{f.H} € C®(R™R)

on X is then zero, because the flow @ generated by H satisfies {f, H} = % fo
®,|;—0, and therefore the time average for x € Xy can be calculated as

I dr(x) —
(f, HY(x) = lim — / (f. H}od,0)dr = lim 2070 =J@ _ 4
T—oo T Jy T—o0 T
using the boundedness of f|x,.
15.11 Example (Virial Theorem)
We consider the case of a Hamilton function
H(p,q) :=T(p)+ V(g) withkinetic energy T (p) := %||p||2

(and always assume the energy shell X to be compact).
1. For the components of the momentum, f(p, gq) := p;, ¢ = 1, ..., n, one obtains:

The time average of the force —VV (g) acting on the mass point vanishes.
2. The analogous statement for the position components ¢g;, ¢ = 1,...,nis:

The time average of the momentum (which in the present case is just the velocity)
is zero.
In contrast, for relativistic motion with its kinetic energy T'(p) := /1 + | pl3,
only the time average of velocity vanishes, but not the time average of the momen-
tum.

3. Returning to the nonrelativistic case (T (p) = %ll 2%, the Hamilton function for
dilation f(p, q) := (p, q) satisfies

{f.H}p,q) = 2T(p)—{(q.VV(g).

At first sight, the second term lacks an intuitive interpretation. But if we choose
the potential to be a homogenous polynomial of degree k in the g; (with even k),
we obtain (using multi-index notation)

0
Vigr= Y. cq” . @5V @ = > g,

aeNg, |al=k aeNg, |al=k

and thus (g, VV(g)) = k V(q). So the time averages of potential and kinetic
energy (which exist almost everywhere by Birkhoff’s ergodic theorem 9.32) sat-
isfy

kV*(x)=2T"(x),
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or

T (x) = —k+2H(x) , Vix) = —k+2H(x).

One can argue analogously in the case of a homogenous central potential V (g) =

llgll€, in particular for the Kepler motion C = —1. In this case one has 7*(x) =
—H(x) and V*(x) = 2H(x) < 0. (Note that T* and V* depend on all phase
space variables!) O

The virial theorem is of significance in statistical mechanics. Namely, there one
asks the question how the total energy is distributed across the different degrees of
freedom.

15.12 Exercise (Virial Theorem for Space Averages) Let E be a regular value of
the Hamilton function H € C 2(]R;’, X Rg, R). Let Ar denote the Liouville measure
on the energy shell X g, which is assumed to be compact, normalized as a probability
measure: \g(Zg) = 1. We set {g); 1= fZE gdg.

(a) Prove the virial theorem for space averages: For arbitrary phase space functions
fe Cz(R}’7 X RZ,R), one has ({f, H}); =0.

(b) Carry over the Examples 15.11 to their variants for space averages.

(c) In relation to the equation of state for a real gas with N € N particles in the
configuration space Ry = R3*N . we denote their positions as ¢ = (g1, ..., gn).
Let the Hamilton function be

N N
H(p.q) =Y (3IpiI* + U@+ > Wiilg; — q0)
j=1 k=j+1

((p.q) € R” x Rg), with the potentials U;, W; : R" — R.
What does the virial theorem say for f(p, q) := (p, q)?

(d) Let the container in which the particles are confined be the compact closure
G C R3 of a domain with smooth boundary. Let the Hamilton function be more
simply

Hy(p,q) = Y1, (31p; 1P +AUg))  ((p.q) € Ry x RZ, A >0),
with the container potential
U(q) :=dist(g, G)* ,for dist(g, G) =min{llg — Q|| | Q € G}.

Show how we obtain, in the limit A — oo, the equation of state of an ideal gas
PV = % (T') g with the pressure P, the volume V of G, and kinetic energy T .

Hints: Investigate first the differentiability properties of U, in particular near
the boundary 0G. Recall the definition of pressure in physics and use the Stokes
theorem B.39. O
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15.2 Perturbation Theory for One Angle Variable

Before considering Hamiltonian systems, we study the perturbation theory in a case
in which the averaging principle can be applied particularly well. The perturbed
differential equation on the phase space G x S!, with G € R™ open, is assumed to
be

I'=ceg(l, o) , o=wl)+ef, ), (15.2.1)

withw, f € C'(G x S'",R)and g € C'(G x S!, R™). So the averaged system is
J=¢e(g)(J). (15.2.2)

We denote the unique solution of the perturbed system as ¢ +— (15 ®), gog(t)), and
the solution of the averaged system as ¢ — J.(t), both for initial condition 7(0) =
J(0) = Iy, p(0) = g. As the variation

g, ) =g, 9) = (g) ) (15.2.3)

of g does not vanish in general, one might expect that it is only for times ¢ of order
O(% = O(1) that the averaged and the original system differ only by order O(e).
This is however not the case.

15.13 Theorem (Perturbation Theory for One Angle Variable, 1st Order)

1. Assume the frequency function w in (15.2.1) does not take the value zero.
2. Assume that for initial value (Iy, o) € G x S' and a compact subset G, C G,
the initial value problem of the averaged system (15.2.2) has solutions

J-:[0,1/e] > Gy (0 <& <ep).

Then for small ¢, the true and the averaged solution stay closely together for a long
time:
sup [|I.(1) = J.()]| = Oe) (0 <& <e).

0<t<l/e

Proof: We suppress the indices ¢ in the proof.

e The idea of the proof is to introduce new, slowly varying coordinates
I(I,9):=1+¢eK(, ) (15.2.4)

in which the angle dependent perturbation is only of order £2. A perturbation of this
size can then be integrated over a time interval of length 1/¢, and we obtain a maxi-
mal deviation from the unperturbed system in the order ¢. To determine the change
of coordinates, we plug the ansatz (15.2.4) into the differential equation (15.2.1)
and obtain
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T=i+e[DiK (1, 9)i + DaK (1 9)¢)=2 [9(1. ) + DaK (I, QD) +>R(1. )

(15.2.5)
with the remainder term
R(I, ) := DK, )9, ) + DaKU, ) f,p).
e We now choose
1 L !
K, p)=—— qg(1, ) dy ((I, p) €G xS ) (15.2.6)

w(l) Jo

with g from (15.2.3) in order to make the parenthesis in (15.2.5) independent of ¢.
This is possible because of the hypothesis w(l) # 0. Since (g) (/) = 0, itis indeed
true that K is 2m-periodic in .

e Asthe compact set G has a positive distance to the closed set R\ G, there is even
a closed d-neighborhood of G in G. We will again denote this likewise compact
neighborhood by G. Since it is compact, both K € C!'(G; x S', R™) and its
derivative are bounded. Likewise, R € C°(G, x ', R™) is bounded. For (15.2.6),
the parenthesis in (15.2.5) equals (g) ().

e We further conclude that for small £, we can solve (15.2.4) for I, and that
the original action 7 , () and its derivative are again bounded. Its domain
{(f(l, gp),gp) | (I,p) € G x Sl} is contained in G x S! for small ¢ > 0.
We compare the differential equation

I=clg)(D+ERUp) == () (D) + R w) +2 ((9) (1) = (g) (D)

of I with the one for the averaged variable. Letting A/ := [ —Jand using (15.2.4),
the initial value is A7 (0) = I(0) — 1(0) = O(¢), and

d - -
A1 =< (l9) (D) = 9 (D) +RiL.p) +2 (o) (D) = () (D)
=eD(g)(J)- AT +&°R(I, ) +¢ ((g) () —(g) (f)) +
e (9 (D= (9 () =Dig) ())- AI).
As g € CY(G x S',R™), the last term is of order o(¢?) by Taylor’s formula, if

AT = O(g). We make this assumption for the time interval [0, 1/¢] and check the
consistency of this assumption.

e AI satisfies the integral equation

AI(t) = AT(0) + fl [ED (@ (J(9)) - AL(s) + R, g)] ds, (15.2.7)
0

where by hypothesis,
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R(s,e) := ER(I(I1(5), (5)), p(s) +e((g) (1(1(5), p(5)), p(s)) — (g) (I(5)))
+<((9) (1) = (9) (/) =D {9) (/) - AL )

is of the order O(¢?). We estimate AJ by means of (15.2.7), and to this end we use
the Gronwall lemma (Theorem 3.42) with

Ie,
Fo=|IAll , a:== ||A1(0)||+f R(s,e)Hds and G :=¢|D(g)l.
0

If the solution ¢ + I(¢) remains in G; (which is guaranteed for F(t) < ¢), the
Gronwall inequality (3.6.3) takes the form

F(t) < cie exp(cet) (0<t<1/e).
This would be consistent with our assumption Al = O(g).
We can choose the maximum size € of the perturbation so small that

c1g0 exp(cz) < 26 and g9 sup ] IK(I, @) <16,
(1,0)eGy xS

hence || 1(t) — J(t)|| < 9, and thus for 0 < < 1/¢, indeed I (t) € Gy. O

The procedure can be iterated if w, f and g have higher differentiability, and under
favorable hypotheses yields in nth order a control of the solution in the time interval
[0, 1/£"].

15.3 Hamiltonian Perturbation Theory of First Order

“Whether I apply mathematics to a couple of lumps of dirt, which we call planets,
or to purely arithmetical problems, it’s the same, only the latter have a yet higher
attraction to me.” (Carl Friedrich Gauss)*

We consider a Hamiltonian system with Hamilton function
H.(1,¢) = Hy(I) + cHi(I, ) (153.1)

on the phase space G x T", where G C R” is open and bounded, with the perturbation
parameter |e| < €p. So the differential equations are

I =—eDyH((I,9) ., ¢=uw()+eDH )

4Quoted after W. Sartorius v. Waltershausen: Gauss zum Gedichtniss. 1856, Reprint 1965, page
101/102, (and translated from this source).
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with the frequency vector
w:=DHy: G — R". (15.3.2)

The averaged system is trivial: / = 0. For n = 1 degree of freedom, we can apply
Theorem 15.13 from the last section, provided the rotation frequency does not vanish.
We then obtain the conclusion

I(t)=10)+0E) (0<t<1/e).
For n > 1 degrees of freedom, we are looking for a canonical transformation
T.: (I, ) —> (I, p)

that eliminates the angle dependence of the differential equation up to a term of order
&2, To this end, we use the method of a generating function and make the ansatz

[=T+4+eDySU,p) , ¢=¢+eDiSU, ). (15.3.3)

Plugging this into the Hamiltonian and using K. o 7. = H. yields formally

K.(I,$) = H. (i+ eDS(1, (I, p)) . ¢ —eDiS(I, o, @)) (15.3.4)

= Ho(l) + £ [ (DHy(D). D25(7. @) + Hi (1. &) | + O2).
Thus S would have to be chosen in such a way that
(WD), D28, @)+ Hi (I, &)

becomes a function of [ only, not of the angles. To this end, one uses the Fourier
transform and thus writes (initially only in the sense of formal series)

Hi(I, @)=Y he(Dexp(i (L, #) , SU, @)=Y Se(D)exp(i(t, ).
Lezr Lezn (1535)

Since (DQS(f, D), w(i)) =1) pepm Se(I) (£, w(D)) exp(z (¢, ©)),one obtains as con-
ditions the equations

iSe(D) (6, w(D)) +he(D) =0 (€€ Z"\{0}). (15.3.6)

In general, these equations cannot be solved, because

e for n > 1 degrees of freedom, we can always, by an arbitrarily small change of
the frequency vector w € R”, make the scalar product (¢, w) vanish for some
appropriate £ € Z"\{0}; and
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e if the mapping Dw : G — Mat(n, R) has maximum rank n, we can achieve such
a change of w by a variation of 1.

However, if we assume that for a fixed [ € G, the components of the frequency
vector w(l) € R" are rationally independent, i.e.,

(€, w(D) #0 (€€ Z"\{0}),

then we can at least solve the equations (15.3.6) at the point I=1 by choosing the
Fourier coefficients (independent of 1) as
A D)
Se(l) = —i———— (

€eZ"\(0}) and So(I):=0. (15.3.7)
(€, w(l))

However, there appears the problem of small denominators in (15.3.7). While the
Fourier coefficients Sy are defined, it is not clear whether the Fourier series (15.3.5)
of S converges.

In view of this problem, we will strengthen the condition of independence and
require that w(l) € R" is diophantine, i.e., for appropriate v > 0 and 7 > 0, we
require w to lie in the set

Q= {® e R" | V€ € Z"\{0} : |(¢, D)| = v1eI77}. (15.3.8)

We postpone the discussion whether any vector & € R atall satisfies such a condition
(see Lemma 15.18).

Moreover we require, in order to improve the odds of convergence for (15.3.5),
that the Fourier coefficients h, decay rapidly. This is the case if H; has sufficient
differentiability:

15.14 Lemma (Differentiability and Fourier Coefficients)
For a function g € C*(T", R) on the torus T", with the Fourier representation

9(@) = 2 vz 9o exp(i (L, ©))
the Fourier coefficients g, € C are of the order
lgel = O(l€17%).. (15.3.9)
Proof: For a multi-index o € N of length |a| = Z_’;:I aj < k, we have
Dg(p) =i Y, g0 L% exp(i (€, ©)) . (15.3.10)
This is proved by integration by parts. Now let £ € Z"\{0} and ¢; a component of £

with maximum absolute value, so in particular [£;| > [£|/n. By an inverse Fourier
transform of the kth derivative with respect to ¢ ;, namely
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dy
(27r)n

e )

=@ / exp(—i (€. ) I g(¥)
DF I

we prove (15.3.9), because max; sup,, |(’9,§,l,g(cp)| < 00. [

These types of statements are called Paley-Wiener estimates. Conversely, how does
the order of differentiability of a function depend on decay properties of its Fourier
coefficients?

15.15 Lemma (Differentiability of Fourier Series) Ifc : Z" — C is of the order
c(l) = O(L™%) for some real number k > n +r, r € Ny, then the function f
defined by

fp) = Z c() exp(i(l, ) (peT (15.3.11)

LeZr
isin C"(T", C).

Proof: By (15.3.10), it suffices to prove the claim for r = 0, i.e., to prove the
continuity of f. Thus there exists C > 0 with |c(£)| < C|¢|7%. The series (15.3.11)
converges uniformly because

Y le@l < lc@+C > et < oo, (15.3.12)

tezr £e7m\{0}

The sum can be controlled by comparison with the integral f R lx||*dx =
cn f;° r"~17kdr for the domain of integration R := {x € R" | ||x|| > 1}. For
€ > 0, let N be chosen in such a way that

Yo le@] =e/3, (15.3.13)

LeZn, |t|>N

and let fy be the partial sum

@ = Y c@exp(it, ).

LeZn, |t|<N

Then its continuity carries over to f by means of an ¢ /3-argument: For all ¢, 1) € T",

A

£ @) — L] < 1£@) — Fv(@] + 1fu(@)] — fu @]+ | fn @) — f)]
§ F v (@] — fy @)+ g

IA

On the other hand, if [ — 9| < & 1= 555; with M := 3,7 (o). 101 €', then
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lfn(p) — fn(h)] = Z c(€) (exp(i (£, ¢)) — exp(i (¢, ¥)) )

LeZn, |e|<N

<C ) Tl —expli(e, ¢ — )

€eZ\(0), |E|<N

_ 13
sC > WfRev-el<c Y e s,
LeZM\{0}, |¢|<N LeZM\{0}, [¢|<N
hence’ | f () — f ()] <. O

15.16 Corollary For® H, € CH(G x T",R) withk > n+ 7, 7 ¢ N and an

action I € G withw(I) satisfying the diophantine condition (15.3.8), the generating
function S with Fourier coefficients (15.3.7) satisfies’

Secy (G x T R).
Moreover, there exists a C > 0 such that

sup{10°S| | [ € G, w(l) € Q,;} < € (lal<sk=n—n). (15.3.14)
Proof: Applying Lemma 15.14 to H, leads to the Fourier coefficients (15.3.7) sat-
isfying

1Sl = | h| < Q4= (e e zm\(o)), (15.3.15)

Thus by Lemma 15.15, it follows that S € Clb(*m*" (G x T, (C). S is real valued
because the Fourier coefficients in (15.3.7) have the symmetry S; = S_;.

The constants in (15.3.15) carry over to (15.3.14), due to the linearity of the
Fourier transform and the derivative. ([l

15.17 Remark (Cohomological Equation)

After having done the analytical work, we should reassess it from a conceptual point
of view. We considered just one action, I € G, for which & := w(i ) € R* (with w
defined in (15.3.2)) is diophantine (& € €2, ;). Accordingly, the generating function
S :G x T" — C did not depend on I € G. We thus interpret it just as a function
S : T" — C. This function is given in terms of its Fourier coefficients (15.3.7),
which in turn depend on the perturbation Hl(f ,+) : T" — C. Again, we omit the
dependence on the action and write H, : T" — C. Then S satisfies the cohomological
equation

SBut one also notes that differentiability for k < n 4 1 does not carry over from fy to f, because
then M diverges as N — oo.

6C§ (U, R) denotes the vector space of those k times continuously differentiable functions on U C
R™ whose partial derivatives up to this order are bounded. Here we are using angle coordinates on
the torus T".

7With the ceiling function [-] : R — Z, x +— min{z € Z | z > x}, see page 52.
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|LoS = Hi— (Hy).|

Here @ is considered as a constant vector field on the torus T”, and L is the Lie
derivative (or directional derivative). The validity of the cohomological equation can
be checked as follows, using (15.3.7):

—ih
LS(p) =MZ ( Ef[f) Lo exp(i (€, ) =) heexp(i (€, ) = Hi(p) — (Hy).
eL\{0} LeL\{0}

Solving the cohomological equation for S amounts to inverting the linear operator
L. As L, is a derivation, its inverse should be a kind of integral operator.

Indeed, for n = 1 and @ € R\{0} (and assuming S(0) := 0, since ker(L;) consists
of the constant functions),

o
(Le) ™ (Hy — (Hi))(p) = 4)71/0 (H\() — (Hi))dyp (9 eR)

is a 2m-periodic function. However, for n > 1, we have seen that solvability crucially
depends on the number-theoretical properties of & € R”".
We will meet the cohomological equation again in the context of KAM theory. ¢

The diophantine condition (15.3.8) is satisfied for Lebesgue-almost all w € R",
provided 7 > n — 1 (but with a constant - that depends on w):

Figure 15.3.1 The diophantine set B, ; defined in (15.3.16), in white

15.18 Lemma For 7 > n — 1, the Lebesgue measure of the diophantine set
B,;,=Q,;NB (15.3.16)

in the ball B := {w € R" | ||w| < 1} is large for small values of ~: There exists

a(T) < oo such that
N'(B,..) = (1 =7 a(n) N'(B).
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Proof: For the neighborhoods G, := {w € B | |(£,®)| < ~|€|""} of rational
hypersurfaces, one has B, ; = B\ ZEEZ,,\{O} G (see figures. 15.3.1 and below), so
that

N'(Byr) = A(B) = ) N'(GO).
£ezn\(0)

Gy

Now N'(Gy) < 2v,_1v|€|7"~!, where v; denotes the vol-

ume of the k-dimensional ball of radius 1 (see the figure).

This implies (with an estimate for the sum as in the proof

of (15.3.12)) that

UV —
Y NGy =vya(r) for a(n)=2—"— Y (|7 <c0. O
(eZm\{0} T pezn\(0})

15.19 Remark (Diophantine Set as a Cantor Set)
Q, - is the union of closed rays {s @ | © € Q, ,, s > 1}.
This suggests to consider (and doing so is useful for the perturbation theory at constant
energy, see Example 15.35) intersections of the form €., - N S;’;l with spheres of
radius R > 0.

These intersections are compact and totally disconnected. They are the union of
a topological Cantor set (see page 489) and a countable set (where either constituent
might be omitted). This follows from the theorem by Cantor and Bendixson, accord-
ing to which a closed uncountable set can be decomposed into a countable set and a
perfect set.® See BROER and SEVRYUK [BrSe], Chapter 4.1.2.

So we see here that the Lebesgue measure of a topological Cantor set in R?
does not have to be zero (which was however the case for the Cantor-1/3 set from
Example 2.5). O

Let us gather our partial results so far:
15.20 Theorem (Hamiltonian Perturbation Theory of First Order)
IfHy, H, € C§"+3(GXT”, R)in(15.3.1), and if the frequenciesw = DHy : G — R"

vary independently, i.e.,
Iing |det(Dw)(1)| > O, (15.3.17)
€

then there exist subsets G, C G of asymptotically full measure, i.e., satisfying
lim~\ o0 A" (G+) = N'(G), for which the averaging principle applies in the following
sense:

sup  sup |[I.(t, x0) — I.(0, xo)|| = O,(e) (0 <& <¢p).

x0€G,xT" 0<t<l/e

Proof: As a consequence of (15.3.17), w : G — R”" is a local diffeomorphism.

8 A perfect set is a set that is equal to the set of its cluster points.
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e For 7 :=n — 1/2, the set
G, = {I € G | dist(l,R"\G) > v, w(l) € Q%T}

of the nonresonant actions away from the boundary has full measure in the limit
v \¢ 0. This follows from Lemma 15.18 by means of (15.3.17).

e Nowlet] € G ,. We consider the solutions for the initial conditions x( € {f }x T,
Under the given hypotheses, the generating function S satisfies S € C3(G xT", R)
by Corollary 15.16, hence the estimate (15.3.4) holds with the constant term eh (f )
(proportional to € !) in an e-neighborhood of [. This means that by introducing
the new coordinates (f , ) (see (15.3.3)) the Hamilton function will be integrable
up to error terms R; of the order £2:

K.(I,$) = Ho(I) + eh1(I) + R\(I, §) + Ro(I, §)
with
R, ¢) = (Ho(f +eDyS(T, 3)) — Ho(I) — eDHy(I) - D,S(1, ¢))

e (Hi(T+2D28(, 3), ) = Hi(1.9)) = 0, (22).

and the same estimate holds for the vector field Xg,. The analogous statement
applies to

Ry, @) :=¢ (w(i) D28(7, 3) — w(HDsS(, @) te (H1 (I.¢) - H(1, gZ?)) .

e Integrating the Hamiltonian differential equations of K. by means of the Gronwall
inequality (Theorem3.42), as in the proof of Theorem 15.13, yields the result,
provided the trajectories t > I.(t, xo) with initial values xy € G, x T" remain in
G during the time interval ¢ € [0, 1/¢]. This can be achieved by making ¢ smaller
if necessary. (]

15.21 Remark (Application to the Orbit of the Earth)

The masses of the giant planets Jupiter and Saturn are in the ballpark of € := 1/1000
of the solar mass. So under their perturbations, the semiaxes of the orbit of the earth
could change significantly after some 1/ = 1000 years.

If the hypotheses of Theorem 15.20 were to apply, we would at least predict that
such changes after 1000 years will still be of order O(e), so they should, roughly
speaking, be noticeable only after a million years.

Now the theorem is not directly applicable, because det(Dw) = 0 (in the Kepler
problem, orbits of negative energy are always periodic). But there are variants of the
theorem that do apply for the problem of celestial mechanics (in FE10Z [Fejl], the
more extensive question about the applicability of KAM theory, namely permanent
stability, is solved).
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Indeed, the eccentricity of the orbit of the earth changes under the influence of
Jupiter and Saturn in a superposition of periods of about 413 000 and 100000 years
respectively, called the Milankovi¢ cycles. In a way that is not yet well understood,
these cycles are believed to influence the succession of the ice ages.

An early discussion of the stability of the solar system can be found in [Mos1] by
MOSER. Numerically this question was studied in high precision by LASKAR, who
also included the theory of relativity, the quadrupole moment of the sun, etc., see
[Las1]. It was shown that on a time scale of some 10° years, collisions among the
planets Mercury, Venus, Earth, and Mars can be possible (see [Las2]). O

15.22 Exercise (Relativistic Advance of the Perihelion)
Show for the perturbed Kepler problem with the Hamiltonian

3

~ V4
H.:P—>R , H(p.q) =LlplF—— —

(15.3.18)
gl lgl®

on the phase space P = T*(Rz\{O}), that the argument of the Runge-Lenz
vector A : P — R2,

q

Ap.q)=Lp,q) () —Z”q—||

from Exercise 11.22 fora value E <
0 of the energy Hj changes by

€ 6?—42 +0EH  (153.19)
within a period of the Kepler ellipse,
whereas ||A|| (and thus the eccen-
tricity e) remains constant up to
order O(e?). Here £ # 0 denotes
the value of the angular momentum.

O

15.23 Remark (Advance of the Perihelion of Mercury)

As perturbations by general relativistic effects appear in the form of a potential
%, the perturbation parameter ¢ in (15.3.18) is € = zc_gﬂ According to (15.3.19)
this implies an advance of the perihelion by the approximate angle

YA 6nZ s

— =3 ,
22 T a(l—e) Tad—e)

where r; = 2Z/c? denotes the Schwarzschild radius of the central mass.
For the sun, r; &~ 2.95km. The major semiaxis a of Mercury measures about
57900000 km, and its eccentricity is e & 0.206. Thus this effect causes an advance
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of the perihelion by 27 after about 12 500 000 orbit periods. This effect is less than
one percent of the advance in perihelion caused by the other planets. Nevertheless,
in 1859, Le Verrier observed this effect, which could not be explained by known
causes.

In 1845, Le Verrier had succeeded to calculate the orbit of the planet Neptune
from observations of perturbative effects on the planet Uranus, which then led to the
discovery of Neptune.

Explaining the advance of Mercury’s perihelion by a hypothetical planet, called
Vulcan by Le Verrier, turned out not to be successful. Rather, this effect became a
major confirmation for Einstein’s theory of general relativity. O

15.24 Literature A reference on the theory of averaging is [SV] by SANDERS and
VERHULST. A nice collection on a variety of aspects of Hamiltonian dynamics is
offered in [MM] by MACKAY and MEISS. O

15.4 KAM Theory

“On sera frappé de la complexité de cette figure, que je ne cherche méme pas a
tracer. Rien n’est plus propre a nous donner une idée de la complication du
probléme des trois corps et en général de tous les problemes de Dynamique o il
n’y a pas d’intégrale uniforme et ou les séries de Bohlin sont divergentes.”
HENRI POINCARE’

In the proof of Theorem 15.20 about the first order perturbation theory, we were able
to introduce new coordinates w = w([/) for diophantine frequency vectors such that
in these new coordinates, the perturbation terms are of order ¢? instead of €.

The question arises whether this transformation can be applied iteratively such as
to eliminate the perturbation completely in appropriate coordinates. This would then
show the existence of a flow-invariant torus on which the motion is conditionally
periodic with frequency w.

This is the goal of the theory by Kolmogorov, Arnold and Moser established about
1960, briefly called KAM theory.

It is related to the classical Newton method for finding zeros of real functions, see
Appendix D.

15.25 Remark (Banach’s Fixed Point Theorem and Newton Method)
Banach’s fixed point method has a speed of convergence that is exponential in the
number m of iterations; this means an error bound of O(6™) (see TheoremD.3).

9Translation: “One will be amazed about the complexity of this picture, which I will not even
attempt to draw. There is nothing more adequate to give us an idea of the intricacy of the three body
problem, and generally all those problems of dynamics in which there are no integrals of motion
and where the [perturbation] series by Bohlin diverge.”

After: Henri Poincaré: New Methods of Celestial Mechanics, Daniel L. Goroff, Ed., American
Institute of Physics. Chapter XXXIII, Paragraph 397

Presumably, Poincaré had something like Figure 15.4.3 on page 428 in mind.
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The Newton method converges far more rapidly, with an error of order #?"
(quadratic convergence). However, stronger hypotheses on f are required, namely
in particular it has to be differentiable twice.

The following proof of the KAM theorem (Theorem 15.26 on page 415) is due to
J. F&0z [Fej2] and uses a fixed point iteration. However, formally, the convergence
is a quadratic one, similar to the Newton method.

As shown by Féjoz in [Fej2], one can alternatively use a variation of the Newton
method for proving the KAM theorem. O

Every proof of this fundamental theorem is complicated, the present one is no
exception. After all, KAM theory is “one of the big mathematical achievements” of
the 20th century, as commented by Winfried Scharlau in 1992 on the occasion of the
award of the Cantor medal to Jiirgen Moser.

However, the proof method by Féjoz appears to be comparably transparent.

Afterwards, we will present another result, Theorem 15.33 on page 426. This
result shows that it is possible to perform a transformation onto all diophantine tori
simultaneously. The proof can be found in the article [Poe] by J. POSCHEL.

15.4.1 * A Proof of the KAM Theorem

The following proof is based on the one by J. FEJOZ in [Fej2].
1. The Phase Spaces:

e Thereal phase space P isoftheform P := R" xT", with the torus T" = (R/27Z)".
It carries action-angle coordinates (/, (). The iteration scheme is designed in such
a way that in the end, the invariant torus will have action coordinates / = 0, i.e.,
is the zero section Py := {0} x T" C P. (Instead of / = 0, any other value of the
actions could be chosen.)

e The complexified phase space Pc D P is of the form P¢ := C" x Tg, with the
complexified torus T¢. := (C/27Z)".

e During the iteration, shrinking neighborhoods of the zero section Py C Pc will
be used. For

T} :={p € T¢ | maxj<k<, Im(pp)| < s} (s > 0),
these neighborhoods are of the form Py := {(I, ) € Pc | |, )| < s} with

(1, )| := max; <<, max (| L], [Im(pp)]) - (15.4.1)
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2. The Hamilton Functions:

For appropriate subsets U, V of vector spaces C¥, we define
AU, V) :={ge CWU,V)| gisreal — analytic in lol} , AWU) = AU, C).

Real-analytic means that g is analytic and its restriction to U N R¥ is real-valued.

e The Hamilton functions occurring during the iteration will be elements of the
R-vector spaces'”
H, == A(Py) (s >0).

As Py is compact, A(P;) with the norm |H |, := sup( ep, |H (1, )| is a Banach
space.
e The inductive limit of these Banach spaces is

H = ll_I)l'lHy = (UA‘>0HS) /~ ’

with the identification ~ of H; € H,, and H, € H,,, whenever H[p = H[p,
for s := minf{s;, so}. Here the restriction is an injective linear mapping since the
functions under consideration are analytic. In this sense, one has ‘H, C H, and
|H|; > |H|, fors <tand H € H,.

e In general, the Hamiltonian vector fields of these functions are not tangential to
the torus Py. For the affine subspaces

Ky :=1{H € H, | DH|p, = (w, 0)} (15.4.2)

indexed by the frequency vectors w € R”, however, H generates the conditionally
periodic flow (15.1.2) on Py.

Since the only requirement in (15.4.2) is for H to be ¢-independent in leading
order of I, we have not forfeited the opportunity to transform the (generally non-
integrable) Hamilton function H € H; canonically into a function from the space

K o
3. The Canonical Transformations:

In first order Hamiltonian perturbation theory (Theorem 15.20), small perturbation
of an integrable (i.e., only dependent on the actions /) Hamiltonian H, were being
considered. It was assumed already then that the frequency vector w = DHj was
non-degenerate, i.e., that the matrix Dw = D? H, was regular.

KAM theory consists of the controlled infinite iteration of this theorem. In doing
so, while preserving the diophantine condition in every step, this nondegeneracy is
of paramount importance, because it permits to adjust the frequency vector by a
(symplectic) shift of the action variable.

10As the complexified phase space Pc consists of equivalence classes modulo the lattice (27Z)",
we can view H as a function on C" x C", (2nZ)"-periodic in the second factor.
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Roughly speaking, the proof strategy is the following: For nondegenerate K €
ICs.., that are integrable on the zero section, and for neighboring H € H, iterate the

mapping
(K, H—K) —> (K+0K, Hoexp(—Z) — (K +0K)) (15.4.3)

to find its fixed point (K, 0). Here, § K and Z are the solution of the cohomological
equation
L;K+0K=H—-K. (15.4.4)

This will not only show that A has an invariant torus of frequency w, but will also
construct it by the application of symplectomorphisms to P.
exp(—2Z) is the composition ®; o &, o @3 of three symplectic mappings:

e The cotangent lift ®; := T*g of a diffeomorphism g : T" — T” (see page 231)
will change the angle coordinates on the torus Py. In order to achieve uniqueness
of Z when solving (15.4.4), we demand that g arises from a vector field whose
average over the torus vanishes.

e The Hamiltonian fiber translation (see Definition 10.36) @, := trans,y;

e The symplectic fiber translation ®; := trans, by a constant translation vector
v € t* (with t* = R” being the dual Lie algebra of T", see page 559). For v # 0,
this fiber translation is not Hamiltonian (Figure 15.4.1).

In the illustrations, the effects of these mappings in the case of n = 1 degree of
freedom is depicted.
The goal is to prove the following theorem about the single diophantine tori.

0 n 27 0 n 2 0 b 27 0 T 2n
= ——— 1 1 1
S b | 1 1 L
I — 2 2 2
1_\/_0 1 0 1 0 1 0
L~ 1 | 1 _1
\/’ 2 2 2 2
-1 N Ea B | ES =1 -1
[ [ [ ¥

Figure 15.4.1 (1) phase portrait for a Hamilton function of one degree of freedom. The 1-torus
with frequency +/2 is highlighted. (2) After a constant translation of the actions. (3) After a fiber
translation. (4) After the cotangent lift.—In parts (3) and (4), we marked equidistant points with
respect to time on the torus. In (4), they also have exactly the same distance in angles

15.26 Theorem (KAM) Letw € Q. - (i.e., diophantine, see (15.3.8)).

e Let the Hamilton function Hy be integrable for the frequency vector w (i.e., Hy €
K., see (15.4.2))

e and have a nondegenerate averaged variation of the frequency, i.e., the matrix
S D3 Hy(0, ) dp € Mat(n, R) is regular:
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Then all Hamilton functions H € H, in a small neighborhood of Hy also have an
invariant torus of frequency w.

4. The Convergence Conditions:

For t > 0, we denote by A(T}) the R-vector space of real analytic functions F :
T? — C. Together with the supremum norm |- |,, the space A(T?) is a Banach space.
For H € A(T7}) with average (H) = 0, we are looking for a solution S of

LoS=H , (S)=0, (15.4.5)

(called the cohomological equation, see Remark 15.17), which involves the Lie
derivative with respect to the constant vector field!! w € t = R”. The average
(S) of S is not determined by the equation L, S = H. In Corollary 15.16, the coho-
mological equation was solved for functions of finite order of differentiability rather
than analytic functions.

The Cauchy formula f(z) = (2mi)~! 356 L(—'_”j dw for the value of an analytic
function in the interior of a closed curve C in C implies the formula

A fw)
F@= 2m'7€ w—z2 ¥

for its derivative. This in turn permits the estimate

s <07 flewo (f € ATL,)). (15.4.6)

15.27 Lemma (Scalar Cohomological Equation)
If the frequency vector is diophantine with w € Q. ; and if H € A(Ty,, ) has

Ay

average (H) = 0, then (15.4.5) has in A(T}) a unique solution S, and this solution
satisfies the norm estimates

|S|a =< %UﬁT?n|H|s+a (U € (0, 00])

for a constant C = C(n, 1) > 1.

Proof:

e As in the proof of Corollary 15.16, we use the representations

H = ZEGZ” He ey S = ZZEZ” Sg €y, (1547)

with the characters e, (y) := exp(t (¢, ¢)) and the Fourier coefficients Hy, S, € C.
This representation is applied to H on the domain T, . From LS =1, ;. S
(€, w) e and (S) = Sy, one obtains the solution

¢ denotes the Lie algebra of the Lie group T".
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H,
(€, w)

Sy = —i (¢ € Z"\{0}) and S;:=0. (15.4.8)

e Since H and ¢, are analytic, the averages (H e;), defined by
(Fy = (2w)—"/ F()dy (0 € R", max|6| <5+ 0)
T"+16

do not depend on the choice of the vector ¢¢ by which the real torus T" C T}, ,

is shifted. With the optimal choice 6; := —sign({;) (s + o) (k = 1,...,n), one
obtains a Paley-Wiener estimate (analogous to Lemma 15.14) with a decay of the
Fourier coefficients

|Hel = | (He_¢)g| <exp(—(s+o)ll) |H|s, (£L€Z).

e Withw € Q, ;, hence [(£, w)| > v[€|7, it therefore follows from (15.4.8) that

T

V4
1S < '7' exp(—(s + 0)|e]) [Hlyro (€ € Z'\{0)).

With this, we estimate (analogous to Lemma 15.15) the supremum norm |S|; in
Ty C Ty_,. Because of |[{¢ € Z" | |£] = k}| < 2"|[{{ € Ny | [£] = k}| =
2”(k+” " < (k+n—1)""", we get

n—1

o
= -t

H S+0
sl = S Isdexp(slel) = 222 S o exp(—olel)

tezr v £eZm\{0}
2" Hls4o —1 -
= 'y(‘n—llJr)! ZkeN (k+n— l)n k" e ok
2'Hlio 1ok
< Hee v ket n— )T e
QN poont N 1
< Mo —o Z (m— 1) teom
! m=n+1
2N goon oo
< |H|s+a—/ X" leTo dx
v (n—1)!

The integral has the value 0 ™"~"I"(n + 7). So we choose

n,oon
C .= r . |
et
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5. The Symplectic Vector Fields:

The above-mentioned symplectomorphisms are represented as solutions of (locally)
Hamiltonian differential equations.

This is why we define R-vector spaces parametrized by s > 0, whose elements will
in turn define the symplectic vector fields.

e The space of real-analytic vector fields whose average over the torus vanishes:
X, = {X e AT}, C") | [r.Xdp=0}.
X acts on the phase space C" x T by the Hamiltonian vector fields
I, o) — (—DX¢I, X(ap)) .
e The space of closed real-analytic 1-forms on the torus:
Yy i={Y e AT}, C") | dY = 0}.

Y, acts on C" x T" by the symplectic vector fields (1, ¢) — (Y (¢), 0).

e The direct sum Z; := X @ ) of these spaces, with its infinitesimally symplectic
action on C" x T”: The mapping Z = (X,Y) € Z, C A(T", C*") that we are
looking for acts as a vector field on the phase space C" x T’ in the form

Z:C"xT, - c* o, o, ©) > (Y(cp) —DX.,I, X(go)). (15.4.9)
X;, Vs and Z; are closed subspaces of A(T?, C™) with the norm
IVIls :=max{|Vil|s | k=1,...,m},

and as such, they are Banach spaces.

15.28 Lemma (Exponential Map) For all Z = (X,Y) € 2, with norm
1Z]ls+0 < %(ﬁ)z, the symplectic transformation exp(Z) is real-analytic on P;
and translates this phase space domain by no more than'?

lexp(Z) — lp,ls < L) Z]ls4o - (15.4.10)

I

Proof:

e The Picard operator for the initial value problem x = Z(x), x(0) = x¢ with
x = (I, ) € Py, i.e., in the complex compact phase space, is

A F(6) — A(l, x P,,C™) A¢(r,x)=x+/ Z((f,x))di (15.4.11)
0

12With the notation 7 > exp(tZ) for the flow of the vector field Z.
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for 0 < § < 0. Hereby,
F(0):={¢ € A(I, x P, C*)||9(t, ) —Idp. ||y < d forall t € I}, where I is
the complexified time interval I, := {r € C | [R(r)| < 1, [Im()| < s}.

e Having specified these domains and ranges, Z and 1) (f, -) can be composed. The

line integral is well-defined, because the integrand is analytic.

e On P, the fiberwise affine vector field Z is bounded by

2
thﬂwMU@%D&LX@NHL@G&AS;%MMW

because 0 — < 1. Choosing now 4 := %a, one obtains

6n o
1Z]ls426 = — 1 Zlls40 < 5= (15.4.12)
o 8n

Thus, for (¢, x) € I; x Py, one has the estimate ||Ay (¢, x) — x|| < ||Z]ls225 < 9,
hence Ay € F(d). Therefore A can be iterated.
e The Lipschitz constant ||DZ||,.s of the Picard operator is obtained from

At — Avoll < sup | 21 G..0)) ~Z(wn(@. 0)] o |

= sup o JyPZ(uE ) - (01 0) = wo(F ) dudi |

IDZ||s+511%1 — ol

IA

where we have written v, := ut); + (1 — u)1)y (as in the proof of Lemma3.14).
e For our choice of 4, the Lipschitz constant is dominated by a Cauchy estimate of
the norm of the row sums by (15.4.6):
IDZ 5 < 2|Zlls25 < 3 < 1.
e As a contraction on the complete metric space F(§), the mapping A has a fixed
point W by Banach’s fixed point theorem, and W (z, -) = exp(tZ) (¢ € [0, 1]).
e Inequality (15.4.12) then also shows (15.4.10). U

Notation: In order to avoid confusion with the scalar product, we will now change
the notation for the average (f) of f over T" into f, and we will accordingly write

f=f+7 O

Now we will address the condition of regular variation of the frequencies in the
KAM theorem 15.26, namely

DiHylp = 2m)" / D?Hy(0, ) dp € GL(n,R).
Tn
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On a small ball
B = B w(Ho, €0) :={K € Ky | |[K — Hol: < &0} (15.4.13)

around Hy, the variation of the frequencies of K is not degenerate either. We set (in
terms of the row sum norm || - ||5)

Kmax =1+ Inax{”(lxmx | K e Bt,w(H())} s
Ck = Kuna (1 + max{[DIK [ | K € Bu(Hp)}).  (154.14)

Just like Ck, in the following lemma, one will also find some constant C x that
depends only on the choice of the ball 5; .

The action on H; by the space Z;, which parametrizes locally Hamiltonian vector
fields, is, at Hy, transversal to the integrable subspace K,

15.29 Lemma (Solution of the Cohomological Equation)
The cohomological equation Lz K + 6K = 0H for (K, H) € Bsio.w X Hyyo has
a unique solution (0K, Z) € Ko x 2, with the norm

max(|0K Iy, 1Zll;) < Cx o270 |6H]gy, . (15.4.15)

Proof:

e The Taylor expansions of K € K, . and of the variation 0K € K, of K in
the actions / are

K(p)= KO + (. 1) + (I, K2 1)+ KV, ¢),
SK(I, @) = 6K© + 0K, ),

with (a, b) = Y }_, axby for a,b € C", and K@ (p) € Sym(n, C); one also has
K®U, o) =O(1]*) and 6K (I, o) = O(||1]|*). Therefore

DK (1, ¢) = (w+2K@(p) 1, 0) + O(I1]%). (15.4.16)

e With (15.4.9) and (15.4.16), the first term Lz K = DK (Z) of the cohomological
equation has the Taylor expansion

Lz K(I,¢) = (v +2K2 () 1Y () = DX, 1)+ O(I1]*) -
e In contrast, the leading term of the § H expansion may already depend on ¢:
SH(I, ) =6H" (p) + (§HV (), I) + 6HP (I, ¢)

with SH (1, ©) = O(|1]?).
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e Comparing coefficients in the /-expanded cohomological equation yields:
(W, Y(@) + K0 =6H(p) . 2KP(p)Y(p) —DX] w=3H"(p),

and 6K P (1, @) = SHP (I, o) + (2K P () I, DX 1) — DK®(Z)(I, ¢).
e This linear system of equations has the unique solution

Y:=DL]'(GH") , ¥ :=1(&?)'6HE" —2k®7¥),  (154.17)

X :=L;'2Kk?y —6HY) |, 6K :=6H" - (w,7) (15.4.18)

and, using these quantities, the K ® already mentioned above.

e Inorder to control the norms of these quantities, they will be estimated in a sequence
of shrinking domains, in their order of occurrence. Withw € €2, ; and the constant
C > 1 from Lemma 15.27, one has therefore

¥ llyp20 < $@/3)7 " 6Hl e (0 € (0, 00).
Plugging this into formula (15.4.17) for Y, one gets (with Cx > 1 from (15.4.14)):
Ylys2o = Cx(1+5@/3)7 " ) I0H s (0 € (0, 00).

Therefore,

1Y llie20 < 1Y llss20 + 1Y sz, < 2Ck (14 $(0/3) 77" ) I0H |s1g . (15.4.19)

Next we estimate the vector field X from (15.4.18) componentwise, by means of
Lemma 15.27, and with K, from (15.4.14), (15.4.19) and o < 1, we obtain:

1Xll10 < 25(0/3) 7" (Knax Y llg420 + 10H I+
<25 (0/3) 777" 2Ck Knax (1 + $(0/3) 77" 71) + 1) 10H I+

< 8[CK(1 + %(0/3)‘7_”_'/2)]2|6H|5+0. (15.4.20)

Altogether, (15.4.19) and (15.4.20) prove the part of inequality (15.4.15) that con-
cerns || Z|ls < l1Z|ls+0/3. Next we deal with the part for [|0K |[|,:
e The constant function § K © from (15.4.18) is bounded by

DK@l < 16H s+ [wlY Il < [1421wlCr (1 + S0/3)7 ") |1H 1o

Finally, on the compact phase space domain P, we can estimate
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10K P|; < [6HP |5 + |K|, IDX|s + IDK I, 1Z],
< I0H|s + 21K XNy 10 + 21K 4ol ZIs . (15.4.21)

Next to the estimate (15.4.20) for X, we also plug the inequality || Z||, < on)z ls+0/35

A — o

which is the analog of (15.4.12), into (15.4.21). O

Next we estimate how much the Hamiltonian K + d H still differs from integrability
after it has been transformed by the symplectomorphism exp(—Z).

15.30 Lemma (Quadratic Convergence)

The solutions (0K, Z) € Ky.0 X Z; of the cohomological equation Ly K +6K = 0H
for (K,0H) € Byyg.o X Hyio With |0H |s4e < go7, 7 :=2(T 4+ n + 2) satisfy the
following for an appropriate g:

exp(Z) is real-analytic on Py , | exp(Z) —Idp.|s < 0. (15.4.22)
The error in the iteration is then

|(K + 0H) oexp(—Z) — (K +6K)|; < ¢ (™) |6HIZ,, . (15.4.23)

Proof:

e Lemmas 15.28 and 15.29 show the correctness of (15.4.22). Indeed, with the given
bound for |0 H |-, Lemma 15.29 asserts that

max (0K 54072+ 1Zlls402) < Cx (0/2)727 ) §H |y < 2(22)?,

2—2(T+n+2)
3Ck (4n)?

for g := . Using (15.4.10), one concludes

lexp(Z) — 1p|ls < (76_72”Z”s+0/2 < -
e For H := K + §H, the fundamental theorem of calculus yields

Hoexp(—Z) = H + fol %H o exp(—tZ) dt
= H — [ DHep12)(Z)dt = H —DH(Z) + R,

with the remainder term R = fol 0’ %DH oexp(—sZ)(Z)dsdr =

Iy [iD? Hexp(—s2)(Z, Z) ds dt = [} (1 — )D* Hexp(—iz)(Z, Z)dt . (15.4.24)
The left hand side |H o exp(—Z) — (K + dK)|, of (15.4.23) is therefore equal to
|§H —DH(Z) + R — 6K|, = |R — Ly, 6H|, ; (15.4.25)

this latter identity follows from the cohomological equation Lz K + dK = 6H.
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e In order to prove (15.4.23), we estimate the right hand side of (15.4.25). From
(15.4.12) and (15.4.15), one has

1ZIls < 251 Zlls+os2 < 2nCk (0/2)2TH7 5H s, - (15.4.26)

For H € B, (the ball about Hy defined in (15.4.13)), the term D2H in (15.4.24)
is estimated by 2102 K 4, With the constant K, from (15.4.14). The contribution
from R to (15.4.25) is therefore of the form given in (15.4.23).

By (15.4.26), the term |Lyz dH |, in (15.4.25) is controlled by a constant times
o~7 |6H|?, , hence by a smaller power of 1/0. (]

s+o°

Féjoz finds the integrable Hamiltonian of the KAM torus as a fixed point (K, 0)
of the mapping (15.4.3). One may therefore believe that it is Banach’s fixed point
theorem (see D.3) that guarantees the existence of the fixed point.

05 05
04 04
—_ o
— 0.3
+ 03 é /
= — < s
= 02 (1= <
o1 0.1
0 04]j
0 01 02 03 04 05 0 01 02 03 04 0S5
x(n) x(n)

Figure 15.4.2 Iteration of the quadratic mapping F, for ¢ = 2/3 (left) and ¢ = 0 (right). The
iteration is represented as a cobweb diagram, which is a sequence of segments whose endpoints are
on the graph and on the diagonal

This is however not possible, because Lemma 15.29 cannot guarantee for the
mapping to be a contraction. This is because the sum Y 7, o, of the losses in
analyticity o in the jth iteration has to be finite, so the o; will converge to zero. On
the other hand, this will make the factor J_/._Z(TJ’"H) of the upper bound in (15.4.15)
diverge.

The situation is salvaged by a particular property of the iterated map. This map
becomes more and more contractive the closer one approaches its fixed point. This
can be seen from the upper bound in (15.4.23), which is quadratic in 0 H .

15.31 Remark (Quadratic Convergence to a Fixed Point)
A vastly simplified model is given by the iteration of the quadratic mappings

FF:R->R , x> @x—0 (ce[-1/4, 00).
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Here the fixed point x, := ¢ + 1/2 — \/c + 1/4 > 0 of F, is stable for values of the
parameter ¢ € (—1/4, 3/4), hence F, is contracting in a neighborhood of x..

However, for ¢ = x, = 0, the derivative F/(x.) equals 0, and the convergence to x,
is quadratic as in the Newton method (Figure 15.4.2, right). O

e However, in contrast to the Fj from the remark, the derivative of the mapping
(15.4.3) at the fixed points is not zero, because all integrable Hamiltonians K
yield fixed points (K, 0).

e Moreover, the domain of the used mapping shrinks with every iteration.

In the following fixed point theorem, the situation is stated formally.

There, the two function spaces underlying the mapping (15.4.3) are denoted gen-
erally as H and KC. More precisely, the quality of analyticity that deteriorates under the
iteration is abstractly encoded in a family (H,),<(0,1] of Banach spaces (HS, | - |§H>),
with H, € ‘H, and |H|™ < |H|§H) fors < t and H € H,. Analogous statements
apply for (K, | - |§H))SE(O,1] and the cartesian products M, := K, x H,, with the
norms |(K, H)|; := max(|K |§K), |H |§H)) (we abbreviate here by writing H instead
of 6H).

LetO <s <s+ o0 <1andh,k, 7 > 0 be the parameters for the balls
By o(h k,7) i={(K, H) € My, | KIS, <k, [HIZS <ho™). (15.4.27)

Assume we are given a family of mappings
Fs,a . Bs,a(”” k, T) — Ms )
which are compatible with restrictions to subspaces, i.e.,

Fs .00l =F,, for 0<s;<s; and 0 <oy <03,

s+

The deterioration in quality (which in the application is the shrinking of the domain
of analyticity) under F; , is measured by the parameter o € (0, 1 — s].

15.32 Theorem (Féjoz [Fej2]; Existence of a Fixed Point) L
Assume that, with appropriate c, ho, kg, T > 0 and 7 > T, the images (K, H) :=
FS,O’(Kv H) Of(K, H) S Bs,(r(hOa k()v T) Sﬂll‘l'Sfy

K —KI® <co ™" and 1H17) <co(1HITD)?  (15.4.28)

forall0 <s <s+o0 <1

Then, for o; := 270, 5o := s + o, for the decreasing sequence (s;) jen, defined as
sj = 8j_1 — 0 (hence with limit s), and for k := ko/2, there exists h € (0, ho),
such that:
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e The mappings FO) . By o (h,k,7) = B (h, ko, T) with

Sj+1,0j+1
FO . F, 5 and FU) — Ff/"’i o FU-D

have the claimed ranges (i.e., are defined for all j € N).
e Forall (K, H) € By ,(h,k,T), the limit

(Koo, 0) := lim FY(K,H) € Byo(h, ko, 7)
j~>00

exists.

Proof:

e Wehaves; =s+0— 31,0, =5+2 /0. Let
hi=min(2777 Je, k(1 —-277/%).

As long as the mappings with the given domains F') are defined with the given
ranges, we will write (K ;, H;) for FV=V(K, H).
For (K, H) € By, »;(h, k, ), thus |Hj|gf? < ho}, one has by (15.4.28):

|Hjal0 < co; ol = 2 hoTT < holy,. (15.4.29)

Thus, for this choice of &, all F/) have, as far as the norms of the H; are concerned,

the claimed ranges. If the same is true for the K ;, one also has lim_, o, |H;|Y = 0.

e Indeed, (K;) jen is a Cauchy sequence in Ky with | K ; |§’C) < ko, because Ky, C K;,
and because for all j > ¢ € N, one gets from (15.4.29) that |K; — Kl-|§ ) <

Yo 1Koy — Kol < 300 1Koy — Kol < ho™ 275 < k. O

Ser1 — 1-2—7/2

Proof of Theorem 15.26 (KAM) from page 415:
By Lemma 15.29 and (15.4.22), the family of mappings

Fio: Bstow X Hepo —> Ko X Hs O<s<s+o<1
(K, H—K) —> (K+§K, Hoexp(—Z)—(K+5K))

from (15.4.3) has the range as claimed. It needs to be shown that, after translation
by Hy, this family satisfies the hypothesis of the fixed point theorem 15.32.

Then, if it gets iterated starting with (Hy, H — Hy) and for s := 0 := %min(t, 1),
one finds a fixed point (K, 0) € By, X H;.

Because of Lemma15.29 and estimate (15.4.23) in Lemma 15.30, condition
(15.4.28) is satisfied for 7 := 27 and small radii ¢ of the ball B, in (15.4.13).00
Similarly, as shown by J. FEJOZ in [Fej2], the concatenated symplectomorphisms of
the KAM iteration converge to a limit symplectomorphism.
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15.4.2 Measure of the KAM Tori

We have just developed the KAM theory for the single tori with a diophantine fre-
quency vector. In contrast, POSCHEL in [Poe] constructed a global canonical trans-
formation that simultaneously yields action-angle coordinates for many KAM tori.
Moreover, it permits a certain control of the possibly chaotic dynamics outside the
KAM tori. Again, let

H.(1,p) := Hy(I) +eH (I, p) (15.4.30)

on the phase space G x T", with a domain G C R" and perturbation parameter
le| < €o. We assume that the integrable Hamiltonian H is real-analytic. Furthermore,
we again assume the independent variation of the frequencies w := DHy : G — R”,

det(Dw)(I) #0 (I € G), (15.4.31)
and that w is a diffeomorphism onto its image
Q=w(G).
Due to this property, we can use the mapping
V:QxT' > GxT" , @ ¢ (0@, )
to view the Hamiltonian H. as a function
H.=H.oV: QxT"— R

and pull back the symplectic 2-form with W* to this new phase space.

The advantage of this change of coordinates is that during the iteration of the
canonical transformation, one can immediately read off from the new actions ©
whether they belong to the diophantine set €2, ; (see (15.3.8)).

We set 7 := n and simply denote the diophantine subset of the set €2 of frequencies
by

Q,=Q,,NQ.

The perturbation term H, is assumed to be smooth!* on G x T",i.e.,H; = H oW €
C>®(Q2 xTm).

15.33 Theorem (Kolmogorov, Arnol’d and Moser; KAM)
Under the above hypotheses, there exists €y > 0 such that for |e| < €y, there exists
a diffeomorphism I on the phase space Q2 x T" which, on the subset

QexT cQxT,

13 Actually, in [Poe], POSCHEL only needs 3n-fold continuous differentiability.
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transforms the Hamiltonian differential equations into the form

d . d N
Ew(t) =0, Ego(t) =w(1) . (15.4.32)

The Lebesgue measure of this subset is large for small perturbations:
N (Q2yz) = X(Q) - (1 - O(9))

(provided Q is a manifold with boundary).

15.34 Remarks

1. The equations (15.4.32) are integrable and have the solutions
O =w0) , @) =p0)+o0) (mod27) (r € R).

2. This version of the theorem tells nothing about the ‘resonant tori’, i.e., the comple-
ment of €2 z x T". There the tori could either survive (namely if H. is integrable)
or they could dissolve under the perturbation, see Figure 15.4.3 and the cover
picture of this book. O

15.35 Example (Motion in a Periodic Potential)
As an applied example, we resume the motion of a particle in an L-periodic
potential V, which was discussed in Chapter 11.2. Hereby the regular lattice £ =
spany ({1, ..., £y) is spanned by a basis £y, ..., £; of RY. We additionally assume
smoothness of the potential, i.e., V € C*(R4, R).

The Hamiltonian H : P — R, H(p,q) = 3|IplI> + V(g) on the phase space
P = R;’, X RZ generates the Hamiltonian differential equation

p=-VV(g) , ¢=p.

In order to agree with the above wording of the KAM theorem, we use, differently
than in Chapter 11.2, the standard torus T¢ = R?/(27Z)¢ rather than the period
torus RY/L. Thus the phase space is the cotangent space of the standard torus.
P = T*Td = RI x T4, Using the matrix L := ({4, ..., €;)/(27) € Mat(d, R) of
the basis vectors for a change of coordinates, V becomes 27-periodic, i.e., it can be
written as a function

VeC®TR) , V(p):=V(Lyp).

In order to apply KAM theory to H with energies lying in the interval
[(1 —=6)E, (1 + §)E] around E > 0, we consider the Hamiltonian

A :P—>R , HU ¢ :=3IMI)+eV(p),
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with M := (LTL)~'. This function matches the form (15.4.30). For the diffeomor-
phism
Mp:P =P, () (Ly)=(LTp/VE, L7),

it follows that R
E~H|/EOME=H,

and the Hamiltonian flow &, generated by H. (with respect to the canonical sym-
plectic structure wy on P)is conjugate to the original flow, up to a change in the time
scale:

VB oMy = Mgod (1 €R).

For perturbation parameter € = 0, the flow 532 is integrable. In this case,
®i\(Io, o) = (lo, po +wo)t)  (t € R, (o, o) € 75) ,

with the frequency vector w(/) = DA o(I) = M1I. The frequency vector w does
satisfy the condition (15.4.31) of independent variation, because the matrix Dw (1) =
M has rank d. O

Figure 15.4.3 Phase space portrait of a Hamiltonian system with two degrees of freedom, with
nested KAM tori. (Picture: RALPH ABRAHAM and JERROLD E. MARSDEN, from: Foundations
of Mechanics. Addison-Wesley Publishing Company. Inc. 1982, second edition, fourth printing,
Figure 8.3-3 [AM], ¢ American Mathematical Society 2008.)
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15.36 Remark (Resonances) As will be elaborated on in Chapter 17.2 on the
Poincaré-Birkhoff theorem, new stable and unstable periodic orbits frequently occur
between the KAM tori (see Figure 15.4.3). They correspond to resonances between
frequencies of the perturbed integrable system.

In this spirit, one frequently finds the rotation periods of certain planets and moons
in resonance with their orbit periods. So whereas the moon of the earth has a bound
rotation, i.e., faces us with the same side all the time, Mercury rotates about its axis
exactly three times during two orbit periods.'* O

If one is interested in the portion of KAM tori on one energy surface, the hypothe-
ses of the theorem need to be adjusted. This appears to be impossible, because now,
on an (n — 1)-dimensional energy surface, not all n frequencies can be varied inde-
pendently. But as can be seen from the diophantine condition (15.3.8), the main issue
is that their ratios can be varied independently. So one passes from the space R” of
frequencies to the projective space RP(n — 1).

15.37 Theorem (Isoenergetic Nondegeneracy) For the integrable Hamiltonian
Hy, let E := Hy(ly) be a regular value of Hy. It is if and only if

Dw(1p) w(lp)
det <w(10)T 0 ) £0 (15.4.33)

for w:=VHy:G — R" that the mapping
U—->RPmn—-1) , I+ span(w(l)) (15.4.34)

is a diffeomorphism onto its image for an appropriate neighborhood U C H, YE)
Of 10.
Proof:

e As E was assumed to be a regular value of Hy, the frequency vector w : G — R"
will not take on a value O on the (n — 1)-dimensional manifold Mg := H(;l (E) C
G. Therefore, for all I € Mg, the space span(w(/)) € R" is a 1-dimensional
subspace, and

S Mg —->RPm—1) , I+— span(w(l))

indeed maps into the projective space RP(n — 1).

e The vectors v € R" that are orthogonal to w(ly) form the tangent space T;, Mg
of Mg. It is exactly when there exists such a vector vy # 0 whose image under
Dw(1y) lies in span(w([o)) that the linear mapping

TIOME — T¢(10)RP(n — 1) , UV D(D(I()) v

is not surjective.

14In [CL], CORREIA and LASKAR analyze capture into such resonances by tidal interactions.
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e But in this case, the condition (15.4.33) is violated. Indeed, for Dw(ly) vyp =
Dw (1) w(lo)
wIHT 0 )
Conversely, a vector (Z) can only be in the kernel of this matrix if (v, w(ly)) =0
and Dw(ly) v = —pw(lp).
e Then the existence theorem about (15.4.34) follows from the inversion theorem of
multivariable calculus (see eg. HILDEBRANDT [Hil], Analysis 2, Chapter.9). [

Aw(1y), the vector ( f[i\ ) will then be in the kernel of the matrix (

In BROER and HUITEMA [BH], it is shown that under the hypothesis (15.4.33), a
statement analogous to Theorem 15.33 follows for the invariant tori in the energy
surfaces H;l (E) of the perturbed system.

15.38 Exercise (Nondegeneracy Conditions)
For the Hamiltonians H; : R? x T? — R,

H(,o)=hL+hL+If and Hy(I,p)=5L+L+1I;—13,

show: In the case of Hj, the invariant torus {0} x T2 is (15.4.31)-degenerate, but
is nondegenerate in the sense of condition (15.4.33). In the case of H,, show the

opposite. '3 O
15.39 Literature The book ‘The KAM Story’ by DUMAS [Dum] provides an
overview over the history and ramifications of KAM theory. O

15.5 Diophantine Condition and Continued Fractions

‘We now consider the diophantine condition (15.3.8) for the simplest case of dimen-
sion n = 2. In this case, the set of independent frequency vectors is

Q%T={(w1, W) € R2| V(. &) € Z2\(0} 1 [€wq + bows| = (£ + E%),T/z}_
(15.5.1)
The defining condition is certainly violated when either w; = 0 or w, = 0. So we
divide by w> in (15.5.1) and let w := w;/w,. For (wy, wy) € 2, ;, it is clear that w
is irrational and (after renaming (g, p) := (¢;, —¢;) and redefining the constant )
satisfies the inequalities

w——| =

> (15.5.2)
g~ lgl(p?>+4>7?

lqw — pl = ————— resp.
(P> +q»)7?

p ‘ g
These are most difficult to satisfy if we reduce p and g by their greatest common

divisor. We also assume, with no loss of generality, that ¢ € N. The diophantine
condition for w thus means poor approximability of w by rational numbers p/q.

15The examples are taken from the article [Do] by R. DOUADY.



15.5 Diophantine Condition and Continued Fractions 431

The two inequalities in (15.5.2) lead to different measures of approximability:

15.40 Definition
For w € R we call the rational number p/q (written in lowest terms)

1. abest approximant of the first kind for w if

forall p'/q" € Q\{p/q} with denominator 1 < q' < q.
2. abest approximant of the second kind for w if
lgw — pl < |q'w — p/|
forall p'/q" € Q\{p/q} with denominator 1 < q' < q.
The second property implies the first, but not vice versa:

15.41 Example (Best Approximants)
For w := 1/5, the rational p/q := 1/3 is a best approximant of the first, but not

of the second kind, because in both cases, only the fraction p’/q’ := 0/1 needs to
be considered, and it satisfies ‘w - 5‘ =2/15<1/5=|w— ;%/ ,but |[gqw — p| =
13/5—11=2/5>1/5=|qw—p/|. O

It now transpires that best approximants of the second kind can be found by the
continued fraction expansion of w. To this end we assume w > 0 and consider in the
quadrant [0, 00)?> C R? the ray through the origin with slope w.

This ray divides the quadrant, and also the set N% C [0, 00)? of lattice points, into

My = {(k1, ko) € N | £(ka — kyw) > 0}\{(0, 0)} .
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It is only in the case of rational slope w € Q that these two sets fail to be disjoint.
The convex hulls of M have lattice points (g,, p,) as their extremal points, starting
with (qo, po) := (1, |w]) for M_ and (g, p—1) := (0, 1) for M.

These are best approximants of the second kind, because their vertical distance
from the straight line is smaller than the distances of all lattice points (¢’, p") whose
first coordinate ¢’ is smaller.

15.42 Example (Golden Ratio g)
The following construction has been known since antiquity:

Divide a segment of length L into two parts of L L2

lengths Ly = g- L, L, = L — L, such that the thus
obtained two ratios are equal: % = % L

One concludes that g = (1 — g)/g, or g> + g — 1 = 0, hence!® g = % ~ 0.618.
Here the extremal points are (gq,, p,) = (Fy, F,—1), see Figure 15.5.1, where (F,) is
the sequence of Fibonacci numbers defined by

F,:=1,Fy:=0, and F, =F, ,+F,_.1 (neN)

(henceFl = F2 = 1, F3 = 2, F4 = 3, F5 = 5, F(, = 8, F7 = 13, Fg = 21...;
commonly one starts at F) .

In this case, the slopes g, := p,/q, of the rays through the origin and the extremal
points converge towards the golden ratio g, because the iteration

F, _ F 1
Fn+1_Fn+Fn71_l+gn

n+1 =

has the stable fixed point g = ﬁ = ﬁ
1+ =

g=0,p=1,g=1, 4=2~0667,95=2=06, go=2=0625,...

Generally, the lattice points (g,, p,) are calculated by a continued fraction expansion
ofw e Rt. O

15.43 Literature A good reference is KHINCHIN [Kh]. O

1Frequently, the reciprocal 1/g = g + 1 is instead called the golden ratio.
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Figure 15.5.1 Ray with slope g and extremal points (g, pn)

15.44 Definition

e The Gauss map'’ is the piecewise continuous function (see figure)

h:[0,00) = [0,1) , h(0):=0, h(x):=1/x —[1/x]forx > 0.

o Assume (for simplicity) that w is h(x)
irrational. For the set 1t

F:={a:Ngy—Z|VneN:a, e N}

of integer sequences and ®

[0, 00) — F,

0-as E X
O (w)g 1= |w] 52 2 3 4
W), = [1/h" V({wh] (neN)
(remember that x = |x| + {x}) we call a := ®(w) the sequence of partial

denominators of w.

e For the start values (Zj) = ((1)), (Zj‘l ) = ((1)) and the sequences p, q : Ng —
Ny defined by

(%) =an (55) +(52) (15.53)

(thus (59) = (1)) wecallw, = % the nth convergent of the continued fraction
Sfor w.

7In Exercise 9.6 we instead used the domain [0, 1).
Not to be confused with the mapping in differential geometry bearing the same name and defined
on page 117.
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15.45 Example (The Convergents for J/5)

For w := /5 &~ 2.23607, one has {w} = /5 — 2 = 1/(~/5 + 2) &~ 0.23607, thus
AP ({w)) = {w} (k > 1). Therefore ay = 2 and a; = 4 (£ > 1), hence wy = 2,
w=2+1=72=225

2 8000353 and wy+ — ol Comerr. ¢
Wy = —_— = = R L and w —_— = = XL .
2 4171 Tar LT

4+Z

15.46 Theorem (Continued Fractions)
The convergents w,, = p,/qn of the irrational number w, satisfy:

=2 Gn—1) _ _ ="
1o det (§201) = (=1)" (n € Ny), hence wy_i —w, = ﬁ .
2. Numerator and denominator in the representation ? of w, are relatively prime.
n
3. The sequence (way)men, IS increasing, the sequence (Wim+1)men, is decreasing.

4. The denominators of the convergents satisfy q, > 2""V/2 (n > 2).

Proof:

1. Starting an induction with det (52 %7) = det (}9) = (—=1)° and (15.5.3), the
claim follows, because the induction step is
det (775 50) = det () Gpih) =det (5 55) = (<D™
2. This follows from part 1 of the theorem, because a common divisor of p,, and g,
must also divide (—1)", as p,_1gy — gun_1pn = (—1)".
3. This follows from (15.5.3) and part 1 of the theorem, because

Pn oo det(H20)  det(fh)

= :an :(—l)n

qn qn-2 4dn—-2Y9n qn—-249n qn—-2Y9n '

A

4. This follows inductively, starting at g3 > ¢g» = a» + 1 > 2 and with induction
Step ¢n = Anqn—1 + qn—2 = Gn-1 + qn—2 = %(2}1/2 + 2(’171)/2)- 0

15.47 Exercise (Continued Fraction Expansion) Show that for irrational w, the
continued fraction expansion converges, i.e., lim,_, o w, = w. O

Together with Theorem 15.46, this implies an estimate for the speed of convergence:

15.48 Corollary Allirrational numbers w can be approximated by rational numbers
in the following sense:

1
243—1

Pn
or |\w— —

qn

1
<— (@meN).

w — Pn—1
2q?2

dn—1
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Proof: By parts 3 and 1 of Theorem 15.46, and since ¢,,—; < ¢,, one obtains

. 1 11
Lozt = <3 (2— + _2> : O
qn—19n 9,1 9,

Qn—l

Pn—1 Pn

qn—1 qn

-

The Antikythera Mechanism

This calculational tool for astronomy was found in 19001in a ship that had sunk
in front of the coast of the Greek island Antikythera. It is from about the 2"
century BC and consists of more than 30 gears. It is the only known instrument
of its kind from that era. (Left image: National Archaeological Museum, Athens
(Greece) (NAM inv. No. X 15087); The rights of the depicted monuments belong
to the Greek Ministry of Culture and Sports (Law 3028/2002). Right image: De
Solla Price, courtesy of Transactions of the American Philosophical Society, Vol
64 No 7 (1974))

Tony Phillips speculates on the Feature Column webpage of the American
Mathematical Society how the excellent mechanical approximation 254/19 =
13.368421... (the metonic cycle) to the astronomical ratio 13.368267... of year
and sidereal month was found. Indeed, from the continued fraction expansion
13.368267.. =[13,2,1,2,1,1,17,...], one obtains [13, 2, 1, 2, 1, 1] = 254/19,
whereas the next better approximation [13,2,1,2,1,1,17] = 4465/334 =
13.368 263.. could probably not have been realized mechanically.

15.49 Remark (Parameters in the Diophantine Condition)
We see from this that the exponent 7 in the diophantine condition (15.5.1) must be
larger or equal to 1, because otherwise, this condition could not be fulfilled for a
single w.

For 7 = 1, by Corollary 15.48, the constant v must be < % for the set 2, - to be
non-empty. The example of the golden section w = g shows that this estimate is
realistic (see KHINCHIN [Kh], Chapter 7).
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In a diophantine sense, g is the worst approximable number because the partial
denominators of its continued fraction expansion are all 1, hence minimal. O

15.6 Cantori: In the Example of the Standard Map

The standard map, or Chirikov-Taylor map is a family of mappings F. =
(F..1, F.») € C®(R?, R?) of the plane into itself, given by

F.(x,y) = (x +y+esin@mx), y +esin(27x)) . (15.6.1)

These maps satisfy the following elementary, but important, properties:

1. F, is area preserving, because DF,(x, y) = (1;5;;;5&(733) } )

2. F. is doubly periodic, i.e., Fo(x + £y,y + £,) = F.(x,y) + (£, ¢,) for all
(x,y) € R* and (¢,,¢,) € Z* Thus F. defines a family of area preserving
mappings f. : T> — T? of the 2-torus T? = R?/Z>.

We use x, y € [0, 1) as coordinates.
3. The mappings f. = (f-.1, f-2) have the twist property

af‘s,l
dy

x>0 (x,y)eT?.

The mapping fy is very simple, namely it is integrable in the following sense:

e The torus T? is foliated into the fy-invariant circles
S, i={(x,y) eT* |y =r},

which are parametrized by their rotation number r € [0, 1).
e On these 1-dimensional tori S,, the mapping fj acts as a translation by r.

For ¢ > 0, the S, are no longer f.-invariant. On the other hand, for fj, the twist
property is analogous to the condition (15.4.31) of independent variation of the fre-
quencies. Indeed, there is an analog to the KAM theorem (Theorem 15.33), according
to which for small ¢, a large'® subset M. of the phase space T? is still foliated into
f--invariant circles.

As ¢ is increased, more and more of these f.-invariant tori (each identified by
its rotation number) will be not just deformed, but destroyed, see Figure 15.6.1. For
large values of ¢, there are no more such tori, as is proved in [Mac] by MACKAY and
PERCIVAL.

The mappings f- have the reflection symmetry f. oI = I o f, with

18The Haar measure of ']I‘Z\M6 is of the order O(/¢).
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e =0.05 e = 0.155

Figure 15.6.1 Numerical iterations of the standard map. Color coding according to the continued
fraction R.(z) of the initial value z € T2

[:T>>T? , (x,y)~> (1—x,1—y) (mod 1).

So I maps orbits into orbits and is therefore a symmetry of the phase space portraits
(see Figure 15.6.1).

We can assign a rotation number to points z := (x, y) in the phase space T? even
if € # 0. This is done in analogy to (2.2.4) by

N
R(2) = lim ~F)(2).

where FE(”) is the nth iterate of F.. By Birkhoff’s ergodic theorem (Theorem 9.32),
this limit exists for almost all points in phase space, with respect to Haar measure.
The coloring of Figure 15.6.1 at the point z indicates the value of R.(z). Any two f-.-
invariant tori S, S’ C T? divide the phase space into the two connected components
of T?\(SUS’). These are themselves invariant, and are annuli (that is, homeomorphic
to the cartesian product of an open interval and S').

The last two surviving tori (up to approximately ¢ = 0.155) have the rotation
numbers of the golden ratio, g = %(«/3 — 1) and 1 — g respectively (Figure 15.6.2).

o
%‘.a, \
Sy

B

Lo

o e
r.ﬂ'.ﬂ‘srg":,"

e =0.19

Figure 15.6.2 Numerical iterations of the standard map. Color coding according to similarity of
the continued fraction of R.(z) and the golden ratio
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Figure 15.6.3 Iterations each under the standard map f; for ¢ = 0.155, for three rotation numbers

In Figure 15.6.3, one can lucidly discern the reason for the robustness of these
two invariant tori. Namely, for the rotation number g, the iterates are distributed
particularly evenly, and the orbit is therefore less influenced by the sine shaped
perturbation in (15.6.1).

In the orbits shown in Figure 15.6.2, the color indicates the number of convergents
in the continued fraction expansion of the (numerically determined) rotation number
that coincide with those of the golden ratio g or 1 — g. Red designates the orbits
that match the golden ratio best. This visualizes the above statement about the last
surviving invariant tori.

The maps f; have the obvious fixed points (0, 0) and (1/2, 0), whereas (0, 1/2)
and (1/2, 1/2) form an orbit of period 2.

e As the linearization of f. at (0,0) has the form ('}?7 1), this fixed point is
hyperbolic for € > 0.

e Conversely, the fixed point (1/2, 0) is elliptic (for ¢ > 0 not too large), since its
linearization equals (1:22;;5 %)

e Atthe point (0, 1/2) of the periodic orbit the linearization of f* equals (127 1)

('371). The trace equals 2 — (27¢)?, so that this orbit is elliptic, too.

The rotation numbers near an elliptic periodic point are locally constant. This
corresponds to ’islands’ of uniform color in Figure 15.6.1 (right)."”

19Tn Figure 15.6.1, for points near (0, 1/2) the rotation number is equal to 0 (mod 1), whereas for
points near (1/2, 1/2) it equals 1/2 (mod 1).
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However, it is not obvious at all that for every given number r, there exists a
f--orbit with this rotation number r. This was shown by MATHER in [Mat], using
the twist property and essentially relying on low dimensional properties, namely the
order structure of R. If r is rational, then there exists a periodic orbit with this rotation
number.

For irrational r and large ¢, the orbits with this rotation number form what is
called a cantorus, rather than a KAM torus, namely an f.-invariant Cantor set.

15.50 Literature Surveys of this Aubry-Mather theory can be found in MOSER,
[Mos5] and SIBURG, [Sib]. O



Chapter 16
Relativistic Mechanics

City of Tiibingen, viewed at pedestrian speed (left) and at 4/5 of the speed of light (right) Picture:
courtesy of Ute Kraus and Marc Borchers [KB], http://www.spacetimetravel.org.

The « principle of relativity states that in the laws of physics, only relative velocities
occur, so that it is in particular meaningless to postulate a state of absolute rest.

The first theory of relativity (thus understood as a kinematic theory building on
the principle of relativity) is due to Galileo Galilei. Similar to the special theory of
relativity by Albert Einstein, it assumes the isotropy of the space R and homogeneity
of the spacetime R x R and states that laws of physics have the same form in all
inertial systems (coordinate systems that are not accelerated). Galilei justifies his
theory of relativity in his book Dialogue Concerning the Two Chief World Systems "
[Gall], which appeared in 1632. He argued by the impossibility to determine the
speed of a ship by experiment from within a closed room on that ship.

If the relative velocity of one reference frame a with respect to another reference
frame b is denoted as v, € R3, then according to Galilei, one obtains the rule of
vector addition of the velocities,

'In which he promoted the ‘Copernican World System’ and which led to his persecution by the
church.
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V13 ="V2+ V23 (16.0.1)

The distinction to Einstein’s special theory of relativity is Galilei’s assumption
that the speed of light is infinity.

It has however become common practice to refer to dynamical systems in which
the occurring speeds are small compared to the speed of light as nonrelativistic,
whereas the term relativistic is used for Einstein’s theory of relativity.

16.1 The Speed of Light

“Therefore, special relativity differs from classical mechanics not by the postulate
of relativity, but only by the postulate that the speed of light in vacuum is a
constant.” ALBERT EINSTEIN, in [Ei2]

The question whether light propagates with finite speed or instantaneously had been
disputed since the days of the natural philosophers of Greek antiquity.

A Measurement of the Speed of Light

Salviati: “The experiment which I devised was as follows: Let each of two
persons take a light contained in a lantern, or other receptacle, such that by
the interposition of the hand, the one can shut off or admit the light to the
vision of the other. Next let them stand opposite each other at a distance
of a few cubits and practice until they acquire such skill in uncovering and
occulting their lights that the instant one sees the light of his companion he
will uncover his own. [...] Having acquired skill at this short distance let
the two experimenters, equipped as before, take up positions separated by a
distance of two or three miles and let them perform the same experiment at
night, noting carefully whether the exposures and occultations occur in the
same manner as at short distances; if they do, we may safely conclude that
the propagation of light is instantaneous [...]

Sagredo: “This experiment strikes me as a clever and reliable invention. But
tell us what you conclude from the results.”

Salviati: “In fact I have tried the experiment only at a short distance, less
than a mile, from which I have not been able to ascertain with certainty
whether the appearance of the opposite light was instantaneous or not; but if
not instantaneous it is extraordinarily rapid, I should call it momentary [...]”
GALILEO GALILEL

Two New Sciences (1638), quoted after [Gal2], pages 363-364.

As illustrated in the boxed quotation, Galileo suggested to decide the question by
measurement. Galileo’s method only provided a lower bound for the speed of light,
but a different suggestion was to lead to success shortly thereafter.
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A key problem for nautical navigation at that time was to determine the geograph-
ical longitude. It is easy to determine the latitude, say, by measuring the altitude of
the polar star above the horizon. In contrast, in order to determine the longitude by
measuring the altitude of a star, or the sun, above the western or eastern horizon,
knowledge of the exact time is required.
However, the clocks available on
ships at that time were not of suffi-
cient precision, in particular over
long journeys. Galileo suggested
to use the pre-calculated eclipses
of Jupiter’s moons as a univer-
sal clock. As a matter of fact, the
method was not practical to use on
the open sea (see the fascinating
book Longitude by DAVA SOBEL
[Sobl1]), but it was used on land.

In the year 1671, the Danish
astronomer Ole Rgmer visited the
island Hven in order to determine

the latitude of Tycho Brahe’s old
observgtory and thus to connect his Rgmer's sketch of Earth,
data with the data of the observa-
tory in Paris.

Sun, Jupiter, and lo.

During a series of observations over about 8 months, including 140 eclipses of
Jupiter’s moon Io, he observed a deviation from the calculations that varied with the
distance between Jupiter and earth.

In 1676, he published his theory that these deviations are due to the finiteness of
the speed of light (see Ole Rgmer’s sketch, from [Roe]), and he estimated the time
that light takes to travel from the sun to the earth to be about 11 min. (For the history
of measuring the speed of light, see also MACKAY and OLDFORD in [MKOY).

This was a refutation of Galilei’s theory of relativity, but not of his principle of
relativity.

Now Huygens and others argued that no material particles could be that fast.
Instead, one should imagine the propagation of light like a density variation in some
substance filling the space, similar to the propagation of sound in air.

This ether theory was now in contradiction to the invariance principle by Galilei,
and later, Newton, namely the principle that only relative velocities, but not absolute
velocities, can be defined.

Actually, it transpired in 1887 during a more precise measurement of the speed
of light by Michelson and Morley, that the speed of light was not affected by the
motion of the earth around the sun. Thus a new theory of relativity was needed,
since both Galilei’s theory of relativity and ether theory had been refuted. In 1905,
EINSTEIN succeeded to do this in his article Zur Elektrodynamik bewegter Korper
(On the electrodynamics of moving bodies) [Eil].
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Since 1983, one meter has been defined as that distance that light traverses in
vacuum during the time span of one 299 792 458th of a second. So the speed of
light in units of meter per second can no longer be measured; instead one would be
measuring the length of the ‘international prototype metre’ stored in Paris, in terms
of the newly defined meter.

We will proceed to use units in which the speed of light is 1. In order to interpret
formulas in a different system of units, all occuring velocities (in that system of units)
have to be divided by the speed of light c.

16.2 The Lorentz- and Poincaré Groups

“Es ist eine Mannigfaltigkeit und in derselben eine Transformationsgruppe
gegeben; man soll die der Mannigfaltigkeit angehorigen Gebilde hinsichtlich
solcher Eigenschaften untersuchen, die durch die Transformationen der Gruppe
nicht gecindert werden.” FELIX KLEIN (1872), in [K1] 2

From a mathematical point of view, Einstein’s special theory of relativity consists
basically of the theory of the Poincaré group and a subgroup, the Lorentz group.
We begin by studying the Lorentz group (as a special case of groups called
indefinite-orthogonal), and then explore its relevance in physics. This follows the
approach in the Erlangen Program by Felix Klein, according to which geometry is
analyzed by investigating its transformation group.
The geometry itself is defined by a bilinear form on spacetime:

16.1 Definition

e Form,n € Ny and k := m + n, define a symmetric bilinear form with signature
(m, n) by

m k
(3 Vmn - RFxRE SR, (v, Wy = wa@ - Z vewe.  (16.2.1)
=1 e=m+1

e The indefinite orthogonal group is the transformation group of this bilinear
form:

O(m,n) := {A € GL(k,R) | Vv, w € Rk : (Av, Aw),, , = (v, W), , }

° (R4, (-, -)3’1) is called MinkowsKi space. L := O(3, 1) is also known as the
Lorentz group, its elements are the Lorentz transformations.

Translation [M. W. Haskell, 1892]: “Given a manifoldness and a group of transformations of the
same; to investigate the configurations belonging to the manifoldness with regard to such properties
as are not altered by the transformations of the group.”
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e The Poincaré group is the semidirect product P := R* x L with the operation

(a, A)o (b, B) := (a + Ab, AB).

16.2 Remarks

1. By Sylvester’s Law of Inertia (Theorem 6.13.1), every nondegenerate symmet-

ric bilinear form on a k-dimensional real vector space has, with respect to an

appropriate basis, the form (16.2.1) (and the numbers m and n do not depend on

the choice of basis).

Dueto (-, ), ,, = — (M -, M -),, ,, with the permutation matrix M := (]? W) e

Mat(k, R), we have an isomorphism between O(n, m) and O(m, n).

(,-) == (-, )0 is the Euclidean scalar product, and O(k, 0) = O(k) is the

orthogonal group.

In terms of the diagonal matrix /:= (ué” f;ln) =1, & (—1,) € Mat(k, R), one

has (-, -),,, = (-, I -). Consequently, a matrix A € Mat(k, R) is in O(m, n) if

andonly if AT/IA = 1.

It is customary to number the components of a vector v in Minkowski space
v

as (3§) € R*. Then vy is called its time component and (gé) € R3 its space

vy
vy

component. But one also encounters the notation (ﬁ;) € R* with the bilinear
v

form (v, w); 3 = vowo — VW — V2wz — V3W3, in W3hiCh the Oth component is

interpreted as time.

In the physics literature, one writes briefly v,w® instead of (v, w); ;, with Ein-

stein’s summation convention being used. Latin (rather than Greek) indices of

summation will then refer to only the spatial components, as for instance in

vow’ = viw; + vywy + V3ws. O

16.3 Theorem (Lorentz Group)

The indefinite orthogonal groups O(m,n) are Lie groups of dimension
%k(k — 1), with k = m + n. In particular, dim(L) = 6.
The polar decomposition of a matrix A € O(m, n) is of the form A = O P with

0= (% 3)e0(m) xOm) cO@m,n),

and P = exp(( /r g))for9 € Mat(n x m, R).

If0 < m < k, then O(m, n) is not compact and has four connected components.
The connected component containing the identity has a polar decomposition with
0,, € SO(m) and O,, € SO(n). Two of the connected components have determi-
nant 1, the other two have determinant —1.
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Proof:
e O(m, n) is a group, and it is the pre-image of the regular value I = (H(’)” —(;1.,) of the
mapping

GL(k,R) — Sym(k,R) , Ar— ATIA

(compare with the special case of the orthogonal group O(k) in Example E.19.2).
Thus O(m, n) is a Lie group, and

dim(O(m, n)) = dim(GL(k, R)) — dim(Sym(k, R)) = (%) .

e Note first that, along with A, its transpose AT = I A~'] is also in O(mn, n), because
A~! € O(m, n), and the involution B — IBI maps O(m, n) to itself. Consequently,
along with A, the positive matrix AT A is also in O(m, n), and the same applies to
its root

P=(ATA)"? —exp@ with 6:=1log(ATA) e Sym(k,R) N o(m,n)

in the polar decomposition A = O P. As the elements a of the Lie algebra o(m, n) C
Mat(k, R) of O(m, n) are characterized by the relation a'I + Ia = 0, 0 is of the
form (60T g) as stated.
e The number of connected components, and their nature, follows from the polar
decomposition and the fact (proved in E.19.2) that the orthogonal group O(¢) has
the rotation group SO(£) and its composition with reflections of R¢ in hyperplanes
as its two connected components.

The values of det(A) are obtained from the polar decomposition A = O exp (é)

by means of Theorem 4.12:

det(A) = det(0) exp(tr(é)) = det(0) = det(0,,) det(0,). 0

16.4 Remarks (Subgroups of the Lorentz Group)

1. The indefinite special orthogonal group SO(m, n) consists of the elements of
O(m, n) with determinant +1, and thus, provided m, n > 0, it has exactly two
connected components.

2. In the case of the Lorentz group L = O(3, 1), the linear mappings defined by
I = diag(1, 1,1, —1) and —1 = diag(—1, —1, —1, 1) are called time reversal
and space reflection respectively, and the connected component of the identity
element is called the proper orthochronous or restricted Lorentz group

Ll :==S0*@3.1).

Together with the component L' =—1 Ll, it forms the orthochronous Lorentz
group LT := LI ULT.
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The other connected components are Li = —Ll and L' := I L_TP Thus the
lower index denotes the sign of the determinant.

3. Forall0 < m’ <mand 0 < n' < n, O(m,n) contains subgroups that are

isomorphic to O(m’, n"), namely for example, to A’ € O(m’, n’), one can assign
A=1,_w ®A®1,_, € O@m,n).
Hence the group O(m) x O(n) is also a subgroup of O(m, n). In the case of
the restricted Lorentz group, SO* (3, 1) N (0(3) X 0(1)) consists of the rota-
tions of space and is therefore a subgroup isomorphic to SO(3). This symmetry
corresponds to the property called isotropy of spacetime.

4. In contrast, the positive matrices in the polar decomposition (called the special
Lorentz transformations or Lorentz boosts) do not from a subgroup of the Lorentz
group, because this subset is not closed under multiplication (see (16.2.6)). ¢

16.5 Example (Two Dimensional Spacetime)
According to item 3in the preceding remarks, one can view O(1, 1) as a subgroup
of the Lorentz group O(3, 1). Within it, the connected component of 1 is?3

S0%(1, 1) = {exp (94) = (S md) | 0 e B, (1622)

so it is a subgroup of the restricted Lorentz group SO* (3, 1).
The parameter 6 is called rapidity. In comparison to the parametrization

cosh(f) sinh(6)) _ Cfﬁ 7=
(sinh(e) COSh(H)) - ( . «/1]—72 (16.2.3)

in terms of the velocity v = tanh(fd) € (—1, 1), rapidity has the advantage of
additivity, because

cosh(6,) sinh(#) cosh(6,) sinh(6) Y __ [ cosh(6,+6,) sinh(0,+6,)
sinh(#;) cosh(f;) sinh(f,) cosh(#,) ] = \ sinh(0;+6,) cosh(f,+6,) ) *

In contrast, the relativistic sum of the (parallel) velocities v; := tanh(6;) equals

v + vy

v := tanh(artanh(v,) + artanh(v;)) = T e(—11. (16.2.4)
V1V

Thus, by adding these velocities relativistically, the speed of light will not be sur-
passed. Combining parallel velocities in this way is a commutative and associative
operation, with the relativistic sum of three velocities being

V) + v2 + V3 V1003
1+ vva + vivs + vav3

3Using the matrix exponential from (4.1.5).
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For nonrelativistic  velocities time
|v;| < 1, one has in good approxi-
mation the same sum as for Galilei
(see (16.0.1))

N /
VR U+ V. — 4 space
I s,
The orbits of SOT(1, 1) in R? are

(apart from the origin) hyperbo-
las and the half diagonals, see the
figure on the right. O

We now transfer the parametrization (16.2.3) of the group SO (1, 1), which is
isomorphic to (R, +), to the six dimensional Lie group SO (3, 1).

16.6 Exercises (Lorentz Boosts)

1. Show that the Lorentz boosts, other than the identity L (0) := 14, in the restricted
Lorentz group SO (3, 1) are the following symmetric matrices:

L(v) := 7(v) ((“3 — Pv)l{_?(v) + P, 11)) (v c R3, 0< vl < 1)’
(162.5)
with y(v) := (1 — |v[|>)~"/? and the orthonormal projection P, = —"‘Sﬁz on

span(v) C R3. (16.2.5) is the analog of (16.2.3).

2. Conclude for the polar decomposition A = OP of a matrix A = (C”T fl) €
SO*(3,1) (witha € Mat(3,R), b, c € R* and d € R) that the positive matrix
is of the form P = L(c/d), and therefore the orthogonal matrix is of the form
0=061= AL(—c/d). Conclude further thatd = /1 + ||b||? and b = Oc.
Thus the polar decomposition of A can be read off easily from the components
of A.

3. Show, by using (16.2.5) and part 2, that the ‘relativistic sum’ of the velocities

v1, vy € R3 with ||ly;|| < 1 is given by the formula

V) + vy + v X (V] Xv2)
~ . 144/ 1= v |2
L(w)L(v2) = DL(u) with u= (16.2.6)
1+ (v1, v2)

and D := D & 1, D € SO(3). This composition of velocities is neither com-
mutative nor associative when vy, v, are linearly independent. But check that at
least the norm of u is a symmetric expression in the velocities v and v;:

I T ) e 1

lull? = _ o =P (= feal?)
(1 + (1, v2))? (1 + (v1, v2))?

<1.
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4. We write the composition (16.2.6) of Lorentz boosts in the form

L(vy)L(vp) = 512 L(uj»), and analogously L(vy)L(vy) = [)21 L(usy) .
(16.2.7)
Conclude

e from the transformation law for Lorentz boosts (16.2.5) for velocities v € R? with
[lv]l < 1 under space rotations D € SO(3), namely

DL(w)D" =L(Dv) withD:=D&1, (16.2.8)

e from the invariance of the vector (v x v2) 0 € R* under L(v;) and L(v,),
e and from the relation L (v,)L(vy) = L(u12) Dsz, which is the transpose of (16.2.7),

that D1 = D,; € SO(3) is a rotation matrix effecting a rotation about the axis
spanned by v; X v, and transforming u, into uy;.

This rotation matrix is also called Thomas matrix.*
In UNGAR [Un], one can find a discussion of the Thomas rotation. O

16.3 Geometry of Minkowski Space

“Time flies like an arrow; fruit flies like a banana.” attributed to Groucho Marx

We now know enough about the transformation group of Minkowski space to study
its geometry in more detail.

16.7 Definition

1. A vector u in Minkowski space (]R“, (- ~)3,1) is called timelike, lightlike> or
spacelike, depending on whether (u, u); ; < 0, =0, or > 0 respectively.

2. The set C C R* of lightlike vectors is called the light cone, with the forward
and backward light cone C* := {u € C | fuy > 0} respectively.

16.8 Exercise (Minkowski Product) Show that a pair v, w of timelike vectors
always has a nonzero Minkowski product, (v, w); | # 0, but that the same is not
necessarily true for pairs of spacelike vectors. O

16.9 Remarks (Speed of Light)

1. To a vector u = (uy, us, u3, us) € R* with nonvanishing time component
uy # 0, we attribute a velocity vector

4Named after the British mathematician and physicist Llewellyn Hilleth Thomas (1903—-1992), who
in 1926 predicted the relativistic precession of electrons in an atom that was then named after him.

S5The assignment of the origin of R* is not uniform over the literature.
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V) = (é)/u4 c R

as in the nonrelativistic theory. The lightlike u have speed |V (u)|| = 1, namely
the speed of light. For timelike u«, one has ||V (u)|| < 1.

2. Lorentz transformations do not change the character of a vector in the sense of
Definition 16.7.1, and they map the light cone C onto itself. The orthochronous
Lorentz transformations (defined in Remark 16.4.2) map C* and C~ each onto
itself. O

Every basis of Minkowski space R* defines a coordinate system for spacetime. But
not every basis is appropriate for the purposes of physics. In any case, the canonical
basis ey, e, e3, e4 is a reasonable choice, because

(ei, ex)3 = Oixsk with sy =s) =s3=1landss = —1.

So the scales in space and time directions are normed.

The same applies for a basis
f1, f2, f3, faif and only if there exists
a Lorentz transformation M such that
Ji = Mey.
By Remark 16.9.2, fi, f», f3 will then
be spacelike and f; timelike, see the
figure on the right. It shows the hyper-
boloids consisting of those points u for
which (u,u);; = =1, as well as a
coordinate net determined by the f-
basis.
Conversely, if we only prescribe a
velocity vector v € R3, ||v]| < I, this
describes a Lorentz boost L (v). It does
not yet determine a unique Lorentz transformation M (and thus a coordinate system),
but at least it determines two equivalence relations on spacetime:
For all inertial systems that move with the given velocity v with respect to the
inertial system determined by the canonical basis ey, e;, €3, e4, these equivalence
relations describe when two events take place at the same location or at the same
time respectively.

Namely, if we denote, for a given timelike vector f € V=1 (v), the Lorentz-
orthogonal subspace

fri=feeR| (e, f)3, =0},

then this space, as well as span( f), depend only on v.

e {1 is3-dimensional, and a minor extension of the statement from Exercise 16.8
shows that all vectors from £+ \ {0} are spacelike. For an observer with the given
velocity v, all events in an affine subspace f* + a (thus shifted by a € R*) occur
at the same time.
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e In any affine subspace span(f) + a, i.e., shifted by a € R*, the events on this
one-dimensional space take place at the same location.

16.10 Remark (Constant Speed of Light and the Lorentz Group)

Remark 16.9.2 justifies to some extent that the Lorentz transformations are the appro-
priate transformations of spacetime, because they leave the speed of light unchanged.
Whiledilatations

R* - R* | x+—Xx  (\e(0,00) (16.3.1)

also map the light cone to itself, they change the Minkowski bilinear form (:, -); |
by a factor 2.

For three space dimensions (but not for just one!), the extension of the orthochro-
nous (see Remark 16.4) Poincaré group by the dilations (16.3.1) is the largest auto-
morphism group of spacetime that preserves causality, see ZEEMAN [Zee]. It is in
this sense that the quote by Einstein on page 442 can be understood. %

Thus the significance of the Minkowski bilinear form goes beyond defining the
light cone (as well as future and past). We define the so-called Minkowski norm®

D) := /I (u,u)s; | (ueRY). (16.3.2)

Foravectoru € R> C R* (hence with uy = 0), this quantity D () does coincide with
the Euclidean length. Likewise, for u € R! C R* (hence u = (0,0, 0, us)" € R*),
this same D (u) measures the distance in time. So the Minkowski norm can be used
to measure distances in space and in time.

As usual, the length of u € R* C R* does not change under rotations (D (Ou) =
D(u) for O € SO(3)). But the key point is that these quantities do not change under
Lorentz boosts either, i.e., D(L(v)u) = D(u).

In contrast, the norm ,/u? + u3 + u3 of the spatial component of u does change
under Lorentz boosts:

16.11 Example (Lorentz Contraction)
As can be seen from the form (16.2.5) of a Lorentz boost with velocity v € R?, 0 <
lvl < 1, one finds that lengths in the direction of the motion get shortened by a
factor

[((I3 = P) + 4@ P) Pof =) =1 = o) < 1

where P, denotes the (Minkowski orthogonal) projection onto the direction of the
velocity. This phenomenon is called Lorentz contraction.

Orthogonal to the motion however, the same lengths are measured in both refer-
ence frames, because (I3 — P,) + y(v)P,) (I3 — P,) = I3 — P,.

SWhich is nor a norm on R* !
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The cause of this Lorentz contraction is that the notion called ‘simultaneous’
depends on the frame of reference.

For instance, if we want to determine the length of a rod passing by from left to
right at the space origin of our reference frame, we measure the locations of both
ends of the rod simultaneously in our reference frame, and take the difference.

In the reference frame of the rod, however, the measurement of the left end of the
rod takes place at a later time than the measurement of the right end (which passes the
origin first, in either reference frame), and this gives rise to an apparent shortening
of its length (see Figure 16.3.1). O

Figure 16.3.1 Lorentz contraction of a rod of length 2. Left: velocity O; right: velocity 0.75 ¢

In a similar manner, a Lorentz boost also leads to a time contraction.

We call a curve ¢ : I — R* in Minkowski space a worldline, and timelike if it is
regular and with timelike tangent vectors ¢(t) (¢t € I).

The proper time of a world line ¢ is the time measured in the system that is
parametrized by c.

16.12 Theorem
The proper time that elapses along a timelike world line ¢ € C' ([to, ], R4) is

7(c) := /ll D(c'(s)) ds,

(with the Minkowski norm D from (16.3.2)). This proper time does not depend on
the parametrization of the world line.

7Frequently, the requirement of being timelike is assumed as part of the definition of a worldline.
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Proof:
The function ¢ : [ty, ;] — R, o(t) := ft(t) D(c/(s)) ds is continuously differen-
tiable with derivative ¢'(t) = D(c’(t)) > 0. Hence ¢ is invertible on the interval
[0, 7] := go([to, tl]). The reparametrized worldline ¢ := c o go’l e C! ([0, 7], ]R“)
is not only timelike, but also satisfies D(é/) = 1. Therefore the proper time is
T =7(¢) = 7(c). O
If the worldline ¢ is parametrized by the time parameter ¢ of an inertial system,
ie.,

c(t) = (5(})) with é(t) = ¢(ty) +/ v(s) ds

fo

and with a velocity v(s) at the time s of the inertial system, it has therefore the proper

time
7(©) = [T =) ds. (16.3.3)

16.13 Example (The Hafele-Keating Experiment)

In an experiment by HAFELE and KEATING [HK] in 1971, four caesium atomic
clocks were taken along flights around the earth, both in westbound and in eastbound
direction. After the westbound flight, the clocks were an average of 273 + 7 ns fast,
compared to atomic clocks in Washington; after the eastbound flight, they were an
average of 59 =+ 10 ns slow compared to the same reference. The prediction of the
theory of relativity derived from the flight data was that the clocks should differ by
+275 £21 and —40 23 ns respectively. This prediction is an additive combination
of effects from special and general theory of relativity.

The experiment was repeated with some modifications in 2005, and the measure-
ment agreed with the prediction with a relative precision of about 2 %. As for the
effect from general relativity alone, it has in the meanwhile been confirmed to even
a precision of 108 (see MULLER, PETERS and CHU [MPC]), but this was done with
single atoms and a flight altitude of 0.1 mm.

Let us calculate the special relativity effect in an idealized variant of the experi-
ment, in which the airplane flies along the equator with a constant speed of vy € (0, ¢)
near the ground. Then the flight time is T := ug/vp, where u g denotes the perimeter
of the equator.

On the equator, the surface of the earth moves in eastward direction with a speed
of vg € (0, ¢), in reference to an inertial system that is at rest at the center of the
earth.

Thus by (16.2.4), the velocities of the westbound and of the eastbound jet respec-
tively are (in the inertial system)

VF — Vg VF + Vg

Ww=——— , Vo= —7T"7"—"7""73,
1 —vpvg/c? 1 +vpvg/c?

hence

3 3
vw=vF—vE+(9(v'““) ) v0=vF+vE+(9(v"‘z‘“),

c? c

where vy := max(vg, vg).
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The time dilations with respect to the inertial system are given by (16.3.3). Thus the

difference between the time dilation of the plane and of the earth is on the eastbound
flight

+vp/2 ,
to = T(\/l — v} /c? — \/1 — vff/cz) = —ME% +0 (%)

On the westbound flight, it is

— )2
= T(\/l N v,%/c2) =ug% +0 ().

Numerically, vg = ug/tg ~ 465.1 m/s where up ~ 40075017 m is the equato-
rial perimeter and 75 & 86 164 s is the mean length of a sidereal day. If one takes the
relative speed of the plane to be vg := 900 km/h = 250 m/s, one obtains the speeds
in the inertial system to be vy &~ 215.1m/s and vp = 715.1 m/s. The differences

of the time dilations will then be fyy &~ 152 x 10~”s and fp &~ —263 x 10 %s. O
16.14 Exercise (Modified Twin Paradox)

Two (really gutsy) snails travel
along the equator, one eastbound,
the other westbound. By how
much less has the eastbound snail
aged compared to the westbound
one, when they reconvene at the
point of departure? So in Exam-
ple 16.13, consider the time dif-
ference to — tw in the limit
vrp — 0 of vanishing speed vp
of the two snails! O

l M'"_f_-"lema]
An den T
Lehrstuhlinhaber der
Fakultit Mathematik Himen f.n{ T

Technische Universitiat wpl B oam e

1000 Berlin Yy

Sefir geahrter Herr Professor!

Beiliegend mtichte ich Ihnen einen Widerspruchsbeweis zur
Relativititstheorie ibersenden mit der Bitte um eine
Stellungnehme. Ich wende mich an Sie, weil Physiker mit
Aisser Problematik sich ERFARUNGSGEMAR-sohwen tum,

It is such nonintuitive phenomena that provoke opposition to Einstein’s theory
of relativity to this very day, and also provoke new attempts at refutation (see the
facsimile of such a letter on the right).

16.15 Remark The Minkowski space (]R“, (- -)3!1) is used in two roles:

e Asspacetime. In this case, the points x € R* are called events (because events take
place at a particular location and a particular time). The (chronological) future and
past of an event x are then by definition the open cones

15 (x) = {y e R*| (y—x,y—x)31 <0, £(ys — x4) > 0}.

We have already seen that future and past of 0 € R* are invariant under orthochro-
nous Lorentz transformations from LT. More generally, for Poincaré transforma-

tions @, 4), one has
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(D(a,A) (Ii(x)) = Ii (CD(‘,’A)()C)) (x (S R4, (a, A) S R4 X LT).

e As the tangent space T,R* = R* to spacetime at some point x € R*.

A continuously differentiable curve ¢ : I — R* is called timelike, if its tangent
vectors ¢'(s) € T.R* are timelike for all parameters s € I, more specifically
future oriented, if cj(s) > 0. Obviously, the future 1 *(x) of x consists of the
events that can be reached from x by future oriented curves.

To a curve in space C : I — R3 parametrized by ‘time’ ¢, one can associate
a future oriented curve ¢ : I — R*, ¢t — (Cgl)) if the velocity of C satisfies
IC'OI < 1(tel).

In general relativity, the Minkowski space in its first meaning as spacetime is gen-
eralized to a four dimensional manifold with a Lorentz metric.
The translations

Ta:}R4—>R4 , T,(x) =x+4a (aeR4)

of spacetime R*, which are contained as a subgroup in the Poincaré group, leave the
Lorentz metric invariant. This is called homogeneity of spacetime in this context. ¢

16.4 The World from a Relativistic Point of View

“Or high Mathesis, with her charm severe,

Of line and number, was our theme; and we
Sought to behold her unborn progeny,

And thrones reserved in Truth’s celestial sphere:
While views, before attained, became more clear;
And how the One of Time, of Space the Three,
Might, in the Chain of Symbols, girdled be”

From the poem The Tetractys by W.R. HAMILTON
about the quaternions he found in 1846

In this poem, Hamilton anticipated a fruitful application of his theory. The starting
point is the following observation. If we imbed, as in E.27, the space R* as the vector
space of quaternions,

X1 . .
7:R* - Mat(2,C) () b (et ety

—Xp+ix] X4—ix3
X4

then the Lorentz metric of the Minkowski space will take the form (x, y);; =
- %tr (I (x)Z( y)) . The Lorentz transformations of the celestial sphere can be described
in this way as well.

This explains the relativistic distortion of the image in the beginning of the chapter.
One might conclude from the discussion of the Lorentz contraction (in Example
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16.11) that it simply leads optically to a compression of objects along the direction
of motion. Images to this effect can be found in older popular expositions of the theory
of relativity. But as we will see, this is not the case. In particular, balls still appear
as balls to moving observers. An observer in the origin of Minkowski space will
see the light® from his backwards light cone C~, and this is independent of whether
his velocity is O or not. This backwards light cone is the disjoint union of the rays

Rx)={A(5)IA>0} (xeS$?

defined by the direction x in space. We
call this sphere S? the celestial sphere.

In the figure on the right, the geom-
etry is shown for two space dimensions
(i.e.,in (R?, (-, -)5 1)), with the celestial
sphere S'.

‘We now study how the directions and
the angles they subtend change under
Lorentz transformations. The appropri-
ate language for this purpose consists of
mappings called projectivities.

16.16 Definition
The projective linear group PGL (V) of a K-vector space V is the factor group

PGL(V) :=GL(V) /Z(V)
of the general linear group GL(V) modulo the normal subgroup® of dilations
Z(V):={Aldy | A e K*} < GL(V).

This group acts on the projective space P(V'), because GL(V) acts on it (see Example
E.18), and Z(V) leaves the 1-dimensional subspaces of V invariant.

16.17 Example (Projective Space KP(1) and Mdobius Transformations)
As shown in Example 6.52, the real projective space RP(1) = P(RR?) is diffeomor-
phic to the circle S'. Analogously, the complex projective space CP(1) = P(C?) is
diffeomorphic to the sphere 52 (Remark 6.36).

Another way to see this is by identifying sphere and projective space with KU{oo},
for K = R and C respectively.

8 And more generally electromagnetic radiation to the extent that it doesn’t propagate in a medium,
with speed below the speed of light 1.

97(V) is also called the center of GL(V), because it consists of those mappings that commute with
all elements of the group.
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e In the case of S' and S? respec-
tively, this is done by stereographic
projection (Example A.29.3).

e Inthe case of KP(1), one identifies

the equivalence class U y
[v] = span(u) \ {0} € KP(1) T

of u € K2\ {0} with 0o if uy = 0, . I

and otherwise with u;/u; € K, uy/uy

for K = R and K = C respec-
tively. Geometrically, the latter
corresponds to the intersection at
(G /uz. D) = ] 0 (K x (1)),
see the figure.

In this notation, the projectivities, or Mobius transformations for (‘: ij) € GL(2,K)
are of the form

uq a
for z=—, and z+— — for z =00,
cz+d U c

see also Exercise 6.42. They only depend on three parameters from K, because
numerator and denominator may be multiplied with the same number from K* with-
out changing the result.

Thus PGL(R?) is a 3-dimensional, and PGL(C?) a 6-dimensional Lie group.

In the article [AR] by ARNOLD and ROGNESS, it is shown and visualized that
the Mobius transformations from PGL(R?) arise by composition of the (inverse)
stereographic mapping and rigid motion of the sphere S? in R3. O

The following theorem was proved independently by PENROSE in [Pen] and by
TERRELL in [Te] in 1959.

16.18 Theorem The restricted Lorentz group SO (3, 1) acts on the celestial sphere
S? as the group PSL(2, C) = SL(2, C)/{Z1} of orientation preserving Mibius
transformations.

Proof:
e Given the linear isomorphism

AR > Sym(2,C), A(v) == (25 Ut with det(A(v)) = — (v, v)3
let us first study the group action

®:SLQ2,C) xR > R | &, (v) := A" (gA)g"). (16.4.1)

The Lorentz metric w := ®,(v) satisfies
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(w, w); 1=~ det(gA(v)g*) =— det(g)|2 det(A(v)) =— det(A(v)) =(v, V)3 -

Therefore, the group SL(2, C) acts by Lorentz transformations, and we obtain a
group homomorphism B
IM:SL2,C) - 03,1).

e This is an extension of the group homomorphism IT : SU(2) — SO(3) from
Theorem E.29. Indeed, SU(2) < SL(2, C) and SO(3) < O(3, 1) are subgroups, and
for g € SU(2), one has g* = g~!. Furthermore, in terms of the mapping o : R* —

su(2), x — (_, 7)), one has

2

A((§) =2i0(x) ,thus dy((5)) =("4¥) (x eR’, U eSUQ)).

e The image I (SL(2, C)) is contained in the restricted Lorentz group SO* (3, 1):

— by Remark 16.4.2, the subgroup SO'(3,1) < O3, 1) is the connected component
of the identity;

— the matrices g € SL(2, C) have a polar decomposition g = u exp(w) with u €
SU(2) and w € Mat(2, C) Hermitian and traceless. Conversely, every such product
u exp(w) lies in SL(2, C). Since SU(2) = S3, it follows that SL(2, C) = §3 x R?
is connected.

e On the other hand, the image of SL(2, C) is equal to SO" (3, 1), as can be seen
from f[(SU(2)) = SO(3) and the transformation of the positive factor in the polar
decomposition of g € SL(2, C).
e We now note that the mapping

5 o =T — (lalf 2z
C* — Sym(2,C) , z= (Zz) >z = (zzlzT \lelzz)
can be composed with A~ : Sym(2, C) — R* to a mapping that is called the Hopf
map
2Re(z122)
2Im(z2172)
Hopf : C> - R* | z= (2) = (Imlzmzzzlz) )

21 1+z2l?

The first three (namely the ‘spatial’) components were already used in connection
with the 2-dimensional harmonic oscillator for the parametrization of its orbit space
S2. see Remark 6.36.

The image Hopf ((C2 \ {O}) C R* is the forward light cone C* from Definition
16.7, and for v := Hopf(z) € C", the fiber is the circle

Hopf~'(v) = Az | A e §' c C}.
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The linear action () — (912114222} of the matrix g = ({,}:2) € SL(2,C) on
C? thus leads, by composition with the Hopf map, to a Lorentz transformation of the
forward light cone, which transforms the celestial sphere conformally. (]

Some Mobius transformations of the celestial sphere are shown in Figures 16.4.1
and 16.4.2; more precisely, their generating vector fields are shown:

Figure 16.4.1 Left: rotation: Middle: boost; Right: combination of rotation and boost

Figure 16.4.2 Left: Combination of rotation and boost, with different axes; Right: Orbits of a
degenerate Mobius vector field

The daily apparent rotation of the stars about the pole-to-pole axis of the earth,
which is of course familiar.

e The boost concentrates the stars in the direction of the velocity, whereas their
density is increased in the inverse direction of flight.

Combinations of rotation and boost are the more typical case. Itis only for rotations
about the velocity vector that the two zeros of the Mobius vector field are antipodes.
e The two zeros can merge into a single degenerate zero.
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Since the (angle preserving) Mobius transformations map circles into circles, no
relativistic length contraction is visible. This observation is no contradiction to the
previous remarks, because in the Lorentz contraction studied in Example 16.11, the
two ends of the rod that was passing by were measured at different locations in the
reference frame. In PENROSE and RINDLER [PR1], one can find a more extensive
discussion.

16.5 From Einstein to Galilei—and Back

Galilei’s theory of relativity is obtained from Einstein’s special theory of relativity
by a limiting process, where the speed of light ¢ goes to infinity. To see this, we insert
¢ > 0 into the Minkowski product ':

(- )e : R*xR*> R, , (v, w). = VW) + vwy + Vw3 — vgwy (16.5.1)

and we define the Lorentz groups as the invariance groups of this Minkowski product,
ie.,
L.:={A € GLU,R) | Vv, w € R* : (Av, Aw), = (v, w). }.

In the polar decomposition A = OL.(v) of a matrix A € L, with an orthogonal
matrix O, we obtain, by modification of (16.2.5), the explicit form of the Lorentz
boost:

Lo(v) = 7. (v) ((“3 B P“%?‘c'(z”) + B 11’) (veR?, 0 < [vll <c), (165.2)

with v.(v) 1= (1 — |v[|?/c®) ™2 = 1 4+ O(c™?). Thus for every velocity v € R?,
one has

Loo(V) = lim L(v) = (]2)3 ’1’)

If A belongs to the restricted Lorentz group, then the orthogonal matrix in the polar

decomposition has the form O = (§9) with a rotation matrix O € SO(3). An even

simpler form than OLs(v) = ( 9 Ol“) is obtained if we exchange the factors in the

polar decomposition, because Loo(v)0 = (§1}).

The Poincaré group in its explicitly c-dependent form is the semidirect product
P, := R* x L. It can be written as a matrix group by combininga € R* and A € L,
into the 5 x 5-matrix (6‘ ¢ ) After taking the limit ¢ — oo and writing the translation

0
vectora asa := (¢) € R* = R? x R, we obtain the elements ( 0 Z?) of the (proper

101¢ can easily be determined by a consideration of physical dimensions (units) where the factors ¢
for conversion between space and time need to be inserted.
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orthochronous) Galilei group, with the multiplication law

Oy v qi 02 v2 ¢ 0102 vi+01v2 qi+vih+01q2
(01[,)(01&):( o " s ) (16.5.3)
001 001 0 0 1

Just as the Poincaré group, this one is also a 10-dimensional Lie group.
16.19 Remarks (Galilei group)

1. Thus this group is isomorphic to the semidirect product R* x E(3) of the Euclid-
ean group E(3) with R*: The group element g := (Agq, At; v, 0) € R* xE(3)
acts on the spacetime point (¢, t) € R* by

D,(q,1) := (Og + vt + Aq, t + At). (16.5.4)

2. The Minkowski bilinear form (16.5.1) itself does not have a limit for infinite
speed of light.
Instead, in Galilei’s theory of relativity, there exists an absolute time that is
independent of the reference frame. Two points (¢, 1) 7 (¢, t’) in spacetime are
called simultaneous if there is no physical way of reaching (¢’, t") from (¢, 1),
i.e.,ifthereisno (v, s) € R*suchthat (¢’, ') = (¢+vs, t+s). This is obviously
the case if and only if # = ¢'. Thus Galilei-simultaneity defines!' an equivalence
relation on spacetime.
Consequently, spacetime can be viewed as a bundle over the time axis R, whose
fibers are isomorphic (but not canonically isomorphic) to a 3-dimensional affine
space. This aspect is discussed further for instance in Chapter 11.2 of the book
[Scho] by SCHOTTENLOHER.
This global time can only be changed by an explicit shift in time, but not by
a change in velocity. This can be seen from the entry #; + #, in the law of
multiplication (16.5.3).
The point in space however depends on the velocity vector also in Galilei’s theory
of relativity, in accordance with the entry g; + v, + O1¢q» in (16.5.3). So there is
no absolute notion of ‘equal location’. To also abandon the notion of an absolute
simultaneity amounted to the crucial step toward the special theory of relativity.
3. More amazing than the fact that the Galilei group can be obtained by a limiting
process from the Poincaré group is the fact that the reverse route is also possi-
ble. By means of a technique called deformation, Einstein’s special theory of
relativity can be derived group theoretically from Galilei’s theory with almost
no ingredients from physics.
The Lie algebra g of a Lie group determines the local structure of the Lie
group (see Remark E.23.2). In a basis by, ..., b, of the R-vector space g,
the Lie algebra structure is determined by the coefficients cﬁ ; € Rin their
Lie bracket [b;,b;]1 = > _, cf.f jbk. The antisymmetry of the Lie bracket
implies c’;,i = —cfi ;» Whereas the Jacobi identity yields the quadratic relations

n contrast to the special theory of relativity!
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> (cf,jcz’fk + b el + c,fﬁichj) = 0 for the coefficients.
Thus the set of structure tensors (cf.f j) of Lie algebras is a subset £(n) of an
n3-dimensional R-vector space. The group GL (1, R) acts on this vector space,
and its orbits consist of mutually isomorphic Lie algebras.

The contractions of aLie algebra correspond to the boundary points of its orbits.
As we have seen, the Lie algebra of the Galilei group is obtained by such a con-
traction from the Lie algebra of the Poincaré group.

The basic idea of deformation of g consists conversely of perturbing the coef-
ficients of g in £(n) and looking whether the Lie algebra g’ thus obtained is
isomorphic to g (see Chap.7.2 of the book [OV] by ONISHCHIK and VINBERG).
For the Lie algebra of the Euclidean group IE(3), one is led by this process to the
Lie algebra so(4) of the rotation group on one hand, and to the one of the Lorentz
group on the other hand. The rotation group can be dismissed as a candidate for
a relativistic symmetry of spacetime. Details can be found in [FOF] and work
quoted there. O

The fundamental interactions of a theory in physics should be invariant under the
relativistic symmetry transformations. This limits the form of the physically funda-
mental Hamilton function.

In order to define this invariance formally, we need to consider phase spaces that
are cotangent bundles over spacetime, rather than such over space only.

Quite generally, we begin with a possibly time dependent Hamiltonian
H : T*M x R, — R on the extended phase space 7 * M (namely extended by
the time axis R,), with a configuration manifold M. The product 7 * M x T * R, of
the cotangent spaces (7 * M, w;) and (T * R, wp) with their canonical symplectic
forms has the symplectic structure given by Theorem 6.48,

wi=w Owy =7 (wy) — (W), (16.5.5)

where the 7; are the projections on the factors. The sign is chosen in such a way that
w is adapted to the Minkowski space (-, -)3 ;.
We compare the dynamics generated by H with the one generated by

H:T*M xR,)—>R , H(p,E;q,t):=H(p,q,1) — E. (16.5.6)

The Hamiltonian equations of motion, written in local canonical coordinates p =
(p1,---»Pa)»q =(q1,...,qq) of T*M, are

. OH . OH R OH d izl
i =——— §gi=— , E=— an =1,
P ; 4 op;j ot

where the dot denotes the derivative with respect to the time parameter s. Thus we
can set 1 = s, and the solutions for H correspond to those for H.

Moreover, one has E = H(p, q,t) on the level set H! (0), so the phase space
variable E can be interpreted as total energy. We now specialize to the case M := R3,
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and study the form of those Hamiltonians that are invariant under the action of the
Poincaré group P = R* x L, lifted to T*R*. Here (a, A) € P acts by the affine map
@4 : R* > R*, x > Ax+a onspacetime R*, and therefore by the w-symplectic
cotangent lift from Definition 10.32,

o TR TR, (pox) > (I(A7) T p, Ax+a)  (165.7)

on its cotangent space. Due to the relation AT/ A = I, with the diagonal matrix / =
diag(1, 1, 1, —1), which follows from the definition of the Lorentz group according

to Remark 16.2.4, we can simply write A instead of the matrix / (A‘I)TI .

16.20 Lemma (Cotangent Lift of the Galilei Transformation)
The nonrelativistic limit of (16.5.7) for the Poincaré transformation with polar

decomposition A. = L.(v)0, orthogonal matrix O = (99), and a = (i‘ti)
is

(p.E; g, t)— (Op, E+(v,0p) ; Og+vi+Aq,t+At). (165.8)

This is the cotangent lift of the Galilei transformation (16.5.4) on T*R* = T*R? x
T*R.

Proof: Analogous to the above remark, one has / (A;l)—r I =D.A.D !, with D, :=
diag(1, 1, 1, c?). Moreover,

D.A.D7' = D.L.(v)D.' D.OD."' = D.L.(v)D." O.

The limit ¢ — oo is obtained after conjugating formula (16.5.2) for the Lorentz
boost L.(v). O

The remarkable thing about (16.5.8) is that under this limit, the momentum p € R3
does not change when transitioning to the reference frame with relative velocity v.
But we need to remember that it is only by giving a Hamilton function for a particle
that the momentum acquires a connection to the velocity of that particle.

As a € R* may be chosen freely, a Lorentz invariant Hamilton function can only
depend on the 4-momentum p. For arbitrary f € C '(R, R), a Hamilton function of
the form

A :T'R* >R , H(p,q)=f({p.p)ie)

is invariant. In the simplest case, f : R — R is linear, and in comparison with the
nonrelativistic theory, we denote the slope of f as 1/ (2m) Writing the 4-momentum
inthe form (p, E) € R? xR, one obtains for the value — & < of the Hamilton function

He(p. E:q.1) =125 — L

2mc?
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the formula E = mc?,/1 + (%)2 =mc® + % + O((%f) for the energy of the
relativistic free particle. On the level set of ’"T“z, the equations of motion

d dE d dr E
b _, o Ye_p A E

ds ~ ds  ds m ds  me?

of H lead to the relativistic relation

dg _ P

oomfie iy

between velocity and momentum.

Whereas the pointwise limit lim,_, I:IE( p, E; g, t) equals %, for given values
of p (as well as ¢ and ¢), on the c-dependent level set of ’”TCZ, the nonrelativistic limit
of H.(p, E + mc?; ¢, t) will be % —E.

But the nonrelativistic Hamilton function

_lpl?

H:T"R)xR) >R, H(p, E;q,0):=—

E (16.5.9)

obtained in this way, or by transition (16.5.6) to the extended phase space, is not
invariant under the lifted action (16.5.8) of the Galilei group.

This is why, rather than (16.5.8), one uses the following transformations for the
nonrelativistic limit:

16.21 Lemma (Phase Space Action of the Galilei Group) The mappings

(p.E; q.t) > (Op+mv, E+ (v, 0p)+ im|vl|*; Oq+vt+ Aq, t+ At)
(16.5.10)

define an w-symplectic group action (with respect to w from 16.5.5) of the Galilei
group on the phase space T*R* of spacetime, and this action covers the action ®
from Remark 16.19.1.

Proof:

e The mapping (16.5.10) is the composition of the (w-symplectic) cotangent lift
(16.5.8) with the translation of the fibers of T * R* by the constant

(mv, %m||v||2 ; 0, O). It is therefore w-symplectic.
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e Moreover, the composition of the actions of the motions (v, Oy), (v2, Oz) € E(3)
satisfies:
01(02p +muvy) + mvy = 0102p +m(O1v; + vy)

and

(E + (v2, 02p) + m|v211) + (v1, 01(02p + mv2)) + 2m vy |2
= E + (01v2 + v1, 010,p) + sm||O1v2 + vy |1* .

So we indeed have a group action by the Galilei group.
e The last two entries in (16.5.10) coincide with (16.5.4). So the action @ is indeed
covered. O

While these mappings differ from (16.5.8) merely by a constant fiber translation
of T *R4, they do leave the Hamilton function (16.5.9) invariant.

Nonrelativistic particles can interact in many Galilei-invariant manners. The
extended phase space of n particles is

P, = T*(R;" X R,) .

The action of the Galilei group is diagonal with respect to the coordinates of the
particles, i.e., for particle masses m; > 0 and the total mass m := ZZ=1 my, the
point (p1, ..., pn, E; q1,...,qu,t) € P, in phase space is transformed into

(O(p1+mv), ... 0(pn+muv), E+ (v, p1+...4 pp) + gmllv|*;
O(q1 +vt)+Aq,....,0(q, +vt) + Aq ., t + Ar).

16.22 Exercise (Galilei Group)

(a) Show in analogy to Lemma 16.21 that these mappings define a symplectic action
of the Galilei group on the extended phase space P, of n particles.
(b) We consider the Hamiltonian H : P, — R,

n

Il e II*
Hprooooop B g ) =24 > Vielge —q0) — E
= Mk m<n

with the V., € C®(R?, R). Show that H is Galilei invariant, if the interaction
potentials Vj , are rotation invariant. O

16.23 Remark (Structure of Relativistic Theories)

In contrast, a finite number of relativistic particles cannot interact in a Poincaré
invariant manner. This was first shown with regard to two particles (see CURRIE,
JORDAN and SUDARSHAN in [CJS]), and then generalized by LEUTWYLER in [Leu].
In [AB], ARENS and BABBITT treat interactions that do not need to be Hamiltonian.
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These results indicate that a relativistic theory with interactions needs to admit
infinitely many particles. %

16.6 Relativistic Dynamics

Two non-parallel affine hyperplanes of R* intersect. Thus for accelerated frames of
reference, there exist points in spacetime that are simultaneous to different points on
the worldline, see Figure 16.6.1, left.

16.24 Example (Constant Force)
In the case of constant force (and thus constant acceleration g > 0 in the reference
frame that moves along with the particle), the orbit is described by the Hamiltonian

H:R>-R , Hp.q)=1+p*—ggq:

compare this with Example 8.7. This yields p = g and ¢ = p//1 + p2.
All solution curves are obtained by a spacetime translation from the one with
energy H = 0 and p(0) = 0, thus ¢(0) = 1/g. We obtain ¢ = /1 — g/¢?, and

therefore ;
qt) =+ g2 +1? and (1) = ————= € (=1, 1).
/972 + t2

The worldline ¢ > (g(z),7) € R? is the parametric equation of a hyperbola (see
Figure 16.6.1, right).
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Figure 16.6.1 Worldlines, i.e., trajectories in the spacetime representation. The straight lines are
simultaneous in the accelerated frame of reference. Left: Return to the starting point. Right: Constant
acceleration
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The straight lines in spacetime consisting of those events that are simultaneous
to the point (q (s), s) in the frame of reference that moves along are therefore of the
form

{(g(s).s) +¢(1,4(s)) | c € R} =span(v/g 2 +s2,5) (s €R),

so they all intersect in the origin of spacetime.

Hence the double cone {(x, #) € R? | ? > x?} of those events that are timelike
with respect to the origin of the Minkowski space R? does not contain any point that
is simultaneous to a point of the worldline. O

The phenomenon described here does not match our everyday experience, but it
also rarely occurs in this experience: accelerations much larger than the acceleration
of gravity and distances larger than a light year are not part of our experience.

16.25 Exercise (Constant Acceleration)
Calculate the distance of the point of intersection in Example 16.24 from an accel-
erated observer, if said observer experiences a constant acceleration of 10 m/ s2. 0O



Chapter 17
Symplectic Topology

Volume preserving, non-symplectic camel. Image: courtesy of Norbert Nacke

In the theory of dynamical systems, topological methods are often employed when
the dynamics is too complicated to answer questions like the one about the existence
of periodic orbits directly.

As Hamiltonian differential equations (and also gradient systems) are defined in
terms of the derivative of a single function H : M — R, topological statements about
the zeros of a real function on a manifold turn into statements about dynamics. For
instance, on a compact manifold, such a function attains a minimum and a maximum.

Morse theory predicts (depending on the topology of the manifold) the existence of
further critical points of the Hamilton function. All these critical points are equilibria
for the dynamical system.

© Springer-Verlag GmbH Germany 2018 469
A. Knauf, Mathematical Physics: Classical Mechanics, La Matematica per il 3+2 109,
https://doi.org/10.1007/978-3-662-55774-7_17



470 17 Symplectic Topology

Most phase spaces in classical mechanics are not compact, and therefore the
above arguments need to be refined. Symplectic topology, a very active research area
during the past decades, attempts to fathom such dynamical properties of Hamiltonian
systems.

But this is not an exhaustive summary of its scope. For instance, by the theorem
of Darboux (see page 229), symplectic manifolds of the same dimension cannot be
distinguished locally, in stark contrast to Riemannian manifolds. But what are their
global invariants? Some answers come to mind immediately:

e There can exist non-isomorphic symplectic structures on a manifold, since for
instance the volume of a compact symplectic manifold is an invariant.

e Also, not every manifold carries a symplectic structure. Apart from the condition
of even dimension, the manifold needs to be orientable.

In this chapter, we will address a few more extensive answers.

17.1 The Symplectic Camel and the Eye of a Needle

“It is easier for a camel to go through the eye of a needle, than for a rich man to
enter into the kingdom of God.” Gospel of Mark, 10:25 (KJV)

This is the curious title under which an analysis of invariants of symplectic mappings,
started by M. Gromov in the 1980s, is given. The idea is: If the symplectic camel
could be deformed under arbitrary volume preserving diffeomorphisms, rather than
only under symplectic ones, then it would not be difficult for the camel to pass
through the eye of the needle. As it stands however, a symplectic ribcage denies him
the passage.

The camel is modeled by a ball B, of radius r in a symplectic vector space
(R?", wp), and the eye of the needle by a hole of radius R in a hypersurface H C R?".
For n = 1 degrees of freedom, the camel can always form a thin neck to slip through
the hole. For n > 2 however, itis only for » < R that this is symplectically possible. !

In the nonsqueezing theorem proved by Gromov in 1985, one asks when the ball
B, can be mapped symplectically into a special cylinder Zg of radius R. This is
possible in an arbitrary dimension if and only if r < R. The nonsqueezing theorem
implies the above statement about the symplectic camel, but also a lot more, as we
shall see (confer however ABBONDANDOLO, MATVEYEV [AbMal).

We first study the problem in a radically simplified situation, in which we only
consider affine symplectic mappings of the 2n-dimensional vector space E:

f'E—E , x+—>gkx)+a withge Sp(E,w)anda € E. (17.1.1)

lin technical terms: There exists a symplectic isotopy ®; : R?* — R?", 1 € [0, 1] with ®( = Id that
leaves the punctured hypersurface invariant and for which @ (B, ) lies in the opposite component
of R?" \ H from the one containing B, .
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These mappings form a semidirect product £ x Sp(E, w), and a Lie group, called
ASp(E).?

In order to define objects like balls or cylinders, one actually needs an additional
structure, namely a Euclidean norm. Moreover, balls are not mapped into balls under
affine symplectic mappings (in other words, the property of being a ball is not an
affine symplectic invariant).

In contrast, in a finite dimensional real vector space E, we can define without a
norm what it means for a subset £ C E to be an ellipsoid, namely it means that there
exists an appropriate positive definite quadratic form

Q:E— R forwhichE={xeE|Qkx)<1}.
As the quadratic form can be reconstructed from the ellipsoid by
Q) :=0 and Q(x):=inf{g >0|x/q € E} for x € E \ {0},

ellipsoids and positive definite quadratic forms are two aspects of the same thing. Our
first question is about symplectic normal forms of ellipsoids (respectively, positive
definite quadratic forms). We first draw a comparison with normal forms under other
groups:

e On the space P = P(E) of such forms, the general linear group GL(E) acts
transitively by
GL(E)xP—->P , (f,O)— Qo f.

This can be seen for the case of E = R and the representation Q(x) = x' Qx
with @ € Sym(d, R), by transforming Q; into Q, with the congruence matrix
0;'?0)* e GLW, R).
Every ellipsoid can thus be transformed linearly into the unit ball.

e For the special linear group SL(d, R) C GL(d, R), the volume of the ellipsoid is
the only invariant, and it is proportional to det(Q)~'/2.

e In contrast, for the orthogonal group O(d) C GL(d, R), the lengths of the principal
axes of the ellipsoid (there are d of them) are the invariants.

In comparison to the latter case, for d = 2n and the symplectic group, there are just
half as many invariants:

17.1 Lemma (Symplectic Normal Forms of Ellipsoids)

For every ellipsoid & C R*" in the canonical symplectic vector space (R*", wy), there
are unique real numbers0 < r; < ... < r, andasymplectic mapping f € Sp(2n, R)
such that € = f(&,,,...,,) for the ellipsoid

,,,,

2Its dimension is n(2n + 3), because dim Sp(E, w) = n(2n + 1) by Exercise 6.26.
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Proof This follows from Lemma 6.29 and the normal form (6.3.3). |

Thus the linear symplectic images of the ellipsoids Brz” = &, are the best possible
analogs of the Euclidean ball B,Z” of radius » > 0, and for n > 2, not every ellipsoid
can be so written with an appropriate radius r.

We consider the symplectic cylinders of the form

Zr:={(p.q) € R} xR = R™ | p} + ¢} < R}

The question is now, when does there exist an f € ASp(RZ", wp) such that f(B,) C
Zgr?

17.2 Theorem (Gromov’s Non-Squeezing Result in the Linear Case)
It is exactly for r < R that a ball of radius r can be mapped affine symplectically
into the cylinder Zg.

Proof
e Forr < R, the ball is mapped into the cylinder under f = Id.

e The nonexistence part of the statement follows from its special case r = 1 by
scaling. Let f(x) = g(x)+a withg € Sp(R**, wp)anda = (ay, ..., as,) " € R*.
The left side of the condition

max,esa1 (i) + fur1(0?) < R?

is minimal for a; = a,4+; = 0.
The transpose H = (hy, ..., hy,) of the matrix representing g is also symplectic,
and therefore || hg|| [|hnskll = wo(hi, hyvr) = 1. We conclude

max szt (f1(0)* + frs1(x)?) = maxyegmrt ((hy, x)* + (hyi1, x)%)
> max{[| |1, a1} > 1,

by using the inequality ab < max{a?, b*} for a := ||h| and b := ||h,41]. m]

17.3 Remark (Squeezing for Volume Preserving Maps)

If one asks the analogous question for affine volume preserving maps (where we
require in (17.1.1) that g € SL(2n, R)), then a corresponding imbedding is always
possible for n > 2 degrees of freedom, because in this case, the cylinder Zx (which
itself can be viewed as the degenerate ellipsoid) has infinite volume. So the statement
of the theorem refers to a specific property of symplectic mappings that goes beyond
the conservation of volume. O

17.4 Corollary The ellipsoid &,,
cylinder Zg if and only if ri < R.

r, can be mapped affine symplectically into the

.....
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What is essential is that the symplectic area 7rr12 of the ellipsoid is smaller than
the symplectic area mR? of the cylinder. So the non-squeezing theorem measures
a two-dimensional property of subsets of the symplectic phase space. Fundamental
invariants of symplectic theory are 2-dimensional, whereas in Riemannian geometry,
lengths of curves are 1-dimensional invariants.

We can also see this in the example of the displacement energy of a (compact)
subset K C M of a symplectic manifold (M, w), introduced by Helmut Hofer:

1
e(K) := inf / (sup(H,) — inf (H,)) dz .
{H} Jo

This quantity measures the energy needed to separate the set K from itself, namely
¢1(K) N K = @, under a Hamiltonian flow {¢;};c[0.1] generated by {H;}:<[0.1]-

17.5 Example (Displacement Energy)
We consider the simplest case of a flow generated by a linear, time independent
Hamiltonian, and acting on an ellipsoid K. The ellipsoid is to be oriented parallel to

2 2
the coordinate axes, i.e., K = {(p,q) e R*" | >}, ’r'—ké + Z—:z <1}
The flow generated by the Hamiltonian

Hey :R™ >R, Hey(pog)=1(&p)—(nq) (EneRY

is the translation ¢, (p, q) = (p +tn, g + t§).
e Then separation (¢,(K) N K = @) is accomplished for all times

> T m =2 (i, (% + i))fl/2 .
’ =

It is exactly when (7, £)/2 is a point on the surface of K that one has T (¢, ) = 1.
e On the other hand, the energy employed is

| He pll := max{H¢ ,(x) | x € K} —min{H,(x) | x € K}
= 2max{H¢,(x) | x € K},

where we have used the point symmetry of K. The maximization under the constraint

x € K yields

I Hell = 2((€, 1) + (0, 5)%) 2.

Writing the components of the translation vector in polar coordinates,

& = LSk cos Ors 5 Mk = L1k sin Pk with ¢, := i + i s (17.1.2)
Sk

7

0 12
one has || He , | = 2(37_; (€xresi)?) 2
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e We now assume 7'({,n) = 1, hence ||£|, = 2. Letting f; = min{fi, ..., fu}
where f; := risi, the minimum of ||H || is 4 f;, taken on whenever £; = 2 in
(17.1.2), and £;, = 0O for all other k. Thus the displacement energy is proportional to
the above-defined symplectic area of the ellipsoid. O

While the displacement energy assigns to sets like the ellipsoids a nonnegative
number, this number does depend on the imbedding of the set into the symplectic
manifold (which in the example of the ellipsoids was (R?", wy)); it is therefore not
an intrinsic quantity.

As a consequence, in [EH], EKELAND and HOFER defined axiomatically, what is
to be meant by an (intrinsic) symplectic capacity.

17.6 Definition
A mapping ¢ : (P,w) — [0, oo] that assigns nonnegative numbers to symplectic
manifolds is called a symplectic capacity, if it has the following properties:

Monotonicity: If there is a canonical transformation that imbeds (P, w;) into
(P2, wy), then ¢(Pr, wy) < c(Pa, wy).

Scaling: ¢(P,kw) =kc(P,w) fork > 0.

Nontriviality: c(BIZ”, wp) > 0 for the unit balls BIZ” in (R*, wy);
c(Zy, wy) < oo for the symplectic cylinders Z; in (R*", wp).

17.7 Theorem (Gromov’s Nonsqueezing Result)

If there exists a symplectic capacity for which c(Blz”, wp) = c(Zy,wp), then the
following result holds true:

A ball of radius r can be symplectically mapped into the cylinder Zy of radius R if
and only if r < R.

Proof

o If r < R, then B*" is already a subset of Zg.
o If there exists a symplectic imbedding I : B> — Zg, then

c(BM, wp) < c(Zg,wo) = c(Z1, R*wp) = R2c(Zy, wp) = R2c(BY", wy),

which, in view of c(Brz”, wp) = r’2c(B]2”, wp), would contradict the positivity of
c(B¥, wy) if it were r > R. ]

As a matter of fact, Gromov and Hofer-Zehnder have defined such capacities.

17.2 The Theorem by Poincaré-Birkhoff

Poincaré, who was the first to introduce qualitative methods into dynamics system-
atically, made a statement about area preserving mappings in his ‘last geometric
theorem’. This statement was proved by George David Birkhoff in 1925.
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We consider, for the radii 0 < r_ < ry < oo and the circle St = R/27Z a
homeomorphism
H=(R,®):A—> A oftheannulus A:=[r_,r;]x S' (17.2.1)

that maps the two boundary components {r.} x S! to themselves in an orientation-
preserving manner. The mapping

H=(R,®):A— A
that is semiconjugate to H with respect to the covering A:=[r_,r;] xR — Ahas
the periodicities R(r, p + 2m) = R(r, ) and
(r, o +2m) = D(r, @) + 2. (17.2.2)

Assume the boundary components are turned in opposite directions, namely assume
that there exist o_ < 0 < ¢4 with

dri, o) =p+pr  (peR). (17.2.3)

The latter is mainly a requirement on H, but also on the choice of the lift H.

17.8 Theorem (Poincaré-Birkhoff)
If the homeomorphism H is area preserving? then it has at least two fixed points in
the interior of the annulus A.

17.9 Remark The hypothesis that H be area preserving cannot be omitted. Coun-
terexamples are the diffeomorphisms of the annulus given by

H.(r, ) = (r —e(r—rp)(r—r2), p+r— %(m_ + r_)) (|5| < )

Fo—r—

They are without fixed points when € # 0, but are area preserving only fore = 0. ¢

Proof We prove the theorem under the simplifying assumption that H is twice
continuously differentiable. In the paper [Bi2] by GEORGE DAVID BIRKHOFF, one
can find a proof that does not make this simplifying hypothesis. The mapping

V:A—>R , U [p))i= ) —¢
is well-defined by (17.2.2), and it measures the angle difference between the image

of a point under H and the point itself. In particular, one has W (r, [¢]) = ¢+ from
(17.2.3), and therefore 0 € W(A).

3 We take the Lebesgue measure on A, respectively the area form dr A de, but one may also take
the measure r dr A dip that arises from polar coordinates on R2.
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e If 0 is a regular value of W, then the pre-image M := ¥~'(0) C Aisa 1-
dimensional compact submanifold. It therefore consists of finitely many connected
components M;, which in turn are diffeomorphic to the circle.

The restrictions I1; : M; — S' of the projection IT : A — S, (r, ¢) > ¢ have
therefore mapping degrees deg(I1;) (see page 131), which we may assume to be
nonnegative by choosing the orientation of M;.

A mapping degree larger than 1 cannot occur, because otherwise M; would have
to intersect itself. The M; are Jordan curves. Thus A \ M; consists of exactly two
connected components because of the Jordan curve theorem.* But there must be
an index j with deg(I1;) = 1, because otherwise {r_} x S! and {ry} x S! would

lie in the same component.
Intersections of M; with H (M)

are fixed points of A, because
under the mapping by A, only
the first component of a point
(r, ¢) € M can change.

Such intersections do exist,
because otherwise one connected
component U of A \ M; would
be mapped under H into a proper
subset H (U) of itself. This would
be in contradiction to the area
preserving property, because then
the area of this subset would be
smaller as well.

However, it there exists one point of intersection of M; with H (M), then there
also exists a second such point.
e If however 0 is not a regular value of W, then we consider the perturbations

H.:A— A , H :=R.oH with R.(r,p):=(r,p—¢)

of H. For all ¢ € (¢_, ¢+), the mapping H. satisfies the hypotheses of the theo-
rem. By Sard’s theorem (see page 319), there exists a sequence (¢, ),en converging
to 0, for which H;, also satisfies the regularity hypothesis from the first part of the
proof. Thus there exists a sequence of fixed points x, of H,, . By compactness of
the annulus, this sequence has a convergent subsequence. Its limit point x € A is
a fixed point of H.

A refined argument would show that there are indeed two fixed points. O

4Jordan Curve Theorem: The complement of the image ¢(S') C R? of a simple closed curve
¢ : S' — R? in the plane consists of exactly two connected components, one of which is bounded,
and the other of which is unbounded. ¢(S") is the common boundary of both connected components.



17.2 The Theorem by Poincaré-Birkhoff 477

A particularly simple class of mappings (17.2.1) consists of the monotone twist maps.
These mappings are continuously differentiable, with partial derivative D;® > 0.
Therefore, by the implicit function theorem, the zero set M = w-1(0) C Aisthe
graph of a function of the angle.

17.10 Example (Monotone Twist Maps)

1. (Standard Map) The area preserving standard maps considered in Sect. 15.6,
F.(x,y) = (x + y + esin(27x), y + esin(27x))

satisfy the monotone twist property D;® > 0. Here x is considered as the angle
variable ¢ and y € R as the radius r, such that

O(r, ) = +r+esinry).

In these coordinates, admittedly, the condition of invariance and opposite direc-
tion of rotation (17.2.3) of the boundary circles is not satisfied when ¢ # 0.
However, one can consider the domain between two invariant KAM-tori, and
this idea is at the basis of the real potential for applying the Poincaré-Birkhoff
theorem; then one can conclude the existence of two fixed points in this domain.

On the other hand, in this example, one can also see directly that the points
(x,y) =(0,0) and (x, y) = (1/2, 0) are fixed points of the standard maps F..

One can also calculate that the linearization of F. at these fixed points is of the
form (1327 1) and ('7= | ) respectively, such that for & # 0, one is hyperbolic,
the other elliptic, in the sense of the classification of matrices in SL(2, R) (Exer-

cise 6.26).

The Figure 15.6.1 give rise to the conjecture (and this can be proved) that a chaotic
zone is formed around the hyperbolic fixed point, whereas the elliptic fixed point
is surrounded by invariant tori.

All these are typical properties of twist maps.

2. (Convex Billiard)
A simple closed curve ¢ : S' — R? defines a bounded domain in R? according
to the JordanAn achromatic lens or, more precisely, achromatic curve theorem
that we have just used. This domain can be interpreted as a billiard table. The
situation is simplest if the curve is smooth, regular, and with positive curvature. >
We normalize the length of the curve to 27.

SIf ¢ is parametrized by arclength (which is possible for regular curves and will be assumed in the
sequel), then positive curvature means (c/ "(1), ((1) Bl ) c’(t)) > 0.
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Then the trajectory of a billiard consists of a polygonal path whose corners are
on the boundary C := ¢(S"') of the billiard table and for which the directions with
respect to the normal vector ((1) _01 ) ¢'(t) to the curve change according to the
rule ‘incoming angle = — outgoing angle’. The segment is parametrized by the
arclength ¢ of the point of collision and the outgoing angle (or more practically
its sine, u#). The phase space of the discretized dynamics is thus an annulus of the
form A :=[—1,1] x S'.

Due to the positive curvature of the boundary, each successive collision with the
boundary is transversal, and therefore, the mapping ® : A — A is smooth by the
implicit function theorem.

Transversality only fails in the case of a direction that is tangential to C, namely
when u = =£1. In this case, (u, t) is a fixed point of ®, and therefore one of the
conditions of Theorem 17.8 is satisfied.

For the same reason however, condition (17.2.3) about the opposite rotation of the
boundary components is violated. The statement of the theorem is also not valid
for this example, because for an angle different from %7, the next point of colli-
sion is different from the given one, so there is no fixed point in A =(=1,1)xs".

Nevertheless, the Poincaré-Birkhoff theorem can be applied to the billiard prob-
lem. As the angle difference ¢, — ¢_ (see (17.2.3)) equals 27, the n'M iterate "
corresponds to an angle difference of 27n. Therefore, for all n > 2, the mapping
®" has fixed points in A. They belong to n-periodic orbits of .

Since @ and ®” cannot have a common fixed point in A whenm and n are relatively
prime, ® has infinitely many periodic orbits. O

17.3 The Arnol’d Conjecture

George David Birkhoff was already looking for a generalization of his theorem for
higher phase space dimensions. Such a generalization was successful in the past
years with the proof of the Arnol’d conjecture.

17.11 Remark (Arnol’d Diffusion) At first, itis not even clear how such a statement
could even look. Let us consider as domain of applicability for the Poincaré-Birkhoff
theorem the phase space portrait of a Hamiltonian system with two degrees of free-
dom, as in Figure 15.4.3. As the energy surface is 3-dimensional, the 2-dimensional
KAM tori have codimension 1. Thus two such KAM tori can bound a 3-dimensional
domain. After discretizing the dynamics by means of a Poincaré surface, we obtain
an annulus between two invariant circles.
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Now, since for n degrees of freedom, the
n-dimensional KAM tori have codimension
n — 1 in the energy shell, finitely many of
them will not bound a domain, whenn > 2.
Instead, it is possible in this case that initial
values that do not lie on an invariant torus
belong to trajectories whose action variable
changes with time in a manner similar to a ‘ \\;\ /171/”‘
random walk.

Correspondingly, one has a complement of
the Diophantine set in the spheres |w| =
const that is connected. Forn = 3andw; =
1, such a set is depicted on the right (in
black). Compare this with Figure 15.3.1 for n = 2 on page 408.

This phenomenon, called Arnol’d diffusion could be proved for some Hamiltonian
systems; for instance in the case of motion in a periodic potential, worked out by
KALOSHIN and LEVI [KL]. See also Chapter 6 of LICHTENBERG and LIEBERMAN
[LL]. O

So we cannot expect a generalization in this direction. However, the following, alter-
native proof of the Poincaré-Birkhoff theorem for the Billard problem yields a more
promising perspective.

17.12 Example (Periodic Orbits of Convex Billards)
In Example 17.10.2, we parametrized the collision data by the phase space coordi-
nates (u,t) € A =[—1,1] x S; accordingly, the discrete dynamics H = (R, ®) :
A — A mapped a point (ug, tp) into (uy, t1).

The monotone twist condition D;® > 0 allows to calculate the initial direction
uq from the pair (¢, ¢;) of points on the boundary C. Namely, if we use

S:S'x SR, Sy, 1) =—llcty) — cto) |

as the generating function for a canonical transformation, then S is a smooth function
except on the diagonal A C S' x S! of the torus; and the diagonal points (¢, 1) € A
correspond to improper billiard trajectories that are tangential to the boundary. The
partial derivatives are

Dy S(to, 11) = (¢’ (10), c(tr) — c(to)) /llc(tr) — c(to) || = sin o = ug

and analogously D, S (¢, t;) = u;. Thus the critical points (7, #;) of S correspond to
uo = u; = 0, which is a segment of the billiard trajectory that hits the boundary C
orthogonally at both ends. Iteration leads to a 2-periodic orbit in this case.

We conclude the existence of such an orbit from the fact that S has a negative
average, whereas S vanishes on A. This minimum is taken on twice because of the
symmetry S(t1, to) = S(t, t1)-
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Another periodic orbit corresponds to a (possibly degenerate) saddle point of S.
One can conclude its existence from the fact that S vanishes on the diagonal. Thus, if
we cut the torus open along the diagonal, S corresponds to a function on the annulus
A that takes the value zero on both boundary circles 01 A and that is negative in the
interior. The saddle point can be found, for example, by considering the minimax
problem

Mmaxgep xIeIII(i)nl] S(dx) <0,

with D:={d:[0,1] > A | d continuous, d(0) € O_A, d(1) € 9, A}. O

17.13 Exercise (Elliptic Billiard)
For an elliptic billiard table with semiaxes 0 < a; < a, and boundary

C:={x eR*| (xi/a1)” + (x2/a2)* = 1},

show that the discrete dynamics has exactly two geometrically distinct periodic tra-
jectories of minimal period 2. %

The minimal number of critical points is therefore two in this case. In connection with
such examples, ARNOL’D made the following conjecture in the 1960s, see Appendix 9
in [Ar2].

Arnol’d Conjecture: A Hamiltonian symplectomorphism ® : P — P (see Defini-
tion 10.27) of a compact symplectic manifold P

e has at least as many fixed points as a smooth function S : P — R has critical
points.

e Ifits fixed points are nondegenerate, their number is at least as large as the minimal
number of critical points of a Morse function S : P — R.

We have used here the following notions (see also Appendix G):
17.14 Definition For a differentiable manifold P,

e a fixed point x € P of a mapping ® € C'(P, P) is called nondegenerate if the
linear mapping D®(x) —Idr p : T, P — T, P is bijective;

e afunction f € C?(P,R) is called a Morse function if all critical points x of f
are nondegenerate, i.e., if the Hessian D? f(x) is nondegenerate as a bilinear form
in the sense of Definition 6.12.

17.15 Remark (Arnol’d Conjecture)

1. Since the minimal numbers of critical points addressed in the conjecture can be
calculated practically (see Appendix G), the inequalities thus obtained yield an
approach to periodic orbits of ®.

2. If the Hamiltonian symplectomorphism & : P — P is the time-1 flow of the
Hamiltonian differential equation for a Hamiltonian H : P — R, then the
Arnol’d conjecture for @ is obviously true because the equilibria of the flow
correspond to critical points of H. This also shows that the claimed inequalities
are optimal if P carries a perfect Morse function (see page 580).
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3. In general, in order to get the existence of fixed points, it is necessary to assume
that the symplectomorphism & is Hamiltonian.

This is because the 2-torus P := T? with area form w is a compact symplectic
manifold, and every translation ®, : P — P, x — x + a is symplectic. But it
is free of fixed points except in the Hamiltonian case &y = Idp (see Example
10.29.3).

4. A Morse function f € C2(P, R) is called a Morse-Smale function if (other than
in the figure on page 581) any intersection of the stable manifold of a critical
point p with the unstable manifold of a critical point g is transversal. Then Morse
theory can be built on relative indices of (p, ¢) defined means of the transversal
intersections; see M. SCHWARZ [Schw]. This allows the Floer theory, named
after ANDREAS FLOER, for infinite dimensional P, see [Bo2] by R. BOTT,
[McD] by D. McDUFF and Chapter 6 in [Jo] by J. JOST. O

17.16 Literature Useful for a thorough study are the article [Ar5] by ARNOL’D,
which defines the area, the textbooks by MCDUFF and SALAMON [MS], by HOFER
and ZEHNDER [HZ, Zeh], and the literature quoted therein. O
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Appendix A
Topological Spaces and Manifolds

A.1 Topology and Metric

A subset of R is called open if it is the union of open intervals (a, b) € R. This
definition makes R into a topological space:

A.1 Definition

1. Atopological space is a pair (M, O), consisting of a set M and a set O of subsets
of M (these subsets will be called open sets) such that the following properties
are satisfied:

1. @ and M are open,
2. arbitrary unions of open sets are open,
3. the intersection of any two open sets is open.

2. O is called a topology on M.
3. If Oy and O, are topologies on M and O; C O,, then we call O, coarser or
weaker than O,, and O, finer or stronger than O;.

A2 Example 1. The discrete topology 2™ (the power set) is the finest topology
on a set M, and the trivial topology {M, @} is the coarsest topology on M.
Topological spaces (M, 2M) are called discrete.

2. If N € M is a subset of the topological space (M, O), then

(UNN|UeOyc2V (A.1.1)

defines atopology on N, called the subspace topology, relative topology, induced
topology, or trace topology. For example, for the subset N := [0, c0) of R, all
subintervals of the form [0, b)) C N with b € N are open in N, but not open in
R.

3. If (M, Oy ) and (N, Oy) are disjoint topological spaces (i.e., M N N = @), then
the union M UN with (U UV | U € Oy, V € Oy} € 2MYV is a topological
space, called the sum space.
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4. Let (M, Oy) be a topological space and f : M — N surjective. The quotient
topology induced by f on N is the topology

{(venirwv) eon)ca2® 0

A.3 Theorem Let F be an arbitrary family of subsets of a set M.

e Then there is a unique coarsest topology O(F) on M satisfying F € O(F).
o O(F) is then called the topology generated by F.

In many cases, the topology is generated by a metric.
A4 Definition

e Ametric space is apair (M, d), consisting of a set M and a functiond : M x M —
[0, 00), such that the following properties hold for all x, y,z € M:

(a) d(x,y) =0<=x =y (Positivity)
(b) d(x,y)=d(y,x) (Symmetry)
(c) d(x,2) <d(x,y)+d(y,z) (Triangle Inequality).

e d is called a metric, d(x, y) the distance between x and y.
e forx € M and e > 0, the set

Uc(x) :={yeM|d(y,x) <¢e}

is called the (open) s-neighborhood of x in M.

A.5 Example 1. Theset B := {0, 1} designates one bit. We consider sequences of
n € Nbits, i.e., elements' of B". Their Hamming distance is given by the metric
d:B"xB"—{0,1,...,n},

d((by,....bp). (cr,...ocn) = [{i e {l,....n} | b # i}

’

namely by the number of positions in which the bit sequences differ. This metric
is used in information theory.

2. If (M, d) is a metric space and N a subset of M, then (N, dy) is again a metric
space with the metric ‘restricted’? to N,

dyv:NxN—->R , dy(x,y):=dx,y).

For instance, for M := C with the metric d(x, y) := |x — y|, the set S! ¢ C
is geometrically speaking the circle of radius 1 about the origin. The distance
dgi(x, y) between two points on the circle is then the length of the straight line
segment between the points x and y. A different, sensible metric on S' is given
as the (minimal) difference in angles of x and y.

'We will write them as row vectors.
2More precisely, it is the mapping d : M x M — R that is restricted to N x N.
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3. On the vector space R", the length of a vector v is defined by the Euclidean norm

ol == /220 vV (= .., €RY)L

With d(x, y) := ||y — x||, one obtains from it a metric on R”", called the Euclid-

ean metric.
4. On the vector space R”, one can also define a metric in terms of the maximum
norm
. T
vl := max(lvg], ..., [va])  (v=1(v1,...,0)" €R").
doo(x,y) = ||x — y|leo, and d satisfies Y2

doo(x,y) <d(x,y) < V/ndoo(x,y) (x,y €R");
see the figure forn = 2 and x = 0.

The ‘unitball’ {v € R" | ||[v]oo < 1} with respect
to the maximum norm is an n-dimensional cube
of side length 2 that is parallel to the axes and

centered in the origin. O

-0.5

A.6 Definition For a metric space (M, d), the set
O@):={VCM|VxeVI>0:Ux) SV} (A.1.2)

is called the (metric) topology on (M, d).

A.7 Theorem
(M , (’)(d)) is a topological space, and the e-neighborhoods U.(x) are open.

A.8 Remark (Topological Vector Spaces) Frequently, different metrics generate
the same topology. This is in particular true for such metrics on vector spaces as arise
from equivalent norms? (as in Examples A.5.3 and A.5.4). For in this case, one can
find for every e-ball around x with respect to one norm an ¢/c-ball around x with
respect to the other norm, that is contained in the former ball.

As all norms on a finite dimensional vector space are equivalent, we can talk
about the topology of R" or C" (however, there are other topologies on these spaces,
but they do not arise from norms, see Example A.2.1). On an infinite dimensional
K-vector space V, there are many different topologies O that are generated by norms.

In any case, addition and multiplication by scalars are continuous operations, so

(V, O) is called a topological vector space. O
3Definition: Twonorms || - ||7, || - Il77 : V — Rare called equivalent if there exists a number ¢ > 1
with

-1
e vllr = llvllrr < clivllr - (v e V).
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We expand our topological vocabulary by generalizing notions that are familiar
from the space R:

A.9 Definition Let (M, O) be a topological space.

e A C M is called closed if A is the complement of an open set: M\ A € O.

e U C M is called a neighborhood of x € M if there exists an open set V with
xeV CU.

e For A C M andx € M, we call x aninterior resp. exterior resp. boundary point of
A, depending on whether A or M \ A or neither of the two sets is a neighborhood
of x.

o

= {x € M | x is interior point of A} is called the interior of A.
:= {x € M | x not exterior point of A} is called the closure or the closed hull

— 0A := {x € M | x boundary point of A} is called the boundary of A.

e x € M is called cluster point of the subset A C M if the set U N (A \ {x}) is not
empty for any neighborhood U of x.

N C M is called dense ifﬁ =M.

e N C M is called nowhere dense if the interior of N is empty.

A.10 Example
1. For A := (0, 1] € R, we have A= 0, 1), A =10,1],and 9A = {0, 1}.
2. Qis dense in R, and Z is nowhere dense in R. O

A.11 Definition Let (M, O) be a topological space.
e A family (U;)ic; of U; € O is called an open cover of M if

Ui, Ui = M.

e (M, O) is called compact if every open cover (U;);c; has a finite subcover, i.e.,
an open cover (Uj) jey with a finite index set J C 1.

e (M, Q) is called locally compact if all m € M have a compact neighborhood.

e (M, Q) is called a Hausdorff space if for all x #y € M, there exist disjoint
neighborhoods U, of x and Uy, of y.

o (M, O) is called paracompact if it is Hausdorff and for every open cover {U, };cy,
there exists an open cover {V} jc; that is

(a) arefinement of {U;}ic;, ie,¥jeJ3iel :V; CU,
(b) and that is locally finite, i.e., for all x € M there exists a neighborhood U of x
for which the index set {j € J | V; N U # @} is finite.

A.12 Example (Topological Notions)

1. Finite dimensional real and complex vector spaces V are locally compact and
paracompact. Subsets of these V are compact if and only if they are closed and
bounded. (The latter is called the Heine-Borel theorem.)

However, Q with the relative topology from R is not locally compact.
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2. Asin a metric space (M, d), all points x # y € M have a positive distance, the
topological space (M , O(d)) is Hausdorff.
A topological space (M, O) is called metrizable if there exists a metric d on M
for which O = O(d). The example of spaces that are not Hausdorft shows that
not every topological space is metrizable.

3. Infinite-dimensional Banach spaces are not locally compact, but are paracompact
(as is every metric space).

4. An example of a Hausdorff space that is not paracompact is the so-called ‘long
line’, see HIRSCH [Hirs], Ch. 1.1, Exercise 9. Usually, spaces that fail to be
paracompact do not occur in problems of mechanics. O

A.13 Definition e A partition of unity on a topological Hausdor{f space (M, O) is
afamily (f;)icr of continuous (see Definition A.17) functions f; : M — [0, 1] such
that each x € M has a neighborhood U such that the index set {j € I | f;[y # 0}
is finite and ), fi(x) = 1.

e A partition of unity (f;)ics is called subordinate to an open cover (U;);c; of M if
supp(f;) C U; foralli € 1.

Partitions of unity are useful because they permit to combine objects that are defined
locally, i.e., on appropriate neighborhoods U;, into a globally defined object, i.e.,
one that is defined on all of M, and to do so in a convex manner.

The following theorem therefore clarifies the significance of the notion ‘paracom-
pact’:

A.14 Theorem A topological Hausdorff space is paracompact if and only if it has,
for every open cover, a subordinate partition of unity.

A.15 Definition
e A sequence (x,),en in a metric space (M, d) is called a Cauchy sequence if for
every € > 0, there exists a bound Ny = Ny(¢) € N such that

d(xm,x,) <€ (m,n > No(e)).

e (M, d) is called complete if every Cauchy sequence converges to some x € M,
i.e., for all € > 0, there exist a bound N (¢) € N such that

x, € Us(x) (n > N(e)).

A.16 Theorem Every compact metric space is complete.

A.17 Definition
A mapping f : M — N of the topological spaces (M, Oy) and (N, Oy)

e is called continuous if the pre-images of open sets are open (f~' (V) € Oy pro-
vided V € Oy);

e is called a homeomorphism if f is bijective and continuous and f~' : N — M
is continuous.
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e The topological spaces (M, Oy ) and (N, Oy) are called homeomorphic if there
exists a homeomorphism f : M — N.

Homeomorphic topological spaces cannot be distinguished within the vantage point
of topology. An example is R and the interval (—1, 1), with the homeomorphism
tanh : R — (=1, 1).

For the cartesian product M := [[;., M; of sets M;, we define a topology, based
on topologies O; of the factors M;, by means of the canonical projections

pj:M—>M; , (mies > m; (jeI),

as follows:
A.18 Definition

e The product topology O on M is the coarsest topology with respect to which all
canonical projections p; (i € I) are continuous.
e The topological space (M, O) is then called the product space of the (M;, O;).

A.19 Theorem (Tychonoff)* Arbitrary products of compact topological spaces
(with the product topology) are compact.

Proof: See for instance JANICH [Jae], Chapter X. O

U C M is open if and only if U is the union of (possibly infinitely many) finite
intersections of sets of the form p;” 1(0;) with 0; € O;.

In general, not all cartesian products of open sets are open. They are however
open if the index set / is finite.

A.20 Definition Let (M, O) be a topological space.

e (M, O) is called if connected if the only sets that are both open and closed in M
are the empty set and M itself.
Otherwise, (M, O) is called disconnected.

e N C M is called connected if N is connected in the relative topology (A.1.1) of
0.

e The maximal connected subsets N C M are called the connected components of
M.

e (M, Q) is called totally disconnected if all connected components consist (each)
of a single point.

e N C M is called discrete if the relative topology is discrete (see Exercise A.2.1).

4 Added in translation: this English transliteration of the Russian mathematician’s name seems to be
customary for historical reasons, even though Tikhonov would be more in line with transliteration
standards and phonetic similarity.
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A.21 Remark

1. Connected components N € M are closed in (M, O), but need not be open.
For instance the rational numbers (as single-element sets) are the connected
components of Q.

2. The connected components N; (i € I) of (M, O) form a partition of M, i.e.,

Uie]Ni =MandN,~ﬁN_,~ = (@ fori #]GI

3. A metrizable (see Example A.12.2) space

(M, O) is called a (topological) Cantor set if
the space is non-empty, compact, and totally
disconnected, and each point in M is a cluster
point of M.

All Cantor sets are homeomorphic to each other
and also to the Cantor 1/3 set (see Exercise 2.5).
This also applies, for example, to the cartesian
product of the Cantor 1/3 set with itself, as de-
picted on the right. O

A.22 Definition

Two continuous mappings fo, fi : M — N are called homotopic if there exists a
continuous mapping

h:M x[0,1] > N with h(im,i) = fi(m) (me M, iec{0,1}).

In this case, h is called a homotopy from fy to f).

Two topological spaces M, N are called homotopy equivalent if there exist con-
tinuous mappings f : M — N and g : N — M such that g o f is homotopic to
Idy; and f o g is homotopic to Idy.

A topological space M is called contractible if M is homotopy equivalent to a
singleton (i.e., a set consisting of one point).

A continuous mapping ¢ : I — M of an interval into a topological space is called
acurve orpath. t € 1 is then called the parameter of ¢, the image c(I) € M also
the trace of c.

Two curves cy, ¢y : I — M inatopological space (M, ©O), where I := [a, b), that
have the same initial and end points (co(a) = ci(a) and co(b) = c1(b)) are called
homotopic relative to these points if there exists a homotopy h : I x [0, 1] = M
from cq to c| for which

hr{a}X[O,l] = C()(a) and hr{b}x[().l] = C()(b).

M is called simply connected if any two curves in M with the same initial and
end points are homotopic relative to these points.
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e Foranm € M, the fundamental group 7,(M, m) of M (at m) is the set of homo-
topy classes of curves that begin and end at m.

A.23 Remark

1. Intuitively, the homotopy & deforms the curve ¢y continuously into ¢; while the
initial and end points are held fixed. Namely, if one defines, for s € [0, 1], the
curve

cs I —> M , c(t) :=h(t,s),

then the curves ¢, coincide for s = QO ors = 1 with the previously defined curves,
and ¢, (a) = co(a) = c1(a), cs(b) = co(b) = c¢1(b) fors € [0, 1].

2. Aswe have already used tacitly when defining the fundamental group, homotopy
equivalence is an equivalence relation.

3. The fundamental group does have the structure of a group, with composition of
curves defining the group operation.
If the base points m; and m, are in the same connected component of M, the
groups 71 (M, m;) are isomorphic. Such an isomorphism is induced by a curve
with initial point m; and end point m;. Therefore, if M is connected, one may
simply talk about the (abstract) fundamental group 7 (M) of M. O

A.24 Example (Connectedness)

1. The punctured space M := R"!\ {0} is homotopy equivalent to the sphere
N := §". This can be seen by taking for f : M — N the radial projection x —
x/|lx|l, and for g : N — M the imbedding. This then implies that (M) =
w1 (S™).

All spheres S" except S” = {—1, 1} are connected.
S" is simply connected if and only if n > 2. In that case, the fundamental group
of " is trivial. Moreover, 7 (S') & Z.

2. Convex subsets U C R" are simply connected, because for any two curves

co, c1 : la, b] = U with common initial and end points,

h:la,b] x[0,1] > U , h(t,s): =0 —s)co(t) +sci(t)

is a homotopy. O

A.2 Manifolds

In Definition 2.34, we introduced submanifolds of R”. Here we will define manifolds
without reference to such an imbedding.

Roughly speaking, an n-dimensional manifold is a topological space that locally
looks like R”. The following definition makes this precise.

A.25 Definition Let (M, O) be a topological space.
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e M is called locally Euclidean if there exists an n € Ny such that every m € M
has a neighborhood U € O that is homomorphic to R". The (unique) number n is

then called the dimension of M.

a topological manifold.

e A chart (U, ) of (M, O) (also called a
local coordinate system) consists of an
open subset U C M and a homeomor-
phism ¢ : U — V onto its open image
Vi=pU) CR"

e For r e N resp. r =00, two charts
Ui, pi), (U, ;) are said to have a C"-
overlap (or are called C"-compatible) if
forV,j:=¢;(U NU;) CR" the coor-
dinate change maps

Gij=piop v, Vij = Vi

are r times continuously differen-
tiable diffeomorphisms (i.e., ;€
C"(Vij» Vii) and ;i € C"(V;i, Vi j)),
see the figure.

If (M, O) is also paracompact (hence in particular Hausdorff), then M is called

Coordinate change map between
(Ui, i) and (Uj, ;)

e A C-atlas on M is a set {(U;, ;) | i € 1} of C"-compatible charts that cover M,

i.e., M = UielUi~

e Two C"-atlases are called equivalent if any two of their charts are C"-compatible.

A.26 Remark

1.

Topological manifolds M (or more generally locally Euclidean spaces) have a
unique dimension (written: dim(A/)). This is not so easy to prove (think of the
space-filling Peano curves).

Equivalence of C"-atlases is obviously an equivalence relation. For a C"-atlas &,
there exists a unique maximal C"-atlas W on M that contains . Such a maximal
atlas on M is called a C”-differentiable structure. O

A.27 Definition A ropological manifold (M, O) together with a C"-differentiable
structure is called a C"-manifold.

A.28 Remark

1.

It is very much intended for the notion atlas to be reminiscent of a world atlas in
geography. It should show the entire surface of the earth. One map (chart) is not
sufficient for this, as is well known. The maps (charts) in an atlas can be obtained
by different kinds of projections. An object that looks rectangular in one map
may be delimited by curves in another. Creases however are not permissible (see
figure).
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So we abstract from a metric structure, but do maintain a differentiable structure.

M

¥1 ©2 ©3
=, 2 2

\ . 4 \ . 4
compatible incompatible
Compatible and incompatible charts

2. The paracompactness requirement (see Definition A.11) is not a limitation in

practice. It is automatically fulfilled if the topology of the locally Euclidean
space is generated by a metric, for instance if M is defined as a subset of some
R™.
The line with two origins is an example of a one dimensional locally Euclidean
topological space that is not Hausdorff (and therefore not paracompact): Here
one defines M := M/~ with M :=R x {0} U R x {1} and an equivalence
relation generated by (x, 0) ~ (x, 1) for x € R\ {0}, and equips M with the
quotient topology.

3. We will normally study smooth (C*°-) manifolds M. Then on M, every open
cover (U;);¢s has a subordinate partition of unity with smooth functions (f;);ec;.

4. One frequently uses the notation M" for an n-dimensional manifold M. O

A.29 Example (Manifolds)

1. Every open subset M C R" becomes a manifold with the chart (M, Idy).
2. As a subset of R"*!, the n-sphere §” = {x € R"*! | ||x|| = 1} is a topological
space. The 2n + 2 chart domains

Usji={xeS"|+x; >0} (=1,....n+1
and the mappings

X1

X1 .
(pijZUij—>Rn s X:(E)I—)(pij(x)z X
Xn+1 .

Kn41
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make up an atlas on S". Here the hat over x; is to indicate that this coordinate
should be omitted. With this atlas, $” becomes an n-dimensional manifold.

3. A compatible atlas on S” is given by the two charts ¢, : Uy — R” of the stereo-
graphic projection (see figure), with

Ui = S"\(,...,0,£D) T}, S?

2 ’”
o12(x) = T (Xn) ‘ 1

As R = (- x)?/ i A = pi(x
4/ ||g01(x)||2, the coordinate change map
on U; N U, is, geometrically speaking, the Stereographic projection
inversion in a sphere of radius 2:

1—x " 4
—1 n+1 y n
pop; WM=——"-:)=—5 yepi(UiNUy) =R\ {0}).
! 1+xn+l(') ||y||2 ( )

In mathematical physics, S? occurs as the configuration space of a spherical
pendulum, and S*"~" as the energy shell H#~!(3) of the harmonic oscillator

H Ry, xRy - R , H(p,q) = 3(IpI*+llgl?).

4. In Definition A.27, we completely have disregarded any possible imbedding of
the manifold.
We can even define manifolds M by merely giving the images of charts and
compatible coordinate change maps. Then the set M is viewed as the set of
equivalence classes of points that are equivalent under coordinate change maps,
and the topology is the quotient topology.
Here is an example: Whereas the Mobius strip was introduced in Example 2.35
as a submanifold of R?, we can instead define it as an abstract C*°-manifold M in
the following manner: The images of the three charts ; : M — R2 i=1,2,3
are the open rectangles V; := (0, 3) x (—1, 1), the domains and ranges of the
coordinate change maps are the subsets

Vi ={G,y) e Vi[x>2} Vi ={x,y) eVi[x <1} (=123

(where indices are added modulo 3). The coordinate change maps themselves
are of the form

Giit1 : Viigr = Vi, ()= (x =2, —y)

(hence @ir1i = @iy ¢ Vieri = Vigsrs (1 9) = (1 +2, =)
5. The configuration space of two planar pendula is the torus T? := S' x S'. O
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A.30 Remark (Construction of Manifolds)

1. Anopen subset N € M of a C"-manifold (M, Oy,) with atlas {(U;, ;) | i € I}
is again a C"-manifold in canonical manner.
As a topology for (N, Oy), one can take the subspace topology

Oy ={UNN |U€Oy;

as an atlas, the set
{(UINN,gily) liel}

of the charts (U;, ;) of M restricted to N.
The case M = R" was already discussed in Example A.29.1.

2. Along with differentiable manifolds M and N and their respective atlases
{(Ui, i) |i €l}and {(V;, ;)| j € J}, their topological product space M x
N is also a differentiable manifold with the atlas

{(Ui x Vi, x )| G, j) el x J}. O

The closed ball B" = {x € R" | ||x|| < 1} is an example for a so-called manifold
with boundary. B" is not a manifold, because the boundary points x € B" = §"~!
do not have a neighborhood that would be homeomorphic to R”. There is however a
neighborhood that is homeomorphic to a half space as is defined by a linear mapping
£ :R" — R, where

H} :={yeR"|£(y) >0} (hence with Hj = R").

A.31 Definition

e A paracompact topological space (M, O) for which there exists some n € Ny such
that everym € M has a neighborhood U € O that is homeomorphic to a half space
H} is called a topological manifold with boundary.

e n is then called the dimension of M.

e Achart (U, p) of (M, O) is defined on an open subsetU C M,and p : U — p(U)
is a homeomorphism onto the relatively open image o(U) C H;'.

C"-compatibility of charts, C"-atlases {(U;, ;) | i € 1} of M, and C”-manifolds
with boundary are defined in analogy to Definitions A.25 and A.27.

A.32 Definition
The boundary of the manifold with boundary M is the set

oM = {m eM|3iel:melU;, pi(m)e 0(30;(Ui)) - R”}.
The point in this definition is that the boundary of the subset ¢; (U;) of R”" is defined

in the fopological sense (Definition A.9). It consists exactly of those points of ¢; (U;)
that also lie in the hyperplane OH;' of R".
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A.33 Theorem
Let M be a C"-manifold with boundary as in Definition A.32. For the set J 1= {j €
I'|U;NOM # ¥} of indices and the mappings
Q= @[U/_ : Uj — 8H£’j with the domain Uj =U;NOM,
U, ;) jes is a C"-atlas of the boundary of M.

In particular, the boundary M is itself a manifold (without boundary): 90M={. In
the theory of integration, this is dual to the property dd = 0 of the exterior derivative
from Theorem B.20.

A.34 Example (manifold with boundary) Half-infinite cylinder
M :={x e R? |x12+x§=R2, x3 > 0}

withradius R > 0. We can use, e.g., the fol-
lowing four charts (Uii, gaii), i = 1,2 with
Uf:={x e M | £x; > 0} and ¢ : U* —
R x [0, c0):

P (X1, X2, X3) = (£x2, X3),

@5 (x1, X2, x3) 1= (£x1, x3).

The boundary of the cylinder is

OM ={x € M| x3 =0},

namely a circle with radius R in the
(x1, x2)-plane of R3. O

A.35 Remark The cartesian product M x N of two manifolds with boundary is in
general not a manifold with boundary. O

How can we give and describe a continuous mapping f : M — N between dif-
ferentiable manifolds? Clearly we do it again by referring to charts (U, ) of M at
x € M and (V, ) of N at f(x) € N, specifically such charts as are adjusted to the
mapping: We need f(U) € V. Then the mapping

Yofop i) — (V) (A2.1)

is defined. It is called the local representation of f at x. By continuity of f, we
can always find such a local representation, if need be by restricting to a smaller
open neighborhood U" C U of x. (The chart (U’, ¢[,;) is compatible with the other
charts.)
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A.36 Definition

e f: M — N is called r times continuously differentiable (in formulas: f €
C" (M, N)) if for all x € M, the local representations of f at x are r times con-
tinuously differentiable (see FigureA.2.1).

e The mappings f € C*°(M, N) are also called smooth.

e A homeomorphism f € C"(M, N) is called C"-diffeomorphism if

flec (N, M).
A.37 Literature As a reference on the subject of manifolds, Chapter 1 of ABRA-

HAM and MARSDEN [AM] can be recommended. Global topological questions are
discussed in HIRSCH [Hirs]. O

N

Q\
(8
wOfOso @

Figure A.2.1 Differentiability of f : M — N

A.3 The Tangent Bundle

What kind of geometric structure is formed by the
states (namely positions and velocities) of a me-
chanical system, given that its configuration space
is a manifold M ? They form what is known as the
tangent bundle TM of M.

If M is a manifold imbedded into R”, then it is
clear how to understand the tangential space of M
at a point x € M. It will be the subspace T, M of
those vectors of the tangential space T,R" = R"
of R" at x that are tangential to M. In particular if Tangent space 7,52
M C R” is open, then

TM =M x R". (A3.1)
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A.38 Example The tangent space of the sphere S¢ C R¥*! at x € §¢ is T, §¢ =
{y € R | (y, x) = 0}, see the figure to the right.’ %

As not all manifolds are defined as subsets of some R”, we need to approach the
general definition of the tangent bundle differently:

A.39 Definition

e Atangentvector of a manifold M at a point x € M is an equivalence class of curves
ce Cl(] —e&, ¢, M) with ¢(0) = x, where two such curves ci, ¢, are deemed
equivalent if in some chart (U, @), x € U, one has

d d

@re ci(t) = fe () e

e The set T, M of tangent vectors of M at x is called the tangent space of M at x.

e The tangent bundle TM of M is the union J ,.,, T M.

e We denote the projection of the tangent vectors in Ty M to their foot or base point
xasmy : TM — M; then 7r;,,l (x) = Ty M is called fiber above x € M.

e A continuous mapping v : M — T M with 7y o v = Idy is called a vector field
on M, see FigureA.3.2.

Figure A.3.1 Tangent vector as an equivalence class of curves

So the tangent vector is defined as the set of all those curves that are tangential to
each other in the sense of

o(c1(0) — @(c2()) = 0(1) (A3.2)

SExample A.38 shows that, already by reasons of dimension, the tangent bundle TM of a submanifold
M c RY can in general nor be imbedded into RY; the tangent spaces T, M however can be so
imbedded.
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see Figure A.3.1. Whereas the property of tangentiality (A.3.2) of two curves is
defined in a chart, it is invariant under coordinate changes.

A.40 Remark (Definitions of the Tangent Bundle)

Let M C R"beopen, and (U, ¢) := (M, Id) be used as a chart. Then Definition A.39
yields, in accordance with (A.3.1), that TM = M x R"; consequently the tangent
bundle of M is a differentiable manifold of twice the dimension.

In the general setting, the definition of a tangent bundle 7M of a submanifold
M C R" as given at the beginning of this section is transformed into Definition A.39
of TM if we assign to a tangent vector v € T,,R" at m € M the equivalence class
of the curve ¢t — m + ¢t v projected onto M. O

T™

Figure A.3.2 A tangent vector field v : M — T M; the zero section of TM is identified with M
itself

In the general setting, for a point x on a manifold M, a chart (U, ¢) at x and a
C'-curve ¢ : (—¢, €) — U with ¢(0) = x, the time derivatives

d ()
dZ(pOC =0

are vectors in 7T,,)R" = R", and in the image of the chart, we can multiply these
vectors by a number or add them to each other. This structure of a vector space carries
over to the set 7, M of tangent vectors to M in x in a way that is independent of the
coordinate chart.

A.41 Definition For f € CY(M, N), the mapping Tf : TM — TN with
Tf([c]x) =[foclpy (x € M, c curve at x)

is called the tangential mapping of f (where [-] denotes the equivalence class).

A.42 Theorem

e For a C"'-manifold M, the tangent space T, M of M at x is a real vector space
of dimension dim(T, M) = dim(M).
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e The tangent bundle TM is a C"-manifold, and
dim(TM) = 2 dim(M) .
Proof: Let A := {(U;, ¢;) | i € I} be an atlas of M. Then
TA:={(TU;,Ty;)|iel}

is an atlas of TM, called the natural atlas . Its charts are called natural charts. [

While in principle, we can use arbitrary coordinates in the manifold TM, it is sensible
to use linear coordinates for the tangent vectors, so that tangent vectors at a point can
be added in the charts as usual. A chart (U, ¢) on M induces on U the n = dim(M)

vector fields
9 9 U TU
—_— ., — U — ,
dp1 Oy

which are mapped under the tangential mapping into
0
Ty 70 (u) = (go(u),el) wmweU,l=1,...,n) (A3.3)
12

(with ¢; denoting the /™ canonical basis vector of R"). For x € U, the tangent vectors

d 0 .
E(x), ey m(x) are a basis of T, M.

The set X' (M) of vector fields on a manifold M is an R-vector space. Within
the domain U of a chart, X € X(M) has the unique representation X (x) =

Dt Xk (x)%(x) with continuous functions X; : U — R.
A.43 Definition

e The tangent bundle TM of an n-dimensional manifold M is called parallelizable
if there exists a diffeomorphism

I1:TM — M x R"

that is linear in the fibers (i.e., linear if restricted to each of the fibers T,,M for
any m € M) and is the identity with respect to M, i.e.,

[ oy (m) = {m} x R".

e In this case, 1 is called a parallelization of TM.
All parallelizable manifolds are in particular, see Definition F.12.

A.44 Example (Parallelizability)

1. Lie groups G are parallelizable, because with the left operation L from (E.1.3)
and the Lie algebra g = T,G = RY™© of G, the mapping
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Gxg—>TG , (9,9 (T.Ly(&)

is a diffeomorphism that is linear on the fibers satisfying (7, L,)(§) € T,G.
2. The tangent bundle of the sphere S" = {x € R**! | || x| = 1} is

TS" — {(x,y) GRI‘1+1 « R x|l =1, (x,y) :()},

1
e T'S': Since S' = {x € C | |x| = 1}, we can identify the S s
tangent bundle with

Y
TSlz{(x,y)er(C||x|:l,XelR}. .ﬂ
X
We find a parallelization

Tangent space
1:TS' > S8'"xR |, (x,9)— (x,y/0x) of the circle S*

of TS!, with the inverse 7~'(x, z) = (x,1 x7), see the figure to the right. We
will take advantage of this fact when studying the planar pendulum.

e T S% Claim: T S? ist not parallelizable.®

2
Proof: Indirect. Consider /! ({x X ((1)) }) This would S

have to be a tangent vector at x € S2. This tangent vector

is not zero by hypothesis (linearity). Considering these

tangent vectors for all x € S2, we obtain a non-vanishing

vector field on S2. However, such a vector field Y : §2 —

T S? does not exist (see figure). Because otherwise let Y (x)

be of length 1 (as could be achieved by normalization) for

all x € S? hence Y. := £ Y of length |¢|. Then _
tangent vector field

£8P >R, x> x+Y.(x) on 52
maps onto the sphere 52 (r) of radius r := +/1 + £2, and f- is, for small ||, a diffeo-
morphism of the spheres.
Now consider on R? the 2-form (see Appendix B.2)

w = x1dxy Adxy + x2dx; Adxy + x3dx; A dxs = r cos(6) do Ndl
in spherical coordinates

x; =rcos(f)cos(p) , xp =rcos(@)sin(p) , x3=rsin(d).

SHairy Ball Theorem: Every continuously combed hairy ball has at least one bald spot.

The following proof by Milnor generalizes to all spheres 52, see GALLOT, HULIN and LAFONTAINE
[GHL], Chapter I.C.

Among the odd-dimensional spheres, the only parallelizable ones are, apart from S', only S and
S7, see HIRZEBRUCH [Hirz]. The fact that S° is parallelizable, can be seen from the fact that 3 s
diffeomorphic to the Lie Group SU(2) (see (E.2.2)).
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Now we can calculate the surface area F (r) of the sphere S 2(r) on one hand by

r

_1! a2 >
F(r)= w=4nmr-=4n(1+¢%),
S2(r)

on the other hand by our hypothesis for contradiction as

1 1 .
F(r)y=- w=- fr(w).
T Jr.(s2) rJs

The latter expression however is a polynomial in € divided by r = +/1 + £2, as can
be seen by direct calculation of f7*(w). Contradiction! O

The tangent bundle TM of a configuration manifold M is the space of all positions
and velocities. The Lagrangian of a system in mechanics with configuration space
M is thus a function L : TM — R.

A .45 Definition For C l-manifolds M and N, consider f € C (M, N).

o fiscalledimmersiveatm € M if T,, f : T,,M — Tyn)N isinjective; f is called
submersive atm € M, and m aregular point of f, if T,, f is surjective. Otherwise,
m is called a singular point of f.

e f is called an immersion if for allm € M, f is immersive at m. f is called a
submersion if for allm € M, f is submersive at m.

e f is called an imbedding if f is an immersion that maps M homeomorphically
onto f(M). (In symbols: f : M — N)

e n € Niscalledaregularvalue of f ifallm € f~'(n) are regular points; otherwise
a singular value.

Immersions need not be injective, regular values n € N need not be in the image

f(M).

The inverse mapping theorem implies:

A.46 Theorem (Regular Value Theorem)

For r > 1 and C"-manifolds M and N, let n € N be a regular value of f €
C"(M, N).

Then U := f~'(n) € M is a C"-submanifold, and dim U = dim M — dim N.

Many phenomena can already be observed in curves ¢ : I — N in a manifold N.
Such a C'-curve is called regular if it is an immersion, i.e., if the velocity vector
c'(t) € T, )M never vanishes.

A.47 Exercises (Differential Topology) Show:

1. f:R— R,t+>t> is injective, but is not immersive at t = 0. The image is
f(R) = R, a manifold after all.
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2. fR>R>,t— (;2) (see Figure A.3.3, left) is a smooth mapping, but is

not immersive at t = 0, and the image is not a submanifold (compare with the
implicitly defined case in Example 2.42).

3. Thecurves f; : R — R*, 1 > cos(kt) (') are called rose or rhodonea curves
(see Figure A.3.3, center). The f; are immersions for all kK € R, but in general
the images fi(R) C Rz are not submanifolds.

4. f:R— R?, 1t (Jn') is a non-injective immersion, hence not an imbedding.
Nevertheless, the image S lcR?isa submanifold.

In contrast, f : R/(27Z) — R2, 1 4 27Z > (Zlons ’t) is well-defined and now
imbeds the one dimensional manifold R/(27%Z).
5. f:R— R*, 1t exp(—1?) (5 (see Figure A.3.3, right) is an injective immer-

sion, but not an imbedding.

X2 X2 X2

X1 X1 X1

Figure A.3.3 Left: Image of a smooth, non-immersive mapping. Center: Rose petal curve with
k = 2/3, the image of a non-injective immersion. Right: Image of an injective immersion that is
not an imbedding

6. f € C'(M, N) cannot be an immersion if dim(M) > dim(N), and cannot be a
submersion if dim(M) < dim(N).

7. The projections 7 : E — B of differentiable fiber bundles, which are discussed
in Appendix F.1, are submersions. O

In differential topology, there is a close connection between statements about
manifolds and statements about mappings. The following theorem may serve as an
example:

A.48 Theorem
Let N be a C"-manifold, where r > 1. A subset A C N is a C"-submanifold if and
only if A is the image of a C"-imbedding of some manifold.

On the other hand, all abstractly defined manifolds can be viewed as submanifolds
of some R? according to the following theorem:

A.49 Theorem (Whitney Imbedding Theorem)
Every compact n-dimensional differentiable manifold can be imbedded into R*".
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A.50 Remark

This bound, linear in the dimension, is sharp, as can
be seen in Example A.47.4 of S' or the real projec-
tive space RP(2), which cannot be imbedded into R?
as it is a compact, non-orientable surface. There do
however exist immersions RP(2) — R3, e.g., Boy’s
surface, which serves as an emblem for the Oberwol-
fach Research Institute for Mathematics (Mathema-
tisches Forschungsinstitut Oberwolfach).’ O

Riemannian Manifolds

A.51 Definition Let M be a differentiable manifold.

e A Riemannian metric on M is a family g = (gn)mem Of positive definite symmetric
bilinear forms
Gm - TuM x T,M - R (me M)

that depend differentiably on m.
e Fora Riemannianmetric gon M, the pair (M, g) is called a Riemannian manifold.

The function g is also called metric tensor.® From the example (R", g) with
the translation invariant Riemannian metric g,, (v, w) := (v, w), one obtains again
Riemannian manifolds by restriction of ¢ to submanifolds M C R, see page 517.

As anon-degenerate bilinear form, the Riemannian metric defines an isomorphism
between tangent and cotangent spaces, namely

.M —T;M , vie gy,(v,) (meM).

This gives rise to an isomorphism of vector bundles, b : TM — T*M. This Legendre
transform is called musical isomorphism, and its inverse is denoted as fj : T*M —
™.

The gradient V f : M — T M of a function f € C'(M, R) is the vector field that
arises under  from the exterior derivative df : M — T*M. Therefore, V f depends
on the metric tensor g, in contradistinction to d f.

A.52 Literature Well-known books on differential topology are [Hirs] by HIRSCH
and [BJ] by BROCKER and JANICH. The two volume opus [CDD] by CHOQUET-
BRUHAT, DEWITT- MORETTE and DILLARD- BLEICK gives an extensive survey of the
theory of differentiable manifolds, including differential forms, theory of bundles,
and differential geometry. o

"Image: courtesy of Oberwolfach Research Institute for Mathematics.

81t is not a metric in the sense of metric spaces; however it gives rise to the definition of such a
metric, see (G.3.3).
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In numerous applications of analysis to physics, one gets to integrate over subman-
ifolds of R", for instance when determining

— the magnetic flux through a surface that is bounded by a loop of electric conductor
— the work performed along a path, etc.

To perform such integrals, Elie Cartan and others developed the calculus of differ-
ential forms on manifolds. This calculus also highlights the geometric content of
theories in physics like classical mechanics, electrodynamics, or general relativity;
for instance Maxwell’s equations can be written in terms of differential forms as
dF =0,6F = j, see Example B.21.

B.1 Literature A good introduction can be found in the book [AF] by AGRICOLA
and FRIEDRICH. O

The first step is the algebraic theory of exterior forms, because it is them that describe
the local behavior of differential forms at one point of the manifold.

B.1 Exterior Forms

B.2 Definition Let E be an n-dimensional real vector space. A mapping ¢ : E X
... X E — R is called multilinear if it is linear in each of its arguments, i.e., for

AeR,j:1,...,k,andxj,x;,x]1.1EE,

Oy e X AX L Xy e, X)) = A@(X, .., Xg)
and
I 11
@(xl,...,xj,l,xj —}—xj ,xj+1,...,xk)
1 11
:ga(xl,...,xj,...,xk) +g0(x1,...,xj ,...,xk).
© Springer-Verlag GmbH Germany 2018 505
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More precisely, one refers to such a ¢ as a k-linear mapping.

On E := R" with the standard basis ¢y, ..., e, € E,letay, ..., o, € E* denote the
dual basis (which means that o; (ej) = 6;;).

B.3 Example (Exterior Forms)

1. k = 1. Then ¢ is a linear form on E, and for o # 0, the pre-image »~'(0) C E
is a subspace of dimension n — 1.

2. k =2, E = R" with the inner product (-, -).
For A € Mat(n, R), a bilinear form is given by ¢ : E x E — R, ¢(x,y) :=
(x, Ay). It is called (anti)symmetric, if p(x, y) = £p(y,x) (x,y € E).

3. k=n, E=R"Then ¢(xy, ..., x,) :=det(xy,...,x,) (x1,...,x, € E) de-
fines the determinant form, which gives the oriented volume of the parallelotope
spanned by the vectors xi, ..., X,. O

Obviously, two k-linear mappings ¢, ¢» can be added by setting

(1 + ) (X1, oo, X)) =1, oo X)) (X, .o xk) (g, ., X € B,
(B.1.1)

and likewise, we can multiply a k-linear mapping ¢ with a real number by
) (xq, .oy xp) 1= )\(cp(xl,...,xk)) ANeR, xi,...,x, € E). (B.1.2)

This makes the set L*(E, R) of k-linear mappings to R into an R-vector space.

B.4 Definition Let E be an n-dimensional R-vector space.
Then ¢ € LF(E, R) is called an exterior k-form if it is antisymmetric, i.c.,

P e Xy ooy Xy X)) = — QX1 oy Xy, Xy e, X)) (X € E).
The subspace of exterior k-forms is denoted as *(E) c L*(E, R).

B.5 Example (Spaces of Exterior Forms)

1. YE)=L"(E) = E*.

2. The bilinear mapping R” x R" — R, (x, y) — (x, Ay) defines an exterior 2-
form on R” if and only if the matrix A € Mat(n, R) is antisymmetric, i.e., AT =
—A. So we conclude dim(Slz(R")) =(3).

3. The exterior n-forms on R” are the multiples of the determinant form. O

B.6 Definition The exterior product of w, . . ., w, € Q' (E) is defined by

wi(x1) - wi(x)
WI A AwWR(X, .., xg) = det (x1,...,x, € E).

w1 (xg) e wi ()
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Clearly w; A ... A wy is a k-form, i.e., is in Slk(E). In particular,
[eTRVANRNVANI TS Slk(E)

This exterior form coincides up to a sign with the one in which the indices iy, .. ., i
are arranged in increasing order, and it is nonzero exactly if all the indices are distinct.
Now every k-form w € @ (R") can uniquely be written as a linear combination

w = E Wiyoip Qip N oo N Qg

I<ij<..<ir<n

with coefficients w;, ; = w(e;,,...,e;,) € R. For dim(E) = n, one concludes
therefore that
n
dim(F(E)) = :
@ @)= (;)

The exterior product, or wedge product of the k-form w with an /-form
¢= Z w}l}] Qg /\.../\ajl c SZ[(E)
I<ji<..<ji<n

is now defined as

w/\’(/JZ: E E wi]...ikwjl...jz (0 AN ANY 6 7 AN 0 % FA NP IVANY € 7 A

1<ij<..<ix<n 1<ji<..<ji<n

compatible with the distributive law. All those terms in the sum that have some
i, = Jjs, will be 0, because a; A oy = —ay A oy = 0. The remaining terms in the
sum contribute to the exterior form w A ¢ € K (R™).

Clearly the exterior product is associative, i.e.,

WAYYAp=wA @ Ap).
Moreover, for a k-form w and an [-form ¢, one has
wAY = (=D Aw,

because we need to commute 1-forms (k /) times to obtain one form from the other.

B.7 Definition

o A k-form w € Q*(E) is called decomposable if there exist one-forms
Wiy eoo, W € SZI(E) such that w = wy A ... A wy.

e The rank of a k-form w € Q*(E) is the smallest number n € N for which we can
write w = > y_, w'© with decomposable w© € @ (E).



508 Appendix B: Differential Forms

B.8 Example (Symplectic form on R?")

W= D A Qg € Q2 (R?"). The symplectic form w plays a key role in classi-
cal mechanics, see Chapter 6.2. There we call the coordinates xi, . . ., x, momentum
coordinates, and the coordinates X1, ..., X2, position coordinates.

Forn = 2, one has w = a1 A a3z + as A a4, hence
wAw=(a; Aaz+ax Aag) A (a] Aaz +az A ag) (B.1.3)
=] N3 AQ ANaz+aa Aag Ao Aoz +ap Aoz Ao Aag + o Aag Ao Aoy
—_— —_—
0 0
:(—1)3(11 /\Ozz/\a3/\0é4+(—1)1041 Aoy A3z Aag = =201 Aap A a3 A ag.

B.9 Exercises (Volume Form) Show, generalizing (B.1.3), that the n-fold exterior
product w™" of w with itself yields a volume form, more precisely:

2n n
—1H®
/\ o = —( 3 § w™
) n!
(This implies that the rank of w equals n). O

B.10 Example (Cross Product) We consider a vector
v = (gé) =vie; + ey + v3e3 € R,

e Now, using the canonical inner product (-, -) of R? for the first time, we assign to
the vector v the 1-form v* € ' (R?) by

v (w) = (v, w) = vjw; + vaws + V3W3 (w € R3).
e Similarly, we can assign to v the 2-form w, € *(R?) by
wy(x, y) :=det(v, x, y) (x, y € ]R3).
We find
vV =vio) + v20n +v3az and w, = vian A a3z + V203 A o + V30 A Qo .
e The exterior product of two 1-forms obtained in this way is

VAW = (viag + vaan + v3a3) A (Wi + waan + wiaz)
= (Vw2 — vway A @ + (Vw3 — VW) A a3

+ (U3w1 - UIU)3)Oé3 N1 = Wyxw -

This way, we have represented the cross product of two vectors in R? in terms of
forms. O
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B.11 Theorem
The vectors wy, ...,wy € E* are linearly dependent if and only if

WIA...Aw=0.

Proof: Letw;,...,w; € E*.

e If they are linearly dependent, we can find one index i € {1, ..., k} and numbers

.....

eeey

because in each term in the sum, w; occurs twice.

e Otherwise, we can extend the family of vectors wy, .. ., wy to a basis
Wi, ..., w, with n:=dim(E™)
such that wy A ... Aw, # 0, hence alsow; A ... Aw; #O. O

B.12 Definition The real vector space

[ee) dim(E)
Q*(E) = @szk(E) ~ @ QK (E)
k=0 k=0

(with QU(E) := R) with multiplication given by the wedge product is called the
exterior, or Grassmann algebra over E.

B.13 Remark

1. dim(R*(E)) = 29mE) because >, (7) = 2"

2. For arbitrary k,/ € Ny andw € SZ"(E), pE SZZ(E), one hasw A ¢ € ﬂk”(E);
3. however for m > dim(E), one has diim (" (E)) = 0.

4. Exterior forms have the decomposition w = @wy € R*(E) = 692:10(5) SZk(E).

In most applications, ‘mixed’ exterior forms where more than one term wy is
nonzero, do not occur; in any case, it suffices in the sequel to consider the case
of forms in %, and then extend linearly to . O

B.14 Definition For a linear mapping f : E — F of finite dimensional R-vector
spaces, k € Ny, and w € QF(F), the k-form f*(w) defined by

ffw vy, ..., %) = w(f(vl), ey f(vk)) (..., € E)
is called the pull-back of w by f.
f*(w) is k-linear and antisymmetric, hence f*(w) € QX (E).

B.15 Theorem (pull-back) Ler f € Lin(E, F).
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The mappings f* : SZ"(F) — Slk(E) (k € Ny) are linear.

For g € Lin(F, G), and thus g o f € Lin(E, G), one has (go f)* = f*og"
If f = Idg, then f* = Idg*(E).

If f € GL(E, F), then (f*)~' = (f~")~.

For a, B € F(F), one has f*(a A B) = f*(a) A f*(0).

LR N~

Proof: In the proof, we will assume vy, ..., v, € E and A € R.

1. With the vector space structure on QF explained in (B.1.1) and (B.1.2), one has
for o, 8 € QF(F):

f a+ AB) (v, ..., )

(a4 AB)(f D). ... f(w))
a(f 1),y FO)) +AB(f D, ..., f(00)
= (f*a—i—)\f*ﬁ)(vl,...,vk).

2. For o € €(G), one has

(go fa(i,....v) =a(go f(v),....g0 f(v))
=g a(f)..... f) = (f*og")ar, ..., v0).

3. 1d5(@) 1. ... v0) = a(ldg (), ... [dp () = ar. ... v).
4. This follows from #2 and #3, since f* o (f~1)* = (f ' o f)* = 1d}; = Idg~(g)-
5. Exercise O

B.16 Exercises (Invariance of the Volume Form)

On the symplectic vector space (R**,w) studied in Example B.8, show that lin-
ear symplectomorphisms (defined to be linear mappings f : R*" — R?" satisfying
f*w = w) leave the volume form A", ay invariant. O

B.2 Differential Forms on R”

We now introduce differential forms on manifolds, beginning with those on open
subsets U C R”". This special case will describe the behavior of a general differential
form on the domain of a chart.

A differential form w on U is an exterior form that varies from point to point, in
a manner that will be assumed to be smooth.

A general k-form w is of the form

w = Z Wi, i dxiy A Adxg, € QKU , (B.2.1)

I<ij<..<ix<n

where the w;, _;, are functions from C*°(U, R), and the dx; are differential 1-forms
associated with the coordinate functions x; : R* — R (namely dx; € Q'(R")). We
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here write this space, in contrast to the space QF (R") of exterior k-forms, with a
non-bold €.
The dx; are defined by how they act on a vector field v : U — R”, with

dx;(v)(y):==v(y) ((eU,i=1,...,n).

Differential 1-forms thus map vector fields into functions; and for k vector fields
v? . U — Rand w € QF(U), one defines

dxiy 01) . doy )

w (v(l), R U(k)) = Z wiy...i, det

I<ij<..<ix=n dxiy ) ... dxy, 00)

The result is again a real function on U. The rules of algebra from SectionB.1 carry
over from exterior forms to differential forms.

OnQ*(U) := P, Q*(U), we now consider the differential operator d, defined
by

o df =3}, SLdx; for functions f € C*(U,R) = Q*(U)

e and dw := Zl§i1<...<ik§n dwi, i Ndxiy N...ANdx;,  for the k-forms w
from (B.2.1).

Thus d converts a k-form into a (k + 1)-form.
B.17 Definition d : Q*(U) — Q*(U) is called the exterior derivative.
B.18 Example (Exterior Derivative)

1. Forw := x,dx; € Q'(RY),

dw=dx; Ndx; = —dx| ANdx,.
2. For w = widx; + wadxs + widx; € Q' (R?),

dw = (dwy) Adxy + (dwy) Adxy + (dws) A dxs

— Qw2 Owr OQws _ Owy Qwi _ dwy
= (0)(] 8)(2) dx; N dxy+ (ng Ox3) dx, A dxz+ (0):3 O, ) dxzAdx .

3. For w = wiadx; Adxy 4+ wyzdxy Adxs + wsidxs Adxy € Qz(R3),

_ [ 9w Own Ows)
dw = (—3X3 + o2 + o )dx1 Adxy Ndxs.

4. Forw € Q3*(R?), one has dw = 0. O

B.19 Theorem (Exterior Derivative)
d is an antiderivation, i.e., for « € QX(U) and 8 € Q' (U), one has

danp)=da)AB+(—Drfands.
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Proof: It suffices to prove this equation for monomials o := f &, 8:=g 3 with
frg€ C®MR",R), & :=dx; A...ANdx; and B :=dx; A ... Adxj, because d is
linear. In this case,
d(aAB) =d(f - 9anB=(df)g+ fdg)anp

=df)aAgB+ (=D fandg)B=danB+(—Dfandp. O

B.20 Theorem dd = 0.
Proof:

1. For f € QY(U), one hasddf =d (Z" a—fdxi), so it equals

i=1 Ox;

O f >’f >’f

dx; Adx; = - dx, Ndx; =0,

i% 0x;0x; i * 1<rz<;‘<n (8x,8xs 8xsax,) * *
because the partial derivatives commute by the smoothness of f.

2. Forw = > w;, _idxi A ... Adx;, € QFU), one finds by part 1 that

ddw = Z(ddw,-,m,-k) Adxi, A...Adx, =0. O

Differential Operators, Coordinate Changes

We recall Example B.10, in which we converted vectors into 1-forms and (n — 1)-
forms respectively. We now want to do the same for vector fields and differential
forms. So by means of the canonical scalar product (-, -) on R?, we associate with
the vector field v € C*°(U, R")

1. the 1-form defined by v* € Q'(U), v*(w) := (v, w) (w e C*®(U, R”)).
In coordinates, v* = > " v; dx;.
2. an (n — 1)-form w, € Q"' (U); this assignment is defined by

wy(wy, ..., w,_q) :=det(v, wy, ..., Wy_1) (w,- € C®(U, R”)) , (B.2.2)
i.e., by application on n — 1 vector fields. In coordinates, one has w, = dx; A
...Adx,(v,-,...,-), hence

wy= D (=D vdxy AL Adx Adxipy A A, (B.2.3)

i=l1

Here, dx; denotes omission of dx;.

In the first case, one finds the rule

w29
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for the gradient
of
ox|
grad(/)=Vf=| :
of
Oxy

of a real function f, in the second case, one obtains

] div(v)dx; A ... Adx, = dw, (B.2.5)

for the divergence
- 8Uk
diviv) =V -v:= —
) ; e

of a vector field v. Indeed, by (B.2.3),
" ov;
dw, = Z(—l)i—'dxk Adxy A ... Ndx Ndxigg A .o A dxy,
ik=1 O

and the terms in the sum vanish for k # i. Since dx; A ... A dx, is the canonical
volume form on R”, we obtain a relation that is of practical use.
Specifically for n = 3 dimensions, the curl

vz _ Ouy

=

— I vy _ Jdvs
rotv =V xv:=| gt -5
Jvp _ dui

x| Ixo

of the vector field v is connected to the exterior derivative by the relation
26
e From (B.2.5), (B.2.6), and Theorem B.20, one obtains
div(rotv) dx; A dxs A dx; = dwiery = ddv™ =0,
hence (using that dx; A dx; A dx; # 0) the relation

This and similar relations are also valid if a different Riemannian metric (see page
172) is chosen, because they are derived from dd = 0.

e The relation
rotgradf =0,
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which is true for arbitrary smooth functions f, also turns out to be a manifestation
of the rule dd = 0: By (B.2.6) and (B.2.4), one has

Wrot (grad f) = d(grad f)* =ddf =0.

e As a last example for the usefulness of differential forms in vector analysis, we
derive the identity

’div(v X w) = (rotv, w) — (v, rot w) ‘

We have already seen in Example B.10 that

’ VAW = wyse ‘ B.2.7)

holds: the corresponding rule for exterior forms carries over directly to differential
forms in R?. So we conclude, using (B.2.5), (B.2.7), and (B.2.6), that

diviv x w)dx; Adxy Adxz = dwyxy = dW0* Aw*) = (dv*) A w* —v" A dw*
= Wroty N\ w* —v* A Wrot w*

((rotv, w) — (v, rotw)) dx; A dxy Adxs,

which was to be shown.

B.21 Example (Maxwell’s Equations) The cartesian coordinates xi, ..., x4 on
spacetime R* denote the point x := (xy, X2, x3) in space and the time ¢ := x4. Let
the field strength F € Q*(R*) be given by

3
F = Bydxy ANdx3 + Baydxy ANdx; + By dx /\dX2+ZEidx,'/\dX4,

i=1

where E := (Ey, E,, E3) € C*(R*, R?) and B := (By, B,, B3) € C®(R* R?) are
the electric and magnetic field, respectively.
The homogeneous Maxwell equation d F = 0 is equivalent to

div,(B) =0 0B t, FE
1V = , — = —T10ot, E .
ot

From the Poincaré lemma B.45, we infer the existence of A € Q!(R?) satisfying
F = dA. This A is called a gauge field. O

Another aspect of differential forms is how they behave under mappings.

®1
B.22 Definition Ler U C R", V C R" be open and p = ( : ) U — V smooth.

Pn

The pull-back p*w of a k-form
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w = Z Wi, i, dxig N Ndx;, € Qk(V)

1<ij<...<iy<n

on'V is defined by

Prw = Z wi i, op-doi A . Ndp;, .

I<ij<..<iy<n

So p*w € QKU), in other words, the pull-back is a k-form on U < R™.

Just as the exterior derivative, the pull-back ¢* : Q*(V) — Q*(U) is a linear map-
ping.

B.23 Example (Area Form in Polar Coordinates)
The transition from cartesian to polar coordinates is achieved by

Y= (:Z;) (RT % (0,2m) = R? 1, @1(r, ¥) = rcos(y) , @a(r, ) = rsin(¥).

Let’s pull back the 2-form w = f dx; A dx,. With f := f o ¢, namely the function

f written in polar coordinates, one obtains with p*w = f dp; A dp, because of

do(r, ) = cos()dr —rsin()dy , dpa(r, ) = sin(y) dr + r cos(y) dy

that

orw(r, ) = f(r, P)r (0052 P+ sin? P)ydr ANdiyp = f(r, )rdr Adi. O

B.24 Exercises (Pull-back of Exterior Forms) Let U C R™ and V C R” be open,
p e C®WU,V)andw € QK(V), ¥ € Q' (V). Show that

(P*W) A (") = " (W AY). O

B.25 Theorem ¢*d = dp*, sopull-back by ¢ € C*°(U, V) and exterior derivative
commute.

Proof: By linearity of d and ¢*, it suffices to apply both sides of the claimed identity
to fdx;, A ...Adx;. The left side yields

O d(fdxi ~...Ndxy) =" D Difdxy Adxi, AL Adx;,
=>7_Difopdo Adoiy A...Ndy;, .
d(fop)

Using the chain rule, it follows likewise for the right side that



516 Appendix B: Differential Forms

d<,0*(fdx,'1 /\.../\dxik) =d(fo<pd<pil /\.../\d(pik)
=d(fop)Adpi, N... Ndy;j,. (]

Specializing to diffeomorphisms ¢, Theorem B.25 implies in particular that the
exterior derivative is defined independent of the coordinate system used.

B.3 Integration of Differential Forms

We first integrate n-forms on R”, and then k-forms on k-dimensional submanifolds
of R".

B.26 Definition Let U C R" be open, and let w € Q"(U) have compact support
(i.e., forw = fdx; N... Ndx,, one has f(x) = 0 outside a compact set K C U).

Then the integral of w is
/ w :=/ f(x)dxy...dx,.
U U

B.27 Theorem Let U,V C R" be open and p : V — U a diffeomorphism with
constant sign € of det (D(p(x)). Then

/cp*w:{—:/w.
v U

Proof: By definition of the pull-back, and using the symmetric group S,,, we calcu-
late

n

0 do,
pw=fopdprn.. Ndpn=fop gen (pdxi,/\...Adxin
ilenin=1 8)(,'1 3x,~n
6991 a(pn
:fO‘P dxﬂ(l)/\.../\dxw(n)
7§s,, Oxz(1) Dxrin
o1 Opn

=fop z sign(m)

TES,

= fopdet(Dp)dx; A... Adx, .

8x7r(1) 8x7r(,,)

By the transformation theorem for integrals, the integration of this n-form on V
yields
Jy fopdetDp)dx;...dx, =¢ [, fopldetDp|dx =¢ [, fdx =¢ [, w. O

We see in particular that the integral over the n-form w does not depend on the choice
of the (oriented) coordinate system.
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If we consider dx; A ... A dx, as the standard volume form on R", we can inter-
pret |, y w also as an integral of the function f over U.

Next, if we want to integrate functions over k-dimensional manifolds V C R” (so
k < n), we first need to clarify the standard volume form of V. To this end, we use
a parametrization of V: Let U C R¥ be open, and

p:U—>R"
an injective smooth mapping with image p(U) = V C R". Let
rank(Dap(x)) =k (x eU),

i.e., the maximal rank. Then ¢ parametrizes the k-dimensional manifold V. We are
now looking for a form w® e Q¥ (U) for which

/ w®
V)

is the volume of V’ for every V' C V that is openin V.
Sensible requirements for a -dependent definition of w¥ are the following:

e The square V' := (0, 1) x {0}"~* c R" should have area 1.

e Under a rotation O € SO(n), the area of V' should not change, and not under
translations either.

e The area of V should not change under an orientation-preserving change of para-
meters.

The volume form

w® = /det(g)dxi A ... Adx; (B.3.1)

of the parametrized surface V meets these requirements, if the symmetric k x k
matrix g is defined by

’g = (qu)TD@-‘

For a regular parametrization (rank (Dp(x)) =k (x € U)), the matrix g is positive
definite, g(x) > 0, because

(v, g(x)v) = (Dp(x) v, Dp(x) v) = [Dpx)v[3 >0 (veRF\{0}).

g is therefore a metric tensor in the sense of Definition A.51. In the literature, det(g)
is often denoted as |g|.

As an example, let us show the invariance of g under rotation: If ¢ : V. — R" is
given by 1) = O o ¢ with O € SO(n), then

(DY) "Dy = (ODy) " (ODy) = (D) 0T 0Dy = (Dy) Dy = g.
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We can integrate a function f : V — R by forming the integral

/foap-w('*’).
U

This expression is invariant under change in parametrization. The special case
f = 1y yields again the k-dimensional volume of V.

B.28 Example (Volume) We calculate the surface area of a two dimensional torus
T? C R3. It is parametrized, for radii 7, > r, > 0, by T? := (U) with
0:U— R, U:=10,2n) x [0, 2)

'[I'Z

and

(ri4rz cos in) cos
(p(d)l s 17[}2) = (ri4rycosyn)siny; |,

ra sin 1)) p
X3 |
We ignore the fact that U C R? is

not open, because the boundary of A
U is a set of Lebesgue measure X e ,

Z€ero.
The coefficients of the Riemannian metric g = (g;i g;;) with g21 = gy are

3

9ei \ .
g1 (Y1, o) = E (—azl) = (r1 + r2cos 1) (sin? ¢ + cos® ;)
il

= (r +r20081)”,
3

0p; Oy;
g12(th1, ) = Zii
i=1

0y O,

= rp sin Y, (r| + r2 cos i) sin ¥y cos ¥y
—rp 8in )y (r] 4 12 cos 1y) cos iy siny; =0,

3 2

0pi . .

921, ) = E (8_:/012) = r[sin® ¢y (cos® ¢y + sin® ;) + cos® ] = 13,
i=1

hence /|g| = /detg = ry(r; 4+ r> cos1p,) > 0; thus the surface of the torus is

2w 2w
/ w® :/ / Vdetg diy, dyn = 2n)%rrs . ¢
U o Jo

Let us now have a closer look at the special case (as in the example) of a hypersurface
VinR". So V = ¢(U) C R" has a parametrization

©:U —R" forU C R""! open.
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There exists a continuous normal vector field
N:V—->R'", [INWI=1 eV
on V (unique up to sign), which is orthogonal on V, so
(Nop(x),Dp(x)w)=0 (xeU, weR").

Then, for the n x n matrix M (x) := (N o p(x), Dgo(x)), one has

10 0

!
MTx)Mx)=| - (x e U),
: X

Fg(x)

and therefore detg(x) = det(M T (x)M (x)) = (det(M (x)))z, or, with the appropriate
orientation of the normal vector field,

v detg = detM. (B.3.2)

From this one obtains, for the (n — 1)-form wy on V that is dual to the normal vector
field N and defined in (B.2.2), that wy is equal to the volume form of the hypersurface
V:

B.29 Theorem o*wy = w® for w® from (B.3.1).

Proof: Again denoting by @the omission of dyy, we have

Pruy = Z(—l)k_'Nk opdy; /\.../\J:pk A.oodp, =detMdxy A ... Adx,—y.
k=1

The claim follows from (B.3.2). Strictly speaking, by definition of the pull-back,
the (n — 1)-form wy should be defined on an open neighborhood of V in R”. This
condition can be met by smooth extension of the normal vector field N, and p*wy
does then not depend on the choice of the extension. (|

Another important situation occurs when in the space around the k-dimensional
submanifold V C R”, ak-formw € QF(R") is defined. Its integral over the subman-
ifold V = o(U) (parametrized by an open subset U C R* and a chart ¢ : U — R")

is defined by
/w::/ orw. (B.3.3)
v U

According to Theorem B.27, this integral is independent, except for a sign, of the
chosen parametrization.
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B.4 Differential Forms on Manifolds

If in Definition B.12 of the Grassmann algebra *(E), we choose the R-vector space
E to be the tangent space T,, M of the manifold M at m € M, then the elements
w(m) € Q*(T,,M) are exterior forms at m.

Smoothness of m +— w(m) can be defined by means of the atlas of M:

B.30 Definition On the manifold M withatlas {(U;, @;) | i € I}, adifferential form
w is a family of differential forms in the images of the charts,

wi e V), Vi=piU) SR (el

that are compatible in the following sense: For i, j € I and the domain V; ; :=
wi (Ui NU;) C V; of the coordinate change map 1; j :== ¢; o @:1 [Vw, Vii—= Vi
one has

Ui i(wilv,) =wily,  GJeD.

With addition defined in each chart, one obtains the R-vector space
Q* (M) = @ Q (M) (B.4.1)
k=0

of the differential forms on the manifolds M, and the A product is also defined by
charts.

The pull-back of differential forms given in Definition B.22 also carries over from
open subsets of R” to manifolds:

So let f: M — N be a smooth mapping between the manifolds M, N, and let
w € QF(N) be a k-form. Form € M, tangent vectors uy, ..., u; € T,,M, and their
images v; := T, f (u;) € Tron)N, the pull-back f*w € QK (M) is defined by

from)@, ... ) = w(fm) (i, ..., v).
So we can use Definition B.22 in the local representations (A.2.1) of f. Applying
the commutability of exterior derivative and diffeomorphism (Theorem B.25) to the
coordinate change maps, we see that the exterior derivative

d: QM) - QM) (k e Np)

of differential forms on manifolds M is well-defined, independent of coordinate
charts.
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B.5 Inner Derivative and Lie Derivative

The Lie derivative of a differentiable function f : M — R on a manifold M in the
direction of a vector field X : M — T M is the real function on M defined by

Lyf :=df(X). (B.5.1)

Generalizing, we will also define the Lie derivative of a k-form with respect to X.
To this end, a notation is convenient in which the pairing of differential forms and
vector fields is written without reversing the order, in contradistinction to the right
side of (B.5.1).

B.31 Definition Ler X be a vector field on a manifold M and w a (k + 1)-form on
M. Then the k-form ixw € QX(M) defined by

in(Xl, ey Xk) = w(X, Xl, ...,Xk)

is called the inner product of X and w.

Of course one can also write w(X, -, ..., -) instead of iyw.

B.32 Exercises (A-antiderivation) Show that for vector fields X on M, the mapping
iy is a A-antiderivation, i.e., it is linear and

ix(p Aw) = (ixp) Aw+ (—DFp Aix() (¢ € QM), w e Q' (M)). (BS.2)

B.33 Definition Let X be a vector field on a manifold M. Then for w € Q*(M), the
Lie derivative of w with respect to X is defined to be the k-form

LXw = (lxd+dlx)w

Indeed, L yw € Q¥(M), because the exterior derivative raises the degree of the form
by 1, and taking the inner product lowers it by 1.

Definition B.33 generalizes Definition (B.5.1) of the Lie derivative of a function
f : M — Rin direction X, because

Lx f=ixdf +dixf =ixdf =df(X),

as the inner product of a vector field with a function is 0 by definition (there are no
differential forms of degree —1).

The Lie derivative L xyw has a geometric interpretation. Namely, it describes the
change of the differential form w in the direction of the flow generated by the vector
field X.

B.34 Theorem Let the vector field X on a manifold M generate a flow &, : M —
M (t € R). Then for all w € Q*(M), one has
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d
o (Pjw) = dfLxw (1 €R).

Proof:

e We only need to prove the relation for + = 0, because

(&%)
=7 Plw
s=0 ds

e We begin with the Lie derivative of functions f : M — R. In local coordinates
y = (1. ... ), one finds § &7 f(y)],_, to be equal to

d * d * *
@)= "o w‘ = Sororw
dr d =0 ds '

*
t+s $=0

f(@() —

lim TO) Z—m X, = dfFX00) = LxfG).

t—0 t

e If we choose for w the special 1-forms dy;, we obtain

d d
a(q)fd)’i)h:o d(q%yz)’l:():da(@,%)hzo =dX;,
and on the other hand, we get from Lxd = ixdd + dixd = dixyd = dLy that
Lydy; =dLxy, =dixdy; = dX;.

e The theorem now follows from @ (¢ A w) = (®]p) A (Pjw) and the following
lemma, since every k-form w can be written in local coordinates y = (yq, ..., yu)
as

w = Z ﬁ]mlkdyll VANVAN dy]k . O

1<l <..<lx<n
The Lie derivative is a derivation on the algebra 2*(M) of differential forms:

B.35 Lemma For ¢, w € Q*(M), one has Lx(p Aw) = (Lxp) Aw + ¢ A Lxw.
Proof: For k-forms ¢, we have

d(p Aw) = dp) Aw+ (Do Adw and ix(p Aw) = (ixp) Aw+ (=DFp Aixw
according to Theorem B.19 and (B.5.2). Combining both antiderivations yields the

Leibniz rule

Lx(p Aw) = ixd(p Aw) +dix(p Aw)
ix ((d) Aw+ (=Dfp Adw) +d(lixp) Aw+ (=D Aixw)
(Lxp) A\w+ @A Lyw. O
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B.36 Remark (Coordinate Vector Fields) With reference to a coordinate system
©1, ..., 00 - U — R, we have the coordinate vector fields

0

a_gpian:U_)Rn (i:l,...,n),

which are determined by
Lo, pr:=0i  (,k=1,...,n), (B.5.3)

and in whose direction only the i" coordinate gets varied. They satisfy

0
Lo, g(p1, ..., on) = a—g(w e ®n),
Pi

so the Lie derivative of the function g € C'(U, R) in the direction of the i th vector
field is therefore equal to the i partial derivative; hence the notation 8%_.

Note forn > 1 thatin view of (B.5.3), it does not suffice to know the i " coordinate
(; in order to calculate % O

B.37 Example (Coordinate Vector Fields for Polar Coordinates)
On the open subset U := R*\ ((—o0, 0] x

Y
{0}) of R? (plane with aslit), we define polar g
coordinates — = N
ST
N NG N
. 2 . 2,2 /7 \
o(x):=arctan [ =) , r(x):=/xi+x3 VPR B A
o / L1
l T ] X1
(where the angle ¢(x) is extended con- \ o -/ /
tinuously for x, <0, and thus p(x) € s/
AN
(=7, ). -
In cartesian coordinates, the vector field % AN
is of the form %(x) = (_x’l‘z) (see figure on
the right), because
O:L()%rz(xl/r,xz/r)(}?) and X
— — (== 1/x —x2
t=Lye = (i mikr) (30) NN
Analogously, the radial vector field is NNV
—— N\
2(x) = ("‘/’,E";) = - x|
8}’ x2/r(x —_— / \ —~—————
(See the figure on the right.) O </ T NN
S/ VN NN
/77 TV
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B.6 Stokes’ Theorem

Let us suppose that in the space surrounding the k-dimensional submanifold V C
R”, a k-form w € Q%(R") is defined. Its integral over the submanifold V = ¢(U)
(parametrized by some open subset U € R¥and ¢ : U — R") was defined in (B.3.3)

as
/w::/ orw.
% U

By Theorem B.27, this integral is independent of the parametrization, except for a
sign.

B.38 Example (Integral along a Path)
We integrate the 1-form

we Q'R , wkx):=xdx

along the following path definedon U := [0, 27):

1%
0 UK, o) =(f) <}xl

/w =/<p*w =/rcoswd(rsinw) =r2/ cos?  dip = mr?. (B.6.1)
\%4 U U U

Its image V := ¢(U) is the circle of radius
r > 0 about the origin.

It is notable in this example that the integral of dw = dx; A dx;, namely the
canonically oriented area element of R2, over the disc of radius » bounded by V
equals the integral (B.6.1) of w over the circle.

This is not an accident, but is a manifestation of a general theorem, called Stokes’
theorem, which relates integrals over manifolds with integrals over their boundary.
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NADLO

4|
Y2 ( ©1 \902
Vo

The fundamental theorem of calculus possesses the following generalization:

B.39 Theorem (Stokes) Let M be an (oriented) k-dimensional manifold with
boundary, and w a (k — 1)-form with compact support’ on M. Then

/dw:/ w.
M oM

e Here we only give the proof for the case of a submanifold with boundary of
M C R” that has the full dimension £ = n. The proof for arbitrary, not neces-
sarily imbedded, manifolds with boundary can be found, e.g., in AGRICOLA and
FRIEDRICH [AF], Chapter 3.6.

e By the implicit function theorem, we find for
every point x € 9M a neighborhood U; € M of
x and a coordinate chart ¢; : U; — V; € R’ such 1
that M N U; = ¢; ' (R"! x {0}). Aswis non-zero
only on some compact set, finitely many coordinate
charts are sufficient. 5

e We can now employ a trick to use the seemingly re-
strictive hypothesis supp(w) € U;. Namely, there
is a smooth partition of unity (see Definition A.13), ‘ 1 ) 3 4
a family of functions x; € C*(R", R) with x; >
0, supp(x;) C Ui and >, , xi = 1, see the figure.

If we now set w; := x;w, then >, _; w; = w and supp(w;) C U;.

Proof:

9 Alternatively one can stipulate decay conditions for w and dw to guarantee the finiteness of both
sides.
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e By the above definition, it suffices to consider the integration of an (n — 1)-form w
whose support is contained in the half space R’ . Then w can be written (we again
indicate the omission of a 1-form by a hat, as in Example A.29.2) in the form

n
w= Z(-l)’“‘fk dxi A ... Adxe_y Adxg Adxgsr A ... Adxy
k=1
where the f; are functions with compact support in R’} .
e Now dw = ( e g—f::) dx; A ... Adx,, hence

n
d
/ dw:é jdxl/\.../\dxn
R = Jr Ox

n—1 . . (‘3f
= Z(—l)k_l/ (/ —kdxk)dxl Ao ANdxg—1 Adxg Adxger A Adxy,
1 r-I\JR Ok

+(—1)"—'/ 1 ( A 8)’:” dxn) dxi A ... Adxp_1.
JR— n

The inner integral vanishes for k = 1,...,n — 1 by the fundamental theorem of
calculus. For the last term in the sum, however, integration by parts yields

= 0 fn
0 6xn

(X1, .., X)) dxy = — fu(x1, ..., %41, 0),

and thus altogether
/ dw=(—D" fuxt, oo X, 0)dxy AL oA dx, .
RV}F Rr-1

e On the other hand, wlgi-1, = (="' fodxi A ... Adx,_1, because x, van-
ishes on this subspace, and thus d.x;, [gi-1, oy = 0 as well. With the right choice of
orientation, one therefore obtains fR’l dw = fRH (0} W which is Stokes’
Theorem. U

B.40 Example (Stokes’ Theorem)

1. Let M C R" be the image of a (regular, injective) curve
c:[0,1] - R"
and F : M — R a smooth function.

Then OM consists of the points ¢(0) and ¢(1). However, as start and end points,
they have different orientation, and this gives rise to the formula
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1
/ diF oc(t)ydt =Foc(l)— Foc(0). (B.6.2)
o &

dFoc

IfF=F [ s for some smooth function F:R"—> R, then the integral in (B.6.2)
equals F(c(1)) — F(c(0)), independent of the choice of the path ¢ connecting
the prescribed start and end points.

2. Generalizing Example B.38, we consider the symplectic 2-form

n
w=—df= Zd% A dp;

i=1

on the phase space P := R), x R} with the 1-form 0:=—>"_, pidgq;.
Letc: S' — P be aloop whose image bounds the image M of a disc, i.e.,

c(SH =M.

Then the integral [, 6 = — [,, w is independent of the choice of M. This quan-
tity plays an important role when calculating action variables in integrable Hamil-
tonian systems.

3. We stay with the image M of a disc M C R?. This time however, the disc is
imbedded in R*, namely with an imbedding 1 : M — M C R3.
Moreover, let v : R? — R3 be a vector field. Then v* is a 1-form, and dv* a
2-form (thus integrable over M), and by the formula from (B.2.6),

Wrot(v) = dv*.
Hence the integral of dv* over M equals the integral of the scalar product of rot(v)

and the surface normal N (with respect to the surface element /|g|dx; A dx,).
Therefore, by Theorem B.29, the Kelvin-Stokes Theorem follows:

/~ (rot(v), N) o1(x) +/|g(x)| dx;i Adxy = / (rot(v), N) w

:/ wmt(v)—/ dv* —/ v* —/ < c(t) —(t)> dt
oM to

for a parametrization ¢ : [ty, t;] — OM of the (oriented) boundary of the disc.
The integral along the path is also called circulation.
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For example, v might be the velocity field of a liquid. Then the above formula
shows, if the flow is irrotational, that the component of the velocity that is
tangential to the loop OM averages to 0.

4. The divergence div(v) of a vector field v on R” is related to the exterior derivative
by (B.2.5) viaw, = " (=) Mw;dx; A ... Adx; Adxigi A ... Adx, and

dw, =div(v)dx; A ... ANdx, .

If M C R”" is an n-dimensional manifold with boundary (say a ball), then Stokes’

theorem says
/ dw, = / Wy
M oM

For the boundary points x € OM, let N (x)
denote the normal vector. v(x) can be ex-
pressed uniquely in the form
oM
v(x) = (v(x), N(x)) N(x) + w(x),

(B.6.3)
where w(x) is tangential to M at x, hence
fDM wy = 0, and with (B.6.3),
Jom wo =[5 (v, N) wy. One obtains Gauss’ Theorem

/div(v)dxl...dxnz/dwvz/ wvz/ (v, N)wy .
M M oM oM

If the vector field is divergence free (as is for instance the velocity field of an
incompressible fluid), then as much will exit from M through the boundary O M
as will enter. O

B.7 The Poincaré Lemma

B.41 Definition A k-form o € QX(M) is called closed, if do = 0.
It is called exact, if there exists a differential form 3 € QK=Y (M) with o = d 3.
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Because dd = 0 (Theorem B.20), every exact form is closed. However, not every
closed from is exact:

B.42 Example (Aharonov-Bohm Effect) On U := R?\{0}, the I-form w :=

% is smooth, where xi, x, are the cartesian coordinates on RZ.
1 2

e This 1-form w is closed because

X1 X2
dw = (D] (ﬁ) +D2 (ﬁ)) dx1 /\d)C2 =0.
Xy + X5 Xy + X5

e But w is not exact. For if there were a 0-form ¢ : U — R with dy = w, then
Stokes’ theorem would imply for the integral over the circle S' C U:

fs=] o=o
St oS!

because as the boundary of the disc, the circle S 1 jtself has no boundary. On the
other hand, we calculate:

/ dgo:/ w= (x1dxy — x2dxy)
s! st st

27 27
= (cos pd(sin ) — sin p d(cos p)) = (cos? ©w+ sin? p)dp =2m.
0 0

e The 1-form w can be viewed as the gauge potential of a shielded (infinitely thin)
solenoid along the x3-axis. The exterior derivative B := dw of the gauge field is
the magnetic field, and it vanishes in the exterior domain.

e Even though no magnetic forces act on particles in the exterior domain, the quan-
tum mechanical nature of electrons allows to verify experimentally that the gauge
field w itself is not zero. In an appropriate layout of the experiment, interference
patterns are obtained (Aharonov-Bohm effect). O

However, if the domain U is star-shaped (or more generally: contractible), then
every closed k-form on U is exact (k > 1).

B.43 Definition An open subset U C R" is called star-shaped if there exists an
x € Usuch that for all y € U, the segment between x and y lies in U.

B.44 Example Open convex subsets J = U C R” are star-shaped. O

B.45 Theorem (Poincaré Lemma) [f U C R” is a star-shaped domain and w €
QK(U), k > 1is closed (dw = 0), then w is exact (w = dp).

Proof:
While ¢ is not determined uniquely, the proof (following ABRAHAM and MARSDEN
[AM], Theorem 2.4.17) will contain a formula for one such (k — 1)-form .
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e We assume without loss of generality that U is star-shaped with respect to the
origin.
e Fort € (0, 1], the scaling maps

FF:U—->U , y—ty (r €[0,1))

are diffeomorphisms onto their image F; (U). The mappings ¢ +— F;(u) foru € U
can be viewed as solutions to the initial value problem

dy

3 =Xy =u

with the time-dependent vector field X : (0, 1] x R" — R”", X,(y) := y/t. There-
fore, the Lie derivative Ly, satisfies, in analogy to Theorem B.34,

d
o F = FLy,.

e Aswisclosed, Lx,w = (dix, +ix,d)w = dix,w, and therefore

d
aFt*w = F,*dixtw = dFt* ixtu) .

For 15 € (0, 1], it follows by integration that

1 1
d
w—thwzkaw—F,’gw:/ —Ft*wzd/ Flix, wdr.
, dr

o

Fpw will go to Oin the limit 7o N\ 0, since k > 1. Therefore w = dy with ¢ :=

Jy Friywdr. O

We now will integrate 1-forms w € Q' (U) along curves and see whether the result
depends merely on the start and end points.

We assume without loss of generality that the open, non-empty subset U C R” is
connected, i.e., cannot be written as a disjoint union U = U, U U, of such subsets.

B.46 Theorem Let U C R" be open. If w € QU (U) is a closed form, then

/w:/ “
co C1

for homotopic C'-curves co, c1 : [a, b] = U with common start and end points.
(Refer to Definition A.22.)

Proof:

e By definition, there exists a continuous homotopy 4 : [a, b] x [0, 1] — U from ¢y
tocy. Since U is open, this homotopy can be smoothed, for example by convolution.
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So we assume that 4 is already smooth. We pull back the 1-form w with 4 and
obtain the 1-form & := h*w € QY(U) with'® U := [a, b] x [0, 1].

e wisclosed, (dw = 0). By Theorem B.25, @ is thus closed as well.

e Now we write the boundary of the rectangle U as the union of the images of the
four curves

& ila, bl > U ,&@) =,k (k=0,1),
a,b:10,11— U, a(s) := (a,s) , b(s) := (b, s).

[o=[w. [5=[a=0,
5/( Ck a [;

because ho ¢y = ¢y, hoa =a,andhob=h.
e U is convex, therefore the Poincaré lemma applies to the closed 1-form ©. We
choose the composite curves

We have

) : : b
%:Mb+ﬂ—*U’¢MO:[2giw)255&L+”
G(au) ,au €10, 1]

dy:la,b+11— U, di(au) := <51(5M—1) au e, b+1]

They are piecewise smooth, with initial point (a, 0) and end point (b, 1), and

/@:/@+/@:/@, /@:/@+/@=/@.
do & b & d, a & &

By the Poincaré lemma, however, © = d¢; hence

/@:/dgp:cp(b,l)—go(a,O) (k=0,1),
dA dk

where in the last step, Stokes’ theorem was used. It follows that

/w:/@:/&:/&:/&:/w. 0
o Co dy d; ¢y (&)

B.47 Example (Irrotational Vector Fields)
If v: U — R" is a smooth vector field satisfying

ov; O .
—_— = — =1,...
o~ o, (i,k=1,...,n),

10t is not an issue that U is not open, because we can extend 4 smoothly to an open superset of U
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then the 1-form v* € Q'(U) (namely v*(w) := (v, w) for vector fields w) introduced
in Section B.2 is closed, because

n n
3vk
* *
vt = E vrdx; ,hence dv* = E —dx; ANdx; =0.
k=1 ik=1 Ox;

If we integrate such vector fields along curves c : [ty, ;] — U, by calculating

. n de
/U =/ <U(C(f))7 E(t)> dr,

then this integral is independent of the path, for homotopic curves. %

In the case of 1-forms in R”, the validity of Poincaré’s lemma B.48 is not limited
to star-shaped domains:

B.48 Theorem (Poincaré Lemma) If the open set U € R" is simply connected,
closed I-forms w € Q' (U) are exact.

Proof:

e As the open set U € R” is connected, U is also path connected, i.e., from any
point xo € U, any other point x € U can be reached by a path ¢, : [0, 1] = U
with ¢, (0) = x, ¢, (1) = x. We may even assume ¢, to be smooth.

e We define a function ¢ : U — R by ¢(x) := fc W According to Theorem B.46,
(x) does not depend on the choice of c.

e ( is continuously differentiable, with dp = w. ]

B.49 Remark (Aharonov-Bohm) Example B.42 shows, in connection with Theo-
rem B.48, that the punctured plane R?\ {0} is not simply connected. O

B.8 De-Rham Cohomology

Cohomology theories assign to a topological space certain groups that characterize
the space to some extent. In this, they are similar to the homology theories (studied
in Appendix G.2). De-Rham Cohomology uses differential forms and is thus Taylor-
made for differentiable manifolds.

B.50 Definition Let M be a differentiable manifold.

e For k € Ny and the R-vector space of closed k-forms

two closed forms are called equivalent or cohomologous (w; ~ wy) if
wi — wy € BX(M), with the subspace of exact forms
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BY(M) :=im(d|gi1)) S ZN(M).

e The k™ de-Rham cohomology group is the quotient space

H*(M) := zZ¥(M)/B*(M) , and H*(M) := @ HYM) . (B.8.1)
k=0

For k > dim(M), these spaces have dimension zero.

For k < dim(M), the R-vector spaces H*(M) for compact manifolds M are, in
contrast to Z* (M) and B* (M), finite dimensional; the same applies for non-compact
manifolds that are not too complicated. So in this case, the Betti numbers

bettix (M) := dim (H*(M))  (k € Ny) (B.8.2)

are defined. These numbers have topological relevance. For instance, one has

B.51 Theorem If the manifold M is compact, the Betti number bettio(M) is the
number of connected components of M.

Proof: A O-form w on M is a real-valued function.

e This form is closed if its derivative vanishes: dw = 0; which means it is constant
(analogous to (B.6.2)) on the connected components of M.
e The values on the connected components can be chosen arbitrarily. (I

B.52 Example (de-Rham Cohomology)

1. M =R" we QR") is closed if and only if w is constant. w is exact if and
only if this constant is O (compare Theorem B.51).
In contrast, for k > 1, according to the Poincaré lemma (Theorem B.45), w €
QF(R") is closed if and only if w is exact.
Therefore H'(R") = ... = H*(R") = {0} and H(R") = R.

2. Circle M = S' =R/Z:
On R, for \ € R, the 1-form &) := A dx is invariant under the deck transforma-
tions x — x + £, £ € Z, and thus defines a 1-form wy on S' with 7w, = &)
for the projection 7 : R — S', x > x + Z.
This 1-form is closed, because there are no nontrivial forms of a higher degree
than the dimension of the manifolds, but w) is not exact, unless A = 0. This
can be seen from fsl wy = A # 0, so a function p), satisfying dp) = w) = can-
not exist (it would have to satisfy p)(x) = p»(0) + f(f wy). In contrast, on R,
wy = dpy with py(x) := Ax 4+ ¢, and ¢ € R arbitrary.
Returning to S I every l-form w € w!(SY is cohomologous to a 1-form wy,
namely with A := [(, w:

w=uwy+dp with p(x) ::/ (w—wy)) (xesh.
0
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Therefore, H°(S') = R (again by Theorem B.51) and H'(S') = R. O

In many cases, when calculating de-Rham cohomologies, it is helpful to use
that the exterior derivative behaves naturally under smooth mappings f : M — N,
namely thatdf = fd.

B.53 Example (Cohomology of Spheres) Calculation of the de-Rham cohomology
H*(S") of the n-sphere is done by averaging differential forms.

e §" C R"™! is invariant under the operation of the rotation group SO(n + 1), and
we denote the restriction g, of a rotation g : R"*! — R"*! Jikewise as g.

e We can now average forms w € Q*(S5"). We denote by p the Haar measure on the
group SO(n + 1). It is the (unique) probability measure satisfying

i(Lg(A)) = p(A) = p(Ry(A))

for all Borel sets A € SO(n + 1), where left and right operation of g € SO(n + 1)
are defined by

Lyh):=goh , Ryh):=hog (heSOm+1)

(see also E.1.3). We average the form w, i.e., we define

W= / g w du(g) .
SO(n+1)

Then h*w = w for all h € SO(n + 1), so the form is invariant.

e Obviously, as dg* = g*d, the averaged from w is closed or exact if w is closed or
exact, respectively.
But the converse is also true: So we can pass to invariant representatives w of
cohomology classes; representatives that are defined by their value at some point
on the sphere, e.g., the north pole, and must be invariant under the stabilizer group
SO(n) C SO(n + 1). This applies to constant O-forms and n-forms, but for no
other.
Therefore H°(S") = H*(S") = Rand H (§") =0 (0 <i < n). O

Sometimes it is also helpful that the exterior derivative for w € QF satisfies the
Leibniz rule d(w A p) = (dw) A p + (—1)*w A dp. Therefore, if w and p are closed,
then sois w A p, and for an arbitrary (k — 1)-form o, it is cohomologous to the closed
form (w +do) A p.

This makes H*(M) into a ring, the cohomology ring, and the Kiinneth formula
holds:

H' My x M) = @ H'M)@H (M) (k= 0),
£ +0=k

or briefly,
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H*(M, x Mp) = H" (M) ® H*(M>) .

B.54 Example (Cohomology of Tori)
For the n-torus T" = S} x ... x S}, this implies that

HM= P QHu4shz P r=rRO @&=o0....n.
O+.. 4L, =k i=1 b+ 4L, =k

Accordingly, the k™ Betti number is betti; (T") = (Z) and H*(T") is the exterior
algebra A(wy, ..., w,) generated by the w; from H*(Sil) (i=1,...,n). O



Appendix C
Convexity and Legendre Transform

C.1 Convex Sets and Functions

C.1 Definition

o Asubset K €V of a K-vector space V is called convex if for every x,y € K, the
segment between x and y,

[x,y]:=={0=Nx+Ay[Ae[0, 1]} CV,

liesin K.
e A function f : K — R U {+00} defined on a convex set K C V is called convex

if
FA=Nx4+Ay) <A =Nf@)+Af()  (Ael0,1]);
f: K - RU{—o0} is called concave if — f is convex.

C.2 Remark We have allowed the value oo here (with —00 < a < oo fora € R
and the limited arithmetic oo 4+ 00 := oo and a + 00 := 00 + a := oo fora € R).
This can come in handy, because for a convex function f : K — R U {+o00}, its

extension

;. Fooy._ | SO . xekK
fiV—RU{+oo} | f(x>.—[+Oo e V\K

is still convex. Conversely, we can restrict functions f : V — R U {400} to their

effective domain
dom(f) :={x e V| f(x) € R},

which will be convex if f is convex. O

C.3 Example (Convexity)

1. All affine subspaces of V are convex.
2. Every norm on V is a convex function.

© Springer-Verlag GmbH Germany 2018 537
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3. For a function f : R — R U {400}, the epigraph of f,
epi(f) = {(x,)) eR" xR | 1= f(x)},

is a convex subset of R“*!, if and only if f is convex.
4. For aconvex function f : V — R U {400} andc € RU {400}, theset{x € V |
f(x) < c} is convex. O
Here are three facts about convex functions f : K — R on open convex subsets
K < R? that are important to know:
e They are continuous.
e For all x € K C RY, there exists (at least) one affine hyperplane in R¢*! that is
the graph of an affine function

y f()+(D,y—x) (yeR)

with
fM=fx0)+{D,y—x) (yeKk).

Such planes are called supporting planes, and if they are unique, tangential planes.

e If f € C?>(K,R), then f is convex if and only if the Hessian'! D? f (x) is positive
semidefinite at each point x € K. In this case, the supporting plane is unique, and
D =Df(x).

C.2 The Legendre-Fenchel Transformation

C.4 Definition The Legendre-Fenchel transform of a function
[ R" - R U {+o0} (with f(R") # {+00}) is

FPiRT > RU{Hoo}l , f5(p) = sup((p.x) — f(x).

xeR?

Soin particular, f*(0) = —inf,crs f(x), and f*(p) is the vertical distance between
the plane given by the graph of x — (p, x) and the graph of f.
Obviously, the Young inequality

(x,p) = f)+ f*(p) (x,peR"

2y P2
oxz T OxiOxy
1Recall: (1) The Hessian is of the form D? f=
P’ f f
Ix,0x T 9x2

(2) A symmetric matrix A € Mat(n, R) is called positive definite (A > 0) (respectively positive
semidefinite) if (v, Av) > 0 (resp. (v, Av) > 0) for v € R" \ {0}.



Appendix C: Convexity and Legendre Transform 539

follows. By allowing the value +o00, it is certain that f* exists.

C.5 Example (Legendre Transform of exp)

The exponential function f(x) := e* is defined on R. The image f’(R) is the interval
I := (0, 00). For p € I, the maximum f*(p) = max,(px — ¢*) is attained at x =
In(p). So the Legendre transform of f is

ffiI =R, f*(p)=p(n(p) — 1),

see Figure C.2.1.
For the extended domain R of f*, the supremum f*(0) = 0 is no longer attained,

and f*(p) = 4o0 for p < 0. O
f g
| p (Un(p)=D)
pXx
e* e
1 P
-2 -1 1 *
X il

Figure C.2.1 Left figure pertaining to the definition of the Legendre transformation; right figure
shows the Legendre transform f*(p) = p(In(p) — 1) of the exponential function

C.6 Theorem The Legendre-Fenchel transform f* is a convex function.

Proof: For py, py €e R" and p, := (1 —t)po + tp1 (¢ € [0, 1]), we have

f*(p) = sup({pr, x) — f(x))

xeR”
= suﬂg((l =) ((po, x) — (X)) +t({p1, x) — f(x)))
<({1-1 suﬂg((po, f(x)) +t suRl( pP1, X f(x))
=1 =0 f"(po) +1f*(p1). [

We now assume that f* is not identically +o00. Then f** := (f*)* is convex as
well, and for all y € R", one has

() = sup ((y, p) — f*(p)) = sup lnf (v =x,p)+ f0)
peR” peR? xeR

< suﬂg((y -+ M) =1,
peR”
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So f** is a convex function that is no bigger than f.

From now on, we consider functions f € C 2(K, R) whose domain K C R” is
open and convex, extended by the value +oo to all of R”, and whose Hessian
satisfies

D’f(x) >0 (x € K).

Defining K* := ®(K) € R" for ® := Df, one has
C.7 Theorem & is a C'-diffeomorphism from K onto K*.

Proof:

e By definition, ® : K — ®(K) is once continuously differentiable and surjective.
e But @ is also injective, because for xg, x; € K, and with x, := (1 — f)xg + txy,
one has

Id
(@(x1) — P(x0), X1 — Xo) :/0 g7 (P = P(x0), x1 — xo) dr

1
=/ (D®(x;)(x1 — x0), x1 — xo) dt > 0
0

when x| # xo, as a consequence of D®(x;) = D f(x,) > 0.
e As D®(x) > 0, it follows from Theorem 2.39 that ®(K) is open, and that the
inverse of @ is continuously differentiable, too. |

@ (K) doesn’t have to be convex. In any case, the following theorem holds:
C.8 Theorem f*(p) = (p, @~ '(p))— fo @ (p) (p € ®(K)).
Proof: For p € ®(K), we consider the function
geCHK.R) . g(x):=(p.x) = f(0).
Then D?g(x) = —D? f(x) < 0, and for x* := ®~!(p), one has
Dg(x*) = p=Df(x") =p—Po®'(p) =0.
By Taylor’s formula for x € K and an appropriate y on the segment [x*, x], one has
9(0) = g(*) = 3 {x 2" D’g(»(x —x%)) <0,
provided x # x*. So indeed, x* is the unique location of a maximum of g. ([

C.9Theorem [. If f: K — R is twice continuously differentiable, then so is
[ K*—> R


http://dx.doi.org/10.1007/978-3-662-55774-7_2

Appendix C: Convexity and Legendre Transform 541

2. If K* is convex, then the Legendre transformation is an involution, i.e., f** = f.

Proof: 1. From f*(p) = (p, ®7'(p)) — f o ®~'(p),itfollowsin view of d(x) =
D f(x) that

Df*(p) = '(p)+p' DO (p) —Df (@ ' (p)DP '(p) = 27 (p).

Now &~ ! € C'(K*, K), hence also D f* € C'(K*, K) and f*e C*(K*, R).
2. Now for f*, the same hypotheses hold as for f. Therefore Df* : K* — K is
the inverse mapping of Df: K — K*, and by Thm.C.8, one has f* = f. O

The Legendre transformation is an involution even for arbitrary (not necessarily

differentiable) convex f : K — R, provided K, K* € R" are open and convex.
For instance if K is an interval and f € y

C'(K,R) is convex, then the graph of f lies
above every tangent line to f.
This is because f(x;) < (1 —1)f(x0) +

<1
tf(x)) for x = (1 —t)xo+tx1, £ € (0, 1) ¥ ?
implies (f(x;) — f(x0))/t < f(x1) — f(x0), x
hence

. f seen as an envelope of the
4 — —
(X1 = X0) f(x0) = ,12% (f(x,) f(x()))/t family of lines defined by the

< f(x1) — f(xo). Legendre transform f*
C.10 Corollary If f € C'(K,R) is convex, then f is the upper envelope of the

family
ypx) =px—f"(p) (pe f(K)xeK)

of lines, see the figure to the right.

An analogous statement applies in the higher dimensional case for the tangential
planes.



Appendix D

Fixed Point Theorems, and Results About
Inverse Images

In the context of the Picard-Lindel6f theorem (Theorem 3.17) and also the Mgller
transformations (Theorem 12.11), there occur certain spaces of curves. The following
theorem guarantees the convergence of Cauchy sequences in these spaces.

D.1 Theorem LetV C R” be closed, I C R an interval, and X the space of curves

X = {c e CU, V)| suplle)] < oo} ,

tel

with —d(f, g) == sup;e; | f () =g (f, g € X).

Then (X, d) is a complete metric space.

Proof: e (X, d) is a metric space. Indeed, for f, g, h € X, one has

— d(f, g) < sup,e; Il F )]l + sup,e; lg(t)]| < o0, and
d(f, g) = 0, with equality if and only if f = g,
- d(g7 f) = d(fs g)v and
= d(f, h) =sup,; [I(f () — g(®) + (g(1) = h(D)]
< sup;er [1F (@) = gl + sup;e; lg(0) — h(D)| = d(f, g) +d(g, h).

e Cauchy sequences (f;;)men In X converge pointwise to a mapping f : [ — V,
because for all # € I, one has || f,,(¢) — fu ()| < d(fu, fu), and V is complete,
being a closed subset of R”".

e The following e/3-argument shows that f is continuous, and even f € X. For
e > 0, let N € N be chosen such that d( f,,, fy) <¢&/3 (m > N), and thus also
forallt € I: || f(t) — fyn®| < ¢&/3.

From the continuity of fy, it follows for all s € I that there exists a § > 0 for

which @) — vl <5 (tel:l—s| <d/3).
Therefore,
£ ) = FOI < 1F@ = SO+ 1@ = fu @l + v = FOl <<
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e In (X, d), one also has f = limy_ o fn, since the distance

d(f, fn) = Su?mhféo Ifim(®) = v (DI < sup sup || fu(t) = fv (D)l

tel m>N
= sup,,>y d(fm, fn) converges to 0 as N — oo. g

D.2 Definition e x € X is called a fixed point of f : X — X if f(x) = x.
e If (X, d) is a complete metric space, then f : X — X is called a contraction if
there exists a contraction constant 0 € (0, 1) such that

d(f), f(») <0d(x,y) (x,y€X).

D.3 Theorem (Banach’s Fixed Point Theorem) A contraction f : X — X on a
complete metric space (X, d) with Lipschitz constant 6 < 1 has exactly one fixed
point x*, and the m™ iterate x,, := f(xm—1) of xo € X satisfies

m

1-0

d(xpm, x*) < d(xy, x0) (m € N). (D.1)

Proof: e For n € Ny, we have d(x,.1,x,) <0d(x,, x,—1) <...<0"d(x1, x0),
hence forn > m,

n—1 m

A xm) = 3 dx9) = (S0, 07) . xo) =

j=m

T od(xl,xo)-

So (x,)nen is a Cauchy sequence, and by completeness of (X, d), there exists

x*:= lim x,.
n—oo

e Therefore, d(x*, x,,) = limnﬁoo(d(x*, X)) +d(x,, xm)) < % d(x1, xp).
e Continuity of f implies f(x*) = lim, o f(x,) = lim,— 00 X1 = X*.

e If some x € X also satisfies f(x)=x, then d(x,x*) =d(f(x), f(x*)) <
0d(x,x*), hence x = x*. So x* is the only fixed point. (]

In many cases, the contraction depends on a parameter and one is interested in
how the fixed point depends on this parameter. A theorem to this effect is:

D.4 Theorem (Parametrized Fixed Point Theorem)
Let (X, d) be a complete metric space, P a topological space (the parameter space)
andlet f : X x P — X, f,(x):= f(x, p) satisfy:

1. There exists acommon contraction constant§ € (0, 1) for the mappings f, (p €
P).
2. Forall x € X, the mappings P — X, p > f,(x) are continuous.
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Then the fixed points x, of f, are continuous in p € P.
Proof: By #1, f, has a unique fixed point x,, according to Theorem D.3.
e Forall p, g € P, we have, again due to the first hypothesis,

d(xp’ xq) — d(fp(x[?)’ fq(_xq)) S d(fp(xp)y fp(xq)) +d(fp(xq)a fq(xq))
< 0d(xp,xg) +d(fr(xg), f1(x0)) .

hence d(x,, xg) < d(fp(xq), fy(x))/(1 —0).

e Due to the first condition, for all € > 0, there exists a neighborhood U € P of
q with d(f,(xy), f;(xs)) <&(1 —0),if p € U. For these p, one therefore has
d(x,,x4) <e. O

D.5 Remark (Newton Method) Let f € C?*(1,R), i.e., a twice continuously dif-

ferentiable function on the interval [ := [a, b], with f'(x) # 0 forall x € I.
We want to find the pre-image X (which is f

unique as a consequence of that hypothesis)
of a point'? Y € f(I). X is the only fixed
point of

(o, f (x0))

g=gril—>R . g)=x— ¥

Geometrically, g(x) is the intersection of
the tangent to the graph of f at (x, f(x))
with the line y = Y.

In the Newton method, after choosing an
initial value x, € I, one iterates g, i.e.,
Xn1 1= g(Xn). O

D.6 Theorem (Newton Method) For all x € I, one has the estimate |g(x) — X| <
M |x — X|*, where M := ﬁ‘:—m Therefore, the method converges for initial
values xo € I satisfying M|xo — X| < 1, i.e.: lim,_, o0 X, = X.

Proof: If x = X, we are done already. Otherwise, by the mean value theorgm for
derivatives, there exists £ in the open interval between x and X with W =

f/(€), and therefore

lg(x) — X| = ‘x I X‘ - ‘(x —X) (1 f’(f))‘

@) )
S D)—f'©) 2 | fw-r1© 1
=|x—X|- f—‘ <|x— X2 [0SO T
f1(x) x=§ f1(x)
e vi2. Ll
= b= X1 -

Again we have chosen 7 appropriately between x and £ according to the mean value
theorem. O

12Frequently, one assumes ¥ = 0 in discussions of Newton’s method.
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Group Theory

E.1 Groups

E.1 Definition

e A group is a set G with a mapping (called ‘operation’)
0:GxG—G

that is associative (go (hok) = (goh)ok), and has a distinguished element
e € G (identity) withgo e = e o g = g (g € G) suchthat for every element g € G,
there exists an inverse element h € G with go h = e.

e G is called commutative or abelian if gok = ko g (g,k € G).

e The order |G| of a group is the cardinality of the set G.

e A nonempty subset H C G is called a subgroup if it is closed under multiplication
and inverses. We write: H < G.

e Fora subgroup H < Gand g € G,wecallgo H :={goh |h € H} C G aleft
coset, and H o g a right coset of H.

E.2 Remark Both the identity e and the inverse g~! of g is unique, and one also
hasg~'og =e. O

E.3 Theorem (Lagrange) The order |H| of a subgroup H < G of a finite group
G divides the order |G| of G.

E.4 Definition ¢, € G is called conjugate to g, € G if there exists an h € G with
g» =hog oh™'. Asubgroup H; < G is called conjugate to H, < G if there exist
heGwithHy,=hoH,oh™ L

E.5 Theorem Conjugacy is an equivalence relation. A group G is therefore decom-
posed into conjugacy classes, where the identity e € G is a class of its own.

© Springer-Verlag GmbH Germany 2018 547
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E.6 Definition A subgroup H < G is called normal if
kHk'=H (k€ G),

in other words, if left and right cosets coincide. We write: H <1 G.

E.7 Theorem
If the subgroup H < G is normal, the operation on G induces an operation on the
set G/ H of cosets of H. This group is called the factor group G/H.

E.8 Example (Group of Residues)

For n € N, the subset nZ C Z of integer multiples of n is a subgroup of (Z, +). As
(Z, +) is abelian, nZ is normal, and the factor group Z,, := Z/nZ = {0, 1,...,n —
1} is called the group of residues (with addition mod n). O

E.9 Definition A mapping ¢ : G\ — G, from the group G into the group G, is
called a homomorphism if

o(g10g2) = d(g1) o d(g2) (g1, 92 € G1). (E.1.1)

A bijective homomorphism is called an isomorphism.

E.10 Remark (Group Homomorphisms)
From (E.1.1), it follows for the images of the neutral and inverse elements that

pe)=e and ¢(g ") =¢(@ " (g€ G). o

E.11 Theorem The kernel ker(¢) := {g € G| | ¢(g9) = e} of a group homomor-
phism ¢ : G| — G is a normal subgroup.

E.12 Definition

e A (left) operation, or action of a group G on a set M is a mapping
® : G x M — M which, in the notation

S, M —>M , Oym):=D(g,m) (gel),

satisfies
&, =1dy and Oy 0P, =Dy, (g, h € G). (E.1.2)

e The orbit of a point m € M is the set O(m) := ®(G,m) C M.
e The isotropy group (also called stabilizer) of m € M is the subgroup

Guni={geG|P(g,m) =m}.

e The action is called free if for all m € M, the mapping G — M, g+ D(g, m)
is injective;
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it is called transitive if this mapping is surjective for some m € M (and thus
automatically for allm € M).

e A group action ® : G x V — V on a vector space V is called a representation
of G if the mappings ®, : V — V are linear.
®:GxC—C,(g,¢) = p(g)c (and also ¢ : G — C) is called a character.

Just as in the special case of dynamical systems (Theorem 2.13), membership in
an orbit defines an equivalence relation on M. Let’s use the shorthand notation
gm := ®,(m). Then, for h € G and the point m’ := hm € O(m) of the orbit of m,
the isotropy groups satisfy

Gw={9eG|gohm=hm)={geG|h'ogohm=m}y=hG,h™".

The isotropy groups of the points of an orbit are therefore conjugate to each other.
Groups G operate on themselves in various ways, for instance by left or right
action'3 respectively:

L:GxG—G , Lyh):=goh , R:GxG—>G , Ryh):=hog.
(E.1.3)
The mappings L, and R, commute, and both left and right action are transitive,
because given iy, hy € G, one has Ly(hy) = hy for g :=hj o hl_1 and R,(hy) = h»
for g := hl_1 o hy. The mapping
1:GxG—G , I(h)y:=gohog™' (E.1.4)

is also a group action of G on itself, but in contrast to L, and Ry, I, : G — G is a
group automorphism, because

Ly(hy) o Iy(hy) =gohjog ' ogohyog™ =1I,(hohy),

so in particular, I,(e) = e for all g € G. This group action is called conjugation
(according to Definition E.4).

E.13 Theorem If|G| <ocoand ® : G x M — M is a group action, then
IOm)] - |G| = 1G] (m € M).

E.14 Definition

e If G, G, are groups, then G| x G, together with the group multiplication

(91.92) o (9. 95) == (91 291, 920 9h)

is called the direct product of G| and G».

I3 However, the right action satisfies Ry, o Ry, = Ry,0y,, in contrast to (E.1.2).
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e The automorphism group of a group G is the group
Aut(G) :={¢: G — G | ¢ is an isomorphism }

with composition as the group operation.
e If ¢ : Gy — Aut(Gy) is a homomorphism of G, into the automorphism group of
G|, then we call the set G| X G, together with the group multiplication

(91, 92) © (g1 85 = (g1 0 (6(92) (), 32065) (9.9 € Gi)
a semidirect product of G| and G,; we denote it as G| X4 G, (or G| X G3).

E.15 Example (Euclidean Group)
As is shown in Theorem 14.1, the Euclidean group E(d) of R? is the semidirect
product of G := (R, 4+) and the orthogonal group G, := O(d). Hereby, the homo-
morphism ¢ : O(d) — Aut(R?) is simply given by ¢(0)(v) := Ov for v € R?, so
that

(v, 0)o (v, 0 = (v + 0v', 0 O/) .

In particular for d = 1 dimension, one obtains E(1) = R x, {£1}, where this semi-
direct product of abelian groups is not abelian; indeed, for example,

v,-Do(,)=@w—-2,-1) ,but V', 1)o@, —1)=@w+,—1). ¢

Whereas both factors of a semidirect product are subgroups of G| x G, in general,
only G is normal.

For instance, in the example of the Euclidean group, the subgroup {0} x O(d) of
rotations and rotoreflections about the origin is conjugate to the subgroup of rotations
and rotoreflections about another point of R?.

E.2 Lie Groups

Manygroups are topological spaces or even manifolds in a natural way.
E.16 Definition

e A group (G, o) is called a topological group if G is equipped with a topology such
that:
The group operation o : G x G — G and the inverse G — G are continuous
(here G x G carries the product topology, see page 488).

e A group (G, o) is called a Lie group if G carries a differentiable structure (see
page 491) such that the group operation G X G — G and the inverse G — G are
smooth mappings.
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A simple example of a Lie group is the abelian group (R, +), and also its subgroup
Z4 with the subspace topology from the inclusion Z¢ C RY (namely the discrete

topology).

E.17 Remark (Topological Groups and Lie Groups)

1. We already made use of Definition E.16 when we defined a continuous dynamical
system (Definition 2.16) and a differentiable dynamical system (Definition 2.43).

2. As manifolds are in particular topological spaces, and smooth mappings are

continuous, every Lie group is a topological group.
The converse is not true. An example is the group Diff (M) of diffeomorphisms of
a manifold M; it can be viewed as a topological group. When dim(M) > 1, this
group would have to have infinite dimension as a ‘manifold’, which is however
not compatible with our definition of a manifold.

3. To show that some G is a Lie group, it suffices to show that the multiplication is
a smooth operation. Indeed, if we denoteitas M : G x G — G, then taking the
inverse I : G — G, I(g) = g~ amounts to solving the equation M(g, I(g)) =
e, and the partial derivative D, M (g, h) with respect to the second argument
is an isomorphism. So the smoothness of / follows from the implicit function
theorem. O

E.18 Example (General Linear Group)
The general linear group GL(V) of a vector space V is the group of automorphisms
of V (i.e., of the invertible linear mappings in Lin(V)).

So it operates on V and also on the projective space P(V) of V, which consists
of the set of equivalence classes

P(V):={[v] |ve V\{0}} with [v]=[w]iff span(v) = span(w). (E.2.1)

In the case of a K-vector space V of finite dimension 7, this group is isomorphic
to the group of all invertible matrices from Mat(n, K). For K = R and all n € N,
this real general linear group

GL(n,R) := {M € Mat(n, R) | det(M) # 0}

is an open subset of the n>-dimensional vector space Mat (n, R), and the group multi-
plication is smooth, since it is just the restriction of the bilinear matrix multiplication
(see also Example 4.13). So dim (GL(n, R)) = n*. The Lie group GL(n, R) has, next
to the subgroup

GL"(n,R) := {M € GL(n, R) | det(M) > 0},

one more connected component. This latter is of the form GL*(n, R)N for any
arbitrary matrix N with negative determinant. As a manifold, it therefore looks
exactly like GL* (n, R), but it is not a group.

A subgroup of GL(n, R) that is of interest is the orthogonal group
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O(n) :={M eGLn,R) | M =M""},

which consists of rotations and rotoreflections of R”. The topology of the manifold
GL(n, R) can be understood by writing matrices M € GL(n, R) uniquely in the
form M = OP with O € O(n) and P positive; this is the polar decomposition. It
is clear from the ansatz M = O P that P has to equal (M ' M)'/?: indeed, M T M =
PTOTOP = P"P = P2. Since positive matrices are of the form P = exp(S) with
S € Sym(n, R),'* the mapping

GL(n,R) — O(n) , OP+— O

gives a bundle with the typical fiber being Sym(n, R). As an R-vector space, this
fiber is connected. Therefore the total space GL(n, R) of the bundle has exactly as
many connected components as the base space O(n). Now GL™ (n, R) projects to
the rotation group

SO(m) :={M e GL*(n,R) [ M" =M"'}.

This latter is connected, as is shown in Example E.19.

On the other hand, the group GL(n, R) is not compact, since it contains the
subgroup {A1 | A > 0}.

Analogously, for all n € N, the complex general linear group

GL(n, C) := {M € Mat(n, C) | detM # 0}

is a 2n>-dimensional (real) manifold, being an open dense subset of Mat(n, C). This
Lie group however is connected. O

Many Lie groups are subgroups of GL(%, R) or GL(n, C).
E.19 Example (Lie Groups)

1. The special linear group
SL(n,R) :={M € GL(n,R) | det(M) = 1}

is an (n? — 1)-dimensional submanifold of GL* (n, R) since 1 is a regular value
of det : Mat(n, R) — R.
SL(n, R) is connected, and for n > 1, it is not compact.

2. The rotation group SO(n) = {M € SL(n,R) | MT = M~'} equals the pre-
image of 1 for det : O(n) — {—1, 1}.
It is the connected component of the orthogonal group O(n) that contains the
identity. This can be seen using the real Jordan normal form, since any matrix
O € SO(n), being anormal matrix, is, with respect to an appropriate orthonormal

“Here Sym(n,K) := {P € GL(n,K) | P* = P}forK=RorK=C.
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basis of R", a direct sum (block diagonal matrix) of matrices of the form ( P ) €
Mat(2, R) and numbers u € Mat(1, R) = R. Since O is orthogonal, the matrices
(“ _3') are € SO(2), and |u| = 1. Since moreover O € SO(n), there is an even

s C

number of terms in the sum with u = —1. These can be combined in pairs
to rotation matrices in SO(2). Since SO(2) = {(‘;lorf b _CS‘S"JQ) | ¢ €0, 27r)} is

connected, so is SO(n).

As the matrix norm of elements of O(n) equals 1, O(n), and thus also SO(n), is
compact.

1 € Sym(n, R) C Mat(n, R) is a regular value of the mapping

P :GL(n,R) — Sym(#»n,R) , M+r— MM,
because the linearization is given by DP(M)N = MTN + N"M, and for M €
P~!(1) = O(n) and L € Sym(n, R), we see that L is the image of N := %ML
under the mapping N —> M N + N M, hence the linearization is surjective.
Thus O(n) is a Lie group, and
dim(O(n)) = dim(GL(n, R)) - dim(Sym(n, R)) =n’— (”Jz”l) =(5).
3. The unitary group
U(n) :={M e GL(»,C) | M* = M"'}

is also a compact Lie group; it has the (real) dimension n2. Specifically U (1) =
S'. The subgroup

SU(n) := {M € U(n) | det(M) = 1}

of special unitary matrices is an (n> — 1)-dimensional Lie group. The represen-
tation
SUQ) ={(%%) lv,weC, v+ w?=1} (E2.2)

shows that SU(2) is diffeomorphic to the sphere S c R* = C2.

4. Cartesian products of Lie groups are again Lie groups, with the manifold un-
derstood as the product manifold. An example of this is the abelian group
T := S!' x ... x S, which is the n-dimensional torus. O

E.3 Lie Algebras

The concept of linearization is frequently successful in mathematics, because linear
structures are usually easier to understand than nonlinear ones. As a Lie group is
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in particular a manifold, one can study it locally in the neighborhood of the neutral
element, and in doing so, one is led to the notion of a Lie algebra.

In the case of a Lie group G, the left and right actions L,, R, : G — G defined
in (E.1.3) are diffeomorphisms.

E.20 Definition A vector field X : G — T G on a Lie group G is called
o leftinvariant if (L)X =X (g€ G),
e rightinvariant if (R,)),.X =X (g€ G).

We will subsequently consider mainly left invariant vector fields X; for right invariant
vector fields, analogous statements apply.

As the left action is transitive, it suffices to know X (e); then X (g) = T L, X (e)
is determined for all g € G. Thus the vector space of left invariant vector fields on
G, which is a subspace Xy (G) of the R-vector space X'(G) of all vector fields, is
naturally isomorphic to 7,G.

E.21 Definition A Lie algebra (E , [ -]) is a K-vector space E with a mapping
[,-1: Ex E — E, called the Lie bracket, that satisfies the following properties
(wherea,b e K and X,Y,Z € E):

o [t is bilinear, i.c.,
[aX+bY,Z]=alX,Z1+b[Y,Z] and [Z,aX +bY]=alZ,X]+b[Z, Y]

e Itis alternating: [ X, X| = 0, and therefore
antisymmetric: [X, Y] = —[Y, X],
e [t satisfies the Jacobi identity [ X, [Y, Z]]1 + [Y,[Z, X]1+ [Z,[X, Y]] = 0.

E.22 Lemma The Lie bracket [X,Y] : G — TG (see Definition 10.20) of two left
invariant vector fields X,Y : G — TG is again left invariant.

Proof: For g€ G, one has (L,).[X,Y]=1[(Ly:X,(LyY]=1[X,Y], hence
[X,Y] € XL.(G). O

In consequence, (XL G, [ -]) is a Lie algebra; it is called the Lie algebra Lie(G)
of G.

E.23 Remark (Lie Algebras)
1. One frequently uses the gothic font symbol g instead of Lie(G). For instance

Lie(SO(n)) = so(n).

2. Asnoted, one can view the Lie algebra g of a Lie group G as the tangent space of
G atthe neutral element e € G. (') As such, it describes the local structure of the

3The Baker-Campbell-Hausdorff formula expresses log (exp(X ) exp(Y)) in terms of commutators
of X and Y, where exp is taken from (E.3.1); so it gives a relation between the Lie bracket and the
group operation.
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group near the identity, and it is therefore possible, as in Exercise E.27.2.b below,
or the example so(n) = o(n), that non-isomorphic Lie groups have isomorphic
Lie algebras. O

Not all Lie groups are matrix groups:

E.24 Example (Lie Groups vs. Matrix Groups)

1. Whereas (R, +) consists of real numbers, i.e., one dimensional matrices, the
group operation is however not matrix multiplication. But in this case, the Lie
group is still isomorphic to a matrix group, namely the multiplicative group
(R*, +), with the isomorphism exp : R — R*. Such Lie groups are called linear.
For example, all finite groups are linear.

2. Some groups are ‘too big’ to be linear, for instance the group of permutations of
N.

3. There are also some connected Lie groups that are not linear, for instance the
metaplectic groups, which are two-sheeted covers of the symplectic groups (see,
e.g., CARTER, SEGAL and MACDONALD [CSM], page 130). These groups play a
role in quantum mechanics.

Generally, for a Lie algebra g of a Lie group G, the exponential map is defined as
follows. The elements ¢ € g are understood as left invariant vector fields on G. As
such they generate flows

9 . RxG—> G & €g),

which are complete because the group structure guarantees the existence of a time
interval on which the Picard iteration converges that is independent of the initial
condition g € G. In terms of these flows, the exponential map is defined as

exp:g—>G , £ CI>(5)(1,6). (E.3.1)

The exponential map maps small neighborhoods of 0 € g diffeomorphically onto
neighborhoods of e € G. Namely for linear groups, one has D exp(0) = 1. However,
it does not always map g onto the connected component of e € G.

This can be seen in the example of the group SL(2, R) = Sp(2, R), which was
discussed in Exercise 6.26.d and illustrated on page 97. Among the hyperbolic ma-
trices, the connected component of those matrices whose eigenvalues are all negative
is not in the image exp(s[(2, R)) of the exponential map.

See also ABRAHAM and MARSDEN [AM], Example 4.1.9, for the group GL(2, R).

E.25 Exercises (Exponential Map for GL(n, R)) Show that the left resp. right
invariant vector fields on the matrix group GL(n, R) are of the form

g XO(9) =g& resp. gr>E&g (9 € GL(, R), £ € Mat(n, R)),
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and that the commutator of two left invariant vector fields is given by
[X(O, X(n)] — xU&nD with (€, n] =& —né (5’ n € Mat(n, ]R)) ;

and also that Definition (E.3.1) of exp(§) coincides with the matrix exponential

4.1). %
E.26 Example
1. The left and right invariant vector fields of an abel- C
ian Lie group are the same, and their Lie bracket van- iR
ishes. For instance on R”, it is exactly the constant
vector fields that belong to the Lie algebra X (R") = U)
Xr(R").

Lie algebra : R, the figure on the right applies.

2. The matrix group GL(n, K) is open in Mat(n, K),

its Lie algebra is therefore the tangent space gl(n) =
Mat(n, K).
The relation between a Lie algebra and the tangent space at the identity as
described above permits a simple calculation of the matrix Lie algebra of a
matrix Lie group, as can be seen in the example of SO(n, R) C GL(n, R): For a
Clcurve A : (—¢, €) = SO(n, R) with A(0) = 1, we have A(s)A(s)T = 1 and
det (A(s)) = 1 for all s € (—¢, €), and therefore

For the Lie group U (1) = {c € C | |c| = 1} with its |

0=3|  A®AG)" = A0)AO)" +A0AO0)" = A0) + AWO)".

In conclusion, introducing the vector space Alt(n, R) := {X € Mat(n, R) |
XT = —X} of antisymmetric matrices, we have

so(n) = Alt(n, R), (E.3.2)

because X + X T = Oimplies already thatexp(X) exp(X ") = llandtr (X) = 0,

hence det(exp X) = 1. O
E.27 Exercises (Lie Groups and Lie Algebras)

1. In analogy to the above examples, calculate the Lie algebras u(n), su(n) and
sp(R*") of U(n), SU(n) and Sp(IR*") respectively (see Example E.19.3 and
(6.2.5)), and determine their dimensions.

2. (Isomorphisms of Lie algebras)

(a) Show thatthe Lie algebra so(3) with (13.4.8) is isomorphic to the Lie algebra
R3, equipped with the vector product as the Lie bracket.
(b) Show the isomorphism so(3) = su(2), with

su(n) == {X € Mat(n,C) | X + X* = 0, tr(X) = 0} .
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(c) Denote by H the skew field of quaternions q = a + bi + ¢j + dk with
a,b,c,d € R, where i, j, k satisfy the following relations:

ij=k=—ji, jk=i=—kj, ki=j=—ikandi’ = j?=4k*=—1,

and where conjugates are defined by ¢* :=a — bi — cj — dk (see also
KOECHER and REMMERT [KR]).

Show that s1(2) as a Lie algebra is isomorphic to the set ImH := {g € H |
a = 0} of imaginary quaternions with the commutator as the Lie bracket.
To this end, use the imbedding

H— Mat2,C) , g~ (17 &4) .0
E.28 Example (Parametrization of SO(3))
Denoting the ball as BY = {x € R? | ||x|| < r}, the smooth mapping given by

a 0 —a3 a
A: B;: — SOA3), x — exp(i(x)) ,withi i R? — 50(3), (gz) »—>( a 0 al)

—ay a 0

is a parametrization of SO(3) (see also (13.4.8)). As x is in the kernel of the matrix
i(x), we infer that A(x) is a rotation about the axis span(x). Since the eigenvalues
are spec(i(x)) = {0, t]|x||, —[lx||}, the angle of rotation is ||x||.

As every rotation in R? can be viewed as a rotation to the right by an angle in the
interval [0, 7], the mapping A is surjective.

Except for the identification of antipodes on the surface of the ball, namely i (x) =
i(—x) for ||x|| = m, the mapping is injective.

These properties of A also follow from the Rodrigues formula

exp(i(n) = Ty + D i) 4+ § (s l(x)) (x € R\ {0}).

[l 1 lx]/2
(E.3.3)
This formula is proved by plugging
i) =xx " — x|l e, i) = —|xl?i(x)
into the power series for exp and sorting for even and odd powers. O

This parametrization implies (see Exercise 6.53) that SO(3) is diffeomorphic to
the real projective space RP(3) = §3/{=£1}. On the other hand, by Example E.19.3,
the Lie group SU(2) is diffeomorphic to the sphere S°. This yields the two-sheeted
covering of SO(3) by the group SU(2).

E.29 Theorem (SU(2) and SO(3)) Let o denote the linear isomorphism

.3 . 1 — —ix—
o:RP > su2) , o) =1 (_ %, ).
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Then the adjoint representation
M:SUR)— S0A3) , Myx)=c'(Usx)U™") (U eSUQ), x e RY)

is a surjective group homomorphism with kernel {11}.

Proof:

e II is a group homomorphism with {£1} < ker(IT), because
IM_j(x) = Iy(x) = x, and for U, V € SU(2), one has

My oMy(x) =My (e (Vo@)V!)) =0 (UVex)V'U™) = Hyy (x).

On the other hand, U € ker(IT) if and only if U v U~! = v for all v € su(2). This
is tantamount to Uv = vU for all v € su(2), i.e., U is a multiple of unity.

e I1; € GL*(3,R)since [T = 1l € GL*(3, R) and since SU(2) & S? is connected.
As tr(a(x)cr(y)) = —% (x, y), it follows: for that [Ty € SO(3) already, because
forx,y e R3,

(My(x), Ny () = 20(Uox)U ' Us(U™") = 2t(a(x)o(y)) = (x,y).

a 0 —a3 a . . . .
oi R s50(3), (zé) — ( ) —gl) is an isomorphism of the Lie algebras
3 —ay a

according to (13.4.8), and sois o : R? — su(2); therefore,
i=ioo ':su) — s0(3)
is an isomorphism, too (as was already shown in Exercise E.27.2).
Thus the linearization 7,IT : su(2) — so(3) of the group homomorphism IT at the
identity is of the form 7T,I1 = v, because, using that v x x = i(v)x, it follows
T.Iw)(x)=0""(uo(x)—o(x)u)=c""(u) x x = Ypu)x (u € su(2), xeR’).
e This shows that I1 is a local diffeomorphism.'® So the image T1(SU(2)) € SO(3)

is both open and closed. As the groups SO(n) are connected by Example E.19.2,
we have H(SU(Z)) = SO(3). O

E.4 Actions of Lie Groups

Just like any group can operate on a set (see Definition E.12), a topological group
can operate on a topological space, or a Lie group on a manifold. But in these cases,

161 other words, according to Definition 2.36, this means that every point x € SU(2) has a neigh-
borhood U, such that [T, is a diffeomorphism onto IT(Uy).
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one would desire compatibility of the structures. So in the first case, one will assume

the continuity of the group action; in the second case, its continuous differentiability.

E.30 Example (Actions of Lie Groups)

1. Each Lie group G acts on itself from the right and from the left (E.1.3), and also
by conjugation I : G x G — G (E.1.4), i.e., by group automorphisms.

2. Consequently, it also acts on its Lie algebra g. Indeed, if we identify this Lie
algebra with the tangential space T, G at the identity e € G, then with I,(e) =
e (g € G), the adjoint representation

Adg:g—9g , Ady() =DI(e)¢ (geG,{eT,G=y) (E4.1)
is a linear group action of G on g. If the Lie group G is a matrix group, then

Ady(©) =gy (g€ G, EeT.G).

3. This also defines a representation of G on the dual Lie algebra g*. The dual
mapping Adz of the linear mapping Ad, is defined by the property

(Ady (€9, m) = (", Ady()))  (n € g, £ € g").

But the mapping g — Adj is a right action, whereas we are using left actions.
Accordingly, the coadjoint representation of G on g*, defined by

Ad*: G — Lin(g") . gr> Adl,, (E.4.2)

is a left action.
4. The differentiable dynamical systems, which we consider in this book, are also
actions of Lie groups (namely of the Lie groups Z or R, see Definition 2.43). ¢

E.31 Exercises (Adjoint Representation)
Show that for G = SO(3), and identifying so(3) with R3 by (13.4.8), the adjoint
representation of the rotation matrix O € SO(3) is of the form Adp(§) = 0&. O

A special feature, which distinguishes actions of Lie groups ® : G x M — M as
compared to other group actions, comes along with the differentiability of the group
action: it is the following relation between a Lie algebra g and vector fields on the
manifold M.

E.32 Definition
For an action of a Lie group ® : G x M — M and £ € g, the vector field

d
Xe:M—TM , Xe(m) = ac1>(e)q)(t5),m)‘lzo

on M is called the infinitesimal generator of the group action generated by &.
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Figure E.4.1 Left and center: Orbits of the left action by a 1-parameter subgroup of SO(3), right:
Right action by the same subgroup (note however the reversed torsion of the orbits). Shown in terms
of the parametrization of SO (3) by a ball as in Example E.28, page 557

For the left action ® : G x G — G, ®4(h) = g o h, we obtain the right invariant
vector fields on G. In Figure E.4.1, one can see the example of orbits for the left

action generated by ¢ = (§§—zl) € 50(3); the vector field X, : SO(3) — T'SO(3)
is tangential to these orbits.

It is no surprise that the adjoint representation is compatible with the Lie bracket
and the exponential map:

E.33 Theorem For every Lie group G with Lie algebra g, and for all £, € g,

Ady([€, n]) = [Ady(€). Ady(€)]  exp(Ady (&) =goexp(©og™' (g€ G)

and

d
a Adexpire) ()],_y = [€, 1] - (E.4.3)

E.34 Exercises (Adjoint Action)
Check these formulas for the Lie groups GL(n, R) and their corresponding Lie
algebras Mat(n, R) (and thus for all matrix Lie groups G < GL(n, R)). O

Identity (E.4.3) leads to the definition of the linear ad operators

d
ade = I Adexpe)|,_g 89— 0 » N> (6] (E4.4)

They are the infinitesimal generators of the adjoint representation.
E.35 Definition

o A continuous mapping f : M — N between topological spaces is called proper
if the pre-images of compact sets are compact.

e A continuous group action ® : G x M — M of a topological group G is called
proper if the mapping G x M — M x M, (g, m) — (m, D (g, m)) is proper.
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One frequently studies the space of orbits of a Lie group action, and sometimes
this space is a manifold.

E.36 Theorem (Manifolds of Orbits) If ) : G x M — M is a free and proper
action of a Lie group G on a manifold M, then the quotient space

B:=M/G={O(m) |m € M}
has the differentiable structure of a manifold, and the mapping
7T:M—> B , x> O),

which assigns to points of M their orbits, is a surjective submersion (see p. 501).
Proof: This is Proposition 4.1.23 in ABRAHAM and MARSDEN [AM]. O

B can always be equipped with the quotient topology from Example A.2.4. But
the following examples show that the requirement of a free and proper action cannot
be omitted, if B is to be a manifold:

E.37 Exercises (Lie Group Actions)
1. Show that for n € N\ {1}, the mapping

®:SO(n) xR*"—>R*" , (O,m)— Om

is a proper group action of the rotation group SO(n), but not a free one; and that
B = R"/SO(n) is not a manifold (i.e., not a manifold without boundary).
2. Show that the mapping
P:RxM—->M , (t,m)— (geQ,)x
on M := R?\{0} is a free, but not proper, action of the Lie group (R, +), and
that B is not a Hausdorff space. O
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Bundles, Connection, Curvature

F.1 Fiber Bundles

The cartesian product E := B x F of two manifolds is itself a manifold. If we denote
bynm: E — B, (b, f)— b the projection onto the first factor, then (E, B, F, ) is
an example of a fiber bundle.

F.1 Definition
e Let E, B and F be topological Hausdorff spaces and

m:F— B

Ep

a continuous surjective mapping. Then
(E, B, F, ) is called a (topological) fiber
bundle with total space E, base space B,
and (standard) fiber F (see the figure to
the right) if the projection T is locally triv-
ial, which means that for all b € B there
exists an open neighborhood U C B and
a homeomorphism ® : =" (U) - U x F
such that

/n
O(r'@)) =} x F (b €U). b

e For a fiber bundle (E, B, F, ), the family (U;, ®;);c; of such open sets U; C B
and homeomorphisms ®; with | J,.,; U; = B is called a local trivialization of the
fiber bundle.

e Analogously, forr € Norr = oo, one can talk about a C”-fiber bundle if the total
space E, the base space B, and the fiber F are C"-manifolds and 7 as well as the
CDiil are C" mappings.

e A continuous (or C” respectively) mapping S : B — E is called a section if

B
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ToS = [dB .

F.2 Remark

1. Instead of the somewhat clumsy naming (E, B, F, ), one frequently encounters
the notation 7 : E — B or—pars pro toto—simply E. The fibers n='(b) = F
are also denoted as Ej.

2. In the introductory example of a product bundle, (U, ®) := (B, Idg) is a local
trivialization. Such bundles are called trivial. For example the parallelizable (see
Definition A.43) tangent bundles are trivial. O

F.3 Example (One Dimensional Bundles)

1. A simple example of a nontrivial C*°-fiber bundle is given by E := S' C R?,
B :=RP(1) (the 1-dimensional real projective space consisting of all lines
through the origin in R?, see Definition 6.50), and the mapping 7 : E — B
that assigns to each point x € S' on the circle the line through the origin that
passes through that point.

In this example, the standard fiber F' := {—1, 41} has two elements, but the total
space E is connected, hence not homeomorphic to B x F.
An example of a local trivialization is (U;, ®;);<; with the index set [ := {1, 2}
and

U, = {span(x) lxeS' cR? x > 0},

b, : 7r_1(U[) — BXxXF , x+— (span(x), sign(xi)).

More generally, for n € N, we obtain a nontrivial fiber bundle with fiber F' =
{_ 1 5 +1}’
7:8"— RP(#n).

2. Another simple example of a C*°-fiber bundle is the wrapping of the straight
line onto the circle; the total space is E := R, the base space is B := st cc,
the projection is

m:E— B , x> exp(2mix),

and the standard fiber is F := Z. O

In cases like the above, where the standard fiber F is a discrete topological space,
the fiber bundle is called a covering.
Principal Bundles and Vector Bundles

Fiber bundles frequently come with additional structures.

F.4 Definition Ifthe standard fiber F of the fiber bundle (E, B, F, ) is atopological
group and there is a continuous (right) action

V:ExF—>E , Wie):=Ve, f)
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that leaves the fibers invariant (i.e., forall f € F: mo Wy = ) and is free and tran-
sitive on the fibers, then (E, B, F, ) is called a principal fiber bundle or principal
bundle with the structure group F.

F.5 Remark By assumption, for any two pointse;, e, € E inthe same fiber (7(e;) =
m(ey)), there exists exactly one group element f € F suchthat W(e;, f) = ey; there-
fore the space E/F of orbits for the group action is indeed homeomorphic to the
base space B. If the topological spaces are differentiable manifolds, one assumes F'
to be a Lie group.

Frequently, principal bundles arise conversely from a free and proper action W of
a group G on a space E. Then Theorem E.36, specialized to manifolds, can be used
to define the base manifold B := E/G. O

An example for such a group action is the action by G = S' on the energy surface
E := §%~1 ¢ R* of a harmonic oscillator with d degrees of freedom, see Theorem
6.35.

Even though the fibers E;, of a principal bundle are homeomorphic to the topo-
logical group F for all points b € B in the base space, there is in general no fiberwise
group multiplication that is continuous on E.

F.6 Example (Unit Tangent Bundle) For the n-sphere B := §", we will call
E:={(x,y) €8 xR | (x,y) =0,llyl =1)

the unit tangent bundle, with the projection 7 : E — B, (x,y) + x and the fiber
F = S"~ ! Ifespecially n = 2, then F is a (Lie) group, and it acts by rotating the unit
tangent vector y about the axis defined by x. If there existed a group multiplication in
the fibers that were defined continuously across the fibers, it would distinguish one
element in each fiber (the neutral element), which would give us a section B — E.
Such a section however does not exist; see Example A.44.2. O

F.7 Exercises (Triviality of Principal Bundles) Prove that a principal bundle
(E, B, F, ) is trivial if and only if it has a section B — E. O

Vector bundles are another type of fiber bundles. For them, the typical fiber F
is a vector space. For example, in the case of the tangent bundle £ :=TB of a
manifold B, explained in Appendix A.3, the fibers E;, = T}, B are real vector spaces
of dimension dim(B).

F.8 Remark (Zero Section) In a vector bundle, the fibers are always (additive)
groups, being vector spaces, but there is not in general a group action of F on E,
because then by Exercise F.7, vector bundles would always be trivial due to the
existence of the zero section B — E, b +— 0 € E;. But as in Example A.44.2 of the
tangent bundle 7' S?, vector bundles are not generally trivial. O

This is why the definition of vector bundles is not a special case of the definition
of principal bundles.
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F.9 Definition A fiber bundle (E, B, F, 1) in which the standard fiber F is a topo-
logical vector space is called a vector bundle (or vector space bundle) if the lo-
cal trivializations (U;, ®;);¢; for any two overlapping domains U;, U; € B with
Ui,j :==U; NU; #0 can be related in terms of continuous transition functions
tij : Uij — GL(F) in the form

0@ iU x F—Ui;xF , (b, f)r—> (b, 1;;(b)[) .

The rank of the vector bundle is the dimension of its standard fiber F.

In this book we only consider vector bundles whose standard fiber is a K-vector
space with K = R or C.

The fact that the transition between bundle charts is done by invertible linear
mappings guarantees that the vector space structure of the fibers E}, is defined inde-
pendently of the charts.

The usual operations of linear algebra can be carried out in vector bundles fiber
by fiber, for example the factoring out of a subspace.

F.10 Example (Normal Bundle) Another class of vector bundles is given by normal
bundles
TyN/TM

of submanifolds M € N (with Ty N = U,,cpy TuN).
If N carries a Riemannian metric, this (algebraic) normal bundle is canonically
isomorphic to the geometric normal bundle T M+, which consists of all those tangent
vectors of N that are locally orthogonal to M.

For instance if M := §" € R"*!, one has

T™M = {(x,y) e R < R™ | x| =1, (y,x) =0},
and therefore
TM*" ={(x,y) e R"™" xR"" | x| =1, y = kx for some k € R}.0
F.11 Remark (Whitney Sum) If the operation of direct sum is applied fiberwise to
two vectorbundles 7 : E®) — B over the same base space B,so (EV @ E?), :=
E ,51) DFE (2), one obtains the direct sum
m:EV®E?® - B
of the vector bundles. This vector bundle is also called the Whitney sum.

So one has, for instance, TM @ T M+ = Ty, N, where T M is the normal bundle
of a submanifold M € N as in Example F.10. O
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Orientation of Vector Bundles

The notion of orientation of an n € N-dimensional R-vector space V carries over
to vector bundles:

The set of bases (e, ..., e,) of V is parametrized by the general linear group
GL(V) (see Example E.18), because for a second basis (fi, ..., f,), there is exactly
one A € GL(V) for which f; = A(ex) (k =1, ..., n), and conversely, the image of
a basis under A € GL(V) is again a basis.

This set of bases is partitioned into exactly two equivalence classes of bases that
transform into each other by the subgroup GL* (V). These two equivalence classes
are called orientations of V.

As an example, for R?, the bases (e, ;) and (e, ;) are representatives of the two
orientations; and for R”, the equivalence class of (ey, ..., e,) is called the standard
orientation.

In order to also cover the vector space R® = {0}, one assigns to it the number 1
as standard orientation) or the number —1 as the other orientation.

F.12 Definition A vector bundle (E, B, F, w) with a finite dimensional R-vector
space F as its standard fiber is called

e oriented if the fibers F), (b € B) are given orientations that are constant in the
local trivializations (see Definition F.1).

e The bundle is called orientable if it can be oriented in this sense.
A manifold M is called orientable or oriented if its tangent bundle TM is orientable
or oriented respectively.

In this sense, the M&bius strip or the real projective spaces RP(2k) of even dimension
are not orientable; the RP(2k + 1) however are.

F.2 Connections on Fiber Bundles

In this section, we consider C”-fiber bundles 7 : £ — B.
The linearization of the projection 7 is the map-

ping
Tr:TE —-TB

from the tangent bundle of the total space E to
the tangent bundle of the base manifold B.
For an arbitrary point e € E in the fiber Ej,
above b := 7(e), the induced mapping T, E —
T, B of the tangent spaces is linear and surjec-
tive.

Its kernel V, C T,E has the dimension
dim(V,) = dim(F) of the standard fiber. In-
deed, V, = T,E,.

The notation V, stands for the vertical subspace
T.E, C T,E,and V — E is called the vertical
bundle, see the figure on the right.
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F.13 Definition

e An (Ehresmann) connection on the fiber bundle (E, B, F, ) is a smooth sub-
bundle H of the tangent bundle T E — E such that the Whitney sum

HeV=TE.

e H is called a horizontal bundle.

So for every point e € E, the horizontal subspace H, C T,E complements the
vertical subspace V, C T,E in such a way that H, & V, = T, E, and the restriction
of the linear mapping 7,7 : T,E — T, B to H, is an isomorphism.

F.14 Remark Subspaces of a vector space can be obtained as kernels (or as images)
of linear mappings.

Applied to a fiber bundle (E, B, F, ), the vertical subspaces have already been
described in this way. For an Ehresmann connection H on the fiber bundle, every
tangent vector X, € T, E atthe pointe € E in the total space is decomposed uniquely
into its vertical and horizontal components ver,(X) € V,, hor.(X,) € H,:

X, = ver.(X,) @ hor,(X,) . (F2.1)

Accordingly, a vector field X : E — T E has the components

ver(X): E—V and hor(X): E — H.

Conversely, a fiberwise linear mapping
w:TE—V , T,E—=V,

defines an Ehresmann connection if and only if the linear mappings w, : T,.E — V,
are projections onto the vertical space V,, i.e., if

weow, =w, and w.(T,E)=V, (e€kFE). O

F.15 Example (Product Connection)

For a trivial bundle 7 : E — B with E = B x F,
the product connection is given by the kernel of
T ,, with the projection

m:E—->F , (b, )~ f

on the standard fiber, see the figure on the right.
In contrast to V however, a horizontal subbundle
H is not defined by the bundle (E, B, F, 7) itself,
and accordingly there are many connections on a
fiber bundle 7 : E — B (see Figure F.2.1).
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Figure F.2.1 Two different connections on the same bundle

F.16 Definition Let I C R be aninterval andc € C'(I, B) a curve in the base space
B of a C'-fiber bundle 7 : E — B.

e Acurve ¢ € C'(1, E) is called lift of ¢ if c = T o .
e For a connection H on the fiber bundle, a lift ¢ of c¢ is called horizontal if the
velocity ¢ is horizontal, i.e.,

5/(t) € Hg(,) C Tg(,)E (tel).

For each time ¢ € I and each point e € E;, there exists a unique vector f;(e) €
H, that projects to ¢’(¢) under the linearized projection 7'w. The Picard-Lindelof
theorem (Theorem 3.17) now guarantees that forall 1y € I and ey € Ej ), the initial
value problem

dm = fi(e) , o) =eo (F2.2)

is uniquely solvable in an open neighborhood of 7y in /. Frequently (for instance if
the standard fiber is compact), there even exists a unique solution to (F.2.2) on all of
1.

Connections on Principal Bundles and Vector Bundles

For principal bundles and for vector bundles, there exist special kinds of connections
that are adjusted to the group, or to the vector space structure respectively.

We first study the case of principal bundles (Definition F.4), in which the Lie group
F acts on the total space E as a group of fiber preserving diffeomorphisms W .

F.17 Definition An Ehresmann connection H on the principal bundle (E, B, F, )
is called an F-connection if the linearized group action
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TV;.TE—TE (feF)

satisfies
T.Vs(H,) = Hy,y (e€E, fer),
i.e., if the group action leaves the connection H invariant.

For example, the fiber bundle 7 : E — B in Figure F2.1 can be interpreted as a
principal bundle with the group F = S'. Then only the connection in the left part of
the figure is an F-connection.

As it is almost exclusively such F-connections that are used on principal bundles,
the prefix ‘F-’ is frequently omitted.

If we denote by f the Lie algebra of the Lie group F, then for all vectors f € f,
the vector field

d
XpiE—>TE | Xpe) = 2 %(e. exp(tf))‘tzo

is vertical, i.e., X r(e) € V,. Since the action of the Lie group F on a principal bundle
is free and transitive, the linear mappings

f—>Ve , fr>Xple) (e€E)

are even bijective. So we can view the mapping w : T E — V, which was introduced
in Remark F.14 and represents the Ehresmann connection H, as an f-valued 1-form
w € Q'(E, f) that satisfies

wXp=f (feh. (F2.3)

F.18 Theorem The Ehresmann connection defined by an w € Q'(E, §) satisfying
(F.2.3) is an F-connection if

adf‘ll;i w=w (feF) (F.2.4)

with the adjoint representation ad of F in f.
Proof: See KOBAYASHI and Nomizu [KN], Chapter 11, Proposition 1.1. O

F.19 Remark Inthe example of an abelian Lie group F' (for example a torus), which
is important for our applications, one has ad; = Id;, hence by (F.2.4), w simply is
invariant under the group action. O

Next, in order to introduce linear connections on vector bundles (E, B, F, ) (see
Definition F.9), we use the following two smooth mappings.

— The multiplication by scalars k € K on the fiber

My:E—FE , er—~>ke (k € K),
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Figure F.2.2 A linear (left) and a non-linear (right) connection on a vector bundle 7 : E — B

— the fiberwise vector addition on the Whitney sum E @ E:
A E®E—>E , (ej,er) > e +es.

F.20 Definition An (Ehresmann) connection H on a differentiable vector bundle
(E, B, F, ) is called linear, if the horizontal subspaces transform as follows:

1. TeMk(He)=er (EEE, kEK)
2. T(el,ez)A (Helv Hez) = He1+e2 ((61, e) e Ed E)

A linear connection is shown in Figure F.2.2 (left), a (translation invariant) F-
connection on the right. Most connections on vector bundles that occur in practice
are linear.

F.21 Remark (Existence of Connections) For a differentiable fiber bundle
(E, B, F, ), there do exist connections (and also F-connections respectively linear
connections). Namely, the case of a trivial bundle with £ = B x F and projection

m:E—->F , b, f)— f

onto the standard fiber, the trivial connection H satisfies all required properties.
In the general case, B has a partition of unity subordinate to the cover (U;);c; (see
Definition A.13), i.e., x; € C(B, [0, 1]) with supp(x;) C U; and zie, xi = 1. For
an arbitrary point e € E of the total space with projection b := 7(e), we use the
linearized projection

T.,7m: T,E - T,B.

If y € T, B, then for all indices i € I with b € U;, the trivial connection H; has the
property that the horizontal space H; ., C T, E has exactly one point x; € H; , that
lies above y with respect to T, .
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Likewise, the (finite!) convex E
combination

X = Zig Xi (b)x;

satisfies T,m(x) = y. This way,
we can take a convex combina- |
tion of all the horizontal spaces |
H;, and obtain the horizontal
subspace H, C T,E, see the fig-
ure to the right. O
In Section8.4, the Christof- Convex combination of connections
fel symbols Fff ; (with indices

i,j,h=1,...,d) were intro-

duced as

Ogr.j 09 x 09
n 1 bk J ) _04ij
I, (x) =39 (x)( ox. (x) + o, (x) ox. (x) (x € U).

In a chart with domain U C M, they are the coefficients of the geodesic equation
(8.4.3) on the Riemannian manifold (M, g). This means that they define a connection
on the tangent bundle 7 : TM — M, called the Levi-Civita connection. Geodesic
motion is then obtained by parallel translation of the velocity vector.

If O,,,...,0,, denote the coordinate vector fields in a chart (U, ¢) of M, as
introduced on page 523, then the vector fields X € X' (M) are locally of the form
X =3¢ | X;d,, with coefficient functions X; : U — R.

The covariant derivative, i.e., the change of a vector field Y in the direction of a
vector field X, can then be written in the following form (using Einstein’s summation
convention):

VxY = (X; 0, Y + T}, X Y))0,,.

F.22 Theorem (Principal Theorem of Riemannian Geometry)

The Levi-Civita connection defined locally in this way is characterized by the fol-
lowing two properties:

o [t is compatible with the metric g, i.e.,
Lx(9(Y,2)) = g(VxY, Z) + g(Y,VxZ) (X.Y,Z € X(M));

e It is torsion free, i.e, VxY — VyX =[X, Y] (X,Y € X(M)).

F.3 Distributions and the Frobenius Theorem

In order to introduce the curvature of a connection, we first study properties of
subbundles of the tangent bundle.
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F.23 Definition e A (geometric) distribution in a manifold M is a smooth subbundle
D C TM of the tangent bundle.
rank (D) is the rank of D as a vector bundle, i.e., the (constant) dimension of the
fibers D, C T,M (x € M).

e A rank(D)-dimensional submanifold N C M is called an integral manifold of D
ifTN =D, (x€N).

e A distribution D C T M of rank k is called integrable if every point x € M lies in
some integral manifold of D (Figure F.3.1).

e [t is called involutive if the commutator [ X, Y] of two vector fields X, Y € X(M)
that are tangential to D is again tangential to D.

A k-dimensional subspace of an m-dimensional vector space can be described as
the common zero set of m — k linearly independent linear forms. Similarly, every
distribution of rank k can locally (i.e., in appropriate neighborhoods U C M of
the x € M) be described as the intersection of the kernels of independent 1-forms
Wiy ey Wk € Q1)

F.24 Remark (Existence of Distributions)

e There may not exist distributions of rank k on a given manifold M.

An example is the sphere M = S? and k = 1. This is proved similarly as the hairy
ball theorem (Example A.44.2).

e Even if there is a distribution of rank k& on a manifold M, it is not necessarily
representable globally as the intersection of kernels of independent 1-forms. An
example is M = S? and k = 0, which is of course a rather trivial distribution. As
was just noticed, there does not exist a nowhere vanishing 1-form on § 2, O

F.25 Theorem (Frobenius) Let E C T M be a geometric distribution of rank k on
the m-dimensional manifold M. Then the following conditions are equivalent:

Figure F.3.1 Integrable (left) and non-integrable (right) distribution on the bundle 7 : R? — R?
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1. E isintegrable;
2. E is involutive;
3. There exists a cover of M by neighborhoods U € M such that for a local rep-

resentation ENTU ={v e TU |wi(v) = ... = wpu_r(v) = 0} of the distrib-
ution by wi, ..., wn—i € QLU), there exist further 1-forms 0 € QY U) with

dwy =" 0 Aw;  (i=1,....m—k).

4. In the notation of item 3, dw;i AW A ... ANwWyu_r=03G=1,...,m—k).

The proof can be found in Chapter4.1 of the book [AF] by AGRICOLA and

FRIEDRICH. O

F.26 Example (Integrability of Geometric Distributions)

1.

Distributions D € T M of rank one are integrable. This follows from the princi-
pal theorem in the theory of differential equations (Theorem 3.45), because in an
appropriate neighborhood U € M of every point, we can find a non-vanishing
smooth vector field X € X' (U) that is tangential to the distribution. Its orbits are
integral manifolds of D.

The contact distributions from Remark 10.11 are not integrable. This is because
a contact form w € Q' (M) on a (2n + 1)-dimensional manifold M generates
a volume form w A (dw)™" by definition. But this is in contradiction to condi-
tion 3in the Frobenius theorem (dw = 6 A w), which implies w A dw = 0 by
antisymmetry.

An (Ehresmann) connection on a fiber bundle (Definition F.13) is a special case
of a distribution. Its (possible) failure to be integrable leads to the notion of
curvature, and thus into the center of differential geometry. %

F.4 Holonomy and Curvature

We will assume for simplicity that in the bundle (E, B, F, m) under consideration
with connection H, it is possible for arbitrary curves ¢ € C'(I, B) in the base space
B to be lifted horizontally'” (the same is then true for piecewise continuously differ-
entiable curves).

17Sometimes this property, which is always satisfied when F is compact, is added as part of the
definition of a connection. See for instance Chapter 9.9 of KOLAR, MICHOR, and SLOVAK [KMS].
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Let I be the interval [0, 1] and ¢ closed
(c(1) = c(0) = b).If thecurvec, : [ — E
denotes the horizontal lift of ¢ with initial
pointc,(0) = e € Ep,thenc,.(1) € E, need
not be equal to e (see the figure to the right).
But at least, the fiber E;, above the initial
point b of ¢ is mapped onto itself homeo-
morphically under the mapping

c:E,— E, , e— ¢, (1).

F.27 Definition For b € B, we call

Holonomy of a connection
Hol(b) :={¢: E, — E, | c € C'(I, B), c(0) = c(1) = b}

the holonomy group of b.

F.28 Remark

1. Hol(b) is indeed a group, because for two paths cj, ¢, : I — B, we can lift
horizontally the composite path ¢; % ¢, : I — B defined by

@) L tel01]

crxeat) = [01(2t D, ref51]

(F4.1)

which corresponds to the composition of ¢, and ¢,.'8 Likewise, the existence of
the inverse of ¢ is guaranteed by (¢)~! = ¢=! where ¢! (¢) 1= c(1 — 1).

2. If the base manifold B is connected, then all the groups Hol(b) (b € B) are
isomorphic to each other, because for by, b; € B there is a curve d € C' (I, B)
with d(0) = by, d(1) = b,.If ¢, € C' (1, B) starts and ends at b, then the curve
co :=d " % ¢ % d (defined analogously as in (F.4.1)) is a loop based at by. Then
the mapping Hol(b;) — Hol(by), ¢ +> ¢ is a group isomorphism. O

F.29 Example (Three-Axes Stabilization)
Without the use of control nozzles, spacecraft cannot change their angular mo-
mentum. Normally, this angular momentum is very small so that the orientation
in space stays approximately constant. To change this orientation, one employs re-
action wheels, in the case of three-axes stabilization wheels with three orthogonal
axes (see also the box on page 379).

If the angle § € B := S' gives the present angle of such a wheel relative to
the satellite, then the orientations of satellite and wheel in space represent a point

18While in general, ¢ * ¢, is only piecewise continuously differentiable, we can achieve by repara-
metrization that 6’2(1) = ca (0) = 0. This reparametrization changes neither ¢; nor ¢;.
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(ps, or) € E 1= T2 on a torus. We view E as the total spaceofabundle7 : E — B,
with projection 6 = 7 (s, Yr) = ©r — Ps.

If the moments of inertia of satellite and wheel about the axis of the wheel
are Ig, Igr > 0 (see page 314), then the total angular momentum about this axis
is Isps + Iror. Thus conservation of the angular momentum represents geometri-
cally a connection on E, namely the one defined by the 1-form Isdys + Igdpgr =
(Is + Ir) dps + Ir dO and depicted on page 574.

So the holonomy for the turn of the wheel by Af = 27 is, measured by the change
in orientation of the satellite, Aps = —2mwlg/(Is + Ig). O

As shown in this example, an integrable
connection may have a nontrivial holonomy
group if the base manifold is not simply
connected.

There is however also the possibility that
the holonomy group is nontrivial because
the connection is not integrable (see the fig-
ure). Then the curvature of the connection
is a quantitative measure for its lack of in-
tegrability.

The image suggests that in the limit of short
curve length, the holonomy is proportional
to the area enclosed by the projected curve
in the base manifolds. The following defi-
nition makes this observation more precise
and denotes the factor of proportionality as
curvature.

F.30 Definition (Curvature of a Connection)
The curvature of the Ehresmann connection H is (with respect to the decomposition
(F:2.1) of a vector field) the 2-form

K e QXE,TE) , K(X,Y)=ver([hor(X),hor(Y)]) (X.Y € X(E)).

F.31 Remark (The Curvature as a Vector Valued 2-Form)
1. For a point e € E, the tangent vector K (X, Y)(e) € T, E thus defined depends

only on X (e) and Y (e), so K is indeed a vector-valued 2-form.

This is due to the fact that generally on a manifold E, Lie brackets of vector
fields U, V € X (E) satisfy the following relation with respect to multiplication
by a function f € C*(E, R):

[U, fV]= fIU, VI+dfU) V. (F4.2)
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This is an immediate consequence of Definition 10.20.

The first term in the sum (F.4.2) does not involve a derivative of f at all. The
second term does depend on df, but if V is horizontal, then so is its product
with the function df (U). Thus the second term vanishes in the projection to the
vertical subspace.

The analogous statement applies for multiplication of U with a function.

2. The curvature of an F-connection on a principal bundle with an abelian Lie
group is invariant under fiber translations (see Remark F.19). So it can also be
viewed as a vector valued 2-form on the base manifold.

This is the case in electrodynamics. There, space-time R* is the base manifold,
and the fiber is the abelian group U(1). The curvature consists of electric and
magnetic field strength (see Example B.21 and THIRRING [Th2]). %
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Appendix G
Morse Theory

Morse Theory connects the topology of an n-dimensional manifold M with the
critical points of a function f € C*(M, R).

G.1 Definition

e Acritical pointx € M of f € C*(M, R) is called nondegenerate if in an arbitrary
chart at x, the Hessian matrix D? f (x) € Mat(n, R) is regular:

e The index Ind(x) of the critical point x € M of f is defined to be the index'® of
D? f (x).

e f e C*(M,R) is called a Morse function if all its critical points are nondegen-
erate.

The set Crit(f) € M of critical points of f is closed. If f is a Morse function,
then this critical set is discrete. We begin by considering only compact manifolds
M. On them, a Morse function has only finitely many critical points.

Since the subset of nondegenerate symmetric matrices is open and dense in the
vector space Sym(n, R), the property of being a Morse function is generic (see
Remark 2.44.2, and Theorem 1.2 in Chapter 6 of [Hirs]).

For example, if M C R”" is a submanifold, then for Lebesgue-almost all a € R",
the restriction of the linear form f, : R" — R, x + (x, a) to M is a Morse function
(see Proposition 17.18 in BOTT and TU [BT]).

G.1 Morse Inequalities

The Morse inequalities for a Morse function f : M — Restablish arelation between
the topology of M (as encoded in its Betti numbers—see Equation B.8.2) and the

19The index of an n x n matrix was introduced in Definition 5.2 as the sum of the algebraic
multiplicities of those eigenvalues A that satisfy 9(\) < 0.
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cardinalities crit, ( f) := |Crit,(f)]| of the sets Crit, ( f) of critical points with index £.
In their simplest form, they state for a compact manifold M" that

‘critl(f) > betti,(M) (£=0,...,n). \ (G.1.1)

A Morse function f : M — R that satisfies (G.1.1) with equality is called perfect.>°

It is however important that for dimensions n > 1, we can make the left sides of
the inequalities arbitrary large by changing f, but we cannot do it in any arbitrary
manner. In particular, the following equation will always be satisfied:

>io (=D erite(f) = Dj_y (=1 bettiy(M) =: x(M), (G.1.2)

where we have used the alternating sum of the Betti numbers as our definition of the
Euler characteristic x(M) of the manifold.

G.2 Example (Spheres) M = S". The height function f(x) := x,4; of $” with
respect to the usual imbedding into R"*! has one minimum and one maximum
and no other critical points. Therefore crity(f) = crit,(f) = 1, critj(f) = ... =
crit,_1(f) = 0 and hence

XM =1+ (D" (ne€Ny.

If we make a (smooth) dent into a round sphere, another maximum may appear for the
height function, but then it is unavoidable that another critical point appears as well.

The figure on the right shows for n =2 the case crity(f) = crit,—;(f) = 1,
crit, (f) = 2. The alternating sum is not changed. O

20Such a function need not exist for M. An example is given by a 3-manifold called the Poincaré
sphere, which is of significance in connection with the Poincaré conjecture; see Remark 5.15 in the
book [Ni] by NICOLAESCU.
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G.3 Remark

1. The Morse inequalities are used to conclude from critical points of appropriate
Morse functions to the topology of the manifold. For instance, both the ori-
entable and the non-orientable surfaces can be classified topologically by their
Euler characteristics.

It is of at least equal importance to show that Morse functions must have many
critical points. One example is the question of the minimum number of periodic
orbits for Hamiltonian systems, see the Arnol’d conjecture (page 480).

2. Butitis not absolutely necessary for the manifold M to have finite dimension. For
example, if I denotes an interval, the space H' (I, N) of H'-curves® ¢ : I — N
on a Riemannian manifold (N, g) is not compact. But at least it has the structure
of an infinite-dimensional manifold (see [Kl1i2], Chapter 2.3), with a Riemannian
metric. For smooth vector fields v, w along ¢ (i.e., v(¢), w(t) € T, )N), one
defines

(v, w) = /1 [gc(t) (v(6), (D)) + getry (Vo (0), Vw(t))] dr.  (G.13)
This gives H' (I, N) a structure called Hilbert manifold. The energy functional
E:H'(I,N) - [0,00) , c+> %/gc(,) (¢@). ¢(1)) dt (G.1.4)
1
is smooth. Its critical points are the constant curves, because the derivative

DE(c)(v) :/gc(,)(c'(t),Vv(t)) dt  (veT.H'(I, M) (G.1.5)
1

in direction v := ¢ is otherwise positive. So the critical set is homeomorphic to
N. O

There exist various proofs of the Morse inequalities (see also Remark 17.15.4).

G.4 Remark (Witten’s Proof of the Morse Inequalities)
In 1982, in [Wit], the physicist EDWARD WITTEN published a proof of the Morse
inequalities for closed orientable manifolds; his proof relies on a deformation of an
operator known as the Laplace-Beltrami operator on the vector space Q*(M) by
means of a Morse function. (2*(M) was introduced in (B.4.1), see also [CFKS],
Chapter11.)

This proof is the starting point for interesting developments in mathematics and
in quantum field theory. O

We gather briefly the main steps of the classical proof. In this proof, the manifold
M 1is constructed successively from the sublevel sets

2l\which means those with square integrable first derivative.
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My = f~'((=o0,b]) (b eR)

of the Morse function by increasing the parameter b.

Sublevel sets T? of a perfect Morse function f : T? — R on the torus.

In doing so, parameter intervals are distinguished depending on whether they do
or do not contain a critical value.

GS5Lemma Let f € C"P'(M,R), r > 1. IfM, ) = f! ([a, b]) does not contain
a critical point, then the manifold with boundary M, ;, is diffeomorphic to f~'(a) x
la, b] (with a C” -diffeomorphism that maps the level sets f~'(c) onto f~'(a) x {c}).
Proof: On M, ;,one uses the flow of the normalized gradient vector field X := %
with respect to an arbitrarily chosen Riemannian metric. Since df (X) = 1, this flow
maps level sets into level sets. Details can be found in Chapter 6.1, Theorem 2.2. of
HiIrRSCH [Hirs]. O

G.6 Lemma (Morse Lemma) Ler f € C'*'(M,R), r > 1, and let m € M" be a
nondegenerate critical point of f with index k.
Then there exists a C"-chart (U, @) at m for which

foo @) =fm) — X x? + X3 (x € o).

Proof: In HIRSCH [Hirs], Theorem 1.1 of Chapter 6.1 (Differentiability in Exercise
1 there). O

If M, ;, contains exactly one critical point m, then topologically, M;,, = M, U M, ;
arises’? from M,, by attaching the stable manifold

Wim):={xeM| rliToo d,(x) = m}

of m with respect to the gradient flow @ (see Figure G.1.1, and §3 of MILNOR [Mil]).
This stable manifold has dimension Ind(m) by the Morse lemma.

By means of the techniques of singular homology, which are explained in the
following section, one controls the change in topology that the sublevel set undergoes
in this process.

2 Namely M, with the stable manifold attached is a deformation retract of Mj:

Forasubset A C B of atopological space B,ahomotopy g : B x [0, 1] — B iscalled adeformation
retraction and A a deformation retract of B, if g(B, 1) = A and g(-, 1)[4 = Id4. This implies in
particular that A and B are homotopy equivalent.
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\/
A

X1 X1 X1

Figure G.1.1 Sublevel sets M._. (left) and M, (right) of a Morse function f : M — R near a
critical point m with ¢ := f(m) and Ind(m) = 1. The figure in the center shows the union of M._.
and the stable manifold of m. The chart corresponds to the one in the Morse lemma

G.2 Singular Homology

The Morse inequalities (G.1.1) contain the Betti numbers, which we had introduced
in (B.8.2) by means of de-Rham cohomology. It seems therefore natural to prove
these inequalities by means of a calculus of differential forms.

But instead of de-Rham cohomology, the proof usually uses a similar tool called
singular homology. A reason for this choice is the fact that singular homology can
be defined for arbitrary topological spaces, not just for finite dimensional manifolds.

This ensures that Morse theory can also be applied to questions as important as
the question of closed geodesics (see Remark G.3.2).

Singular homology is a homology theory that assigns to a topological space X
abelian groups Hy(X), k € Ny that partly characterize the space. The book [Cr] by
CROOM is an elementary introduction to the area.

The building blocks are the simplices: If ay, .. ., a; € R" are geometrically inde-
pendent in the sense that they do not lie in any (k — 1)-dimensional affine subspace,
then their convex hull

o :=lag, ..., a] = {Zf:o’iai ti 20, Zf:oti - 1} C R

is called a standard k-simplex; the it face

o i=1lag,....ai,....,a) ((=0,....k

of oy, is the convex hull of the vertices of o, other than g;.
G.7 Definition

e A singular k-simplex of the topological space X is a pair (oy, f) where f is a
continuous mapping f : o, — X.
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e Let G be an abelian group. A singular k-chain is a finite formal linear combination
> i (oki, fi) of singular k-simplices, with g; € G. The set Cy(X; G) (or briefly:
Ci (X)) of these singular chains is therefore again an abelian group.

e The boundary of a singular k-simplex (o, f) is the formal linear combination

0. ) = iy (o, fln) € Cr(X: G,
the boundary of a singular k-chain ¢, :== >, g; (0w, ) is

Ocy = Zgi O(owi, fi) -

G.8 Theorem 0 : Cy(X) — C;_1(X) (k € N) is a group homomorphism, and

This formula, which can be checked easily, is comparable to the property dd = 0
of the exterior derivative. Just as the latter was used to define de-Rham cohomology
in (B.8.1), Theorem G.8 leads to the definition of singular homology:

G.9 Definition (and Theorem)
e A chain cy € Ci(X; G) is called a

—cycle (¢, € Z(X; G)) if Ock, = O,
— boundary (c; € By(X; G)) if cx, = Ocyyq for some cxyq € Cri1(X; G).
Thus Z;.(X) is a subgroup of Cy(X), and By(X) is a subgroup of Zi(X).

e Two cycles c, ¢ € Zi(X) are called equivalent if c;, — c| is a boundary.
This is an equivalence relation.

o The set H.(X; G) of equivalence classes is called the k™ singular homology
group. Thus it is the factor group Hy(X) = Z(X)/Bi(X).

For Morse theory, one usually uses the field R for the additive group G. This
way, Cy(X) and analogously Z; (X), Bx(X) and H;(X) will be R-vector spaces. But
whereas typically Cx(X), Z;(X) and B (X) are infinite dimensional, the homol-
ogy group H;(X) is finite dimensional for compact manifolds X. By the universal
coefficient theorem (Theorem 15.14 in [BT]) and the Theorem by de Rham (e.g.:
Theorem 8.9 in [BT]), one even has dim(H; (X)) = betti; (X), with the Betti numbers
betti; (X).

A continuous mapping of topological spaces ¢ : X — Y induces the homomor-
phism

0 1 Ci(X;G) = Cu(Y5G) , puler) =2, gi (orispo fi) (ke Ny)
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of the chains, where ¢, := >, g; (0k;, f;). In turn, ¢, induces a homomorphism
vy Hi (X; G) = Hy(Y; G) (k€ Np). (G.2.1)

This homomorphism only depends on the homotopy class of f. In particular, homo-
topy equivalent spaces have isomorphic singular homology groups.

G.10 Example The punctured plane and the circle are homotopy equivalent accord-
ing to Example A.24.1. Therefore Hy (C\{0}; G) = Hy(S"; G). o

For the proof of the Morse inequalities, we will also need the relative homologies.

If Y is a subspace of the topological space X, then the group Cx(Y; G) is a subgroup
of Cr(X; G). The factor group will be denoted as

Ce(X,Y) := Cr(X)/ C(Y) .
0 maps Cy(Y) into Cx_;(Y) and thus defines a boundary operator

0:Ci(X,Y) = C1(X,Y).
We define the group of the relative cycles

Zr(X,Y) :={cx € Cr(X,Y) | Oc, = 0}
and the group of the relative boundaries
Bi(X,Y) :={cx € Cu(X,Y) | Fexq1 € Cr1 (X, Y) & cx = Dexqn } -
The k™ relative homology group is the factor group
H(X,Y) =Zy(X,Y)/B(X,Y).

e As every cycle from Hy(X) can be viewed as a cycle from H (X, Y), we obtain a
homomorphism

J i H(X) = H(X,Y) |, [zl [z + Ce(Y)].
e Onthe other hand, the inclusioni : ¥ — X with (G.2.1) induces a homomorphism

iy : H(Y) > Hp(X).



586 Appendix G: Morse Theory

e Finally we note that for [z + Cr(Y)] € Hi (X, Y) with n > 1, the cycle z; +
Ci(Y) is a relative k-cycle, thus Oz; lies in Cy_(Y). Since 90z; = 0 (Theo-
rem G.8), Oz; is a (k — 1)-cycle; thus Jz; € Z;_1(Y) defines an element [0z;] €
H;_1(Y). The corresponding mapping is

O Hi(X,Y) = Hy—1(Y) , [z + Ce(M)] > [Oz] .

G.11 Theorem The sequence

B EW S O DSBS B ()5S L HY X, Y) = 0

is exact, i.e., ker(i,) = im(0,), ker(j) = im(i), and ker(9,) = im(}j).
Proof: See Volume 3, §5 of DUBROVIN, FOMENKO and NOVIKOV [DFN]. (Il
We return to the proof of the Morse inequalities. It is useful for this proof to
compare the Poincaré polynomial of the manifold M",
Py () := X}, bettio(M) 1",

with the Poincaré polynomial of the Morse function f : M — R,

Ou(fit) :=>"_, crite(f) 1" .

By sufficiently small changes of f on disjoint neighborhoods of the critical points,
we can achieve that the values ¢, := f(x;) of the critical points x, ..., xy of f are
pairwise different without changing their index. We number the ¢ in increasing
order, and define for Y C X the relative Betti numbers

bettiy(X, Y) := dim H,(X,Y) (£ € Np).

We choose regular values a; € (c;, ci+1), withag < ¢; and ay > cy.

G.12 Lemma The Poincaré polynomial of f is

N n
Qu(f.t) =D > bettiy(My,, My,_,) 1"

k=1 ¢=0

Proof:

e From a property of the relative homology called excision property, it follows that
Hy(X,Y)= Hy(X/Y, %), where * denotes a singleton and X /Y is the space with
its quotient topology where Y is collapsed to a single point.

e Inourcase, for the critical point x; of index m, the manifold M,, /M,, , ishomotopy
equivalent to D™ /D™ = §™, see the argument following the Morse Lemma G.6.
Therefore, the Betti numbers satisfy
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betti, (Mak, Makfl) = betti, (S", %) = 0(¢, m) .0
From the exactness of the sequence

fi Siv1 Sisk—1 Sivk
o H S H S S Hig — L

of finite dimensional vector spaces, i.e., dim (ker( fg+1)) = dim (im( fg)), we con-
clude with the dimension theorem dim(H,) = dim(ker( f;)) + dim(im( f;)) of lin-
ear algebra that the alternating sum satisfies:

=D dim(Hy) = dim(ker(f) + (—DF dim (im(fi)) -

Therefore, Theorem G.11 implies

D (= 1)" (bettig(Y) — bettie (X) + betti¢ (X, ¥)) = 0. (G.2.2)
=0

Proof of the Morse Inequalities:

e Since M = M,,,, Formula (G.1.2) for the Euler characteristic follows from (G.2.2)
by summation over k, using ¥ := M, and X := M, ,.
e In similar manner as (G.1.2), one proves the strong Morse inequalities

S (=D erite(f) = DL, (=D bettig(M)  (m=1,...,n—1).

(G.2.3)
The weak Morse inequalities (G.1.1) follow from this by adding (G.2.3) for pairs
of adjacent values of m. 0

G.3 Geodesic Motion and Morse Theory

In this section, we give an overview over applications and extensions of Morse theory,
in particular for analyzing geodesics of a complete Riemannian manifold.

A geodesic on a Riemannian manifold (M, g) is a curve ¢ € C*(I, M) for which
the parallel transport along ¢ leaves the velocity vector ¢’ invariant, in other words,
which in local coordinates satisfies the geodesic equation (8.4).

For the interval I = [0, 1], it is therefore an extremal of the energy functional
(G.1.4) and of the length functional

L£:H'(I, M) = [0,00) , L(c) ::/‘/gc(,)(c'(t), é(n)dr, (G3.1)
1
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if compared with curves that have the same start and end points ¢(0) and c(1) re-
spectively. An analogous statement can be made for arbitrary pairs of points on the
geodesic.

If M is a submanifold of R, and the Riemannian metric g on M is the restriction
of the Euclidean metric of R¥, then geodesics on M are distinguished by the fact that
their acceleration ¢ (¢) € TC(t)]Rk is orthogonal to the tangent space Ty M.

Geodesic motion, understood as a flow on the tangent bundle 7M, is Hamiltonian
with the Hamilton function

H:TM —>R , v 1g,(v,v) forveT,M. (G.3.2)

Hereby, the symplectic form defining the Hamiltonian vector field X is the pullback
from T*M to TM of the canonical symplectic form wy on 7*M under the bundle
map TM — T*M, v+ g(v,-). (See page 219.)

The length functional L allows to view a (connected) Riemannian manifold (M, g)
as a metric space with the metricd : M x M — [0, 00),

d(qo, q1) == inf {L(c) | ¢ € H'(I, M), ¢c(0) =qo, c()=q1}.  (G3.3)

The Cauchy-Schwarz inequality implies, for the time intervals [#g, ;] € I:

d(c(ty), c(t)) < /2E(c) (t1 — 1)

G.13 Definition The Riemannian manifold (M, g)

e is called geodesically complete if for every tangent vector v € T,, M, there exists
a geodesic ¢ : R — M with ¢(0) = m and ¢’ (0) = v.
e With these notations, on a geodesically complete manifold, the mapping

exp: TM - M , v c(l)
is called the exponential map. Its restriction to T,, M is called
exp,, : ImM — M.

This exponential map of differential geometry is not to be confused with the
mapping (E.3.1) from the theory of Lie groups that bears the same name.”?

G.14 Example

1. Compact manifolds are geodesically complete with respect to any Riemannian
metric, because the flow-invariant level sets of the Hamilton function (G.3.2)
will then always be compact. By Theorem 3.27, this implies the claim.

21f the Lie group G is equipped with a metric that is invariant both under the left and right action
(E.1.3), the two notions coincide if the Lie algebra gin exp : g — G is viewed as the tangent space
T.G of G at the neutral element e € G. Examples are abelian Lie groups like R” and the torus T".
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2. A simple example of an ex
ponential map is the one for
the round sphere S>C R3.
Viewed from the tangent space
T8> = R? of the north pole
n, the inverse of the tan-
gent map exp,:T,S* — $2
maps the (earth) sphere az-
imuthally to the plane. In this
case, the geodesics are great
circles.

The north pole occurs at the ori-
gin and also again as concentric
circles of radii 2wn, n € N.

In the figure on the right, one Inverse exponential map of the earth at
sees Antarctica with the south the north pole, namely an equidistant
pole as a circle of radius 7. ¢ azimuthal projection.

24Image: courtesy of Wikipedia author RokerHRO
G.15 Theorem (Hopfand Rinow) For a connected Riemannian manifold (M, g),
the following statements are equivalent:

1. (M, g) is geodesically complete,
2. (M, d) (with the metric d from (G.3.3)) is a complete metric space,
3. the closed and (with respect to d bounded) subsets of M are compact.

Under this hypothesis, there exists, for any two points qo and q, of M, a geodesic
c:[0,1] - M with c(i) = q; and with minimum length L(c) = d(qo, q1)-

In order to investigate the geodesics by means of Morsetheory, one needs to
understand their index with respect to the energy functional. This index is related to
the conjugate points of the geodesics.

G.16 Definition

e Letc:[0,T] — M be a geodesic segment on the Riemannian manifold (M, g).
Then q := c(t) is called a conjugate point of p := c(0) (along c) if the linear
mapping

Toopexp, @ T TyM — T;M

has a nontrivial kernel.
e The dimension of this kernel is called the multiplicity Mult.(t) of the conjugate
point.

G.17 Remark (Conjugate Points)
So one is considering the linearization of the exponential map and looks whether a
variation of the initial velocity of the geodesic starting at p will nevertheless lead

24This sum is finite!
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to g =exp, (c’(0)t) after a time ¢. The points ¢(¢) that are conjugate to p along the
geodesic ¢ will have time parameters that do not accumulate.

If ¢ is a conjugate point to p along c, then p is also conjugate to g (along the
same geodesic traversed in reverse).

In Example G.14.2, it is exactly the pairs of antipodes (p, g) = (p, —p) and the
pairs (p, p) of the sphere that are conjugate to each other, along each great circle
segment meeting them. O

The Hilbert manifold H'(I, M) introduced in Remark G.3.2 has only the constant
curves as critical points of the energy functional £. However, by means of the end
point mapping

T H'(ILM) > MxM , c+ (c(0),c(D),

one can define submanifolds of H'(I, M) and restrict £ to these. Of particular im-
portance are the spaces

QoM =77 ((p.9) (g €M)
of curves that start at p and end at g, and
AM = W’I(A) , with the diagonal A := {(¢,q) | g € M}.
G.18 Theorem (Index Theorem by Morse) The index of the energy functional
E:Qp M — [0, 00)

at a geodesic ¢ from p to q is Zté(O,l)MultC(t)'
Proof: In KLINGENBERG [Kli2], Theorem 2.5.9. O

It is reasonable to view the space AM as the space of H'-loops ¢ : S' — M. The
energy functional restricted to AM (and again denoted as &) is then invariant under
the rotations ¢ > ¢ +s on S' = R/Z. It is therefore always degenerate and thus
is not a Morse function.?’ However, the critical points of £ : AM — [0, co) have
finite index, and they are closed geodesics. The latter is shown by an integration by
parts in formula (G.1.5) for the derivative DE, similar to the Hamiltonian variational
principle in Theorem 8.16.

G.19 Theorem
If (M, g) is complete, then Q, ;M and AM are also complete metric spaces with
respect to the metric on H' (I, M) induced by the scalar product (G.1.3).

25But it could be a Morse-Bott function: For these, the critical set is a closed submanifold and the
Hessian in normal direction is nondegenerate.
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Proof: See Theorem 2.4.7 in KLINGENBERG [KIi2]. There it is assumed that M is
compact. The slight generalization to complete (M, g) can be found, e.g., in Propo-
sition 4.1 of 2 (]

In order to find geodesics in €2, , M or AM respectively as critical points of &,
one needs to check a certain condition called Palais-Smale condition. We generally
will denote these spaces as 2:

G.20 Definition 2 fulfills the Palais-Smale Condition if all sequences (ci)ren
of curves in Q2 for which the sequence (5 (ck)) ren 18 bounded and which satisfy
limy_ o || grad E(ci)| = 0 have a convergent subsequence.

G.21 Example (Violation of the Palais-Smale Condition)
If (M, g) is the (complete) Riemannian manifold M := R with the Euclidean metric
g, then the Palais-Smale condition does not hold for AM.

For instance, the sequence of constant loops ¢; with ¢, (¢) := k satisfies the hy-
potheses in the definition, but it does not have a convergent subsequence. O

G.22 Lemma The Palais-Smale condition holds for Q, M if (M, g) is complete;
and it holds for AM if M is compact.

Under the stated hypotheses, the gradient vector field grad £ generates a complete
flow on 2. So one finds for instance in every connected component of €, ,M a
geodesic segment connecting p to g. These connected components can be indexed
by the fundamental group 7 (M).

But even in the case of a trivial fundamental group, one can frequently prove the
existence of many such geodesic segments:

G.23 Example (Geodesics on Spheres)

e First let M = S" with the standard metric g and p, g € S" not conjugate, i.e.,
not equal nor antipodes. We can connect these two points with infinitely many
geodesic segments of multiplicities k(n — 1), k € Ny.

However, these are all segments of one geodesic (lying in span(p, q)).

e If the metric is not the standard metric, one can again conclude, by means of
Sard’s theorem (see page 319) applied to the exponential map, that almost all
(p,q) € M x M are not conjugate, and again one obtains many connecting geo-
desic segments.

But in general, these will now be geometrically different. %

Another question is about the existence and number of closed geodesics. One
uses the energy functional £ : AM — [0, co) as introduced in Remark G.3.2 and
restricted to the space of H'-loops ¢ : §' — M.

G.24 Theorem (Ljusternik-Fet) On aclosed (i.e., compact without boundary) Rie-
mannian manifold, there exists a periodic geodesic.

26M. Klein, A. Knauf: Classical Planar Scattering by Coulombic Potentials. LNP 13. Berlin:
Springer, 1993.
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Proof: Next to the original proof in [LF], see also Theorem 3.7.7 of KLINGENBERG
[Kli2], there is a different proof in [Kli2], Theorem 2.4.20.
Here is the idea of the proof:

e If the fundamental group 7; (M) is nontrivial, then there are nontrivial conjugacy
classes (see Theorem E.5) in 7; (M), hence noncontractible loops. As generally,
the connected components of AM correspond to the conjugacy classes, we find a
closed geodesic by pulling such a loop taut by means of the gradient flow.

e However, if M is simply connected, then there exists some
nontrivial homotopy group?” m,(M), 2 < £ < dim(M).
Assume f : S — M is not homotopic to a constant map-
ping. We decompose S (in a way that is indicated in
the figure for £ = 2) into orbits of St parametrized over
B*~!, where constant circles correspond to parameters
from dB*~!. We pull them taut together. Most loops shrink
to constant loops. However, as f is not homotopic to a
constant mapping, one loop converges to a closed geo-
desic of positive length. Example: In the case of M = S>
with the standard metric and f = Idg2, this geodesic is the
equator. g

G.25 Remark (Existence of Many Closed Geodesics)

Typically, a closed Riemannian manifold (M, g) of dim(M) > 2 has more than one
closed geodesic. Here we call two geodesics geometrically different if their orbits
in the unit tangent bundle 77 M are different. One can show this if the fundamental
group 7 (M) is sufficiently large (for instance for tori, see Theorem 8.33). But also
the sphere S? with arbitrary Riemannian metric is an example where this has been
proved, see BANGERT [Ban]. O

A major problem when applying Morse theory is the hypothesis that critical points
be nondegenerate. While this hypothesis is true generically, it is difficult to verify in
a single particular case.

The Lyusternik-Schnirelmann category is useful in this context, because it gives
results that do not rely on nondegeneracy:

G.26 Definition
The Lyusternik-Schnirelmann category cat(X) of a Hausdor(f space X is the small-
est cardinality of a family of contractible closed®® sets A; € X (i € I) that cover
X:

X= Uiel Aj.

2T This is a group of homotopy classes of maps S — M defined in analogy to the fundamental
group.

28For our purposes, one can also use open covers, see R. Fox: On the Lusternik-Schnirelmann
Category. The Annals of Mathematics, Second Series, 42, 333-370 (1941).
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G.27 Example (Circle)

The Lyusternik-Schnirelmann category cat(S') of the circle S! is 2. For instance,
the two closed subsets Ay 1= {z € §' € C | £MN(z) < 1/2} are contractible, and
A_UA, = S'. But S! itself is not contractible. O

If X is compact, then cat(X) < co. One has the result

G.28 Theorem A function f € C*(M,R) on a closed manifold M has at least
cat(M) critical points.

Proof:

A proof can be found in Volume 3, §19 of DUBROVIN, FOMENKO and NOVIKOV
[DFEN]. Roughly, the idea is as follows: V f, with respect to any Riemannian metric
g, generates a complete gradient flow on M. We can write

M= |J wm,

meCrit(M)

where the stable manifolds W* (m) of different critical points are disjoint. From these
W*(m), one can manufacture a covering in the sense of Definition G.26. O

We can often calculate the Lyusternik-Schnirelmann category by means of the
notion of cup length (defined here for the coefficient ring R):

G.29 Definition The cup length cup(M) of a manifold M is the maximum number
of elements oy, ..., o, € H*(M) of degree > 1 for which

ar AN Ahap #0.

Consequently, the cup length of an n-dimensional manifold is at most .
G.30 Theorem For a compact manifold M, cat(M) > cup(M) + 1.

Proof: In Volume 3, §19 of DUBROVIN, FOMENKO and NOVIKOV [DFN]. See also
NICOLAESCU, [Ni, Theorem 2.58]. O

G.31 Example (Torus)
cup(T™) = n, as can be seen by

using a basis «aq, ..., q, € HY(T™)
of H*(T") (compare with Example
B.54). Thus every smooth function
f :T" — Rhas at least n + 1 criti-
cal points.

This lower bound is sharp. In the ex-
ample of the 2-torus T? := R? /7 Z?
with the function f : T?> — R,

x > sin(xp) sin(xy) sin(x; + x2) &

(which is well-defined), f has ex-
actly three critical points:
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0,0
(m/3,m/3)
2r/3,27/3)

see the figure.
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(degenerate),
(maximum), and

(minimum),

“Finishing a book is just like you took a child out in the yard and shot it.”

TRUMAN CAPOTE



Appendix H
Solutions of the Exercises

H.1 Chapter 1, Introduction

Exercise 1.1 on page 6 (Kepler’s Third Law):

(a) By the parametric equation (1.7), the minimal and maximal distances are

and rpa = R((PO +m) =

p
min:R = .
r (o) e -

By definition, the major semiaxis a = ; fgz is their arithmetic mean.
The distance between the two foci is ryax — rmin- Hence, using the gardener’s
definition of an ellipse,?’ the minor semiaxis b satisfies, by Pythagoras, the
relation

52 + (rmax - rmin)2/4 = (rmax + rmin)2/4» or l; = (rmin rmax)l/z =b.

(b) The area of the ellipse is mab, hence by Kepler’s second law equal to ¢£7/2,
where T is the orbital period. Hence T = 2mab/{.
(¢) Withb = p//1 —e? = . /pa = £./a/~, one obtains from part b for the orbital

period:
T = 2mab __ Zﬁﬁ

: o 0

29Namely, the description of an ellipse as the set of those points for which the sum of the distances
to the two foci is constant; so an ellipse can be drawn by attaching a twine to two nails and pulling
it taut with a pencil. Elliptic flower beds were popular during the Baroque and Rococo periods.
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H.2 Chapter 2, Dynamical Systems

Exercise 2.5 on page 13 (Cantor Set):

e The Cantor set is defined as C := ﬂnEN C, with Cy := I, where C,4+ C C, is
obtained from C,, by removing the middle third of each interval.

e Since f(x) = 3x for x € [0, 1/3], and f(x) = 3(1 — x) for x € [2/3, 1], it fol-
lows that f(C,+1) = C,, hence f(é‘) = C and thus C C C.

e Conversely, if xo € I\ C, then there exists exactly one n € Ny with x, € C,,, but
Xn41 §é Cn+l- Then Xpt1 € L. |

Exercise 2.12 on page 15 (Period):

1. e For ®,(m) = exp(2mita)m, one has Py(m) =exp(0)m =m and P, o
@, (m) = expmitix) expLmitraym = exp(2mi(t; + h)o)ym = Dy, 4y, (m).
So (®,),e7 is a dynamical system on S'.
eForao=¢q/p withqg € Z, p € N, one has ®,(m) = exp (27sz%) m = m, so

pisaperiodof m € S'.
The minimal period» € N of m mustdivide p (in formulas: | p),and ®,(m) = m
implies exp (Zm %) = 1, hence p|rq. As g and p were assumed to be relatively
prime, it follows that p|r. Since r|p also holds, we conclude r = p.
o If ®,(m) =m for some t € Z and m € S', then exp(2miat) = 1, and thus
at € Z.1If a € R\Q, then r = 0.

2. By induction, we obtain from m,n € N and f,,(z) := " that £ = fyn.

For £ € N, the equation f;(z) = z implies z{ =z, orz"! =1 =0. For £ > 1,
this polynomial has degree ¢ — 1, and thus it has exactly £ — 1 zeros on the unit
circle in C.

Therefore P, (fu) = Pi(f") = Pi(fur) =m" — 1. O

Exercise 2.15 on page 16 (Minimal Period of a Dynamical System):
For dynamical systems, the mappings ®, : M — M are bijective. If M is a finite
set and m € M, then there exist times #; < t, with ®; (m) = &,,(m). But then ¢ :=
t, — t; is a period: ®,(m) = m. Hence every point m € M is periodic, and as 1 € Z,
there exists a minimal period 7 (m) € N.

As the least common multiple T € N of the T (m) (m € M) exists (since M is
finite), all m € M satisfy ®;(m) = m. On the other hand, T is also the minimal
period of the dynamical system. (I

Exercise 2.19 on page 19 (Shift):

1. d 4 is a metric on A, therefore so is 27!/Id 4, for arbitrary j € Z.
Also, since > 271/l = 3 < oo is finite, d is a product metric on A%:

e For x # y, there exists j € Z with x; # y;, hence d(x, y) > 271l > 0.
o d(x,y) =d(y,x),since da(a, b) =da(b,a).
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© d(x,2) =2 ;52 Wdalx), zj) < 2,227 dalxj, y) +day), z;)) =
d(x,y)+d(y,2).
@ is continuous, because d(@il (x), 44 (y)) <2d(x,y).

2. e m = (m;) ez is n-periodic if and only if m 4, =m;j for j =0,...,n—1
and k € Z. So there are exactly 2" points with period #.
e The minimal period T of an n-periodic point m € M divides n (see Theorem
2.13). Therefore, for n =2, 3, 4, there are exactly 2 = 222, 6=23—
2, 12 = 2* — 2 — 2 points, respectively, with minimal period 7.
e The periodic orbits with minimal period k comprise k points. Therefore, there
are2 =2/1, 1 =2/2, 2=6/3, 3 = 12/4 orbits, respectively, with minimal
periods 1, 2, 3, 4. So there are exactly 2, 3, 4, 6 orbits with these respective

periods.
If B(n) denotes the number of periodic orbits with minimal period n € N, we
have
2"=>"dB(@).
d:d|n

and the Mobius inversion of this relation tells us that
By =+ 3 2'u(h)
n a’r
d:dln
Here, i: N — {—1,0, 1} is the Mobius function
0  if n has a repeated prime divisor,

u(n) ;=31 if n = 1 or n has an even number of (distinct) prime divisors,
—1 if n has an odd number of (distinct) prime divisors

If n is prime, the formula for B simplifies to B(n) = %(2” — 2).
3. Now take for instance x = (x;) jez With x; := 0 for j < 0 and (x;) ey the se-

quence
010001 1011000001010011..., which is obtained by concatenating the bit
sequences of lengths 1, 2, ... lexicographically. (]

Exercise 2.22 on page 20 (Stability):

1. Themaps @, : C — C, ®,(m) := N'm (¢t € Z)for A € C\{0} form a continuous
dynamical system, because the &, are linear, hence continuous, ®¢(m) = Aom =
m, and ®; o &, (m) = N1 \2m = A1+, holds true. Due to linearity, 0 is a
fixed point.

2. The neighborhood basis {U-(0) | € > 0} of 0 satisfies d>,(UE(O)) C U.(0) for
all r > 0 exactly if [A| < 1. So 0 is Lyapunov-stable for those values of A.

In contrast, if |A| > 1, then lim,_, ,« |A|'e = 00, and because @, (UE(O)) =
U, =(0), the point O is not Lyapunov-stable in this case.
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3. If |A| < 1, then O is not only Lyapunov-stable, but also the radius |[A|’e of the
disc @, (UE (O)) tends to 0 as + — +o0. Hence 0 is asymptotically stable. [l

Exercise 2.25 on page 21 (Attractor):

(a) Theunion A of two attractors A, A, is again an attractor, because, given forward
invariant neighborhoods U; € M of A;, their union U := U; U U, is a forward
invariant neighborhood of A, and given an open neighborhood V C U of A,
the V; := V N U; C U; are such neighborhoods for A;. Then there exist 7; > 0
with ®,(U;) C V; for all + > 7;. Letting 7 := max(7y, 72), it then follows that
o,(U) CViorallt > 7.

(b) A S ),-0 P:(Up) follows from A C Uy and ®(r, A) = Aforallr € G.

Letx € _ﬂ,>0 ®,(Up) \ A. Then V := Uy \ {x} is open and satisfies A C V C
Up. So there exists 7 > 0 with ® (¢, Uy) € V for all r > 7. This contradicts
x € (V=0 @, Up). O

Exercise 2.27 on page 23 (Logistic Family):

1. e For f4(x) =4x(1 —x), one has f;(3) =1, the maximum, and f(0) =
(1) =0. As £ —1d is a polynomial of degree 2" (degrees multiply when
polynomials are composed), it can have at most 2" zeros. Hence there are at
most 2" fixed points of £,

e On the other hand, for f4(") there are points x,E") (k=0,...,2") with

x(()") =0 , x,in) < xlﬁ)] and ng) =1,

such that " (xgz)) = 0and f (XEZL) =L

M. _
L=

This follows by induction from x %, because f; is strictly increasing on

[0, %] from O to 1, and then strictly decreasing on [% 1] back to 0.

Therefore there are at least 2" fixed points of f," .

2. Now f,(yp) = ¥p, and for p > 1, p=2.8
one has y, € [0,1]. Thus in the lefz Id
range p € (1, 3) of parameters, y,
is the second fixed point of f,, next
to 0. For parameters p € (1, 2], it
was shown in Example 2.26 that
lim,, o0 flg"’)(x) =y, for all x €

1
(0, 1). For p € (2, 3), we consider 2

f,Sz)(x) =px(1 —x)(1 - px(1 —x)).

Let’s start by analyzing this func- 0 .

tion.

|—
—
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o For these parameters, § is a minimum of f{*, and the maxima of f? are at
+._ 14 ~p=2) ; i« FQ (Y — P
my =5+ 5 . The maximum value is f,”(m}) = 7.

p
e The two points of inflection of fp(z) are at wi = % + —”)(2_2)/3, and L
P dx

[Pwy) ==+ (_P<1’3*2>)3/2.

As the interval (2, 3) lies inside the interval (2, 1+ «/g), for which the in-
equality f,ﬁz) (m}) < m} holds, the interval [m, 1) is mapped into (0, m )
by fi?, and also f{*((0,m})) < (0, m}).

We show that the distance of x to the fixed point y, decreases under iteration.
This follows from the estimate

|F2 ) = ypl < 1x =l

which is valid for x € (0, m;), X # yp. After all, the graph of f 122) lies above
the diagonal in (0, y,), but also below the line x — 2y, — x through the
fixed point, because - [P0 = 4 [P (w,) > —1. An analogous argument
applies to the interval (y,, m}).

An approach that applies to all p € (1, 3] can be found in DENKER [De],
Chapter 1.5. (]

Exercise 2.30 on page 23 (Conjugacy): Let /1 o <I>§1) = <I>,(2) oh (t € G),forahome-
omorphism # : MY — M Since conjugacy is an equivalence relation, it suffices
to show one implication for each of the following equivalencies.

(a) x € M is an equilibrium if and only if ®(x) = x (r € G).If x; € MD is an
equilibrium, then it follows

P () = P o h(x)) =ho ®(x)) = h(x) = x,.

If U® € M® is a neighborhood of x,, then UV := h=1(U®) € MV is one
for x;. If x; is Lyapunov-stable, then there exists a neighborhood V) € y®
of x; with @ (VD) € UD (1 > 0). Accordingly, V@ := h(VD) C U@ isa
neighborhood of x; with

CDZ(Z) (V(Z)) — (D'Q) ° h(v(])) —ho (Dt(l)(v(l)) C h(U(])) — U(z) .

The asymptotic stability carries over analogously.

Parts (b) and (c) are routine. [l

Exercise 2.45 on page 29 (Diffeomorphism Group):

e Let (U, ) beacoordinate chart of M withx € U,andletV := ¢(U) € R”" denote
the image of that chart. For sufficiently small £ > 0, the e-ball U.(x) about X :=
¢(x) is entirely contained in V. Let ¥ € C*(U.(%), [0, 1]) be a cutoff function,
say, for instance, )Z[UEM()?) = land x(z) = 0forz ¢ U./»(x). Nowify € U, /4(x),
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then v : U.(x) — R", v(z2) := x(2) - (¥ — X) defines a vector field that vanishes
outside U, /»(x) and equals y — X inside U, ,4(x). Extending the lift of the vector
field to c,o’l(UE(x)) C U by 0, we get a vector field v on M. Its time-1 flow
S € Diff(M) exists (by an argument that is analogous to the proof of Theorem
3.27). Moreover, with y := ¢~!(§), one has f(x) = y, because within the chart,
all z; ;== (1 — )X + ty satisfy v(z;) = y — x.

e Therefore, the set M, := {y € M | thereis f € Diff(M) with f(x) = y}is open
and non-empty.
But M\M, is also open, for if z € M\ M, cannot be reached, then all of M,
cannot be reached either; this uses that Diff (M) is a group. But by assumption, M
is connected; therefore M, = M. O

H.3 Chapter 3, Ordinary Differential Equations

Exercise 3.12 on page 37 (Single Differential Equations of First Order):
l. ¢ fi(x) =0 if and only if |x|=
1, otherwise fi(x) > 0. There-

fore the minimal invariant sets are 25f

(—o0, —1),{—1},(—1,1),{1},and

(1, 4+00). The solutions in the open 20}

intervals are strictly increasing. 15¢

As fi(x) > x*/2 provided |x| > 1ot

2, the intervals of existence are \ 5t /
bounded above for initial values ‘ ‘
xo > 1, and bounded below for -2 -1 1 2 X
xo < —1.

e One has f>(x) > f>(0) = 1. This makes the entire phase space R the only
non-empty invariant set; in particular, there are no fixed points.
The solutions are strictly increasing and exist only for a finite interval of time,
because f>(x) > x*.

2. The differential equation x = f(x) for f : (0, c0) — R, x — x“ has the solu-
178
tions x () = e'xgifa = 1,and x(t) = (5t + x("; with 3 := 1 — a.otherwise.

The latter solution is calculated for the initial value xo > 0 by separation of vari-

ables: (x(1)° —xg)/B = [1" y=ody = [rds =1.
So, whereas in the linear case o« = 1, the solution exists for all times, it ex-

ists only for the time interval (—oo, ij / |B|) in case a > 1, and only for

te (—xg/ﬁ, +oo) in case o € [0, 1). O


http://dx.doi.org/10.1007/978-3-662-55774-7_3
http://dx.doi.org/10.1007/978-3-662-55774-7_3
http://dx.doi.org/10.1007/978-3-662-55774-7_3

Appendix H: Solutions of the Exercises 601

Exercise 3.19 on page 42 (Picard-Lindelof):

(a) The maximal time guaranteed by Theorem 3.17 is e(r) :=min{r, N(r) 3 L(r)}
withr > 0, B,(0) € Dy =R, N(r) :=max{|f(x)| | x € B,(0)} = ¢" and the
Lipschitz constant L(r) := Lip( f |B.(0)) = e
Forr = 2, one obtains £(r) = 7 ~ 0.303, Wthh is the maximal value.

(b) The Picard iteration is set up with this recursion formula:

t t
xo(t) :=x0=0 and Xx;;|:=xo +/ flxj(m)dr = / e dr.
) 0

(c) The maximal solution of the IVP is ¢: (—1,00) — R, o(t) = log(1 +1¢). U

Exercise 3.25 on page 46
The sine function is Lipschitz continuous on R (but not on C!). Therefore, the initial
value problem x = sinx, xo = 7/2has aunique solution. Itis obtained by separating

variables:
* YN |* tan(x/2)
/)m siny y =708 ( an (2)) W B (tan(ﬂ'/4) '

hence x(r) = 2arctan(e’). Therefore, liT x(t) = liT 2arctan(y) = 7 and
t—+00 y—+00
lim x(t) = 2arctan(0) = 0. U
11— —00

Exercise 3.28 on page 47 (Existence of the Flow):

(a) For an arbitrary number n € N of degrees of freedom, H : R* - R, H(x) :=
lx]|? is a function whose sublevel sets H ! ((—oo, E]) are compact balls. H is
the Hamilton function of a harmonic oscillator.

(b) e H isaconstant of motion because a solution ¢: [—¢, €] — R?" to the Hamil-

tonian differential equation satisfies

2n

H (1)) Z so(t) $i(0)=0.

e We consider the sublevel set Pr := H ! ((—oo, E]) for E > 0. Itis invariant
under the Hamiltonian flow, because H is a constant of motion. Since P is
compact by hypothesis, the vector field J VH [ p with J = (0 -1,1, 0) is Lip-
schitz continuous by Lemma 3.14. The Hamiltonian flow on Pg is therefore
defined for all times. As E was arbitrary and R* = |J,_, Pr, the complete-
ness of the vector field on R?* follows. [l

Exercise 3.30 on page 48:
The linear differential equation X = x has the two solutions x1 : R = R, x4 (¢) =
exp(=t) as a basis of the solution space, specifically x.(0) = 1, x.(0) = +1. For
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the initial conditions (xg, Xo) = (1, —1), one obtains therefore the solution x(t) =
x_(t) = exp(—t), with 0 = lim;_, o, x(?). (Il

Exercise 3.41 on page 53 (Escape time):
The Hamiltonian differential equations are, as claimed,

8H_ m ,_8H_

p=—%——z > Q—%—p~

We have the conserved quantity H (p, g) = % p*— % = E, hence

q:lsz_E, and thus p::i:,/Z(E—I—%).
3

We give a combined solution for parts (a) and (b):

e po >0, E:= H(po,qo) > 0: In this case,

qg@) =/2(E+ %) > V/2E ,hencefort > 0: g(t) > go + tvV2E.

So the left boundary of the domain (0, co) of g is never reached for positive times.
Moreover, we have for t > 0 and again py > 0, E > 0:

Q0= \2(E+25) < PE+E) = a0 q+12E+2).

This means that for py > 0 and E > 0, the escape time is T (po, go) = +0o0.
e po <0, E := H(po,qo) <0.By separation of variables, the differential equation

G =— /2(% — | E|) becomes

q -
t=— [ =t =9~ 9(q)
/qo J2(5-E) ’

with g(q) = 2|E])~3 (g+/2IE] /2(% — |E]) + m arcsin(1 — 2|E|L)); this is de-

fined for ¢ € (0, %]. So for ¢ \ 0, we obtain the escape time T (po, go) =

mm

limg\0(9(q) — 9(qo)) = P 9(q0).

e po > 0, E < 0. The differential equation for ¢ reads § = /2(% —|E|) and can

be rewritten as _
= [ = ) — 9(@)
= = =9q0) — 9(q).
w /2(% —|E])
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The differential equation loses its validity at 0 = ¢ = 2(% —|E |) ,namely when

g = {g;- Until this point, the time g(qo) — 9() = 9(qo) + 2(2T;)% elapses; there-
after the parameter range py < 0, E < 0 takes over. So we obtain the escape time

3mm
9(qo) + —2(2\E|)% .

e po <0, E = 0. By separation of variables, the differential equation ¢ = — 2%
becomes
2

1=-(2 )—%/qfcr (@' —qi) <= a=(a; —3tyD)°
=—Cm qdq =——=(q> —¢q q="(q —3/5)"
" 32m 0 0 2

3
We can read off the escape time %qg directly.

Tt=+c0

q

Figure H.1 Contour plot of escape time for the (unregularized) Kepler problem

e pyg <0, E > 0. The differential equation now reads ¢ = — 2(% + E ), and this
leads to
q dg .
(= / — Y @) —glqn with
9 2(% + E)

9(q) = X—E(%log(m +2Eq +2qVE /% + E) —2q, /% + E) (g > 0).

With limg\ g(q) =m log(m)/(ZE)%, the escape time is
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T (po. go) = 9(qo) + mlog(m)/(2E)? .

Figure H.1 shows a contour plot of 7.

(c) One example is x = x2. The solution to the IVP with x(0) = xq is unique,
and x(z) = 0 is a solution. For xo € R\ {0}, the solution is (see Exercise 3.12)

x(t) = (x(;l — t)71 on (x(jl, oo) for xo < 0; or on (—oo,xal) forxop > 0. O

H.4 Chapter 4, Linear Dynamics

Exercise 4.11 on page 67 (Matrix Exponential):
A =1+ B with B := ((}) 6 §). So the solution operator for all times ¢ € R is

1 00
exp(Ar) = €' exp(Bt) = ¢' (1 + Bt + %thz) = (r+tt2/2 i ?) ) O

H.5 Chapter 5, Classification of Linear Flows

Exercise 5.5 on page 83 (Index): 1 is adouble eigenvalue, and —1 a single eigenvalue
11—l

of the matrix A := ( 02 —: % ) Thus the matrix is hyperbolic and its index is 1. Now

B~'AB = J with

—1-11 4 1212 .
B = ( 20 72) , B :Z(_4_20) andJordanmatme:(
210 2 -12

SO—
O

loo
N—"

Thus a fundamental system of solutions is

Raim s (§) L meim (3 +(4) e (3),
and the latter among them remains bounded as t — +o0. ]

Exercise 5.12 on page 89: (Hooke’s Law)
We have (A1)*> = ar* (|} {), hence

o]

n 0 27k
exp(An = (f:) 1> @) 4

(a) Fora > 0 and w = \/a, one has therefore
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sinh(y/at)
Ja

(b) For a = 0, one has A> = 0, hence exp(At) = ((1] i )
(¢) Fora < 0, it follows with w = /—a that

exp(At) = I cosh(y/at) + A

( cosh(wt) sinh (wt)/w)

wsinh(wt) cosh(wt)

B sin(wt)  ( cos(wt) sin(wr)/w
exp(At) = llcos(wt) + A o= (w sin(wt) cos(wr) ) . 0

H.6 Chapter 6, Hamiltonian Equations and Symplectic
Group

Exercise 6.23 on page 110 (Symplectic Algebra): u is infinitesimally symplectic.
For the matrix U representing u with respect to a basis in which the symplectic
bilinear form w is represented by J = (‘ﬁ ‘0“), one has therefore JU + U TJ = 0.
The eigenvalues are the zeros of the characteristic polynomial

pu(N) = det\l — U) = det(J(Al — U)) = det(A\] — JU) = det(AJ + U "))
= det(A 1+ UNJ) = det(A\1 + U") = det(\1 + U) = det(-A1 - U).

So the characteristic polynomial is even, hence — is an eigenvalue if A is. As U has
only real entries, A will be an eigenvalue if X is. Multiplicities of eigenvalues that
are related in this manner coincide.

The even multiplicity of O results from the fact that the characteristic polynomial
is even. ]
Exercise 6.26 on page 111 (Symplectic Matrices):

@ T+ 3u= (4750) (59 + (55" (68) = (55 i) -
(b) This follows from the fact that the following expression is 0O:

aJa-T= (15 ) (TN (@8 -G
_(cT —-AT (A B) _ (o _11) _ CTA-ATC CTB-ATD+1
= \pT _BT CcD 10/~ \DTA-BTC-1 D'B-B™D )"

(¢) SL(2,R) = {# € Mat(2, R) | det(#) = 1} and the condition from (b) prove the
first claim. The three-dimensional solid torus is S! x B. As

_ cos(yp) — sin(yp) 1
SO(2) = {(sin(sv) cos(yp) ) ‘ pes } ’
the S'-coordinate is already identified. The positive symmetric matrices with

determinant 1 can be written as (4 2) with A > 0, B € Rand C = % The
Cayley transform of the Riemann sphere
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CU{oo} > CU{oo} , z+> &
maps the upper half plane {t =B +1A € C| B € R, A > 0} onto the open

unitdisc B = {w € C | lw| < 1} diffeomorphically, with its inverse being w
1+w
1

1-w*

(d) Since (‘g _”a )Zn = (a? + bH"1, it follows

sinh(va? + b2
exp (3 2) = com(yar 139 1+ ST

if a® + b* > 0. Therefore, tr(M) = 2 cos() cosh(v/a? + b?). The formula

! (tr(M) = /r(M)? = 4det(M))

for the eigenvalues of a matrix M € Mat(2, R) shows that the eigenvalues of the
symplectic matrix M coincide exactly when |tr(M)| = 2. [l
Exercise 6.34 on page 115 (Lissajous Figures):
number of maxima of ¢,

%)
1. The frequency ratio is — = - .
w1 number of maxima of g

2.£:={QeR*|HO0,Q) <E}={0Q¢
R? | w Q% + wy Q% < 2FE} is the elliptic
Hill domain, from which we choose the
initial point g. Then the closure of the
Lissajous figure with initial condition
(p,q), H(p,q)=FE is the rectangle

R, :={Q e R* | |Q| = \/pi +4i)-
The union of these rectangles is the subset

E N [=Ri, Ril X [—Ry, Ro],

of the ellipse, where R := ,/(2E — wzqzz)/wl and R, .= ,/(QE — wlqlz)/wz.

No point ¢’ € £ outside this domain can be reached from ¢, and for ¢ # 0, there
do exist such points ¢'. So the analog of the Hopf-Rinow theorem does not apply
to Hill domains. ]

Exercise 6.38 on page 118 (Linking Number):

e With the frequencies wy = nwy, the motion of the harmonic oscillator is periodic
with minimal period T = i—’; The normal oscillations on the energy shell £z =

H~Y(E), E > 0 can therefore be written in the form

2FE cos(wit) 2FE 0
~ 1 ~ ~ ¢
&:8'—> Tk, c1<r>=‘/—(m&,0) . &) = —(“’5(5“” :
Wi 0 W2\ sin(wt)
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where we understand the identification S! := R/ TZ. By the linear mapping

_ T
(P, P2, q1.@2) " > QE) ' (Jwipi. Jwrpa, Vo141, Jw2q2)

Y C R* is diffeomorphic to S* € R*. Let the projections of the normal oscil-
lations be denoted as ¢ : S' — S°. We project®® them onto R? by means of the
stereographic projection from Example A.29.3. The image curves of the ¢; are
obtained as

cos(wit)

1 3 ’ — sin(w; 1)
¢1:S' >R ,cl(t)=2( ) , hence cl(t)=2w1( 0 )

sin(w 1) cos(wit)

0
_— (cos(wzt)) , hence
1 — sin(w»t) 0

Gy = — 22 (01)

1 —sin(wyt) \0

Thus Ac(t) = |lc1(f) — c2(B) ]| =2 /m and

1 cos(wi1)y/T=sin(wat2)
G(I[, 2‘2) = —— | —cos(wrtr)//T=sin(wrtp) | .
\/5 sin(wy 1)/ 1—sin(wyty)

For the linking number (6.3.9) of the two curves, we obtain, in view of

det(DG (1)) = —wiwav/1 — sin(wata)

) s> R3U {0}, c2(t) =

the result

LK( )= — ! / Vv 1 —sin(wyty) dy dt
c, C sin(w

mwy [T .
= _4ﬁ A V1 —sin(wth)dt, = —nn; .

e For arbitrary pairs of distinct periodic trajectories in X, there exists a continuous
homotopy of initial conditions connecting them with ¢, (0) and ¢, (0) respectively
and avoiding the equality of the deformed orbits.

301t is not a problem for the integration that for t = (g + 27rk) /w2, k € Z, the point ¢3(¢) is the
north pole (0, 0, 0, DT e $3.
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The figure shows the values of the mapping

g —> R x> (F‘(x)) where the F}, are

fa
F(x) )?

the constants of motion from (6.3.5). One <

obtains a straight segment because

F,>0 and F,+ F>, = H.

The effect of the homotopy on the values of
F is indicated by arrows.

e In the mapping on page 116, the projected A
normal oscillation ¢; corresponds to the 1
horizontal circle, and ¢, corresponds to the
vertical straight line. This relation is not
changed when the frequencies are different
(ny # na). O

Exercise 6.40 on page 121 (Dispersion Relation):
(a) Ifin® theansatzq® (r) := ¢@ exp(2mikl/n + 1wy1), the ratio of the constants is

A = ¢@ /¢, then the equations for the change of momenta p\* = —w?m@q

yield the coupled system
wim® = c[2 = X" £ 1], wim®@ = c[2 = AN e ™R 1),

The quadratic equation for the squares of the frequencies w,% is therefore

2¢ 2¢ 1 + cos (22£)
2 2 2 n _
(wk B m(l)) (“’k - m<2>) —2— e =0

Its solutions are the two branches of the dispersion relation.
(b) From the Equation (6.3.12) for the frequencies wy, namely

w? = %Zcr(l —cosQ2rkr/n)) (k€ L),
rel

the equation from which the coupling constants ¢, are determined is obtained by

Fourier transformation with respect to the group £ = Z/nZ: Only the sums ¢, +

c_, enter into the interaction, and they are proportional to the Fourier coefficients

O =Y, wiexpmikr/n). O
Exercise 6.42 on page 124 (Upper Half Plane and Mébius Transformations):
(a) We need to check S(Mz) > 0.

31The end points of this segment are the values of F for the normal oscillations.
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(A7) — 1 [az+b _ az+b) _ 1 ( (az+b)(cz+d)—(cz+d)(az+b)
“S(MZ) =73 (cz+d cz+d) =7 ( lcotd[? )

ad Iz — bc I7 getm=1 Jz
—— - = o0
lez +d| lcz +d|
(b) Let M, M €SL(2,R) and zeH. Then M~'=(47) and M~

—c a
/ _ (d'd=bc b'd—bd
M = (ac’fa’c ad’fb’c)'

T el dET = d@z+b) — bzt d)
dz+d ¥ 4a —cldz+b)talcdz+d)

_(@d—bchz+bd—bd

=M"M'z,
(ac’ —a'c)z +ad — cb’
so indeed we have a group action.
(c) Set up the equation for fixed points:
~ az+b )
z7=Mz = td < (cz+d)z=az+b << cz+(d—a)z—b=0.

This quadratic equation has discriminant
(d —a)* +4bc = (trM)> — 4.

e For an elliptic matrix, the discriminant is negative, hence there exists exactly
one fixed point in H.

e For a parabolic matrix, the discriminant vanishes, hence there exist a (double)
fixed point in R U {oo}; the fixed point is co when ¢ = 0.

e For a hyperbolic matrix, we obtain two fixed points in R U {oco}, because the
discriminant is positive. When ¢ = 0, one of them is oo.

(d) The Mobius transformations with M, := (“ b ) and M, = (_0 ") are

0a! c o
- —~ ’z X —1y
Mlzz»—>azz+ab and M2:z1—>c2z_1:—2=c2ﬁ.
|z x“+y

Their derivatives at z = x + 1y € H are

2 Cz

D (v, ) = (% %) and Dia(x, y) =

y2—x2

) —2xy
(x2 + y2)2 ( 2xy yz—xz) '

0 a?

We transport the metric: Mig = (a?y) 2(a*dx ® dx + a*dy ® dy) = g, and
with v = (vy, vy) € T,H:
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B 7
X 2 05 10

Figure H.2 Orbits of the subgroups from 6.42 (f) through the points 1 + : (red), 3: (green) and
1/2 (yellow). Left: elliptic, middle: parabolic, right: hyperbolic (Image: courtesy of Christoph
Schumacher)

(M59)(2) (v v) = g(Maz) (DMov, DMov)
2
_ (xz + )’2)2 c? ((yZ—xz)vx—nyv_v )
- (C2y)2 (x2 + y2)2 2xyvx+ (2 —x)vy
_ ((y* — xHvy — 2xyv,)? 4+ Q2xyv, + (3* — xH)vy)?
V2(x2 + y2)2
(7 =77 + ) + 422 W +0))  u)?
V22 + y)? S

=9@) (v, v).

The matrices that we have checked generate SL(2, R). Indeed, if M = (z Z) S
SL(2, R) is not of the form M, then ¢ # 0. In this case, if M is not of the form
M,, then either @ # 0 ord # 0. By conjugating, one obtains ( % }) M (° §) =
(_bd < ) Following with a multiplication by a matrix of type M, one can set
the top right entry to 0. Conjugating again with ( % {) produces a matrix of type
M.
Thus g is invariant under all Mobius transformations.

(e) follows from Exercise 6.26 (a).

(f) The cross ratio [z1, 22, 23, 24] = % . % is real exactly if the four points
21, 22, 23, 24 € C lie on a circle.

o m=(08)exp(r(°§)) = (5%, 5nt) iselliptic (except when € 7Z) with
fixed point 1 € H. The orbits are circles in H, see Figure H.2, left.

e m=(09):exp(r (99)) = (19)isparabolic (only fort = Oisitequalto (}9))
with fixed point 0 € OH. The closure of the orbit is a circle that is tangential
to OH in the origin, see Figure H.2, middle.

e m=(94)exp(r (94)) = (<gshisiht) is hyperbolic (except whent = 0) with
fixed points —1, 1 € JH. The orbits are circular segments that are delimited

by fixed points, see Figure H.2, right. O
Exercise 6.45 on page 127 (Symplectic Mappings and Subspaces):

(a) Letv, w € E\{0}. The antisymmetric bilinear form w : E x E — R of the 2n-
dimensional vector space E is non-degenerate. So by the linear Darboux theorem
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(Theorem 6.13.2), there exist two bases d, ..., d,, and ¢y, ..., e, of E with
dy =v, e, = w and

w(dy, dp) = wlex, ee) = Okyne (1 <k <€ <2n). (H.6.1)

The linear mapping f : E — E defined by the change of bases f(d) := ex
(k=1,...,2n)isin Sp(E, w).

(b) Let E := R*, with canonical basis ey, . .., e4 and the symplectic form w that is
determined by w(ex, e¢) = d42¢ (1 <k <€ <4). Then F := span(ey, e) is
Lagrangian and F’ := span(ey, e3) is symplectic. Therefore, there cannot exist
f € Sp(E, w) with f(F) = F'.

(c) Let F, F’ C E be symplectic and of the same dimension 2m. The proof of

Theorem 6.13.2 provides the existence of bases dy, ..., d», and ey, ..., ez, of
E with (H.6.1)and dy, ...,dy, € F, ey, ..., ey, € F'. Therefore, the mapping
f € Sp(E, w) defined by f(dy) := e, maps F onto F'. O

Exercise 6.47 on page 127 (Dimension Formula):
If fi,..., fwis abasis of F C E, then the linear forms f}*, ..., f € E* given by
fi(e) := w(f, e) for e € E are linearly independent, because w is non-degenerate.

Therefore,
Fr={ecE|fie)=...=fi() =0}

has dimension dim(F~+) = dim(E) — dim(F). (Il

Exercise 6.53 on page 131 (SO3) = RP(3)):

e The Rodrigues parametrization A € C*® (B;, SO(3)) from (E.3.3) is surjective,
and its restriction to the open ball of radius 7 is a diffeomorphism onto its image.
This can be seen, for example, by checking that for ||x| € (0, 7), the inversion of

A(@) is given by 555 (AG) = A()T) with r 1= arccos (“4G2=1).

Atx € OB2, ie., ||x|| = m, the mapping A is still a local diffeomorphism. If we
identify the antipodes of the 2-sphere B> (denoting the identification relation ~),
then A becomes injective.

e On the other hand, B; / ~ is diffeomorphic to RP(3). This is because under a
stereographic projection S3\{(0,0, —1)T} — R? (scaled by 7/2), the manifold
with boundary Bfr is diffeomorphic to the northern hemisphere {x € § 3 x3 >0},
see for instance A.29.3. Moreover, every straight line through the origin in R? (i.e.,
every element of R P(3)) has exactly one intersection in the northern hemisphere,
except for those that hit the equator {x € S* | x3 = 0} in antipodes. (Il

Exercise 6.59 on page 134 (Maslov Index):

1. For ue Ay(m)={u € A(m) | dim(u N v)=k} with v = R’[’} x {0} C R’[’} X RZQ
we set u, := u Nv. For w € Gr(v, k), the fiber 7rk_l(w) consists of those u €
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Ay (m) for which u, = w. It can be parametrized by the subspace Sym(w=) of
self-adjoint mappings from

wh={xeR"|Vyecw: (x,y)=0}

into itself, because their graph is Lagrangian, and the symplectic vector space
(R™ x R™, wy) is the direct sum of its symplectic subspaces w x w and w x
wt.

On the other hand, dim(Sym(wJ—)) = (m‘é‘“ ), because dim(wJ-) =m—k.
Locally in a neighborhood of w € Gr(v, k), the bundle 7 : Ax(m) — Gr(v, k)
can be trivialized by means of orthogonal projections.

As the dimension of the total space of a bundle is the sum of the dimensions
of the base and of a typical fiber, it follows from dim(Gr(v, k)) =k(m —k)

(Theorem 6.51) that

dim(Ax(m)) = k(m — k) + Lom —k + Dm — k) = (") — (4").

. The parametrization of Ag(m) by Sym(R™), given in part 1, shows that Ay(m) C

A(m)isopen.Ifu € Ay(m) fork > 2, then in u,, € Gr(v, k), one can choose an
orthogonal decomposition u, = a @ b into a one-dimensional subspace a and
(k — 1)-dimensional subspace b. This way, u, is approximated by a sequence of
Lagrangian subspaces

({0} x a) @ graph(nl,)  (n € N),

where we have used the identity map 1, : b — b. (]

Exercise 6.61 on page 134 (Range of the Maslov Index):

e Form = 1 and I € Z, the mapping

c:8'—> A(l) , zr>spang(z'?) CC=R?

has the desired Maslov index /. We have used the identifications

No

S'={zeC||zl=1} and A(1) = {spang(z) | z € S'}.

te that spang (z'/?) is well-defined even if 7 is odd.

e For m > 1, one can imbed A (1) into A(m), say by

A1) > A(m) , ur—>u®R" " x{0}. O

Exercise 6.62 on page 135 (Harmonic Oscillator):
For f = (f1, f») with f; > 0 and k; = 2 f; /w;, any such a closed solution curve

c:

S! — T2 on the Lagrange torus T? := F~!(f) can be represented as

&) = (ki sin(wi (t — 1)), ka sin(wa(t — 1)), ki cos(wi (t — 1)), ka cos(wa(t — 12))),
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with #;, t, chosen appropriately. The invariant torus T? C Rlz) X Rz in phase space
projects onto the rectangle [—ky, k1] X [—ka, ko] C Rg in configuration space. In
order to avoid double imaginary eigenvalues below, we choose a curve that does not
hit a vertex of that rectangle. Along the four intersecting circles

{(0, kasin o, £ky, ka cos ) | ¢ € [0,27]} € T?

and {(k; sin p, 0, kj cos , k) | ¢ € [0, 27]} C T2, this projection is vertical.
Within a period interval [0, T, with T = % = 17 these curves will be hit by ¢
six or ten times respectively, in total 16 times.
From the projection ¢ — (kl cos(wy(t —11)), kycos(w,(t — tz))) of ¢ onto the
configuration space, one can see that the 1-component has six, and the 2-component

ten extrema. As the orientation sign (;\—A) for the unique imaginary eigenvalue A of

a unitary representation U of ¢ equals one for these 16 times, the signs add up to the
Maslov index deg(MA; o ¢) = 16 of the closed curve. ([l

H.7 Chapter 7, Stability Theory

Exercise 7.4 on page 140 (Strong Stability):
To begin with,

Xp: R xR >R, Xp(t,x)=(9710)x

is the time dependent Hamiltonian vector field for H. The differential equation is
solvable for all times by Theorem 4.14, because Xy is linear in x and thus satisfies
a Lipschitz condition.

(a) Counterexample to the group property: For the 2-periodic characteristic function
f = ljo.13+2z, the existence and uniqueness of a solution is still guaranteed,
because the Lipschitz condition is only required with respect to x (see Remark

3.24.3). We can solve the differential equation piecewise: x(¢) = M ({t})x([t])
with My(t) := (zﬁfg; _Cgi'}g)), M () == (19) and k := 0 for even [7], k := 1
for odd |7]. Then Mg(l) %+ My(1)M;(1).

(b) For s = 0, one has ®7,; = ®j o 7, because ®y = Id. Furthermore,

d
a‘brﬂ(x) =Xu(T +s, 1) = (9719) Dros(x),

because f(T + s) = f(s) and

%@s 0 @7 (x) = Xp (s, @50 Pr(x)) = (9 19) @5 0 dr(x).
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Thus the functions s > ®; 0 &7 (x) and s — D7 (x) both satisfy the same
uniquely solvable initial value problem, so they must coincide.

The mapping @, : R? — R? is linear for all ¢ € R, because for t = 0, one has
@, = Id, which is obviously linear, and furthermore,

d
o0+ = Xu(r, @,(x +y)) = (9710) @,(Ax + y)

and £ (A®,(x) + @, (y)) =
AXp(t, @) + X (r, @,() = (1757) (A (x) + Di(y) -

So the functions satisfy the same initial value problem, hence coincide.
The Wronskian ¢ — det(®,) has the derivative %det(CD,) =

tr(det(®) @, ' d,) = det(P)tr(P; ' X (1) P;) = det(®)tr(Xp (1)) = 0.

From det(®g) = 1, it follows in particular that det(A) = 1. With J = (9 ') we
conclude

tr(Xp®) =u(JB@®) =u(B (H)I") = —tw(B1)]) = —tr(JB(1)) = 0.

If the zero solution of the Hamiltonian flow is Lyapunov-stable, then O is also a
Lyapunov-stable fixed point of the mapping A, because ¥ = ® [, .. To see the
converse, let k := (sup{||®;|| | s € [0, T1})~!, and let U be a neighborhood of
0 € R%. We choose ¢ > 0 such that B.(0) C U, and from the Lyapunov-stability
of W, we choose § > 0 such that ¥ (n, x¢) € B..(0) for all n € Ny and for all
initial conditions xy € Bs(0). For t = nT + s with n € Ny and s € [0, T[, we
then obtain

1; ()| = 1D (¥, N < (s IW ()| < 57 'en =e.

Hence & is Lyapunov-stable.
W is Lyapunov-stable if |tr(A)| < 2, because the characteristic polynomial of A
is

xa) = A2 — M tr(A) + det(A)
de‘é=1(A — A+ /1 - (%trA)z) ()\ —lwA -1 /1 (%trA)z) .

The eigenvalues of A have absolute value 1, as can be easily checked. So A is a
rotation, hence Lyapunov-stable.

We let B(t) := (§ ;0y) (t € R)and U := {H | [|H — H|| < 6}, with § > 0 yet
to be determined. Now let
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K = sup{||®; |, | &l | s € [0, T], ® generated by H € U}.

We conclude K < oo as follows:

;|| = H N +/ JB(s)®(s)ds
0

t
< Dol +/ 1BH1D(s) ds
0
t
< 1+/ B+ )D(s)lIds,
0
and Gronwall’s lemma now tells us that
= ' T
1801 < exp (Jy UBWI +8)ds) < exp (fy UIBG) + ) ds) .

We compare the two time evolutions:
d iz 1 o1& —14 -1 = 3
(@ 1®) = 07 b0 B, + 07D, = 07 (B(t) - B(t)) &,

and obtain

A

t
- - d -
19— 0l = 1010, E 1 = ol | [ @B as
0

IA

t
||<1>f||/ 1671 1B(@) — B [1$:]1ds < KT6.
0

As the trace is continuous, all  are Lyapunov-stable, and the fixed point 0 is
strongly stable. Matrices whose trace has absolute value less than 2 are also
called elliptic.

(f) For e = 0, the differential equation reduces to X (z) = —w?x(1), and its flow is

d, = (wCOS(M) —wsin(wt)) .

w™sin(wr)  cos(wr)

So T = 27, and accordingly

A=y = ( cos(2mw) —wsin(Zﬂ'w))

wlsinQrw)  cos(2rw)

with [tr(A)| = 2|cos2nw)| < 2, because 2w ¢ Z. O
Exercise 7.8 on page 143 (Lyapunov Function):

(@) VV(x) =x and fi(x) = —||x[|’x, hence $V (x(1)) = —[x(®)||* <0 for x €
R? \ {0}. So the origin is asymptotically stable.

(b) The origin is unstable, because f, = — f].

(c) The form f3(x) = (1 + xl)(;fz) of the vector field implies that & V (x(#)) = 0;
therefore the orbits are contained in circles around the origin. Each point on
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the line x; = —1 corresponds to an orbit, likewise the circular segments that
are obtained by intersecting these circles with the half planes (—1, co) x R and
(=00, —1) x R.

(d) V:R>— R, x > 1|x|*is a Lyapunov function, with

(fa(x), VV(x)) = —x}|x]|* — x5 —x$ <0 for x e R*\ {0}.

Hence 0 € R? is asymptotically stable.
0—-10 cost —sint 0

(e) We have A :=Df(0) = ((1)% 8)’ hence exp(At) = (si(r)lt cost (l)) The origin
of this linearized system is therefore Lyapunov-stable, but not asymptotically
stable. In particular, the x3-axis consists of fixed points. (]

Exercise 7.21 on page 151 (Parametrized Periodic Orbits):
By assumption (7.3.1) and Theorem 3.48, the mapping (¢, m, p) — <I>,(”)(m) isn
times continuously differentiable.

For the parameter p, € P, there exists by Theorem 7.17 a Poincaré map for &)
at the point mo € M of the ®P?-periodic orbit. From a transversality argument,
the existence of a neighborhood P C P of p, follows, with a hypersurface S C
M through my that is transversal to all flows oW pE P. So there also exist a
neighborhood U C S of my that is open in S, and Poincaré times 7 € C"(U x
P, R*) with Poincaré map F" (u) := &P (T (u, p), u) € S.

By hypothesis, F(mg) =ty; and as T € C*(U x P,R"), also (u, p) —>
F®(u) is n times continuously differentiable. Also by hypothesis, 1 is not an eigen-
value of DF ("0 (my). Thus we obtain from Theorem 7.12 a mapping m € C" (13, S),
with 7 (pg) = my, for which F® (fﬁ ( p)) = m(p); this mapping therefore parame-
trizes the fixed point.*?

We may also assume that DF ") (iii(p)) has no eigenvalue 1 for p € P. The
minimal period ¢ : P — (0, 00) is the mapping defined by ¢ (p) = T(n’i(p), p).

While there could be further periodic orbits in arbitrarily small neighborhoods of
m(po), these could not have minimal periods that are close to (po). (I

H.8 Chapter 8, Variational Principles

Exercise 8.5 on page 158 (Legendre Transform):

(a) From r > 1, we infer that H € C'(R?, R) and is strictly convex. For g € R,
we want to find the vector p = p(g) € R? that satisfies

Vollp.a) = H(p)| =0,

p=p

32Here as well as in the sequel, it may be necessary to reduce domains like P.
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Because VH(0) = 0, wehave p(0) = 0. Otherwise,q = || p||”~ 2ﬁ,hence lgll =
pl ! which can be written as 121 = llgll*~! with (r — 1)(s — 1) = 1. There-
fore,

6] _ 6] rs=_r+s =2
e qgreoen 14

ﬁ =
This allows us to calculate H*:

H*(q) = (q. g1’ *q) — H(llgI'q) = llglI* — L1q1°~"" = Liiqll*.

(b) We proceed like in (a).
0=V,((p.q) ~H(p)| =q-4p-b,

hence g = Ap + b, or p = A~'(q — b). Again we calculate H*:

H'(q) =(q. A" (q =) — H(A™ (¢ = b))
=(q. A" (g — b)) — 5(A" (¢ —b), AA" (g — b)) — (b, A" (¢ — b)) —
=(q—b, A" (g —b)—3(qg—b A" (qg—b) —
=g —b.A" (g —b) —c. O
Exercise 8.8 on page 160 (Legendre-Transformation):

. . Uy COS P— V7 sin
(a) Polar coordinates: x = rcose, y =rsingp, v = ( e ”9)

v, sin p+v,rcosp J*
L(5) . (D =L((500) . (uemenrams)) = et +r%d) U,
The Legendre transform of this quantity is
H((5) (7)) = 37 +772p3) + U ().
(b) Since V,L(gq,v) =mv + £A(q), it follows

sup{( v) = L(g,v) | v eRZ}

= (p. (= £A@)) — 5P — LA@I” + ed(q) — L (p — £A(q). A9))
= s:llp — £A@I° +e¢(q). 0

Exercise 8.12 on page 164 (Bead on a Wire):

(a) Attimet € R, the parabolic wire is parametrized by
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w cos(wt)
w > §(1, w) = (wsiznw) .

a2
21,l)

If the parameter has the value w(t), then, for g(¢) := ¢ (t, w(t)) , one obtains

w(t) cos(wt) — ww(t) sin(wt)
q@) = | w(t)sin(wt) + ww(t) cos(wt) | ,
a?w () w(t)

hence ||¢]|?> = w? + w?w? + a*w??. Therefore, the Lagrangian (without ex-
plicit time dependence) has the form

L(w, w) = %(1 + a4w2)u')2 + %(wz — gaz)wz.

The momentum conjugate to w is p,, = Dy L(w, ) = m(1 + o*w?). There-
fore, letting ¢ := ga? — w?, the Hamiltonian equals
Pu

o
o + V) with V() = Seu?.

H(Pw, w) =

(b) The linearization A := DX (0) of the Hamiltonian vector field Xy = (%)
in the origin is of the form A = (8 _gw). Therefore det(A) = c¢. Hence for
¢ > 0 (i.e., a slow rotation), the equilibrium (p,,, w) = (0, 0) is an elliptic fixed
point and the motion is Lyapunov-stable.

(c) For slow rotation (¢ > 0), the period of the libration motion in dependence on
the energy E is determined by

Wmax— dyp o 2(E — FPw?)
T(E)=4 —— withw(E, w)=,| ——————— and W=
o W(E,w) m(1l + a*w?)

One obtains

Vem [l [1+ EFy2 JBm [ Ea
T(E) = * dy = 1+ ——sin?6do. O
(E) 3 /0 =y y 3 /o + 7 sin

Exercise 8.20 on page 169 (Example for Non-Minimality of the Action Func-
tional):

<[

(a) The extremals satisfy the Euler-Lagrange equation (8.3.4),hence § = —(0, ¢») .
The family of solutions with initial condition ¢ (0) = 0 is of the form

g0 = (%) (€R).
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For T € R\ 7Z, the only way to get ¢(T) = (;) is vy = £ and ¢; =0. In

contrast, if T € wZ\{0}, then we have the one- parameter family of solutions

LT
qt) = (%t ¢ sin t) .
(b) The variation of the action functional in direction dq is

T ¢ 2 c
w4 [[|(5) +mof - (7)
T T c

=4 [ usqen? ~sqianar+ | <(g),5q'<t)> d.

The second integral equals <(§) 0q(T) — dq (0)> =0.

(c) Forthe given variation, one has ¢ (1) = 7 > ncy cos (%”), therefore X (dq)
equals

i z/r[ﬂz 5 z(ﬂnt) ) 2(7Tnt)i| ds i cﬁ( 22 72
c —n”cos” | —— ) —sin” { — =>» Z(nn"—T7).
— "Jo LT? T T — 2T

(d) For T € (Im, (I + 1)m) and I € Ny, one has m2n* < T? if and only if n <.
On the subspace determined by ¢, = 0 (k > [), the quadratic form X is there-
fore negative definite, but there is no higher dimensional subspace of such
variations. O

2
— 5q§(z)] dr

Exercise 8.21 on page 171 (Tautochrone Problem):
In analogy to (8.3.6), the time that elapses between the start at point (xp, yp) and the
arrival at the lowest point (r, —2r) is given by

F(30) / LY /\/ ’ d
= - ax = X,
Y= oV 2900 — Y () AN OT® — )

where we have used that the start velocity is O; the differential equation (8.3.7) of the
brachystochrone has also been used in the manipulation. Substituting the y-variable
yields

’f( )_/—Zr 7 dy _/—Zr\/ 7 q
=L Voo =0 [c1-z R TR P Y

"
gz(1—2)

Substituting z := 2);?-:;0’ hence y = yo — z(2r + yo), yields T (yo) = fol

dz=m \/5 , which is independent of yy. O

Exercise 8.23 on page 174 (Length Functional and Euler-Lagrange Equation in
Polar Coordinates):
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(a)

(b)
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The polar coordinates (r, ¢) € (0, 0c0) x (—m, m) of the plane with a cut are
related to cartesian coordinates by x; = r cos(p), x, = r sin(p). Therefore,

X1 =Fcosg— prsing,x =rsing+¢reosp, and %[> =i 4 r’¢°.
Therefore, the Lagrange function L(x, X) = %ch |? is of the form

Hgrr (r @)% + 20,5, ©)FG + gy o(r, 0)$7)

with g., =1, g,, = 0, and g, ,(r, ) = r2. Using that ¢"" = 1, ¢"¥ = 0, and
g¥%(r, ¢) = r—2, formula (8.4.2) for the Christoffel symbols yields

; 1 :
F;yp(r’ 80) =—-r , F;’jlp(}’, QD) = ; = F;i_r(r’ (10) )

whereas I}, =T/ =T} =T¢ =T/ =0.

With the above form of the metric tensor in polar coordinates, the length
functional is of the form ft(t)‘ % @) dt = f: V2 +r2p?de. By (8.4.3), the
Euler-Lagrange equations of the energy functional in polar coordinates are
F4+ T, p)* =0, ¢+ 207,(r, )i = 0, hence

2
F=ro* and @=—"F¢. O
r

Exercise 8.26 on page 176 (Geodesics on Surfaces of Revolution):
The condition R(x3) > 0 that the profile is positive is important because otherwise,
M is not a manifold.

(a) In the formula for the Christoffel symbols,

09gi4 _ 891',]' ..
my>&y0@mawu

991,
F,]fj(x) = Z %gk,l(x) (W](X) +
)i 1
the metric tensor is g(x) =

, , . R'(z) cosp —R(z)sinp 2
R'(z)cosp R'(z)sing 1 e _ [ R'@)*+1 0
(7R(z) sinp R(z) cos¢ 0) (R (Z)lsmw R(Z)OCOS/’J ) - ( 0 (R(z))z) ’

X1 R(z) cos ¢ .
because (;z) = ( R(z)sing ) Therefore, the Christoffel symbols are
3 z
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z 99 _ R'(2)R"(z)

9y
FZ :l <5 — , z :F,z :_l 2,2 2,2 ZO,
2,2 2g (92 (R/(Z))z + 1 2, .z 2 _8go
re = _lge 99p.p _ R(2)R'(2) L Te = _Lge d9g... o,
P, 2 32 (R’(Z))z +1 z,2 2 a(p
re,_=r¢_ = %g%’p—ag%@ = R'@) , rv — %gw,ap 99¢.¢ —0.
R 9z RG) #e dp

The general equation for geodesics is ¥ + 2, i Ffj)'c,»)'c ; = 0, which in this con-
text translates to the claim.
(b) A meridian v: I — M is of the form

R(z(1)) cos ¢ . R'(z(1))z(t) cos ¢
y(t) = | Re@)sing |, hence Y(7) = | RGc®):ising | .
z(t) 2(0)

To parametrize by arclength means to require ||(¢)|| = 1 for all . This means

-1

1= 14017 = (@) ((R'z0)* + 1) , hence (:(1))° = ((R'(z(1)* + 1)
(H.8.1)
We observe that z(z) 7~ 0. Taking the derivative yields

2O = —((R'(z(1))* + 1)*2 R'(z(1)) R"(z(1)) 2(1) .

Together with (8.29) and ¢ = 0, one obtains the geodesic equation for z. The
geodesic equation for ¢ is trivially satisfied.
(c) Parallels of latitude v: R — M are of the form

R(z) cos p(t) . —R(2)p(t) sin (1)
Y(t) = (R(z) sinw(r)) ,hence ~(t) = ( R(2)¢(t) cos )
z 0

By the geodesic equation for z, and z = 7 = 0, it follows that R'(z) = 0. By the
geodesic equation for ¢, the curve v is parametrized by constant velocity. [

Exercise 8.35 on page 183 (Refraction):

1. We have V,L(q, v) = n(g)*v and Vy,L(g,v) = n(g)|lv|I*Vn(q), hence

d . Ny 2.

37 VoLta.9) =2n(q) (Vn(q). 4) ¢ +n(q)°q .

and (8.6.1) follows after division by n > 0. So L is constant along solutions:

d . .

aL(q(tL U(t)) = <VUL(q7 U), U) + <VqL(CI» U), CI) =0.

Assuming now that n depends only on y, (8.6.2) follows by the substitution
y(x(t)) = y(¢) of the independent variable x from (8.6.1), as written in the form
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n(M¥=-2n'(Miy , n(i=n'() G -5,

because (1) = }’(x(t)))'c'(t) + )'c(t)zjz”(x(t)).

2. Thus evaluating (8.6.1) for a refractive index n that depends only on the y

coordinate yields the differential equation

s . d,, .
2n'(y)yx +n(y)X =0 ,or a(n (»x) =0. (H.8.2)

Therefore, X = c/n’*(y) with some constant c. Integration in (H.8.2) was possible

due to the translation invariance of the Lagrangian in x direction.

Substituting ¥ = ¢/n%(y) into the constant Lagrangian L = £ € R* yields the

relation 1 + (y'(x))* = i—fnz(y), in other words,

, 2¢
Y@ =+ /Zn20) - 1.
C

This differential equation can be solved by separation of variables. For n of
the form (8.6.3), that is n(y) = ng + ky, one obtains (8.6.4), substituting Z :=

Ly 4 kY): E(x —xg) =

z(x)

_ c
role)) ay ¢ ) _dz arcosh(Z)

- o) V3 (no+kY)2—1 BN BV k</20

3. With the given coordinates for the points a;, the travel time is

2(x0)

2, 2 242
ar—a a —a \/x0+y| \/(xz—xo) +y;
lar — aoll n laz — aoll _ n '

C1 C2 Cl (&)

T(ap) =

Denoting this function, which only depends on xg, as # (x), we obtain #'(xy) =

SRAL — 32 since sin o = —2= and sin qp = —=2=

c ¢ L ERG N (2=x0)*+y3

mal 7, one must have #'(xg) = 0; hence Snell’s law of refraction.

Exercise 8.41 on page 185 (Reflection of Light in a Cup):

. So for a mini-

(a) The rays that are parallel to the 1-axis and hit the circle at A(yp) := ( sing ) with

cos

@ € [0, ] will be reflected at the normal A(y). So the reflected rays have the
direction A (3 + 2¢) = C(2¢) with C () := (%7 ). On the other hand, using

—sing

addition theorems of trigonometry, it follows that the reflected ray intersects S'

the second time in the point A(3p) = A(p) + 2sin(p) C(2¢).
(b) From JA(y) = —C(p) and %A(gp) = C(yp), it follows that

d
<@Bz(¢)»J(A(3<P) —A@))) = (tC(p) +3(1 = 1)CBp), C(p) — C(3p)).
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For t = 2, this equals 2 (C(p) + C(3p), C(p) — C(3p)) = 0.
(c) The caustic is therefore the curve ¢ — Bs4(¢p). It is exactly when ¢ = % that
%33/4(30) = %(C(g&) + C(3g0)) = 0. This corresponds to the point

(6 (5))-(0)

This is the focus, where the parallel rays will meet. (]
Exercise 8.42 on page 187 (Linear Optics):

1 AnA

e First, indeed N = 0 1 € Sp(4, R), because A is symmetric and the con-

dition from Exercise 6.26 (b) applies.

e Atthepoint (O(q), q) € R® of the interface, the normal points in direction (Jm) +
O(|lg|1?). Let the ray in the first medium have direction v| := (pl}n])/H (p]}m) Il
then after the refraction in the interface, the direction v, := (m;m) / ||(p2}n2)||.

By Snell’s law, with the unit normal vector e(g) at point (O(q), q), it follows

that the tangential components given by w; := v; — (v;, e(¢q)) e(g) are related
by nyw; = nyw,. Here we have e(q) = (_i‘q) + O(llg]1?), because ||(_1\q)|| =
1+ O(llg]?). Thisimplies w; = v — (_} ) + OUxI») = (%) + O],

where x = (p, ¢) € R? x R?isthe applicable pointin phase space. Thus by Snell’s
law,
pr=pi+AnAq+O(x|?) ,with An:=n;—n,. O

Exercise 8.45 on page 188 (Optical Devices):

1. The eyepiece, which is the lens of the microscope that is adjacent to the eye,
is a thin lens with focal distance fey.; and for the objective, which is the lens
facing the object, we denote the corresponding quantity as fob;. In order to have
a relaxed view at the object, the rays that leave the eyepiece after coming from
a point in the object are to be a family of parallels. We can achieve this by
adjusting the distance d between the lenses. With distance d,; between object
and objective, one has the following matrix M, of the microscope:

1 _l/feye 10 1 _l/fobj 10
0 1 dofJlo 1 dopj 1

( 1+d (dobj— fobj) —dobj ( feye T fobj)  d— feye = fob; )

feye fobj f;eye foh]
d

ddop;
d+ dObj - fob_]l"J T b

According to our specifications, the light emanating from a point has to be paral-
lelized by Mgy, i.e., My(() = (?,) So the top left matrix entry has to vanish, which
happens for distance d = feye + bopj With image distance by, of the objective.

Choosing this parameter in My as d = foye + jz%f;bjb, it follows that
obj — Jobj
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0 fobj
M, — (dobj— fobj) feye
d = 1. _ dobj feye 1 fere + dobj .
e foby fobj T fobj—feye

Multiplying a change of ( Aoq) in a point of the object by M, results in a change
of my, Aq to the angle of the outgoing ray with respect to the optical axis. If the
object were viewed with bare eye at a distance D (for instance D = 25 cm), this
change in angle would be %. Comparing the two yields the magnification of
the microscope to be a factor

d— feye - fobj
feye : fobj

-D.

For instance, for focal lengths fonj = feye = 25 mm and lense distance d =
30 cm, one obtains the object distance dqp; = 27.5 mm and magnification by a
factor 100.

. Optometrists prefer to calculate in diopters, which are reciprocals of the focal

lengths (with the unit 1 dpt = 1/m). Ascanbe seenin (8.7.5), these quantities add
1
when lenses are combined with distance d = 0, because Ly = g (7'1 +ﬂ7'2) I

For positive distances d, one can read off the Gullstrand formula for the total
refractivity Dyo:

Dyt = Dy+ Dy —dDD, ,for D;:=1/f;.

If D, is the refractivity of the eye (i.e., of the combination of cornea and lens),
and Dy the reciprocal of the distance to the macula, then the eyeglasses needs
to have D, = D “"—D L diopters to correct for far view.

This formula also apphes separately to the two refractivities of the astigmatic
eye, because the main axes of refraction are orthogonal to each other (see also
Example 8.24).

Typical values are Dy, = 60 dpt, and the distance between eyeglasses and cornea
is d = 14 mm. For contacts, one has d = 0, and the necessary refractivity
changes accordingly. (]

H.9 Chapter 9, Ergodic Theory

Exercise 9.6 on page 194 (Invariant Measure):
On its intervals of continuity, the Gauss map 4 is equal to the maps

hy: (5. 2] = 10.1) . x—>1—n (eN).
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These maps have as inverses the maps f,, : [0, 1) — (m, %] y — }ﬁ The image

(i.e., push-forward) of the measure whose density is x m has therefore the
density

nd 1

oo 7 —1 o0
z |fn(y)| Z — Z(;__l ) = —
ot 1+fn(y) o (}+n)(}+n+1) - y+n y+n+1 - y+1

n=1

at location y € [0, 1).
Therefore the measure is invariant under the Gauss map. y is a probability measure
since fo 7 dx = log 2. O

Exercise 9.10 on page 195 (Phase Space Volume):
For energy E < 0, the volume of the domain in phase space below E equals

V(E) = X"(H™((—o0, E])) =/ - dpdg
Bier-ve 7 prm

|~1/a

|E
_v(n)s(nfl)/ P 1(2(E~|— 7a))”/2
0

where v = M\ (B}) denotes the Lebesgue measure of n-dimensional unit ball, and
s"=1 denotes the measure of S"~!. At radius r = 0, the term under the integral

is asymptotic to 2"/ r"(1=9)=1: therefore, this term is integrable exactly when a €
(0,2). O

Exercise 9.23 on page 203 (Decay of Correlation): This exercise is based on [BrSi].
We use the orthonormal basis e; of characters from (9.3.5).

(a) We need to control the expression (f, U"g) — (f, 1)(1, g)

(3 A X geed )= 3 free. 1)1 3 grer)

keZ? Lez? keZ? LeZ?
= > fk§<€k(X),e(fT)ng(X)>— fogo = D fiGi -
k,CeZ? keZ2\{0}

(b) We view this sum as a scalar product and apply Holder’s inequality, and the last
inequality from the hint; the latter is seen by inserting x: for x > y > 1, one has
xy > x> 32
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D ST = 2 Ukl fOUT k70 (KN T k1) ™

keZ2\{0} keZ2\{0}
1
<1 (X akITE )
keZ2\ (0}
1
=L (X Ukl + 17kl7) (H9.1)
keZ2\{0}

1 1
where L = 2(Xscza o) IKIZLfil?) * (nezay o) Wl2lgnl*) *. We have L < oo
since the £7 spaces are monotonic with respect to p, in particular £%(Z*) C
£4(Z?). The claim follows.
(c) e First consider even n = 2m. We have to estimate the terms | k||, + || 7~"”k||2 in
(H.9.1) from below, and we use & := T"™k to this end:

IT" Ry + IT k], = C Tk g + IT "Rl g)
= CT Oy + N ANl 4+ N gl 4+ A" 1 1)
> C'\N"||hll g = C2N"|R, -

As the mapping k — h = Tk is a permutation of Z? \ {0}, we obtain

(LU = (L)l = LA (3 Imig?)
heZ2\{0}

e For odd n = 2m’ + 1, we obtain analogously

7"l + 1T hlly = € AT Al + 1T " )
= CT O hglly 4+ X Ml + N Al 4 A" (L)
> CT'N" ||kl g = CTAN" A,

1
r

hence | (£, U"g) = (£, {1, )] = C2 LA™ (20 I115*)

e Fromm = 5 = |5] and m’ = % = | 5], the claim follows. (|

Exercise 9.25 on page 205 (Product Measure on the Shift Space):
e The cylinder sets form a family S of sets that generates the o-algebra M. First, if
A, B € S, then there exists T € N with

pp (P (A) N B) = pp(A) pp(B) (It = T)

for the product measures fi,. For the cylinder sets A = [y, ...,Tj]:-” ! and

B =I[ki,..., k]!, this occurs for T := max(¢ +i —k, k+ j — 0).
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e Now if A, B € M, then for all ¢ > 0, there exist elements A, B of the algebra
A(S) generated by the cylinder sets such that the symmetric differences satisfy
u,,(A A A) < ¢ and u,,(B AB)<e¢ (see for instance ELSTRODT [El]). For this
pair, there also exists a minimal time T such that

pp(®:(A) N B) = p1,(A) pp(B) (1t = T).
On the other hand, since
(®:(A)NB) A (D,(A)NB) S (P,(A) A &,(A)) U (BAB)

for all times 7, the measure of the left hand side is less than 2¢. Now if || > T,
then it follows that

|11p (P:(A) N B) — pp(A) pp(B)| <
|14 (©:(A) N B) = 1, (@4 (A) N B)| + |11, (@, (A) N B) = 1, (A) 1y (B)|
+ 11p(A) = 1y (A pp(B) + 11, (A) |11y (B) — 1, (B)|
<2e4+0+e+e=4¢c.
As € >0 was arbitrary, it follows that limj_ u,,(@l(A) N B) = pp(A)
top(B). O
Exercise 9.27 on page 207 (Shift Space):

e We begin by finding a single point m = {my}rcz € M for which the averages have
the interval [—1, 1] as the set of cluster points. To this end, let

) Jkef{—1,0,1}
k= (—1)llog:(log, IkD) JkeZ\{-1,0,1}.

Now we choose the subsequence n, := 2*") and note for a € N, that

kG{nza,...,n26,+1—1} = m; =1
k e {nst, ..., n2q2 — 1) = mp =—1.

This allows us to estimate the averages for the subsequence:

a—1
A, £om) + 11 = |71 30257 o @t m) + 1]
1 naa-1—1 N2a—
< Zl+’ Zfocb(m)—f-l‘
M2a =0 R
< Mot g | M0 M2 1‘ <Mt _ — pl+2" l2¢ _ 21—2"’1 4= 0,
N2q n2q N2a
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ie,lim,_ o Ay, f(m) = —1.Likewise we obtain lim,_, o, A,,,,, f(m) = 1. This
shows that +1 are cluster points of the sequence (An f (m))neN. Since

n—1 n
Anf o) = Aua S = |23 o T'm = ——= 3" foT'm)
=0 t=0

1 n—1

1 t
s(;—nH);voT(mn

n—1 n

1 2
oT'(m) — oT’m‘<_,

”+1’t§_of =X form]| = o5

+

all points between —1 and 1 must be cluster points, too.
e Now we have to extend {m} C M to a dense subset U of M. We define for all
m' e M:

my k| <s

X" e M with x,'(",’x = I (s e N,k € Z).

m k| >s

Thus lim,_, oo x™* = m’. Theset U := {x™* € M | m' € M, s € N} is therefore
dense in M and has the desired property of the cluster points. O

Exercise 9.35 on page 211 (Birkhoff’s Ergodic Theorem for Flows):

e The flow ® : R x M — M is continuous, hence measurable. The time-r map-
pings ®; : M — M (t € R) preserve the measure p. So we can apply Fubini’s
theorem for all 7 > 0 and for the restriction Ay of the Lebesgue measure to [0, T'];
f[O,T]xM foddArdy = TfM fdu = fM(f[O,T] fo®(t,m) d)\(t))du.

In particular, the inner integral exists for p-almost all m € M.

e For p-almost all initial conditions m € M, we can estimate the integral over time

fOT f o ®(¢t,m)dt by the one whose upper limit is an integer, because, letting

G:= [} |f o ®|dr € L'(M, ), one has
T \T]
‘/ fod(t,m)dt — fod(t,m)dt| < God(|T],m). (H92)
0 0

Since by Birkhoff’s ergodic theorem (Theorem 9.32), G (m) exists for p-almost
all m € M, the proof of Lemma 9.28 also yields

lim %G o®,(m)=0  (u-almost everywhere).
n—o0

Therefore, from (H.9.2) and the ergodic theorem, it follows p-almost everywhere:

1 7]

T
lim —/ fod(t,mydt = lim — fod(t,m)dt = F(m)
T—oo T Jg T—o0 0
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with F = fol fo®,dr € L'(M, ju). Therefore, f = F holds p-almost every-

where. The remaining claims about f follow by the ergodic theorem and Remark

9.33.1 from the analogous claims for F. (]
Exercise 9.36 on page 212 (Normal Real Numbers):

e The mapping
T:-M— M , x+—>2x (modl) onM :=10,1)

is ergodic, and even mixing with respect to the restriction to M C R of the T-
invariant Lebesgue measure \. This is because L?(M, )) is spanned by the func-
tions ¢, : M — S!, e;(x) = exp(2mikx) (k € Z), and ¢; (T(x)) = ey (x).

e The set N C M of numbers whose dyadic expansion is not unique (namely those
whose period is either 0 or 1) is countable, hence its Lebesgue measure A\(N) = 0.
Moreover T(N) = N.

e Since T acts, in the dyadic representation, as a shift by one digit, we consider the
function f := ]1[0.%) e L'(M, \).

By Birkhoff’s ergodic theorem (Theorem 9.32), the time average f (x) of f exists
for A-almost all x € M. According to the remark above, it can be interpreted as a
frequency for A-almost all x € M. By the ergodicity of 7', it equals, for A-almost all
x € M, the space average [,, fd\ = 1. O

H.10 Chapter 10, Symplectic Geometry

Exercise 10.8 on page 220 (Particles in a Magnetic Field):

(a) @« The form wp =wo+ Bidgx ANdqg;+ Brdgs Ndq,+ Bzdg) Ndgy €
Q*(P) on the phase space P = Rf] x R with the symplectic form wy =
Z?:l dg; N dv; is closed because of the hypothesis div (B) = 0 and

dwp = dB, /\dq2 /\d6]3 +dB, /\dq3 /\dql + dB; /\dql /\dq2
= div(B) dql AN qu A ng .

e wp is non-degenerate because, given a tangent vector X # 0 at (¢, v) € P,
there exists some i € {1, 2, 3} for which the a%- component of X doesn’t

vanish, or else, the %—component of X doesn’t.
In the first case, we set Y := %,
wp(X,Y) =wo(X,Y) #0.
() With X = 37 (X2 + X" L) and ¥ = 30 (¥ & + 77 ), one
has wp(X,Y) = (X@,Y®) — (X®, YD) 4 det(B, X, YD),

in the second case Y := % In either case,
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(c) dH(q,v) = >,_, vidv;, hence dH(Y)(q,v)= (v, Y® (g, v)). Comparing
coefficients in wp(Xy,") =dH and using wp(X,Y) = (X2, YW)+
(B x X@ — X®_ y@), one obtains X@ (g, v)=v, X (g, v)=B(q) x v.
(d) From (c), one obtains the equations of motion under the Lorentz force (see
(6.3.14)):
g=v , V=B(g) xv |

Exercise 10.30 on page 229 (Sphere and Cylinder):
The total derivative of the mapping F : Z — S at position x € Z is

wo —52
DFy=\ow —23 s
00 1

where the abbreviation w := /1 — x§ > 0 was used for the square root.

The area element ¢ on the cylinder at x € Z is given by
SDJC(Ys Z)Zdet(ivya Z) (Ya ZETXZ)a

where X := (% ) is the radial component of x. This yields

w

wr) (DF(Y), DF((Z)) = det (xzw Yaw—Y 23 Zyp-7,25

w

X3 Y3 Z3
= x1(Y2Z3; — Y3Z)) + xo(Y3Z1 — Y1Z3) = o, (Y, Z) .

xiw Yiw—Y33 z,y—73 8 )

In calculating the determinant, we have used that for tangent vectors Y, Z to the
cylinder, the 3-component Y, Z, — Y, Z; of the cross product is 0. O

Exercise 10.45 on page 240 (Representation of the Flow by Generating Func-
tions):
(a) The generating function H : (—7/2, 7/2) x R* — R also is continuous with

respect to time, because lim,_, o H,(p, q) = Ho(p, q). According to (10.5.1),

_ _Po
cos(t)

Di —qtan(t) , g =qo+q (1 ) + potan(z)

B cos(t)

hence g, = go cos(t) + posin(t), p; = pocos(t) — qgo sin(z).
This is the solution to the differential equation for the harmonic oscillator with
Hamiltonian H,.

(b) The solution to the Hamiltonian equations for the quadratic Hamiltonian Hy(x) =
% (x, Ax) and initial value xo = (po, qo) is given as x; = (p;, q;) = exp(JAt)xo,
hence is linear.

Therefore, there exists a time 7 > 0 such that for all || < T, the position at ¢ as
a function of the initial values has the property that D,g;(po, qo) is of maximal
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©

rank (i.e., rank n). By the implicit function theorem, we can invert the relation
and find a smooth mapping Q, : R? — R", go = Q,(po, q;)-

The generating function H, satisfies the integrable relation DH,(py, q;) =
J (%), whose right hand side is known. H, is determined by the conven-
tion H;(0) = 0. Asx; = exp(JA1)xo, it follows that lim, o == = JAxo, hence
lim,_,o DH;(x) = Axp. This in turn can be integrated to H (x) (x Ax).
The anharmonic oscillator has a Hamiltonian

Hy:R*—> R , Ho(p,q)=3p°+V(g) with V(g):=1(g”>+qg") >0.

By Theorem 11.1, Hy generates a flow ® € C'(R x R?, R?). As V'(¢q) = ¢q +
247 is an odd function of the position ¢, with V'(¢) > 0 for ¢ > 0, the point
(po, g0) = (0, 0) is the only equilibrium.

Since moreover, limy . V(g) = 400, the energy curves H, : (h) c R? are
diffeomorphic to the circle S! for all 2 > 0. So all orbits are periodic. The period
is a function T : (0, o0) — (0, oo) of the energy 4. We obtain limj, ., T (h) =

0 because, denoting the maximal elongation as c(h) := / ¥—5— '+8 =

Q := q/c(h), we have the formula for 7 (h): it equals

and letting

e(h) c(h) !
/ dg__, dg _ 2 / —do
e da/d o =gt e o [T (ey

As h — o0, the limit of the integral is fol > 0, which implies the claim

—04
limj,_, » T (h) = 0. But this proves that (in contrast to (b)), for the anharmonic
oscillator, the implicit equation go = Q,(po, q;) cannot be solved on the entire
phase space for times ¢ in any interval (=7, T). (I

H.11 Chapter 11, Motion in a Potential

Exercise 11.2 on page 243 (Going to Infinity in Finite Time):

o If ¢ >0, then V € C®(R?, R) is nonnegative. Therefore, by Theorem 11.1, the
Hamiltonian differential equation (11.1.2) generates a flow.

e For ¢ < 0 and a solution x = (p, q) : I — P, we consider the function f : [ —
[0, 00), f(t) =1+ |lg(®)||*. The energy is constant in time, and for initial condi-

tions (po, go) with po = +/2(E — V(qo))

”q i # 0, one has H(x(t)) = E. More-

over, p = —2c(1 +¢)(1 + ||¢11>)?q, and therefore p(¢) and g(¢) lie in span(qo),
and their absolute values increase with time. So if £ > 0, then f satisfies the
differential inequality

F(0) =2(q@), p()) = 2J/2(E + lc|(1 + gD *) lg)|l > kf ()2
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with k := /[c[min(1, [|gol|), because [|g(1)[|I> = (1 + [lg()|*) min(1, lIgoll*).
The corresponding differential equation ¢'(¢) = kg(t)'*/? has the solution g(¢) =
( ) — ) : , so it diverges at time 29(0) . Letting g(0) := £(0), it follows that
fort €I, t > O one has f(t) > g(t) as well This implies the divergence of f in
finite time.

A modification of this argument shows that solutions for energy E < 0 also di-
verge. (|

Exercise 11.15 on page 253 (Ballistic and Bound Motion):

(a) We shorten the closed curve ¢; : S' — T, ¢,(¢) = t £ in the Jacobi metric and
obtain a closed geodesic ¢; : ' — T as in Theorem 8.33.
According to Theorem 8.31, this geodesic corresponds to a time-periodic solu-
tion curve 1 > ¢(t, Xo) with initial value X, € H! (E) and period T > 0.
The claim of the theorem applies to every initial condition xy € X with projec-
tion (xp) = Xo.

(b) Let V e C%([0, 00), (—00, 0]) be a real function with V'(0) = 0 and V (r) = 0
for all r > R > 0. Then for dimension d € N and the lattice £ := 2RZ¢, the
L-periodic potential

VRIS R L Vg = V(g -t
tel

is also twice continuously differentiable. Moreover, V (g) = 1% (g ifliqll < R.
Ascanbe seen by considering the effective potential (see page 328), ford > 2 and
appropriately chosen V and E > 0, there exist initial conditions xo = (po, qo) €
Y g such that ||g (¢, xo)|| < R for all # € R. The set of these initial conditions has
even positive Liouville measure. (|

Exercise 11.19 on page 255 (Total Integrability):

Write the separable potential as V (g) = Zf:l Vi(g;) with T;-periodic functions V;.
Then the regular lattice £ := {(k, T}, ..., kqT) " | kj € Z) C R? is the period lattice
of V. For initial value xo = (po, q0) = (P1,05-- -, Pd.0> 41,05 - - - » 44.0), the solution
has then the form (p(¢), ¢(¢)), where (pi (1), qi(t)) solves the Hamiltonian equations
for H; : R > R, H;(pi,q:) = 3p} + Vi(q).

Ford > 2,totalenergy E > Vi = Zl 1 Vimax-and j € {1, ..., d}, wecanchoose
initial - conditions (p?,¢®) e Ry x RY  with  H;( pgo), qio)) Vi max and
H; (pl(()), ql(o)) > Vi max foralli e {1,...,d}\ {j}. If the term V; in the sum is not
constant, we may assume pﬁ.o) > 0. In this case, even though ¢ — ¢q;(?) is strictly
increasing, it is bounded. This is incompatible with a conditionally periodic, hence
non-wandering*} motion on a torus.

Remark: While the motion in such a separable potential is not completely integrable,
those points in phase space that do not lie on invariant tori form a null set. Values

3 Definition: A point in a topological dynamical system ® : G x M — M is called wandering if
it has a neighborhood U C M such that U N &;(U) =@ forallt > T.
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of the energies H; that are strictly smaller than V; ., correspond to invariant phase
space tori that do not project diffeomorphically to the configuration torus R?/£. [
Exercise 11.21 on page 256 (Constants of Motion):

e The total momentum py satisfies

Py =D p=—D_ Y V(g) = ZZ T —q) =0
k=1 k=1

%
ot oz e — aell

e gn(p,q;t) = # > iy (my g — pi 1), the "center of mass at time 0’ on extended
phase space, depends in fact explicitly on time ¢, but

k=1

N N
. 1 ) ) 1 Dk
gy = — ) (mpqr — pit — pr) = — (mk—+V V(q)—pk)
N my k; mpy Z myg %

= _ by _

my :
e The components of the total angular momentum are constant as well, because

n
Lij= Z(ék,i Pi.j + qi Pr.j — dk.j Pri — qk.j Pr.i)
k=1

(1 1
= Z(m_kpk,i Pr,j — ki Og; V(q) — my Pied Pl + 4k qk,,»V(q))

mpgniy
= ZZ i E [9x.i(qe.j — qx.)) — ax.j(qei — qr.)] =0
k=1 ek Ik T e

e The choice of constants py =0, gy = 0 implies > ;_; mxqr = 0. Since these
single equations are linearly independent, we have thus defined a 2(n — 1)d-
dimensional submanifold of the phase space P.

e For one particle (n = 1), this submanifold is a point, and there are exactly 2d
algebraically independent constants of motion.

e In the case of n = 2 particles, we can pass to relative coordinates (p,, q,) €
T* (Rd \{O}), and in these, the motion of a particle is like the motion in the field of

ol mym,
2m, llg-Il >

nymy
my~+my

with m, =

a central force. Its Hamiltonian is H,(p,, g,) =
being the reduced mass (see Example 12.39).
In d = 2 degrees of freedom, we have (dropping the index r):
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prdpi+ padps | mimy
(dH AdL)(p.q) = ( m ||cl1||3

ANq1dpz + p2dq1 — g2dp1 — p1dqn)

(q1dq1 + g2 dqz))

mymy

2
a4 Ad‘h) + > foj(p.@)da; Adp; .

={q. p) (dm Ndpy —
ij=1

So the two constants of motion H and L are algebraically independent.

A similar consideration for d = 3 also yields that H and the ({) components

L;; (1 <i < j <d) of the angular momentum are algebraically independent. A

fortiori, the same applies for n > 2.

We have 2d + 1 + (‘21) = (d;rz). So for d = 2, we have (d;rz) = 6 independent

constants of motion, and for d = 3 we have (d"zq) = 10 of them. [l

Exercise 11.22 on page 258 (Laplace-Runge-Lenz Vector):

(a) The time derivative of the Laplace-Runge-Lenz vector is

d « L(x) —qz) Igl>p — (p.q) q
—A =7 —= - 1=0,
ar (||q||3(q1 Iql® )

with x (1) = (p(t), q(t)).
The pericenter g of the orbit is distinguished by satisfying (p, g) = 0 and at the
same time having a positive radial acceleration:

ld—2|| O = Ilp@))* - >
2qp2 T = AP lg)l =

Then (A(x), q) >0, and A is parallel to g.
(b) At the pericenter (and therefore due to (a) along the entire orbit),

1AL (4.4) _ e/z-ql _,
z Zlqll llqll ’
2 .
because the eccentricity is e = ZZ_R — 1 according to 1.7. (]

Exercise 11.25 on page 263 (Regularizable Singular Potentials):

1. Denoting the angular momentum as £ > 0 and substituting r = k= R, the angle
of deflection as viewed from the origin can, for the a-homogenous potential, be

written as
o0 dR

Ap(E, £) =2 / .
Run R\2E€F% +2Z R0 — |

Therefore, Ap(E,04) =2 [ with Ryn = (2Z)" 74

dR
win Rv2ZR?>-4—1’
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The substitution R = (ZZ)_ﬁu shows that the angle of deflection is inde-
pendent not only of E, but also of the charge Z > 0, because Ap(E,04) =
2 [ —2 — with upmin = 1. Therefore, Ap(E,04) = 5=

uNur=4—1

Ap(E, £)is oddin £, therefore lim; g Ap(E, £) = —227”0. These two angles are
equal modulo 27 if and only if @ = 2(1 — 1/n) for some n € N.

2. According to Remark 11.24.4, we have to parametrize the orbits of the geodesic
flow W on the unit tangent bundle 7; 5¢.

(a)

(b)

For d = 2, this can be done by the mapping
T\S*— S* , (x,y)—>xXxy.

This mapping is W-invariant, because, letting (x (1), y(t)) = W, (xo, yo),0ne
obtains

x(1) x y(t) = cos>(t)xo X yo — sin®(t)yo X X0 = X0 X Yo .

Different orbits lie therefore in different oriented planes. So the orbit space
is the sphere S2.

Ford = 3, the orbit spaceis (analogous tod = 2) the Grassmann manifold of
oriented two-dimensional planes in R*. The plane containing the trajectory
with initial condition (x, y) € T;S> is spanned by its orthonormal basis
(x, ). The mapping

CI)ZTIS3—>S2XSZ s (xvy)'_)(x)}*’y*x)’

in which we have identified points (a, b, ¢, d)" € R* with quaternions x =
(b ctdt) € H, maps T1S° into $? x §2, because ||mnl|| = ||m||||n|| for
m, n € H. Moreover, for (x(1), y(t)) = ¥, (xo, Yo),

x(D)y(t)* = (cos(t)xo + sin(t) yo) (— sin(t)xo + cos(t) o)

= sin() cos(t) (yoy§ — Xox3) + cos®(t)xoy§ — sin® (1) yox§ = X035

This is because ||xo|| = ||yoll = 1, hence xox§ = yoy§ = 1, and xoy§ =
—yox$ € IH, because the vectors are orthogonal, hence tr(xoy§) = 0. Anal-
ogously, y*(¢)x(t) = y§xo. So we can factorize the mapping ® through the
rotation W.

For a quaternion z € H of norm ||z|| = 1 and the image («, v) := (xy*, y*x)
of the mapping ®, one has

z—uzv =2({z, x)x +{(z, ) y). (H.6)

Therefore, the plane spanned by x and y can be reconstructed from the
image. Since
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D(y,x) = (yx*, x%y) = —(xy*, y*x) = =@ (x, ),

we also obtain its orientation.

Hence ®/S! is injective. Surjectivity also follows from (H.6), by choosing
(u, v) € §? x §? arbitrarily.

Hence ®/S! is a diffeomorphism.

(c) Since (11.3) regularizes the direction of the Laplace-Runge-Lenz vector,

this vector itself can be regularized, too. The formula for A given in the hint
follows therefore from the formula ||fi||2 = 2||£ ||21:I + 72 for A, which
was proved in (11.3.13).

Therefore, for E < 0, we conclude ||A] < Z.

For ||[A|| < Z,theellipse is not degenerate, and there are exactly two periodic
orbits with the same value of A in Y.

In contrast, the vectors with ||A|| = Z correspond to collision orbits, namely
those periodic orbits in X g that coincide with their image under time reversal
(Definition 11.3).

Therefore the orbit space consists of two discs that are glued along their
boundaries, which is S2.

Conversely, ||A]| > Z if E > 0, and in this case, the orbit space is a cylinder
S' x R. O

H.12 Chapter 12, Scattering Theory

Exercise 12.7 on page 282 (Asymptotics of Scattering in a Potential):

1. By reversibility of the flow, it suffices to show the existence of the Cesaro limit

pT(x0) = limr— o0 & [ p(t, x0) dt for all initial data xo € P.

e For £ > 0and x( € szf, this Cesaro limit exists by Theorem 12.5.
o If xo € b™, then p*(xp) = limr_ 1o

T
Q(—T’X“) = 0, because

lim sup; |g(T, xo)|| < oo.

e For E > 0, one has ¥ = 5} Ub}L; whereas for E < 0, one has £z = b.

This leaves the case E = 0. In this case, ||p|| = +/2V(q) < c{g)~". If we
had lim sup;_, o, M > 0, i.e., if there existed kK > 0 and an increas-

ing sequence of times 1, — oo with ”q(’t—x‘])” > k, then one would in par-

ticular have the inequality (g (t,, xo)) > (Zk_c)l/ ° for all n > ny. But then,
g (tnt1, X0) | — 1Ig (2n, x0) || would be smaller than

It Iyt k
(2, xo)l dr < C/ (q(t, x0)) " dr < 5 (ntr =),
In

ty

and thus lim sup,,_, ., ”"(’;"—x")” < k/2, so this is impossible.
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2. We write briefly (p(1), q(1)) := (p(t, x0), q(t, x0)) andlet L(r) := q(t) A p(2).
Since by hypothesis, there exists a potential W with W (g) = W(Hq | such that
V — W is short range, W is automatically long range, too.
As we check the Cauchy condition for the limit of L, we find for 0 < #; <1,

IL(r2) = L)l =

analogous to (12.1.8). So the asymptotic angular momenta (12.1.10) exist. The
applicability to the singular molecule potentials (12.1.11) follows from the short

range property of the differences ”qf—kw — H%i_kH =0(lq1™. O

[2q@) AVV(q(0) di H

/fq(t) AV[V(q®) = W(q®)]dt

L

15}
< / (g)™ """ dt < ct;F,
n

Exercise 12.10 on page 285 (Scattering Orbits):

1. For given E > 0 and £ € R, there exists a minimum radius

Z n zZ? n £2 -0
Fmin = ——— — 4 —
e 2E 4E2 ' 2E ~
Forry > ry > rmn,there existtimes f, > f; > ty;, such thatthe orbitr — ¢(¢) €
R? realizes these distances, i.e., | (fmin) || = Fmin» g )] = 7.

It follows that 1, — t; = fr rlz W dr, because for times ¢ > tyin,

d (G(0). q(1)) ( z e )
ar 19O == \/ ol 2le0r)

2. Let t+— ( p(), q(t)) be a solution to the Hamiltonian equations with
lim;_, 1 o0 q1 (t) = +00. We consider the dynamics of the second coordinate on
the extended phase space R := R, x R, x R, (so we drop the subscript 2). This
dynamics is described by the time-dependent Hamiltonian

h:R—R , hip,q.t):=1(p*+4i()q%).

Similar to Example 10.44, we rewrite this time-dependent harmonic oscillator
in polar coordinates. To this end, we use the generating function

s(q. ¢, 1) = 3q1(1)q” cot().

We get the time-dependent canonical transformation
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p= s ,hence ¢ = arctan (ql (t)z)
Oq p
s ’
J = — ) h J =3 :
% ence (Cll(f)q + (t))

Thus h(p, q,t) = q1(t)J (p, g, t). The Hamiltonian k defined as

Os
k(o) = 10T + 5 — (@, . 1), ¢,1)
generates the dynamics in the new coordinates. Explicitly, it is

1‘]1()

k(J, 0, 0) =q1(t)J + 3 e

J sin(2y) .

So we get J = —%J cos(2p) and p = ¢ () + ;Z‘g; sin(2¢p).
Under our hypothesis that lim,_, ;, q;(f) = 400, the perturbation theory of
Chapter 15.2 can be applied to this system of differential equations.

Accordingly, by Theorem 15.13, there exists ¢ > 0 such that

|J(2) = J(1)| <

‘h;o) (t =10 € (0,91 (1))

Thus J is a so-called adiabatic invariant (see ARNOL’D [Ar2, Chapter 10E]). In
the limit of large f, it follows from the energy bound E > h(p(t), q(1), t) =
q1(1)J (p(1), q (1), 1) and g, (t) — +oo that J (p(10), ¢ (to). fo) = 0.

But then p(t)) = q(#p) = 0, and hence in the original coordinates, p,(t) =
q>(t) = 0 for all times ¢ € R. U

Exercise 12.13 on page 291 (Mgller Operators in 1D):
As the Mgller operators conserve the energies according to (12.2.2), one has

HO0Sx) =HQ0 Q) 'oQ (x)=HoQ (x) = HO®).

This implies for x = (p, ¢) € P\” and x' = (p', ¢') := S(x) that [p'| = |p|.

But for E > Vi, the energy shell £y = H ~I(E) consists of exactly two con-
nected components, for which sign(p) is +1 and —1 respectively. Since they are
invariant under the flow ®,, we infer p’ = p.

Since Vinax > 0 and we assumed E > V., the Lebesgue integral defining 7(p)
exists for short range potentials V. But for arbitrary intervals I := [gq1, ¢2] C R,

the time the free particle spends in / equals qf;ﬁ? , Whereas the time spent there

by the particle in the potential equals [ (2(E — V(q)))_l/ *dg; so the formula
7(p) = Ji [Q(E = V(9))™* = @E)""/2] dg follows. O
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Exercise 12.24 on page 298 (Scattering at High Energies):

(a) As E > ||V ||s, the direction 8(¢) := II%;H is defined for all times ¢. The rate of
change of the direction,

a9 —VV@0)lpl + <VV(q(f))’ uﬁ_ﬁml’(”
pri IO ’

[VVie ~ [IVVleo

has a norm that is bounded by || ” = PO = Vmin

, because ||p(t)| €

[Vmin» Umax]-
(b) For all times ¢t > 0, one has

t

lg@) —qO)| = ; p(s)ds

S vmax t'

A lower bound is obtained by projecting the orbit onto its initial direction. For
times ¢ > 0, one gets

lg®) = q @1 = {g() — 4 (), 25} = /0 (p)., ) ds

- [ <p(0>—/‘ V(g dr. ”ﬁ%>ds
0 0

> IpO)lI 1 = 3IVVieo? = t (Umin — 311V V l|oot) -

This bound is positive when ¢ < ”é”;‘il“m, and it is maximal for t = HVUW

(c) Now assume fy € R is a time when (p(#), g(t)) = 0. (If such a time f
should fail to exist, one instead considers a sequence (f,),cn such that
lim,, 00 (p(t1), q(t:)) = 0.)

The lower bound for E implies v2. > 4R||VV||wo.

mll’l —_—

From (b), we get for o =y + 2 T that )(q(zi) - 40, ”I;'E—g)u> > R; so the orbit
leaves the ball of radius R after time 7, and before time 7_, and it will continue
as a straight line outside this ball.

According to (a), the change in angle in the interval [7_, ¢, ] is at most

/ )
1

Exercise 12.35 on page 308 (Billiard Balls):

de 4R ||VV 2R||VV
il P ||2 oo _ 2RIVVlo -1 0
dr Vo E—|Vl]eo

min

(a) Denoting the positions of the centers of the balls in 1 dimension as g; € R (i =

1,...,n), we may assume that they are in increasing order for all times ¢. If the

Z“

radii of the balls are R, and gy : m”’k denotes their center of mass, then

the mapping
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(b)

Appendix H: Solutions of the Exercises

G g —2kR+ A with A :zzR% k=1,...,n)
=1
does not change the center of mass, but reduces the distances gx+; — gx by 2R.
Thus the dynamics gets reduced to the dynamics of n point particles (with radius
0), see the figure.

dk qk
N
~
/]
t t
Now if these particles have equal masses m :=m; = ... = m,, then their

velocities v; = p;/m; after a collision of the i and the (i + 1)% particle ac-
cording to (12.5.1) satisfy

and v, =0 .

+
v = i+1 —

i Vit
In other words, the particles exchange their velocities.
So if one graphs the positions ¢y, ..., g, as functions of time, one obtains n
straight lines, with vertical intercepts ¢; and slopes v;, see the figure. As n straight
lines intersect at most (5) times, (5) is the maximum number of collisions. This
maximum number occurs exactly if all initial velocities are distinct.
In Newton’s cradle, the masses are equal, too. Typically, the balls in their rest
position are almost in contact. If one moves the first k balls to the left and releases
them simultaneously, then the last k balls will end up moving to the right after
all the collisions, which are perceived as a single collision. The way they are
suspended, there is a restoring force, and the process repeats itself in reverse
order.
As can be seen from part (a), for a time ¢ at which there is no collision, the solu-
tion ( p(t, xo), q(t, xo)) is continuous in the initial conditions x,. Even multiple
collisions can be extended continuously.
This is not the case when the masses are different. But even if we only consider
initial conditions that avoid multi-particle collisions, the fact that the masses are
different has an effect. For instance, one ball between two balls of much higher
masses will be able to collide frequently.
Galperin has shown in [Galp] that for three balls with masses m, m,, and m3,
and pairwise different initial velocities, the number of collisions is equal to

™

s
ArCCOS | G Fmp ) Gma Tm3)
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(where [-] denotes the ceiling function). So there are at least two collisions, for
equal masses there are 3, and the number diverges if m, \ 0.

This result can be seen as
follows: In the configuration
space R} of the three parti-
cles, one introduces the cen-
ter of mass system, i.e., the
plane

(@O, i)

E = {q er’ ‘ Z?Zlmiqi = O} .

The linear mapping
Q:=Mqg with M:=

diag(/my, \/ma, \/m3) >

maps  this  plane to 4

the plane FE:=ME = '

[oer| 2l ymoi=0}.

Collisions correspond to the P _

straight lines _ _‘I_, e

[QeE|Qi/ym By

:Qi+1/«/mi+1} ; ‘h""--..__h

[
(i =1,2). The Dbenefit :
from this change of coor- I
dinates is that, in a col- :
lision of the i™ with the h
(i + 1)** particle, the vector ! ‘\ * L
of transformed velocities /
V := Mv gets reflected in :
the line span(e;//m; — !
eir1/J/mizt) C E. As the .
angle ¢ between these two
lines is of the form

— / myms
p = arccos ( (m1+mz)(m2+ms)) ’

the claimed formula is ob-
tained by unfolding the con-
figuration space in the plane
E as seen in the figure.** [

34Image: courtesy of Markus Stepan.
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Exercise 12.37 on page 308 (Potential of a Centrally Symmetric Mass Distribu-
tion):

(a) Both the Lebesgue measure on R3 and the ball B% are invariant under the action
of O € SO(3). Therefore, letting y := O~ 'x, one has V(Ogq) =

~1
/&dx:/ dez/ _PY) v
B, 10g — x| 8 10(g — O~1x)|| g, 10(qg —

®) llg — x| = \/xlz + x3 + (x3 — a)2. Using spherical coordinates

x1 =rcos(f)cos(p) , xp =rcos(f)sin(p) , x3=rsin(d),

this quantity equals /72 + a®> — 2ra sin(f).
(c) The Jacobi determinant occurring under the integral when transitioning to spher-
ical coordinates is 72 cos(d). Thus, for a = |g|| > 0,

V(g) =27T/R /ﬂ/2 POITest g,
0 Joxp2 Vr2+a%—2rasinf

2 R par ~ d 2 R
—ﬂ/ / —p(r)r “ 4= r(|a+r|—|a—r|)ﬁ(r)dr.
a Jo J-ar Nr*+a®? —2u a Jo

(d) Fora > R, one has therefore V(q) = %” fOR 2r25(r) dr.
In spherical coordinates, the integral that gives the total mass or charge is M =
2 o [T, pryr cos 040 dr = 2 [* 2r2j(r) dr.

(e) Fora € (0, R], one gets V(q) = %" Jo 2r*p(r)dr + %7" faR 2rap(r)dr.
Hence for V(|lgll) = V(q), one obtains 20,V (a) = —*% [ 2r5(r) dr and
83\7((1) = +2—§ foa 2r2ﬁ(r) dr — 47 p(a), thus altogether —AV = 47p.

(f) We use the constant of gravitation G ~ 6.67 - 10~11 ™, Since by Newton’s law
kg s

for the force, the orbit periodis T = %, it only depends on the average density

p of the body, not on its radius. This density doesn’t vary much (g = 5 500% ,
the earth being the densest planet, psy, ~ 1 400%). So the orbit around the sun
would take two and three quarter hours.> (]

Exercise 12.45 on page 313 (Cluster Projections):
For a cluster decomposition C = {Cy, ..., Cx} € P(N), the linear mappings

1
ni:m—-wum , ng(q)e=m—zquj

' jeC

331n fact (as pointed out by Victor Weisskopf in his "Modern physics from an elementary point of
view’) its order of magnitude can be calculated as a combination of constants of nature like the
Bohr radius.
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(with particle index £ € C;) onto the Euclidean vector space (M, -, -),,) are orthog-
onal projections:

(HC © 1_IC (Q) = — Z Zmrqr = — ZmrQr = Hc (@)e

Gi ]eC Gi recC; i reC;

and

k
(&), ), Zmz &G e qe) = ZZ <mc ,Ec,mrq,f,qe>
i=1 teC;

k k
SPIDIATIETHITALD 3p AR 0N
i=1 rec; Ci gec i=1 reG;
= (¢". TIE @) o
Therefore, T1, = 1, — 15 is an orthogonal projection as well:
M oMy =1y — Iy ol —TE oy +TE o TIE =1y — TIE =107

and (TM2)" = Iy — (I5)* = Iy, — & = 1L, O
Exercise 12.47 on page 315 (Moments of Inertia):

By hypothesis, the partition D € P(N) is finer thanC € P(N). Therefore, the center-
of-mass projections satisfy I15 IT5 = M5 & = M%), thus we can compare the ex-

ternal moments of inertia J& = J o [1§ and J5 = J o 15 by J5 = J¥ o T15. Since
J is convex, and thus JCE is convex as well, it follows that Jg < JCE . O

H.13 Chapter 13, Integrable Systems and Symmetries

Exercise 13.12 on page 343 (Action of the Planar Pendulum):
We use the complete elliptic integrals of the first kind, namely>®

/2 ) “12 | .
Kl = Jo (1= isin’(e) e = Jy i

and Of the SeCOIld k]nd:
L /2 ‘ 2 1 2
E( ) - f / ( Sln ((#)) / f”l 11 kiZZ d

The action I (h) = f H-1 (- L)) dpy d is calculated as follows:

36When using them, be aware that frequently their definition varies among authors!
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e For h > 1 with ¢ := /2, itis

T w/2
1(h) =4/ 2<h+cos(¢>>d¢=s/ J2h 1~ 25in? gy dg
0 0
— 820+ 0 (/3.

e For h € (—1, 1), we use the substitution x := ,/%.
For v € [0, arccos(—h)], one has therefore x € [0, 1]. With the abbreviation

k:= /1", the integrand of I(h) =4 foarccos(_h) /2(h + cos(¥)) diy becomes
V2(h + cos(1))) = 2k+/1 — x2, and dv) = \/%72)(2 dx. Therefore

Pl1—x2
I(h) = 16k2/0 /1_—k2xzdx =16(E(k) — (1 — k) K (k).

Thus the derivative of the continuous and increasing function / : [—1, c0) —
[0, co0) exists everywhere except at 7 = 1, and it is equal to the orbit period. At
h = 1, it diverges because of the upper equilibrium. In the limit 2z /' oo, we see
that 7 (k) is asymptotic to 4m~/24. O

Exercise 13.29 on page 359 (Coadjoint Orbits):

(a) Using O(€) = {gég~" | g € G} and parametrizing a neighborhood of ¢ € G
by g =exp(u) with g~' = exp(—u), the claim T:O() = {[u,&]|u€gC
Mat(n, R)} follows from the product rule for the derivative.

(b) The symplectic form on the left hand side of (13.5.14), defined by the reduc-
tion, is Ad’g‘-invariant. Since Ady[u, v] = [Adgu, Ad,v], the 2-form on the right
hand side of (13.5.14) is Ad;-invariant as well. The proof that the two sides are
identical can be found e.g. in Chapter 14 of MARSDEN and RATIU [MR].

(c) By formula (13.5.13) for the momentum mapping J : T*G — g* and the defin-
ing equation X¢(e) = & of the infinitesimal generator X¢ : G — T G, the restric-
tion of J to TG = g* is the identity. g

Exercise 13.32 on page 360 (Hamiltonian S'-Action on S?):
On the cylinder Z :={x € R® | x] +x7 =1, |x3] < 1} with the area form as

its sym_plectic form, Hz : Z - R, x > x3 generates the S'-action ®,(x) =
(i%szl _c%nzr g) x. By Exercise 10.30, the radial projection F : Z — §? is a symplec-

tomorphism onto its image, and H o ' = Hz. It is only the poles (El ), where H

is extremal, that are not hit by F. Hence H, too, generates an S!-action. O

Exercise 13.37 on page 364 (Ky-Fan Maximum Principle for Hermitian Matri-
ces): As A € Herm(d, C) has eigenspaces for the eigenvalues ); that are mutually
orthogonal, we see, by choosing orthonormal eigenvectors x, ..., X; € C? for the
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eigenvalues Aq, ..., A\, that at least the inequality

k

k
A< max (x;, Ax;)
; ' (xl,...,xk)er(C")Z ! !

i=1

holds. Conversely, given (xi, ..., x;) € V; (C?), we extend these to an orthonormal
basis (xi, ..., xg) € V4(C%). Then the representation of A with respect to this basis
will have certain diagonal values b; ;, which, by the Theorem of Schur and Horn, can
be written as convex combinations of the A,y with (o € Sy):

bi,i = Z Cg>\g(,‘) with ¢, >0 , Z c, = 1.

O'ESd O'ES,j

The maximum of °*_, b; ; will be taken on at a vertex of the polytope IT (A7TV).
But due to the weak ordering A\; > A, > ... of the eigenvalues, one such vertex
giving a maximum is ¢ = Id. O

H.14 Chapter 14, Rigid and Non-Rigid Bodies

Exercise 14.2 on page 367: (v, 0)~' = (=0~'v, 07)). O

Exercise 14.8 on page 373 (Pseudoforces):

1. In the dimension-independent formula (14.2.5), one has for d = 2 the matrix
B=0710"= (50 m0) () T )e =@ () = ¢
This implies B> = —(")?1, B’ = ¢"J, and thus the claim.

2. This formulaisimmediate from (14.2.5)and Bv = i (w)v = w X v (see(13.4.8)).

3. The absolute value 2m||C’||||w|| of the Coriolis force does not depend on the geo-
graphical location, since the direction of travel is orthogonal to the axis of rotation
of the earth. With |w| =27/T, T = 86400s and ||C’|| = 20000/3 600 m/s,
the force is about 0.08 Newton. For comparison, a bar of chocolate weighs about
I N.
The vertical component of the Coriolis force points downward, the horizontal
component points north; so it adds to the weight of the biker and pulls him to
the right. This can be seen by the right-hand rule for the vector product in the
formula —2mw x C’ for the Coriolis force.
Given the geographic latitude of about 53.5° for Berlin, the components are
divided up as about 0.048 N down and 0.064 N right.
The absolute value of the force component pulling to the right is independent of
the direction of travel. O
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Exercise 14.10 on page 375 (Steiner’s Theorem):

e From the formula for 7 (g), the minimality of / (Tq N (q)) follows directly, because
the term my||gy|>(l3 — Py) in the sum is positive semidefinite and vanishes
exactly if the center of mass is gy = 0.

e As for the formula itself, it follows from I = J1ll; — I, with I from (14.2.3),
because J(q) — J (T (@) = 25—, 2mi(gn, i) — llgn1*) = myllgn|I*. Anal-
ogously, one finds 1y(q) — I,y (q) = myllgn > Py. O

Exercise 14.11 on page 376 (Principal Moments of Inertia):

o It suffices to consider the case n = 3, because for ¢4 := ... g, := 0, the principal
moments of inertia are determined by the first three mass points. Now let g, = ey.
Then I = diag(m, 4+ m3, my + m3, m; + my). For masses 0 < m3 < my < my,
one has therefore (11, I, I3) = (my + m3, m| + m3, m; + m,). The inequalities
of the masses translate into I} < I, < I; < I + I,.

e Analogously, one can show, in an orthonormal basis in which I is diagonal, that
the inequality I3 < I} + I is valid in general for arbitrary n € N.

e If the center of mass for the three mass points is the origin of R>, then
span(qi, g2, q3) is at most 2-dimensional. In this case, I; 4+ I, = I3, so the prin-
cipal moments of inertia are convex combinations of those of a disc and of a
rod.

e It follows from the symmetry under arbitrary rotations that a homogeneous ball
with center O has three equal principal moments of inertia.

e For a rod that is oriented in 1-direction, one has I = diag(0, I, I»).

e The tensor of inertia / for a circular distribution of mass is obtained by integrating
1= ﬁ/ ’I () de for the tensors of inertia I () of a configuration of equal masses
at the four points £e; () and e, () with

e1(p) :=cos(p)e; + sin(p)e; and ex(p) := cos(p)ey — sin(p)e;.

As one has I () = 1(0) in this case, the claim I = diag(/;, I, 21;) follows from
the fact that the projection onto the 1-2 plane leaves all the four points ¢, *e,
invariant, whereas the projections onto the 1-3 and the 2-3 planes only leave two
of them invariant, mapping the other two into zero. (]

Exercise 14.17 on page 383 (Fast Top):
The initial condition 3(0) = 0 (hence u(O) = 1) requires £, = £z. The initial con-

dition 6(0) = 0 means that £ = Vi (0) = + 1. Altogether, this implies
2
Uett () = 17 (1 — w)*[2(0 + u) — ]

The rotation is therefore stable for % > 4, i.e., for frequency |w| > 2//T;. O
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Exercise 14.20 on page 386 (Euclidean Symmetries):

1. The action by (v, O) € SE(d) on R? is given by x > Ox + v, see (14.1.2).

Here, v € R? and O € SO(d). Now if K € R? x R? is compact, and therefore
bounded by some bound b > 0, then the point (x, Ox + v) can only lie in K if
[lv]l < 2b, because ||Ox + v|| > |lv|| — [|Ox|| = |lv|| — |lx]|. Since the rotation
group SO(d) is compact, the pre-image of K under the mapping ((O, v), x)) >
(x, Ox + v) is therefore also compact.
The diagonal action of SE(d) on R can be viewed as the action of a closed
subgroup of SE(nd). It is therefore proper by the same argument. Since the open
and dense subset Q is invariant under this action, the claim also follows for the
action restricted to Q.

2. The action of G := R* x SE(2) on R? given by x — AO(x + v) is an action
of the Lie group G. In complex notation, G acts on R? = C as the multiplication
by a complex number z = AO € C* and translation by v € C.

G also acts diagonally on the configuration space (R?)? = (CZ for three particles
in the plane. If we set z := 1/(¢q2 — ¢1) and v := —q, then ¢; will be mapped
to0 € Cand g, to 1 € C. The image w € C\ {0, 1} of ¢3 then parametrizes the
group orbits, and C \ {0, 1} is the image of the form sphere under stereographic
projection. ]

H.15 Chapter 15, Perturbation Theory

Exercise 15.5 on page 396 (Conditionally Periodic Motion):

The conditionally periodic motion on T? with the frequency vector (1, 1/12) has
period 12. Its closed orbits hit the diagonal {(x,x) € T? | x € S'} eleven times.
Hence the hour and the minute hand meet 22 times during a day. O

Exercise 15.12 on page 400 (Virial Theorem for Space Averages):

@ ({f,H)g= fZE{f, H}d)\g = sz % o ®,|;—0 d\g = 0, because the measure
Ag is ®-invariant.

(b) Obvious.

(c) For f(p,q) := (p, q), the Poisson bracket

N N
U HYp @) =D (51pi 17 = {a;, VU@p) = D (g, VWikla; — )
Jj=1 k=j+1

has average 0. The first term in the sum is the mean kinetic energy.

(d) By compactness of the manifold with boundary G, there exists € > 0 for
which the function g > U(g) = dist(g, G)* is smooth on G. :={g € R?|
dist(q, G) < €}. U equals €% on OG.. Therefore, for parameter values A > E/ €2,
the energy shell X , is also smooth, because it projects with respect to all par-
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ticle indices j onto their respective domain of space G /g7x. As A 7 00, the
volume Vg, of G /g5 decreases to the volume V of G.

The proof of the equation for the ideal gas is quite lengthy, so we only give a
sketch here.

1. If we normalize the Liouville measure on X ) to be a probability measure

1. and integrate it over the velocities, we obtain the density

v(E. N7 (200 = AT @)/E)) "

dg ,with v(E,\) € (V,Vgn),
G=(q.....qn). ad U@ = X}, Ulqo).

Therefore, in the limit A /' 0o, the integral of this density over GV increases
to 1.

. Since U > 0, the kinetic energy 7 on X ) is smaller than E. Butas U [; =

0, it follows that lim », (T) g\ = E. Therefore it follows from the virial
theorem that lim » (M) , = E, where M)(q) := 21121:1 (qr, VAU (qr)).

. If G denotes the cube [—¢, £]°, and ey, e, e3 are orthogonal basis vectors

of R3, then it follows that the sum of the projections onto these vectors is 1.
The total pressure for instance on the lateral areas {££} x [—£, £]* can be
defined as lim) s (R1) g 5, With

N

R:(§) == sign(ge) {ei, \VU (q0)) -
k=1

By the fundamental theorem, this integral becomes 2 PV inthe limit A 7 co.
Summing over the three basis vectors, we obtain PV = % (T)g-

. For arbitrary smoothly bounded G C R?, the analogous statement follows

using the Stokes theorem. (I

Exercise 15.22 on page 411 (Relativistic Advance of the Perihelion):
The Hamilton function®’ (15.3. 18) is of the form H. = Hy + €K, with the Hamilton

function Hy(p. q) = 3l pl*> —

o H of the Kepler motion and K (p, ¢) = —1/|1q|1°.

We denote the maximal flow generated by H. as ®.. The Runge-Lenz vector A is
invariant under the Kepler flow @. Therefore, within one period T of the ®.-orbit
t — x(t), according to the first order of Hamiltonian perturbation theory, A changes

by

/—dt—/ —D,A(x(1)) VK (x(1)) + DyA(x (1)) V, K (x(1))] dr + O().

The second term under the integral vanishes, the first yields, in view of

_ —@2p2 2q1p2—q2p1 _ 3 (a
D”A(x)_(Zquﬁqlpz —q1P1 ) and VqK(x)_ g1 (CD)’

3TWe omit the hats from (15.3.18) for simplicity.
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the portion proportional to ¢ in fOT Adr =3et fOT (2) /llgll® dt + O(?). Let us
use the angle ¢, rather than time ¢, as the parameter. Using the conic section equation

(1.7) for the Kepler ellipse with o := 0 and (> = £/r>, one has

T @ 2 27
[ a3 [ o 1210
0 0

liqll® I
6meZ? 6me”Z
= £4 e(—ol) = E4 ”A”(—Ol) :

In the last step, we used ||A|| = Ze from Exercise 11.22 (b). This perturbation is
orthogonal to the vector A (Exercise 11.22 (a)). Therefore, its norm remains constant
up to an error of order £2. Dividing by ||A| yields the change in the argument
of A. O
Exercise 15.38 on page 430 (Nondegeneracy Conditions):

Dw w 201
1. wi(I) = 1 + 211, wy(I) = 1. Therefore, Dw = (34) and (J 0) = (81).
0

_ _ _ _ (20 wa _ 2 1
2. wi(I) = 1420, wr(I) = 1 =21 Dw = (O_z)and(wT 0) =(§21). O

Exercise 15.47 on page 434 (Continued Fraction Expansion):

e The existence of lim,,_, o, w,, follows from parts 1 and 3 of Theorem 15.46, because
these state that the subsequences with even resp. odd index are increasing resp.
decreasing, and that the difference of the elements of the sequence converges to 0.

e The fact that the sequence converges to w will be a consequence of the relation

_ pn + h (W) pui

= o (n € Np). (H.15.1)
n n—1
(H.15.1) follows by induction: Zgj’,jﬁigji; (’]’:]‘ = L“JIIO{“’} = w and, letting p :=

h™ ({w}), one has

Prtt + h(P) pn @nr1Pn+ pa—1 + h(p) pn  (L1/p] + h(p))pn + pn—1
qn+1 + h(ﬂ) qn An+19n + qn—1 + h(P) qn LI/PJ +h(p))%1 +Qn—l
B S )

ot Guet Gu PG

e Now (H.15.1) says, in view of the positivity of 2 ({w}), that w lies between

Wy = f;— and w,_; = %. See also Theorem 14 in KHINCHIN [Kh]. O
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H.16 Chapter 16, Relativistic Mechanics

Exercise 16.6 on page 448 (Lorentz Boosts):

1. By definition, the Lorentz boosts are the positive matrices in the restricted
Lorentz group SO1 (3, 1).
Firstly, the given L(v) are of this type. This is obvious for L(0).
For v € R? with 0 < |Jv|| < 1, one can check L(v)"IL(v) = I by calculation.

The positivity of L(v) then follows, with a vector w = uli € R*, from the

identity
(w, Lw)w) = y() (W, v) + va)> + @[> > 0.

Conversely,let A = (% 7) € SO*(3, 1) (witha € Mat(3,R),b, c € R?andd €
RR) be positive and A # 1l;. The symmetry of A implies b = canda' = a, and
the positivity implies d > 0.

The condition ATIA = I contains the relation d> — ||b||> = 1, the eigenvalue
equation ab = db, and a’> =1+ bQ®b". Therefore d > 1. The case d = 1
cannot occur, because in this case, b would have to be 0 and thus a = 15,
which however contradicts the hypothesis A # l4. Therefore, d = ~, with
~v:=+/1+|b]|> > 1 and v := b/, satisfies ||v| € (0, 1). One also has the re-
lation v = (1 — ||v||>)~"/%. The matrix @ := I3 — P, + v(v) P, is positive, and
its square satisfies a=13—P, + y)?P,=13+bR0Db".

We have thus shown that A = L(v).

2. The claimed relation d*> = 1 + ||b||? is shown as in the first part of the exercise.
We already know that P is positive. It first needs to be shown that Ois orthogonal.
To this end, one exploits the equation ATAT = I (which s valid since along with
A, its transpose AT is also in O(3, 1)):

aaT—b®bT=]13 , ac=bd , c'c=d*>—1.

Weobtain O = O @ 1with O = a[l; — P, + vP,] — bc . Calculationof 00T
yields 13. From [13 — P, 4+ vP,]c = v¢ = dc and ac = bd, one gets Oc =
d*—c"c)b =b.

3. In the equation P = L(c/d), one can read off ¢ and d from the product A =
(4%) := L(v))L(v2). Namely one has d = 7(v)7(v2)(1 + (vy, v2)) and

c=[I3 = Py) + v Py Iy(2)v2 + ()7 (v2)vr .

Therefore, u = c¢/d equals

(=P, ) /40 + Py st vibuat (1T ) (v o)l 1202
1+(vi,v2) - 1+(vy,v2) ’

The identity v; x (v; X v2) = vy {vy, v2) — va|lvy]|* implies (16.2.6).
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The square of u = (v; 4+ v2 + l”‘X(”—‘XUZ))/(l + (v1, v2)) has the denominator

+4/ 1=l |12

o1 vl 4 2 2V X @1 X V) | X (o X ve)
1 2
L+ /1= lu? 1+ 1= |lu|?
201+ /1 = [lui]?) = |lor|)?
= [lv; + va]I* — [Jv1 X va? \/7 .

(1+y1—]vil*?

The last factoris 1. Because of ||v; x v2]|2 4 (v1, v2)? = ||v;]1?||v2|?, one further
obtains

Ll = i + vl — loy x > | (T =Nl (1 = lo2ll?) 1
(1 + (v, v2))? (1 + (v, v2))? .

4. From the relation D, = D2T1 and equation (16.2.7), we conclude that L(u;;) =
f)lz L(upn) f)sz hence it follows by (16.2.8) that uy; = Dyuy,. Since u;; and
u 1, lie in the subspace spanned by v; and v,, the rotation axis of D, is orthogonal
to this space. (]

Exercise 16.8 on page 449 (Minkowski Product):
By means of a Lorentz transformation, we can achieve that v = (0, 0, 0, vg) ", and
thus (v, w); | = —v4ws.

On the other hand, a spacelike vector can be Lorentz transformed into the form
v=(v,0,0,0)T # 0,and therefore it has the (-, -); ;-orthogonal spacelike subspace
span(es, e3). U

Exercise 16.14 on page 454 (Modified Twin Paradox):
In the formulas from Example 16.13, the time difference is

v U3
tw—tozuTE(z?E%—O(%))

This age difference of the two snails after their tour around the earth is, in the limit

of vanishing speed, equal to 2*£3% & 0.41us (microseconds). (]

Exercise 16.22 on page 465 (Galilei Group):

(a) The Galilei transformation is composed of a translation

(p1y-.-s pns Erqis ..., qnt) = (p1,..., pEiqi+Aq, ..., gn + Agq,t + At),
(H.16.1)

a rotation

P, Esqis oo qn,t) = (Opy,...,0py, E; Oqy, ..., 0q,,1),
(H.16.2)
and a boost
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s, pEiqi, ..., Gn 1) > (H.16.3)
(p1+mv,..., Pn+muv, E + (v, pN)-i—%mIIvIlz;q] +ot, ..., Gn + V1, 1)

of the extended phase space P,.

The translation has derivative 1l and is therefore symplectic. As for the phase
space rotation, it follows just as in Example 13.17 that it is symplectic.

The derivative of the boost is of the form (é g) with submatrices A, B, C,

D eMat(nd +1,R), B=C=0,andA=D" = ( ™ 9.
Since we are using the symplectic form (16.5.5) with the configuration space
M = RZ" , modifying the test from Exercise 6.26 (b) with the time reversal 1
yields that the boost is symplectic as well.

(b) Since the potential depends only on the distances g; — g, the Hamiltonian H is
invariant under the translations (H.16.1). The requirement Vi ((Oq) = Vi ¢(q)
of rotation invariance implies invariance with respect to (H.16.2). The boost

(H.16.3) does not change H, because
m=my+...+m, and py=pi+...4+ p,. O

Exercise 16.25 on page 467 (Constant Acceleration):

The acceleration g > 0 causes a spacelike distance of 1/g of the observer from
the point of intersection of the lines. For g = 10 m/s2, the distance is therefore
c?/g ~ 9 - 10"> km, which is approximately one light year. ]

H.17 Chapter 17, Symplectic Topology

Exercise 17.13 on page 480 (Elliptic Billiard):

e The orbits {(Fa;, 0; F1,0)} and {(0, £a»; 0, F1)} on the axes have period 2.

e An orbit of period 2 must belong to a billiard trajectory that is a segment that is
orthogonal to T}, C at both of its end points py, p, € C. Therefore, T, C is parallel
to T),,C, and hence p; = —p»; so the segment passes through the center of the
ellipse. Since a; < a,, the segment is a semiaxis. O

H.18 Appendices

Exercise A.47 on page 501 (Differential Topology):

1. The derivative f'(t) = 3t of f : R — R, t > 3 vanishes only at t = 0. So f
is injective, and it is only at O that it fails to be immersive. Since lim,_, Lo f(¢) =
+o00, it follows that f(R) = R.
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13

2. For f:R—R? t—~ (12)’ one has f/(t) = (;’:) Therefore lim,\ o % =
( fl), and f(R) is not a submanifold. ‘

3. Fork € R, the derivatives of the rose curves f; : R — R?, t — cos(kt)(zi)“stt) are
equal to f/(1) = —ksin(kr) (") 4 cos(kr)( %! ). So they have norm

cost —sint
\/ cos2(kt) + k2 sin®(kt) > 0, and therefore the fi are immersions. For k # 0,
one has 0 € f;(R), but in general, there are different directions f; () for the
different choices of ¢ for which fi(#) = 0. If that happens, f;(R) is not a sub-
manifold.
4. f is 2m-periodic, therefore not injective. But we conclude that S' C R? is a
submanifold because §' = ¢! (1) for g(x) := ||x|>.

5. f 1R — R, 1> exp(—r)(}) has the derivative f'(1) = (n(; %s)e ™" # 0.

Now f is an odd function, and for ¢ > 0, the function z — L 2(? =12is strictly
increasing. Therefore, f is injective. On the other hand, lim,_, 1o, f(f) =0 =
f(0), so f is merely an injective immersion, but not an imbedding.

6. For f e C'(M,N)andm € M, rank(T,, ) < min(dim(M), dim(N)).

7. If 7: E — Bis a C! fiber bundle, then by Definition F.1, the mapping 7 is a
C'-mapping of manifolds. If b € B, then there exists a neighborhood U C B of
b and a diffeomorphism ® : 7~ !(U) — U x F with CI>(7T’1(b’)) ={b}xF.
Therefore for all f € F:mo®~'((%/, f)) =b'. This implies the submersion
property of 7. (]

Exercise B.9 on page 508 (Volume Form):

If we expand the exterior product w™" € Q2"(R?") distributively, there are exactly n!
nonvanishing terms in the sum. To bring these into standard order with respect to the
dual basis «, .. ., ay,, namely into the form /\;7:1 (i A @jyp), an even number of
transpositions is needed in each case. In this process, the sign does not change. On the
other hand, A"_, (c; A @iyn) = (-H® /\f"=1 «;, because successively commuting
Qon_1, Qon—2, - - ., ppp tothe 2n — 1)1, 2n —2)™, ..., (n + 1)™ position requires
1,2,...,n — 1 transpositions. O

Exercise B.16 on page 510 (Invariance of the Volume Form):
By Theorem E.5.5, f*(w™") = (f*w)™ = w™. So because of Exercise B.9, the
volume form remains invariant. (Il

Exercise B.24 on page 515 (Pull-back of Exterior Forms):
The required formula for the pull-back of differential forms follows from the corre-
sponding statement for exterior forms, namely Theorem E.5.5. (]

Exercise B.32 on page 521 (A-antiderivation):

The claim that the inner product is a A-antiderivation follows by restriction to the
tangential spaces 7, M, namely from an analogous formula for exterior forms.

For exterior forms, the formula can be checked on a basis of the Grassmann algebra
Q*(E) over the vector space E. In this case, it follows from the antisymmetry of the
exterior product of 1-forms. (I
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Exercise E.25 on page 555 (Exponential Mapping for GL(n, R)):
Left invariance of the vector field X© = XV : G — TG with X© (e) =€ e g
means, in terms of the left action L, : G — G, g+ hog (h € G), that

(L, X5) () =X5(f)  (fe0.

For a vector field Y : G — TG, this push-forward is of the form ((L,), Y) (f) =
DL,(h ' o f)(Y(h’1 o f)). In case ¥ = X©, one has Y(h’1 o f) =h'o fé.
Since for the group G = GL(n, R), the action of L, means multiplication by &
from the left, the claim X (Lg) (g9) = g & follows. The formula for right invariant vector
fields is proved analogously.

The flow ®© : R x G — G generated by X'* is of the form ®* () = gexp(&1),
because %@;5) (@D li=0 = X(Lg) (g9) = g &. Therefore the commutator of the left invari-
ant vector fields, applied to f € C*(G, R), is given by

(X9, XP]f(g) = lim ™2 [ (9L 0 &L (g)) = f (9 0 2 (9))]
= lim e[ f (exp(c8) exp(en)g) — f (exp(en) exp(e€)g)]
= df (@l&n = X1Pf (g). O

Exercise E.27 on page 556 (Lie Groups and Lie Algebras):

1. Unitary Group: A curvec € C'(I, U(n)) has atangent vector ¢(0) € Alt(n, C),
because c(s)* = c(s)~! implies ¢*(0) = —¢(0). Conversely, if X € Alt(n, C),
then X and X* = —X commute, and therefore

exp(X) exp(X)* = exp(X) exp(X™) = exp(X + X*) =1,
hence exp(X) € U(n). This shows that the Lie algebra is u(n) = Alt(n, C), and
dim(U(n)) = dimg (Alt(n, C)) = n’.
Special Unitary Group: For a curve ¢ € C! (1 , SU(n)) in the subgroup SU(n)
of U(n), one concludes in addition to the previous that the tangent vector ¢(0) €
Alt(n, C) has trace 0 because 0 = %det(c(t)) l/—o = tr(¢(0)). Therefore the Lie
algebra su(n) = {X € Alt(n, C) | tr(X) = 0}, and
dim(SU(n)) = dimg (su(n)) =n* — 1.
Symplectic Group: The Lie algebra sp(R*") of Sp(R>") was already determined

in Exercise 6.26, and also its dimension n(2n + 1).
2. (Isomorphisms of Lie algebras)
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(a) Withi : R® — s0(3) from (13.4.8) and i (a)b = a x b, the Jacobi identity
implies: (i(a])i(az) — i(az)i(al))b =a; X (ap Xb) —ay x (ay xb) =
ay X (ay x b)+ar, x (b x ay) = (a; X ap) x b.

(b) Using as a basis of 5u(2) the Pauli matrices multiplied by v/—1, namely the
matrices (71, 72, 73) == ((%4), (Y 3') . (42)). the mapping

0 —a3 m 1 3
50(3) — su(2) , _a;z ;)l o) 321 GiTi

is such an isomorphism, because [7;, 7;] = 222:15ijk7k-
(c) Restricting the given imbedding to the imaginary quaternions J H,

bi+cj+dk— (2, ) =bry—cm+dm |
ij gets mapped to —m37, = 7, and jk to —m»7 = 73, and ki to Ty T3 = —7.
(Also ii, jj and kk get mapped to 77 = 75 = 73 = —1). O
Exercise E.31 on page 559 (Adjoint Representation):
Using the Lie algebra isomorphism i : R* — s0(3) , a = (Zi) > ( 6?3 o —aél)

as —ara; 0
from (13.4.8), we have to check the formula

Oi(@)0~'=i(0a) (0€S0@), ack’).

—S

For elements of the form O = ((% 8' 3) with ¢? 4+ 52 = 1, both sides are equal to

0 —a3 car+sap . . .
a 0 —cai+sa; ). However, any rotation of SO(3) is conjugate to such a
—Cdy—sd;) cd)—say

rotation about the third axis (with the same angle of rotation). ([l

Exercise E.34 on page 550 (Adjoint Action):
e For the Lie group G := GL(n, R) with Lie algebra g := Mat(n, R), we infer from

1

Ady(n) = gng~ meg, gelb)

that
Ady([€, n]) = Adg(€n —né) = g&g~ " gng™" — gng™" gég™" = [Ady(€). Ady()].

e Accordingly, exp(Ad,(£)) = exp(gg™") = gexp(&)g~".

e The adjoint representation of £ € g, applied to 7 € g, yields

d d
A 1 | = o) 0 exp(—1)|

d d
=3 exp(tﬁ)’l:() n+n I eXP(—lf)‘IZO =[&n]. O
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Exercise E.37 on page 561 (Lie Group Actions):

1. Tt is clear that ® : SO(n) x R* — R", (O, m) — Om is an action of the Lie
group SO(n). Since SO(n) is compact (see Example E.37.2), the action is proper.
For n > 1, itis not free, because ®(SO(n), {0}) = {0}. Now B = R"/SO(n) =
[0, 00), because the other orbits are spheres centered at 0, parametrized by their
radius. Consequently, 0B ={0}.

2. The mapping ® : R x M — M, (¢t,m) — (‘6’ egf)x on M = R*\{0} is a Lie
group action of (R, +), because it is the restriction of a linear dynamical system
to an open, flow-invariant subset of R2.

It is free, because there are no periodic orbits, the origin having been re-
moved. But the action is not proper, because the pre-image of the compact set
{(x,y) EMXM||x—e < % >y — ez||} under the mapping R x M —
M x M, (t,m) +— (m, ®(t,m)) is not compact.

The topological space B = M /R is not Hausdorff, because the images of the
points e; and e, are distinct, but do not have disjoint neighborhoods. (]

Exercise F.7 on page 565 (Triviality of Principal Bundles):

e If the principal bundle 7 : E — B with the Lie group G as a typical fiber has
a section s : B — E (i.e., mos = Idp), then, denoting the group operation as
W : E x G — E, the mapping

p:BxG—E , pb,g):=V¥,0s(b)

is a homeomorphism. Indeed, p is by definition continuous and bijective, and the
inverse mapping ,o’1 (e) = (ﬂ'(e)), g(s om(e), e)) (e € E) is continuous.

e Conversely, if a trivialization ® : E — B x G exists and we denote the neutral
element of the group as e € G, then the mapping s : B — E, s(b) = (b, e)
is a section. ([l
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equivalent atlases, 491
natural, 499
attractor, 20
autocorrelation function, 199
averaging principle, 393
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B
ballistic, 252
Banach’s fixed point theorem, 39, 290, 412,
544
base point, 497
projection, 218
base space of a fiber bundle, 563
basin, 20, 143
Bernoulli measure, 205
Betti numbers, 533, 579
bifurcation diagram, 87, 268
bifurcation set, 152, 268
bifurcation, 144, 163, 274
bilinear form, 104, 506
(anti-)symmetric, 104
billiard, 204, 306, 477
bound orbit, 279
boundary
of a chain, 584
of a manifold, 494
of a subset, 486
Boy’s surface, 503
brachystochrone, 169
bundle, 134, 563
horizontal/vertical, 568
principal, 117, 356, 564
vector —, 216, 565

C

canonical coordinates, 224, 229
canonical transformation, 227
Cantor set, 13, 294, 409, 489
cantorus, 439

caustic, 185

Cayley transform, 605

celestial sphere, 118, 456
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center of mass, 256, 309, 313, 369
center
for a flow, 86, 87
of a group, 456
central configuration, 271
centrifugal force, 373
Cesaro mean, 199, 205, 282
chain (homology theory), 583
characteristic lines, 233
characters, 197, 201, 549
chart
for a manifold, 491
for a manifold with boundary, 494
natural, 499
choreography, 276
Christoffel symbol, 173, 572
circle rotations, 15, 23, 195, 199
closed
differential form, 526, 529
manifold, 220, 591, 593
set, 486
cluster, 306, 312, 319
cluster point of a subset, 486
cohomological equation, 407, 416
cohomology, 532
collision subspace, 313
commutator, 110, 225, 573
commuting diagram, 23
compact, 486
complex structure, 106
computer tomography, 300
conditional expectation, 208
conditionally periodic motion, 334, 395
frequencies of, 395
rationally independent, 396, 398
configuration space, 103, 161, 496
conjugacy (groups), 547

conjugate
dynamical systems, 23
groups, 547
points on a geodesic, 589
connected

component, 488

topological space, 488
connection, 568

on principal bundles, 570

on vector bundles, 571

product ~, 568
constant of motion, 330
constraint, 161
contact manifold, 221
continuous, 487
contractible, 489

Index

contraction
of a Lie algebra, 462
on a metric space, 41, 544
convex, 537
coordinate change maps, 491
coordinate chart
for a manifold, 491
for a manifold with boundary, 494
natural, 499
coordinate vector field, 523
coordinates, 27, 491
action-angle, 336
bundle, 216
canonical, 224
local coordinate system, 491
momentum, 508
moving, 370
natural, 499
polar, 327, 515
position, 508
prolate spheroidal, 265
spatially fixed, 370
spherical, 500
Coriolis force, 373
correlation function, 199
cotangent bundle, 216
cotangent space, 216
cotangent vector, 216
cotangent lift, 230, 231, 415
Coulomb potential, 254, 279, 295
covariant derivative, 572
covering, 564
critical point, 166
critical set, 319
critically damped case, 77, 92
curvature, 174, 576
inner, 176
curve, 489
regular, 500, 501
timelike, 452
cycle, 584
cycloid, 169
cylinder set, 205

D

decomposable (exterior form), 507
deformation of a Lie algebra, 461
deformation retract, 582

degree of freedom, 103

dense subset, 486

derivation, 224, 360, 512, 522
diffeomorphism, 26, 28, 59, 496
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local, 26, 558
differentiable structure, 491
differential cross section, 294
differential equation, 31

autonomous, 38

explicit, 34

explicitly time dependent, 38

geodesic, 174

gradient system, 97, 231

Hamiltonian, 101

homogeneous, 34

linear, 34, 61

order of, 33
differential form, 520
diffusion, 254
dilation, 261, 386, 399, 451
Diophantine condition, 405, 430
discrete subset, 332
dispersion relation, 121
distribution, 161, 222, 573
domain

of a flow, 52

of a topological space, 87
double pendulum, 179
dual basis, 506
Duhamel principle, 74
dynamical system, 14, 38

continuous, 17

discrete, 14

ergodic, 195

measure preserving, 194

mixing, 198

E
effective potential, 328
Ehresmann connection, 568
Einstein summation convention, 173
elastic collision, 306
ellipse, 5, 595
elliptic matrix, 112, 125, 201
energy functional, 169, 581
energy shell, 102
energy

kinetic, 156

potential, 156

rest, 160
epicycle theory, 372
equilibrium, 49
equivariant, 349
ergodic, 195

uniquely, 397
ergodic theory, 195

escape function, 144
escape times, 51
Euler angle, 381
Euler force, 373
Euler-Lagrange equation, 167
exact
differential form, 528
sequence, 586
expected value, 208
experiments
Aharonov-Bohm, 529
Hafele-Keating, 453
Rutherford, 294
exponential function, 62
exponential map
differential geometry, 588
Lie groups, 62, 555
extended real line, 51
exterior derivative, 520
exterior point, 487
extremum, 167

F

factor group, 544, 548

factor of a dynamical system, 23
Fermat’s principle, 181
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fiber bundle, 117, 134, 152, 216, 385, 392,

461, 552, 563
fiber translation, 232, 415
Fibonacci numbers, 432
fixed point
of a dynamical system, 15
of a map, 544
nondegenerate, 480
Floer theory, 481
floor function, 52
flow, 49
maximal, 52
folding singularity, 185, 297
forced oscillation, 94
form sphere, 274, 388
forward invariant, 16, 98
free motion, 18, 90, 144, 279, 357
friction, 91
fundamental group, 490
fundamental system, 71

G
Gauss map
differential geometry, 117
number theory, 194, 433
generic, 28, 363, 392, 579
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geodesic motion, 174, 263
geodesically complete, 588
golden ratio, 432, 435, 437
gradient, 503
gradient flow, 97, 231
Graf partition, 316
Grassmann algebra, 509
Grassmann manifold, 129
Gronwall inequality, 54
group action, 18, 549, 559
diagonal, 367
equivariant, 349
free, 332, 544, 548
locally free, 332, 352
proper, 556, 560
symplectic, 345
transitive, 332, 545, 549
(weakly) Hamiltonian, 345
group
affline symplectic, 470
Euclidean E(n), 366, 550
factor group, 548
Galilei, 460
GL(2, Z), 200
general linear GL(n, K), 69, 551, 567
holonomy, 574
indefinite orthogonal O(m, n), 444
isotropy, 332, 352, 548
Lie group, 550
Lorentz group, 444
orthogonal O(n), 551
Poincaré group, 445
projective linear PGL(V), 456
rotation group SO(3), 131, 347,557, 559
rotation group SO(n), 371, 552
special linear SL(n, R), 111, 125, 359,
471,552
special unitary SU(n), 553
structure group, 565
SuU(2), 500, 553
symplectic Sp(RZ”), 107,111, 126, 136,
189, 359
topological, 550
unitary U(n), 553
group velocity, 121
Gullstrand formula, 624

H
Haar measure, 193, 534
Hadamard lemma, 290

Hamilton function (or Hamiltonian), 102,
160

Index

relativistic, 160
Hamiltonian ODE, 101
Hamiltonian vector field, 218
locally, 217
Hamiltonian group action, 345
weakly, 345
Hamiltonian symplectomorphism, 227
Hamiltonian system, 218
harmonic oscillator, 74, 77, 114, 240, 565
Hausdorff space, 486
Hill domain, 243, 267
holonomic constraint, 161, 179
holonomy group, 575
homeomorphism, 487
homogeneity of spacetime, 455
homogenous space, 132
homology, 583
homotopy, 133, 276, 340, 489
homotopy equivalence, 489
Hooke law, 89
Hopf bifurcation, 147
Hopf map, 117, 262, 458
hyperbola, 5, 448
hyperbolic flow, 82
hyperbolic matrix, 112, 125, 201

1
ideal gas, 400
ill-posed problems, 302
imaging equation, 187
imbedding, 174, 502
immersion, 501
index
of a critical point, 579
of an equilibrium, 83
of a matrix, 83
Maslov index, 131
infinitesimal generator, 559
infinitesimally symplectic, 104, 109
initial condition, 38
initial value problem, 38
inner product, 521
integrable
Hamiltonian system, 330, 427, 436
distributions, 573
invariant subset of phase space, 16
involution, 330
involutive
distributions, 573
transformations, 541
isotropic
submanifold, 235
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subspace, 126
isotropy group, 332, 352, 548
isotropy of spacetime, 447
iterated mapping, 12

J
Jacobi identity, 70, 110, 227, 390, 554
Jacobi metric, 178, 245
Jordan matrix, normal form, 65
real, 68

K

Kepler potential, 257, 279

Kepler telescope, 188

Kepler’s laws, 3

Knot, 118

Kiinneth formula, 532, 534
Kustaanheimo-Stiefel transformation, 262

L
Lagrange equation, 157
Lagrange function (Lagrangian), 157, 501
Lagrange manifold, 185, 235, 331
Lagrange point, 273
Lagrange-d’ Alembert equations of motion,
389

Lagrange-Grassmann manifold, 129
Lagrangian subspace, 126
Laplace-Runge-Lenz vector, 258
Lebesgue measure A onR¢, 192
Legendre transform, 158, 539
length functional, 165, 587
lens, 184
lens equation, 187
Levi-Civita connection, 572
Levi-Civita transformation, 262
Lie algebra, 110, 554
Lie bracket, 225
Lie derivative, 521
Lie group, 550
lift

in bundles, 569

left lift of a group action, 348
lightlike, 449
limit superior/inferior, 51
linking number, 117
Liouville form, 219
Liouville measure, 193, 330
Lipschitz condition, 38
Lissajous figure, 115
locally compact, 486
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locally trivial, 152, 563

logistic family, 21

Lorentz force, 123, 630

Lorentz group, 444

lower semicontinuous, 51

Lyapunov Functions, 141

Lyapunov stable, 20, 111, 138, 139, 383
Lyusternik-Schnirelmann category, 592

M
magnetic field, 8, 122, 220, 244
manifold, 491
Riemannian, 503
submanifold of R", 26
submanifold of a manifold, 236
with boundary, 494
mapping degree, 118, 131, 476
Maslov index
for Lagrangian subspaces, 131
for symplectic mappings, 136
matrix exponential, 62
Maupertuis principle, 181
Maxwell equations, 512, 514
measurable space, 192
measure, 192
Haar measure, 193
Liouville measure, 193, 330
probability measure, 193
mechanics
Hamiltonian, 101
Lagrangian, 157
Newtonian, 157
metric space, 484
metric tensor, 503, 517
metrizable, 487
Milankovié cycles, 411
Minkowski space, 444
mirage, 182
mixing, 198
Mobius band, 26, 493, 567
Mobius function, 597
Mobius transformation, 124, 457
Mgller transform, 287
moment of inertia, 315, 576
momentum mapping, 344, 349
momentum, 103, 156, 157
monotone twist map, 477
Morse function, 480, 579
Morse-Bott function, 590
perfect, 580
Morse lemma, 582
Morse theory, 181, 579
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multi-index notation, 278, 399, 405
multiplicity, 65, 589
musical isomorphism, 503

N

natural mechanical system, 386
n-body problem, 7, 270, 286
n-center problem, 265
neighborhood, 486

Newton method, 545

node, 87

non-harmonic oscillator, 240
nonrelativistic, 442

nontrivial, 87, 117, 150, 181, 363, 474, 564,

592
normal bundle, 566
normal matrix, 113
nowhere dense subset, 486
numerics, 334
nutation, 383

(o)
w-limit set, 20, 24, 81
operator norm, 62
optical axis, 184
optics
geometric, 184
linear, 186
orbit, 14, 49, 548
homoclinic, 342

periodic, 14, 19, 50, 98, 115, 148, 164,

180, 196, 208, 591

trapped, bound, scattering, 279
orbit curve, 14
orbit method by Kirillov, 360
orientation, 567
orthonormal basis of characters, 201
oscillatory case, 91
overdamped case, 93

P

Palais-Smale condition, 591
Paley-Wiener estimate, 406, 417
parabola, 5, 171, 262

parabolic matrix, 112, 125, 201
paracompact, 486, 486
parallelization, 499

parameter of a DE, 60

Parseval equality, 203

partition of unity, 487, 492, 525, 571
path, 489

Index

Pauli matrices, 655
pendulum, 342
pericenter, 258, 296
period, 14, 15
periodic boundary conditions, 119
perturbation function, 61
phase portrait, 79
phase space, 12, 38
extended, 43, 56
phonons, 122
Picard iteration, 41
Picard mapping, 43
Poincaré group, 444
Poincaré lemma, 529, 531
Poincaré map, 148
point transformation, 231
Poisson bracket, 223
Poisson formula, 309
Poisson structure, 360
polar coordinates, 3, 327, 515, 523
polarization identity, 105
position, 103
potential, 241
central, 160, 400
effective, 328
Kepler, 256, 279
long and short range, 278
periodic, 245
random, 248
separable, 251
Yukawa, 254, 329
precession, 383, 449
principal bundle, 385, 565
principal curvature, 174
principal moment of inertia, 378
probability space, 192
product measure, 205, 248
product topology, 488
projective space P(V), 551
CP(k), 116
RP(k), 128, 429, 567
RP(1), 129
RP(2), 503
RP(3), 131
proper mapping, 352, 560
pull-back, 105, 234, 509, 520

Q

quadrature, 339

quantum mechanics, 9, 17, 131, 255, 293,
311,529

quasipolynomial, 76
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quaternions, 264, 455, 557 measurable, 192
quotient topology, 484 perfect, 409
shift space, 18, 205, 206
sigma-algebra, 192

R simplex, 273, 583, 361
Radon transform, 300 simply connected, 490
rainbow singularity, 297 simultaneous events, 461
rank Sinai billiard, 204
of a bilinear form, 105 singular point
of an exterior form, 508 of a mapping, 501
of a set partition, 312 of a vector field, 49
of a vector bundle, 565 singular value, 501
rapidity, 447 smooth mapping, 496
rationally independent, 114, 396 solution operator, 71
reduced mass, 3, 310 solution space, 71
refinement, 486 solution to a differential equation, 37
regular mapping, 27 complete, 35
regular point, 501 general, 35
regular value, 25, 336, 501 homographic, 271
relativistic advance of perihelion, 411 maximal, 50
relativistic, 160, 399, 442 singular, 35
representation, 549 special, 35
representing matrix, 105 space average, 393
residue class group, 119, 548 spacelike, 449
resonance spectrum of an endomorphism, 151
classical:, 94, 429 speed of light, 160, 442, 444
in quantum mechanics:, 293 spiral, 87
rest point, 49 spring, 91
restricted 3-body problem, 274 stable
retrograde motion of planets, 372 asymptotically, 20, 138, 141
reversible, 244 Lyapunov, 20, 111, 138, 139, 383
Riemannian metric, 172, 503 strongly, 139
Rodrigues formula, 557, 611 stable subspace, 82
rotation group SO(3), 131, 347, 557, 559 standard mapping, 436, 477
rotation number, 24, 436 star-shaped domain, 529

stereographic projection, 117, 274, 457, 493
Stiefel manifold, 364

S structure group, 565
scattering orbit, 278, 284 submanifold
scattering transform, 293 of a manifold, 235, 551
Schrodinger equation, 10, 17, 255 of R, 25, 503
Schwartz space, 301 submersion, 352, 501, 561
section subspace topology, 483
for fiber bundles, 563 superintegrable, 262
for vector fields, 148 supremum metric, 43
semiconjugate, 25, 252 surface of revolution, 175
semidirect product of groups, 367, 444, 550 symplectic action of a group, 345
semisimple, 113 symplectic form, 106, 218, 220
separatrix, 342 symplectic group, 107
set symplectic integrator, 334
independent, 330 symplectic surface, 473

integrable, 330 symplectic transformation, 227



682

symplectic vector space, 106
symplectomorphism, 227
system matrix, 61

T
tangent bundle, 498
tangent mapping, 498
tangent vector, 497
tautochrone problem, 171
tautological form, 219
tensor of inertia, 369, 389
Theorem by
Atiyah and Guillemin-Sternberg, 361
Banach, 544
Birkhoft, 209, 246, 399, 437
Bogoliubov and Krylov, 194
Cantor-Bendixson, 409
Chow, 388
Clairaut, 177
Darboux, 229
Darboux—linear version, 105
Frobenius, 572
Gromov, 472, 474
Gronwal, 54
Hopf and Rinow, 116, 589
Jordan (curve theorem), 476
Kolmogorov, Arnol’d, Moser (KAM), 9,
255, 426
Kiinneth, 534
Ky Fan, 364
Lagrange, 273
Lyapunov, 141
Liouville-Arnol’d, 330
Marsden and Weinstein, 352
Morse (index theorem), 589
Moulton, 272
Noether, 351
Peano, 39
Picard-Lindel6f, 39, 543
Poincaré (P. lemma), 529, 531
Poincaré (recurrence theorem), 212
Poincaré-Birkhoff, 475
Poinsot, 380
Rutherford (scattering cross section),
295
Sard, 319, 476, 591
Schur and Horn, 362
Schwarzschild, 292
Steiner, 375
Stokes, 525
Sylvester, 105, 445
Tychonoff, 18, 488

Index

Weierstral3, 63
Weyl, 396
Whitney, 502
Theorem on
action-angle coordinates, 336
asymptotic completeness, 293, 319
straightening, 59
eigenvalues of symplectic mappings, 108
energy conservation, 102
Fourier slice, 301
fundamental lemma of calculus of varia-
tions, 167
Fundamental Theorem of Riemannian
geometry, 572
Fundamental Theorem of the theory of
DEs, 57
hairy ball, 500, 573
Hamilton’s variational principle, 167
inverse scattering theory, 304
isoenergetic nondegeneracy, 429
normal form of real bilinear forms, 105
normal form of ellipsoids, 471
Mgller transforms, 287
polar decomposition, 112, 552
the regular value, 501
tennis rack, 380
virial, 398
thin lens, 187
Thomas matrix, 449
three axes stabilization, 575
three body problem, 7, 412
time average, 393
time delay, 291, 302
time reversal, 244
timelike, 449, 452
top, 375
topological group, 550
topological space, 483
topologically transitive, 19
torus automorphism, 201, 208
torus, 115, 179,221,247,331, 334,346, 395,
535,553
total space of a fiber bundle, 563
trace of a curve, 489
trajectory, 14
translation invariance, 120
trapped orbit, 269, 278
trivial bundle, 564
locally trivial, 563
true anomaly (Kepler ellipses), 5
twin paradox, 454
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twist map, 436
two body problem, 310
two center problem, 265

U

unit tangent bundle, 565
unstable equilibrium, 20
unstable subspace, 82
upper half plane, 124
upper semicontinuous, 51

\%

vector bundle, 566

vector field, 49, 497
affine, 122
complete, 44
gradient, 99, 157
Hamiltonian, 101
hyperbolic, 82
left invariant, 554

Lipschitz condition for, 38

locally Hamiltonian, 218
time dependent, 37

vector product, 123, 348, 556

velocity, 103
vortex lines, 233

W
wandering, 632
wave equation, 33
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Whitney sum of vector bundles, 566, 568

world line, 452
Wronski determinant, 72

X
X-ray transform, 300

Y
Yukawa potential, 254, 329

Z
zero section, 565
zodiacus, 118
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