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Preface

What is Born—Jordan quantization? And what is it supposed to be good for? Well,
it might very well be that Born—Jordan quantization and the associated operator
calculus provide us with the only physically correct quantization scheme, as
opposed to the Weyl quantization commonly used in physics. Already this fact is
sufficient to motivate a comprehensive mathematical study of the topic. Another
motivation is that very recent and ongoing work shows that the Born and Jordan
approach provides better results in the study of spectrograms in time—frequency
and signal analysis, by damping unwanted interference effects. To understand what
Born-Jordan operators are about one has to go back to the early years of quantum
mechanics, where a rule for quantizing monomials was proposed by Max Born and
Pascual Jordan in 1925 following Werner Heisenberg’s paper which inaugurated
what is nowadays called matrix mechanics; in this paper Heisenberg proposed the
idea of a quantum theoretical reinterpretation of the notion of classical observable.
One year later, Erwin Schrédinger proposed his eponymous equation describing the
time evolution of de Broglie’s wavefunctions, and showed that his approach led to
the same predictions as Heisenberg’s matrix mechanics, thus proving the unique-
ness of quantum mechanics as a new theory. The quantum rule proposed by Born
and Jordan was quickly superseded, mainly for mathematical reasons, by another
rule due to Hermann Weyl, which became de facto the preferred quantization in
physics, and thus leading to two different quantum mechanics: Heisenberg’s matrix
on the one side, and Schrédinger’s wavemechanics on the other side.

For all these reasons we believe that this new pseudo-differential calculus
deserves to be studied; the present work is an introduction to the topic, which is still
in its infancy. We do hope that it will trigger interest among researchers and
students. One more word: this book was primarily written for quantum physicists
and mathematicians interested in quantum mechanics. However, it might also be of
interest to specialists working in signal theory and time—frequency analysis: it
suffices to replace everywhere 7% with 1/2z and x with z.

I wrote the draft of this book in one week (sometimes during the spring 2015), it
was actually a skeleton, and a rickety one, but it contained, with a few exceptions,
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the main lines of the final version. But fine tuning and putting flesh on the bones
was a harder task. So it is both my duty and great pleasure to thank the following
mathematicians and physicists for encouragement and stimulating conversations:
Paolo Boggiatto (Turin), Elena Cordero (Turin), Glen Dennis (London), Hans
Feichtinger (Vienna), Serge de Gosson (Stockholm), Basil Hiley (London), Franz
Luef (Trondheim), Fabio Nicola (Turin), Luigi Rodino (Turin), Michael Ruzhansky
(London) and Ville Turunen (Esbo).

Special thanks to my beloved wife, Charlyne de Gosson, who has rearranged and
corrected the Bibliography, and to my colleague and friend, Glen Dennis, for
having read the manuscript with great attention and pointing out numerous typos
and errors.

This work has been funded by the grant P27773-N23 of the Austrian Fonds zur
Forderung der wissenschaftlichen Forschung (FWF).

Vienna, Argelés-sur-Mer, Stockholm Maurice A. de Gosson
Summer 2015
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Chapter 1
Introduction

1.1 From Quantum Theory to Quantum Mechanics

December 14, 1900, is usually regarded as the official date of birth of quantum
theory, because on that day Max Planck presented a memoir at a meeting of the
Physical Society of Berlin in which he solved the enigma of the blackbody spectrum
by introducing a new, fundamental, constant of N ature':

‘We therefore regard—and this is the most essential point of the entire calculation—energy to

be composed of a very definite number of equal finite packages, making use for that purpose
of a natural constant 1 = 6.5 x 10727 ergsec.

Planck was a Scientific of the old German school and had certainly not wanted
to challenge in such a drastic way the achievements of classical physics, which
was believed at that time to have attained a level of almost perfection. There was
still, however, one little unsolved problem that had already puzzled Planck’s teacher,
Gustav Kirchhoff. That problem concerned heat radiation inside a “black-body”,
which is an ideal absorber of radiation, for instance a hollow sphere with a tiny
hole. Any radiation which happens to go in through the hole will be trapped inside
and bounce around until it is finally absorbed. Kirchhoff had postulated in 1860 the
existence of a function depending only on temperature and frequency and describing
the emission of radiation of a heated black-body, but he hadn’t been able to find
any explicit form for such a function. Ultimately, at the very end of 19th century,
one was left with two formulas: Wien’s formula which was rather accurate on the
high-frequency side of the emission curve, and the so-called Rayleigh—Jeans law,
which agreed well with the predictions of classical thermodynamics in the infrared
range. Unfortunately both laws were totally incompatible outside their respective
domains of validity; all attempts to make them match had lamentably failed; even
worse Rayleigh—Jean’s law lead to catastrophic divergences for high frequencies
(the “ultraviolet catastrophe”). Planck, who was the successor of Kirchhoff at Berlin

For much more on of the historical development of quantum theory and quantum mechanics see
the authoritative book by Jammer [4].
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2 1 Introduction

University, has started working on the puzzle from 1895, but the breakthrough did
not come before October 7, 1900, when Planck realized that he had to find a formula
which for large frequencies and small temperatures agrees with Wien’s formula,
but for small frequencies and large temperatures reduces to a proportionality of the
energy density with the temperature. He postulated the interpolation formula

Ty — Av?
/v 1) = BTy =1

(later to be called “Planck’s law of radiation”) where A and B were constants to
be determined experimentally, and presented it at a meeting of the physical Soci-
ety on October 19, 1900. Planck’s formula seemed to be correct; it was checked
against experimental results which reported total agreement. This was a great suc-
cess: Planck’s formula agreed beautifully with the measurements of black-body radi-
ation. In 1918, Planck was awarded the Nobel Prize in physics for this discovery. His
discovery was the starting point of a new era in physics, which has led to tremendous
applications in practically every area of contemporary Science; it has also deeply
influenced the evolution of mathematics, particularly functional analysis and geom-
etry. In fact, Planck initiated what is today called “quantum theory”; it took however
another quarter of century before this theory got firm mathematical foundations and
earned the name of “quantum mechanics”. The first rigorous exposition of quantum
mechanics was written by Max Born and Pascual Jordan [1] in 1925; elaborating
on a paper by Werner Heisenberg, they proposed a “quantization rule” for classical
observables; this rule made possible the calculation of atomic spectra. In the sim-
ple case of a monomial in the position and momentum variables x and p Born and

Jordan’s rule read )
| s

xr s § As—kfr’\k

p s+ 1 = p P

where X and p are operators satisfying the commutationrule Xp— px = ih/2m where
h is Planck’s constant. This paper was followed by another paper [2] with Heisen-
berg himself as a coauthor; this second foundational work developed a Hamiltonian
mechanics of the atom in a completely new quantum non-commutative format, the
“matrix mechanics”, still in use today. In the meantime, Louis de Broglie had pos-
tulated in his 1924 Ph.D. thesis the wave nature of electrons and suggested that all
matter has wave properties; in fact, he proposed that to a particle with mass m and
velocity v should be associated a wave with wavelength

A= —.
mv
De Broglie was awarded the Nobel Prize for Physics in 1929 after experimental results
had shown his insight was right, and clearly demonstrated the wave-like behavior of
matter. De Broglie’s theory set the basis of “wave mechanics”; it is at this stage that
Erwin Schrodinger enters the scene. In the autumn of 1925 he was invited by Peter
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Debye to give a talk at a seminar in Ziirich on de Broglie’s theory. Intrigued by a
question of Debye, who asked

.. .but if matter has wave properties, what is the equation governing these waves?

Schrodinger set out to find a “wave equation”. He left for holiday in a mountain
cabin in the Alps just before Christmas 1925, and when he returned on 9 January,
elaborating on the Hamilton—Jacobi theory, he had postulated the equation

0%y 8m’m
a2 v BTV =0

satisfied by a stationary matter wave; he later generalized his result to the time-
dependent case, which led him to the famous equation

0P n 0%y
lh@t ~ 2m Ox? V@Y

governing the evolution of the de Broglie waves. The paper [5] in Annalen der
Physik in which Schrodinger published his results set the foundations of an apparently
alternative quantum mechanics, fundamentally different of that of Born, Heisenberg,
and Jordan. It was however soon proven that matrix mechanics and wavemechanics
were actually equivalent theories: they made the same physical predictions, and
one could pass from the one to the other using a simple procedure (see Casado
[3] for an account of this equivalence, which was first rigorously proved by John
von Neumann). So far, so good: Born, Heisenberg, Jordan, and Schrodinger had
created, using different approaches and methods, a new theory, guantum mechanics.
This theory is two-faced: one can work in either the Heisenberg picture (matrices)
or in the Schrodinger picture (waves). The success of this theory was, and still is,
undisputed. The story of the foundations of quantum mechanics did however not
end with these two theories. Hermann Weyl, who was at that time professor of
mathematics at the ETH Ziirich, and deeply influenced by the Gottingen school,
published in 1926 a paper [6]. In this paper, soon followed by a monograph [7],
Weyl used group-theoretical methods to formalize quantum mechanics. He had kept
up a correspondence with Born and Jordan, which led him to try to combine the
Heisenberg and Schrodinger pictures of quantum mechanics, using abstract methods.
Still, Weyl was aware of the fact that wavemechanics was more suitable for physicists;
this led him to write in the introduction of his monograph

...[Schrédinger’s approach] seems to me less cogent, but it leads more quickly to the fun-
damental principles of quantum mechanics...

Weyl’s ideas were met with mixed feelings; while Heisenberg was quite enthusiastic
in his recension of Weyl’s monograph, Paul Ehrenfest spoke about Gruppenpest to
emphasize his opposition to Weyl’s group-theoretical arguments (but still showed
some interest in the new ideas). Without rejecting Weyl’s ideas Schrodinger was
sceptic and advised him to clarify the physical foundations of quantum mecahnics.
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Now, what is of particular interest to us, is that Weyl proposed the following very
general quantization rule: to a classical observable a(x, p) depending on the position
an momentum coordinates, one should associate an operator defined by

1 i
awey1 (X, p) = o en PP Fg(x, p)dpdx

where F is the Fourier transform; this operator is formally obtained by replacing the
variables x and p in the Fourier inversion formula by the non-commuting variables
X and p used by Born, Jordan, and Heisenberg. Some easy algebra shows that if we
quantize a classical Hamiltonian function

»?

H=—+4+V(x)
2m

using Weyl’s rule one obtains the operator

2 2

. h
H(x,ﬁ) = _%W + V(x)

which is the same as the one appearing in Schrodinger’s equation. So far, so good. The

rub comes from the following observation: if we apply Weyl’s rule to the monomials
x" p* considered by Born, Jordan, and Heisenberg, we get the correspondence

ros 1 c S ~s—kar =~k
v — 3> ()P

k=0

where the (]i) are the binomial coefficients; as is immediately seen by simple inspec-
tion, this rule is fundamentally different from Born and Jordan’s quantization rule, as
soon as r, s > 2. Thus, if one wants to extend the Schrodinger picture to observables
which are arbitrary functions of the variables x and p one obtains two different results
depending on which quantization rule one uses. This fact has the following unwanted
consequence: if one uses Weyl quantization, the Born—Jordan and Schrddinger pic-
tures are no longer equivalent, and we thus have two different quantum mechanics.
It turns out that Weyl quantization has become the preferred, not to say the only,
quantization procedure in modern quantum mechanics. This has many historical rea-
sons we will not try to retrace; one of them is that the Weyl quantization rule is easy
to implement mathematically, while one does not see immediately how to apply the
Born—Jordan rule to arbitrary observables; as we will see in this book the general
formula for the Born—Jordan quantization is

. 1 P sin(px /2h)
- # CX+pp) 2T dnd
ap(X.p)=5— [ e a(x, p) oxj2n 4Pdx
and this formula is far from being “obvious” ; in particular one does not see where
the term sin(px/27wh)/(px/27h) comes from.
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1.2 What We Do in This Book

This book consists of three parts, which can be to a great extent be read independently.
The logical structure is linear: we have avoided as much as possible to refer, in a
given chapter, to results that will be proven in one of the subsequent chapters. This
being said, we have made every effort to make each chapter as self-contained as
possible.

Here is a short and concise description of the contents:

e Part 1 (Chaps.2, 3, 4 and 5) is an introduction to Born—Jordan quantization from
the physicist’s point of view. In Chap.2 we discuss the problem of quantization
in general, and mention the main conceptual difficulties. In Chap. 3 we review the
theory of quantization of monomials, which is still a subject a current research, and
contains many technical subtleties. In Chap.4, having the Schrédinger equation
in mind, we review the basic ideas of classical mechanics with an emphasis on
the symplectic formulation of the Hamiltonian approach. Finally, in Chap. 5, we
show that Born—Jordan quantization and the Schrodinger equation for arbitrary
observables can be motivated if one makes a simple physical assumption on the
short-time wavefunction. This will lead us to a quantization formula which is at the
basis of the mathematical theory of Born—Jordan quantization from the pseudo-
differential point of view.

e InPart2 (Chaps.6,7,8,9, 10 and 11) we develop the mathematics of Born—Jordan
quantization. In Chap. 6, we review Weyl quantization, from the point of view of
harmonic analysis. In addition to its intrinsic interest Weyl quantization is the eas-
iest way to access Born—Jordan quantization. In Chap.7 we introduce the “Cohen
class” andrelated objects as the Wigner and ambiguity functions. The results devel-
oped in this chapter are essential for the transition from Weyl quantization to the
more complicated Born—Jordan quantization. Chapter 8 is central; we give there a
rigorous definition of the Born—Jordan quantization procedure, by selecting a par-
ticular element of the Cohen class. The operator calculus thus defined is studied.
Chapter 9 is technical; there we review the theory of Shubin’s parameter-dependent
pseudo-differential operators, which will allow us in Chap. 10 to develop the the-
ory of Born—Jordan operators from the pseudo-differential viewpoint. Finally, in
Chap. 11, we study the so important notion of weak value from the point of view
of Born—Jordan quantization, and discuss the so-called “reconstruction problem”.

e Part 3 is devoted to some topics which are mathematically more “advanced”. In
Chaps. 12 and 13 we introduce the theory of the metaplectic group and of its vari-
ants; we apply this theory to the study of symplectic covariance both in the Weyl
and the Born—Jordan case. Finally, in Chap. 14 we study boundedness proper-
ties of Born—Jordan operators in some functional spaces (including Feichtinger’s
modulation spaces); this requires the introduction of new global symbol classes.
This last chapter is concurrent with ongoing research in functional analysis and
time-frequency analysis; it thus has a sketchy form.
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Part 1
Born-Jordan Quantization:
Physical Motivation



Chapter 2
On the Quantization Problem

2.1 Introduction

In 1925 Max Born and Pascual Jordan set out to give a rigorous mathematical basis
to Werner Heisenberg’s newly born “matrix mechanics”. This led them led to state a
quantization rule for monomials; that rule associates to the product x” p* the operator

s

1 .
Opg;(x"p*) = —— » p**%p* (2.1)
s+ 1 =

where X and p are operators satisfying the canonical commutation relation [X, p] =
i h. For historical and technical reasons we do not discuss here, Born and Jordan’s
rule was quickly superseded by a more general rule proposed by Hermann Weyl.
Elaborating on the Fourier inversion formula

1 i
atx,p) = 3— e (0P B (xo, po)dpodaxg

Weyl defined the operator Opy, (a) associated to an observable (or “symbol”) a by
formally replacing x and p by X and p in the formula above:

Opy (a) = 1 e o¥+pop)

Fa(xo, po)dpodxo. (2.2
27h

McCoy showed in [15] Weyl’s rule leads to the formula

s

o ,
Opy (' p") = 52 (s)j?—k?ﬁk 2.3)

k=0 k

which is different from Born and Jordan’s rule as soon as r, s > 2 (they however
coincide when r = s = 1, leading in both cases to the operator %(}\ﬁ+ Dx)).

© Springer International Publishing Switzerland 2016 9
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The Weyl rule was rediscovered and developed in the 1970s by mathematicians
working on the theory of pseudo-differential operators and partial differential equa-
tions. It turns out that the Weyl quantization rule is mathematically speaking: is very
attractive because of its simplicity; in addition it enjoys a very interesting symmetry
property (symplectic covariance; i.e. covariance under linear canonical transforma-
tions). It is also intimately related to the Wigner transform, which allows a phase
space representation of quantum mechanics. The resulting “Weyl-Wigner” formal-
ism is a well-studied topic in both mathematics and quantum mechanics. So far so
good. However, an inconsistency arises when Weyl quantization is used. It comes
from the following fact: it is conventional wisdom in physics that the Schrodinger and
Heisenberg pictures of quantum mechanics are equivalent (the Schrédinger picture
is based on Schrodinger’s equation which predicts the time-evolution of the quantum
state, and the Heisenberg picture views states as constant in time, and considers the
observable to evolve). But, and this has been unnoticed, for this equivalence to hold
we must use the Born—Jordan scheme, and this because the Heisenberg picture breaks
down if we use any other quantization rule. That is, the Schrodinger and Heisenberg
pictures are inequivalent if one uses Weyl quantization (or any other ordering rule for
that). We are thus left with only one possible conclusion, which might be unwelcome
for many physicists: the right quantization rule for observables is that proposed in
1925 by Born and Jordan.

From a mathematical point of view, the Born—Jordan pseudo-differential operators
are obtained as follows. There are infinitely many ways to associate an operator to
a given symbol (or “classical observable”) a. For instance, one can use the Kohn—
Nirenberg prescription

Any () = (525)" / / eRPEa(x, py(y)d” pd"y

which is very popular among mathematicians working in the theory of partial differ-
ential equations, or in time-frequency analysis. Or one can use the Weyl prescription,
which is given in pseudo-differential form by the formula

A = ()" // RO aG (x4 ), pye(d" pd"y:

the latter is very popular among physicists for the reasons discussed above. There
is also the anti-normal ordering, which we just mention in passing (it is not widely
used). And then, there is the so-called Shubin prescription: for every real number 7
one associates a pseudo-differential operator A, to the symbol a by the formula

Arb(x) = (55)" / / RO (1 = m)x + 7y), pyb(y)d” pd”y.

Obviously, choosing 7 = 1 one recovers the Kohn—Nirenberg operator Agy, and
choosing 7 = % one recovers the Weyl operator Ay, so the Shubin operators are just
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a generalization of known schemes. Now, we define the Born—Jordan operator Ag;

with symbol a as the average
1

ABJZ/A-,-dT

0
of all Shubin operators A, on the interval [0, 1]; this formula should be interpreted as

1

Apyb(x) = / A b(0)dr

0

for ¢ € S(R"). This definition leads to a completely new pseudo-differential cal-
culus, whose properties are different from those of the operators A, (and hence, in
particular, from those of the Weyl operator Xw). For instance, as opposed to what
happens with Weyl or Shubin calculus, it is not obvious that every continuous opera-
tor S(R") —> S’(R") can be represented as a Born—Jordan operator Agy; the usual
argument using Schwartz kernel theorem does not work here (put differently “there
might be quantum observables which have no classical analogue™). It also turns out
that in Born—Jordan quantization the zero operator can correspond to a non-zero
symbol; this particularity raises concerns about the uniqueness of “dequantization”;
these matters will be studied in detail.

2.2 The Ordering Problem

Already in the early days of quantum mechanics physicists were confronted with
the ordering problem for products of observables (i.e. of symbols, in mathematical
language). While it was agreed that the correspondence rule

x; — xj, p; — —ihd/0x;

could be successfully be applied to the position and momentum variables, thus turning
the Hamiltonian function

n 1
H=2 o pj+ Vi, ) 24)

j=1 <

into the partial differential operator

12
Z —2m] a : + V(X1 s Xn) (2.5)
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it quickly became apparent that these rules lead to ambiguities when applied to more
general observables involving products of the variables x; and p;. For instance, what
should the operator corresponding to the magnetic Hamiltonian

n 1 )
H = — (P —Aj(x1, ., X))+ V(xy, .y xy 2.6
;Mj (Pj = AjC1s o %) + VL, o x0) (2.6)
be? Even in the simple case of the product x; p; = p;x; the correspondence rule led
to the a priori equally good answers —iix;0/0x; and —ih(9/0x ;)x; which differ by
the quantity i 7z; things became even more complicated when one came (empirically)
to the conclusion that the right answer should in fact be the “average rule”

xip; — =i (5 + 7)) @.7)

corresponding to the splitting x;p; = %(x ipj + pjx;). To better understand the
issue, we have to go back a few years in time, to 1925. That year Heisenberg wrote
a seminal paper [13] which defined what we today call “matrix mechanics”; in an
attempt to understand Heisenberg’s ideas, and to put them on a firm mathematical
basis, Born and Jordan [1] wrote a comprehensive paper where they addressed the
ordering problem: assume that some quantization process associated to the canonical
variables x (position) and p (momentum) two operators X and p satisfying Max
Born’s canonical commutation rule X p — px = i h. A natural and simple choice (but
of course not the only possible one) is to choose the unbounded operators on R”

X=x, p=—ihd/0x;.

What should then the operator a,; (X, p) associated to the monomial a, (x, p) = x" p*
be? Born and Jordan’s answer was

ars(f’ 1/7\) = S_ ﬁs_k?/p\k‘ (28)

They subsequently addressed the multi-dimensional case in a joint work [2] with
Heisenberg himself. In [8] we have analyzed in detail Born and Jordan’s argument,
and shown that their approach to Heisenberg’s matrix mechanics becomes effective
if and only if one uses the quantization rule (2.8) for monomials. Born and Jordan’s
derivation has actually been discussed by many authors (see for instance Fedak and
Prentis [10], Castellani [3], Crehan [5]), but to the best of our knowledge none has
taken up the logical need for the rule (2.8). Approximately at the same time Hermann
Weyl had started to develop his ideas about how to quantize the observables of a
physical system, and communicated them to Max Born and Pascual Jordan (see
Scholz [17] for a historical account). His basic ideas of a group theoretical approach
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were published two years later [19, 20]. A very interesting novelty in Weyl’s approach
was that he proposed to associate to an observable of a physical system what we would
call today a pseudo-differential operator in Weyl form. In fact, writing the observable
as an inverse Fourier transform

a(x, p) = / P Ea(s, t)dsdt (2.9)

he defined its operator analogue by the formal substitution x —> X, p —> p, which
yields

a®, p) = / &P Eq(s, Hdsdt; (2.10)

this is essentially the modern definition of a pseudo-differential operator in terms
of Heisenberg operators. Now, Weyl’s theory immediately yields the symmetrized
quantization rule

Iy | N
a(x,p) = E(XP + px)

(as does Born Jordan’s algebraic constructions) and one finds that more generally
(McCoy [15], 1932)

R 1 K r -
ars (X, p) = 2—2( )ﬁ* T (2.11)

k=0 k

for a monomial a,;(x, p) = x" p°.

We now make an essential observation. It turns out that Weyl’s quantization rule
(2.11) for monomials is a particular case of the so-called “7-ordering” introduced by
Shubin [18]: for any real number 7 one defines the operator

al (5. p) = (2)(1 - T TR (2.12)
k=0

which is identical to Weyl’s prescription when one chooses 7 = % When 7 = 0
one gets the “normal ordering” X" p* familiar from the elementary theory of partial
differential equations while 7 = 1 yields the “anti-normal ordering” p*x”. We now
make the following fundamental observation: the Born—Jordan prescription (2.8) is

obtained by averaging (2.12) on the interval [0, 1]. In fact, noting that

1

/(1 —nkrhdr =

0

k!(s — k)!
(s + 1!
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we get
1

/afs(f, pydr =

0

3 pt (2.13)

=)

~
Il
o

which is precisely (2.8).

In physics as well as in mathematics, the question of a “good” choice of quantiza-
tion is more than just academic. For instance, different choices may lead to different
spectral properties. The following example is due to Crehan [5]. Consider the Hamil-
tonian function

H(z) = %(p2 + x5 + AP + x5,

The term that gives an ordering problem is evidently (p?> + x2)3; Crehan then
shows that the most general quantization invariant under the substitution (x, p) ——>

(p, —x)is
1
H= 5(252 +3) + AP+ 3% + ABah? — 1) (P2 + 7).

It is easy to see that the eigenfunctions of H are those of the harmonic oscillator
ﬁo = %(ﬁz + X?) (they are thus the Hermite functions) and do not depend on the
choices of the parameters A and «. However the corresponding eigenvalues do: they
are the numbers

Ey = (N + DR+ MQ@N + 1) + Ah@2N + DBah? — 4)

for N = 0, 1,2, ..., which clearly shows the dependence of the spectrum on the
parameters « and A, and hence of the chosen quantization. This example clearly
shows that the choice of a quantization is not just an academic problem, but has deep
consequences when one looks for the correct spectra in physics. There are more
subtle issues associated with the choice of quantization, and these will be discussed
later on in this book.

We note that the ordering problem for monomials is still not closed, as witnessed
by recent research (see for instance Domingo and Galapon [9]).

2.3 What Is Quantization?

In physics “quantization” refers to a mathematical procedure designed to describe a
quantum system using its formulation as a classical system. We have been loosely
talking about “quantization” as a process which allows one to associate an operator
acting on some function space to a function; the latter is supposed to represent a
dynamical variable, for instance energy, or position, or momentum; for a detailed
and interesting discussion of the historical development of quantization, see Mehra
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and Rechenberg’s treatise [16]. In the case of monomials the approach seems to be
more abstract, because we associate to expressions like x” p* a formal product of
operators x and p. It would therefore be useful to have a solid working mathematical
definition of the notion of quantization. Let us immediately note that there is no
consensus in the literature about what a “good” definition should be. We are going
to give below a definition of quantization which is rather minimalistic, but sufficient
for our purposes (and probably also the most reasonable from a physical point of
view). But let us first explain what properties a quantization cannot satisfy; this will
give us the opportunity of debunking what we called “urban legends” in [8]. The first
of these properties is the so-called Dirac rule: any quantization a <> Op(a) should
satisfy the relation

[Op(a), Op(b)] = ihOp({a, b}) (2.14)

where {a, b} is the Poisson bracket of the two observables a, b. It is however well-
known (the Groenewold—van Hove theorem, see [11, 12]) that (2.14) cannot hold
for polynomials with degree > 2. Kauffmann gives in [14] an excellent analysis
of Dirac’s correspondence, and in [3] Castellani analyzes the (non-)existence of
quantization rules satisfying (2.14). The second quantization rule that cannot be
satisfied is von Neumann’s condition

Op(a") = (Op(a)". (2.15)

In fact, Cohen [4] has proven that this condition would prohibit the existence of a
quasi-probability distribution p(x, p) satisfying the marginal conditions

/mLme=wmﬁ /mmex=wme (2.16)

and the average value formula

(g(Op(a)) ) =/g(a)(x,p)p(x,p)dpdx- (2.17)

This would, among other unwanted consequences, prohibit the existence of the
Wigner distribution and of a Weyl type phase space quantum mechanics.

So, now that we know what a quantization cannot be, let us list a few properties
we would like a quantization to have.

Let us denote by Class(n) the vector space of all (real or complex) functions
defined on phase space R?*; we do not assume any particular smoothness property
for the elements of Class(n) (which we call “observables”, or “symbols”). We will
denote by Quant(n) the complex vector space of all continuous linear operators
A : S(R") —> S'(R"). We call quantization any linear mapping

Op : Class(n) —> Quant(n)
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having the following properties:

e Triviality axiom:
Op(l) = Is, Op(x;) =%;, Op(p)) = p;

(14 the identity operator);
e Self-adjointness: ifa = a(x, p)isreal, then Op(a) is self-adjoint; more generally:

Op(a*) = Op(a)"

where a* is the complex conjugate of a.

These two first properties are well-known, and very “reasonable”; the third axiom
seems a little bit artificial, but helps maintain a relatively small class of possible
quantizations:

e Reduced Dirac correspondence:

[X;. Op(a)] = ihOp({x;, a})
[P}, Op(a)] = ihOp({p;, a})

for every a € Class(n) and j = 1, ..., n.

It turns out that, at least as far as monomials or polynomials are concerned, the
property above allows one to give very explicit expressions for Op(a); in particular
one can prove the existence of a function f such that f(0) and

min(r,s)
Op(x'p*) = f“‘><0>(s.)(r.)j!hfz?‘f?‘f (2.18)
J/ \J

j=0

(see Domingo and Galapon [9]). This property makes it easy to connect quanti-
zation—in the general case—with the theory of the Cohen classes, which plays an
essential role in phase space quantum mechanics (and in its cousin, time-frequency
analysis). We will come back to this property in Chap. 3.

A quantization scheme satisfying these three properties is called by some authors
a “generalized Weyl correspondence”; we will not use this terminology because it
gives the impression that the Weyl correspondence plays a privileged and central
role in quantization. While it is true that the Weyl correspondence is in a sense the
simplest quantization scheme, and that other quantization schemes can be studied in
terms of it, it is not necessarily the best one in physics, as our discussion below will
show.
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2.4 Motivation for Born—Jordan Quantization

As shortly argued above there are many reasons to believe that the Born—Jordan
ordering, which leads to the Born—Jordan pseudo-differential calculus is the correct
physical quantization scheme. We have shown in [7, 8] that the equivalence of the
Schrodinger and Heisenberg pictures of quantum mechanics (which is taken for
granted in quantum physics) requires that the “ observables” be quantized using
the Born—Jordan rule. In fact, close scrutiny of Born and Jordan’s argument shows
that their quantization rule (2.13) is not only sufficient, but also necessary for their
definitions to be mathematically consistent.

In the Schrddinger picture of quantum mechanics (wave mechanics), the operators
are constant (unless they are explicitly time-dependent), and the states evolve in time:

W(t) = Ul(t, 1) (ty) where
U(t, to) = e'Hst=)/h (2.19)

is a family of unitary operators (the propagator); the time evolution of ¢ is thus
governed by Schrodinger’s equation

iha—w = Hs; (2.20)
ot
Hs is an operator associated with the classical Hamiltonian function H by some
“quantization rule”. In the Heisenberg picture (matrix mechanics), the state vectors
are time-independent operators that incorporate a dependency on time, while an
observable A in the Schrodinger picture becomes a time-dependent operator A ()
in the Heisenberg picture; this time dependence satisfies the Heisenberg equation

ihddA—tH =ihag—tH+[AH,HH]. (2.21)
Schrodinger [6] (and, independently, Eckart [5]) attempted to prove shortly after
the publication of Heisenberg’s result that wave mechanics and matrix mechanics
were mathematically equivalent. Both proofs contained flaws, and one had to wait
until von Neumann’s [7] seminal work for a rigorous proof of the equivalence of both
theories. We will not bother with the technical shortcomings of Schrodinger’s and
Eckart’s approaches here, but rather focus on one, perhaps more fundamental, aspect
which seems to have been overlooked in the literature. We observe that it is possible
to go from the Heisenberg picture to the Schrodinger picture (and back) using the
following simple argument: a ket

[Ys (1)) = U(t, 10)|[¥s(10) (2.22)



18 2 On the Quantization Problem
in the Schrodinger picture becomes, in the Heisenberg picture, the constant ket
lYw) = U, 10) s () = [¢s(10)) (2.23)
whereas an observable A s becomes
An(t) = U(t, 10) AsU(t, 1o); (2.24)
in particular the Hamiltonian is
Hy (1) = U(t, 1)) HsU(t, 15). (2.25)

Taking ¢t = 1y this relation implies that Hy;(fy) = Hs; now in the Heisenberg picture
energy is constant, so the Hamiltonian operator Hy;(#) must be a constant of the
motion. It follows that Hy(t) = Hgs for all times ¢ and hence both operators Hy
and Hs must be quantized using the same rules. A consequence of this property is
that if we believe that Heisenberg’s “matrix mechanics” is correct and is equivalent
to Schrodinger’s theory, then the Hamiltonian operator appearing in the Schrédinger
equation (2.20) must be quantized using the Born—Jordan rule, and not, as is usual
in quantum mechanics, the Weyl quantization rule.

Now, why should we then choose the Born—Jordan quantization scheme, and
not, for instance, the Weyl correspondence? It turns out that Born and Jordan’s
argument only works if one uses the quantization scheme that they proposed. We
have explained this in detail in [8]; for completeness we reproduce here the argument
(with some simplifications). A close scrutiny of the arguments in Born and Jordan
[1] and its follow-up [2] by Born et al. shows that the key to their approach lies
in the differentiation rule for products of non-commuting variables. They actually
give two definitions, and prove thereafter that both coincide if and only if one makes
an essential assumption on the ordering of the quantization of monomials. The first
definition is algebraic: if

y=[1ye, =voye -y, (2.26)
m=1

is a product of non-commuting variables y, then, ifk € {€;, ¢,, ..., £,}, the derivative
of y with respect to yj is given by what they call a “differential quotient of first type™:

(a ) Z‘Sw 11 v Ty 2.27)
Yk

m=r+1 m=1

(d¢,x the Kronecker delta). In words: pick a factor x; in (2.26) and form the product
of all the following factors, and thereafter the product of the preceding factors (in
that order). When y is a monomial p*X" this rule yields
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( PE ) ZAS =tz 5t (2.28)

0 ~r—1- jAs
=7 Z PR (2.29)

Jj=

The second definition (explicitly given in formula (3) of [2]) is similar to that of an
ordinary partial derivative:

(ay) o FCmt )
— ) =lim .
(oA%8

(2.30)

a—0 o

With this definition formulas (2.28) and (2.29) become

Their next step consists in identifying both notions of partial derivative; more specifi-
cally they want that the quantization H (still to be defined) of a Hamiltonian function
satisfies the equalities

OH\ _ (0H\ (0H\ _ (0H 231

op), ~\op), \ox ), "oz ), '
They thereafter show quite explicitly (in the footnote (1) of [2]) that these equations
hold if the quantization H of H = p°x" is the self-adjoint operator given by

— 1 <
H= TP = AR 2.32
r+1Z s—I—lZ;‘p P (2:32)

They do not, however, show that it is the only possibility leading to a self-adjoint
operator H. This is however the case, as we have shown in [8].

To be complete, let us explain why Born and Jordan needed these constructions.
They assumed that the equations of motion for p and X are formally the same as in
Hamiltonian mechanics, namely

dx _OH dp _ OH

e 2.33
dt Op  dt ox (2.33)
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Pursuing this classical analogy, they require in addition that the Hamilton equations,
written in terms of Poisson brackets

“_omy, P
— =X, sy T = s
dt dt p

should be replaced with the operator relations

dx = ﬁ] dp
@ HL, L
dt d

to be consistent with the Hamilton equations (2.33) one must thus have

~

. OH . OH
X, Hl=ih— D, Hl=ih—. 2.34
[x,H] =i i [p, Hl =i i5 (2.34)

This last step in Born and Jordan’s construction also requires that the operator H
must be given by the rule (2.32) above.
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Chapter 3
Quantization of Monomials

In this chapter we begin by collecting some facts about the quantization of monomials
and polynomials, with a particular emphasis on the Weyl and Born—Jordan schemes.
We will also consider a non-standard rule, namely Shubin’s 7-ordering, which is
the key to the definition of Born—-Jordan quantization for general observables. We
thereafter propose a simple but efficient definition of quantization. That definition,
due to Domingo and Galapon, is simple, because it relies on only three axioms
(in addition to the requirement of linearity), and it is efficient because it is easy to
generalize to the case of arbitrary observables, as we will see in the forthcoming
chapters.

3.1 Polynomial Algebras

3.1.1 General Considerations and Notation

The first contribution to the topic of monomial quantization is Born and Jordan’s sem-
inal paper [2]; the list of papers that has followed this work is huge, and still growing
(this book is not an exception!). Here is a short list of contributions, which is by no
means exhaustive: Agarwal and Wolf [1], Crehan [3], Domingo and Galapon [5],
Kerner and Sutcliffe [7], McCoy [8], Mehta [9], Misra and Shankara [10], Niederle
and Tolar [11], Przanowski and Tosiek [12], Shewell [14].

In what follows x and p denote two indeterminates and C[x, p] the polynomial
ring they generate: it consists of all finite formal sums a = >°,  «,x” p* where the
coefficients a,; are complex numbers; it is assumed that x” p* = p*x” hence C[x, p]
is a commutative ring. We identify C[x, p] with the corresponding ring of polyno-
mial functions. We will denote by C[x, p] the corresponding Weyl algebra: it is the
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complex (non-commutative) unital algebra' generated by X and p, two indetermi-
nates satisfying Born’s canonical commutation relation (CCR), written formally as

Xp—px =ihl

where 1 is the unit of C[X, p]; we will commonly abuse notation by writing ikl = ih;
see Gelfand and Fairlie [6] for a detailed study of the Weyl algebra C[X, p].

The following commutation formulas in C[X, p] are easily proven by induction
on the integers r and s. Using these formulas it is easy to see that every A e C[7, Pl
can be written in any of the two forms below:

A= adp =D 5r7.

r+s<m r+s<m

In standard quantum mechanics it is usual to choose for X and p the operators
defined by

XY =x¢,p= —iha—w
0x
where v is a differentiable function on the real line. This is not the only possible
choice; for instance in the theory of the phase space Schrodinger equations (and in
its variant, deformation quantization), one often uses instead the so-called “Bopp
shifts” X and p, which are defined by the relations

~ 1.0 ~ 1.0
xXyP = (x + Elh%) Y, pp = (P - zlha) (0

where 1) is this time a differentiable function on phase space R?. It is immediate to
verify that [X, p] = ihl.

Let us begin by giving a very rough definition of quantization: a quantization of
Clx, p] is a linear mapping

Op : Clx, p] — WIx, pl

associating to each polynomial a(x, p) € C[x, p] with real coefficients a self-adjoint

element A = a(x, p) € C[x, pl. Self-adjointness is taken here in the algebraic
sense: if

A= Z a,sx" p* € CIX, p]

r+s<m

Tt can be viewed, if one wants, as the universal enveloping algebra of the Heisenberg Lie algebra.
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then the adjoint A of A is defined by

AT= " o} p'% e CIT, pl;

r+s<m

the fact that AT € C[x, p] follows either by repeated use of the CCR (see the
commutation formula (3.3) below): we have

A\T = Zﬁr’s’?/ﬁs/
r',s

where the new coefficients 3,y can be stepwise determined from the «.

3.1.2 Commutation Relations

Using Born’s canonical commutation relation
[X.pl=%p—px =ih

itis easy to prove by induction on the integers » and s various commutation relations.
Here are a few of them:

[, p'l=sih » X p IRt (3.1)
=0
s—1
X7, p'l=rih y p ' p (3.2)
j=0
min(r,s) , s
X", p'] = (ih)"k!(k) (k) PRk (3.3)
k=1
min(r,s) , s
X", p'l=— (—ih)kk!(k) (k)f’kﬁsk. (3.4)
k=1

Notice that the relations (3.3) and (3.4) are obtained from each other by taking adjoints
and observing that the commutator is antisymmetric: we have [x”, p°]" = [p*, %" ].

3.2 Some Common Orderings

We briefly discuss here the Weyl and Born—Jordan quantizations. The latter, given by
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w©

1

s—|—1£:O

Opg;(p'x") =

is the equally weighted average of all the possible operator orderings, as opposed to
the Weyl correspondence

1 < (s B
Op(x' ) =5 > ()7

=0

or the symmetric ordering (Rivier [13])

, | ‘
Opsym(xrpé) = E(Z’\A? +X'p")

which is the most symmetrical rule. All three rules coincide when s + » < 2, but
they are different as soon as s > 2 and r > 2.

3.2.1 Weyl Ordering

By definition the Weyl quantization (or correspondence) Opyy; associates to a mono-
mial x" p* the expression (McCoy [8])

Opy (' p*) = 21 > (;)ﬁ%’ B (3.5)
£=0
equivalently, using the commutation relations (3.1)—(3.4),
Opy (P = 3 Y (;)#ﬁw
£=0
Example 1 We have Opy (xp) = 3 (Xp + p%) and
Opy () = L@ + 255°% + )
or, equivalently,
Opy (x*p?) = 1 (P*%* +2p%°P + 3%

(the somewhat counterintuitive equality Xp>x = px-p immediately follows from
the commutation relation [X, p] = ih).
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The definition above immediately makes apparent the self-adjointness of the Weyl
quantization of real polynomials: we have

s

1 s
Opy (' p")' = Z (Z)ﬁ“f’ P = Opy (" pY),

and this formula immediately extends to polynomials by linearity.

Proposition 2 Let x"p* € Clx, p]; we have the “normal” and “anti-normal”
expansions

min(r,s)
Opy (x' ") = Z (- zh)f( )() S (3.6)

min(r,s)
A
Opy(x'p') = > (zh)z(s) (E)?;’f—‘f’—‘f. (3.7)

=0

Proof Using the formulas (3.1)—(3.4) it is straightforward to show that Opy, (x" p*)
can be written in any of the two forms above; notice that both formulas are easily seen
to be equivalent if one takes into account the self-adjointness property of Opy, (x" p*)

since the adjoint of X" ~¢p*~ is precisely p* ‘X" . u

Example 3 While by definition we have
Opy (x*p?) = 4 2P0 4 2XpX + poxd)
using formula (3.6) with r = s = 2 this is the same thing as
Opy (x*p?) =X°p* — 2ihxp — 11’ (3.8)

as can be directly checked using by repeated use of the commutation relation [, p] =
ih; similarly (3.7) yields

Opy, (x*p?) = p*X* + 2ihpx — 117 (3.9)

The assumption of linearity allows us to construct Opy (a) for arbitrary polyno-
mials a € C[x, p]: if

a(x,p)= D apx'p'

r+s<m
then we have

Opw(a@) = D anOpy(x'p").

r+s<m
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3.2.2 Born-Jordan Ordering

By definition, the Born—Jordan ordering of monomials is given by

s

1
Opg; (X" p*) = —— > px'p" (3.10)
s+ 1
£=0
or, equivalently,
1 < A A
Opg;(x"p*) = X px. (3.11)
r+1 oy

The equivalence of both definitions follows from the commutation relations (3.1)—
(3.4).

Since the adjoint of p*~‘x" p* is p*x" p*~* we have Opg;(p*x")" = Opg;(p°x"),
hence the Born—Jordan rule is, as is the Weyl rule, a physically acceptable quantiza-
tion scheme for monomials. It extends to polynomials by linearity: if

a(x, p) = Z a”xrps

r4+s<m

is an arbitrary element of C[x, p] then we define Opg,(a) € C[x, p] by

Opg;(a) = Z 0 Opg; (x” p*).

r+s<m

The following result gives the normal and anti-normal expansions in the Born—Jordan
scheme:

Proposition 4 Let x" p* € Clx, p]; we have

min(r,s)
s\ (r\ ¢!
O ro.s — _-hf ~r—ls—1{ 312
Pey (' P°) Z(;(w(z)(z)Hlx p (3.12)
min(r,s) s - 21
o) TSy — h 4 _”\S—l"\r—f' 3.13
Ppy (' P*) ;m(g)(g)gﬂp x (3.13)
Proof Similar to that of Proposition 2 in the Weyl case; also see [7]; observe that
one toggles between both expressions by taking the adjoints. |

Example 5 Setting r = s = 2 in (3.12) we get the normally ordered operator
Opy; (x*p®) =X°p° — 2ihxp — 3h*; (3.14)

itis different from the expression (3.8) giving the normally ordered Weyl quantization
of x?p2.
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Observe that both formulas (3.6) and (3.12) are particular cases of the formula

min(r,s) s \ £
o) TSy — _-hf R e e B 3.15
Py ' P*) Z(;( ih) (z)((z)mx Z (3.15)
where () is a sequence of real numbers. For instance, the choice o, = £+ 1 leads to
the Born—Jordan rule, and the choice a, = 2¢ leads to the Weyl rule. These formulas
show explicitly that the Weyl and Born—Jordan rules differ as soon as » > 2 and
s > 2 (cf. Dewey [4]). We will give a more explicit formula below.

3.2.3 The Relation Between Opyy (x" p*) and Opgj(x" p*)

We shortly address here the following question: “can we (easily) find the Born—
Jordan quantization of x” p* knowing its Weyl quantization, and vice versa?’. While
nothing is really very simple when it comes to such combinatorial matters, the two
following formulas have been proven by Domingo and Galapon [5]:

%min(r,s) . oY
(ih/2)~ s! r! o i
O xr 5 — O xl J N J
Py (x" p*) ]Z:(; 2+ D G —2) =2 Pw ( )

and, conversely,

min(r,s) ,. i 1
< (in)’B;i(5) s! r! 2i eeni
Opyw(x"p*) = . - —Opg; (x" ™ p**);
" Z(; jU =Dt =

in the second formula B; (%) is the Bernoulli polynomial B;(x) evaluated at x = %;
recall that B (x) is defined by

or equivalently

J .
B = (i)Bj_kxk
k=0

where the B;_ are the Bernoulli numbers.
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Example 6 Choose r = s = 2. We have
Opy (x*p?) =%°p* — 2ihxp — 51’

and

Opg;(x'p*) = X°p* — 2ihxp — 3h°.

This example clearly shows that Born—Jordan and Weyl quantizations are differ-
ent: subtracting the second equality from the first we obtain

Opy (x*p?) — Opy (x" p*) = — 112,

3.2.4 Shubin’s T-Ordering

It turns out that the Weyl ordering is a particular case of what we call Shubin’s
T-ordering, defined by

Op,(x"p") = (S)a i AR N (3.16)

=0 ¢

(7 is an arbitrary real number); equivalently

r

Op, (x"p*) = Z (;)(1 — xRt (3.17)
=0

Clearly, the choice 7 = % immediately yields Weyl’s rule; the choices 7 = 0 and
7 = 1 lead to the normal and antinormal rules

5E

Opy(x"p*) =X"p°, Opyn(x"p*) = p

’

respectively. What is less obvious—and very interesting, indeed—is that if we inte-
grate the right-hand side of (3.16) for 7 going from O to 1, then we recover the
Born-Jordan rule

s

Opg; (X" p*) = s PR
=0
this easily follows from the property
1
S — ydr = SO (3.18)
(s + 1)! ’

0
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familiar from the theory of the beta function. This essential remark will allow us to
define Born—Jordan quantization for arbitrary observables, by extending the formula

1

Opg;(x"p*) = / Op, (x"p*)dT (3.19)
0

to arbitrary Hamiltonian functions.
It should be remarked that the 7-rule is itself unphysical for 7 # % because it
does not associate to the real observable p*x” a self-adjoint operator; in fact

Op,(x"p*)" = Op,_.(x"p*)
as immediately follows from (3.16) or (3.17). The Born—Jordan rule is, in contrast,
physical since

Opg;(x"p*)" = Opg; (x" p*)

(this can be seen directly from its definition, or using the formula above).

3.3 General Quantization Axioms for Monomials

Quantization rules are a flourishing market; the monomial case is not an exception.
Very recently Domingo and Galapon [5] have proposed a very simple set of rules
and shown that it allows one to produce a general formula for the quantization of
arbitrary polynomials in terms of a certain function x of the variables x, p. It turns
out the theory of Domingo and Galapon, in addition to being “minimalistic”, is the
gate to the quantization of arbitrary observables, as we will see in the forthcoming
chapters. We follow here almost verbatim their presentation.

3.3.1 The Domingo—-Galapon Formula

We begin by recalling the notion of quantization for monomials following [5]:
Definition 7 A quantization of C[x, p] is a linear mapping Op : C[x, p] —
C[x, p] having the following properties:

(A1) Op(1) = 1 (the identity), Op(x) = X and Op(p) = p;
(A2) Op(a) is self-adjoint if a € C[x, p] is a real polynomial;
(A3) The restricted Dirac correspondence

[X, Op(a)] = ihOp({x, a}) (3.20)
[P, Op(a)] = ihOp({p. a}) (3.21)

holds for every a € Clx, p].
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In the formulas above the curly brackets {-, -} denote the Poisson bracket, familiar
from classical mechanics:

da Ob  Ob Oa

b= —— —
ta, b} Oxdp OxOJp

hence the rules (3.20) and (3.21) mean that

XOp(a) — Op(a)x = ihOp (%>

op
and

. 0
pOp(a) — Op(a)p = ihOp (—é) .

Domingo and Galapon [5] call such a quantization of C[x, p] a “generalized Weyl
transform”. The interest of their definition comes from the following result, which
characterizes all quantizations of C[x, p] satisfying the axioms (A1)-(A2)—(A3):

Proposition 8 Let Op : Clx, p] —> C[x, p] be a quantization in the sense of
Domingo and Galapon. Then there exists a real function x € C®(R?) with x(0) = 1
such that

min(r,s)
Opx'p) = > he! f<‘f>(0)(2) (Z)ﬁ*—ﬂf’—‘f (3.22)
=0

where ©(0) is the Lth derivative of the function f(x) = e”‘/zx(x) at x = 0.

Proof We are just going to indicate the main lines of the proof, and refer for details
to [5]. One begins by writing A, = Op(x*p") in polynomial form

min(r,s)
A, = Z Gs.reh PR (3.23)
=0
The adjoint of this operator is
min(r,s) £
o E=s—t=r—t
A = Z Zg;r,kb;k—k,r—k,e—khﬁs X
=0 k=0

the coefficients by ., being given by

—1)isirl/e
b,y = T STYE e mins)
v s —0O!(r —0)!
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and by, = 0 for £ > min(r, s). Since x*p" is real we have ZI, = Xs, and this
condition implies that

st = ng i (3.24)

Applying axiom (A3) in the definition above yields the equalities
[55\7 er] - ihSA\s—l,r’ [ﬁa A\xr] = _ihr;{v,r—l;
writing

min(s—1,r)

Asfl,r = § gsfl,r,lhéﬁ_l_elx\r_e

=0
min(s,r—1)

n 2 Los—Lar—1—¢
Ax,r—l = gs,r—l,Zh P X

=0

this leads to the conditions
s—4 r—=«
Gs—1,rt = Gs,rt> Gs,r—1,6 = Gs,r,0-

Combining these two expressions we get

=\ (3.25)
gs,rt = AV ge,e.e .

and substituting this expression in (3.24) gives the recurrence relation

¢ Lk

*
Geee ik .
0 kzg k'k‘ = k)' for £ < min(r, s).

Now comes the crucial step: define a function f by the series

oo
_ g_x_
f0) = ;0 TR
since gro¢ = £!f©(0) the recurrence formula above implies e=*/2 f(x) =
”‘/zf(x)* hence the function x(x) = e~"*/2 f (x) is real; moreover x(0) = go,00 =
1. Formula (3.22) follows, inserting (3.25) in the expression (3.23) for A” |

Here are two examples.
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Example 9 Weyl ordering. Assume first that the function y is the identity: y(x) = 1
for all x € R. Then f(x) = ¢*/? and fV’(0) = (i/2)/. Formula (3.22) becomes in

this case
min(r,s) . P
s\ [(r\ (R . .
Op(x"p’) = j! —p' X
p(x"p°) ]E_O J (])(]) T

hence Op(x” p*) = Opy (x” p*) in view of formula (3.7).

Recall that the cardinal sine function sinc is defined by sinc(x#) = (sinu)/u for
u # 0 and sinc(0) = 1.

Example 10 Born-Jordan ordering. Assume now x(x) = sinc(x/2); then f(x) =
e™/? sinc(x/2), and we have f©(0) =i‘/(¢ + 1). Hence

min(r,s) g ; 0!
o) oSy -hl Coss—lar—t
p(x" p*) Z;(’ >(£)(E)—H1p x

so that Op(x" p*) = Opg;(x" p*) (formula (3.13).

The definition of quantization given above is very simple; in many texts one adds
supplementary restrictive assumptions, see for instance Niederle and Tolar [11] or
Przanowski and Tosiek [12]. We will not discuss such conditions here, because they
are actually unnecessary complications of the theory.

We also note that it is often required in texts on quantization that one should
in some way recover the classical observable by taking the “limit” 7 — 0. This
is automatically satisfied if one uses the Domingo—Galapon formula (3.22) which
implies that

lim Op(x”p*) = px
which can be written as
%’1_1;% OP(X P )|?=x, p=p =X p; (3.26)

but this notation is of course, mathematically speaking, rather formal, to say the least.
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Chapter 4
Basic Hamiltonian Mechanics

In order to discuss wave mechanics and the Schrodinger equation in the next chapter
we need some basic aspects of classical mechanics in its Hamiltonian formulation.
For detailed accounts of Hamiltonian mechanics we refer to Abraham and Marsden
[1], Arnol’d [2], Calkin [4], Goldstein [8], de Gosson [6, 7], Synge and Truesdell [12].
We begin by briefly discussing Hamilton’s equations of motion, and we thereafter
review the fundamental notions of generating function and Hamilton’s two-point
characteristic function, which are both related to action. In the last section we address
the topic of short-time approximations to these functions; this topic is usually ignored
in the literature, a notable exception being the paper [9] by Makri and Miller, whose
results were independently later rediscovered in [7] using a different method. We
thereafter extend these results to the case of arbitrary Hamiltonian functions.

4.1 Hamiltonian Dynamics

A matter of terminology and notation: we will comply with the traditional denomi-
nation “canonical transformations” for phase space diffeomorphisms which respect

_Inxn On><n

the symplectic structure determined by the matrix J = ( O I"X”). We will

occasionally also use the synonym * symplectomorphism”, which is more common
in mathematical texts. Beware: in some physics texts a “canonical transformation”
has the slightly more general meaning of a transformation which preserves the form
of Hamilton’s equations (see Arnol’d [2], Sect.45, Footnote 76).

Let H be a real-valued function; we assume for convenience that C*(R** x R),
but most of what follows remains true if we assume less stringent differentiability
conditions (see Abraham and Marsden [1] for a discussion of sufficient smoothness
requirements). The 2n ordinary differential equations
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d.Xj 8H( t) (4 l)

— = —— (X1, .. s X Pls -+ s Pns .

di 3pj 1 P1 p

— = ——— (X1, ...y Xy Pls vy Pust 4.2

T 6x_,~( 1 D1 Dns 1) (4.2)
where j = 1, ..., n are called the Hamilton equations associated with H; they can

advantageously be written in compact form as
z=JV,H(z,t) 4.3)

where V, is the gradient in the 2n variables xy, ..., x,,, pi, ..., p,. This observation
reduces the study of the existence and uniqueness of the solutions of Hamilton’s
equations to that of first-order non-autonomous differential systems of ordinary dif-
ferential equations.

We will assume for simplicity that for every zo = (x¢, po) belonging to some
open subset Q of R?" Hamilton’s equations have a unique solution ¢ — z(f) =
(x(2), p(t)) such that z(0) = z¢, defined for —T <t < T where T > 0.

Example 1 Tf the Hamiltonian is time-independent of the type

n 2

Hep) = 21 4 V(x)

2m ;
j=1 =

where the potential V is smooth and satisfies the estimate V (x) > —a/|x|* for some
a > 0 then the solutions of the Hamilton equations exist for all times # and are unique
for given initial conditions.

We refer to Abraham and Marsden [1], Chap. 1, Sect. 2.1, for a general discussion
of global existence and uniqueness of solutions to Hamilton’s equations. When these
solutions are defined and unique for some time interval [—7', T'] and initial conditions
in @ C R*" one can define a “partial flow”: it is the family (f) = (f)_r<<r
of diffeomorphisms of € such that the function z(f) = f,¥(zo) is the solution of
Hamilton’s equations with z(0) = zo. We are actually making here a slight abuse of
terminology because (f;)_r<, <7 is, strictly speaking, a true flow (in the sense of the
theory of dynamical systems) only when the Hamiltonian H is time-independent.
When this is the case, then (ff) is just the phase space flow determined by the
Hamiltonian vector field

Xy =JO.H = (0,H,—0,H)
and we have the group property

= R =1 (4.4)



4.1 Hamiltonian Dynamics 39

when ¢, t" and ¢ + ¢’ are in the interval [—T, T']; in particular each f,H is a diffeomor-
phism such that (£,7)~! = f#_1In the general case (i.e. when H is time-dependent),
it is better to consider the time-dependent flow (f"},), defined by £/, = £/ (f,/)~":
it is the mapping which takes the point (x’, p’) € Q at time ¢’ to the point (x, p) at
time ¢ along the solution curve of Hamilton’s equation:

(x,p)= 1, p).

An essential property of the mappings £,/ and f,ff is that they are canonical trans-
formations (or symplectomorphisms); this means that the Jacobian matrix

pitiy = 2en (G (4.5)
’ Z p— — 8 a .
e o', p) ()f/ {)[[:/

satisfies the two equivalent conditions

Df@) I (Df D' =J (4.6)
DT 1Dl = J. 4.7)

In other words D fﬁ (Z') is a symplectic matrix: a real 2n x 2n matrix S is said to
be symplectic if it satisfies anyone (and hence both) of the equivalent conditions
SJST = J or STJS = J. Symplectic matrices form a group Sp(n) which will be
studied in more detail in Chap. 12 (see de Gosson [7] for an elementary study of
Hamiltonian mechanics from the symplectic point of view).

4.2 Free Canonical Transformations

4.2.1 Free Symplectic Matrices

Writing a symplectic matrix in block-form

A B
=(¢)
we will say that it is a “free” symplectic matrix if det B # 0. Equivalently, the

equation (x, p) = S(x’, p’) can be solved in x and x’, which determines uniquely
the momenta p and p’. In fact, (x, p) = S(x’, p’) is equivalent to the linear system

x=Ax"+ Bp', p=Cx'+ Dp’;
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solving the first equation in p’ yields
p =B 'x — B'AX'
and inserting this solution is the second equation yields
p=DB 'x+(C— DB 'Ax.

This property can be made explicit using the generating function

W(x,x)=1DB 'x* = B7'x - X'+ 1B Ax" (4.8)
(see de Gosson [5, 7]). In fact,

p=V.Wx,x)

p/ — _Vx/W(.x, x/) (4'9)

(x,p)=8Su",p) = [

as can be checked by a direct calculation. More generally:

Definition 2 We will say that a canonical transformation (symplectomorphism) f
defined on a subset 2 of the phase space R>" is “free” if, given x’ and x, the equation
(x, p) = f(x', p') uniquely determines the momenta p’ and p.

The following criterion is a generalization of the condition det B # 0 for free
symplectic matrices:

Lemma 3 A canonical transformation f defined on a subset Q of R*" is free if and
only if the Jacobian matrix
n_ Ok, p)
D = —
1@ o', p')

is a free symplectic matrix, that is if det(Ox/0p’) # 0 on Q for (x, p) = f(x/, p)).

Proof In view of the implicit function theorem the equation (x, p) = f(x’, p’) can
be solved locally in p’, for given x” and x, if and only if the Jacobian matrix 0x/0p’
is invertible. |

We refer to the our book [5] for a detailed study, with complete proofs, of the
notion of free symplectic matrix. It is proven there, among other properties, that
every symplectic matrix can be written as a product of exactly two free symplectic
matrices.

4.2.2 Hamilton’s Two-Point Characteristic Function

The notion of generating functions extends to arbitrary free canonical transforma-
tions, in particular to Hamiltonian flows. We have the following important result,
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which will allow us to link the notion of action integral to Hamilton—Jacobi theory
discussed below:

Proposition 4 Let M be a real symmetric invertible n x n matrix, V.= V(x,t) a
smooth potential function, and set

n 2

p.
Hx.p.)=Y. 2—’ + V(x, 1) (4.10)
= M

(i) There exists € > 0 such that f,’f is a free canonical transformation for 0 <
[t —t'| < e&; (ii) The function W(x, x', t, t") defined by

W(x,x',t,t) =/pdx—Hdt 4.11)

v

. . . H
where the integral is calculated along the phase-space trajectory s — f,(x', p’)
Joining (x', p') at time t' to (x, p) at time t is a generating function, that is:

p = VXW(X,)C,,I, t/)

_ pH 7 ’
o p) = fir@ P = [P/ = -V W(x,x',t,t) "

Proof We prove (i) for n = 1; the general case is a straightforward generalization
([7], Sect.4.4.1). The Hamilton equations for H are

X=p/m,p=—-0,V(x,t).

Set (x, p) = fff (x’, p"); using a Taylor expansion at time ¢’ we have, taking the
Hamilton equations into account,

x=x'+m'pt—1)+ 0t —1)%
p=p =0V, )t —1t)+ 0t —1))

hence
Ox

— =m 't —1)+ 01t —1)?
ap’

which is different from zero for ¢t — ¢’ # 0 sufficiently small. For a proof of (ii) see
de Gosson [7], Sect.4.4.1, Proposition 92. [ |

This result easily extends to the case of Hamiltonians of the type

n

1
H(x, p,1) =Zﬁ@i —A@, D)+ V(D (4.12)
j=t 7

(see de Gosson [7], Sect.4.4.1).
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Definition 5 The function W (x, x', ¢, t') defined by (4.11) is called Hamilton’s two-
point characteristic function, or a “free generating function” for the flow ( ft”t')

Here are two examples:

Example 6 Consider the free particle Hamiltonian in one dimension: H = p?/2m.
The Hamiltonian flow is defined by

,p)= G p) =@ + L@ —1), p) (4.13)

hg&nce the integration path in the integral (4.11) is parametrized as v(s) = (x’ +
2 (s —1t'), p’) and we thus have

p/2
/pdx — Hdt = —(t—1t);
2m
Y

making the substitution p’ = m(x — x’)/(t — t’) yields the well-known value

, o (x _ x/)2
We(x, x',t, 1) _m—2(t—t/) 4.14)

for Hamilton’s two-point characteristic function for the free particle.

The second example is in a sense more instructive, because it shows that Hamil-
ton’s two point function need not be defined for all times:

Example 7 Let H be the one-dimensional harmonic oscillator Hamiltonian:
1
H(x, p) = —(p2 + m*w?x?).
2m

Then the generating function exists for all # — ¢’ different from an integer multiple
of 27 /w and is given by

/ AN mw 2 2 Y /
W(x,x,l,t)_—zsinw(t_t/) [ + x) cos(w(t — 1)) —2xx].  (4.15)

The explicit construction of W (x, x’, ¢, t') can be quite complicated outside these
elementary cases. For instance, Binder constructs in [3] the two-point characteristic
function for the Kepler—Coulomb problem, associated with the Hamiltonian function

H— 1 | |2 Ze?
= om P T

and this leads to a quite intricate expression.
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4.3 The Action of a Dynamical System

The notion of action plays a central role in classical mechanics; it is related to
Hamilton’s two point characteristic function in a clever way. It can be geometrically
understood using the notion of Lagrangian manifold; see de Gosson [7] for a detailed
account of this interpretation.

4.3.1 The Poincaré—Cartan Invariant

Let H be an arbitrary (possibly time-independent) Hamiltonian function; the differ-
ential one-form

ay = pdx — H(x, p, t)dt (4.16)

where pdx = pidx; + --- + p,dx, is called the Poincaré—Cartan integral invari-
ant (or form). Note that ay is a differential form on the extended phase space
RY x Rj x R, whose restriction to the phase space R} x R, is the canonical
I-form § = pdx. The exterior derivative d/3 of the latter is just the standard sym-
plectic form w = dp A dx (see Arnol’d [2]). The Poincaré—Cartan invariant has the
following property, which motivates the terminology “integral invariant™: let v be
a loop in extended phase space, and denote by 7' () the two-dimensional tube of
trajectories swept out by -y under the action of the Hamiltonian flow ( f,f{,). Let+' be
any loop on T (v) homotopic to . Then

f{a” :f‘”’ 4.17)
v v

(this is an application of the multi-dimensional Stoke’s lemma, see Arnol’d [2],
Chap. 10 or de Gosson [7], Chap.5).

The Poincaré—Cartan invariant plays an important role in various areas of Hamil-
tonian mechanics; we will focus here on its relation with Hamilton—Jacobi’s equation,
which is a non-linear first-order partial differential equation.

4.3.2 The Action Functional

The notion of action functional is usually defined using the Lagrangian formalism
[2, 4, 8]; this approach has certain conceptual advantages and sometimes makes the
notion more tractable. We adopt here a slightly different point of view, using directly
the Hamiltonian formalism. Let x” and x be two arbitrary points in R”. We assume
that the boundary condition problem
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X=V,H(x,p,t), p=—-V H(x, p,t) (4.18)
x()=x', x(t) =x (4.19)

has a unique solution s —— (x(s), p(s)); we denote by I" the lift to the extended
phase space R} x R, x R,: we have

['(s) = (x(s), p(s),s),t' <s <t (4.20)

Definition 8 The action functional is by definition the integral

S, x',t,t") = /pdx — Hdt 4.21)

~

of the Poincaré—Cartan invariant along the “ray” ~, which is the projection on the
space-time R} x R, of the path I" defined by (4.20).

The idea in the definition above is the following: the point x’ being given (at some
initial time ¢), select among all rays « departing (with different initial momenta
p’) from x" at time ¢ the one which reaches the point x at time ¢. A little care
has to be taken when using the definition above: whereas the generating function
W(x, x', t, t') is defined for arbitrary points x, x” (for sufficiently small |t —¢'| > 0),
it can happen that the action functional does not even exist. This is due to the fact that
the Hamilton boundary-value problem (4.18)—(4.19) might not be solvable, or even
have multi-valued solutions. This difficulty is related to the existence of “central fields
of extremals” (see Arnol’d [2], Maslov and Fedoriuk [11]). One can however prove
that the action functional always is defined if the points x and x” are close enough.
We will make the simplifying assumption that S(x, x', 7, t') exists, is single-valued,
and infinitely differentiable in all its variables on the subset of (R} x R,) x (R} xR,)
where it is defined.

Proposition 9 For fixed x' and t', set ¢p(x,t) = S(x, x’, t,1"). (i) We have
do(x, 1) = pdx — Hdt (4.22)

(ii) the function ¢ satisfies the Hamilton—Jacobi equation

88—? + H(x, V,¢) =0. (4.23)

Proof The statement (i) is proven using property (4.17) of the Poincaré—Cartan inte-
gral invariant (see Arnol’d [2], Chap. 10, de Gosson [7], Chap.5). To prove (ii), write

do(x, 1) = Vid(x, 1)dx + %(x, fdt;
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it follows from (4.22) that

0
P = VX¢(xvt) s 6_(tb(x’l) = _H(-x» p’t)

and hence

ol . o .
E(x,t) + H(x,V,¢) = E(x, t)+ H(x, p) =0.

Here is an illustration:

Example 10 Consider (for n = 1) the Hamiltonian H = 1§ p®x>. The Hamilton
equations ¥ = px2, p = — p’x are easily solved noting that px is a constant of the
motion, and one finds

x(t) = x(t/)ep(z/)x(t’)(t—t’) , pt) = p(t/)e—p(rﬁx(t’)(t—t/)' (4.24)

A given point x is reached after time t — ¢’ if one chooses the initial momentum

, , Log(x/x")
=plt)= —— 4.25
p =p) X —1) (4.25)
and the final momentum is
Log(x/x")
p=p@) = 1)

Calculation of the integral (4.21) using the expressions (4.24) of x(¢) and p(¢) yields

1 2.2
pdx — Hdt = zp X' (4.26)

v

Replacing p’ with its value (4.25) yields Hamilton’s characteristic function:

(Log(x/x")*.

S(x,x', 1, = ; 4.27
(x, x',1,17) 2 —1) (4.27)

it is defined for r # ¢’ and xx’ > 0. One verifies by a straightforward calculation
that S satisfies the Hamilton—Jacobi equation (4.23).

We refer to Arnold [2], Calkin [4], Synge and Truesdell [12], for detailed accounts
of the Hamilton—Jacobi equation and its usefulness in solving Hamilton’s equations.
We are more interested here in the relation between this equation and the notion of
generating function introduced in the last section.
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Proposition 11 The solution of Hamilton—Jacobi’s problem

0
a—(f + H(x,Vi$) =0, ¢(x, 1) = ¢'(x) (4.28)

is given by
dx, 1) = ¢ (x)+ S(x,x', 1, 1) (4.29)

where the point x' is determined by the condition (x, p) = f,(x', p') with p’ =
Vx¢(x/a t/)-

Proof See [2], Chap. 10, de Gosson [7], Chap. 5. |

4.4 Short-Time Action

While it is usually difficult to find explicit expressions for the action functional, one
can obtain in a rather straightforward way short-time approximations. These are, as
we will see in the next chapter, very useful in the study of Schrodinger’s equation.
We begin by showing that the “mid-point rules” frequently used in the theory of the
Feynman path integral are not good approximations.

In what follows we will generally use the notation

At=t—1 ,At> = (1 —1)°.

‘We begin by pointing out the inappropriateness of the “mid-point rules” often used in
the theory of the Feynman path integral, and show that they lead to incorrect results
when used to approximate the action for small times.

4.4.1 On “Mid-Point Rules”

When the Hamiltonian function is of the type “kinetic energy plus potential” it is
common practice in the Feynman path integral literature to approximate the gener-
ating function S for small values of ¢t — ¢’ by expressions like

(x —x")?

1 4
A (V@ VDA (4.30)

Si(x,x',t,t)=m

or, alternatively,

(x —x)?

Sy(x,x',t,t) =
2(x, x )=m AL

— V(G +x)At, 4.31)
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Suppose for instance that H is the harmonic oscillator Hamiltonian considered in
Example 7; expanding the terms sinw(t — ') and cosw(t — ') in Taylor series at
t = t’ yields the correct approximation

x=x)% mw?

2 ) 2
A A 4.32
N, G (x*+xx" +x)At + O(Ar) (4.32)

Sx,x',t,t)y=m
to the exact generating function W = S given by formula (4.15). However, if we
apply the “rule” (4.30) we get

Y — )2 m2uw?
Sl(x,x’,t,t’):m( 2At) -2 (x? 4+ x) At

and we thus have
SCe,x',t,t) = Si(x,x',t,t') = O(A?).
If we use instead the “rule” (4.31) we get

Sty =m &Y I A
x,x', t,t)=m — x +x
> 2At 8

and we have here
S, x',t,t) = So(x,x', t,t) = O(A?).

The “mid-point rules” are thus incorrect even to first order, and should therefore
be avoided in any rigorous argument.

4.4.2 A Correct Short-Time Approximation

Assume that H is a classical Hamiltonian function of the physical type

n 2
He poy = 21 4 v, (4.33)

- Zm,-
J=1 ’

Proposition 12 The Hamilton characteristic two-point function for the flow deter-
mined by (4.33) is given, for small At =t —t' # O by the asymptotic expression

_ x/)Z

" ()Cj P —
Sx,x',t,t) = i~ I Vx,x, )At + O(AF? 4.34
(x,x' 1,1 ;m, N (x, X', ) At + O(Ar) (4.34)
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where V (x, x', t') is the average

1
Vix,x', 1) = / Virx + (1 —1)x', t)dr. (4.35)
0

Proof See Makri and Miller [9, 10]. In [7], Sect.4.4.1, we gave an independent proof
along the following lines (we limit ourselves to the case n = 1): making the Ansatz

W = Wiee + WiAL + Wa (A + - -

where Wy is the generating function of the free particle Hamiltonian (Example 6),
one can determine the terms W, W, . . . by inserting this expression in the Hamilton—
Jacobi equation

ow 1 aw2+v_0
ot 2m \ ot o

This leads to the equation
. OW;
Wi+(x—-—x)—+V =0
0x
and to similar equations for the lower order terms W,, W3 ... One next observes that

the only smooth solution of the equation above is

X

/ V", t)dx" ==V (x,x',t)

’

Wix,x' 1) = —

x —x'

X

where the second equality follows from the first by making the change of variables
xX'=7x+ {0 -7)x". [ |

Example 13 Consider again the one-dimensional oscillator Hamiltonian

1
H(x, p) = %(p2 ~|—m2w2x2).

2

We have here V(x) = %mw x2 and hence

2
Vix,x') = %(x2 + xx' +x?).

Using formula (4.34) we recover the approximation (4.32) obtained using Taylor
series.
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We will write
n /2

— P —
H , /’ /,l/ — J VvV , /,l/
(xpl ) =3 S+ V)

j=1 =

and call the function H the “averaged Hamiltonian” . We are now going to generalize
Proposition 12 to arbitrary Hamiltonian functions.

4.4.3 The Averaged Hamiltonian H

Let us now consider the case where H is an arbitrary (time-dependent) Hamiltonian
function; we do thus not assume it has the form (4.33), or its generalization including
a vector potential. For instance, in dimension n = 1, it could be a monomial x" p*.
We now introduce the following averaged Hamiltonian function:

1
Hx,x',p,t) = / H(rx + (1 —7)x', p/,tdr. (4.36)
0

Note that when H is of the classical type (4.33) then

n 2
He X, pt) = 2 4V X 1) 4.37)
=1 ij
where V (x, x’, 1) is defined by formula (4.35) above. Also notice that definition
(4.36) can be rewritten as

t
_ 1
H(x,x',p',t) = — / HG +v(s —1), p',thds (4.38)
e

where v = (x —x’)/(t — t’) (make the change of variables 7 = (s —¢’)/(t —t')). This
remark makes the physical interpretation of H clear: the number H (x, x’, p,t)is
the average value of the energy when a point located at x” at time ¢’ proceeds to the
point x at time ¢ with constant velocity v.

The following property of H is essential:

Lemma 14 Thefunction H = H (x, x', p', t') satisfies, for fixed x" and t', the partial
differential equation

" COH
D=2 o= +H=H. (4.39)
j=1 Y
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Proof Performing a partial integration in the integral

ﬁ:/H(Tx—i—(l —7n)x', p, thdr

yields
=[H@rx+ (1 —7)x', p, t')T](l)
1
d ! / /
— [ 7—H(@x+ {0 —71)x', p',t)dr
dr
0
that is

1
_ d
H=H(x,p,1) —/Td—H(Tx+(1 —7)x', p,thdr
T
0

so that there remains to show that

1 n

d H
/TEH(T)C +(A =7, p, thdr = Z(x,- — x;)gTj.

0 j=l
Using the chain rule, the integral on the left-hand side is

1

/ —(Tx+(1—T)x p,thdr

0

=Z(x, x)—/ H(tx + (1 —7)x', p',thdr
j=1

which proves (4.40).

4.4.4 Short-Time Approximations: The General Case

(4.40)

We now prove the central result of this chapter; it is the key to our discussion of the

wavefunction in next chapter:

Proposition 15 Let H € C®(R* x R) and assume that Hamilton’s two-point
characteristic function S(x,x’,t,t") is defined for 0 < |t — t'| < € and x and x'

close enough. Let
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S, x/, 1, 1) = /pdx — Hdt (4.41)

7
where the path 7 is the projection on space-time of the path
F)=& +vs—1),p,s), ' <s<t

where v = (x — x')/(t — t') is the average velocity and p’ is determined by (4.18)—
(4.19).

(i) The function S has the second order expansion
S, x',t,t)y=p'(x —x') —H(x,x', p/, ") At + O(Ar?) (4.42)
where H is defined by (4.36) and At =t — t'; when H is time-independent the
term O (At?) cancels.
(ii) We have
S, x' 1,1y = S(x,x', 1, 1) + O(A). (4.43)

Proof (i) Let us prove formula (4.42). We have, by definition of v,
1
/pdx = /p'vds =p'(x —x). (4.44)
7 v
On the other hand, by definition of the integration path 7,
t
/Hdt = / Hx +v(s —1t), p/,s)ds.
¥ v

A first order Taylor expansion at s = ¢’ yields
Hx' +vo(s—1), p,s) =HX +v(s —1), p'st)+ O(s —t')
and hence
t t
/H(x’ +u(s —1), p,s)ds = / Hx' +v(s —1), p',t)ds + O(Ar?)
t t

=Hx,x',p, 1)t —1)+ 0(AL?).
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It follows that

2| \

t
Hdt = / H(x' +v(s —1), p',t")ds + O(Ar?)
e

=Hx,x',p, )t —1t)+ O(A?)

hence formula (4.42) taking (4.44) into account. (ii) Let us next prove the asymptotic
formula (4.43). Writing

p(s)=p + (s —t)pt") + O((s — 1))

we have, the path ~ being defined as in (4.21),
t
/pdx = / p'x(s)ds + O(At?) = p'(x — x') + O(A1?)
v 4

hence, taking (4.44) into account,

/ pdx — / pdx = O(Ar?). (4.45)
ol ol

Let us next evaluate the difference
A(y,7) = / Hdt — / Hdt;
o] 7

we will show that A(vy,7) = O (At?), which will prove (4.43). We have
! t
A, ) = / H(x(s), p(s), s)ds —/ HX' +v(s —1t), p/,tds;
o
t/

since

H(x(s), p(s),s) = H(x(s), p(s), 1) + O(s — 1)

we get

A(Y,7) =/H(x(S),p(S),t’)ds

t
— / H(x' +v(s —1), p',tds + O(Ar?).
]
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In view of formula (4.39) in Lemma 14 above, we have

/ " OH
/ H(x(s), p(s).1)ds = > / (x/(5) = x)) 5= (2 (). . 1)ds
t j=1y /

t
+/E(X(S), x', pl t)ds;
t/

53

since x; (s) — x} = O((s —t'))? and the partial derivatives 9 H /Ox ; are bounded for

s in the interval [¢’, t] we have

1

/ aH / /o 2
/(x‘,-(s) — X))o (x(s), X', p', t)ds = O(Ar)
6Xj

t

for j =1,...,n, and hence

/H(x(s), p(s), tds = /ﬁ(x(s),x', P, t)ds + O(Ar?).

Writing
X(s) =X+ X s =)+ O((s = 1))

and observing that
_x—x/_, ’ N2
v = pa—" =x()+ 0t —-1))

we have
x(s) =x +v(s —1)+ O((s — 1)?).

It follows that

Hx(s), x', p,t)y=H& +v(s —1), p', 1)+ O0((s —1')?)

and hence, integrating this expansion from ¢’ to ¢,

t t
/ﬁ(x(s), X', p t)ds = /E(x’ +u(s — 1), p/, t)ds + O(Ar?)
t t

so that A(y,7) = O(At?), as we set out to prove.

(4.46)
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For Hamiltonian functions of the classical type

n 2

p.
H(x,p.t)=>_ SV (4.47)
=1 M

formula (4.42) reduces to the approximation (4.34). Let us check this forn = 1. We
have

2
Heox ) =2 4 Vi x 1.1
2m

where V is defined by the integral (4.35). There remains to check that

2 N2
, p (x —x") )
— —— =m— + O(At 4.48
plx —x7) > A7 (A1) (4.48)

where p is defined as follows: for Az = ¢ — ¢’ sufficiently, the point x is reached
at time ¢ by the projection of a unique Hamiltonian trajectory s —— (x(s), p(s))
(' < s < 1) starting from the point x” at time #', and this trajectory fixes once for all
the initial and final momenta p’ and p. Writing x = x(¢), x’ = x(t'), X’ = x(¢') we
have

x =x + 1At + O(Ar?)
and, in view of Hamilton’s equation for the position coordinate,

1 1
X'=—p' =—p+0(Ar1)
m m

and hence

1
x—x' = —p+ O(A?);
m

solving this equation in p and inserting the found value in p(x — x') — p?/2m yields
the approximation (4.48).

Example 16 Let us return to the monomial H = 1 p>x? considered in Example 10.
We have

— 1
H(x,x',p',t) = gp/z(xz +xx' 4+ x%).
Formula (4.42) yields, since H is time-independent,

_ 1
S, x',t,th)Y=p'(x —x") — gp/z(x2 + xx’ + xHAt.
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Using the first formula (4.24) we have

x =x'(1+ p'x’'At) + O(Ar?)

and hence

_ 1
Sx,x',t,t) = Ep/zx/zAt.

Inserting the value (4.25) of the initial momentum p’ yields

(Log(x/x"))?

S, x',t,t) = N

+ 0(AF?)

that is_ S =S+ 0(A1?) as predicted by formula (4.43) in Proposition 15 (in fact we
have § = § here).

We are going to use these results to construct short-time approximations to the

wavefunction.
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Chapter 5
Wave Mechanics and the Schrodinger
Equation

While we have been concerned in Chap. 3 with the quantization of monomials, we
now address the question of how we should quantize an arbitrary dynamical variable
(i.e. a Hamiltonian function). While Born and Jordan’s original argument was purely
algebraic, and strictly speaking limited to the case of polynomials, there is another
way to justify (both mathematically and physically) their quantization scheme. This
will be done by viewing the notion of wavefunction as the fundamental object, and
by imposing a natural physical condition on its short-time evolution. This will lead
us to the Schrodinger equation, provided that we use the Born—Jordan scheme in
quantizing the Hamiltonian function. This chapter thus gives a new justification
for the appropriateness of the use of Born—Jordan quantization. The main formula
expressing the quantification of the Hamiltonian is actually the starting point to the
pseudo-differential approach to Born—-Jordan quantization as will be developed in
Chap. 10.

5.1 Matter Waves

A quantum system is described by a quantum state |v); its position representation
(x|y¥r) = ¥(x) is the wavefunction in configuration space R’. We will follow here
Heisenberg’s point of view, in which the wavefunction is viewed as a collection of
potentialities (Peres [5], Shimony [6]).

5.1.1 The Free Particle

Consider a particle with mass m moving freely with velocity v = (v, vy, v;) in
configuration space R?. Following de Broglie’s matter wave postulate, to this particle
is associated a plane wave with phase

O, t)=k-r—wt +C.

© Springer International Publishing Switzerland 2016 57
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Here C is an arbitrary constant, and the wave vector k and the frequency w (k) are
defined by the relativistic equations

k=mv/h, o =mc*/h

so that we have, writing r = (x, y, 2),
1 2
O, 1) = ﬁ(pm—mc 1)+ C

where p = mv = Fk is the momentum vector. For small velocities the energy

m002

V1= (v/c)?

is approximated by moc? + %mo v? with v = |v| hence we can write, neglecting terms
Ow/c?),

mc2 =

m0c2
h

O(r,t) = %(b(r, 1) — t

where ¢ is the action function:

P
¢(r,t)=p0-r——0t+Ch
2m

(po = mov and py = |po|). Now, there is no point in keeping the term moc’t/h
(its presence affects neither the phase nor the group velocities) so we can take as
definition of the phase of the matter wave the function

1
O, 1) = 7 (p(x, 1) +C)

and fix the constant C by requiring that, at initial time # = 0, the equation ® = 0
determines the phase plane p - r = p,, - ro. This leads to the expression ¢ (r, 1) =
Sro.po (T, 1) Where
p?

Stopo (. 1) =Po - (r —ro) — 2t (5.1)
showing that ¢ is the gain in action when the particle proceeds from ry at time t = 0
to r at time ¢ with constant velocity vo = po/m (we are writing m = mg). We
next observe that the momentum vector py is quite arbitrary, and as long as it has
not been measured, all the potentialities associated with the phase (5.1) are present.
We therefore define the wavefunction of the free particle by summing over all these
potentialities:
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Ve (. 0) = (555)° / / / e Som 0 p, (5.2)

where dp = dp.d pydp, (we will see the reason for the normalizing prefactor in a
moment).

Observing that the function Sy, p, (r, t) is a solution of the Hamilton—-Jacobi equa-
tion for the free particle Hamiltonian

0 1

~—Sropo + .

. (VeSerpo) =0 (5.3)

with initial condition
Sl‘oypo (r,0) = po - (r— ro) 5.4)

one immediately verifies that, for fixed r’ and ' the wavefunction v, (r, t) satisfies
Schrodinger’s equation
h2

2m

0
ih—vm, == ViU, (5.5)

moreover

. 1 \3 Lpo-(r— 3
,lf(l)‘/’ro(ra 1) = (m) ///gnpo (r=ro) 4 Po

hence, by the properties of the Fourier transform
Yr v (r,0) = 3(r —ro).

The wavefunction v, thus represents a wave emanating at time ¢ = 0 from a point-
like source placed at ro = (x¢, Yo, 20)-

The construction above extends mutatis mutandis to the case of an arbitrary num-
ber of degrees of freedom, and with arbitrary time origin #’. Introducing generalized
coordinates x = (xi, ..., x,) and p = (p;, ..., n,) one replaces the phase (5.1) with

SCe, ', plit i)y =plx—x) =D

j=1

2
Pj

om) (rt—1); (5.6)

this function satisfies the Hamilton—Jacobi equation
S < 1 (3SY)
— 4> — | —) =0, Syr =p'(x —x").
at JZ:;ZmJ (8xj) =t pla=x)

It follows that the function
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K/fx’,z’(?h l) _ (ﬁ)n/E%S(x’x/’plvt’t,)dnpl (57)

satisfies the Schrodinger equation

Yy "R 9%,
itV _ ——””2" (5.8)
ot —~ Dm; Ox;
j=1 J

with initial datum

Yoo (x, 1) = 8(x — x').

5.1.2 The Free Propagator

We now introduce the following notation: we write
Ki(x, x',t,8) = Yo p(x, 1)

(the subscript f standing for “free”) and call the function Ky the free particle propa-
gator; in Dirac bra-ket notation

Ki(x,x',1,1) = (x, t|H|x', 1)

is thus a “matrix element”. The knowledge of K¢ allows us to solve the Schrodinger
equation
oY N R

ih— = — _— (5.9)
a2
dt o 2m; 8xj

for arbitrary initial condition v’ at time #’; in fact:
Y = / Ko, 1, 09 ()

therefore Ky is also often called, especially in the mathematical literature, a dis-
tributional kernel. Notice that the condition ¥ (x, ") = ¥’'(x) is equivalent to the
condition

lim K¢ (x, x', t,t) = 8(x — x'). (5.10)
t—t'

‘We next note that the integral in the right-hand side of (5.7) can be easily evaluated
using the theory of Fresnel integrals, and one finds the explicit expression
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n/2 Y
Ke(x, .x/, t, t/) = (#(t—l’)) eﬁW{(.X,X 1) (51])
where M = m, - - - m, and
n 7\2
(xj —x%)
Wi(x, x',1,1') = § mj——=—; (5.12)
= 2(t —t))

one immediately recognizes Hamilton’s two-point characteristic function (4.14) for
the free particle. The prefactor in the right-hand side of formula (5.11) can be written

n/2 n .,
()" = (k)™ Jater = wp) (5.13)

where det(—W’) is the Van Vleck determinant, i.e. the determinant of the Hessian
(= matrix of second mixed derivatives) of W¢; in both formulas (5.11) and (5.13) the
argument of the square roots are chosen so that the initial condition (5.10) holds; this
is achieved by defining argi = 7 /2 and

0 ift—t >0

w ift—1t <0 .14

arg(t —t') = [

(see de Gosson [1, 2] for a detailed study of the “right choice” of argument, which
is closely related to the theory of the Maslov index). With this choice one has the
explicit expression

n/2 . , n/2
M —inm /4 .m(t— M
(Zﬂfh(’—f’)) = e et (m) (5.15)
the “Maslov index” m (¢t — ') being defined by
/ 0 ift—t'>0
m(’_’)_[zn ifr—1<0" (5.16)

5.2 The General Case

5.2.1 The Abstract Schrodinger Equation

For simplicity we limit ourselves here to time-independent Hamiltonian functions;
the results will be generalized later to the time-dependent case as well. We assume
that the time evolution of an initial wavefunction ¥'(x) = ¥ (x, t’) is governed by a
strongly continuous one-parameter group (U;) of unitary operators acting on L*(R"):


http://dx.doi.org/10.1007/978-3-319-27902-2_4
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Yx,t) = U,_,/I/f/(x).

It follows from Stone’s theorem [7] on unitary operators that there exists a (generally

unbounded) self-adjoint operator H such that U, = e~'//"; equivalently the one-
parameter group (U,) satisfies the operator equation
wLu, = Au (5.17)
ih— = . .
d ¢ t t

As a consequence, the wavefunction i satisfies the Schrodinger equation

0 ~
iha—f = Ay, y(x.t) = ¥/ (x) (5.18)
where the operator H is sofar unknown. The next step consists in remarking that since
the Schwartz space S(R") is a (dense) subspace of L?(R") and L?(R") is a subspace
of §'(R"), the operators U, are de facto continuous operators S(R") — S'(R").
It follows (Schwartz’s kernel theorem, see e.g. Hormander [3]) that there exists a

distribution K = K (x, x’, t, t') such that
Yx,t) = / K, x',t, Oy’ (xHd"x'; (5.19)

in Dirac’s notation K (x, x’, ¢, ¢) is just the matrix element (x, t|ﬁ|x/, t'). Since
¥(x,t’) = ¥'(x’) we must have, in addition,

lim K (x, x', £, 1) = 8(x — x'). (5.20)

t—t'

We will view, as in the free particle case, the propagator K as the wavefunction v,
of a quantum system located at the point x at initial time ¢’

K('x5 x/5 t7 t/) = WX’.I’(X’ Z‘)'

We emphasize that we have so far rigorously justified the existence of a
“Schrodinger equation” satisfied by the matter wave, and that formula (5.19) prov-
ing the existence of a propagator is a purely mathematical consequence of Stone’s
theorem and of Schwartz’s kernel theorem. But there is no clue to what the operator
H should be; for this we will need to make a physical assumption.

5.2.2 The Approximate Wavefunction

Let us come back to the case of a point-like source located at a point x’ in
n-dimensional configuration space R”. We now assume that the classical motion
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is governed by an arbitrary Hamiltonian function; it can be a function of the classical
type
n 2

p.
H(x,p.t)= > 2—’ +V(x,1)
=1 M

where the potential is smooth function in the variables x and ¢, but it can also be a
totally arbitrary function of the variables x, p, #: we do not suppose that H is of any
particular ““ physical” type.

We would like to determine the corresponding wavefunction v,/ ;. A first guess
is that the phase of the wavefunction should be the “obvious” generalization

S, x',pt,ty=p'(x—x)—H(x,p', i)t —1)

of (5.6), in which case we could take as propagator the analogue
Vart) = (ghg)" [ eBserioany

of (5.7). However, this is not a very good guess; it is easy to see that such a wave-
function does not satisfy a linear evolution equation (see for instance the analysis in
de Gosson [1], especially Chap. 8). What we shall do instead, is to postulate that the
correct phase S is, for small time intervals 7 — ¢/, given by the expression

S(x,x',plit,t)y =S, x',pt,t)+ 0t —1')?) (5.21)
where
S, x',p t,t)y=p'(x —x)—Hx,x', p/, 1)t — 1) (5.22)
the function H being given by formula (4.36), that is

1
H(x,x',p,t) = / H(tx + (1 —)x’, p, t)dr. (5.23)
0

We will see in a moment that this postulate will allow us to determine the Schrédinger
equation, but let us first discuss the validity of (5.21) on a simple example which
extends the case of the free particle. Let H be the harmonic oscillator Hamiltonian

in one dimension:

P2 1 2.2
H (x, = — + —mwx".
(x, p) m T3
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The corresponding exact propagator is well-known: choosing ¢ = 0 for simplicity,

it is
Kno(x,x', 1) = /%eﬂ”x X58) (5.24)

where W (x, x’, t) is given by formula (4.15):

W(x,x' 1) = [(x* +x") cos wt — 2xx] (5.25)

2 sin wt

(it is essentially the Mehler formula [4, 8], and can be directly obtained by using the
metaplectic representation of the symplectic group we discuss in Chap. 12 (also see
de Gosson [1, 2]). The argument of the square root is chosen so that K}, reduces in
the limit # — 0 to § (x — x”). For small values of t we have

2
\/2mhsmwt = \/thz +0@)
and W(x, x', 1) = W(x, x', t,0) is given by W = W + O(t>) where

W \2
W(x,x’,t):m%—%(x +xx’ +x)t

(formula (4.32) in Chap. 4). Combining these two formulas, we have Ky, = Kpo +
O(t?) where

Kno(x.x', 1) = | —2
2mwiht
. w2
x exp [ﬁ (m% N %(X o H,z)t)}

using the Fresnel formula, as in the study of the free particle, we have

/ a=x)| _ 1 Lp(x=x") ,5ie p?(x—x') 7./
2mmexp|: o ]—m/er e2mh dp

and hence
Kho(x,x', 1) = (;h)"/e%(p/(x—x’)—H(x,X’,p’,t))dp/

where 5

ﬁ l ’ _p mw 2 ’ 2
(X,X,p,t)—%—T(x +xx +x )t.

It follows, as in the case of the free propagator, that for small values of time 7, the
harmonic oscillator propagator is obtained by integrating over all possible momenta
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for a wave with phase (5.22). We leave it to the reader, as a pleasant exercise, to
verify that the approximation formulas above cannot be obtained by using any of the
“mid-point rules” briefly discussed in Sect.4.4.1.

5.2.3 Back to Schrodinger’s Equation

The postulate above amounts to assuming that the exact wavefunction v, , is approx-
imated, for small time intervals # — ¢/, by the function

Vo) = (527)" / enSexP D gn s (5.26)

since the true (but also unknown) phase S is approximated by S to order O((t —1')?)
we have

Yo p (X, 1) = Yo (x, ) + Ot —1)?). (5.27)

Observe that this is tantamount to assuming that the exact propagator K for the
abstract Schrodinger equation

Yy

ih - = Hy, yx,t) =y (x). (5.28)
is approximated by
K. x' t.1) = ()" / e SEH O gn (5.29)
in fact
Kx,x',t,t) =K, x',t,t)+ 0t —t)?). (5.30)

We claim that this is enough to determine unambiguously the Hamiltonian operator
H. The following result is essential, because it justifies and extends, as we will see,
Born—Jordan quantization:

Proposition 1 Suppose that the propagator K satisfies the asymptotic formula
(5.30) where K is given by (5.29). Then the operator H is given by

Ay = ()" [T p a3

where H is given by formula (4.36):
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1
Hx,x',p.t)= / H(tx + (1 — o)/, p/, tdr; (5.32)
0

Proof (i) We begin by observing that the knowledge of the propagator K determines
the operator H: we have

Y(x, 1) = / K, x',t, ) (x,t)d"x'
and hence
0 K
iha—‘f(x,t) - ih/ S Cn Y e
taking the abstract Schrédinger equation (5.18) into account, we get
7 . 0K / / / /
Hy(x,t)=ih E(x, x't, )Y (x, tHd" x'.

Using (5.30) it follows that we have

_ oK
Hy(x, 1) = iﬁ/ W(x,x’, LYY, thd x' + 0@ —t)
and hence, letting ¢ — ¢/,
T ’ . BE ’ ’ ’
Hy(x,t) = th/ E(x,x 5D (x, t)Hd" .
Now, by definition (5.29) of K,

K [ S dS
E(x,x/,t,t/) = (ﬁ)n lﬁ/eﬁs(x’x’t’t)a(x,x/,t,t/)dnp/

Taking into account the definition (5.22) of the approximate phase S, we have,
ag / / 7 / I
——x,r)=—Hx,x,p,1)
ot

so that

K S Y
E(x’ )C/, t, l‘/) — (ﬁ)" #b/egs(x,x ’t’t)H(x, X,, p/’ t')d"p’.

Taking the limit t — ¢ and multiplying both sides by i 7 we finally get
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t—t'

oK u ; —
lim |:ih§(x,x’, t, t’):| = (ﬁ) /eﬁp(x_x)H(X,xl, p thd"p

which proves (5.31). m]

When the Hamiltonian function is of the usual type “kinetic energy plus potential”
the result above allows us to recover the usual text-book version of Schrodinger’s
equation:

Proposition 2 When the Hamiltonian function is of the classical type
n p2
H(x.p.) = 5=+ Vx0 (5.33)

2m;
j=1

where V is a smooth potential, then the operator H is given by

n _hZ 82

H= 2 2 52 + V(x,1). (5.34)
Proof We have here
_ "opt
H(x,x',p',t) = JZI ﬁ +Vix,x',t)

where V (x, x’, ') is the averaged potential (4.35):

1
Vix,x', 1) = / Vitx + (1 — )&/, t")dr.
0

Formula (5.31) becomes, using the properties of the Fourier transform,

. n _2 82
Hy(x) = —TW(X)
1

j=

+ (52)" / RV OO (X £ (N P

Since V(x, x, ') = V(x,t') we have,


http://dx.doi.org/10.1007/978-3-319-27902-2_4

68 5 Wave Mechanics and the Schrodinger Equation

/e%p’(xfx’)v(x’ X, W pldx = /V(x, X, () (/e%p’(xfx’)dnp) d"x’
=Qrn)" [ Vx,x', Oy )8 (x —x)d"x’

= Q2rh)"V(x,t)

hence formula (5.34). O

There remains to show that the quantization rule (5.31)—(5.32) reduces to the
Born—Jordan prescription

1 \ ~s—lor -~ 1 - ~r—j s
"p'—> i = i 5.35
St DI r+1§0x Px (5.35)

when H is the monomial x" p°.

Proposition 3 Ler H,;(x, p) = x" p* where r and s are non-negative integers. Then
the operator H,, defined by (5.31)—(5.32) is the Born—Jordan quantization of H,:

— 1 "
H,, = Tk peRk, 5.36
= kz;, p (5.36)

Proof We have

1
H, (x,x', p) = (/(tx + (1 —1)x)dt|p*
0

- 1

= (;;) /tk(l—r)’_kdt xkxkp's,

k=0 0

As already noticed in Chap.3, Sect.3.2.4, the integral in the formula above is the
beta function B(k + 1,7 — k + 1) and hence

1

/rk(l — o)kt =

0

K — k)
(r+1n!°

It follows that

— 1 r
H s (x, X,, P/) = m Zxkx/r kps
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and the operator I/-I,\A is thus given by

n 1
r+1

,
;IZI/I()C) — (ﬁ) zxk / eLﬁp’(x—x’)x/r—kp/sw(x/)dnp/dnx/‘
k=0

A straightforward calculation involving the Fourier inversion formula leads to

(ﬁ)”/e%p’(xfx’)xlrfkp/sw_(x/)dnp/dnx/

s O
= (i)' = " Y )
e
and hence
Ao = —— ix"(ih)si(xr*"w(x»
" r—+1 pa ax*
which is precisely (5.36). O

We will revisit this summation over the parameter t in Chap. 10. We point out
that that the formula

HYy () = (517)" / eFV I H (¥ p Y (d" Pl (537)

where the averaged Hamiltonian H is given by
1
H(x,x',p',t) =/H(tx + (=1, p,tdr (5.38)
0

obtained in Proposition 1 is at the heart of the pseudo-differential theory of Born—
Jordan quantization we will study in Chap. 10.
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Part 11
Mathematical Aspects of Born—Jordan
Quantization



Chapter 6
The Weyl Correspondence

The Weyl correspondence, or Weyl quantization, is well-known both in harmonic
analysis and quantum mechanics. It is part of the wider Weyl-Wigner—Moyal theory,
where an emphasis on phase space techniques is made. There are two compelling
reasons to study Weyl quantization before Born—Jordan quantization: it is easy to
express Born—Jordan operators in terms of Weyl operators, and Weyl quantization
is a particular cases of the Shubin 7-theory of pseudo-differential operators which
will be developed later in this book, and which leads to an alternative definition of
Born—Jordan quantization via an averaging process. For complementary material on
the Weyl correspondence we refer to de Gosson [4, 5], Wong [14] or, at a more
mathematically advanced level, Hormander [8]. Littlejohn [9] gives an excellent
short introduction to the Weyl-Wigner—Moyal formalism for physicists.

6.1 Definitions and Basics

6.1.1 Notation and Terminology

We will use multi-index notation: o = («q, ..., ) € N, |a| = a1 + - - - + ay,
and for x = (xy, ..., x,) we write x* = x{"" - - - x7 and 9} = 91 - - - JJ" where
Oy, = 0/0x;. We denote by o the standard symplectic form on the phase space
Ré" = R" x R": by definition o(z, 7') = Jz - 7/ where

Oan Inxn
J =
(_Inxn Onxn
is the “standard symplectic matrix”. Note that J 2 = —Dpyon. Writing the phase
space variable as z = (x, p) we have

0(z,7) = px' — p'x.

© Springer International Publishing Switzerland 2016 73
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We will use the notation X for the operator of multiplication by x; and p; =
—ih0/0xj. These operators satisfy Born’s canonical commutation relations
(X, Pkl = ihdjx.

The space of all C*° complex-valued functions ¥ on R” such that for all multi-
indices o and (3 the function x“’@fd) is bounded is denoted by S(R") (it is the
Schwartz space of rapidly decreasing functions). It is a Fréchet space for the semi-
norms |||, 3 = sup |xa'8)“?¢|. The dual S'(R") of S(R") is the space of tempered
distributions.

The L? scalar product of two complex functions v, ¢ on R" is

(Wlg) = / G ()P x;

the associated norm is |[)|| = (1)|1))!/2. Notice that we are using here the physicist’s
convention and notation: (¢|¢) is linear in ¢ and antilinear in 1 (this choice is
consistent with Dirac’s bra-ket formalism).

6.1.2 Traditional Definition of Weyl Operators (in Physics)

We begin by giving the formal definition of Weyl operators used by physicists; it
goes back to Weyl’s foundational work [12, 13]. Let a be a function on phase space
R?"; assuming that the Fourier transform

Fa(x, p) = (515)" / e HOHM g (xo, po)d” pod”xo (6.1)

and its inverse exist, we can write
a(x, p) = (7)" / e D) Fa (xg, po)d” pod” xo. 6.2)

One then defines the Weyl operator A= a(x, p) by making the formal substitution
X —> X, p —> p in the formula above. Thus:

A‘: (ﬁ)n/e%(xof-kpoﬁ)l:‘a(xo’po)dnpodnx(); (6.3)

here xoX and pop should be understood as x¢ 1 X] + -+ + xo,%, and pop; +
-+~ po.n Pu- Of course, by modern standards, this is not a priori a very satisfactory

definition, unless one is able to give a meaning to the exponential

M(z0) = e CoT+PoP) (6.4)
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The latter is sometimes called Weyl’s characteristic operator [2], and is usually
interpreted as the power series

. [e%e) ] . k
M(zp) = Z o (%) (x0X + pop)* (6.5)

k=0

where each term of this sum is supposed to act as a partial differential operator
(see Cohen’s book [2] for a detailed study of the operator M (z0))- Needless to say,
the computational difficulties can become quite considerable because of the non-
commutativity of the operators x and p. Nevertheless, using the Baker—Campbell-
Hausdorff formula
oATB — p—3[ABI,A LB _ ,3[AB],B,A

valid for A and B such that [A, [A, B]] = [B, [A, B]] = 0, we have, choosing
A = xox/h and B = pop/h and taking into account the canonical commutation
relation [x, p] = ik,

M(z0) = e R PO%0 i POP g 30T (6.6)

or, equivalently,
M(z0) = i PP%0g7%0% o7 PP (6.7)

Formula (6.7) allows us to “guess” what the action of M (zo) is like. Limiting our-
selves to the case n = 1 for notational simplicity, let ¢ be a real analytic function.
Expanding ¢”°?/" in a power series, we have, since i p/h = 0Oy,

P =3 L

k=0

Exgafw(X)

which we recognize as the Taylor series of ¢ (x +xy) at the point x. Since the operator
¢*0*/1 i just multiplication by e**/" we thus have

M (20)1h(x) = e 7 Cor 3P0 (x 4 xp), (6.8)

We will see below that this formula can be very simply—and rigorously—
recovered if one uses the more physically motivated notion of Heisenberg operator.

6.1.3 Traditional Definition of Weyl Operators
(in Mathematics)

In the mathematical literature—especially in the early times of the theory of pseudo-
differential operators [6, 8, 11]—it is customary to define the Weyl operator A with
symbol a by the integral expression
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() = (51" / F PO a(L(x 1y, PG pd'y. 69)

While this definition immediately connects the theory of Weyl operators to the more
general theory of pseudo-differential operators, which are operators of the type

Ap) = ()" / RO atx, y, pp(y)d” pd"y,

it has certain technical disadvantages because of convergence problems for the inte-
gral. The latter is defined, for instance, if one chooses ¢ € S(R") (which is not a very
stringent requirement) and if the symbol a decreases fast enough in the p variables,
typically satisfying an estimate of the type

la(x, p)l = C)(A +|ph™"

for some £ > 0. When this is not the case, the integral in (6.9) can be viewed as a
distributional bracket, but one has still to be careful when manipulating it. When the
symbol belongs to some “nice” classes (e.g. the “Hormander classes” SZf 5 [8]), there
is another clever way of giving a meaning to the non-convergent integral in (6.9); it
consists in viewing it as a so-called “oscillatory integral”. We refer to the literature
on pseudo-differential operators for this approach; see for instance Chazarain and
Piriou [1], Hormander [8].

It is not immediately obvious why the “physical” definition (6.3) should coincide
with the definition (6.9). That this is indeed the case will follow from the constructions
below.

6.2 Heisenberg and Grossmann—Royer Operators

Let us introduce two related unitary operators on L>(R"): the Heisenberg opera-
tor (sometimes called the Heisenberg—Weyl operator), and the Grossmann—Royer
operator (sometimes called the parity operators).

6.2.1 Definition and Discussion

The Heisenberg operators are well-known objects from quantum mechanics: they
are unitary operators on L>(R") which can be used to define the Heisenberg group
(see de Gosson [4], Littlejohn [9]); we will give a dynamical description of these
operators below. The Heisenberg operators are closely related to the less known
Grossmann—Royer operators, which were defined independently by Grossmann [7]
and Royer [10] in the mid 1970s. Heisenberg and Grossmann—Royer operators are
in a sense Fourier transforms of each other, as we will see below.
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Definition 1 Let zg = (xg, po) and b € S’(R"). The Heisenberg operator f(zo) is
defined by

~ i 1
T (z)th(x) = eR P20 (x — xo) (6.10)
and the Grossmann—Royer operator by

Tor(z0)th(x) = €7 U0 2xg — x). (6.11)
The operator f(zo) translates wavefunctions while boosting their momentum, and

the operator Tar (z0) is a reflection with respect to zo; it is easy to check by a simple
calculation that both operators are related by the formula

Tor(z0) = T(20)R" T (z9) ™! (6.12)

where RV = Tgr(0) is the reflection RY4(x) = 1 (—x). It follows, in particular,
that Tgr(z0) is an involution:

Tor (z0) Tor (z0) = 1. (6.13)

One proves, using the Leibniz formula, that T(zo) and ?GR (z0) both are continuous
automorphisms of the Schwartz space S(R") and that their inverses are

T(z0)"' = T(=z0), Tor(z0) ™" = Tar(z0)
(the second formula following from (6.13)). By duality, these operators extend to con-

tinuous automorphisms of the space S’(R") of tempered distributions. It is moreover
clear that 7' (z¢) and Tggr(20) are unitary on L?(R"):

IT Go)¥ll = I Tar (z0)¥ 1| = [1].

The Heisenberg operators do not commute; they satisfy the relations
T()T(z) = en™ T ()T (z0) (6.14)
T(zo+21) = e 27T ()T (21); (6.15)

the first formula is often viewed as an “exponentiated” version of the canonical
commutation relations. The Grossmann—Royer operators satisfy the product formula

Tor(20)Tor (1) = € H7@DT (2(z9 — 21)) (6.16)

(see de Gosson [4, 5] for detailed proofs of these relations).
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In the two following examples we show that the Grossmann—Royer and Heisen-
berg operators can be used to define in a simple but non-standard way two well-known
objects from phase space quantum mechanics:

Example 2 The Wigner transform. Let ¢ € S(R"). By definition, the Wigner
transform of 1) is the function Wig ) € S(R*") defined by

Wig)(2) = ()" (T (@1Y). (6.17)

Using formula (6.11) the integral expression of the Wigner transform is

Wigh(2) = (51" / CEPY+ It — Iyd'y. (6.18)

Similarly:

Example 3 The ambiguity function. Lett) € S(R"); the function Amb ) € S(R?")
defined by

Amb(z) = (%) (T @Y 1) (6.19)

is called the (radar) ambiguity function. Its integral expression is

Amb (@) = ()" [ € FP U0+ et - bod'y. (620

The Wigner transform and the ambiguity function, and their extensions to pairs
of functions, will be studied in detail in Chap. 7.

6.2.2 Symplectic Fourier Transform

There is another important relation between the operators f(zo) and fGR (z0). Letus
first define the symplectic Fourier transform of a function or distribution on R,

Definition 4 The symplectic Fourier transform a, = F,a, of a functiona € S(R*")
is defined by F,a(z) = Fa(Jz) where J = (_OI (I)
matrix and F the ordinary Fourier transform on R**. Explicitly:

) is the standard symplectic

Fra(z) = (57)" / e 7T a(Zya (6.21)

(recall that 0(z, 7') = Jz - 7' is the standard symplectic form).
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As the ordinary Fourier transform, F, can be extended to a continuous auto-
morphism &’ (R*) — S'(R?") whose restriction to L>(R>") is unitary. The usual
Plancherel formula takes here the form

[ @z = [ @ @d: 6.22)
or, equivalently,

/ a(2)b(z)d*'z = / a,(2)by(—2)d*z. (6.23)
Moreover, since F2a(z) = a(—z) and J? = —I the symplectic Fourier transform is

involutive: F2 = F, and is hence equal to its own inverse: F, ! = F,. We note that
the symplectic Fourier transform satisfies the usual convolution formulas

F,(a % b) = 27h)"(F,a)(F,b) (6.24)

and
F,(ab) = 27wh) " F,a * F,b. (6.25)

Proposition 5 Ler i) € S(R™) (o1, more generally, 1) € S'(R")). We have
Tor(z0)9(x) = 27" F, [T () (0)](—20) (6.26)

and

T (z0)(x) = 2" F,[Tor()¢(x)1(—20)- (6.27)
Proof (Cf. de Gosson [8], Ch.8). Formula (6.27) is equivalent to formula (6.26)
since the symplectic Fourier transform is involutive. To prove (6.26) it suffices to

consider the case ) € S(R") (the general case follows by duality and density). We
thus have to show that

Ter(z0)Y (x) = (755)" / en 70D T (yp(x)d>7 . (6.28)

Denoting by A(x) the right-hand side of (6.28) we have, using the definition of the
symplectic Fourier transform,

AW = (57)" / e DT ()p(x)d> 7

(b [ b pe oy g

_ (#)n/ (/ e}'%p’(xxoéx')dnp/) e%pox/qu(x)dnx/.
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Now, F (1) = (2mh)" §, and hence
/e%”/(x_x‘]_%"/)d” "= Q2nh)" §(x — xo — %x’).
Setting y = %x’ we get,

A(x) = 27"/(5(x — X0 — %x')e%”ox/i//(x)d”x/

- / 3(y +xo — X)e R PIY(x)d"y
— g%Po(x*xo)w(_x + 2x0)
= Tar(z0)¥(x)
which proves formula (6.26). |

An immediate consequence is that the Wigner distribution and the ambiguity
function introduced in the Examples 2 and 3 above are symplectic Fourier transforms
of each other:

Corollary 6 Lett) € L*>(R"). We have Amb ) = F,Wig 1) and Wig 1 = F,Amb ).

Proof 1t is a straightforward consequence of the Proposition above, using the defin-
itions (6.17) and (6.19) of the Wigner and ambiguity functions. [ |

6.2.3 Dynamical Interpretation of the Heisenberg Operator

It is not uninteresting to give a dynamical interpretation of the Heisenberg operator.
Consider, for fixed zo € R?", the function

Hy(z) = 0(z, 20)- (6.29)
We call this function the “displacement Hamiltonian: the flow ( fto) determined

by the Hamilton equations z = J0,Hy(z) consists of the phase space translations
£z +—> z + tzo. Consider now the operator

Hy =0, 20) = X0P — poX (6.30)

obtained by formally replacing z = (x, p) withz = (X, p) where X; is multiplication
by x; and p; = —iho,,: explicitly
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Hy = Zxo,jﬁj = Poj%;
j=1
which we write ﬁo = xop — pox. The solution of the corresponding Schrédinger’s
equation R
ihdyp = Hoyp, ¥(-,0) = v (6.31)
is formally given by the formula

Bl 1) = e F Mg () = e RTED o (x), (6.32)

One verifies by a direct calculation that one has explicitly

i 1

B(x, 1) = eRPTIIO (x — 1xp), (633)

Thus, ?(Zo)lbo is the time-one solution of the Schrodinger equation (6.31). In operator
notation: R _

T(z0) = e n7@), (6.34)

Recall that we defined above the Weyl characteristic operator as being the operator

M(Zo) — g%(m?ﬂo@_

This operator is closely related to the Heisenberg operator function T (zo)—it is in
fact just a variant thereof: since o (JZ, zo) = xop + pox we have the simple relation

M(zo) = e C0THPD) — T(— Jz0). (6.35)

The properties of M (20), including commutation relations, immediately follow from
those of T(ZO) Using the definition (6.10) of T(ZO) we recover the action (6.8) of
M (zo) on functions or distributions. In fact, changing (xo, po) into (— po, xo), we get

M (20))(x) = e C0¥ 72050y (x 4 py),

Notice that we did not have to make any analyticity assumption on 1.

6.3 Weyl Operators: Harmonic Analysis

We are now able to define Weyl operators in a rigorous and convenient way.
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6.3.1 Definition of a Weyl Operator

19

Let a € S'(R?"), hereafter to be called “symbol” (or “classical observable!”, in the
physical literature). We denote by ((-, -)) the distributional bracket on R*>": if U is a
distribution on R?" and ¢ a test function, then the complex number ((U, ¢)) is the
value of the functional U at ¢. In our case we will mostly have U € S’(R?") and
¢ € S(R?"); as usual we will often abuse notation by writing

(U, ¢)) = / U@)é(2)d 2.

Definition 7 The linear operator A:S (R") — S'(R") defined by

Ap = ()" (@), Ter()p)) (6.36)

is the Weyl operator with symbol a (or the pseudo-differential operator with Weyl
symbol a). In integral form:

Ap(x) = ()" / a(z0) Tor (20)1(x)d* 2. (6.37)

We will write A = Opy (a) and sometimes use the notation A M aora M A.
The right-hand side of (6.36) makes sense since for every zo € R?" the function
TGR (z0)? is in S(R?"); this ensures that ({(a(-), TGR(Jw)) is defined. We have chosen
as natural domain for a Weyl operator the Schwartz space S(R”); in many cases A
can be extended to larger classes of functions.
The following result connects the definition above with the traditional integral
definition (6.9) given above:

Proposition 8 Ifa € S(R*") and v € S(R") then

() = (51" / AP Va(Lx +y), o) pd'y.  (638)

Proof Formula (6.37) yields, using the definition (6.11) of the Grossmann—Royer
operator,

Zl/}(x) = (%)n/a(zo)e%po(x—xo)w(zx _ xo)dZHZo.

IStrictly speaking, we should reserve the term “observable” to real symbols; we are thus committing
a slight abuse of terminology.
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Setting y = 2x — xp and p = py we get

A = (1) / R P Va(L(x 4+ y), pyo(ydydp

which is precisely formula (6.38). |

6.3.2 Harmonic Analysis
Weyl operators can alternatively be defined in terms of the Heisenberg operator (and
this redefinition has many advantages, often leading to simpler formulas):

Proposition 9 Leta € S'(R™), A = Opy(a) and ¢ € S(R™). (i) We have
Ay = (345)" (ae (). TCW) (6.39)

where a, = F,a is the symplectic Fourier transform of a; in integral notation

Ap(x) = (52)" / a,(z0) T (20)¥ (x)d*"zo. (6.40)

Proof 1t is sufficient to prove (6.39) for a € S(R"); the general case follows by a
density argument. We have, using successively Parseval’s formula and the relation
(6.27),

({a(), Ter ()P (x))) = / a5 (20) Fo [ Tor ()0 (x)1(—20)d*" 20

=2 / a, (20)T (20)0 (x)d*" 2o
=27"({a, (), T()P(x)))
hence the formulas (6.40) and (6.39). |

Since we will use quite often a, in this, and the forthcoming chapters let us give
it a name:

Definition 10 The function a, = F,a is called the covariant (or “twisted”) symbol
of A = Opy(a).

Recall formula (6.34) that the Heisenberg operator can be written T(ZO)
e~17@)/n This suggests that T(zo) is just the Weyl quantization of the function
eio@20)/ h. This is indeed the case:

Proposition 11 The operator with Weyl symbol ao(z) = e‘i”(z’zo)/hAis the
Heisenberg—Weyl operator T (z¢). Equivalently, the covariant symbol of T (zo) is
Q2mh)"d(z — z0).
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Proof Let us set ag(z) = e~ '7@0)/M and Ay = Opy, (ap). We have

Ao = ()" / (a0)5 (T (2)d™'z
where the covariant symbol (ao), is given by
(ap)s(2) = (ﬁ)n/67%0(2’21)37%U(Z,azo)d2nzl
— (ﬁ)”/e—%o(z—ZO,z/)dZnZ/
= (27h)"6(z — 20)

(the last equality because F, (1) = (2wh)"4); hence
A = / 8z — 20) T (2)d*"z = T (z0)

taking into account the fact that 6(z — zo) = d(z0 — 2)- |

6.3.3 The Kernel of a Weyl Operator

The bijectivity of a Weyl operator is most easily proven using its (distributional)
kernel, since it allows us to invoke Schwartz’s kernel theorem. It also allows the
study of boundedness properties of Weyl operators on the Hilbert space L?(R").

Every linear operator A : S(R") —> S’(R") has a kernel K € S'(R" x R")
provided it is continuous (in the weak *-star topology) from S(R") to S’ (R"); this is
Schwartz’s kernel theorem briefly discussed in Sect. 5.2.1 of Chap. 5. The Schwartz
kernel is a distribution K € S’(R” x R") such that

(AY, 9) = (K, 9 Q@ V)

for all ¢, € S(R"); as usual ({-,-)) is the distributional bracket on the space
R" x R". In integral notation:

Ad(x) = / K (x. )oO)d"y. 6.41)

The kernel K and the symbol a of a Weyl operator are related by two simple formulas:

Proposition 12 LetA = Opy (a) have symbola € S'(R*") andkernel K € S'(R" x
R™). (i) We have
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Koy = (25)" (Bl a) G+ ). x — ) (6.42)

where F, Uis the inverse Fourier transform in the second set of variables; in integral
form:

K y) = (55)" / R P a(l(x 1 ), p)d” p: (6.43)

(ii) Conversely

a(x, p) = /e_%pyK(x + %y,x — %)’)d”y. (6.44)

Proof (i) Formulas (6.421\and (6.43) are obvious, comparing (6.41) with the integral
representation (6.38) of A. (ii) Formula (6.44) follows from (6.43) or (6.42) using
the Fourier inversion formula. |

. . Weyl ~
We have been calling the association a <2 A between a symbol and the cor-
responding Weyl operator “Weyl correspondence”. This terminology is justified by

the following result which shows that a iy is indeed a bijection.
We denote by L(S(R"), S'(R")) the vector space of all continuous linear map-
pings S(R") — S’ (R").

Proposition 13 The mapping
Opy : S'(R*™) — L(S(R"), S'(R™))

. . . . . Weyl
is a vector space isomorphism. More precisely: (i) The Weyl correspondence a <—

~. . L Weyl Weyl — ~ .
A is linear and injective: If a <— A and a' <— A then a = a'. In particular

1 <WL‘I> 14 (the identity operator on S'(R")). (ii) Every A € L(S(R"), S'(R")) can

be written A = Opy, (a) for some (unique) a € S'(R*").

Proof (i) The linearity is obvious. To establish the injectivity it suffices to show that if
A ﬂ aand A = Ijthena = 1.1Inview of (6.41) the condition A= 14 1s equivalent

to K(x,y) = §(x — y), which requires (formula (6.43) that a(%(x +y),p =1
for all x, p thatisa = 1. That 1 X 14 is clear using a similar argument. (ii) The

surjectivity of the correspondence a iy is obvious in view of the discussion
above, using Schwartz’s kernel theorem: every operator A € L(S(R"), S’(R")) has
a kernel K, and its Weyl symbol a is then given by formula (6.44); the uniqueness
of a follows from the injectivity property proven in (i). |
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6.4 Two Examples

6.4.1 The Weyl Quantization of Monomials

Physically speaking, any realistic “quantization” of classical observables should sat-
isfy the Schrodinger prescription: to a symbol a(z) = x;p; should correspond the
operator R

A =35y + PiX))- (6.45)

~ Weyl . . .
Let us check that the Weyl correspondence A <25 g satisfies this requirement. We
have, taking a(z) = x; p; and hence

@ty B =4 [ b1 pudyd’p
+3 / en "y pyp(y)d"yd" p,
Formula (6.45) follows in view of the obvious equalities
(ﬁ)"xj/e%"(x‘}')pjw(y)d"yd”p = X; ()
(ﬁ)"/e%”("‘y)pjij(y)d”yd”p = plxji) (x).

More generally, a similar argument shows that the Weyl quantization of an arbi-
trary monomial x” p°® leads to the Weyl-McCoy formula (2.11):

s

1 K B
Opy (') = 5 > (E)ﬁs P (6.46)
=0

We will not perform the detailed calculations here since the result is a particular
case of the more general rule obtained using Shubin’s T-pseudo-differential calculus
which we will study later on.

6.4.2 Physical Hamiltonians

Assume that H is a (possibly time-dependent) function of the type

n

1
H(z.1) =Zﬁ(p,- — Aj(x, )+ V(x,1); (6.47)
J

J=1
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where the potentials A = (A4, ..., A,) and V are twice continuously differentiable
in the x variables, and continuous in ¢. Let us show that H = Op(H) is the usual
quantum operator

n

~ 1 9 2
H= ; % (—’h% —Aj(x, t)) + V(x,1). (6.48)

Since Op(p3) = p;, Op(A;) = A; and Op(V) = V , we only need to bother about
the cross-products p;.Aj. Dropping the index j and assuming n = 1 we claim that

3¢]

i (6.49)

ih[ O
Op(pA) = —5 [auw) +A

from which (6.48) readily follows. Let us prove (10.18); it is sufficient to assume
n = 1. We have (formula (6.38))

1 i i
Op(pAY() = 5= / EPE b AL (x4 y), () dydp

11 7.
= / 57 / e’V pdp | A (x + ), DY(x")dx’'.

—00 —00

In view of the Fourier inversion formula the expression between the square brackets
is —ihd'(x — y) so that

Op(pAY(x) = —ih / 5 (x — NACG+ ). 0y

i P
— —ih / 306 =0 5 AG + ), DUy

_ —ih (DA oy
=— (a(x, D(x) + Alx, t)a(X)))

which is formula (6.49).

In many physics texts quantization formulas of the type (6.48) are formally derived
using the monomial rule (6.46): one expands the vector potential A in a Taylor series
at x = 0 and one then quantizes separately each term in the series obtained for the

product p;.A. Such a procedure is of course only mathematically legitimate if one
assumes that the vector potential A is (a real) analytic function.


http://dx.doi.org/10.1007/978-3-319-27902-2_10

88 6 The Weyl Correspondence

6.5 L>-Boundedness of Weyl Operators

The following result is a rather elementary result giving a necessary and sufficient
condition for the L?-boundedness of a Weyl operator:

Proposition 14 Let A= Opy (a) have kernel K. (i) We have a € L*(R*") if and
only if K € L2(R" x R"); (ii) when this is the case A is a bounded operator on
L*(RM).
Proof (Cf. [5], Sect. 10.1). (i) Let us prove that

llall = @mh)"2 || K |||
(1] - ||| the L? norm on R?"). In view of formula (6.44) the symbol a is, for fixed x,

(2h)"/? times the Fourier transform of the partial function y —> K (x+ % V. x— % y)
hence, by Plancherel’s formula,

[1ateprparp = @any [ 1K+ b= by, 650
Integrating this equality with respect to x we get
/ la(x, p)IPd" pd"x = (27rh>"/ (/ |K(x + 5y, % = §y>|2d"y) d"x
= a)" [ 1KGo+ by = Pdady

where we have applied Fubini’s theorem. Making the change of variables x’ = x+ % y
and y) = x — %y we have d"x'd"y’ = d"xd"y hence

/ laCe, p)d" pd"x = 2" / K, )P d"y'

and we thus have ¢ € L*(R?") if and only if K € L?>(R" x R"). (ii) The L>-
boundedness of A immediately follows, using the Cauchy-Schwarz inequality: writ-
ing

Abx) = / K (x, ) ()d"y
we have

Rp(oP < / K (x, )"y / () Py
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and hence
|| A%| =/|Aw<x)|2dx§ K11 P
where ||| K ||| is the L? norm of the kernel K. [ |

Notice that the condition a € L?>(R?") in the result above can be replaced with
a, € L*>(R*") since the symplectic Fourier transform is unitary: |||a||| = |||a,|||,
and in this case we have

las ||l = @mh)" ||| K]]I. (6.51)

The condition stated in the proposition above is sufficient, but not necessary. In

fact, if we assume that the Fourier transform of the symbol is absolutely integrable
we again have L’-boundedness:

Proposition 15 Let A = Opy,(a). If a, € L'(R*) then A is bounded on L*(R")
and the operator norm of A on L*(R") satisfies
-~ 2n
AT < (525) " laollL @) (6.52)

21h

Proof Recall that the covariant symbol a,, is defined by a,(z) = F,a(z). In view of
the density of S(R") in L?(R") it suffices to assume that ¢ € S(R™). Let us prove
the inequality (6.52); the boundedness of A will follow. Rewriting formula (6.42) as

K, y) = (55)" (Ba) A +y),y —x),

let Fa = (F; ® F>)a be the Fourier transform of a; using the Fourier inversion
formula we have

FaG+y),y—x) = ()" / e E @y — x)d"u

and hence
K. y) = ()" / eF N Ea(u,y — x)d"u.

It follows that
/lK(x,y)ldx < (ﬁ)n/|Fa(u,y—x)|d"ud”x
/IK(x,y)ldys (ﬁ)n/wa(u,y—mld”ud”y;

equivalently, setting n = y — x,
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[k = ()" 1Falge
JiKGiay < () Fallu o,
Set now C = (2wh)™"||a,||.1; by Cauchy—Schwarz’s inequality we have
|X¢(x)|25/|K(x,y)|d"y/|K(x,y)||¢(y)|2d”y

< c2/|1<<x,y>||w<y)|2d"y

and hence
/ )Py < € / ( / |K(x,y>|dx) )"y
that is
/ Ao Pd'x < C? / () Py
which is the estimate (6.52). |

The study of regularity properties of Weyl operators on L?(R") has become some-
thing of an industry since the early 1990’s. Cordes [3] has proven the following rather
general property:

Proposition 16 Assume that the symbol a satisfies the conditions 07 aﬁa € L®([R>)
Sor all multi-indices «, (8 such that ||, |B| < [n/2]+ 1. Then the operator A Piicie a
is bounded on the space L*>(R™).

The proof of this result is rather technical, so we will not reproduce it here. It
implies in particular that every a € C*(R?") which is, together with all its deriva-
tives, bounded determines a bounded operator on L2 (R").

6.6 Adjoints and Products

We determine the symbol of the formal adjoint of a Weyl operator. We also calculate
the symbol of the product of two Weyl operators.
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6.6.1 The (Formal) Adjoint of a Weyl Operator

The formal adjoint AT of a continuous operator A:S R") — S(R") is defined by
the formula

(Alg) = (] ATg) (6.53)
for all (¢, ¢) € S(R") x S(R"). Let us determine explicitly the Weyl symbol of AT,

Proposition 17_The formal adjoint At of the Weyl operator A= Opw(a) is the
Weyl operator AT = Opy (a*). In particular, A is formally self-adjoint if and only if
a is a real function.

Proof Expressing A in terms of the Grossmann—Royer operators we have

(A|g) = (#)"/ (/a(ZO)fGR(ZO)¢(X)d2"ZO) P(x)d"x.

Let b be the Weyl symbol of AT; we have

A plg) = ()" / ( / b(zoﬁGR(zo)«p(x)dz"zo) (0",

Since (A\ngb) = (¢|X¢) for all (¢, ) € S(R") x S(R") we must have a* = b. B

The property that Ais formally self-adjoint if and only if a is a real function is
very important in the applications to quantum mechanics, because the “quantization”
of a real observable should precisely lead to a self-adjoint operator.

6.6.2 Composition Formulas

We now assume that the Weyl operators A= Op(a) and B= Op(b) canbe composed
and set C = AB. Assuming that we can write

C = (ﬁ)"/ca(z)/T\(Z)dZ"Z

we ask: what is ¢, ? The answer is given by the following result:

o~~~

Proposition 18 Ler A = Op(a) and B = Op(b). (i) The product C = AB has
(when defined) Weyl symbol

c(z) = (ﬁ)zn/e#”(z/‘zﬂ)a(z + 12)b(z — L2Ma*d* 7. (6.54)
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(ii) The covariant Weyl symbol of Cis given by
(@) = (537)" / e 7Ca, (2 — 2 )by(2)d'7. (6.55)

Proof Assume that the Weyl symbols a, b of Aand B arein S (R?"). We denote by
K 37 the distributional kernel of the product AB. We have

2n L(x—a —
Ki(x,y) = (2rh) /eh((x a)p+(a—y)p)

xa(t(x +a), Ob((x + y), H)d"ad"(d"¢.

In view of formula (6.44) we have
c(x, p) :/ ﬁp“KAA(x + u X — —u)d”u
and the symbol of AB is thus
@) = (,:—h)”/e%ga(%(x Fat .o
x b(3(x + o — fu), d"ad"(d"¢
where the phase Q is given by

Q= —a+ )¢+ (a—x + )€ — up

=@ —a+ 10— p) +a—x+1u)E-p).
Setting(' =(—p, & =& —p, o = %(a—x—i—%u) and ' = %(oz—x— %u) we
have

anédnCdnudnf — 22ndna/dn</dnu/dn£/

and Q =20/, ¢; o/, ('), hence

@) = ()" [ Ot a4 0)

X b(x + 1/[/, p + g/)dna/dnc/dnu/dng/;

formula (6.54) follows setting 7 =2/, ") and 7" = =2, &'). (ii) Writing the
operators A and B in the form
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=)
Il

(#)” / a(20) f(Zo)dznzo

B

(ﬁ)n / by (z)T (z1)d*'z

we have, using the property (6.15) of the Heisenberg operators

o~

T(z0)B = (57)" / by ()T z) T (z))d*'z)

= (=)’ / e, @)T (2o + 20d™2)

and hence

AB = ()" / e300 a0 (20)by (21)T (20 + 20)d ™ 20d™ 21,

Setting z = 79 + z; and 7’ = z; this can be written

A= ()" [ ([ emeane o ran) T

hence (6.55). n

The function c defined by (6.54) is often called the Moyal (or Groenewold—Moyal)

starproduct, and is denoted by a % b.

References

1. J. Chazarain, A. Piriou, Introduction a la théorie des équations aux dérivées partielles linéaires
(Gauthier-Villars, Paris, 1981). English translation: Introduction to the theory of linear partial
differential equations. Studies in Mathematics and its Applications, vol. 14 (North-Holland,
1982)

. L. Cohen, The Weyl Operator and Its Generalization (Springer Science & Business Media,
2012)

. H.O. Cordes, On compactness of commutators of multiplications and convolutions, and bound-
edness of pseudodifferential symbols, J. Funct. Anal. 18, 115-131 (1975)

. M. de Gosson, Symplectic Geometry and Quantum Mechanics. Operator Theory: Advances and
Applications. Advances in Partial Differential Equations, vol. 166 (Birkhduser, Basel, 2006)

. M. de Gosson, Symplectic Methods in Harmonic Analysis and in Mathematical Physics
(Birkhéauser, 2011)

. G.B. Folland, Harmonic Analysis in Phase Space. Annals of Mathematics Studies (Princeton
University Press, Princeton, 1989)

. A. Grossmann, Parity operators and quantization of J-functions. Commun. Math. Phys. 48,
191-193 (1976)

. L. Hormander, The Analysis of Linear Partial Differential Operators Il (Springer, Berlin,
1985)



94

10.

11.

12.
13.

14.

6 The Weyl Correspondence

R.G. Littlejohn, The semiclassical evolution of wave packets. Phys. Rep. 138(4-5), 193-291
(1986)

A. Royer, Wigner functions as the expectation value of a parity operator. Phys. Rev. A 15,
449-450 (1977)

M.A. Shubin, Pseudodifferential Operators and Spectral Theory (Springer-Verlag, 1987) (orig-
inal Russian edition in Nauka, Moskva (1978))

H. Weyl, Quantenmechanik und Gruppentheorie. Zeitschrift fiir Physik, 46 (1927)

H. Weyl, The Theory of Groups and Quantum Mechanics, translated from the 2nd German
edition by H.P. Robertson (New York, Dutten, 1931)

M.W. Wong, Weyl Transforms (Springer, 1998)



Chapter 7
The Cohen Class

In this chapter we study the “Cohen class”, which is a family of particular phase space
quasi-distributions characterized by two simple properties (continuity, and translation
covariance). These quasi-distributions are obtained from the Wigner transform by
convolving the latter with a suitable tempered distribution. The Cohen class is widely
used in time-frequency analysis and is being rediscovered in quantum mechanics.

7.1 The Wigner and Ambiguity Transforms

Recall (Examples?2 and 3 of the last chapter) that the Wigner and ambiguity trans-
forms of a function were defined by

Wig(2) = (&))" (Tor()91¥) (7.1)

Ambep(z) = (55)" (T (@) Iy) (7.2)

where

Tor (20)t(x) = #0709 2xg — )
T(z0)(x) = en "2 (x — x).

are, respectively the Grossmann—Royer and Heisenberg operators. In this section we
extend these definitions to pairs of functions.

7.1.1 The Cross-Wigner Transform

It is convenient, having applications to Weyl calculus in mind, to give the following
non-standard definition of the (cross-)Wigner transform:
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M.A. de Gosson, Born—Jordan Quantization, Fundamental Theories
of Physics 182, DOI 10.1007/978-3-319-27902-2_7


http://dx.doi.org/10.1007/978-3-319-27902-2_6
http://dx.doi.org/10.1007/978-3-319-27902-2_6

96 7 The Cohen Class

Definition 1 Let (¢, ¢) € S(R") x S(R"). The function (¢, ¢) — Wig(y), ¢)
defined by

Wig(¥, 9)(2) = ()" (Tar (2)p10) (7.3)

is called the cross-Wigner function (or transform) of (¥, ¢).

When ¢ = ¢ we recover the usual Wigner distribution Wig 1.
The physical interpretation of the cross-Wigner transform is that of an interference
term in the Wigner distribution of the sum Wig(v, ¢):

Wig(y) + ¢) = Wig ¢ + Wig ¢ + 2 Re Wig(1), ¢).

We mention that the importance of these interference terms has been emphasized
and studied by Zurek [10] in the context of the sub-Planckian structures in phase
space. They also appear in the study of weak values, as we will see in Chap. 11.

Using the explicit definition of the Grossmann—Royer operator one immediately
recovers the text-book formulas [3-6]

Wig(eh, 6)(2) = ()" / CEYG 4+ IE = Ipdy  (14)

and )
Wig9(2) = (57)" / e EPP(x + Lyt — L)ty (7.5)

which are often taken as definitions. It turns out that (¢, ) —> Wig(y, ¢) is a
sesquilinear mapping L?(R") x L*(R") —> L?(R>") (see Proposition 6); i.e.

Wig(¥1 + 12, @) = Wig(¥r, ¢) + Wig(¢z, ¢)
Wig(, g1 + ¢2) = Wig(y), 1) + Wig(y), ¢2)

and
Wig(\p, ¢) = AWig(¥, ¢), Wig(¥h, Ap) = X*Wig(y), ¢)

for every complex number! \. The following complex conjugation property is also
obvious:

Wig(¥, ¢) = Wig(¢, ¥)* (7.6)

and hence, in particular, Wig ¢ is always a real function. Notice that Wig 1) however
in general takes negative values. In fact, we have the following well-known result,

'In some physical texts the definition of the cross-Wigner transform is the complex conjugate of
ours. This leads to sesquilinearity properties which are in accordance with that of the inner product

(1)
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which was proven by Hudson [7] in the case n = 1, and in the general case by
Janssen [8]: we have Wig v > 0 if and only if ¢ is a generalized Gaussian, that is, a
function of the type

P(x) = Ce MO

where C is acomplex coefficient and M a symmetric n X n matrix such thatRe M > 0.

Example 2 Let ¢p(x) = (rh)~"/4e= /21 be the standard coherent state. We have
Wig ¢o(x, p) = (rh) e KIHPP,

One shows that the mapping (v, ¢) —> Wig(2, ¢), which is continuous from
SR") x S(R") to S(R?"), extends to a continuous mapping

Wig : S'(R") x SR") — S'(R*)

(this property, which is certainly not obvious if one uses the traditional definition
(7.4) is easy to prove if one rewrites the definition (7.3) using distributional brackets
(-, -) in place of the L? scalar product:

Wig(¥, )(2) = (£)" (Tor(2)9)". ).

Similarly, using the fact that the map z — fGR (z) is strongly continuous on S(R")
and weakly *-continuous on S’(IR"), one proves that if 1) € S’(R") and ¢ € S(R")
then Wig(¢), ¢) is continuous on R?* (see de Gosson [4, 5]).

The phys1cal interest of the Wigner transform comes from the following result: for
every ¥ € L' (R") N L2(R") such that w e L'R" (w F1, the Fourier transform
of 1), we have

/W@wmmwp=wuw,/wgwmmwx=ﬁww (7.7)

(see for instance [3, 5]). In particular if [ Wigt(z)d*"z = 1 then Wig1) can be
interpreted as a quasi-distribution (in the probabilistic sense) since the formulas
above imply that |[¢)|| = |[|¢)|| = 1 so that |+»|> and |1)|? then play the role of
marginal (quasi-)probability densities. More generally:

Proposition 3 Let (¢, ) € S(R") x S(R"). We have

/wmw@@wm=wmwu) (7.8)
/me@@wu=&m$@) (7.9)

where {b\ = F4 is the h-Fourier transform of 1. Hence, in particular
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/ Wig(w, 9)(2)d?'z = (6[4). (7.10)

Proof Formula (7.10) immediately follows from any of the two formulas (7.8) and
(7.9). Let us prove (7.8). We have

/ Wig(, ) ()d"p = (51" / ( / R+ L)t — §y>d"y) d&'p
= (57)" / ( / e‘?%”yd"p) P(x + 1y)etx — Lyydy
_ / SOYGx+ 1)dtx — Lyyary

_ ( / 6<y>d"y) YOS ()

hence formula (7.8). To prove (7.9) we proceed as follows: writing

[ wigw oo = )" [([eimoe nere - oary)a
= (ﬁ)"/e*%” (/w(x + 306" (x — %y)d”X) d"y
we notice that the integral between the brackets is a convolution product:
[ o+ e = dyan = v @)

(here ¥ is the reflection operator x —> —x); formula (7.9) now follows using the
formulas

F(p % (¢%)") = Qrh)"FYF [(¢")"]
and F [(¢)"] = (F¢"). [ ]

The result above holds for less stringent conditions on the functions ¢ and ¢;
for instance it suffices that 1, ¢ € L'(R") N L>(R") as closer scrutiny of the proof
shows.

7.1.2 The Cross-Ambiguity Function

‘We have defined the cross-Wigner transform using the Grossmann-Royer operator; if
one uses the Heisenberg operator one obtains the cross-ambiguity transform, familiar
from radar theory (see Folland [3], Grochenig [6]):
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Definition 4 Let (¢, ¢) € S(R") x S(R"). The function (v, ¢) —> Amb(y), ¢)
defined by

Amb(¥, 9)(2) = ()" (T(2)pl) (7.11)
is called the cross-ambiguity function (or transform) of (¢, ¢). The function
Amb ) = Amb(¥), )

is called the ambiguity function of .

Recalling that the Heisenberg operator is defined by

T(2)(x) = eR P20 (x _ xp)

it follows that we have the explicit expression

Amb (¥, $)(2) = (527)" / e‘%"—“w(y + 108" (y — tx)d"y. (7.12)

The cross-Wigner transform satisfies the conjugation relation Wig(y, ¢) =
Wig(o, ¥)* (formula (7.6)); this relation is not preserved for the cross-ambiguity
function; instead we have

Amb(1), ¢)* = Amb(¢", ¥") (7.13)
as is easily verified using for instance (7.12); here ¥ (x) = 1 (—x).
The fundamental relation between the cross-Wigner and the cross-ambiguity

transforms can be proven using formula (6.26) relating the Heisenberg and the
Grossmann—Royer operators (cf. Corollary 6 in Chap. 6); we give here a direct proof.

Proposition 5 Let (¢, ¢) € S(R") x S(R"). We have

Amb(y), ¢) = FWig(y, ¢) (7.14)
Wig(y), ¢) = FoAmb(¥, ¢). (7.15)

Proof (This proof corrects the proof of Proposition 175(i) in [2], §9.3.1). It is suffi-
cient to prove formula (7.14) since F, is involutive. Set

A(2) = @rh)* F,Wig(¥h, 6)(2);
by definition of F, and Wig(v, ¢) we have

i

AQR) = /e—%”w’) (/ e PP+ Ly)dt (o — %y)d”y) a7
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= [y g = Ay

= [([erroran) et + bl = baway.
Using the Fourier transform formula

/ e m P OGN ! — 27h)" §(x — y)
we can rewrite A(z) as
4@ = @aty' [ 5 = pue + g = ndxdy
= 27h)" / e~ mPYh(x) + 10" (' — Lx)d"x’

hence F,Wig(y, ) = Amb(v), ¢) as claimed. |

The cross-Wigner and cross-ambiguity functions both satisfy the important
“Moyal identities”:

Proposition 6 Denote by ({-|-)) the L?-scalar product on R*". (i) For all 1,1/,
¢, @ in LX(R") x L2(R") we have

(Wig(, 9)[Wig(®', ¢))) = (52)" (W18 (1) (7.16)

and

((Amb (), $)|Amb(, ¢1)) = (525)" (V1Y) ($lH)". (7.17)

(ii) We have Wig1p € L>(R?") (resp. Amb1) € L*>(R*")) if and only if » € L*(R")

1IWig ol = [[JAmb gl = (52)" 1121l

where ||| - ||| is the L*>-norm on R*". In particular, Wig and Amb are continuous
mappings L>(R") x L*>(R") — L*(R").

Proof Property (ii) immediately follows from (i) taking ) = ¢ = ¢ = ¢’ in (7.16)
and (7.17), respectively. (i) Each of the two formulas (7.16) and (7.17) is deduced

from the other using Plancherel’s formula (6.22) for symplectic Fourier transforms.
Let us prove (7.16). We begin by noting that the scalar product

A = Qrh)* (Wig(¥, §)[Wig(¥', ¢))

is given by the expression
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[t v+ 1)
X p(x — 53¢ (x — 3y)d"yd"y'd"xd" p.

The integral in p (interpreted as a distributional bracket) is
/ ¢ BV p = 2mh)"(y — ¥)
and hence

A = @l / G+ Ly — Ly
X p(x + $y)* (x — $y)d"yd"y'd"x.

Setting u = x + %y andv =x — %y we have d"ud"v = d"xd"y hence

A = Qrh)" (/ ¢*(u)1//(u)du) (/ ¢(v)¢’*(v)dv)

= (Y1) (¢l¢')
proving the identity (7.16). |

The Moyal identities (and their extensions to more general quasi-distributions)
play a very important role in many topics in harmonic analysis. We are going to see
below that it allows to prove a reconstruction formula, which we will later use when
we will deal with the notion of weak value in Chap. 11.

7.1.3 A Reconstruction Formula

It is easy to see using the properties of the Fourier transform that the datum of the
Wigner transform Wig determines ¢ up to a constant factor with modulus one
(it thus determines unambiguously the quantum state |¢). In the case of the cross-
Wigner transform, one can prove an interesting inversion formula:

Proposition 7 Let ¢,y € L*(R") be non-orthogonal: (¢|y) # 0. For every ¢ €
S (R") we have

2n
(@17)
Proof Let us denote by x(x) the right hand side of (7.18):

Y(x) = /Wigw, ) (20) Tor (20)7(x)d*"zo. (7.18)


http://dx.doi.org/10.1007/978-3-319-27902-2_11

102 7 The Cohen Class

x(x) = @

This function is well-defined since Wig(¢, ¢) € L>(R>") in view of Moyal’s identity
(7.16). For every o € S(R") we have

— d2n )
(alx) @ )d™"z

Taking into account the formula

Wig(a, 1)(2) = ()" (Ter () 7]a)
and the conjugation relation Wig(y, o) = Wig(a, v)* we thus have

2mwh)"
(alx) = (”) / Wig(1h, 6)(2) W (cv. 7)* (2)d*'z

(27r )"
(9l7)

((Wig(a, VIWig(, 9)))

where ((-|-)) is the scalar product on L?(R"). Using Moyal’s identity we get

(1) Qrhye B
(alx) = (ﬁ> o) (al)(@ly) = (alp).

Since this identity holds for all &« € S(R") we have x = v almost everywhere, which
proves formula (7.18). [ |

This formula will be generalized later on when we study the notion of weak value
of an observable.

7.1.4 Relation with the Weyl Correspondence

The relation between the cross-Wigner and ambiguity transforms and the Weyl cor-
respondence comes from the following extremely important result, which is the
link between the Weyl correspondence and the phase space formalism of quantum
mechanics. We denote as usual by (-, -) and ((-, -)) the distributional brackets on R”
and R?", respectively.

Proposition 8 Leta € S'(R¥) and A = Opy,(a). (i) We have

(A, &) = ((a, Wig(®, §))) (7.19)
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forall (¢, ) € S(R") x S(R"). In integral notation:
[ Ao s = [ aewigw. aiwa (7.20)

(ii) Similarly,

/Z¢(x)¢*(x)d”x =/aa(Z)Amb(¢, ¢)(—2)d™z. (7.21)

Proof (i) In view of definition (6.36) we have, using Fubini’s theorem and definition
(7.3) of the Wigner function,

(A, ¢*) = (&)" / ( / a(zo>’T‘GR<zo>w<x>d2"zO) & (x)d"x
= ()" / a(zo) ( / TGR@o)wxw*(x)d"x) d¥z
= / a(zo)Wig(h, ¢)(z0)d*"zo

which is (7.19). (ii) Using Plancherel’s formula (6.23) we have

/ a(z0)Wig(w, ) (z0)d”' 2 = / Foa(z0) F Wig(th, 6)(—20)d”' 20

which implies (7.21). |

Formula (7.19) can be taken as a definition of the Weyl operator A= Opy (a): it
is the only operator S(R") —> S’(R") for which the equality (7.19) holds. We will
exploit this fact when we define the Born—Jordan operators.

When A is self-adjoint on L2 (R") we recover, taking ¢» = ¢, the following familiar
result from quantum mechanics:

(WIAN) = / a(Wig h(2)d>" (7.22)

which clearly shows how the Wigner transform indeed plays the role of a probability
quasi-distribution: if 1 is normalized to unity then (A), = (¥|A|y) is the mean
value of A in the pure state |+)) while the integral of Wig over R?" is equal to
one—as would be the case for a true probability distribution.
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7.2 The Cohen Class

7.2.1 Definition and General Properties

The lack of positivity of the Wigner distribution Wig ¢ which makes its interpre-
tation as a true probability density problematic has led to a search for alternative
distributions Q. One of the most famous examples is Husimi’s distribution, which
is the convolution of the Wigner transform with a Gaussian function. More generally,
we will say following Grochenig [6], §4.5, that:

Definition 9 Let Q : S(R") x S(R") —> S'(R>") be a sesquilinear form. We say
that Q belongs to the Cohen class if we have

O, ¢) = Wig (¢, ¢) * 0 (7.23)

for some distribution # € S’(R?"). The function @ is called a Cohen kernel.

The cross-Wigner transform trivially belongs to the Cohen class (take 6 = §, the
Dirac distribution on R?").
The Husimi distribution is a typical (and well studied) member of the Cohen class:

Example 10 The member of the Cohen class corresponding to the of choice of the
normalized phase space Gaussian

0(z) = (wh)™"e 11"

is called the Husimi distribution. Since 6(z) is the Wigner transform of the standard
coherent state ¢o(x) = (wh)™"/ 4e_’|x|2/ 2k (Example 2) the Husimi distribution is
always positive.

The following result gives a sufficient (but not necessary) condition for a sesquilin-
ear form to belong to Cohen’s class.

Proposition 11 Let Q : S(R") x SR") — S (R?*") be a sesquilinear form and
set Qv = Q(, ). If Q is such that

0Y(z — 20) = O(T (z0)¥)(2) (7.24)
10, $)(0,0)] < [|¢]] [¢]] (7.25)

for all ¥, ¢ in L>(R") then there exists a distribution 0 € S'(R*") such that Qv =
Wig ) x 6 for all ip € S(R").

Proof (Grochenig [6] proves this for i = 1/27; we are following here de Gosson
[4]). The condition (7.25) means that the function (¢, ¢) — Q(, ¢)(0,0) is a
bounded sesquilinear form. Hence, by Riesz’s representation theorem, there exists a
bounded operator A on L?(R") such that
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Q(W, $)(0,0) = (p|AY).

In view of (7.24) we have

0(z0) = QT (—20)1)(0)
= (AT (—z20)%, T (—20)).

In view of Schwartz’s kernel theorem there exists a distribution K € S’ (R" x R")
such that R
(PlAY) = (K, @ ¢"))
forall v, ¢ € S(R™) ({(-, -)) is the distributional bracket on R?"). We thus have
Qt(z0) = (K, T(=20)¢ ® (T(=20)1)"))
= [ K@ T T v dad'y,

By definition of the Weyl-Heisenberg operators we have

T (—20)1h(x) = e P3P0 (x 4 xg)
(T(—20)0p())* = e~ P30 y% (3 4 xp)

and hence
0v(z0) = / e FPEI K (x, p)(x + x) 0 (v + x0)d"xd"y. (7.26)

On the other hand, for every # € S'(R>") we have

(Wig o # 0) (z0) = / Wigh(zo — 2)0(2)d™ 2

(the integral being interpreted in the distributional sense) hence, in view of the defi-
nition of the Wigner transform,

(Wig 1)  0)(z9) = (ﬁ)”/f%(pofm’l/}(x() — X+ 1)
X w*(xO _ x/ _ %y/)e(x/’ p/)dnpdnx/dny/
that is, calculating the integral in the p variables,

(Wigv *0)(z9) = (ﬁ)n/z/ F{19(x/, y’)g—%l’oy'w(x() e %y/)

X 7/1*()50 —x = %y/)a(x/’ p/)dnx/dny/
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where F, '0 is the inverse Fourier transform of # in the second set of variables.
Making the change of variables x" = —%(x + ),y =x—ywehave d"x'd"y =
d"xd"y and the equality above becomes

. n/2 _
(Wigs x 0)ao) = (1) [ 75003 =
X e R (x4 o)y (v + xo)d"xd"y.
Comparing with formulas (7.26) we see that Q1) = Wig1) * 6 where 6 is given by

K, y) = (55)" F 0, x — y)

that is
6x. p) = Qrhy"? / HEPK (xox — )"y, -

We have studied the convolution product Q (v, ¢) = Wig(v, ¢) x 0 forv) € S(R")
and # € S(R?") (in which case Qv € S(R?")). It can of course also be defined under
less stringent conditions. Here is a simple result for Qv = Q (¥, ¥):

Proposition 12 The quasi-distribution Qv = Wig * 0 is well-defined for 1 €
L*(R") and 6 € L' (R"), and we have in this case Q1 € L*(R*").

Proof The condition ¢ € L*(R") implies that Wige) € L*(R*") (Proposition 6),
hence Wig * 0 € L?(R*") by Young’s theorem. |

We refer to Boggiatto et al. [1] for a discussion of other conditions. For a general
analysis of existence theorems for convolution products, see Katznelson [9].

7.2.2 The Marginal Conditions

We are mainly interested in quasi-distributions having the correct marginal properties,
reproducing those of the Wigner distribution (see Proposition 3). This motivates the
following terminology:

Definition 13 An element Q of the Cohen class is said to satisfy the marginal con-

ditions if we have, for ¢ € L' (R") N L2(R"),

/ 0Y(2)d" p = [h(x)I%, / 0P(2)d"x = [h(p)*. (7.27)

Not every element of the Cohen class satisfies the marginal conditions: see Exam-
ple 15. Let us prove a necessary and sufficient condition for Q to satisfy the marginal
properties.



7.2 The Cohen Class 107

Proposition 14 Let v € S(R") and Qv = Wig * 6. Assume that the mappings
x +—> 6(x, p) and p — 0(x, p) are integrable. (i) We have

/ QY(@)d"p = (1P * a)(x), / Q(2)d"x = (10 * B)(p) (7.28)

where the functions « and 3 are defined by

a(x) =/9(x,p)d”l?» B(p) =/9(x,p)d"X-

(ii) The marginal properties are satisfied if and only if the symplectic Fourier
transform 0, satisfies of the Cohen kernel 0 exists and satisfies the conditions
0(x,0) = 00, p) = 2mh)™"; equivalently:

0500, p) = 0,(x,0) = 2mh)™". (7.29)

Proof (i) In view of the first marginal property (7.7) satisfied by the Wigner distrib-
ution we have

Wig(x —x', p — p)d"p = [ip(x — x)I?

and hence, using Fubini’s theorem,

/ 0v(2)dp = / ( / Wigh(z — z’)9(z’)d2”2’) d"p
= / (/ Wig(z — z’)d”p) 0(z"yd*" 7
= / [ = x)? ( / e(z’)d”p’) d"x'

which yields the first formula (7.28). The second formula is proven in a similar way
using the second marginal property (7.7) of the Wigner transform. (ii) It suffices to
show that the conditions (7.29) imply that a(x) = (x) and B(p) = J(p). Let 0 be
the usual Fourier transform of the kernel 6; we have

0(x.0) = (ﬁ)n/e—%xx’e(x/,p/)dnp/dnx/

= ()" / e ( / O(x', pHd" p’) d"x'

= (z7)" / e i a)d"x
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hence the condition g(x, 0) = 2wh)™"is s equivalent to av(x) :A(S (x). Similarly, we
have 8(0, p) = (2mh)™" ; since 6,(z) = 6(Jz) the conditions 8(x, 0) = (0, p) =
(2wh)™" are equivalent to (7.29). |

Example 15 The Husimi distribution considered in Example 10 does not satisfy the
marginal conditions, because the functions 6 (x, 0) and (0, p) are not constants (they
are themselves Gaussians, as is easily verified).

7.2.3 Generalization of Moyal’s Identity

An important property of the cross-Wigner transform is the Moyal identity (7.16). A
similar identity holds for Q provided that the Fourier transform of the Cohen kernel
satisfies a simple condition:

Proposition 16 Let Q be an element of the Cohen class. (i) We have
((Q, 9IOW, ¢))) = ((Wig(e, 9)[Wig(¥', ¢))) (7.30)
if and only the Fourier transform F0 is such that |F0(z)| = Qmnh)™", ie.,
10,(2)| = 2mh)™". (7.31)
(ii) In particular, Moyal’s identity

(QW, P)IQW, ) = (525)" WY (Bl (7.32)

holds in this case.

Proof Formulas (7.30) and (7.32) are equivalent in view of Moyal’s identity (7.16).
The equality |FO(z)| = |F,0(z)] is obvious since F,0(z) = FO6(Jz). Let us prove
that the identity (7.30) holds if and only if |FO(z)| = (2rh)*". Writing Q(¢¥, ¢) =
Wig(w), ¢) * 0 and using Plancherel’s formula together with the formula

FO@, ¢) = @nh)"F Wig(y, ¢) FO
we have, for all pairs of functions (v, ¢) and (¢, ¢') in S(R"),

{QW. 9)IQW', ¢N))
= nh)*" ((F Wig(s, 9) F(2)|F Wig(¥/', ¢') FO(2)))
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and hence

{Q@W, DIOW, ¢))) = @rh)* ((F Wig(yh, )| F Wig(®)', )| FO(2)|*)).

The equality (7.30) is thus equivalent to |F#(z)|*> = (2wh)~>" which proves our
claim. |

In particular, choosing # = &, we recover the usual Moyal identity (7.16).

Notice that condition (7.31) does not imply the conditions (7.29), hence any Q
satisfying Moyal’s identity does not automatically satisfy the marginal conditions
(7.28).

We will see in next chapter a fundamental counterexample: the element of the
Cohen class determined by Born—Jordan quantization does not satisfy the Moyal
identity (but it still satisfies the marginal conditions).

7.2.4 A Representation Result

Here is an interesting result which show that the elements of the Cohen class can be
used construct pseudo-differential operators provided we have sufficient smoothness.
We will see in Chap. 10 that this result applies to the Born—Jordan case.

Proposition 17 Leta € S'(R*") and Q be an element of the Cohen class. (i) If Q :
S@®R") x S(R") —> S(R?") there exists a unique operator Ag : S(R") — S'(R")
such that we have

(A1, ¢*) = ((a, Q(W, ) (7.33)

Jorall (¢, §) € S(R") x S(R"). (ii) Let 6 be the Cohen kernel of Q and set 0V(z) =
0(—z). The operator Ay is explicitly given by

Ro= ()" [ a0 T @ (7.34)
where 0 is the symplectic Fourier transform of 0. (iii) Equivalently,
KQ = (Tl—h)" /(a % 0%) () Tor (2)d*'z. (7.35)

Proof Observe that if ¢, ¢ € S(R") then Q (), ¢) € S(R*"), so that the right-hand
side in (7.33) is well defined when ¢ € S’ (R?*"). We assume that a € S(R?") (the
general case follows by duality). Since by definition

(Ao, &%) =/a(Z)(W(¢,¢)*9(Z))d2"Z


http://dx.doi.org/10.1007/978-3-319-27902-2_10
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we must show that the operator
A= (55)" / a,(2)0) ()T (2)d™'z (7.36)
is identical to ZQ, that is

(Ao, ¢) = / (DWW, 6) # 0)(2)d™'z

for all ¢, ¥ € S(R"). In view of (7.36) we have

(Aov, 6" = (z27)" / a5 (20) ( / 90(ZO)T(ZO)#J(XM*(x)d”x) 4z
= (z7)" / a5(20)05 (20) (I T (z0)0))d*"zo.

In view of the definition (7.11) of the cross-ambiguity function

(BIT (z0)) = (T (—20)pl)) = (2h)" Amb(¥), $)(—z0)

and hence
(KQ¢, ¢*> = /aU(ZO)H;/(ZO)Amb(’lZ}, ¢)(_Z0)d2nzo
= /aU(ZO)(aﬂAmb@/’v¢))(—zo)d2”zo

where 0Y(z) = 6,(—z). Using the Plancherel formula for the symplectic Fourier
transform, and using the relation F,a, = a this equality becomes

(A\Qwv d)*) = /a(ZO)FU(HUAmb(w’ d)))(ZO)dZHZO
= @rh)™" / a(z0)(F,0, % F,Amb(th, $)) (z0)d*"20;

and using the relation F, 60, = 6 this yields

(Roth, ¢%) = 2rh) ™" / a(20)(0 % Wig(th, 6)(z0)d 20
_ / a(z0) 0, 8) (20)d*'z0

as we set out to prove. |
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We will write R N
Tp(z) = 07 ()T(2); (7.37)

with this notation the operator (7.34) becomes

Ag = (ﬁ)"/aa(z)fg(z)dz”z. (7.38)
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Chapter 8
Born-Jordan Quantization

This chapter is in a sense the keystone of this book. Using the theory of the Cohen class
previously studied we give a first working definition of Born—Jordan quantization by
selecting a particular Cohen kernel. We state and prove some important properties
of the associated Born—Jordan operators, and discuss some unexpected properties
of these operators; for instance we will show that Born—Jordan quantization is not
one-to-one: the zero operator is the quantization of infinitely many classical phase
space functions. Another approach, based on Shubin’s theory of pseudo-differential
operators, will be developed in the forthcoming chapters.

8.1 The Born-Jordan Kernel 0g;

Recall that the elements of the Cohen class are sesquilinear forms Q : S(R") x
S(R") — S'(IR?") related to the Wigner cross-transform by the formula

O, ) = Wig(tp, ¢) 0 (8.1)

where 6 (the “Cohen kernel”) is a tempered distribution on R?".

8.1.1 Definition and First Properties

Born—Jordan quantization corresponds to a very particular and interesting element
of the Cohen class, associated with what we call the “Born—Jordan kernel”:

Definition 1 The Born—Jordan kernel is the symplectic Fourier transform

Oy = (5)" Foxas (8.2)

© Springer International Publishing Switzerland 2016 113
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of the function ypjy defined by

XB1(x. p) = sinc (%) (8.3)

where sinc is the “cardinal sine” function.
The cardinal sine function' is defined by

. sin x
sincx =

for x # 0, sinc(0) = 1.

It follows that

a?XBJ e COO(RZVL) N LOO(RZn)

for all multi-indices o € N?",

The Born—Jordan kernel ég;j is a real function (this easily follows using the def-
inition of the symplectic Fourier transform and the fact that xpj is an even real
function).

Notice that we could have chosen as well the usual Fourier transform to define
the Born—Jordan kernel:

Oy = (52)" Fxei;

in fact, since o(z, z/) = Jz - 7 we have
Foxpi(2) = (ﬁ)n/e_%JZ'Z/XBJ(Z’)dz”z/
= (ﬁ)n/e_%zz/XBJ(Jz)dZ"z

and hence F, gy = Fxgy since xpyj(Jz) = xB3(2).

The cardinal sine function is one of the well-studied special functions from classi-
cal real analysis; we list below a few of its properties. The definition above, together
with our previous discussion of the Cohen class motivates the introduction of the
following objects:

Definition 2 (i) We denote by Wigyg, the element of the Cohen class corresponding
to the choice 6 = Og;:

Wigg; (¥, ) = Wig(¥, ¢) * Opy; (8.4)

1t is sometimes called the “unnormalized sinc function”, its “normalized” version being then
sin(7x)/mx for x # 0; see formula (8.12).
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we call Wiggy) = Wigg; (1, 1) the Born—Jordan quasi-distribution, or transform.
(i1) The function

Ambgy (1), $) = Amb(th, §) Xy (8.5)

is called the Born—Jordan cross-ambiguity transform.

Notice that by the properties of the symplectic Fourier transform and formulas
(7.14) in Proposition 5 in Chap. 7, and (8.2) we have

Ambgy (¥, ¢) = FyWigg (1, §). (8.6)

In fact, by definition (8.2) of sy,

Fy;Wigg (¢, ¢) = (2mh)" FyWigg; (¢, ¢) Fy0g;
= Amb(¢, ¢)(x, p)xzi(x, p).

Let us now prove that Wigg; satisfies the marginal conditions:

Proposition 3 The function Wigg;) = Wigiy * Opy satisfies, for v € L'(R") N
L>(R™), the marginal conditions

/ Wigg;t(2)d" p = [(x)[*, / Wiggh(@)d"x = [9(p)P. (8.7
Proof In view of Proposition 14 in Chap. 7 we have to show that
0550, p) = Oy (x, 0) = 2rh) ™"

Now, 0g; = (2rh) ™" Fxgy hence Og;(z) = (27h)"yps(—z), that is Ogy(z) =
(2mh)~" sinc(px /2h). The result follows since sinc(0) = 1. [ |

Note that, as for the usual cross-Wigner transform, we have the conjugation
identity

Wigg; (4, ) = Wigg; (9, ¥) (8.8)

since fgj is a real function, and hence

Wigg; (¥, #)" = Wig(h, ¢)" * Oy = Wigg (9, 1)) * Opy.

It readily follows from the conjugation formula (7.13) that
Ambg; (¢, $)* = Ambg;(¢”, YY) (8.9)

where ¥V (x) = ¥(—x).


http://dx.doi.org/10.1007/978-3-319-27902-2_7
http://dx.doi.org/10.1007/978-3-319-27902-2_7
http://dx.doi.org/10.1007/978-3-319-27902-2_7
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8.1.2 The Moyal Identity Is Not Satisfied

Recall (Proposition 16 in Chap.7) that an element of the Cohen class satisfies the
generalized Moyal identity

(QW, DIQW, ) = (525)" (W) (Bl (8.10)

if and only itis of the type Q (v, ¢) = Wig(w), ¢) *6 where the Cohen kernel satisfies
|F,0(z)| = (2wh)". In the Born-Jordan case we have

F,0(z) = F,fg(z) = sinc (%)

hence Wigg; (¢, 1) cannot satisfy the Moyal identity. One can actually see this with-
out invoking Proposition 16 in Chap. 7 using the following indirect argument.> Sup-
pose indeed that

((Wigg; (¥, 9)[Wiggy (0, ¢0) = (527)" (1) (dl¢)*

for all 9, ¢, etc. Then, in particular

((Wigg )| Wigg1h)) = (525)" [(21) 2

Using Plancherel’s formula and the definition (8.6) of the Born—Jordan cross-
ambiguity function, this equality can be rewritten

((Ambgy)|Ambgh)) = (52)" (W)

and using the formula (8.5) this is in turn equivalent to

(((Ambe) xps | (Amby) xes) = (527)" |1} .

The Moyal identity (7.17) for the usual cross-ambiguity transform then implies that
we have

(((Ambv)) xgy| (Ambe)) xpy)) = ((Ambi)|Amby)))

or, equivalently,

/ AmbY ()21 — xpr(2))d'z < 0.

2[ thank Fabio Nicola for having suggested this argument.
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Now,
xB1(2)* = sinc (px/2h)* < 1

hence we must have Ambi)(z) = O for all ¢, which is not true. This contradiction
shows that Wigg (¢, 1) cannot satisfy the Moyal identity.

8.1.3 Some Properties of the sinc Function

Here are a few elementary properties of sinc. First, using the Taylor expansion of
sin x at the origin one immediately gets

0 2k

sincx = S (= 1)f—2— (8.11)
; 2k + D!

the series being convergent for all values of the real variable x; its extension to the
complex domain defines an entire function of the variable ( = x + iy. The integrals
of sinc and sinc? over the real line are equal:

o0 o0
/ sinc xdx = / sinc? xdx = . (8.12)
—00 —00

The sinc function can be written in many ways as an infinite product; for instance

0 x2
sinc(x) = [] (1 — k27r2) . (8.13)

k=1
It also satisfies the convolution identity

o]

/ sinc(mw(x — y)) sinc(mwy)dy = sinc(mx). (8.14)

—00

The reciprocal (sincx)~! = x/sin x is defined for all x # N (N an integer); it
is an analytic function with a convergent series expansion

X aNk—1nn2k—1 _
(sincx)‘:kz(‘;( D (22(;)! I)BkaZk (8.15)
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for |x| < m; the constants By, are the Bernoulli numbers of order 2k; recall that the
Bernoulli numbers B, are the real numbers defined by the power series

n

X > X
pr— =ZBH—‘. (8.16)
n=0

8.2 Born-Jordan Operators

The results above allow us to give a first rather elegant definition of Born—Jordan
quantization.

8.2.1 Definition and First Properties

Recall that a Weyl operator A = Opy (a) is linked to the cross-Wigner cross-
ambiguity transforms by the formulae

/Xw(X)Qﬁ*(X)d"x =/a(Z)Wig(¢,¢)(Z)d2"Z (8.17)
and

/ AY(x)d*(x)d"x = / ay (2)Amb(¢), ¢)(—z2)d*"z. (8.18)

Since these formulas uniquely define the operator A= Opy (a), this suggests
that we define Born—Jordan operators by replacing Wig(y, ¢) and Amb(¢), ¢) with
Wigg; (), ¢) and Ambg; (¢, ¢).

Definition 4 Let a € S'(R*") be a symbol. The Born-Jordan operator XBJ =
Opg; (@) is the unique operator S(R") — S’(R") such that for (¢, ) € S(R") x
S(R™)

(Apt, ¢%) = ((a, Wigg, (1), 9))):

in integral notation

/ZBW(JCW*(X)d”x =/a(z)WigBJ(¢, 9 (@)d™'z. (8.19)
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Equivalently,

/KBW(XM*(X)d"X :/aa(Z)AmbBJ(w»¢)(_Z)d2nz' (8.20)

The equivalence of definitions (8.19) and (8.20) follows from Plancherel’s formula
(6.23) and formulas (8.8)—(8.9):

/ a(2)Wiggy (0, )()d”"z = / 10 (2) Fy Wiggy (6 1) (—2)d'2
- / 0 (2) Ambpy (¥, 8) (—2)d™'z.

While to a given symbol there corresponds a unique Born—Jordan operator, the
converse is not true: the correspondence a —> Opg;(a) is not one-to-one; we will
discuss this important property in Sect. 8.3.1.

The following explicit result is the analogue in the Born—Jordan case of the con-
tinuous harmonic representation (6.40) of a Weyl operator in terms of the Heisenberg
operators or Weyl’s characteristic operator (defined by formula (6.4)):

Proposition 5 Let a € S'(R*") and ¢ € S(R"). We have
Apith(x) = (527)" / a(20) Ty (20) 9 (x)d>' 29 (8.21)

where TBJ(ZO) = T(ZO)XBJ(ZO), that is

Tos(z0) = T (z0) sinc (%) : (8.22)
equivalently
Rt = ()" [ Fateo) stz Goytodzo (8.23)
where
M (z0) = M (z0) sinc (%) (8.24)

and M (z0) = en WX +PD) s Weyl’s characteristic operator.

Proof We assume that a € S(R?") (the general case follows by duality) and that
(1, ) € S(R") x S(R™). Since by definition

(A0, ¢7) = / a(2)Wiggy (1, 6) (2)d*"z
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we must show that the operator
A= (77)" / a,(2) Ty (2)d™'z
satisfies the relation
(0.0 = [ a0)Wigyy v, @) (825)

for all ¢ and v in S(R"). By definition of A we have

(A9, ¢") = (317)" / o (20) ( / ?ano)w(x)qb*(x)d"x) 2
= (z5)" / 5 (20)XB1(20) ( / ?(zwwxw*(x)d"x) d*"z,
= (z5)" / a5 (20)XB3 (20) (81T (20)1)d>" 2.

Taking the definition (7.11) of the cross-ambiguity function into account, we have

(BIT (z0)0) = (T(=20)BlY) = 2mh)" Amb(¥), $)(—z0)

and hence
(A, ¢*) = /aa(ZO)XBJ(ZO)Amb(ws ¢)(—20)d*"z0.

Using the Plancherel formula (6.23) for the symplectic Fourier transform, we can
rewrite this equality as

(A, ¢*) =/a(Zo)Fa(XBJ(Zo)Amb(%/1, $))(z0)d*" 20

where we have used the fact that F,a, = a since F, is an involution. In view of the
definition (8.2),

Fy(xsrAmb(1), ¢)) = 2wh) ™" Fyxpy * FoAmb(v), ¢)
= (2wh) ™" F,xgy * Wig(¥, ¢)
= Oy * Wig(y), ¢)

the last equality in view of (8.4). Summarizing, we have

(Ao, ¢7) = / a(20) Wiggy (1, ) (z0)d ™" 20
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Wthh we set out to prove. Formula (8.23) is equivalent to (8.21) since M (z0) =
T( JZ()) and hence MBJ(ZO) = TBJ( JZ()) .

We remark that a similar construction can actually be made for every element of
the Cohen class: if Q(v, ¢) = Wig(y, ¢) * 6 one defines as above a generalized
Heisenberg operator 7j(zo) and one then considers the operator

Ay = (mh) /%(Zo)fe(zo)dznzo.

8.2.2 The Relation Between Born—Jordan and Weyl
Operators

The following immediate consequence of Proposition 5 makes explicit the link
between the Weyl operator Opy, (a) and the Born—Jordan operator Opg;(a).

Corollary 6 Leta € S'(R*"). The Born—Jordan operator ABJ = Opg,(a) is the
Weyl operator B = Opy, (b) with symbol b = a x gy € S'(R*") where Oy is defined
by (8.2):

Agy = Opy, (a * Og)) (8.26)

that is

A= (£)" / (a * 0p))(2) Tor(2)d>" 2. (8.27)

Equivalently, the covariant Weyl symbol of XB] is the function
by, = asXm) (8.28)

that is
Apy = (ﬁ)n/Cla(Z)XBJ(Z)f(Z)dZ"Z.

Proof The formulas b = a * 6y and (8.28) are equivalent since they are symplectic
Fourier transforms of each other (see the definition (8.2) of fgj). That a % gy €
S’(R?") is clear. Taking into account the harmonic representation (6.37) of Weyl
operators formula (8.26) implies the representation (8.27). |

Notice that it follows from this result that Born—Jordan operators with symbol
a € S'(R*) are de facto continuous operators S(R") — S’'(R") (they can be
represented as Weyl operators, and the latter are continuous S(R") — S'(R")).


http://dx.doi.org/10.1007/978-3-319-27902-2_6
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8.3 On the Invertibility of Born—Jordan Quantization

We are now in a position to make two fundamental remarks. The first remark is
actually a question: a Born—Jordan operator, being a continuous operator S(R") —
S’ (R") is de facto a Weyl operator (Proposition 13 in Chap. 6), and its covariant Weyl
symbol is given by formula (13). How about the converse of this property? Is it true
that every Weyl operator can be written as a Born—Jordan operator? The difficulty
obviously comes from the formula (8.28) itself: b being given, it is not at all obvious
that there exists a symbol a such that the equality (8.28) holds: we are confronted with
a division problem. This question is fundamental, because a negative answer would
imply that there are continuous operators S(R") — S’(IR") which are not Born—
Jordan operators, and can thus not be “dequantized” in the Born—Jordan quantization
scheme. The second remark is that it is not clear whether the Born—Jordan association
a2 ZBJ is injective (i.e. one-to-one).

The bijectivity of Born—-Jordan quantization is a serious and difficult issue. We
will study a few non-trivial results below.

8.3.1 A Non-injectivity Result

We prove here a non-uniqueness result’; the question of invertibility, which is much
more subtle, will be addressed below.

Proposition 7 Let a € S'(R*) and a;(z) = e~ 17@0)/h We have
Opg; (@) = Opg;(a + az,) (8.29)

for all zo = (xo, po) such that xy(z0) = O, that is poxg = 2Nwh (N € Z), N # 0.

Proof 1t suffices to prove that Opg;(a,) = 0 if poxo = 2Nmh. Recall from Propo-
sition 11 in Chap. 6 that Opy (a.,) is the Heisenberg operator 7' (zo) whose covariant
symbol is 27h)"§(z — zp). It follows from formula (8.21) that

Opg;(az,) = /6(z — Zp) sinc (%) ?(Z)dznz

= /5(z — z0) sinc (252) d*'z
=0

hence the result. |

31 thank V. Turunen for having pointed out this result to me.
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Notice that 2N7wh = Nh where h is Planck’s constant.

Observe that the set X of all z such that xg;(z) = O consists of a family of
concentric 2n — 1 dimensional sheets in phase space (when n = 1 they are just
hyperbolas in the phase plane). The distance of the set ¥ to the origin is easily
calculated and one gets

dist(Z, 0) = V4rh. (8.30)

It follows from (8.29) that we have Opg;(a) = 0 for all symbols of the type

a@@) = D Mzp)e '7/"

Z0€EA

where A is any finite lattice of points zg = (xo, po) in R?" such that pyxo/27h € Z
and A : A —> C. The applications of this result certainly deserves to be studied
further, both in quantum mechanics and in Gabor frame theory.

8.3.2 The Case of Monomials

We assume here n = 1. Recall from Chap.3 that C[x, p] is the polynomial ring
generated by the variables x and p, and that C[x, p] is the Weyl algebra generated
by X and p.

‘We have called the operators Agy = Opg;(a) “Born-Jordan operators” and talked
about “Born—Jordan quantization”. This terminology is only justified if we prove
thatif a(x, p) = x” p® where r and s are non-negative integers, then Apy = Opg;(a)
is the operator C[x, p] —> C[x, p] defined by

N

—~ 1
Anr = As—ﬁ;c\r/\e
BJ sl Z(;P p

or by any of the equivalent formulas listed in Chap. 3. This is indeed the case, and can
be done at the expense of some rather complicated calculations involving the Fourier
transform of x” p® (cf. Sect. 6.4.1 where we briefly discussed the Weyl quantization
of monomials). We will therefore postpone the proof to Chap. 10, where we use an
alternative pseudo-differential approach to Born—Jordan quantization making such
calculations much easier. What we do here, instead, is to show that Born—Jordan
operators—as defined in this chapter—are isomorphisms C[x, p] — C[x, p].
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Proposition 8 The Born—Jordan quantization of polynomials is an isomorphism of
vector spaces

OpBJ : (C[xv p] I (C[,x\’ ﬁ]

Proof We are following Cordero et al. [1]. Since the Weyl transform is an isomor-
phism C[x, p] — CI[x, p], every A € C[x, P can be written A= Opy (D) for a
unique b € C[x, p]. This allows us to define an endomorphism 7 of C[x, p] by the
formula

T (Opy (a)) = Opgy(a) = Opy(a * XBio)-

Let us show that T is bijective; this will prove our assertion. First, it is clear that
T is injective: if T (Opy(a)) = 0 then xpja, is zero as a distribution, but this is
only possible if a = 0 since a is a polynomial, so that a, is supported at 0, and
xs; does not vanish in a neighborhood of 0. Let us now prove that 7 is surjective.
Since Clx, p] is spanned by the monomials b(x, p) = x" p® it is sufficient to show
that there exists a € C[x, p] such that F,b = xpjF,a; since F,a(z) = Fa(Jz) and
x81(J2) = xB1(2), this is equivalent to the equation Fb(z) = xgj(z) Fa(z). Since

Fb(z) = F(x" ® p*) = 2nh(ih)" ™60 ® 6%
the Fourier transform of a is given by
Fa(x, p) = 2xh(ih) ™ xpi(x, p)~' 00 @ 63

Using the Laurent series expansion (8.15) of the sinc function we have

Xei(x, p) ' =D ap(2h) X p*
k=0

where the coefficients are expressed in terms of the Bernoulli numbers B, by

_ (=D*'Q2* —2)By

“" (2k)! ’

the series is convergent in the open set |xp| < 2Amx. It follows that

Fa(x, p) = 27Th Z ai (Zh)_Zk(XZké‘)(rr))(p2k(51(f))
k=0

2%k
=2nh Z ay @h~"rls! §r=2k) 5(s—2k)
— T (r = 20)1(s — 20! " P
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withn,; = [% min(r, s)] ([-] denoting the integer part). Setting

2h)~*rls!

b= a4 0T — 20!

and noting that
2mh6Y U0 — (i)~ (2K sk

we have

Ny

a(x, p) — Z by (i h)—(r+s—4k)xr—2kps—2k
k=0

and hence a € Clx, p]. [ |

8.3.3 The General Case

As we have already mentioned above, the general question of the invertibility of
Born—Jordan quantization is difficult. We state here a few results which were obtained
in collaboration with Elena Cordero and Fabio Nicola in [1].

It is well-known from the elementary theory of distributions that the Fourier
transform of a compactly supported function (or distribution) is an entire analytic
function. This statement is actually a weak version of the Paley—Wiener—Schwartz
theorem (for a proof see e.g. Hormander [2] or Vo-Khac Khoan [4]) which we state
below. We denote by B?"(r) the closed ball in R*" centered at the origin and with
radius r, and by £ (R?") the space of compactly supported distributions on R?"; we
have inclusion £&'(R*") c S'(R*").

Proposition 9 Let a € &' (R*) have support supp(a) C B (r). (i) The Fourier
transform Fa can be extended into an entire analytic function on C*" and there
exists constants C > 0, N > 0, such that

|[Fa(Q)| < C(1+[¢)Ner!™mdl; (8.31)

where { = ((1, ..., ) and | Im C|> = [Im (|> + - - - + | Im (o, | (ii) Every entire
analytic function a on C** satisfying an estimate of the type (8.31) is the Fourier
transform of some a € S'(R*) such that supp(a) C B> (r).

The result above remains true if we replace the Fourier transform F with the
symplectic Fourier transform F,.
The Paley—Wiener—Schwartz theorem suggests the following definition:
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Definition 10 For r > 0 we denote by A, (2n) the subspace of S/ (R consisting
of all tempered distributions a whose symplectic Fourier transform F,a = a, has
support supp(a,) C B**(r). Equivalently, a satisfies an estimate

la(Q)l < €A + [¢]Ner!md] (8.32)

for some constants C > 0, N > 0.

Obviously A¢(2) = Clx, p], the space of polynomials in the real variables x and
p. More generally, Ag(2n) is the space of polynomials in the variables x, ..., x,, and

Pis -5 Pn-
The following inversion result generalizes Proposition 8 about polynomials:

Proposition 11 The linear mapping S'(R*") —> S’ (R>") defined by
avr— (53)" a* Op (8.33)
(or a, —> a,xBy) restricts to an automorphism of A, (2n) if and only if
0 <r < Varh. (8.34)

That is, the equation b, = a,xpy admits, for every b € A,(2n), a unique solution
a € A,(2n) if and only if condition (8.34) holds.

Proof (See Cordero et al. [1].) Let us first prove the sufficiency of condition (8.34).
Assume that 0 < r < +/4wh; it follows from the equality (8.30) that the ball
B?'(r) does not contain any zero of yp; hence the equation b, = a, gy admits the
solution a, = b,/xgy for every b € A,(2n), and it is clear that a, € S’'(R*"). Since
supp(b,) C B*(r) we also have supp(a,) C B>'(r), hence a € A,(2n). Condition
(8.34) is also necessary: assume in fact that » > +/47h and choose zo = (x¢, po)
such that xgj(z0) = 0. Then T“BJ(ZO) = 0 and supp(b,,) thus contains the points z;
hence the mapping (8.33) is not injective. |

In the general case we have the following surjectivity result:

Proposition 12 The mapping (8.33) is a linear surjection S'(R*) — S’ (R?"):
for every b € S'(R*") there exists (a non-unique) a € S'(R*") such that
b= (52:)"ax 0. (8.35)
The proof of this surjectivity result is due to F. Nicola (see Theorem 6 in Cordero
etal. [1]). It is highly non-trivial, and uses techniques from the theory of the division
of distributions (Hormander [3]), rewriting the equation (8.35) as b, = a,xs;J-

At the time of writing, it is unknown whether this result can be improved (for
instance, what can one say about the solution a of (8.35) if @ is a continuous function?
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Chapter 9
Shubin’s Pseudo-Differential Calculus

In this rather technical chapter we study pseudo-differential calculus from the point
of view developed in Shubin [5] (also see Chap. 14 in de Gosson [3] for a review
of the essentials of Shubin’s theory). Shubin’s operators are generalizations of Weyl
operators obtained by replacing the mid-point term %(x + y) in the formula

A = (1) / RPEa(L(x 4+ y), pyo()d” pd"y

with the weighted average (1 — 7)x + 7y where 7 is an arbitrary real parameter.
The theory of Shubin operators (which we will often call “r-operators”) is a very
convenient tool easily leading to an alternative definition of Born—Jordan operators:
these are obtained by averaging the Shubin operators with the same symbol over the
unit interval. This allows us at the same time to recover the Born—Jordan transform
of a couple of functions without a direct recourse to the properties of the Cohen class.
Shubin operators do not have themselves the physical properties qualifying them as
a bona fide quantization (for instance, real observables do not lead to self-adjoint
operators in the Shubin scheme). This pseudo-differential calculus should thus be
viewed as a useful technical intermediary without direct physical significance.

9.1 Definition and First Properties

In what follows 7 is a real parameter.

9.1.1 The Kernel of a T-Operator

The integral formula (6.38) for a Weyl operator, which reads

A = (1) / AP Va(L(x 1 ), ()" pd"y,
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suggests the possibility of defining more general pseudo-differential operators by

Ap(x) = (55)" / eFPEa((1—1)x + 7y, pyb(d'yd'p  (9.1)

where 7 is some (arbitrary but fixed) real parameter. Note that the Weyl operators
correspond to the choice 7 = % Here is a rigorous definition:

Definition 1 Let a € S(R*"). The 7-pseudo-differential operator (or simply
T-pseudo-differential operator) with symbol a is the operator A, = Op_(a) with
distributional kernel

Ko (e, y) = (55)" (Fy 'a) (1 = m)x + 7y.x — y) .2)

where F, !is the inverse Fourier transform in the p variables; in integral notation
K;(x,y) = (271—,1)" / e P Va((1 — T)x + Ty, p)d"p. (9.3)

‘We will also use the notation ZT < s agora < XT. Notice that, conversely,
the symbol is expressed in terms of the kernel by the formula

a(x, p) = /e_%"’yK(x + 7y, x — (1 —7)y, p)d"p. 9.4)

In practice we will use the integral notation (9.1) for operators.

Example 2 Suppose we choose 7 = 0. Then
Rov) = ()" [ b ate, poona’yay
which we can rewrite as
Ao = (34)"" [ bt T,

This is the so-called “normal ordering” familiar from the theory of partial differential
equations. Similarly, the choice 7 = 1 leads to the *“ antinormal ordering”.

We will in a moment give alternative descriptions of 7-pseudo-differential oper-
ators by imitating the harmonic representation of Weyl operators; this will allow us
to recover in the next chapter the Born—Jordan machinery previously introduced by
other means.
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9.1.2 The Case of Monomials

Let us find the T-pseudo-differential operator corresponding to the monomial sym-
bols x’; p’ considered in the Introduction. It is of course sufficient to consider the
case n = 1; we will write x; = x" and pji =p’.

Proposition 3 Let r and s be two non-negative integers. We have

r

Op, (x"p*) = Z (]:) (1 — 7y kzk ek 9.5)
k=0
or, equivalently,
s s
Op,(x"p) = (k)(l — kR R R (9.6)
k=0

where X*) = x*v and p*vp = (—ihd,)* for ¢ € S(R).
Proof Let us set a, ;(z) = x" p®; we have using the binomial formula

r

;
ars(Tx + (1 =7)y, p) = Z (k)T"(l — ) by,

k=0
Setting b, 4 (z) = x*y"~* p* we have (in the sense of distributions)

(o] oo

k

X i N e
O b)) = 5 [ | [ e pap |y tuidy.

—00 —00

Using the Fourier inversion formula

o0

1 i = \S (s

2rh / en? ) pidp = (=ih)'6 (x — y) 9.7)
—0oQ

we thus have
Op, (b)) = X (=ih)* 8 (x" ).

Formula (9.5) follows inserting this expression in (3.23). To prove that this formula
is equivalent to (9.6) the easiest method consists in remarking that we have the
conjugation formula

FOp, (a)F ' =0p,_(aoJ™")
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where F is the Fourier transform (this equality will be proven in Chap.12 as a
particular case of “symplectic covariance”). Since we have a, ; (J ) =(=D"x"p’
and, using the standard properties of the Fourier transform,

FOp,(a,) F~' = (1) p*'x*p~*
formula (9.6) follows. |

Notice that the formulas (9.5) and (9.6) were proposed in Sect.3.2.4 of Chap.3
(formulas (3.16) and (3.17)) as intermediaries leading to the Born—-Jordan quantiza-
tion by averaging over 7 from 0 to 1.

We will see (Corollary 15) that Shubin operators admit a continuous harmonic
analysis of the type

o~

=) / a()Tor.-(2)d*'z

BN

or

o~

A= () [ a@hod:

where ’fGR,T(z) and i(z) are generalizations of the usual Grossmann—Royer and
Heisenberg operators. This can be proven directly at the expense of rather heavy
calculations; to avoid these complications we will use an indirect approach, using
the notion of 7-Wigner transform.

9.2 The 7-Wigner and Ambiguity Transforms

We extend the notions of cross-Wigner and ambiguity transforms to the case of
T-dependent operators.

9.2.1 The Operators TT (zo0) and TGR,T(ZO)

Recall (formula (6.10)) that the Heisenberg operator is defined for ¢ € S’(R") and
20 = (x0, po) by R » 1

T(z0)th(x) = R P*270 g (x — xg). 9.8)
Definition 4 The Heisenberg 7-operator i(zo) is defined by the formula

T (zo)ih(x) = e R 0mDmly (x — xp) 9.9)
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that is, equivalently, ,
T, (z0) = e 2T DP0T (7). (9.10)

We have ﬁ/z(zo) = T(zo), and
T (z0)™" = Ti—(~20). 9.11)

It is immediate to check the relations:

T (z0) Tr(z1) = 77T (2)) T (20) (9.12)
Tr(z0+ 21) = ¢ 7T (20)Th(21) (9.13)

(they follow from the relations (6.14) and (6.15) satisfied by the Heisenberg opera-
tors), where o is the bilinear form defined by

0+(20, 21) = 2(1 = 7) pox1 — 27 p1xo. (9.14)
Note that o, fails to be antisymmetric if 7 # %, so it is not in general a symplectic

form.
Recall (formula (6.11)) that the Grossmann—Royer operators are defined by

Tor (200%(x) = Tor (20)1(x) = e 7P 4(2x0 — ),
Definition 5 The 7-Grossmann—Royer operator is defined by

Tor ()¢ = 27" Fo (T, ()9 (9.15)
where V is the reflection operator 7 —> —z.

Example 6 When 7 = % the operator T\GR,T(z) is the usual Grossmann—Royer oper-
ator: in view formula (6.27) we have

Tor.12(20) 0 (x) = 27" F, [Ty ()00 (x)1(—20)
= 27"F,[T ()% (x)1(—z0)
= Tor (z0)¥(x)

The operators TGR,T (z) and TC,R (z) are related by a convolution formula:

Proposition 7 We have, for  # 3,

Tor. (21 = Oy * Tor (2)Y (9.16)
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where the function 0,y : R** — C is defined by

n

Oy (2) = —emnPY, 9.17)

27 =11
(The convolution product in (9.16) is calculated with respect to the z variable.)
Proof We have, by definition of F, and (9.10),
E AT (001@) = (355)" / T A (COTT e
that is, using the convolution formula (6.24),
FoT (9] = @rh) " (Fya)  Fo(T()¢)

where a(z') = e/@7—Dpr¥'/2h, Taking into account the general relation (f * g)¥ =
fY = g¥ where ¥ is the phase space reflection operator z —> —z, this equality can
be rewritten R R

FIT, ()91 = Qrh) ™ (Fya)” * F,(T ()5
now (F,a)Y = F,a since a(—z') = a(z'), hence

F AT, ()01 = @rh) ™" (Fya)  Fo(T ().
In view of the identity

Fo (T ()" (z0) = 2" Tar.r (20)0

(formula (9.15)) it is thus sufficient to prove that

n

2 ;
fra = m”‘;f’”’” = 0 (2). (9.18)

We have (the integrals being interpreted as distributional brackets)
Foa(z) = (#)n/ei%O'(sz/)e#(ZTfl)p/x/dnp/dnxl

L)n/e—%[px/—p/x—%(ZT—l)p'x']dnp/dnx/

= (ﬁ)”/ﬁp’x [/ e—;;[(p—;(zr—l)p’)x']dnx/} d"p’

= /e%”'xé(p —3Qr—=DpHd"p'.

Setting p” = p — 3(27 — 1)p’ in the last integral we get (9.18). |
2 g
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9.2.2 The Associated Transforms

Boggiatto and his collaborators [1, 2] have introduced a 7-dependent Wigner trans-
form Wig_(v, ¢) (also see Toft [6]) defined by

Wig (¥, 9)(2) = (ﬁ)"/e_%”"'w(x + 7" — (L =m)yd"y.  (9.19)

We are going to see that Wig_(1), ¢) can be obtained using the 7-Grossmann—Royer
operator.

9.2.3 Definition of Wig, and Amb,

The (cross-)Wigner transform was defined in the previous chapter (formula (7.3))
in terms of the Grossmann—Royer operator. We define the 7-Wigner transform
Wig_ (¢, ¢) using the 7-Grossmann—Royer operator:

Definition 8 Let (¢, ) € S(R") x S(R"). The function (¢, ¢) —> Wig_ (¢, ¢)
defined by R
Wig, (1, 9)(2) = ()" (Tor,-(2)S1Y) (9.20)

is called the 7-cross-Wigner function (or transform) of (1, ¢).

Using the explicit expression

Tor+ (20 = Oy * Tar ()Y (9.21)

(formula (9.16)) valid for 7 # % where

n

2 i
0@ = e ™ " (9.22)

we get the following relation between Wig_(v, ¢) and Wig(¢, ¢):

Wig, (1, §) = Wig(, ¢) * 6r). 9.23)

As is the case for Wig, the mapping Wig_ is a sesquilinear and continuous mapping
SR x S(R") —> S(R?"), in fact an element of the Cohen class (see Definition
9 in Chap.7). When ¢ = ¢ one writes Wig_ (¥, ¥) = Wig_1 (the 7-Wigner quasi
distribution).

The following result gives the explicit expression of Wig_ (v, ¢) (cf. formula
(9.19)):

Proposition 9 We have, for (¥, ) € S(R") x SR") and T € R,
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Wig, (¢, 9)(2) = (55)" / e+ TV (x — (L —T))d"y  (9.24)

forT # % and Wig]/z(w, @) = Wig(v, ¢).
Proof Let us set, for 7 # %,

2ipx

B-(z) = 2mh)" eh2r—1)

We have
Wig(w, 6) # ,(2) = / Wig(th, 6)(z — 2)3 ()™

and, by definition of 3,

Wig(th, ) (z — 2)B:(2) = /e—%pye%p’(yﬂiz’,)
XY = x'+ 3¢ (x —x" — 3y)d"y.

Integrating this expression with respect to p’ yields

/ Wig(w, 9)(z — )8, ()d"p = / HEPG(y 2
xPx —x' 4+ 1y)¢*(x —x' = 1y)d"y

that is

[ Wiew o - 5@ = [ Erae 2
xP(x + 71y (x — (1 —7)y)d"y

where we have used the identity

5(y + 22 —x' + Iy)px —x' — 1y
=0(y + 22U (x + 7y (x — (1 — T)y)d"y.

Integrating with respect to x” and noting the identity

/5(y + 2)d = (—‘272—")
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we get

Wig(w, 6) # 5 (2) = (251’
x / e +7Y)P (x — (1 = T)y)d"y

which is equivalent to (9.24). |

Note that formula (9.24) also makes sense for (¢, ¢) € L*(R") x L*(R") or
W, ) € S(R") x S'(R") provided the integral is interpreted in the distributional
sense.

In particular, when 7 = %, one recovers the usual cross-Wigner transform
Wig(y, ¢). If 7 = 0 we get

Wigo (1, 9)(2) = ()" e P (x) (F$)* (p)

which is, when v = ¢, the Rihaczek—Kirkwood distribution well-known from time-
frequency analysis (Grochenig [4], Boggiatto et al. [1]); if 7 = 1 one gets the
so-called dual Rihaczek—Kirkwood distribution R*(¢, 9).

Definition 5 and the theory of the (cross-)ambiguity transform developed in the
previous chapters suggest:

Definition 10 Let (¢, ¢) € S(R") x S(R"). The 7-cross ambiguity transform of
(1, ¢) is the function S(R") x S(R") —> S(R?") defined by

Amb- (¥, ¢) = F;Wig (¥, §). (9:25)

Equivalently, R
Amb, (¢, $)(2) = (245)" (T3l 9.26)

The eqﬂivalence of the definitions (9.25) and (9.26) follows from the definition
(9.15) of Tgr - (2).

The 7-cross-ambiguity transform is related to the usual cross-ambiguity transform
by a very simple formula:

Proposition 11 Let (v, ¢) € S(R") x S(R"). We have

Amb, (1, )(z) = e~ DY Amb(y), ¢)(2); (9.27)

that is

Amb, (1), §)(2) = (55)" e 7P

x / e EPY(y + Ty — (L= 0"y,
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Proof These formulas actually follow directly from definition (9.10) of the operator
T;(z) using the definition (7.11) of the usual cross-ambiguity function; we however
give here a direct independent proof. In view of the definition (9.9) of T} (z9) we have

T (20)p(x) = en Pox=(=DPox0) gy _ )
hence
(T, (z0) 1Y) = / e m o =D g (/ — xoyah(x)d" x';

setting y = x’ — 7x¢ we get

(T (2o)plip) = e~ # 7= Dporo / ¢RI G (y — (1 = I)x0)W(y + Tx0)d"y

hence (9.27). u

Notice that we recover the usual cross-ambiguity function (7.11) and (7.12) for
T= % We will set
Amb, ) = Amb, (¥, %)

and call Amb, 1) the T-ambiguity function.

9.2.4 Properties of WigT and Amb.

It is easily verified using (9.24) that the 7-cross-Wigner transform satisfies the con-
jugation relation

Wig, (6, 9)" = Wig,_. (¢, §);

in particular
(Wig, )" = Wig,_.¢

hence Wig_ 1) = Wig_(1), 1) is generically real if and only if 7 = % However Wig_v
satisfies for ¢» € L' (R") N L?(IR") the same marginal properties as Wigt) (cf. (7.7)):

/ Wig 1(2)d"p = [ (x)]%, / Wig ¢(z)d"x = |Fp(p)|* (9.28)

(see Boggiatto et al. [1]); this can be seen as a particular case of the theory of the
Cohen.

In Weyl calculus the introduction of the Wigner transform Wigy of a square
integrable function has the following very simple and natural interpretation: it is,
up to a constant factor, the Weyl symbol of the projection operator IT, of L>(R") on
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the ray {A\v : X\ € C}. This interpretation extends to the 7-dependent case without
difficulty:

Proposition 12 Let 1) € L>(R"), 1) # 0, and let T1,, be the orthogonal projection
operator on the ray spanned by ). (i) We have

M, = (2wh)" Op.(Wig,1)).

(ii) The T-symbol of the operator with kernel K = 1 ® ¢* is the function
2mh)" Wig (¢, ).

Proof (i) Let ¢ € L?(R"); by definition IT,,¢ = (¢|1))1) that is

M) = / POV "y

hence the kernel of Iy is K (x, y) = 1(x)¥(y)*. Using a partial Fourier inversion
formula, formula (9.2) expressing the kernel of T in terms of its 7-symbol 7, can
be rewritten

Ty (x, p) = / eTHPK(x + 7y, x — (1= T)y)d"y

_ / e FPP(x + Tyt (x — (1 — T)y)d"y
= 27h)" Wig_v(x, p).

The assertion (ii) is proven in a similar way replacing ) ® ¥* with ¢ ® ¢* in the
argument above. |

We also have the following extension of the usual Moyal identity (7.16); it can
actually be checked directly using Proposition 16 in Chap. 7: in fact, a straightforward
calculation shows that the Fourier transform of the Cohen kernel 6, is given, for

T # 3. by

o n 2r—1)" _i@r=1
O (@) = (77)" e ™ ™ 9.29)

and hence @T) (z)] = 2mwh)™", and it follows that W, (1), ¢) satisfies the Moyal
identity. For the sake of self-containedness we give here a direct derivation:

Proposition 13 Let ((-|-)) be the scalar product on L*>(R*") and |||-||| the associated
norm. We have

((Wig, (¢, 9)[Wig, (1, ¢))) = (535)" (W1 (dl¢)* (9.30)

and

((Amb. (1), 9)|Amb, (¢, ¢))) = (525)" (V1) ($14)* (9.31)
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forall ), ¢, ¢' € L*(R"). Hence, in particular,

n/2

1Wig, (@, @I = [l|Amb, (¢, D)l = (527)"" 11911 1] (9.32)

Proof Let us set
I = @rh)™ ((Wig, (), ¢)|Wig, (¢, ¢)).

We have, using the explicit expression (9.24) of Wig_(¢, ¢),

= / e RO (x4 )Y (x + TY)
X px — (1 =71)y)¢"(x = (1 = 7)y)d"xd" pd"yd"y'.

The integral in p is equal to 27h)" §(y — y’), hence

I =(Qrh)" / P+ TV (x + TY)
x ¢(x — (1 =7)y)¢"(x — (1 — 1)y)d"xd"y.

Settingu = x + 7y and v = x — (1 — 7)y we have d"ud"v = d"xd"y and hence

I = (27Tﬁ)"/w*(u)w’(u)qb(vw’*(v)d”ud”v
= 2nh)" (YY) (pld)*

which proves (9.30); formula (9.32) follows. Formula (9.31) follows from (9.30)
using Plancherel’s formula (6.22). |

We will see (forr}lula (9.45)) that the (formal) adjoint Kj of the 7-pseudo-
differential operator A = Op_(a) is given by the formula

Op, (a)" = Op,__(a"). (9.33)

In particular, we do not have Xj = XT when the symbol a is real (unless 7 = %).
Shubin pseudo-differential operators are therefore not suitable for physical quanti-
zation, where quantization should turn a real observable into a selfadjoint operator.
From the physical point of view these operators are only useful intermediates for the
definition of the physically consistent Born—Jordan quantization procedure we study
in the next chapter.
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9.3 Back to Shubin’s Operators

The machinery developed above allows us to study in a rather neat and simple way
the main properties of Shubin operators defined at the beginning of this chapter.

9.3.1 Harmonic Decomposition of T-Operators

The Shubin pseudo-differential operators and the 7-cross-Wigner transform are
related by the following formula, which is the analogue of formula (7.19) in Propo-
sition 8 in Chap.7:

Proposition 14 Let 1), ¢ € SR"), a € S'(R*), and 7 € R. Let A\T = Op.(a). (i)
We have R
(A, &%) = ((a, Wig (¥, $))) (9.34)

where ((-,-)) is the distributional bracket on R*"; in integral notation

/ A(x)¢ (x)d"x = / a(z)Wig, (¥, ¢)(z)d™"z. (9.35)

(ii) Similarly,
/ZW(XW*(X)CZ”X =/aa(Z)AmbT(¢, P)(—2)d”"z (9.36)

where a, = F,a is the covariant symbol of A.

Proof (i) It suffices to assume that a € S(R?"). By definition of Wig_ we have

((a, Wig, (1, 9))) = (5)" / e TP a(x, pyix + 1)
x ¢*(x — (1 —7)y)d"yd" pd"x;

settingx’ = x — (1 —7)y and y/ = x 4+ 7y we get

({a. Wig, (1. 9))) = (355)" / kP
x a((1 = )x' + 1y, P & )d"y'd" pd"x'

hence the equality (9.34) in view of definition (9.2) and (9.3) of the kernel of the
Shubin operator XT = Op,(a) (or, using the integral definition (9.1) of that operator).
(i1) Formula (9.36) follows from formula (9.35) using Plancherel’s formula (6.23)
and definition (9.25) of the 7-cross-ambiguity transform. |
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Formula (9.34) allows us to define ZTw = Op,(a)?y for arbitrary symbols a €
S'(R*) and ¢ € S(R") in the same way as is done for Weyl pseudo-differential
operators: choose ¢ € S(R"); then Wig_ (¢, ¢) € S (R?") and the distributional
bracket (a, Wig_(1, ¢)) is thus well-defined; by definition ;\\Tw is given by (9.34),
and XT is a continuous operator S(R") — S’(R").
The following consequence of Proposition 14, announced at the beginning of

this chapter, justifies a posteriori the introduction of the 7-Grossmann—Royer and
Heisenberg operators:

Corollary 15 Let A, = Op_(a), a € S'(R*). We have

A= (F) / a(2)Tor.1-r (2)d>'z (9.37)
A= (k) [T @ 9.38)

where a, is the symplectic Fourier transform of a.

Proof It is sufficient to prove these formulas for a € S(R>"), the general case
following by duality and continuity. Let ¢ and 1) be in S(R"). In view of formula
(9.36) in Proposition 14 we have

/ A ()¢ ()d"x = / a0 (Y Amb, (4, §)(—2)d>"z

hence, taking formula (9.27) in Proposition 11 into account,

/ A b6t (d'x = / a0 (@)eF P Amb (), 6)(—2)d?z.
Since, by definition (7.11),
Amb(), ¢)(2) = (5)" (T (@)l
this equality can be written
/ A (0)d"x = (555" / a(zo)e™ 7 CTDPN (T (—z0) pl)d? 2o

Heisenberg operators being unitary we have

(T(—20)010) = (T (z0) Blv) = ($IT (z0)1))
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and hence
/ A (0)d"x = (355)" / a5 (z0)e™ IR (1T (20)p)d 'z
= ()" [ anteope it
x ( / ¢*<x>’f(zo>w<x>d"x) 'z
which can be rewritten as
/ A e wd'x = (55"
x / ( / ag(zo)e” w3 Drov ?<zO)¢(x>d2"zO) ¢*(x)d"x;

since ¢ is an arbitrary element of S(R") we thus have

A b() = / ay (z0)e™ H T DPOT (20)0h(x)d ¥ 20
_ / 0 (z0) T 0 (0)d 20

which proves (9.38). Formula (9.37) follows using Parseval’s formula and the rela-
tion (9.15). [ |

9.3.2 Products, Transposes, Adjoints

The T-operators can be composed exactly in the same way as usual Weyl operators,
replacing the symplectic form o in (6.55) by the bilinear form o, defined by (9.14):

Proposition 16 Let ZT = Op,(a) and B; = Op_(b) witha,b € S (R?") (or, more
generally a € S'(R*) and b € S(R*")). We have

A.B. =C, =0p.(c)

where the symplectic Fourier transform of the symbol c is given by

¢ () = (55)" / e a0 (2 — )by (A (9.39)
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where o, is a bilinear form given by
01--(20, 21) = 27 pox1 — 2(1 — T) p1xo. (9.40)

(In formula (9.39) the integral should be viewed as a distributional bracket when
aeS®R™ andb € S(R*™).)

Proof Writing

A= (ﬁ)"/aa(z)ﬁq(z)d”z (9.41)
B: = (5%)" / bo(2)T1-,(2)d*"z (9.42)

we have R R R
A;B, = / a5 (20)bo (21)T1 -+ (20) Ti -7 (z1)d*" 20d*" 2

and hence, using formula (9.13),
;{\TBT = /e%mf,-(zo.zn)aU(ZO)bU(ZI)ﬁiT(ZO +Zl)d2n20d2"21.

Making the change of variables z = zo +z1, 2’ = z1, the composition formula (9.39)
follows. u

The transpose of an operator A : S(R") — S'(R") is defined as follows: it is
the unique operator A” : S(R") — S'(R") such that (A%, ¢) = (AT ¢, ) for
all v, ¢ € S(R"). The formal adjoint of AT of A is defined as usual by (Ay|¢) =
()| AT ¢); equivalently:

AT = (ATY")* for allp € S(R™). (9.43)
Proposition 17 Let ;\\T = Op, (a). We have (i) A\Tr = OplfT(aT) where
a’(x, p) = a(x, —p). (9.44)

(ii) We have R
Al =O0p,_,(a%) (9.45)

Proof Assumethata € S (R?). Using the integral representation (9.1) of XT we have
(A, @) = (525)" / e Va((1 = 7)x + 7y, PY()end"yd™'z

(AT, ) = (1) / FPEa((1 = )x + 7y, PO yd?z.
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Formula (9.44) follows, swapping the variables x and y in the second equality.
The general case follows by continuity. (Alternatively one can use the harmonic
decomposition (9.37) of A,.) Formula (9.45) follows, using (9.43). |
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Chapter 10
Born-Jordan Pseudo-Differential Operators

In Chap. 7 we defined Born—Jordan quantization by using the properties of the Cohen
class. In this chapter we use the theory of Shubin operators and define the Born—
Jordan operator Ag; with symbol a as being the average over the interval [0, 1]
of the 7-operators A, with the same symbol. This definition is consistent with the
observations made in our discussion of the monomial case in Chap.3 where we
showed that the Born—Jordan quantization of a monomial can be obtained by a
similar averaging procedure. We will prove that this alternative definition leads to
the same notion of operator as formerly; this will require some work relying on
previous results due to Boggiatto and his collaborators [1-3], who addressed the
problem of how to damp unwanted interference effects in time-frequency analysis.

10.1 Born-Jordan Pseudo-Differential Operators

We now study Born—Jordan operators using the Shubin pseudo-differential calculus
developed in the last chapter.

10.1.1 Definition and Justification

Everything in this chapter stems from the following definition:

Definition1 Leta € S’(R*") be an arbitrary symbol. The Born—Jordan operator
Apy = Opg;(a) is defined for ¢ € S(R") by:

1

Aorb(x) = / A d(o)dr (10.1)

0

where A, = Op, (a) is the T-operator with symbol a.
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It immediately follows from this definition that, as in the Weyl case, the formal
adjoint of Ag; = Opg;(a) is A\]EJ = Opg;(a*): we have

A;J = /Opl—r(a*)dT = Opg;(a”).
0

In particular, the Born—Jordan operator Apy is formally self-adjoint if and only if
its symbol is real.

To justify this definition (and terminology) we have to show that one recovers the
Born—Jordan quantization formulas for polynomials discussed in Chap. 3. That is,
we have to show that the definition (10.1) implies that we have

s

1
Opg(x' p*) = —— > P "' p". (10.2)
s+ 1 =

In Proposition 1 of Chap.9 we showed that the 7-operator associated with the
monomial x” p* is given by any of the two equivalent expressions

Op,x'p) = (z)(l e (10.3)
k=0

Op, (x"p*) = Z (Z)Tk(l — ) TRRR IR, (10.4)
k=0

Integrating in 7 from O to 1 the equality (10.3) yields

N

Opp; (x"p*) = D (S)B(s —k+1Lk+Dpep*

k=0 k
where |
st 10—t - TOTD
0
is Euler’s beta function (Jeffreys [7]). Since

Bk+1,s—k+1)=
(ka1 b (s + 1!
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we have

1 r
e~y ~s—k
X
S pxp

Opg; (x"p*) =

—
>~

=0

which is the same thing as (10.2). Using formula (10.4) the same argument would
yield the alternative equality

1
pPx k. (10.5)

OPBJ(erS) =

An immediate consequence of the discussion above is that the Weyl and Born—
Jordan quantizations are identical for all quadratic Hamiltonians. Suppose in fact
that

H(z) =D a;p} + Bix] +27;p;x;.
J

We immediately see that Opg;(H) = Opw(H) when the «y; are all zero; when
there are cross-terms x; p; the claim follows using formula (10.2) (or (10.5)) with
r = s = 1; this shows that the Born-Jordan quantization of x; p; is 1 (X} p; + p;X))
which is the same result as that obtained using Weyl quantization (cf. formula (2.10)).
In both cases, the corresponding operator is thus formally given by

—~ | Y .
H= 5<x,ﬁ>M(x,fDT

where M is the Hessian matrix of H. The quadratic case is important in the context
of the metaplectic group and will be discussed in Chap. 12: it shows that the “lift”
of a linear Hamiltonian flow to the metaplectic group leads to the same Schrédinger
equation, whether one uses the Weyl or the Born—Jordan scheme.

We will see later in this chapter that the usual “physical” Hamiltonians also have
the same quantizations in both the Weyl and Born—Jordan schemes, even when a
magnetic field is present.

10.1.2 Born—Jordan and Weyl Operators

The results above are of course not the end of the game, because we still have to
prove that the rule (10.1) leads to the same operators as those defined in Chap.7
using the Born—Jordan kernel.

Recall that the sinc function was defined in Sect. 8.1.


http://dx.doi.org/10.1007/978-3-319-27902-2_2
http://dx.doi.org/10.1007/978-3-319-27902-2_12
http://dx.doi.org/10.1007/978-3-319-27902-2_7
http://dx.doi.org/10.1007/978-3-319-27902-2_8

150 10 Born—Jordan Pseudo-Differential Operators

liroposition 2 (i) Leta € S'R*) and ¢y € S(R"). The Born—Jordan operator
Agy = Opg;(a) is given by

Ant = (737)" / ar(Dxp (DT (2)d™'z (10.6)
where the function xg; is defined by
xB1(2) = sinc(px/2h). (10.7)
(ii) The covariant Weyl symbol ag; , of XB] is given by the explicit formula

agy o (2) = aqs(2)xB1(2)- (10.8)

(iii) In particular the operator XBJ is a continuous operator S(R") —> S'(R") for
every a € S'(R*").

Proof The statement (ii) immediately follows from formula (10.6) taking the har-
monic representation (6.40) of Weyl operators into account. The proof of formula
(10.6) goes as follows (cf. [6], Proposition 11). Recall (formula (9.38) in Corollary
1 in Chap.9) that we have

N 1

Ap = (m)”/ag(z)ﬂfr(Z)wdznZ-

Integrating both sides of the equality with respect to 7 € [0, 1] we get

1

Aps = (ﬁ)n/%(Z) /ﬁ_f(z)dT dz.

0
Using (formula 9.10), we have for px # 0,

1

1
/TT(Z)dTI /eﬁ(zT_l)pxdT T(Z)
0

0
_sin(px/2h) ~
px/2h r@

sinc (%) f(z)

hence formula (10.6), noting that the equality holds by continuity for px = 0. (iii)
The statement follows from the fact that agy , € S'(R") since 9 xp; € C (R N
L>®(R?") for all @ € N, |
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The proof of the following composition result immediately follows from the char-
acterization (10.8) above using Proposition 18 in Chap. 6 (ii):

Proposition 3 Let XB] = Opg;(a) and §BJ = Opg;(b) be two Born—Jordan pseudo-
differential operators ; we suppose that C = XBJ EBJ exists as an operator S(R") —>
S'(R™). (i) The covariant symbol of the Weyl operator C = Opy (c) is given by the
formula

i

V) = / e 7@ g, (2 — )b () xBi(z — 7)1 (2)d>'Z (10.9)

where xp; is defined by (10.7). (ii) If we can factorize ¢ as Y (z) = x(2)x81(2)
where x € §'(R") then x = ¢, with C = Op™ (c).

Note that neither x nor ¢ are uniquely defined by the relation cgv () = x(@)xB1(2)
since xy(z) = O for infinitely many values of z.

10.2 The Born-Jordan Transform Revisited

In [1, 2] Boggiatto et al. consider the average of the 7-cross-Wigner transforms
W. (1, ¢) over the interval [0, 1] that is

1
0. )(2) = / Wig, (1), $) (). (10.10)
0

It immediately follows from (9.28) that the marginal properties hold for the distrib-
ution Qv = Q(¥, ¢): if v € L'(R") N L2(R") and ¢ € L' (R") then

/ Wigg ¥0(2)d" p = |1 (x) %, / Wigg(2)d"x = [(p) [ (10.11)

In fact, it is easy to verify, using Proposition 11 in Chap.7 that Q belongs to the
Cohen class. We have in fact the following essential result which shows that the
distribution of Boggiatto et al. is just the Born—Jordan distribution earlier defined in
Chap. 8 in Definition 1):

Proposition 4 The quasi-distribution associated to (10.10) by

1
0Y(z) = / Wig (z)dT
0


http://dx.doi.org/10.1007/978-3-319-27902-2_6
http://dx.doi.org/10.1007/978-3-319-27902-2_9
http://dx.doi.org/10.1007/978-3-319-27902-2_7
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is the Born—Jordan quasi-distribution (8.4), that is

0y = Wigg v x Op; (10.12)

where Ogj is the Born—Jordan kernel.
Proof See Boggiatto et al. [1]. |

As expected from the Weyl and Shubin cases, the Born—Jordan operators can be
expressed in terms of their symbol and Wigg; (1, ¢); we have already proved this
in Chap.7, but here is an independent alternative proof using the approach outlined
above:

Proposition 5 Let a € S'(R*") be a symbol. The operator XB] = Opg;(a) and the
cross-Born—Jordan transform Wigg; (¢, ¢) are related by the formula

(Apsth, ¢*) = ((a, Wigg; (1), $))) (10.13)

for all (¥, ¢) € S(R") x S(R™); in integral notation

/ Apth(x)¢* (x)d"x = /a(Z)WigBJ (., §)(2)d™z. (10.14)
Proof In view of formula (9.34) we have

(A, %) = ((a, Wig, (1, 9)));

integrating this equality from O to 1 with respect to the variable 7 yields (10.13). H

10.2.1 Born—Jordan Versus Weyl

Born—Jordan and Weyl quantization are identical for “physical” Hamiltonians of the
type “kinetic energy plus potential”. Suppose in fact that

n

1
H@) =Y ﬁpi + V(x) (10.15)
j=1 7

then H = Opg;(H) is given by

~ " hr 92
H=— — 4+ V(x). 10.16
Zij 8x12» V@) ( )

Jj=1


http://dx.doi.org/10.1007/978-3-319-27902-2_8
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This can be seen by noting that Opg;(p7) = —h*9?/0x7 taking r = 0 and s = 2 in
formula (10.5) and then using definition (9.1):

Op, (V)¥(x) = (5)" / eF POV (rx 4 (1 = 7)y)b(y)d" yd" p

_ / Virx + (1 = Dy)d()8ex — yd'y
— VW)

integrating in 7 from 0 to 1 yields Opg; (V)Y = V1 and hence (10.16).
More generally the Born—Jordan and Weyl quantizations of the magnetic Hamil-

tonian
n

1
Hezn=Y 5 (py = A, 0+ Vix, 1) (10.17)
j=1

also coincide. To show this we need the following intermediary result:

Lemma 6 Let A : R" x R, —> R be a smooth function. Then
ih

d d
Opg;(p; A = Opy (p; DY = -7 [a—x(Az/)) + Aa—xw} ) (10.18)

Proof 1t is sufficient to assume n = 1. Using definition (9.1) of /TT = Op_(a) we
have

Op, (pAYY(x) = 2= / RPE p A(rx + (1 = )y, () dydp

_ / [ﬁ / e;;pwpdp} A(rx + (1 = 1)y, DY ()dy.

o0

In view of formula (9.7) the expression between the square brackets is —iid’(x — y)
hence

Op. (pAY(x) = —ih / 5 (x — ) Ax + (1 = 7y, D()dy

o]

=it [ 5= ) LA + (1= Dy DB dy

—00

= —ih[(1 = )& (AY) + TAZY].

Formula (10.18) follows setting in the Weyl case 7 = % and integrating from O to 1
in the Born—Jordan case. |


http://dx.doi.org/10.1007/978-3-319-27902-2_9
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It follows that both Weyl and Born—Jordan quantizations of a (time-dependent)
magnetic Hamiltonian (10.17) are the same. In fact, expanding the terms

(p; — Aj(x,1)” we get

n n

H = fpf—zip,A +2A2+V

j=1 j=1j

We have seen above that the terms pjz. and .A? + V have identical quantizations; in
view of formula (10.18) this also true of the cross-terms p; A, leading in both cases
to the expression

2
= Z (—zhi — Al(x, t)) +V(x, 1) (10.19)
2mj

well-known from standard quantum mechanics.

10.3 Tensor Products of Observables

Let b and ¢ be classical observables, defined on, respectively R?"' and R*"2. Writing
n = ny + n their tensor product b ® c is the observable on R = R>" x R>"
defined by

(b ®0c)(z1,22) = b(z1)c(z2)

(it is indeed an observable, because tensor products of tempered distributions are
themselves tempered distributions).

10.3.1 Weyl Operators
We now address the following question: for which quantizations Op do we have
Op(b®c) = Op(b) ® Op(c)? Let us prove that this is the case for Weyl quantization:

Proposition 7 Let b € S'(R*) and ¢ € S'(R*>). We have b ® ¢ € S'(R*") with
n=ny+npand

Opy (b ® ¢) = Opy, (b) ® Opy, (¢). (10.20)

Proof Using the harmonic representation (6.40) of Weyl operators in Sect. 6.3, the
operator A = Opy (b ® ¢) is given by


http://dx.doi.org/10.1007/978-3-319-27902-2_6
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A= (%) / (b ® ) (20)T (20)d*z0;

now the symplectic Fourier transform respects (as does the usual Fourier transform)
tensor products: (b ® ¢), = b, ® ¢, so we have

A= ()" / (bs ® ) (z0) T (20)d*"20. (10.21)

Split now the phase space variable z in two two components z; € R*" and z, € R>"
so that z = (z;, z2), and denote by 0| and o, the symplectic forms on R>"' and R?"2,
respectively. We clearly have o = o1 @ 0, that is

0(z,7) = 01(21, 2}) + 02(22, 2));
on the operator level this relation becomes, setting 7 = (21, 22) and 2’ = (2}, z}),

0z, 7) =011, 27) + 0222, 25)-

It follows that the Heisenberg operator f(zo) = ¢~ #9¢:%) can be written as a tensor
product

T(z0) = T(20.1) ® T (20,2) (10.22)

where zg = (20,1, Zo,2). Insertion in (10.21) then yields
A= ()" [ bataoer @ T o) ® Tod™ 20120
thatis A = B ® C with
B= (271T—h)nl /ba(ZO,l)?(ZO,I)danZO,I

C= (ﬁ)nz/Ca(Zoz)?(Zo,z)d2'12Zo,z

where f(zo,1) and f(zO,z) are Heisenberg operators on R?" and R?"2, respectively.
Remarking that B = Opy, (b) and C = Opy,(c) concludes the proof. |

A similar result follows for the cross-ambiguity and Wigner transforms:
Proposition 8 Let i1, p1 € S(R™) and ¢, ¢ € S(R™); then ¢ ® 1, € S(R")

where n = ny + n,, and we have

Wig(y1 ® ¥2, ¢1 ® ¢2) = Wig (1)1, 1) + Wigy (¥2, ¢2) (10.23)
Amb(1); ® Yo, ¢1 ® ¢2) = Amb; (Y1, ¢1) + Amby ()2, ¢2) (10.24)
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where Wig, and Wig, (resp. Amb, and Amb,) are the cross-Wigner (resp. cross-
ambiguity) transforms on R"" and R".

Proof Formula (10.24) immediately follows from the splitting (10.22) of the Heisen-
berg operator using definition (7.11) of the cross-ambiguity transform. Formula
(10.23) is proven in a similar manner using definition (7.3) of the cross-Wigner
transform, noting that the Grossmann—Royer operator can be split as

Tor(z) = Tar(21) ® Tor (22). (10.25)

10.3.2 The Born—Jordan Case

The situation is very different for Born—Jordan operators. It may very well happen
(as in the example in the previous subsection) that

Opg, (b ® ¢) # Opg; (b) ® Opg, (©). (10.26)

To see this, we recall that a Born—Jordan operator XBJ = Opg,(a) can always be
written

Apr = (55)" / a,(z) sine (2) T (z)d™z (10.27)

where

. px sin(px/2h)
sinc (—) = —
2h px/2h

It follows that if b € S'(R*") and ¢ € S'(R?*) then the integrand in

Opg;(b ® ¢) = (527)" / by (21)cs(22) sine (22222 T(2)d™ z1d*" 2,

cannot in general be split into the product of a function depending only on z; and
one depending only on z», as in the Weyl case, because we have

sinc Pt v pave t P22 # sinc (_p1x1) sinc (_pz)Q)
2h 2h 2h /°

This is of course not a peculiarity of the Born—Jordan quantization per se; the
same phenomenon happens when one deals with an arbitrary Cohen kernel which
fails to split under tensor products, i.e. such that 8(x, p) # 0,(x;, p1)62(x2, p2).
This also shows how simple Weyl quantization is compared with all other schemes.


http://dx.doi.org/10.1007/978-3-319-27902-2_7
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10.3.3 Illustration: The “Angular Momentum Dilemma”

There is a little annoying practical fact which is being episodically discussed and
commented upon in the literature: the Weyl correspondence fails to transform the
square of the classical angular momentum to its accepted quantum analogue. In
fact, the Weyl quantization of the classical angular-momentum-squared is not just
the quantum angular momentum squared operator, but it further contains a constant
term %hz (formula (10.32)). This extra term is actually physically significant, since
it accounts for the nonvanishing angular momentum of the ground-state Bohr orbit
in the hydrogen atom (see Dahl and Schleich [4]). This vexing fact already puzzled
Pauling in his textbook [8], and has been later taken up by Shewell [9], Dahl and
Springborg [5], and many others. We now come back to the angular momentum
dilemma, which we solve in two different ways using Born—Jordan quantization. This
dilemma can be stated as follows: how does one bring the fact that the orbital angular
momentum ¢ = r x p in a Bohr orbit of the 1s state of the hydrogen atom is /& into
accordance with the fact that the same angular momentum in conventional quantum
mechanics based on the Schrodinger picture is zero? In fact, writing r = (x1, x3, x3)
and p = (p1, p2, p3) we have

¢ = (x2p3 — X3p2, X3p1 — X1P3, X1 P2 — X2P1) (10.28)
as the classical angular momentum vector. Consider now the square
05 = x{p3 + X3 p] — 2x1p1x2ps (10.29)
of the component ¢35 = x| p» — x, p1; its Weyl quantization is
@ow =T 53 + B0} — L@ P + Pisi) @Pa + o). (10.30)

It turns out that this is in contradiction with what quantum mechanics in the
Schrodinger picture predicts, and which is

(3)om = X1 Ps + %3 P; — (R1P192% + Pixixapa). (10.31)

(This is obtained by formally expanding the square (X;p> — X>p;)>.) Using the
commutation relations [x7, p;] = ih twice, one shows that the expressions (10.30)
and (10.31) differ by the quantity %hz, and this leads to an overall difference of %hz
between these quantizations of £2:

(@) = @)ou + 10 (10.32)

(cf. Shewell [9], formula (4.10); for a generalization to higher dimensions see Dahl
and Schleich [4]).
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Let us show that this contradiction disappears if we use the Born—Jordan quan-
tization of the classical quantity £> in place of Weyl quantization. The two terms
x? p3 and x3 p? immediately yield X7 p3 and X3 p; (as they would in any quantization
scheme), so let us focus on the cross-term a(z) = 2x; p1x; p> (we are writing here
z = (x1, X2, p1, p2)). Using the standard formula giving the Fourier transform of a
monomial we get

aq(z) = 2h*2mh)*0' (z) (10.33)
where we are using the notation

0(z2) = 0(x1) @ 6(x2) ® 6(p1) ® d(p2),
§'(2) =0'(x1) @' (x2) @ 0" (p1) ® &' (p2).

Expanding the function sin(px/2h) in a Taylor series at the origin, we get

(=D pxy%
v (2n)

o0
XBi(2) =1+ =
— 2h

— 2k + 1)

and hence, observing that (px)*¢'(z) = 0 fork > 1,

2
as(2)xe1(z) = a,(2) (1 - (522 ) . (10.34)

Comparing the expressions defining respectively the Weyl and Born—Jordan quanti-
zations of a, it follows that the difference A(a) = Opy(a) — Opg;(a) is given by

1\> 1 _
Ala)y = (%) YT / a,(2)(px)*T (2)10dz

2

ﬁ ~
=45 §'(2)(px)*T (2)dz.

Using the elementary properties of the Dirac function we have
&' (2)(px)* =25(2) (10.35)
and hence
sy = [s@T@uva'z = v
the second equality because

5T (2) = 6(x)e” 77ED = §(z).



10.3 Tensor Products of Observables 159
Since ¢2 = £2 + £3 + ¢3 a similar argument for the terms ¢7 and ¢3 shows that
(@) — @)y = 112, (10.36)
hence, taking (10.32) into account:
(Phw = @P)w — 317 = @)y — 2. (10.37)

Summarizing these observations, we are in the following situation: as observed by
Dahl and Springborg we have

(PIE)wlp) = 212 (10.38)
while

(WI(E2)ps ) = > (10.39)

which is the result obtained by Dahl and Springborg [5] using an averaging procedure
over what they call a “classical subspace”. The Born—Jordan quantization procedure
thus allows us to recover the value of the Bohr orbital angular momentum 72
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Chapter 11
Weak Values and the Reconstruction Problem

The notions of weak measurements and values has become a very popular topic, with
many fascinating ramifications (e.g. time-symmetric quantum mechanics, the theory
of mutually unbiased bases, superoscillations, retrocausality, to name a few). It is
also the subject of many ontological and philosophical debates, which are far from
being resolved, and which we do not address here. In this chapter we will discuss the
theory of weak values from a mathematical—and hence rigorous—point of view, and
somewhat extend previous results of ours to the case of Born—Jordan quantization.
We will in particular focus on the reconstruction problem, which is related to the Pauli
conjecture about the determination of a state knowing its position and momentum.
We will see that in the Born—Jordan case, this question leads to a—yet!—unsolved
problem.

11.1 The Notion of Weak Value

The notion of weak value and weak measurement was introduced by Aharonov,
Albert, Bergmann, Lebowitz and further developed by Vaidman; a non-exhaustive
list of references is [1-8]. We begin by giving the definition of a weak values; we
there after discuss some motivations.

11.1.1 Motivation and Definition

Let A be a self-adjoint operator having eigenvalues ay, a,, ... with corresponding
eigenfunctions v, 1, ... . In an ideal measurement (or “von Neumann measure-
ment”, as it is also called) the expectation value of Aina quantum state [1)) is given
by the familiar expression

~ A
(1)
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if the sequence of eigenvalues lies in some interval [@min, @max] then we will have
Amin < (A\)V’ < amax- In fact, if one performs the ideal measurement the outcome
will always be one of the eigenvalues );, and the probability of this outcome is
IAj17/11;11> where ), is the coefficient of ¢); in the Fourier expansion ¢ = > ; A1),
Moreover the system will be left in the state 1); after the measurement yielding the
value a; (“wavefunction collapse”). Assuming that the coupling with the measuring
device is so small that the change of quantum state due to the interaction can be
neglected. The eigenvalues are then not fully resolved, and the system is left in a
superposition of these unresolved states. Now, if an appropriate post-selection is
made, this superposition can interfere to produce a measurement result which can
be significantly outside the range of the eigenvalues of the observable A. This is
achieved by making the coupling with the measuring device so small that the change
of quantum state due to the interaction can be neglected. The post-selection can then
be accomplished by making an ideal measurement of some other observable B and
selecting one particular outcome. Thus, the post-selected state |¢) is an eigenstate of
B which can be expressed as a linear combination of the eigenstates of A.

Definition 1 Let ¢ and ¢ be square integrable functions. If (¢[¢)) # O the weak
value of A with respect to the states |¢) and |v)) is the complex number

o _ BAW) _ [ ¢ @) Ap(d'x

= = . 11.2
(v (1) [ ¢*(x)p(x)dnx (112

Observe that the complex number (A) f,’;ﬁk really only depends on the states |¢) and

|4b) since, by sequilinearity, we have (A )é&iw = (A >$§;k for every complex number
A # 0. Also notice that we are loosely talking about the “quantum observable A”
without specifying for the moment to which classical observable it is associated with;
the definition above is thus quite general.

Here is a suggestive description of the relation between the notion of weak value
and retrocausality. Assume that at a time #;;, an observable A is measured and a
non-degenerate eigenvalue was found: | (t;,)) = |;f = a); similarly at a later time
tin @ measurement of another observable B yields |p(tin)) = |§ = b). Let t be
some intermediate time: f;, < t < ft5,. Following the time-symmetric approach to
quantum mechanics (see the review in [4]), at this intermediate time the system is
described by the rwo wavefunctions

V(@) = U(t, tin)(tin), ¢(1) = U(L, 1in) P(15in) (11.3)

where U (¢, t’) is the unitary operator defined by the Schrodinger equation

d .
ih-U, Y=HU@ 1), U@t t)=1I4 (11.4)
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and H is the quantum Hamiltonian (assumed to be time-independent); that is

U(t,t') = e Ht="/" Notice that the wavefunction ¢(r) travels backwards in time
since t < tg,. Consider now the superposition of the two states [¢(¢)) and |¢(2));
obviously the expectation value (A)Y 90 of this superposition is given by (drop-
ping the reference to t)

- W6l ~ o~y
+o _ AV? AV
) o+ ol T e e

2 ~
— R Al
ke (1o (L5

that is
S 1T I T TR
AT = —— (A + ———(A)Y
A 4ol e
2 —~
—— R A .
HTFT it

This makes apparent the importance of the cross-term (¢(t)|/T |1 (t)) appearing in
the definition (11.2) of weak values. This observation is the starting point of time-
symmetric quantum mechanics, where the actual quantum state consists of two wave-
functions ¢(¢) and v (¢) (see Aharonov and Vaidman [6, 8], Aharonov et al. [4]).

11.1.2 Weak Values and the Cohen Class:
The Phase Space Approach

Another way of making explicit the relation between interference effects and weak
values is to use the Cohen class formalism. Returning to the situation described
above, and dropping again for notational simplicity the reference to the time ¢, the
Wigner distribution of the state |¢)) + |@) is

QW+ ¢) = QY+ Q¢+ 2ReQ(¢, ¢) (1L.5)

where

Q. ¢) = Wig(¥, ¢) * 0 (11.6)

for some 6 € S'(R*") (see Chap. 7 for the definition of the Cohen class). It follows
that we can write

Re (1610)(D4) = [ Re(@(@, i) @a)d™s


http://dx.doi.org/10.1007/978-3-319-27902-2_7
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where a is the symbol of the operator Ain the quantization corresponding to Q (see
Proposition 17 in Chap. 7). These relations make obvious the fact that the weak value
is due to the interference term coming from the quasi-distribution Q via the classical
observable a such that A = Opy(a).

Proposition 2 Let Q be an element of the Cohen class such that Q : S(R") x
SR") — S@R*™). Assume that A = Opy(a) for some a € S'(R*) and that

A SR —> SR™). We have, for all (¢, ¢) € L*(R") x L*R"):

~ b 1
(A) e = W/a(z)Q(w, $)(2)d™z. (11.7)

Proof In view of Proposition 17 in Chap.7 the operator A is related to 0O by the
formula (7.33)

(A, ¢*) = ((a, Q(, §)))

that is
/ A (0d"x = / a(2) Q. )2z

hence formula (11.7) since ¢, ¢ € L*(R"). [ |

11.2 A Complex Probability Density

Weak values can be interpreted as the average of the classical observable with respect
to a complex quasi-probability distribution; this approach was initiated in [12, 13].

11.2.1 A General Result Using the Cohen Class

We are going to see that the cross-term Q (¢, ¢) has a simple probabilistic interpre-
tation. We assume that Q satisfies the marginal properties

/ 06, D))" p = V* (X)) (11.8)

/ 06, D) ()d"x = T*(P)I(p). (11.9)


http://dx.doi.org/10.1007/978-3-319-27902-2_7
http://dx.doi.org/10.1007/978-3-319-27902-2_7
http://dx.doi.org/10.1007/978-3-319-27902-2_7

11.2 A Complex Probability Density

165

This is the case if and only if the symplectic Fourier transform of the Cohen kernel

0 satisfies the two conditions:
0,00, p) =0,(x,0) = 2wh)™".

(Proposition 14 in Chap. 7).

(11.10)

Proposition 3 Assume that ()|¢) # 0. (i) The function p Y on R*" defined by

0@, 9)(z)

(X _
o & ="

is a complex probability distribution:

/ Pyl (@)d*z =1

and the corresponding (complex) marginals are given by

/ sy = LV
(@le)

00 () gy cb(p)*w(p)
/ @d'x ==

Proof Since Q satisfies the marginal conditions we have

- R R Te)
/ @d"p = W)/Q(w D@y = D

and similarly

o0 " ¢(p)*¢(p)
= d"x .
/ (D)d"x = W}/Q(wwm T

It follows that

[ stz = o [ mpeoas =1

(11.11)

(11.12)

(11.13)

(11.14)

hence p‘gw is indeed a (complex) probability density with marginals (11.13) and

(11.14).

We can restate (11.7) in terms of the complex quasi-distribution pQ
Opy (a); the weak value (11.7) is then given by the formula:

‘et A =


http://dx.doi.org/10.1007/978-3-319-27902-2_7
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~ o )
(A)eak =/p‘g“(z)a(z)d "2 (11.15)

A\

which shows that in a sense the weak value (A), .., is the symbol a averaged by p‘gd

Observe that the real and imaginary parts of the complex quasi-distribution pZL
satisfy the relations

/ Repy” (2)d™'z = 1, / Impg " (2)d*"'z = 0.

The physical meaning of these formulas is the following (Aharonov and Vaidman
[7], Chap. 14): the readings of the pointer of the measuring device will cluster around

Re(Ag) g = / Re(a(2)py" (2)d*'z
while
Im(A)>", = / Im(a(z)py" (2))d*'z

measures the average shift in the variable conjugate to the pointer variable.

Example 4 Assume that the Cohen kernel # = § (the Dirac distribution on R?").
Then Q (v, ¢) = Wig(y, ¢) is the usual cross-Wigner distribution, and we have

o) Wig (1, ¢)
Uy = VIEW, @) 11.16
Pwlg(z) <¢|¢) ( )
so that
(Aw)ol =/a(z)p€;§ﬁ;(z)d2"z. (11.17)

(see de Gosson and de Gosson [13]).

11.2.2 The Born—Jordan Case

‘We now specialize our discussion to the case

Q(th, ¢) = Wigg; (¥, ¢) = Wig(1), ¢) * gy (11.18)
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where 6g;j is the Cohen kernel defined by

Opy = 2mh) ™" FyxBy
XB1(2) = sinc(px/2mh).

(Definitions 1 and 2 in Chap. 8). Recalling that Wigg;(1), ¢) satisfies the marginal
conditions (see formula (8.7)) we may apply the discussion above (see [14]). In this
case, the complex quasi-probability density (11.11) becomes

WigBJ(Z)
iy (2) = —2 (11.19)
b (pl)
when XBJ = Opg;(a) this leads to the expression
(AB)) e = / a(2)ppy’ (2)d™'z. (11.20)

Notice that for a given operator it matters which quantization scheme one uses.
While the Born—Jordan and Weyl quantizations are the same for the position and
momentum variables x;, pi, we get different results for (As J)Weak and (AW>we1f1k as
soon as one consider more complicated cases. Let us illustrate this on the example

of the squared angular momentum already considered in Sect. 10.3.3 of Chap. 10.

Example 5 Consider £3 = x; p» — x2 p1. The Born—Jordan and Weyl quantizations
of the square Z% are related by

)y — (P)gy = 11, (11.21)

It follows that the weak values ((€2)g;)2%, and ((£2)w)*" satisfy

weak weak

(@)l = (@)p)ol = 1n2.

11.3 The Reconstruction Problem

In 1958 Wolfgang Pauli conjectured that one can reconstruct a quantum state |1))
knowing its position and momentum; this conjecture was later disproved; see the
discussion in Corbett [10]. In fact, even the knowledge of the position and momentum
probability densities [ (x)]> and |1,ZJ(p)|2 is not sufficient (see the discussion in
Lundeen et al. [16]). Mathematically this means that the knowledge of the marginal
of the quasi-distribution W1 is not enough to determine W+t). It turns out that,
however, the knowledge of the cross-Wigner distribution W (1), ) and of one of
the two functions 1 or ¢ unambiguously determines the other. The relation of this
property with the notion of weak value is obvious in view of our previous discussion
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of the complex quasi-density pz{’,w. In this section we begin by presenting a general
procedure for the reconstruction problem for elements of the Cohen class satisfying

the Moyal identity. This method does not, however, apply to the Born—Jordan case;
the latter will be considered separately. We will see that it leads to an open problem.

11.3.1 A General Reconstruction Formula

The inversion formula is well-known when Q is the cross-Wigner transform [11,
15]; see formula (7.18) in Chap.7. We prove here a more general result valid for all
members of the Cohen class which satisfy the Moyal identity. In view of Proposition
16 in Chap. 7 the generalized Moyal identity

(QW, DICW, ) = (525)" (W) (Bl (11.22)

holds if and only if the symplectic Fourier transform of the Cohen kernel of Q satisfies
105(2)| = 2mh)™" (11.23)

(in which case Q automatically satisfies the marginal conditions (11.8)—(11.9) since
the conditions (11.10) are then verified).

Proposition 6 Assume that the element Q of the Cohen class satisfies the Moyal
identity (11.22). Let ¢, v € L*>(R") be two non-orthogonal states: (¢|y) # 0. Then

1 —
P = —— / 0, (16, ) (20) T (20)1(x)d”" 2. (11.24)
19)
Proof Let us set
) = / 0, (1), ) (20) T (20)7(X)d” 20

and choose an arbitrary o € S(R"). We have

(alx) = / 0, (1, 9)(z0) (| To(z0)7)d* 20
Z/Qo(zb, $)(20)(To (zo) Y]y *d*" 2o

= (27rh)’1/ Q0 (), $)(20) Qo (v, 1) (z0)d*" 20
= Q2mh)"((Qo (. ), Qo (¥, §))).
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Applying Moyal’s formula to the last equality we get (a|x) = (a|¥){vy|®); since
this identity holds for all &« € S(R") we have x = (7v|¢)1 almost everywhere, which
proves formula hence (11.24). [ |

Notice that if we choose in particular v = ¢ then we get

Y(x) =

||<25||2/Q (¥, 6)(20) T (20)$(x)d>" zo. (11.25)

In particular, if Q (%, ¢) is the cross-Wigner transform, then we get

1 ~
VX)) = —= s /Amb(lﬁ, ) (z0) T (z0)7(x)d*"zo. (11.26)

Using a symplectic Fourier transform together with formula (6.26) in Chap. 6, we
recover the formula (7.18)

P(x) =

<<z>| / Wig(1), 6)(20) Tar (20)7 (1)d* 2o

which was proven in Chap. 7.
Example 7 For T # % the Cohen kernel

n

2 i
0@ = e " (11.27)

has Fourier transform

—~ 1\ @r—1y b
0 (@) = (37) i

and hence Ié\(f) (z)] = @mh)™". It follows that the 7-cross-Wigner distribution
W, (¢, ¢) satisfies the Moyal identity.

11.3.2 The Born-jordan Case: An Unsolved Problem

The reconstruction problem has unexpected difficulties in the Born—Jordan case.
We would like here to reconstruct ¢ from the knowledge of the Born—Jordan
cross-transform Wigg; (1, ¢), knowing ¢. However, as already noticed in Chap.8
(Sect. 8.1.2) the Moyal identity does not hold for the quasi-distribution Wigg; (1, ¢);
it is therefore not possible to apply Proposition 6, whose proof precisely relies on
the validity of the Moyal identity. We are thus led here to a problem which is, at
the time of writing, unsolved. This difficulty clearly shows that Born—Jordan quan-
tization has very peculiar features, which might be related to the fact that “real”
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quantum mechanics isn’t, aftre all, that simple (as opposed to the conventional Weyl
approach). It might very well be that the mathematical difficulty is related to a divi-
sion problem, as was the case when we studied the inveribility of the Born—Jordan
correspondence in Chap. 8 (Sect.8.3). Recall that Wigg; (1, ¢) and Wig(w, ¢) are
related by a convolution formula, namely

Wigg; (¥, ¢) = Wig(1, ¢) * Opy

where 0g; is the Born—Jordan kernel. If we were able to “invert” this relation, and
prove that the usual cross-Wigner transform Wig(y, ¢) can be expressed in some
way in terms of Wigg; (1), ¢), we would be led back to the standard reconstruction
problem. But, for the moment being, this is an open problem.
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Chapter 12
Metaplectic Operators

The metaplectic group is a unitary representation of the double cover of the symplectic
group; it is thus characterized by the exactness of the sequence

0 — Z; — Mp(n) — Sp(n) — 0.

The interest of the metaplectic group comes from the fact that it is a maximal group
of symmetries for Weyl operators (“symplectic covariance”), and contains subgroups
under which Shubin and Born—Jordan operators are symplectically covariant.

The metaplectic representation of the symplectic group has a rather long history,
and is a subject of interest both for mathematicians and physicists. The germ of the
idea of the metaplectic representation is found in van Hove [16]. It then appears in
the work of Segal [14], Shale [15], and Weil [18]. The theory has been subsequently
developed by Buslaev [1], Maslov [12], Leray [11], Reiter [13], and the author [3,
4, 6, 10]. For somewhat different presentations of the theory see Folland [2] and
Wallach [17].

12.1 The Symplectic Group Sp(n)

For an extensive study of the symplectic group with complete proofs we refer to de
Gosson [6]. We recall that the standard symplectic form on the phase space R?" is
defined by

n
/ / / /
0(z,2) = E pix;—pjxj=Jz-z
j=1

OV!XI’[ [n><n
where J = (_Inxn 0w )

© Springer International Publishing Switzerland 2016 173
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Definition 1 The symplectic group Sp(n) is the group of all linear automorphisms
S of R¥ consisting of all linear automorphisms S such that o(Sz, S7') = o(z, 7))
for all (z,7’) € R?" x R?"; equivalently STJS = SJST = J.

The group Sp(n) is a connected Lie group, invariant under transposition; it is
generated by the subset consisting of all free symplectic matrices. Recall from Chap. 4
that a 2n x 2n real matrix § is said to be free if we can write it in block-matrix form

A B\ .
S = (C D) with det B # 0. (12.1)

Since the inverse of S is ; ,
_ D' —B
s = (—CT AT ) (12.2)

it follows that S is free if and only if S~! is free. The notion of free symplectic matrix
allows a quite interesting description of a class of generators of the group Sp(n),
using the following result:

Proposition 2 Every S € Sp(n) can be written as a product S = S8, of two free
symplectic matrices S| and S,.

The proof of this result is unexpectedly difficult (except in the case n = 1, where
it is elementary); we refer to de Gosson [4, 6]. Defining the elementary symplectic

matrices |
I0 L= 0
V_op = (P I)’ M; = ( 0 LT) (12.3)

with P symmetric and L invertible, an easy calculation shows that every free sym-
plectic matrix (12.1) can be factorized as

S: V_DB—IMB—IJV_B—IA. (124)

(In fact, the conditions S J S = SJST = J compelboth P = DB 'and Q = B~'A
to be symmetric, as a straightforward calculation of block-matrices show.) It follows
that:

Proposition 3 (i) The set of real 2n x 2n matrices
(Vp,My,J : P=PT detL #0)}

generates the symplectic group Sp(n). (ii) Symplectic matrices have determinant one.

Proof (i) In view of Proposition 2 and the factorization (12.4) every S € Sp(n) can
be written S = S, 5, where

Si = Vopgr Mp1 IV _poiy,
S = Vszﬂz—lMBz—l./VfBZ-lA2
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hence § is a product of symplectic matrices of the type Vp, My, J. (ii) We have
det § = det S; det S, and det §; = det S, = 1 since the determinants of the matrices
Vp, My, J obviously are equal to one. |

Let us now pursue our discussion of the notion of generating function initiated in
Chap.4.

Definition 4 The generating function of the free symplectic matrix (12.1) is the
quadratic form

Wx,x)=1DB x> — B7'x - x' + 1B Ax". (12.5)
When the generating function is given, we will write § = Sy.
W is called a generating function, because its datum completely defines S:

p=V.W(x,x)

() =S, p) = P S (12.6)
in fact the relations p = V, W(x, x’) and p’ = —V, W (x, x’) are equivalent to
p=DB 'x— B HYx, p=B"'x— B lAx;
solving these equations in x, p indeed yields
x=Ax'"+Bp', p=Cx"+ Dp'.
The generating functions of Sy and of its inverse S v}l are given by:
Syt = Swe, WH(x,x)) = —W(x', x)
as is easily checked using (12.2).
We observe that, conversely, every real quadratic form
W(x,x") = 1Px* — Lx -x' + 1 0x" (12.7)

with P = PT, Q = Q7, and det L # 0, generates a free symplectic matrix, namely:

L~'Q L1
Sw = (PL1Q T PLI) (12.8)

(one can use the property St J Sy = SwJ S}, = J to prove that Sy € Sp(n)). For
instance, if W(x, x’) = x - x’ we have Sy = J.
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12.1.1 The Metaplectic Representation of Sp(n)

The symplectic group is contractible to the maximal compact subgroup U (n), image
of the unitary group U (n, C) by the monomorphism

A+iBr— (2 _AB).

It follows that the fundamental group 7 [Sp(n)] is isomorphic to the integer group
(Z, +) hence Sp(n) has covering groups Sp,, (n) of allorders g = 1, 2, ..., c0. Among
all these covering groups the double cover Sp, (n) plays a very privileged role, because
it can be (faithfully) represented by a group Mp(n) of unitary operators acting on
L*(R").

Definition 5 The group Mp(n) = Sp,(n) is called the metaplectic group. We denote
the natural covering projection by

7w : Mp(n) — Sp(n).

The generic element of Mp(n) is denoted by S and we write S = 7r(’§).

The generators of Mp(n) can be described in many way. The simplest (but not
necessarily the most tractable) is the following:

Proposition 6 The group Mp(n) is generated by J = i">F (F the h-dependent
Fourier transform on L>*(R")), and the operators V_pand M L.m defined by

Vopth(x) = €25 P4 (x) (12.9)
My, (x) = i™\/| det LIy (Lx); (12.10)

where the integer m is chosen so that
mm = argdet L mod 27.
The projections of these operators on Sp(n) are given by
7() = J, 7(V_p) = V_p, T(Mpn) = M-

(see de Gosson [6]). Another way is to define the analogue of free symplectic matrices
in the metaplectic case (Leray [11], de Gosson [4, 6, 10]):

Proposition 7 (i) The metaplectic group Mp(n) is generated by the Fourier integral
operators Sy : S(R") —> S(R") associated to a generating function (12.7) by

R 1 n/2 1 ,
Swam(x) =i"™ (—) \/ldetL|/eﬁW(x”‘)w(x’)d”x’ (12.11)

27ih
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where the integer m is defined by
mm = argdet L mod 27. (12.12)
(ii) The operator :S’\W,m is invertible with inverse
Syt = Swemes WH(x,x) = =W, x),m* =n —m. (12.13)

(iii) The projection 7T(§W,m) is the free symplectic matrix Sy generated by W.

As a consequence of the obvious relations

V pp19h(x) = e PE " 4p(x) (12.14)
M1 tp(x) = i"/| det B~ ¢ (B~ x); (12.15)

the operator :STW,m can be factorized as a product
EW,m = V—DB*IMB*I,m«TV—B*IA (12.16)

(cf. the corresponding formula (12.4) for free symplectic matrices).

12.2 The Weyl Representation of Metaplectic Operators

Metaplectic operators are Weyl operators in their own right. However, the determi-
nation of the Weyl symbol of such an operator is rather technical.

12.2.1 The Symplectic Cayley Transform

We will use the following notation:

Spo(n) = {S € Sp(n) : det(S — I) # 0}
Symy(n) = {M € Sym(2n, R) : det(M — 1J) # 0}.

Let S € Spy(n); by definition the symplectic Cayley transform (introduced in de
Gosson [6—10]) of S is the symmetric matrix given by

M) =11+ D -7 (12.17)

The symmetry of M (S) is readily verified using the relation ST JS = SJST = J,
which is equivalent to § € Sp(n). It is clear that the mapping M (-) is a bijection
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Spy(n) — Sym(2n, R) and that the inverse of that bijection is given by
S=M—-in""M+1)). (12.18)

‘We have the properties
M(S™"y = —M(S) (12.19)

and, when in addition both S" and S’ are in Sp(n):
M(SS)Y=M(S)+ ST —D'TMS)+ M) IS -D7. (12.20)

We begin by remarking that the matrix Mg = %J (S + IN(S — I)~! is symmetric;

this immediately follows from the conditions S”JS = J. Notice that for every M
with det(M — %J ) # 0 the equation

M=311S+D(ES-D"
can be solved in S, yielding
S=M—inT"'m+ 1y

the relation S € Sp(n) is then equivalent to M being real and symmetric.

12.2.2 A Factorization Result

We have seen that every Se Mp(n) can be written (non-uniquely) as the product
Sw.mSw.m of two metaplectic operators. We will need the following refinement of
this property:

Lemma 8 The generating quadratic forms W and W' in the factorizations S =
Sw.mSw m, S = SwSwr, canbe chosen in suchaway thatdet [(Sw — I)(Sw — 1)] #
0, i.e. Sy, Sy € Spo(l’l)

Proof We first remark that
det(Sy — I) = det(—B)det[B"'A+ DB~' — B~ — (B")™] (12.21)

(see Lemma 41in de Gosson [5]). The next step consists in remarking that in view of
the factorization (12.16) we have

:S’\W’mrg\wf’m' - f/\fPMB*I,m fvf(P’+Q)M(B’)*],m/ fV,Q' (1222)

with P = DB™', P’ = D'(B")™', Q0 = B7'A, Q' = (B’)"'A’. We next remark
that the right hand-side of (12.22) remains unchanged if we replace P’ with P’ + \I
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and Q with Q' — A\I. Choosing A so that

det[P+ Q- X +B"'— (BN ']#£0
det[P'+ Q'+ N —(B) ' = (B '] #£0

we have det(Sy — I) # 0 and det(Sy- — I) # 0 in view of the equality (12.21). The
lemma follows replacing, if necessary, W (x, x") with W (x, x") — %)\xz and W'(x, x')
with W’ (x, x") + %)\x’z. [ |

We remark that the symmetric matrix
W' =B 'A+ DB '— B! — (B! (12.23)

is the Hessian matrix of the generating quadratic form W.

12.2.3 Metaplectic Operators as Weyl Operators

It turns out that metaplectic operators with projection § € Sp,(n) can be very simply
represented by the Heisenberg operators:

Proposition 9 Let Se Mp(n) have projection S € Spy(n). Then
S=i"® /| det(S — )| / T(S2)T(—z)d*'z (12.24)

where the integer 1/(3’\) corresponds to the choice (modulo 2) of an argument of
det(S — I): R
v(S)m =nm + argdet(S — I) mod 27. (12.25)
When S = Sy is a free symplectic matrix we have
v(Swm) =m — Inert W mod 2 (12.26)
where Inert W is the number of negative eigenvalues of the Hessian matrix (12.23).
Proof See de Gosson [4, 6-8, 10]. |
An alternative characterization is given by:

Proposition 10 Let S € Sp,y(n). The operator

—~ 1 —~ —~
R,(S) = (%) ivy/|det(S — I) / T(S)T(—z)d”'z (12.27)
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can be written in the two following ways:

23 _ 1 ! 2FLM?Z 2n
R,(S) = ( ) W/e T(Z)d (12.28)

and

1\ ; ~
—370(52,2) _ 2n
,,(S) (27rh) |det(S =5 TS —Dz)d"z. (12.29)

Proof We have
ES+nDS-n'=r+56-n"

hence, in view of the antisymmetry of J,
M5z =(J(S—D7'z.2) =0((S— 1)z, 2).

Performing the change of variables z —> (S — I)~'z we can rewrite the integral in
the right-hand side of (12.28) as

/ engf f(z)dz”z — / ego(z,o“—l)z) ?((S _ I)z)dz"z
— / eféa(sz,z)?((s _ I)Z)dz"z
hence (12.27). Taking into account the relation (6.15) we have

TS —1)z) = e_%”(SZ‘Z)T(SZ)T(—z)

and formula (12.29) follows. |

12.3 The T-Metaplectic Group Mp..(n)

Metaplectic operators are Weyl operators, and hence be represented as Shubin oper-
ators.

12.3.1 The Operators R

We will need the following well-known generalization of the Fresnel formula (see
e.g. Folland [2], Appendix A): let X be a real invertible matrix of dimension m; then:
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/e—Zm'uveZ‘frinsz _ |detX|—1/2e"f51gnxe—mX*lu2 (12.30)

where sign X is the difference between the number of >0 and <0 eigenvalues of X.
Using this formula we set out to study the operators

R.(S) = /| det(S — )| / T,(S2)T.(—z2)d*"z (12.31)

defined for S € Sp,(n). They are continuous mappings S(R") — S(R").

Proposition 11 Let S, S’ € Spy(n) and assume that SS' € Spy(n) as well. (i) We
have o
R.(SS") = ' +5ie MBI R ()R, (). (12.32)
(ii) The inverse of R-(S)™" is given by the formula
R =R:(STH) =Ri_(5". (12.33)
Proof (i) (Cf. the proof of Proposition 4.2in de Gosson [8]). For brevity we write

M = M(S), M’ = M(S’). In view of the composition formula for Weyl operators
the twisted symbol ¢, of R-(S)R,(S’) is

¢y (2) = K/e%[ﬂ(z,z’H(b(z,z’)Idanf

where the constant K and the phase ¢ are given by

K = |det(S — I)(S' — D)|~'/?
#(z,7) = M7* —2Mz -7 + (M + M7

A straightforward calculation shows that
0(z,7)—2Mz -7 = =2J(S—D7"'z- 7
hence
0(z,2) +d(2.2) = =20 (S = D'z 2 + M + (M + M")Z".

It follows that

co(2) = KenM? / e I ST iy (MAMDZ2 g2n o1 (12.34)
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Applying the Fresnel formula (12.30) with X = M + M’ to (12.35) and replacing
K with its value we get

Co(2) = | detl(M + M')(S — I)(S' — D)]| 2 TSIBMEM) 5000 (17 35)
where the phase ®(z) is given by

O@) =M+ " =DM +M) IS -D"] 2
= M(SS)z*

(the second equality in view of formula (12.20)). Noting that by definition of the
symplectic Cayley transform we have

M+M=JI+ES-D"+E"-DH
it follows, using again property (12.20), that

det[(M + M')(S — I)(S' — )] = det[(S — I)(M + M')(S' — I)]
= det(SS' — I)

which concludes the proof of the product formula (12.32). (ii) Let us first show that
R.(S7") = R.(S)~". Let c be the symbol of the operator C = R.(S)R,(S™!); we
claim that ¢, (z) = 6(z), hence C = I. Noting that det(S™! — I) = det(S — I) # 0,
formula (12.34) above shows that we have

s (2) =Le%Mzz/e—%J(S—1)"zz E(MAM(S™1)? d¥7
where L = |det(S — I)|~!. Since M(S~') = —M we have, setting 7/ = (ST —
])_IJZ/,

L Mz2
en i —1,.
e—%J(S—I) 7z dZnZ/

|det(S —I)|

Qg2 in
:ehMZ /ehzz dZnZ//

hence ¢, (z) = d(z) by the Fourier inversion formula, which proves that C = I. Let
us finally show that R, (S~') = R;_,(S)". We have

CU(Z) =

R.(S7h =

\/ldt(Sll Dl [ et T @a
e - —
«/|d_t(S—I / RO

e —_—
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hence, using formula (9.33) for the adjoint of a 7-operator,

1 i ~
Rr(S7H" = m/ e MOCT_()d™z = Ri_(S)
which is the same thing as R, (S™!) = R,_.(S)". |

We make here an important remark: while the standard metaplectic operators
S = R.(S) € Mp(n) are unitary, formula (12.33) shows that the operators R, (S) are
not, unless 7 = %

12.3.2 Definition of Mp_.(n)

We now consider the group Mp_(n) is generated by the 7-metaplectic operators
R 7’{ Sw) (Sw).

Definition 12 Let 7 be an arbitrary real number. Mp_(n) is the group of operators
S(R") —> S(R") generated by the operators RZSW)(Sy,).

For an arbitrary S € Sp(n) the operator R”(S) € Mp_(n) is thus the product of
a finite number of RY")(Sy) with Sy € Sp,(n). We have moreover the following
equivalent of the fact that each Se Mp(n) can be written as the product of two
metaplectic operators of the type §W,m:

Proposition 13 Let S € Spy(n) and choose Sw, Sw € Spy(n) such that S =
SwSw:. We have

RISV (Sw) R (Swi) = RV (Sw Swr) (12.36)
where the index v(S) is given by the formula

v(S) =v(Sw) +v(Sw) + %sign M(SS). (12.37)

Proof 1t follows from formula (12.32) in Proposition 11 that we have

RISV (Sw) R/ (Sw) = e'*Re(S)R-(S)
71' .
¢ = S (w(Sw) +v(Sw) + ysign M (SwSw))

hence the assertion. |
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Chapter 13
Symplectic Covariance Properties

Given an operator A= Op(a) a natural question that arises is what happens to that
operator when one makes a change of variables in the symbol a. More precisely,
can we relate in an easy way the operators Aand Ay = Op(a o ®) when @ is a
diffeomorphism of R?"? It turns out that this problem has no simple answer when one
considers arbitrary operators and arbitrary diffeomorphisms, even in the linear case.
However, if we restrict ourselves to Weyl pseudo-differential operators and linear
symplectic transformations, then we have a simple “symplectic covariance property”.
We begin by reviewing this “easy” case, and thereafter study what remains of it when
one replaces Weyl operators by Shubin and Born—Jordan operators.

13.1 Symplectic Covariance of Weyl Operators

A striking feature of Weyl calculus is that it is the only pseudo-differential operator
calculus for which the property of symplectic covariance holds; that is, for every
S € Mp(n) we have

Opy(ao S) =8 'Opy(a)S

where § = 7(S) is the projection of S on the symplectic group Sp(n).

13.1.1 The Heisenberg and Grossmann—Royer Operators
Revisited

The key to all symplectic covariance results in Weyl pseudo-differential calculus is
the following simple result about Heisenberg and Grossmann—Royer operators. We
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are going to give a rather short dynamical proof here; for a purely calculatory proof
using the apparatus of generating functions see de Gosson [5], Sect. 8.1.3.

Proposition 1 Let Se Mp(n) and S = 71'(§). We have

ST(z0)S™" = T(Sz) (13.1)
STor(z0)S ™" = Ter(Sz0) (13.2)

for every 7o € R*".

Proof Recall from Chap. 6, Sect. 6.2.3, that the Heisenberg operator is the time-one
solution of the Schrodinger equation

ihdp = Hoto, (-, 0) = 1y (13.3)

where ﬁo is the displacement Hamiltonian Hy(z) = o(z, zo) whose flow consists
of the phase space translations f; : z —> z + tzo. Consider the unitary operator
US = ST(tz0)S™"; the function 1» = U5y is the solution of the Schrodinger
equation

B U
iha—f = (SH,S "y
with 1 (-, 0) = 1. Now, Hy = e~ 7G0! hence

§AZU§—1 — ¢ $30@)S e
A direct calculation shows that
S0z, 2008 = 0, Sz0)
hence we also have ¥(x, t) = f(tSzo). The equality (13.1) follows, taking t = 1.

Formula (13.2) follows from (13.1) using the relation (6.12). In fact, denoting by RY
the reflection operator x —> —x,

STor(z0)S ™' = ST (20)S 'RYST (z0) 'S
= T(Sz0)RVT (Sz0)~"

(we have used here the obvious identity S-IRVS = RY; see ([5], Chapters8,
Sect.8.3.3). [ |
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13.1.2 Weyl Operators

The following very important result easily follows from Proposition 1:

Proposition 2 Let S € Sp(n) and S e Mp(n) such that S = 7T(§). For every
a € S'(R*) we have R R
Opw(aoS) = S 'Opy(a)S. (13.4)

Proof We first observe that if ¢ € S'(R?) then a o § € S'(R*"); this is easily
checked using the invariance of the Schwartz space S (IR?") under linear changes of
coordinates. Let us set B = Op(a o S). In view of formula (6.40) we have

By = / a4, (S2)T (2)1pd*'z

(the integral being understood as usual in the distributional sense). Performing the
change of variables Sz —— z and taking into account the fact that detS = 1, we
have

Bo = [ a,@T(s vas
By formula (13.1) we have S~'7(z)S = T'(S~'z) and hence
By = / a,()S ' T (2)Spd™'z
=85! (/ ag(z)f(z)dznz) St

which is precisely (13.4). |

The following very important result shows that one cannot expect other quanti-
zations to enjoy the full symplectic covariance property (13.4):

Proposition 3 Let a — Op(a) be a continuous linear mapping from S'(R*") to
the space L(S(R"), S'(R")). Assume that:

(i) if a only depends on x € R" and a € L*(R"), then Op(a) is multiplication by
a(x);
(ii) if S € Sp(n) then Op(a o S) = SOp(a)S~".

Then a — Op(a) is the Weyl correspondence: Op(a) = Opy (a).

Proof Theresult was already stated in Stein [9], and rigorously proven in Wong [10],
Chap. 30. ]

The property of symplectic covariance thus really singles out the Weyl corre-
spondence among all possible pseudo-differential calculi. We will see below that,
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however, some partial symplectic covariance survives for Shubin and Born-Jordan
operators.

A straightforward consequence of Proposition 1 are the following formulas satis-
fied by the cross-Wigner and ambiguity functions:

Corollary 4 Let ), ¢ € S(R") and S € Mp(n); We have

Wig(5, $6)(z) = Wig(h, $)(S™'2) (13.5)
Amb(§w, §¢)(z) = Amb(v, ng)(S’lz). (13.6)

where § = 7r(§). and hence in particular
Wig(S¥)(2) = Wigh(S™'2). (13.7)
Proof In view of formula (7.19) in Proposition 8 we have
(. Wig(8y, $9))) = (ASy, (5¢)")

since S is unitary we thus have

/ Wig(Sy, S¢)(2)a(z)d™z = (ST'ASY, ¢*).
In view of (13.4) we have

(STTASY, ¢*) = / Wig(1h, ¢)(z)(a o S)(z)d*"z
= / Wig(y, $)(S™'2)a(z)d*'z

which establishes the equality (13.5) since v and ¢ are arbitrary. The formula (13.6)
follows, since Amb(?), ¢) is the symplectic Fourier transform of Wig(v, ¢):

Amb(St, $¢)(z) = F,(Wig(St, $¢))(2)
= F,(Wig(¥), ) 0 S™)(2)
= F,(Wig(), $))(S'2)
= Amb(1, ¢)(S~'2);

to go from the second to the third line we used the relation F, (a0 S™!) = F,aoS5™!
which follows from the definition (6.21) of F,. |

Note that both (13.7) and (13.6) can also be directly proven using the covariance
formulas (13.1) and (13.2).
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13.1.3 Affine Covariance Properties

Let us denote by 7 (zp) the phase space translation operator z — z + zo. It induces
a natural action of functions by the formula 7' (z9)a(z) = a(z — zo); this action can
be extended into an action on distributions in the obvious way.

Proposition 5 Let A= Opy (a) witha € S'(R™). Let T (z0)a(z) = a(z — zg). We
have R R
Opw (T (z0)a) = T (20)Opw (@) T (z0) . (13.8)

Proof We begin by noting that
Fo(T(20)a)(z) = e 77 a,(2)
as immediately follows from the definition
a0(2) = (517)" / e a@hd
of the symplectic Fourier transform and the bilinearity of the symplectic form o. It
follows
Op(T o)) = [ as(@)e 70T @z

In view of the commutation relation (6.14) in Chap. 6 we have

P ~ i ~ ~
T(2)T(z0) = e “ T (20)T (2)

and hence
e mTE0T (2) = T(zo)T ()T (20) "
so that
Opy (T (z0)a) = / 15 (e FT DT ()T ()T (20)" d>'2
= T (20)Opw (T (z0)a) T (z0) ™"
which is formula (13.8). [ |

Formula (13.8) can also be proven using the relation

(A, ¢*) = ((a, W(g, 1))

together with the covariance formula (13.5) for the cross-Wigner transform.


http://dx.doi.org/10.1007/978-3-319-27902-2_6

190 13 Symplectic Covariance Properties
Formulas (13.4) and (13.8) are often summarized by saying that Weyl calculus
is covariant with respect to the inhomogeneous metaplectic group IMp(n) (IMp(n)

is the group of unitary operators generated by the metaplectic operators S € Mp(n)
and the Heisenberg operators 7 (z¢), zo € R**; see [1, 2]).

13.2 The Case of 7-Operators

We are following rather closely our exposition in de Gosson [6].

13.2.1 A Covariance Result

Recall from the previous chapter that Mp_.(n) is the group generated by the operators

R.(S) = /| det(S — 1) / T,(S)T,(—2)d'z (13.9)

where S € Sp,(n) (the set of symplectic transformations with no eigenvalue equal
to one), and the 7-Heisenberg operator

Tr(z0) = 7 T DR T (7). (13.10)
The operators R (S) are continuous linear mappings S(R") — S(R"), which are

non-unitary for 7 # %
The following result generalizes formula (13.1) to these operators:

Proposition 6 Let S € Spy(n).

(i) We have the intertwining relation
RA()T-()R-($)™" =T (S2). (13.11)
(ii) For every RZ(S) € Mp_(n) we have, for a € S'(R™),
R ($)Op. ()R, (S)"' = Op,(@aoS7H. (13.12)

Proof (i) It is equivalent to show that the operators

r(S) = / T.(S)T(=2)d™'z
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satisfy the relation
T (T (2) = T,(S2)T(S). (13.13)

Let v € S(R"); in view of formula (9.13) we have
L (8)y = / enSIT (S = D2)pd™'z;

since S — [ is a linear automorphism, i((S —Dz) : SR") — S(R") hence
I, (S)Y € S(R"). The continuity of I';(S) is straightforward to verify. Set

F(z, 20) = T,(S2) T, (—2)T: (20)
G(z.20) = Tr(Sz0) T, (S2) T, (—2).

By repeated use of formula (9.13) we obtain

F(z,20) = e 777020 T (S — )z + 7)
G(z,20) = e—%o((s—l)zo+8zo,z)i((s — Dz 4+ Sz0)

hence G(z — 2o, z0) = F(z, z0). It follows that

/ F(z,20)d™"z = / G(z, 20)d™"z

hence the equality (13.13). (ii) That the operators R, (S) satisfy the intertwining
relation (13.12) follows using the definition of Op_.(a). |

13.2.2 Application to the T-Wigner Function

As we have seen above the cross-Wigner function W (1), ¢) enjoys the symplectic
covariance property

WSy, S9)(2) = W, 9)(S 2. (13.14)
In the 7-dependent case this result must be modified as follows:

Proposition 7 Let S € Spy(n) and ), ¢ € S(R"). We have
W (R (81, Ri—-(8)9)(2) = W (1h, )(S™'2). (13.15)
Proof Let A; = Op_(a). Recall that

Op-(@)V]p) = ((alW-(¥, 9)))


http://dx.doi.org/10.1007/978-3-319-27902-2_9
http://dx.doi.org/10.1007/978-3-319-27902-2_9

192 13 Symplectic Covariance Properties
(formula (9.34)). In view of the second equality (12.33) we have, using

(R-($)0p, (@)¥| R+ (S)$) = (R1—+(S)"R;(S)Op, (a)1)]$)
= (Op,(a)¥|9)
= ((alW: (¥, 9))).

On the other hand, using the intertwining property (13.12), we have

(R-(S)Op(@)|R1_(S)$) = (Op,(a o S)R-()|R1_-(S)$)
= (aoS, W.(R(S)¥, Ri_(S)¢))
= (a, W, (R (S)1, Ri—-(S)p) o S71))

(the last identity using the change of variables z +—— S~!z and the fact that
det § = 1). Formula (13.15) follows. |

Notice that we recover the usual symplectic covariance formula (13.14) for the
cross-Wigner transform when 7 = %
It follows that our operators R(S) coincide, up to an unimodular factor with

metaplectic operators when 7 = 5:

Corollary 8 For S e Sp(n) the operators R(S) = R1,2(S) are, up to a unimodular
factor i"® elements of the metaplectic group Mp(n).

Proof In [3, 4] we have shown that

l'l/(S)

R'(S) = — [ eiMOT(1)a?; 13.16

() = s (2) (13.16)

where v/(S) is the > Conley—Zehnder index which we describe below. The result follows
since T1,2(z) = T (2). [ |

The Conley—Zehnder index icz(S) is, loosely speaking, a Maslov-type intersec-
tion index measuring the number of intersections of a symplectic path S:tr—> S,
0 <t < 1 joining the identity to S € Spy(n) with the variety {S : det(S — ) = 0}
which plays the role of a “caustic”. More precisely, icz(S) associates to the path
t —> §; an integer which only depends on the homotopy class (with fixed end-
points) of that path, and such that

signdet(S — 1) = (—1y"~icz(®) (13.17)

Equivalently,
1 _
—argdet(S — I) =n — icz(S) mod2. (13.18)
s
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In [7] we have proven that when S is a free symplectic matrix Sy then
icz(Sw) = m + n — InertW” mod2. (13.19)

For a detailed discussion of that index (including an extension to the case det
(S — I) = 0 and its expression in terms of the Leray—Maslov index [8] see de
Gosson [2, 4].

In analogy with the definition of Mp(n) in terms of the basic metaplectic operators
:S?W,m we define a group Mp..(n) of (non-unitary) operators as follows. Let Sy €
Spy(n) be a free symplectic matrix; we know from Lemma 8 in Chap. 12 that every
S € Sp(n) is the product of two such matrices. Let ./S\W,m € Mp(n) be anyone of the
two metaplectic operators covering Sy, and define

RV (Sy) = i" SR, (Sw) (13.20)
v(Sw) = nm + argdet(S — I) mod2. (13.21)

The operators R;’(SW)(S w) are invertible, and
RSV (Sy) ™" = R7VSW(S,1) = RV (Sy) (13.22)
(the first equality in view of the first formula (12.33) in Proposition 11, and the

second since the free symplectic matrix Sv_vl is generated by W*(x, x') = —=W(x', x)
(formula (12.33) in Proposition 7).

13.3 The Case of Born—-Jordan Operators

The intertwining properties for 7 operators do not carry over to the Born—Jordan
case; it is meaningless to expect a relation like RBJ(S)T"BJ(Z) = T"BJ(SZ)RBJ(S)
which would lead to a full symplectic covariance property. However, as we have
proven in [6] Born—Jordan operators enjoy a symplectic covariance property for
operators belonging to a subgroup of the standard metaplectic group Mp(n).

13.3.1 The Born—-Jordan Metaplectic Group

Recall from the previous chapter that the metaplectic group Mp(n) is generated by
the modified Fourier transform J = i ~"/? F, the multiplication operators

{/\_P,w — gisz/Zhw (P — PT)
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and the unitary scaling operators

My tp(x) = i" /| det L]y (Lx)

(detL # 0, mm = argdet L). The projections of these operators on Sp(n) are,
respectively, the symplectic matrices J and

10 L' o
vr= () = 12).

Proposition 9 Let ZBJ = Opg;(a) witha € S'(R*"). We have
SOpg;(@)S™" = Opgylao 5™ (13.23)

for every S e Mp(n) which is a product of a (finite number) of operators 7 and
My .

Proof 1t suffices to prove formula (13.23) for S=JandS=M L.m- Let first S be
an arbitrary element of Mp(n); we have

SOpg;(a) = (527)" / 4,(2)0(2)ST (2)d*'z
= [(ﬁ)" / ao(Z)@)(Z)?(Sz)dz"z} g

where the second equality follows from the usual symplectic covariance property
ST (z) = T(Sz)S of the Heisenberg operators. Making the change of variables
7z = Sz in the integral we get, since det S = 1,

/a(,(z)@(z)?(Sz)dz”z = /a(,(Sflz)(%(S*lz)/T\(z)dz”z.
Now, by definition of the symplectic Fourier transform we have
ao-(S_IZ) — (ﬁ)” / e—’ga(S’lz,z')a(Z/)dZnZ/
= (@05,
Choosing S=M L.m We have

sin@mLp - (LT)"'x)

oM '2) = Ly (L Tr = 0w
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similarly ®(J~'z) = ©(z), hence in both cases

SOpg;(a) = (/(a o S_')a(“)(z)?(z)dz"z) S
= Opg;(ao 5'71):ST

whence formula (13.23). |

The proof above shows that the essential step consists in noting that ®(S~'z) =
®(z) when S = J or § = M. It is clear that this property fails if one takes any
operator § = Vp with P # 0, so we cannot expect to have full symplectic covariance
for Born—Jordan operators since the symplectic group Sp(n) is generated by the set
of all matrices J, My, and Vp. Full symplectic covariance is anyway excluded since
this property is characteristic of Weyl calculus (Proposition 3), and can thus not be
satisfied by any other pseudo-differential calculus.

This suggests the following definition:

Definition 10 The Born—Jordan metaplectic_group is the subgroup Mpg;(n) of
Mp(n) generated by the Fourier transform J and the unitary rescaling operators
ML,m-

The Born—Jordan metaplectic group is the maximal group of symmetries for
Born—Jordan operators. The following easy result identifies Mpg; (1):

Proposition 11 The group Mpg;(n) consists of all unitary operators of the type
§ = Wy orS =W, 0

and w(Mpg;(n)) is the subgroup of Sp(n) consisting of the symplectic matrices of

the type
L' 0 0 LT
ML=( 0 LT) OrJMLZ(_Ll 0).

Proof Every Se Mpg;(n) is a product of operators M L.m and 7 hence m(Mpg; (1))
consists of all products of matrices M, and JM. One easily verifies that every
element of w(Mpg;(n)) can only be of the type M, or J M. The result follows. W

Notice that Mpg;(n) contains the group of orthogonal transformations O (n, R)
identified with a subgroup of O (2n, R) using the embedding

R)’ R e O(n, R).
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13.3.2 The Born—-Jordan Wigner Transform Revisited

Recall that the Born—Jordan Wigner transform of (¢, ¢) € S(R") is defined by
1
War(w, 0)@) = [ W o) (13.24)
0

In Proposition 5 in Chap. 10 we showed that EBJ = Opg,(a) is related to Wgy(2, ¢)
by the formula

(Apyl9) = ((a, Was(¥, 9))). (13.25)

This enables us to prove the following partial symplectic covariance result for the
Born—Jordan Wigner transform:

Proposition 12 Let (¢, ¢) € S(R™). For every Se Mpg;(n) with projection S =
7(S) we have L
Wei(Sv, §¢)(z) = Wey (b, $)(S™'2). (13.26)

Proof We have

({a, Way (S, S6))) = (Apy(S¥)1S¢) = (5~ Ay (Se)|).

Since S—! A\B](§¢) = Opg;(aoS) in view of the covariance formula (13.23) we thus
have

({a, Wg; (S, S¢))) = (Opg;(a o S)|¢)
= ((a oS, Wg; (S, $6)))
= ((a, Wgy(S¥, S¢) 0 S71))

hence formula (13.26) since ¢ and ¢ are arbitrary. |
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Chapter 14
Symbol Classes and Function Spaces

In this chapter we initiate the study of continuity properties for Born—Jordan oper-
ators. We will discuss the global symbol classes introduced by Shubin; they are
“global” in the sense that they satisfy growth estimates with an equal weighting
on the position and momentum variables. The use of these classes will allows us
to considerably simplify the study of regularity properties of Born—Jordan pseudo-
differential operators by reducing this study to the case of Shubin operators. If the
choice of good symbol classes is essential in any pseudo-differential calculus, so
is the choice of good functional spaces between which these operators act. These
spaces must reflect regularity and continuity properties of the operators. We will dis-
cuss some of them here (a special emphasis being made on Feichtinger’s modulation
spaces).

14.1 Shubin’s Symbol Classes

It is convenient—and natural in our context—to introduce Shubin’s symbol classes
(see Shubin [8], particularly §23). Their specificity lies in the fact that the Shubin
symbols satisfy global estimates in the phase space variable z = (x, p) (also see
Nicola and Rodino [12]). This is in strong contrast with the usual Kohn—Nirenberg
pseudo-differential calculus used in the theory of partial differential equations [2] or
time-frequency analysis [10].

In what follows we will use the weight function (-) on R™ defined by

() =~+/1+|u*, ueR".
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’
14.1.1  The Shubin Symbol Classes Ty and ;"™

We begin by defining good symbol classes; the following definition is due to Shubin
[13]:

Definition 1 Letm € R and 0 < p < 1. The symbol class FZ’ (R?") consists of all

complex functions a € C*(R?") such that for every o € N?" there exists a constant
C, > 0 with
10%a(z)| < C, (2)" 1 for z € R™. (14.1)

We set
IR = ﬂmeR I"(R*) = SR™). (14.2)

Obviously I'}? (R*") and r,e (R?") are complex vector spaces for the usual oper-
ations of addition and multiplication by complex numbers. Moreover one easily
checks that

a € I (R*™) andb € T (R*") = ab € T (R™) (14.3)

a el (R and o € N = 9la € Ty~ *I(R*"). (14.4)

The firstimplication is proved by using the generalized Leibniz rule for the derivatives
of a product of functions; the second is obvious in view of the definition of I‘/’f (R?).

Example 2 The reduced harmonic oscillator Hamiltonian H (z) = 1(|x|* + |p|*)
obviously belongs to I'? (R?"), and so does

n

1
H@z) = 57— (P} + miwixg).
j=1 M

More generally any polynomial function in z of degree m is in I'}" (R*").

The following result shows that the class I'}! (IR?") is preserved by linear changes
of variables (this property does not hold for the usual Hormander classes, or their
variants).

Proposition 3 Let a € Ff(Rz”) and M a linear automorphism of R*'. Then
aoM € F/’J”(R”’).

Proof Let us first show that |a(Mz)| < Cy (z)™ for some constant Cy; > 0. Diag-
onalizing the symmetric automorphism M7 M using an orthogonal transformation
we have

Aminl 2> < Mz < Amalzl?
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where A\pin > 0 and Ape > O are the smallest and largest eigenvalues of M7 M. It
follows that
(Mz)™ < max(1, Amax) (2)"

if m > 0, and
(Mz)™ < min(1, Apin) (2)"

if m < 0. We thus have |a(Mz)| < Cy (z)™ for some constant Cy; > 0. A similar
argument shows that for every multi-index o € N*" we have an estimate of the type

0%(a 0 M)(2)| < Cop (2)" 1

where C, 3 > 0. |

In practice we often work with operators of the type
Ab() = (337)" / em"“Va(x, y, p(y)d”yd" p; (14.5)
their symbols are defined, not on R?" = R" x IR, but rather on R = R" x R x R

Here are a few examples:

Example 4 Shubin’s T-operators

Ap) = (35)" / erPCa((l = )x + 7)Y yd" p

and generalized Feynman operators
A = (525)" / R L a(x, p) +aly, pHY(Id"yd" p

are of the type above. Born—Jordan operators XB] = Opg;(a) are also of the type

(14.5) with
1

agy(x,y,p) = /a((l —T)x +T1y)dT.
0

It therefore makes sense to define a symbol class generalizing I')} (R>") by allow-
ing a dependence on the three sets of variables x, y, and p.

Definition 5 Let (m, m’) € R?. The symbol class HZ”’“’(R%) consists of all func-

tions a € C®(R*") having the following property: for every (a, 3, ) € N* there
exists a constant C,g, > 0 such that:

1000]0]a(x, y. p)| < Capy ()" 1004 (x — yym et il (14.6)
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whereu = (x, y, p). The class of all operators (14.5) witha € H:’]”” (R3") is denoted
by Gy (R™). We set H’;"O(R3”) = H:,”(R3").

The consideration of the symbol class HZ"’”’(R”) will allow us to prove some
deep results about Born—Jordan operators.

We will see below that every Ae G} (R") is a T-pseudo-differential operator. We
will use several times Peetre’s inequality

(14 1€ =P <28 + 1€ (1 + [nH)"! (14.7)

valid for £, 7 € R™ and s € R (see for instance Chazarain and Piriou [2]).

14.1.2 Asymptotic Expansions of Symbols

Let us now briefly study the notion of asymptotic expansion of a symbol a €
FZ’ (R*"); we are following closely the presentation in de Gosson [8], §14.1.3; for
details see Shubin’s treatise [13].

Definition 6 Let (a;); be a sequence of symbols a; € FZ” (R*") such that
lim;_, yoom — —o0. Leta € C®(R™). If for every integer r > 2 we have

r—1

a-— Za, e I (R™") (14.8)
j=1

where 71, = max -, m; we will write @ ~ > 7 | a; and call this relation an asymp-
totic expansion of the symbol a.

The interest of the asymptotic expansion comes from the fact that every sequence
of symbols (a;); witha; € lej (R?"), the degrees m ; being strictly decreasing and
such that m; — —oo determines a symbol in some I'}! (R?"), that symbol being
unique up to an element of S(R>"):

Proposition 7 Let (a;); be a sequence of symbols a; € FZ” (R?") such that m j>
mj and lim;_, o m — —00. Then:

o0
(i) There exists a function a, such that a ~ zl aj.
j:

o0
(ii) If another function a' is such thata’ ~ 3" a;, thena —a’ € SR™).
j=1

Note that property (ii) immediately follows from the fact that we have

ﬂmER l—wrr]n (RZn) — S(RZn)
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14.1.3 A Reduction Result

It turns out that an operator (14.5) with symbol a € HZ“”/ (R3") is a Shubin
T-pseudo-differential operator—and this for every value of the parameter 7! To prove
this important result we will need the following simple technical result:

Lemma8 Let f be a linear map R — R", and assume that the linear map
¢ : R — R defined by ¢(x,y) = (f(x,Vy),x — y) is an isomorphism. Let
bely (R?"). The function a defined by the formula

a(x,y, p) =b(f(x,y), p) (14.9)
is in the symbol class H’/’}*‘m‘ (R3™).

Proof Ttis clear that a € C®(R*"). The functions |x| + |y| and | f(x, y)| + |x — ¥]
give equivalent norms on R?". Using Peetre’s inequality (14.7) one easily shows that
that

A+ [f@x I+ Ip)’ - |
=cd - 14.10
A+1fG,nl+1x=yl+1phs — (I+1lx—=yD ( )

for all s € R. The estimates (14.6) follow for a(x, y, p) with m’ = |m]|. [ |

Proposition 9 Let T be an arbitrary real number. (i) Every pseudo-differential oper-
ator A of the type (14.5) with symbol a € HZ””’(R}”) can be uniquely written in the

form A= Op; (a;) for some symbol a, € T’} (R?"), that is

Ap() = (z27)" / eFPa (1= )x + Ty ()d"yd" p:

the symbol a. has the asymptotic expansion

gy

1
a,(x, p) ~ Z — B —
By
3§+”/ (ihax)g(—ihay)h’/a(x, Y. Py
(i) In particular, choosing 7 = %, there exists aw € I (R?") such that 4 =
Opy (aw).

Proof We are following with a few minor modifications Shubin’s original proof
([13], Theorem 23.2; also see the presentation in de Gosson [8], §14.5). For notational
simplicity we assume that 4 = 1. Letus set v = (1 — 7)x + 7y and w = x — y, that
is, equivalently,

x=v+Tw,y=v— (1 —71)w. (14.11)
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The symbol a can then be written
alx,y,p)=alw+71w,v—(1—-7)w, p). (14.12)

Expanding the right-hand side of (14.12) in a Taylor series at w = 0, we geta =
ay + ry where

—_1h!
axroyp = > S o - ) @000 . v, p)

|B+yI=N—1 !
(14.13)
and the remainder term ry is given by the formula
Gy p) = D cp(x = ) s (x, v, p) (14.14)

|B+v=N

the cg, being constants, and
1
I5,(x,y, p) = /(1 — )V N0} 0Ja)w + tTw, v — 1 (1 = T)w, p)di.  (14.15)
0

In (14.13) the expression (&"? dya)(v, v, p) signifies that we have replaced x and y
with v = (1 — 7) x + 7y in the expression 8}?8}(1(% v, p). The expression

00)a)(w + tTw, v — (1 — T)w, p)

in (14.15) should be understood in a similar way. We next note that the operator with
symbol
ag,(x.y, p) = (x — »'(0]0]a) (v, v. p)

is the same as the one with symbol
by, (x,y, p) = i"N@T0]0)a) (v, v, p)

as is immediately seen using partial integrations and the relation
—_ Bt ,ipGe—y) — =B+ 9B+ Lip(x—y)
(x —y)" e =i 8p e .
It follows from formula (14.13) that we have A=A N+ R, N Where A  is the operator
with 7-symbol

;18141

Gly!

ay(x, p) = ()1 =)Mo 9l 0)alx, y, p)ly=

|5+1<N—1
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and R, ~ is the operator with symbol ry given by (14.14). Note that the operator R, N
is a linear combination of a finite number of terms having symbols of the type

1
/(8?”858;’51)(11 +trw, v —1(1 = Dw, p)(1 — )" dr (14.16)
0

with |34~ = N. Let us now show that ry € T17/~*"?(R*). For this it suffices
to show that this is true for the integrand in (14.16), with all estimates uniform in ¢
(note that this is obvious for each fixed # # 0 and true for # = 0 by Lemma 8). Using
the trivial relations

v=>_0-1Ww+trw)+70w—1t(1—-1)w),
tw=w+trw) — (v —1t(1—71)w)

it is easy to see that there exists a constant C > 0 independent of 7 € [0, 1] such that

1< v+ trw|+ v —t(1 — Mw|

C
lv] + [rw]

£C

and we thus have the estimate

|(8§+Wafafa)(v +trw, v —t(1 — w, p)|
< C(l + |U| + |tv| + |p|)m—2ﬂN(1 + |tw|)m'+2pN.

Since for m" + 2pN > 0 we have the inequality

a+ |tw|)m’+2pN

< (L4 ol + o] + [p)™ 2PN (1 + o] + | ph~ "2V,
it is clear that if, in addition, m +m’ =2 0 and m — 2pN < 0, then

|(8§+78)‘?85a)(v +trw, v —t(1 = Tw, p)|
<+l + [ph ™ N A+ ol + ltw| + [ph" ™
< C(L+ ol + p)™ 2N (1 + Jw™

< C'/(L+ vl + [wl =+ [p)" 2N (1 4wy T2m+2eN

where C’ is independent of 7. One estimates the derivatives in a similar way. Now,
let the symbol " € '} (R?") be such that

b'(x, p) ~ D (by(x, p) = by-1(x, p)).
N=0
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Then, if A’ has T-symbol b’ (x, p) it is clear that the kernel of the operator A—Ais
in S(R" x R™). ]

14.1.4 First Continuity Results

The following result shows that the symbol classes HZ”'”’ (IR3") lead to a neat operator
calculus; writing as above formally an operator A as

Ay = (55)" / eFPCa(x, y, pyo(y)d” yd" p

we have:

Proposition 10 (i) Every operatorA\ € GY (R™) is a continuous operator S(R") —
S(R™) and can hence be extended into a continuous operator S'(R") —> S'(R").
(ii) If A € G (R"), then A" € G (R™). (iii) If A € G"(R") and B € G (R") then
AB € G (RM).

Proof (i) That we have a continuous extension A S (R") — S’(R") follows from
the first statement by duality provided that the transpose AT is also in G} (R"). This
immediately follows from formula (9.44) in Proposition 17, using the estimates (14.1)
satisfied by the Shubin symbols. The proof of the continuity property A: SR —
S(R") is classical, and similar to the one one uses to prove the continuity of operators
with symbols in the Hormander classes; we omit it here. (ii) follows from formula
(9.45) Proposition 17. The proof of (iii) is omitted; see Shubin [13], Theorem 23.6. &

The following boundedness results is important:

Proposition 11 (i) Let a € Fg(RZ”). For every 7 € R the Shubin operator A, =
Op, (a) can be extended into a bounded operator on L>(R™). (ii) Let a € FZ’ (R,

m < 0. Then KT = Op,(a) can be extended into a compact operator on L*>(R™).

Proof The proof of both properties requires the anti-Wick formalism, which we do
not study here. See Shubin [13], Theorem 24.3 for property (i) and Shubin [13],
Theorem 24.4 for (ii). [ |

In ordinary pseudo-differential calculus one often expresses continuity results in
terms of the usual Sobolev spaces H*(R"), defined by the condition

/ 1D(p)P + |p)d"p < .

Since the vocation of the operators studied in this chapter is to incorporate global
behavior, it is appropriate to introduce the following variant of these spaces:


http://dx.doi.org/10.1007/978-3-319-27902-2_9
http://dx.doi.org/10.1007/978-3-319-27902-2_9
http://dx.doi.org/10.1007/978-3-319-27902-2_9
http://dx.doi.org/10.1007/978-3-319-27902-2_9
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Definition 12 Fors € R the global Sobolev space Q° (R") consists of all ) € S’ (R")
such that
Q' (R") = L;(R™) N H* (R™").

The norm on Q°(R") is defined by ||¢)||gs = ||Ls1|| where

Lab(x) = (5)" / EPE (Y PE(p)d" p.

The space Q°(R") can be equipped with an inner product making it into a Hilbert
space, and we have the equalities

N L ®)=S®, ] _,0'®)=5®" (14.17)

and that following regularity result holds:

Proposition 13 Every operator Ac G} (R") is a continuous operator Q*(R") —

QX—WI (Rn).

In particular, using (14.17) we have A:S®R" — S(R") and A : S'(R") —>
S’ (R™) (cf. Proposition 10, (i)).

We mention that the study of Q°(R") is best understood within the framework of
Feichtinger’s modulation spaces which will be introduced later in this chapter.

14.2 Modulation Spaces

Feichtinger’s [4—7] modulation spaces form a category of functional spaces which
plays a fundamental role in many theoretical and practical questions in analysis.
They were originally designed to study phase-space concentration problems in time-
frequency analysis, but their importance in quantum mechanics has been more
recently realized. In this section we review a subcategory; for a rather exhaustive
treatment see Grochenig [10]; in de Gosson [8] (Chap. 17) we have given a review of
modulation spaces from the point of view of the Wigner formalism; we are following
this exposition here. We refer to Feichtinger’s review paper [7] for a comprehensive
description of recent research and advances in the topic.

14.2.1 The Modulation Spaces M

Recall that (z)* = (1 + |z|?)*/?. We denote by L{ (R?") the space of all ¢ € S'(R*")
such that (-)* ¢ € LI(R>); itis equipped with the norm
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1/q
]l = (/I(Z)¢(Z)|qd2"z) .

Definition 14 The modulation space M (R") consists of all ¥y € S’(R") such that
Wig(v, ¢) € LI(R?") for every “window” ¢ € S(R"). When ¢ = 1 and s = 0 the
space MO1 (R™) = Sp(R™) is called the Feichtinger algebra.

One proves that So(R") is an algebra both for pointwise product and for convolu-
tion, and that one has the inclusions

S(R") c Sy(R") ¢ CO(R") N LY (R™) N L*(R"). (14.18)

The modulation space M (R") is equipped with the family of norms defined by
Nl g, mg ey = [IWig(®), P = / (Wig(y), ) (@) (z)* d*"z. (14.19)

We have defined M{ (R") by requiring that W (¢, ¢) € L{ (R?") for every window
¢. In fact, it suffices to verify this condition for one window. The two following
results summarize the main properties of My (R"). The first is about the topological
properties of that space:

Proposition 15 (i) We have 1 € M{R") if and only if we have Wig(y, ¢) €
LI (R?") for one (and hence every) window ¢ € S(R"). The topology of M (R") is
defined by using a single norm || - ||, ya; moreover all the norms obtained by letting
¢ vary are equivalent. (ii) The modulation space M{ (R") is a Banach space for the
topology defined by the norm || - || p. (iii) The Schwartz space S(R") is a dense
subspace of each of the modulation spaces M (R").

Proof See Grochenig [10], Chapter 11, especially Proposition 11.3.4. |

The second result show that M (R") is invariant under translations and metaplec-
tic transformations:

Proposition 16 (i) The space M (R") is invariant under the action of the Heisen-
berg operators T (z); in fact there exists a constant C > 0 such that

IT@Yllgme < C @) 1111000 (14.20)

(ii) Let Se Mp(n). We have TS’\w e M{(R") ifand only ifyp € M{ (R"). In particular
M R") is invariant under the Fourier transform.

Proof (i) We can choose ?(zo)¢ as a window since ?(zo)¢ € S(R") if and only if
¢ € S(R"). We have

Wig(T (z0)0, T (20)9)(z) = Wig(¥, $)(z — 20)
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hence it suffices to show that L (R?") is invariant under the phase space translations
T(zo) : 2 —> z + zo. We have

T (zo)¥ll7, = / lth(z = z0)I? (2)7° d*'z
=/I¢(z)|" (z+ 20)%° d™'z

=< (Z)“/Iw(z)l" ()4 d*z

hence our claim; the estimate (14.20) follows. (ii) We have v € M{ (R") if and only
if Wig(y, ¢) € LI(R?>") for one window ¢ € S(R"); if this property holds, then it
holds for all windows. In view of the symplectic covariance of the Wigner transform
we have

Wig(S, ¢) = Wig(S¥, S(S'$))(2)
= Wig(), (S7'¢))(57'2)
hence Wig(St, ¢) € LI (R*") if and only if the function Wig(e), (S~1¢)) o S~ is in

LI(R?"). But this condition is equivalent to Wig (1), (S~1¢)) € L1 (R>") since S~'¢
can be chosen as a window, hence St € M{ (R"). |

This result in particular applies to the Feichtinger algebra Sy(R") = M& (R™).
In fact, one can show (Grochenig [10]) that So(R") is the smallest Banach algebra
containing the space S(R") which is invariant under the action of the metaplectic
group Mp(n) and the Heisenberg operators.

The Shubin spaces Q°(R") are particular cases of modulation spaces:

Proposition 17 We have Q°(R") = M?(R") for every s € R.

Proof See [1], Lemma 2.3. |

14.2.2 The Generalized Sjostrand Classes

Let us set, for s > 0,
(@ ON = A+ 1zl + ¢ (14.21)

Definition 18 The modulation space M>!(R>") consists of all @ € S'(R*") such
that there exists a function ¢ € S(R?") for which

/ sup [Wig(a, 9)(z, O1(((z, O))’d¢ < o0 (14.22)

zeR¥
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where Wig is the cross-Wigner transform on R?", One calls M (R?") = M (R>™)
the Sjostrand class.

The space M>°! (R*") was introduced by Sjostrand [14, 15] using very different
methods. It is easy to check that for every window ¢ € S(IR**) the formula

laller = [ sup[Wigta o). OGO [de <00 (1429

defines a norm on M>!(R?"). As is the case for the modulation spaces My (R")
condition (14.23) is independent of the choice of window ¢, and when ¢ runs through
S(R?") the functions || - ||¢’MDQl form a family of equivalent norms on M2>!(R>"). It

turns out that M>>! (R?") is a Banach space for the topology defined by any of these
norms; moreover the Schwartz space S(R>") is dense in M L(R™).

The Sjostrand classes M1 (R*") contain many of the usual pseudo-differential
symbol classes and we have the important inclusion

CHIR™) ¢ M (R™) (14.24)
where Cg"“ (IR?") is the vector space of all functions which are differentiable up to
order 2n + 1 with bounded derivatives. In fact, for every window ¢ there exists a
constant Cy4 > 0 such that

llall s < Collallcan = Cy D" 1105 Allec. (14.25)
|la]<2n+1

The generalized Sjostrand classes are invariant under linear changes of variables:

Proposition 19 Let M be a real invertible 2n x 2n matrix. If a € M>1(R*") then
aoM € M>'(R®"), and there exists a constant Cyy > 0 such that for every window
¢ and every a € M2 (R*") we have

lla o M|} s < Callall} . (14.26)

where 1) = ¢po M\,

For a proof, see Proposition 7 in de Gosson and Luef [9].

We are next going to show that M>!(R*") is invariant under the action of the
metaplectic group Mp(2n) corresponding to the symplectic group Sp(2n) of the
symplectic space (R*" x R>, o @ o).

Proposition 20 Let Se Mp(2n) and a € S'(R*"). We have a € M. fo’l(Rz") if and
only if Sa € M>'(R*") and we have

18all}f.s < ApulISall] (14.27)

— “‘max M
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where X5 is the largest eigenvalue of ST S € Sp(2n), S = I(S).

max

Proof Let S € Sp(2n) be the projection of S e Mp(2n). We have, using the sym-
plectic covariance of the Wigner transform,

Salfe, = [ sup [WieGa. So)z. 014Gz, | ac

zeR -
= / sup [ Wig(a, (8™ (2, DI (12, O))* ] d¢
zeR -

= / sup | [Wig(a, 6)(z. O)I((S(z. )| dc.

zeR> L

Now ((S(z, 0))) = Amax((z, ¢)) hence

Sal}fes = N [ sup [Wikta 01 OIttz. |c

zeR?"

which is the inequality (14.27). |

The following result (Grochenig [11]) shows that the Weyl correspondence a Bt

A is a continuous mapping M (R*") — M (R"):

Proposition 21 Leta € M (R2"). The Weyl operator Ay = Opy(a) is bounded
on M{(R") for every q € [1, o0l and there exists a constant C > 0 independent of
q such that following uniform estimate holds

- (6]
1AW < Cllally

foralla € MS"O’1 @R>) (|| - ||(A);1 is the operator norm on the Banach space M{ (R")).

The Sjostrand class M (R?") contains the Hormander symbol class Sgyo(]RZ”).
The result above implies as a particular case a Calder6n—Vaillancourt type result: if
a € S),(R>") then A = Opyy(a) is bounded on L*(R").

For our purposes the following property is very important:

Proposition 22 Leta, b € M (R*"). Thenc = axpb € M (R*). Inparticular,
for every window of the type ¢ = Wigp where p € S(R"), there exists a constant
Cy > 0 such that

lla % b1 s < Collall o 1B -

Since obviously a* € M>!(R*") if and only and a € M>!(R*") the property
above can be restated by saying that M (R>") is a Banach *-algebra with respect
to the Moyal product %5 and the involution a — a*.
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14.3 Applications to Born—-Jordan Operators

We are going to prove the central result of this chapter, Proposition 24. It says that
if the symbol a belongs to the Shubin class IT}! (R?") then the Born—Jordan operator

XBJ = Opg;(a) is a Weyl operator with symbol also in H’;’ (R,

14.3.1 A Fundamental Result

We are now going to show that every Born—Jordan operator with symbol in one of
the Shubin classes is a Weyl operator with symbol in the same class; for this we will
need the following elementary Lemma (F. Nicola):

Lemma 23 Let £ and ) be positive numbers and m € R. We have
min{¢", 7"} < C(E+n" (14.28)

where C = 1, whenm < Q0 and C = 27" whenm > 0.
Proof The case m > 0 is straightforward: we have

min{¢", 7"} < " + 0" < €+ "
Suppose m < 0; if £ < n we have

min{¢", 7"} =n" <27 (€ + )"
the case £ > 7 follows in the same way. |

Proposition 24 Let XB] = Opg,(a) witha € II}! (R?"). (i) For every T € R there
exists a; € F;’f (R?") such that ZBJ = Op,(a;). (ii) In particular, every Born—Jordan
operator with symbol a € TI}} (R?") is a Weyl operator with symbol aw € Iy (R?).

Proof Property (ii) follows from (i) choosing 7 = % (i1) Consider the 7-pseudo-
differential operator A, = Op_(a):

A = ()" [ Va1 = x4 v pu)sd"p

and set
1

agy(x,y, p) = /a((l —T)x + 71y, p)dT. (14.29)
0



14.3  Applications to Born—Jordan Operators 213

We thus have
Apr(x) = (525)" / e P Vag(x, y, pyv(y)d"yd" p

which is of the type (14.5). Let us show that ag; € I'IZI*'"' (R3), i.e. that we have
estimates of the type

10300 aps(x, v, )| < Cag{(x, y, p))" 0 (x — ) 0BT (14.30)

for some m’ € R independent of «, (3, . The result will follow using Proposition 9.
Let us set

b;(x,y,p) =a((l —7)x + 71y, p);

we have ’
00y Obr(x. y, p) = (1 =) TG F0b, (x, v, p)

hence, since a € HZ”" (R3"), we have the estimates

10700, b-(x, . p)l (14.31)

x“y“p

< Copsy (1= DI = 7x + 7y, p))" =701,
Now, by Peetre’s inequality (14.7) we have

(1 = 7)x + Ty, p))y"—rlotil

< C{(x, p))m—ﬂlu-kﬁ-‘r’v\ (r(x — y)>|m|+p|u+6+'y|
as well as

((I=7)x + Ty, p))'"*ﬂla+8+y|
=< C((y, p))m*/)‘(l+@+'7‘<(1 —7)(x — y))|m|+P|a+8+~/|

Combining these two inequalities we find

(L= m)x + 7y, p))" et

< C min{{(x, p))mfma#@ﬂ\’ (v, p)>'n*ﬂ|a+:3+vl}<x _ y>\m\+p\a+ﬁ+v\
This implies that

(1= 7)x + 7y, p))"=rletin
< C/mfp\oﬂrﬂﬂ\(x _ y>\m\+p\a+3+7\
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where we used the inequality (14.28). Together with (14.31) this inequality implies
(14.30) with m" = |m| after an integration on 7. |

Example 25 Let n = 1 and choose for a(x, p) the monomial x”p?. We have
Opg, (x*p*) = %(fzﬁz + pXp + pxY)
and
Op, (x?p?) = %2> + 27(1 — 7)pxp + (1 — 7)°p°%).

An immediate calculation shows that

OPBJ(xzpz) = OP1/2(§XZP2)~

14.3.2 Application: Some Boundedness Results

The following consequence of Proposition 24 is straightforward:

Proposition 26 Suppose that a € I']'(R"). Then the Born—Jordan operator Agy =
Opg;(a) is a continuous operator ZB_] : O°(R") — QF™(R").

Proof In view of Proposition 24 we can write XB] = Op,(a,;) witha, € FZ’ (R™). It
now suffices to apply Proposition 13. |

We also have the following L2-boundedness result:

Proposition 27 Let a € T')(R*"). Then Agy = Opg,(a) is a bounded operator on
L2(RM).

Proof 1t suffices to apply Proposition 24 to Proposition 11, (i). |

Here is a rather general result, which shows the flexibility of Proposition 24; recall
that C;" ' (R?") is the algebra of all complex functions @ on R*" whose derivatives
0%a are bounded for |a| < 2n + 1.

Proposition 28 Let a € Cf"H(RZ”). The operator KB] = Opg,(a) is bounded on
the modulation spaces M9 (R") = M{(R") for every g > 1.

Proof Recall (formula (14.24)) that C"™'(R*") < Mg>'(R?"). Tt follows from
Proposition 24 that there exists a symbol b € M° 1(R?") such that Agy = Opy (D).
It now suffices to apply Proposition 21. |

We finally mention the following continuity result, which is a particular case of a
more general statement due to Elena Cordero (unpublished'):

IPrivate communication.
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Proposition 29 LetAa e M1(R*) = Mg (R*") and XBJ = Opg;(a). Forr > 1 and
q > 2 the operator Ay extends into a bounded operator on M" (R") = My(R") and
there exists a constant Cy , > 0 such that

1Al lmr = Cq.rllallae 11911 mr

forall € M"(R>").

We omit the proof; it is a particular case of previous results obtained by Cordero

and Nicola [3] in the Weyl case.
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