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Preface

This volume contains the proceedings of the conference Spectral Theory and Math-
ematical Physics, which took place at Pontificia Universidad Catdlica de Chile
(PUC), Santiago, in November 2014. The main purpose of this conference was to
bring together a number of established specialists in spectral theory and math-
ematical physics, as well as some young and beginning researchers in this field
in order to connect people from different schools and generations, give them the
opportunity to exchange ideas, and try to attract more young mathematicians to
this fascinating area of research.

The conference Spectral Theory and Mathematical Physics and the preceding
course on random Schrédinger operators given by Werner Kirsch and Ivan Veseli¢
were organized within the framework of the International Spectral Network, fi-
nanced in the Chilean side by Iniciativa Cientifica Milenio (ICM) of the Chilean
Ministry of Economy. All the organizers belong to the Millennium Nucleus in
Mathematical Physics RC120002. They gratefully acknowledge the financial sup-
port of ICM through the project Networking 2013, as well as support of the other
conference sponsors: the Vice-Rectory of Research and the Faculty of Mathematics
of PUC, the International Association of Mathematical Physics, and the Chilean
Science Foundation FONDECYT. Special gratitude is due to the administrative
staff of the Faculty of Mathematics of PUC for logistic help in organization of the
conference.

We would like to thank the conference mini-course lecturers Serge Richard
(Nagoya) and Fedor Sukochev (Sydney); our invited speakers: Jean-Marie Bar-
baroux (Toulon), Virginie Bonnaillie-Noél (Rennes), Vincent Bruneau (Bordeaux),
Horia Cornean (Aalborg), Rafael del Rio (Mexico), Erdal Emsiz (Santiago), Clau-
dio Fernadndez (Santiago), Dietrich Héfner (Grenoble), Werner Kirsch (Hagen),

tersburg), Rolando Rebolledo (Santiago), Thomas Sgrensen (Munich), Matéj Tusek
(Prague), and Ivan Veseli¢ (Chemnitz); and the students who gave talks: Harold
Bustos (Santiago), Fabien Clivaz (Ziirich), Dhriti Dolai (Chennai), Tomés Lungen-
strass (Santiago), Joseph Mehringer (Munich), Daniel Parra (Lyon), and Hanne
van den Bosch (Santiago).

This volume contains survey articles as well as original results presented at
the conference. Most of the articles are dedicated to some of the following topics:



viil Preface

Ergodic Quantum Hamiltonians

Magnetic Schrédinger Operators

Quantum Field Theory

Scattering Theory

Semiclassical and Microlocal Analysis

Spectral Shift Function and Quantum Resonances

As editors, we are grateful to the authors who contributed to this book, and
to all the anonymous referees for their professional and time-consuming work. We
would also like to thank Liliya Simeonova for handling manuscripts and referee
reports and for technical assistance in the preparation of the volume.

The proceedings Spectral Analysis of Quantum Hamiltonians of the confer-
ence held in Santiago in 2010, were published in the Birkh&user series Operator
Theory Advances and Applications in 2012. The present publication is the second
of what we hope to be a series of proceedings of regular conferences on spectral
theory held in Santiago de Chile.

Marius Mantoiu
Georgi Raikov
Rafael Tiedra de Aldecoa
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Lower Bounds for Sojourn Time in
a Simple Shape Resonance Model

J. Asch, O. Bourget, V.H. Cortés and C. Fernandez

Abstract. We consider a simple model for shape resonance in the spirit of
Gamov and prove that the sojourn time diverges as the square root of the
height of the barrier. This result illustrates the power of Lavine’s lower bound
theory.

Mathematics Subject Classification (2010). 35P99, 81Q15.

Keywords. Quantum resonances, lifetime estimates.

1. Introduction

Shape resonances have been studied since the youth of quantum mechanics in order
to explain radioactive decay, see, e.g., [4]. To be specific, consider the Schrodinger
operator

d2

dx?
on the positive half-axis with Dirichlet boundary condition at zero and a potential
bump V, of height a > 0, compactly supported away from the origin and an energy
FE <a.

Gamov observed that an initial state ¢ of energy E, supported between the
Dirichlet wall and the potential, decays in time with a rate proportional to v/a — E
(see [4]). In the present contribution, we show that a lower bound proportional to
va — E holds for the sojourn time of such states for a specific family of real-valued
potentials (Vg)q>0 (see Theorem 2.1). We achieve this by using Lavine’s lower
bound theory, which is recalled in Section 2. The proof is developed in Section 3.

H, = + Va,

The first author was supported by ECOS-Conicyt C10 E01, EPlanet.
The second, third and fourth author were supported by Proyecto Fondecyt No. 1120786, No.
1141120 Anillo Conicyt PIA-ACT 1112.
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FIGURE 1. Potential bump of height a

2. Preliminaries and main result

2.1. The model
We recall the main features of the model introduced in [3]. We study specifically the
family of Schrédinger operators (H,)q>0 defined on H := L?(0, 00) with Dirichlet
boundary conditions at 0 by

2

H, = — = AV, 2.1
d2 +V + Vi (2.1)
where V,, = aV and V is the function defined on [0, o) by:
if
Vi) = 0 1 z € [0,m) U (7 +b,00) (2.2)
1 fr<az<nm+bd

with b > 0 fixed. The common domain of self-adjointness Dy of the family (H,) is
given by:

Dy = {¢ € L*(0,00); , ¢z a.C., pyz € L*(0,00),9(0) = 0},
where a.c. means absolutely continuous.

For all @ > 0 the spectrum of H, is purely a.c. and is given by: o(H,) =
[0,00) ('see [2]). In the limit when a tends to infinity, we introduce the self-adjoint
operator Hy, defined on the Hilbert space Hoo := L%(0,7) & L% (7 + b,00) by
H. = H;i, ® Hout where H;, and Hyy: denote the Laplace operator —A defined
respectively on the domains:

Din = {¢> € L2(0,7T);(Z), (Z)ac a~c-a¢)acac c L2(077T)a¢)(0) =0= (Z)(TF)},
Dout = {(b S L2(7T + b? OO),¢, ¢)a: aﬂc'v(bmz S L2(7T + b? OO)’QS(T( + b) = 0} .
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The spectrum of Ho, is purely absolutely continuous and is given by o(Hout) =
[0, 00) while the spectrum of Hj, is purely discrete and given by o (Hi,) = {m?;m €
N}. Moreover, the sequence of functions (g, )men defined on (0, 7) by

gm(x) = \/2/7 sin(maz) (2.3)

is an associated orthonormal basis of eigenfunctions of Hj,. We also note that
Heoo can be embedded isometrically in H via the map J: Hoo — H where for any
0 € Hoo, Jp(x) = () if z € (0,7)U(b+7,00) and Jp(x) = 0 otherwise. Abusing
notations, we identify H, as a subspace of H in the sequel.

2.2. Energy-time uncertainty principle
We refer to [1] for full details.

Definition 2.1. Let H be a self-adjoint operator on a Hilbert space H and ¢ € H.
The sojourn time for the state ¢ with respect to the Hamiltonian H, is defined by:

o0

T(H, ) :/ (e~ H Q2 dt

Definition 2.2. Let H be a self-adjoint operator on a Hilbert space H, A € R and
v € H\{0}. The energy width A(H, ¢, \) of the state ¢ at A w.r.t the Hamiltonian
H is defined as the unique real number:
1
A(H,p,\) = inf {e >0: e ||RONHde)p||* > 2}
=inf{e > 0:2¢(p, R(A +ie)p) > 1}
where R(z) := (H — 2)7!, z € p(H).
The next result is cited from and proven in [1], Theorem 2.5.

Lemma 2.1 (Uncertainty Principle). Let H be a self-adjoint operator on a Hilbert
space ‘H. Then, it holds that for any state ¢ € H and any A € R,

T(H,p) = A(H,p,A)7". (2.4)
Further considerations can be found in [1], [5], [9].

2.3. Main result

We follow the notations of the previous sections. Given (a,m) € (0,00) x N, we
denote by A, := A(Hq, gm, m?) the energy width corresponding to the state gy,
at energy m?. By explicit calculations, the time asymptotic obtained in [3] can be
used to prove that there exists a positive constant C, independent of a such that

T (Ha, gm) < CVa —m?

for all @ > a; for some a; > m?. Here, we construct an explicit upper bound for
the energy width, which provides a lower bound for the sojourn time, of the same
order.
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Theorem 2.1. Let (H,) be the family of self-adjoint operators defined by (2.1).
Then
2m?

(a) limg o0 Aa,m \/a —m? = i
(b) there exists a positive constant ¢, independent of a such that
T(Ha, gm) > cVa —m?

for all a > as for some as > m?.

3. Technicalities

3.1. An ODE lemma
In this section we construct and compute the Green function for the differential
self-adjoint operator H acting on H = L% (0, 00) given by

d2
da?
where V satisfies the following properties:

H= +V

(C1) V is a real-valued nonnegative function.
(C2) V € L*™(0,00).
(C3) V has compact support contained in the interval [0, 7 + b].

Let us denote by ¢1,¢2 two linear independent solutions of the eigenvalue
problem,

_¢// + V¢ = k2¢7 X Z 0; (31)

where k2 = X\ + ie is a complex number with €, A real positive numbers.

Following [6], we require that the eigenfunction ¢, satisfies the initial condi-
tions ¢1(0) = 0,¢7(0) = 1 while ¢2 is chosen in such way that ¢4 (z) = ik¢a(x)
for x > m+ b and such that the Wronskian W (x) := W (1, ¢2)(x) = ¢1(z)p5(x) —
@) (x)p2(z) = 1. Actually, these functions are square integrable for Sk positive
and bounded, for k real (see [6]).
Remark: Following [7], we can also prove that resonances for our problem are lo-
cated in the lower complex half-plane. Since in our discussion, Sk > 0, we cannot
construct a solution to (3.1) which satisfies both the Dirichlet and outgoing condi-
tions. This implies that the functions ¢; and ¢- are a priori linearly independent.

Lemma 3.1. Let f be an L*>(0,00) function with compact support. The unique
solution of

"V =k*p+ f x>0
with ¥(0) = 0 and Y(z) = c1e™*® for |x| large, is given by

vle) = ~on(o) [ " a1 () dr — () / Com i dr. (3.2)

Proof. Existence and uniqueness are granted since k is not a scattering frequency
(Sk > 0). The representation (3.2) comes from the usual variation of parameter
formula and the fact that the Wronskian W (z) = 1. O
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3.2. Resolvent representation

Throughout this section we assume that k? = X +ie with 3k > 0. Our goal in this
section is to study the asymptotic behavior, for a large, of the Fourier transform
of the quantity

qm(a,k) = (gm, (Ha = X —i€) "' gm) , (3-3)

where gy, is the eigenfunction of H., defined by (2.3).
Let us denote f,, = (H, —k?)"'g,,. By Lemma 3.1 and since g,, is supported
on [0, 7] we get that

fonl) = — 1 (2) / " a(r) g (7) dr — () / o (Mgm(r)dr. (3.4)

First we work out with the factor [ ¢o(7)gm (7) dr.

Clearly, the barrier potential V, satisfies conditions (C1), (C2) and (C3).
Recall that we have chosen two linear independent solutions of the eigenvalue
problem (3.1) with V = V. Using that —¢/ + V,¢2 = k¢ we obtain that

s

(k2 = m?) / " () g (7) dr = / (6 (7)62(7) — g (7)) dr
- W(¢27gm)(7r) - W(¢2agm)(x)'

A similar argument applies to the second factor, concluding that
4 1
[ omamrir =, L (V0n00)() = W(62.0,) @)
r 1
| o@amrir= 1w g@).

Coming back to the resolvent representation (3.4) together with the above identi-
ties, we obtain that

1
k2 _ m2 (
= (oM (M) () — gm() |

k2 — m2

fm(x) = = 2(m) gy, (7)1 () — g (2)W (61, 62))

We resume the above computations in the following lemma.

Lemma 3.2. Let H, be the self-adjoint operator defined by (2.1) and k* = X\ + ie
with € > 0 and A € R. Consider g,, an eigenstate of the limiting self-adjoint
operator Hoo = Hiy, ® Houy. Then

@) =, ' (~oam (M (@) — gm(a)) - (3.5)

k2 — m2
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As a direct consequence, we have that:

Theorem 3.1. Let H, be the self-adjoint operator defined by (2.1) and k? = \ +ie
with € > 0. Consider g,, an eigenstate of the limiting self-adjoint operator Hy, =
Hi, ® Hout. Then
1 m)gh (m T
qm(a, k) = k22 T ¢2k;(2 )_97711(2 ) /0 $1(2)gm (z)dz . (3.6)

Since the eigenfunction ¢; is explicitly known inside the barrier, we only need
to estimate the coefficient ¢2(7), in terms of the height a of the barrier V.

We now proceed to construct two linear independent eigenfunctions, ¢1, @2
of the operator (3.1) satisfying that ¢1(0) = 0,¢,(0) = 1, ¢ = tk¢ps for x > 7+ b
and W(¢17¢2) =1.

We start by building a function v € L2)(0, 00) such that —o" +V,(x)¢ = k%
for x > 0. First, we choose

Y(z) =e*® for > +b.

For m < & < 7 + b, the equation reads —¢" = (k? — a)u and, by matching
the boundary conditions at m + b, we have that inside the barrier 1 is given by

eth(m+b)

) =", ((ak +ik)em (T anT (g, ik)e“’“(”+b)e_“’“’”> (3.7)
where a;, = va — k2. Notice that the L? property is guaranteed by the condition
Sk > 0. We notice that as a becomes large, Ray > 0.

Next, we proceed by extending the solutions to the region 0 < x < 7, where
the equation becomes —v"" = k21). Applying a similar argument we conclude that

k() + V(7)) _ikr ike , RO(T) = () ik _ika
vie) = 2ik coe T 2ik o
for 0 < & < m where (), ¢’ (7) are given by (3.7).

(3.8)

Lemma 3.3. Consider k* = X\ + ie. For the potential barrier V, given by (2.2)
there exist two linearly independent eigenfunctions, ¢1,d2 of the operator (3.1)
satisfying the conditions: ¢1(0) = 0,¢1(0) = 1 and ¢4 = ikpo for x > w+ b with
W (1, 02) = 1. In addition we have that

2k [W'(x) . Ak)\
o= o (atmy * %) (39)
with ar, = vVa — k2, A(k) = e= ™ 4 e and B(k) = e~ — k7,

Proof. Notice that for a large enough, 1(0) # 0 where v is the extension defined
by (3.8). Now, we choose ¢a(z) = _zp(lo) (). Clearly, W(¢1,¢2) = 1 and ¢o(m) =
_1/1(10) (7). By evaluating (3.8) at =0,

/
b =2 AT+ T (=)
From the above identity we conclude (3.9), thus ending the proof. O
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3.3. Proof of Theorem 2.1
Proof. 1t is easy to compute that

| n@an@rde =, L@@,
Thus, (3.6) becomes
m2
(e (o =2 =10 gy == L=y G (ma(),

By taking A = m? we deduce that the corresponding imaginary part of this qua-
dratic form is given by

i) gm) = L+ S(imea(r) . (310)

Next, by using the definition of the energy width, identity (3.10) and by choosing
€ = Ay m >0, we deduce that
1
2

S Gm, (Ho — m?

m2
— €9 (g (Ho —m? i) ') =1+ 2" S(oa(ma(m)) (3.1

TAgm
where A, is the energy width, A, ,, = A(Hy, gm, m?).
This proves that
4m?
Bam = =" 3(61(m)2(m)).
The generalized eigenfunction ¢ is explicit in the interval [0,7], indeed
o1(m) = — Bzgi)- By using this and the representation of ¢, we conclude
1
p1(m)p2(m) = ;
Y(m) 1 AR
v TR )
where the auxiliary function ¢ is given by equation (3.7) in the interval [mr, 7 4 b].
Here, A(k) and B(k) are given in Lemma 3.3 and k2 = m? + ie.
Thus, the energy width at the unperturbed eigenfunction g, satisfies
4m? 1
Agm = — 83 . (3.12)
&, P(m) 1 Ak)
" wim T )
When « tends to infinity, both terms in the denominator inside the imaginary
part of this expression approach infinity.
By (3.7), the first of these terms is
w/(ﬂ') = ax (ak + ’L:k?)e*akb — (ak — ’L:k)eakb | (313)
() (ar + ik)e—ub + (aj, — ik)eoxd
where a;, = vVa — k2.
On the other hand, since the operator H, converges in the strong resolvent
sense to H, we have that as a — oo, the energy width e = A, ,, converges to
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zero. This fact also follows directly from the equation (3.12), by multiplying both
sides by Va —m? and computing the limit when a — oc.
A direct computation gives that for a large and hence, € small,

T T, 3
B(k) = € a3 +O0(e).
Also,
Ay =2- " &40
n om© €

Therefore, equation (3.12) gives

2 —1
4m2 92_ T 62 + 0(63)
Aam = - R} ik m ’
, - Ry (ak0k+l ;6 ™ 62+O(€3)

T 4ms3

where
(ag + ik)e™ b — (ap — ik)e?

. 3.14
(ar + ik)e=uwb + (aj, — ik)ear? (3:14)

Cp =
We finally divide both sides by e = A, ,, to obtain
2 —1
4 2 92_ T 2 O 3
1=-"T"g eagcy + ik 27’7Lr6 ' (62)
— ma€+O(e?)

™ m

From the formula (3.14), we deduce that ¢ — —1, as a — oco. Hence,

L := lim aie
a—r 00
exists and it satisfies
4m? 1
1=— & omz | -
™ —L+

This gives

2 2
L = lim ae = m
a—r 00
Part (a) follows from the fact that lim, .. ax(a —m?)~1 = 1 and we conclude the

estimate (b) from the uncertainty principle Lemma 2.1. O

We remark that while we used formula (3.12 ) to estimate the asymptotic
behaviour of the energy width, as a diverges, the formula could also be used to
obtain an asymptotic expansion and thus a more precise lower bound for the
sojourn time.
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Spectral Properties for Hamiltonians
of Weak Interactions

Jean-Marie Barbaroux, Jérémy Faupin and Jean-Claude Guillot

Abstract. We present recent results on the spectral theory for Hamiltonians of
the weak decay. We discuss rigorous results on self-adjointness, location of the
essential spectrum, existence of a ground state, purely absolutely continuous
spectrum and limiting absorption principles. The last two properties heavily
rely on the so-called Mourre Theory, which is used, depending on the Hamil-
tonian we study, either in its standard form, or in a more general framework
using non self-adjoint conjugate operators.

Mathematics Subject Classification (2010). 47B25, 81Q10, 81T10, 83C47.

Keywords. Mathematical models, quantum field theory, decay of gauge bosons,
spectral theory, thresholds.

1. Introduction

We study various mathematical models for the weak interactions that can be pat-
terned according to the Standard Model of Quantum Field Theory. The reader may
consult [30, (4.139)] and [50, (21.3.20)]) for a complete description of the physical
Lagrangian of the lepton-gauge boson coupling. A full mathematical understand-
ing of spectral properties for the associated Hamiltonians is not yet achieved, and
a rigorous description of the dynamics of particles remains a tremendous task.
It is however possible to obtain relevant results in certain cases, like for example
a characterization of the absolutely continuous spectrum and limiting absorption
principles. One of the main obstacles is to be able to establish rigorous results with-
out denaturing the original (ill-defined) physical Hamiltonians, by imposing only
mathematical mild and physically interpretable additional assumptions. Among
other technical difficulties carried by each models, there are two common problems.
A basic one is to prove that the interaction part of the Hamiltonian is relatively
bounded with respect to the free Hamiltonian. Without this basic property, it is in
general rather illusory to prove more than self-adjointness for the energy operator.
This question can be reduced to the adaptation of the N, estimates of Glimm
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and Jaffe [21], as done, e.g., in [8], with however serious difficulties for processes
involving more than four particles or more than one massless particle. Another
major difficulty is to prove a limiting absorption principle without imposing any
infrared regularization. This problem can be partly overcome at the expense of a
careful study of the Dirac and Boson fields, and thus a study of local properties
for the generalized solutions to various partial differential equations, like, e.g., the
Dirac equations with or without external fields, or the Proca equation.

Derivation of spectral properties for weak interactions — or very similar —
models have been achieved in [7, 8, 2, 22, 11, 13, 26, 4, 9, 10, 32, 33]. In the present
article, we present a review of the results of [2, 11, 13, 32, 4, 9], focusing on two
different processes, one for the gauge bosons W+ and one for the gauge boson Z°.
These models already catch some of the main mathematical difficulties encountered
in the above-mentioned works. The first model is the decay of the intermediate
vector bosons W7 into the full family of leptons. The second is the decay of
the vector boson Z° into pairs of electrons and positrons. Both processes involve
only three different kind of particles, two fermions and one boson. However, they
have a fundamental difference. The first one involves massless particles whereas
the second one has only massive particles. This forces us to use rather different
strategies to attack the study of spectral properties.

First model: In the weak decay of the intermediate vector bosons W into the full
family of leptons, the involved particles are the electron e~ and its antiparticle,
the positron e™, together with the associated neutrino v, and antineutrino 7,
the muons p~ and pt together with the associated neutrino v, and antineutrino
v, and the tau leptons 7= and 77 together with the associated neutrino v, and
antineutrino 7, .

A representative and well-known example of this general process is the decay
of the gauge boson W™ into an electron and an antineutrino of the electron that
occurs in the S-decay that led Pauli to conjecture the existence of the neutrino [39]

W~ —e +ve.
For the sake of clarity, we shall stick to this case in the first model. The
general situation with all other leptons can be recovered in a straightforward way.

The interaction for this W* decay, described in the Schrédinger representa-
tion, is formally given by (see [30, (4.139)] and [50, (21.3.20)])

s = [ W@ (=26 (@) Wale)de + [ Wi, (27 (1= 3)We(a) Wa (0) .

where v, a = 0,1,2,3, and ;5 are the Dirac matrices, ¥ (z) and ¥ (z) are the
Dirac fields for ey, v, and 7., and W, are the boson fields (see [49, §5.3] and
Section 2).

If one formally expands this interaction with respect to products of creation
and annihilation operators, we are left with a finite sum of terms associated with
kernels of the form

d(p1 +p2 —k)g(p1, p2, k) ,



Spectral Properties for Hamiltonians of Weak Interactions 13

with g € L'. Our restriction here only consists in approximating these kernels by
square integrable functions with respect to momenta (see (2.3) and (2.4)-(2.6)).

Under this assumption, the total Hamiltonian, which is the sum of the free
energy of the particles (see (2.2)) and of the interaction, is a well-defined self-
adjoint operator (Theorem 2.2).

In addition, we can show (Theorem 2.6) that for a sufficiently small cou-
pling constant, the total Hamiltonian has a unique ground state corresponding
to the dressed vacuum. This property is not obvious since usual Kato’s pertur-
bation theory does not work here due to the fact that according to the standard
model, neutrinos are massless particles (see discussion in Section 2), thus the un-
perturbed hamiltonian, namely the full Hamiltonian where the interaction between
the different particles has been turned off, has a ground state with energy located
at the bottom of the essential spectrum. The strategy for proving existence of a
unique ground state for similar models has its origin in the seminal works of Bach,
Frohlich, and Sigal [6] (see also [40], [5] and [31]), for the Pauli-Fierz model of
non-relativistic QED. Our proofs follow these techniques as adapted in [7, 8, 17]
to a model of quantum electrodynamics and in [2] to a model of the Fermi weak
interactions.

Under natural regularity assumptions on the kernels, we next establish a
Mourre estimate (Theorem 2.8) and a limiting absorption principle (Theorem 2.10)
for any spectral interval down to the energy of the ground state and below the
mass of the electron, for small enough coupling constants. As a consequence, the
whole spectrum between the ground state and the first threshold is shown to be
purely absolutely continuous (Theorem 2.7).

Our method to achieve the spectral analysis above the ground state energy,
follows [5, 19, 14], and is based on the proof of a spectral gap property for Hamilto-
nians with a cutoff interaction for small neutrino momenta and acting on neutrinos
of strictly positive energies.

Eventually, as in [19, 13, 14], we use this gap property in combination with
the conjugate operator method developed in [3] and [44] in order to establish a lim-
iting absorption principle near the ground state energy of Hyy . In [13], the chosen
conjugate operator was the generator of dilatations in the Fock space for neutrinos
and antineutrinos. As a consequence, an infrared regularization was assumed in
[13] in order to be able to implement the strategy of [19]. To overcome this difficulty
and avoid infrared regularization, we choose in [4] a conjugate operator which is
the generator of dilatations in the Fock space for neutrinos and antineutrinos with
a cutoff in the momentum variable. Our conjugate operator thus only affects the
massless particles of low energies. A similar choice is made in [14] for a model of
non-relativistic QED for a free electron at fixed total momentum. Compared with
[19] and [14], our method involves further estimates, which allows us to avoid any
infrared regularization. Under stronger assumptions, the model of W# decay has
been studied in [7, 13]. We present in Section 2 the results obtained in [4], where
the main achievement is that no infrared regularization is assumed.
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Second Model: The physical phenomenon in the decay of the gauge boson we
consider here only involves massive particles, the massive boson Z°, electrons and
positrons,
720 s e +et.

In some respects, e.g., as far as the existence of a ground state is concerned, this
feature renders trivial the spectral analysis of the Hamiltonian. On the other hand,
due to the positive masses of the particles, an infinite number of thresholds occur
in the spectrum of the unperturbed Hamiltonian. Understanding the nature of the
spectrum of the full Hamiltonian near the thresholds as the interaction is turned
on then becomes a subtle question, as it is known that spectral analysis near
thresholds, in particular by means of perturbation theory, is a delicate subject.
This question is the main concern in the analysis of the second model.

The interaction between the electrons, positrons and the boson vectors Z°,
in the Schrodinger representation, is given, up to coupling constants, by (see [30,
(4.139)] and [50, (21.3.20)])

I = [ V(@)1 (6} = 15)¥.(0) Za(0) do + hec, (11)

where, as above, v*, a = 0,1,2,3, and 75 are the Dirac matrices and ¥.(x) and
U, (z) are the Dirac fields for the electron e~ and the positron e™ of mass m,. The
field Z, is the massive boson field for Z°. The constant g{, is a real parameter
such that g{, ~ 0,074 (see, e.g., [30]).

The main results provide a complete description of the spectrum of the Hamil-
tonian below the boson mass. We will show that the spectrum is composed of a
unique isolated eigenvalue F, the ground state energy corresponding to the dressed
vacuum, and the semi-axis of essential spectrum [E+m,, c0), m, being the electron
mass (Theorem 3.4).

Moreover, with mild regularity assumptions on the kernel, using a version of
Mourre’s theory allowing for a non self-adjoint conjugate operator and requiring
only low regularity of the Hamiltonian with respect to this conjugate operator,
we establish a limiting absorption principle and prove that the essential spectrum
below the boson mass is purely absolutely continuous (Theorem 3.5).

In order to establish these results, we need to use a spectral representation of
the self-adjoint Dirac operator generated by a sequence of spherical waves (see [29]
and Section 3). If we have been using the plane waves as for the first model above,
for example the four ones associated with the helicity (see [47]), the two kernels
G(@)(-) of the interaction would have had to satisfy an infrared regularization with
respect to the fermionic variables. By our choice of the sequence of the spherical
waves, our analysis only requires that the kernels of the interaction satisfy an
infrared regularization for two values of the discrete parameters characterizing the
sequence of spherical waves. For any other value of the discrete parameters, we do
not need to introduce an infrared regularization.

The article is organized as follows. Section 2 is devoted to the study of the
first model, the decay of the gauge bosons W™ into an electron and its associated
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neutrino. The first part contains a detailed construction of the Fock Hilbert spaces
and the mathematical Hamiltonian for the decay. The second part of Section 2
deals with the central results of the spectral analysis for this Hamiltonian, as
well as some steps of a proof for the limiting absorption principle. All details can
be found in [4]. Section 3 is concerned with the decay of the gauge bosons Z°
into electrons and positrons. There, we also give a detailed description of Hilbert
spaces, notably different than in the previous section due to the writing of the
Dirac fields with spherical waves. We also write a construction of the Hamiltonian
for the decay of the Z° boson. We subsequently present the main theorems on
spectral and dynamical properties, with some hints concerning the proof of the
limiting absorption principle. All details can be found in [9]. Section 4 is devoted
to a short presentation of open questions and ongoing work; whenever it is possible
we point out the mathematical difficulties for these new problems.

2. Interaction of the Gauge boson W= with an electron
and a massless neutrino

According to the Standard Model, the weak decay of the intermediate bosons
W+ and W~ involves the full family of leptons: electrons, muons, tauons, their
associated neutrinos and the corresponding antiparticles (see [30, Formula (4.139)]
and [50]). In the Standard Model, neutrinos and antineutrinos are assumed to be
massless. Despite experimental evidences [20] that in fact neutrinos have a mass,
an extended version of the Standard Model to account for this mass is beyond the
scope of this article.

Neutrinos and antineutrinos are particles with helicity —1/2 and +1/2, re-
spectively. Here we shall assume that both neutrinos and antineutrinos have he-
licity +1/2.

As already mentioned in the introduction, without loss of generality, we re-
strict ourselves to the decay of the gauge boson W™ into an electron and an
antineutrino,

W= = e + D (2.1)

However, all results remain true if we consider instead the decay of the W+ into
the full family of leptons.

If we include the corresponding antiparticles in the process (2.1), the inter-
action described in the Schrodinger representation is formally given by (see [30,
(4.139)] and [50, (21.3.20)])

s = [ W@ (=0 W (@Walo)de + [ 0 @0 (1=95) V()W (0)*da,

where v*, a = 0,1,2,3, and ;5 are the Dirac matrices, ¥ (z) and ¥ (z) are the
Dirac fields for ey, v, and 7., and W, are the boson fields (see [49, §5.3]) given
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respectively by

() = (27)” Z /RJ 22)) by (p, s)eP™

ip.x v(p,s) * —ip.x
U, (x)=(2m)" Z /RJ 2|p| +(p,s)e?” + éc_(p,s)e P )dp,

Ue(z) = ‘I’e(x)WO, Uy, (x) = 0y, (2)7°,

and
Wa(x Z / EO‘ k >\) 141 aJr(kv)‘)eik.x
A=—1,0,1 RJ 2(|k|?+mp2)2 )2
(k A)

L at(kNe ‘“”)dk.
(2(|k[2+mw?)2)>

Here m, > 0 is the mass of the electron and u(p, s)/(2(|p|> +m.?)"/?)"/? and
v(p,s)/(2(]p|? + m?)Y/?)1/2 are the normalized solutions to the Dirac equation
(see for example [30, Appendix]), where p € R3 is the momentum variable of the
electron, or its antiparticle, and s is its spin. The mass of the bosons W¥ is denoted
by myy, and fulfills my, > m, (my /m, &~ 1.57 x 10°). The vectors €, (k, \) are the
polarizations of the massive spin 1 bosons (see [49, Section 5.2]), and as follows
from the Standard Model, neutrinos and antineutrinos are considered here to be
massless particles.

The operators by (p,s) and b7 (p, s) (respectively cy(p,s) and ¢ (p,s)), are
the annihilation and creation operators for the electrons (respectively for the neu-
trinos associated with the electrons), satisfying the anticommutation relations.
The index — in b_(p, s), b* (p, s), c_(p,s) and c* (p, s) are used to denote the an-
nihilation and creation operators of the corresponding antiparticles. The operators
ay(k,\) and a* (k, A) (respectively a_(k, \) and a* (k, \)) are the annihilation and
creation operators for the bosons W~ (respectively W) satisfying the canonical
commutation relations. The definition of these operators is very standard (see,
e.g., [49] or [12]).

2.1. Rigorous definition of the model

The mathematical model for the weak decay of the vector bosons W is defined
as follows.

Let & = (p1, s1) be the quantum variable of a massive lepton, electron or
positron, where p; € R? is the momentum and s; € {—1/2, 1/2} is the spin. Let
& = (p2, s2) be the quantum variables of a massless neutrino or antineutrino,
where py € R? and s € {—1/2, 1/2} is the helicity of particles and antiparticles,
and, finally, let &5 = (k, \) be the quantum variables of the spin 1 bosons W and
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W, with momenta k € R? and where A € {—1, 0, 1} accounts for the polarization
of the vector bosons (see [49, Section 5.2]).

We define Y1 = R? x {—1/2, 1/2} for the configuration space of the leptons
and Yo = R3 x {—1, 0, 1} for the bosons. Thus L?(3;) is the one particle Hilbert
space of each lepton of this process (electron, positron, neutrino and antineutrino
of the electron) and L?(X3) is the one particle Hilbert space of each boson. In
the sequel, we shall use the notations le d¢ = 2324_;7_; Jdp and fzz d¢ =

2 or=0,1,-1 Jdk.
The Hilbert space for the weak decay of the vector bosons W¥ is the Fock

space for leptons and bosons describing the set of states with indefinite number of
particles or antiparticles which we define below.

The space §, is the fermionic Fock space for the massive electron and positron
with the associated neutrino and antineutrino, i.e.,

4

Fr= Q3L (1) = Q) (B2 ®% L (Z1))

where ®” denotes the antisymmetric nth tensor product and ®2L?(%;) := C.
The bosonic Fock space Fyw for the vector bosons W+ and W~ reads

Sw = ®55(L2(E2)) = ® (®rlo @7 L*(22))

where ®” denotes the symmetric nth tensor product and ®2L?(33) := C.
The Fock space for the weak decay of the vector bosons W+ and W~ is thus

S=85L®3%w .

Furthermore, be(&1) (resp. bf(£1)) is the annihilation (resp. creation) operator
for the corresponding species of massive particle if ¢ = + and for the correspond-
ing species of massive antiparticle if ¢ = —. Similarly, ¢ (&2) (resp. ¢f(£2)) is the
annihilation (resp. creation) operator for the corresponding species of neutrino if
e = + and for the corresponding species of antineutrino if e = —. Finally, the oper-
ator a.(&3) (resp. a*(&3)) is the annihilation (resp. creation) operator for the boson
W~ if e = +, and for the boson W if e = —. The operators bc(£1), b5 (&1), ce(&2),
and (&) fulfil the usual canonical anticommutation relations (CAR), whereas
ae(€3) and af(&3) fulfil the canonical commutation relation (CCR), see, e.g., [49].
Moreover, the a’s commute with the b’s and the ¢’s. In addition, following the
convention described in [49, Section 4.1] and [49, Section 4.2], we will assume
that fermionic creation and annihilation operators of different species of leptons
anticommute (see, e.g., [12] for an explicit definition involving this additional re-
quirement). Therefore, the following canonical anticommutation and commutation
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relations hold,

{0e(€1), 05 (61)} = beerd(§1 = &1) , {ee(§2),c(&3)} = deerd(§2 = &)
[ac(€3), a5/ (§3)] = deerd(3 — €3)

{0e(61), ber (€1)} = {ce(2), cer(€3)} =

lac(&3), ae (€3)] =0,

{be(&1), cer(&2)} = {be(&1), o (§2) =0,

[be(€1), aer(§3)] = [be(&1), ac (€3)] = [ee(§2), ae (€3)] = [ce(§2), acr (§3)] =

where {b,b'} = bV’ +b'b and [a,a'] = aa’ — a’a. For ¢ € L*(X;), the operators
() = [ Bl©p(©de clo) = [ clopple)ds
()= [ e o= [ e,

are bounded operators on § satisfying [|b%()|| = ||ct(¢)| = ||l¢|| 2, where bF (resp.
c*) is b (resp. c) or b* (resp. c*).
The free Hamiltonian Hyy,g is given by

Hyo = Z/ )(&0)b7 (&1)be(&1)dEr + Z/ @)(&) el (&2)ce(&2)dé

(2.2)
+ Y [0 @) @i
e=+

where the free relativistic energy of the massive leptons, the neutrinos, and the
bosons are respectively given by

wD(€) = (Ip1? +me?)2, w® (&) = Ipal, and w® (&) = (kI + mw?)2 .
The interaction Hyy,; is described in terms of annihilation and creation op-
erators together with kernels Giae),(, we) (a=1,2).

As emphasized in the introduction, each kernel Gioé)/ (&1,&2,&3), computed in
theoretical physics, contains a J-distribution because of the conservation of the
momentum (see [30], [49, Section 4.4]). Here, we approximate the singular kernels
by square integrable functions. Therefore, we assume the following

Hypothesis 2.1. For a = 1,2, ¢,/ = &, we assume
G (€1,62,63) € LP(S1 X By x ) . (2.3)
Based on [30, p. 159, (4.139)] and [50, p. 308, (21.3.20)], we define the inter-

action as
Hw,g = Hy), + Hy, (2.4)
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where

Hi(/;)l = Z/G (&1, 82, &3)b7 (&1)ce (§2)ae(€s) d§1d€adés
eF#e’

(2.5)
+Z/G (€1.&2,83)al(§3)cer (§2)be(€1) d§1dEadEs
eFe!
Y=Y / GO (62, 62, E3)07 (€1)¢ (€2)a? (€561 dEadts
. (2.6)
Y / G (61,60, €)a. (5 )co (E2)be (1) A€ dExdEs
e#e’

The operator H‘(,é’)l describes the decay of the bosons W+ and W~ into leptons,

and H ‘(,5)] is responsible for the fact that the bare vacuum will not be an eigenvector
of the total Hamiltonian, as expected from physics.

All terms in H I(/‘l,)l and H ‘(/‘2,)1 are well defined as quadratic forms on the set
of finite particle states consisting of smooth wave functions. According to [41,
Theorem X.24] (see details in [13]), one can construct a closed operator associated
with the quadratic form defined by (2.4)—(2.6).

The total Hamiltonian is thus (g € R is a coupling constant),

Hyw = Hw,o+ gHw,1.

2.2. Limiting absorption principle and spectral properties

We begin with a basic self-adjointness property.
Theorem 2.2 (Self-adjointness). Let g1 > 0 be such that
6g? ( 1 )
G <1.
my me2 QE;Q; H HLz (Z1XT1X2)

Then, for every g satisfying |g| < g1, Hw is a self-adjoint operator in §F with
domain D(Hw) = D(Hw,).

Ideas of the proof. The proof of this result is a trivial consequence of the following
norm relative boundedness of Hyy; with respect to Hyy.

Lemma 2.3. For anyn >0, >0, and v € D(Hyw,), we have
| Hw, ||
<o e (L0 (o), P P s wes?
myy \ me2 2mpyme?  m.? '

a=1,2 e’

(g (14 g5) #2014 15 )+ 5 ) IIP. (27)

Such a relative bound is obtained by using N estimates of [21]. Details can
be found in [13] and [4]. O
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For the sequel, we shall make some of the following additional assumptions
on the kernels Gii),

Hypothesis 2.4. There exists K(G) < oo and K(G) < oo such that for a =
1,2, e, =+,4,7=1,2,3, and 0 > 0,

_ G (€1, 6, &)
(i) / 7 9 d§1d€edés < oo,
DIFEVS IS 3N |p2|

(ii) (/ |G£"e),(§1,52,53)|2d§1d§2d§3> <K(@G)o ,
Six({lpal<o}x{-},3})x2

(ifi-a) (p2- Vp )G (.,.,.) € L3Sy x ¥y x ) and

€,€

(12 V)G, 6. €3)] dErdtady < K(G)

/le({mga}x{—;,;})ng

2 () 2
iii-b 2 pd. “ (61,6, &3)] dE1dEadEs < oo .
(iii-b) /21x21x22 P2, P35 Opo.10ps s (€1,62,&3)| d&1d&adés

Remark 2.5. Note that obviously, Hypothesis 2.4 (i) is stronger than Hypothe-
sis 2.4 (ii).

Our first main result is the existence of a ground state for Hyy together with
the location of the spectrum of Hyy.

Theorem 2.6 (Existence of a ground state and location of the spectrum). Assume

that the kernels Ggae), satisfy Hypothesis 2.1 and 2.4(1). Then, there exists ga €
(0, g1] such that Hy has a unique ground state for |g| < g2. Moreover, for

E = inf Spec(Hw) ,
we have E < 0 and the spectrum of Hyw fulfills
Spec(Hw) = [E, o0).

Ideas of the proof. The main ingredients of the proof of the existence of a ground
state are the construction of infrared-cutoff operators and the existence of a gap
above the ground state energy for these operators (see [13, Proposition 3.5]). This
is an adaptation to our case of techniques due to Pizzo [40] and Bach, Fréhlich
and Pizzo [5]. The details can be found in [13]. A different proof of the existence
of a ground state can also be achieved by mimicking the proof given in [8].

The location of the spectrum follows from the existence of asymptotic Fock
representations for the CAR associated with the neutrino creation and annihilation
operators (see [34], [46] and [13]). O

Our next main result deals with the absolute continuity of the spectrum and
local energy decay. Such a result is established using standard Mourre theory, and
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is a consequence of a limiting absorption principle. To state this result, we need
to introduce the definition of the neutrino position operator B.
Let b be the operator in L?(3;) accounting for the position of the neutrino

b=1iV,,, andlet (b)=(1+|b?)>

Its second quantized version dI'((b)) is self-adjoint in F,(L?(X1)). We thus define
on § =31 ® Fw the position operator B for neutrinos and antineutrinos by

B=(1eledl'(())o)o1lz, + 1cleledl'((bh)) @ 1z,

We are now ready to state the main result concerning spectral and dynamical
properties of Hy, above the ground state energy. Note that the main achievement
of Theorem 2.7 is to be able to prove absolute continuity of the spectrum and
local energy decay down to the ground state energy without assuming any infrared
regularization.

Theorem 2.7 (Absolutely continuous spectrum, Limiting Absorption Principle and
Local Energy Decay). Assume that the kernels G , satisfy Hypothesis 2.1 and
2.4(i1)—(iii). For any § > 0 satisfying 0 < § < m,, there exists gs > 0 such that for
0 <lgl < gs:

(i) The spectrum of Hy in (E, E +m, — ] is purely absolutely continuous.

(ii) For s >1/2, p € F, and ¢ € §, the limits

21_1)1(1)(@, (B)"*(Hw — At i€){B) ")

exist uniformly for X in every compact subset of (E, E + m, — 0).
(i) For s € (1/2,1) and f € C5° ((E, E + m, — 9)), we have

(B + 1)~ " W f(Hy)(B+1)"%|| = Ot~ 1/2)).

Ideas of the proof. The main problem we face is that the bottom of the spectrum
FE is a threshold of the total Hamiltonian Hy by our choice of the conjugate
operator. This renders the analysis of the spectrum and of the dynamics close
to E difficult. To overcome this difficulty, it is not possible to adapt the proof of
Frohlich, Griesemer and Sigal [19] used in the context of nonrelativistic QED, since
in [19] it is possible to regularize the infrared behavior of the interaction by using a
unitary Pauli-Fierz transformation that has no equivalent for our model. Instead,
to circumvent infrared difficulties, and to avoid infrared regularization of [13], we
adapt to our context the proof of [14] established for a model of non-relativistic
QED for a free electron at fixed total momentum. Due to the complicated structure
of their interaction operator, the authors in [14] used some Feshbach—Schur map
before proving a Mourre estimate for an effective Hamiltonian. Here, thanks to
some specific estimates that we can derive for our model, we do not need to apply
such a map, and we obtain a Mourre estimate directly for Hyy .

The main steps of the proof are as follows (details can be found in [4]):

The regularity assumptions Hypothesis 2.4(iii-a) and (iii-b) on the kernels
allow us to establish a Mourre estimate (Theorem 2.8) and a limiting absorption
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principle (Theorem 2.10) for any spectral interval down to the energy of the ground
state and below the mass of the electron. Hence, the whole spectrum between the
ground state and the first threshold is purely absolutely continuous.

To prove Theorems 2.10 and 2.8, we first approximate the total Hamiltonian
Hyy by a cutoff Hamiltonian Hyy,, with the property that the interaction between
the massive particles and the neutrinos or antineutrinos of energies < o has been
suppressed. We denote by Hyj, the restriction of Hw,, to the Fock space for the
massive particles together with the neutrinos and antineutrinos of energies > o.
Then, as in [13], adapting the method of [5], we prove that for some suitable
sequence o, — 0, the Hamiltonian Hyj? has a gap of size ~ o, in its spectrum
above its ground state energy for all n € N.

Thus, we use this gap property in combination with the conjugate operator
method developed in [3] and [44] in order to establish a Mourre estimate for a
sequence of energy intervals (A,,),>o smaller and smaller, accumulating at the
ground state energy of Hyy, and covering the interval (E, E + m, — ¢). This re-
quires to build up a sequence (A%T) )n>0 of generators that only affects the massless

particles of low energies. For each n, the self-adjoint conjugate operators Ag) is
the generator of dilatations in the Fock space for neutrinos and antineutrinos with
a cutoff in the momentum variable, and is defined as follows.

Set 7 := 1 —4/(2(2m, — 0)), v := 1 — 6/(2m. — ) and define x(7) €
C>*(R, [0,1]) as

X(T)O\) _ 1 for A€ (—o0, 7],
0 forAell, ).

For the sequence of small neutrino momentum cutoffs (o, )n>0 given by oo =

2m, +1, 01 = m, — /2 and for n > 1, 0,11 = Yo, we define, for all p, € R® and

n>1,
X (p2) = X7 <|p2|)-

On

The one-particle (neutrino) conjugate operator is

1 . . -
a7 = X7 (p2) , (02 iV, + 1V, - 12) Xi7 (P2),
and its second quantized version is
AV =1edl(a)) @1, (2.8)

where, as above, dI'(-) refers to the usual second quantization of one particle
operators. We also set

(A7) = (1+ (AD))2

The operators aELT) and A%T) are self-adjoint.

Let (A,)n>0 be a sequence of open sets covering any compact subset of
(inf Spec(Hw ), me — &) be defined as A,, = [(y — €)%0n, (v + €,)05], where
€y > 0 is fixed and small enough.
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Using the spectral gap result for H~, relative bounds as in Lemma 2.3 and
Helffer-Sjostrand calculus (see details in [4, § 5]), we obtain

Theorem 2.8 (Mourre inequality). Suppose that the kernels Gii), satisfy Hypothe-
sis 2.1, 2.4(ii), and 2.4(iii.a). Then, there exists C5 > 0 and g5 > 0 such that, for
lg] < gs and n > 1,

2
o g
En, (Hw — E) [Hw, iA7| Ea, (Hw — E) > C;s N2 n Ea, (Hw —E). (2.9)

Then we establish a regularity result of Hy, with respect to the conjugate
operator A,

Theorem 2.9 (CZ(AT(:))-regularity). Suppose that the kernels Gia), satisfy Hy-

pothesis 2.1 and Hypothesis 2.4(ii1). Then, Hyw s locally of class C’Q(A%T)) in
(—o0, me — §/2) for every n > 1.

The proof of this result is a straightforward adaptation of [13, Theorem 3.7],
substituting there A by ASLT).

Now, according to Theorems 0.1 and 0.2 in [44] (see also [28], [25], and [19]),
the CQ(ASLT))—regularity in Theorem 2.9 and the Mourre inequality in Theorem 2.8
imply the following limiting absorption principle for sufficiently small coupling
constants.

Theorem 2.10 (Limiting absorption principle). Suppose that the kernels GEOQ, sat-
isfy Hypothesis 2.1, 2.4(ii), and 2.4(iii). Then, for any 6 > 0 satisfying 0 < ¢ <
m./2, there exists gs > 0 such that, for |g| < gs, for s > 1/2, ¢, ¥ € § and for
n > 1, the limits

lim (g, (A) ™ (Hy — A+ i) (AD) ™)
exist uniformly for X € A,. Moreover, for 1/2 < s < 1, the map
A (A7) (Hy — A £i0)~H(A))
is Holder continuous of order s —1/2 in A,,.

Eventually, the proof of Theorem 2.7 is a direct consequence of the limiting
absorption principle. The absolutely continuous spectrum is deduced from [44,
Theorem 0.1 and Theorem 0.2], and the dynamical properties are derived in the
usual way. O
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3. Interaction of the gauge boson Z° with an electron
and a positron

In this section, we do the spectral analysis for the Hamiltonian associated to the
decay of the vector boson Z° into electrons and positrons,

70 5 e et

The interaction between the electrons/positrons and the vector bosons ZY,
in the Schrodinger representation is given, up to a coupling constant, by (see [30,
(4.139)] and [50, (21.3.20)])

Iy — / U ()7 (gl — 73)We(2) Za(2) do + hec., (3.1)

where v, @ = 0,1,2,3, and 75 are the Dirac matrices, g{, is a real parameter
such that gi, ~ 0,074 (see, e.g., [30]), ¥c(z) and U.(x) are the Dirac fields for
the electron e_ and the positron ey of mass m., and Z, is the massive boson
field for Z°.

The field ¥ (x) is formally defined by

W, (z) = / o (6, 2)b2(6) + D (€, )" (€) de,
with

1/17(57 x) = Z/L((Pa 7)) (E) = 1/17((177 (]a —mj, _Hj))vx) (32)

and where ¥4 (€, x) are the generalized eigenfunctions associated with the contin-
uous spectrum of the free Dirac operator labeled by the total angular momentum
quantum numbers j and m;, and the quantum numbers ;.

The boson field Z, is formally defined by (see, e.g., [49, Eq. (5.3.34)]),

Za@ =nE [ B (b Nalg)e 4 (ke (E)e),
(2(|k[*+mzo?)2)2
where the vectors €, (k, A) are the polarizations vectors of the massive spin 1 bosons
(see [49, Section 5.3]), and with & = (k, \), where k& € R3 is the momentum
variable of the boson and A € {—1,0,1} is its polarization.

If one considers, as mentioned in the introduction, the full interaction o
in (3.1) describing the decay of the gauge boson Z° into massive leptons and if
one formally expands this interaction with respect to products of creation and
annihilation operators, we are left with a finite sum of terms with kernels yielding
singular operators which cannot be defined as closed operators. Therefore, in order
to obtain a well-defined Hamiltonian (see, e.g., [21, 7, 8, 13, 4]), we replace these
kernels by square integrable functions G(®. In particular, this implies large mo-
mentum cutoffs for the electrons, positrons and Z° bosons. Moreover, we confine
in space the interaction between the electrons/positrons and the bosons by adding
a localization function f(|z]), with f € C§°([0, 00)).
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3.1. Rigorous definition of the model

3.1.1. The Fock spaces for electrons, positrons and Z° bosons. In order to prop-
erly define the interaction Izo formally introduced above, since we use a spectral
representation of the free Dirac operator generated by the sequence of spherical
waves, we first recall a few facts about solutions of the free Dirac equation.

The energy of a free relativistic electron of mass m. is described by the self-
adjoint Dirac Hamiltonian

Hp=a-(1/1)V + Bm,,

(see [42, 47] and references therein) acting on the Hilbert space $ = L?(R3; C*),
with domain ®(Hp) = H'(R3;C*). We use the system of units h = ¢ = 1. Here
a = (a1, a2,a3) and B are the Dirac matrices in the standard form.

The generalized eigenfunctions associated with the continuous spectrum of
the Dirac operator Hp are labeled by the total angular momentum quantum num-
bers

2°2° 2
and by the quantum numbers

kj € {i (j + ;)} (3.4)

In the sequel, we will drop the index j and set

. 135 . . )
]6{ PPN 7"'}7 mje{_jv_.7+1a"'7]_17]}v (33)

Y= (.77 mgj, Hj)v (35)
and a sum over v will thus denote a sum over j, m; and x;. We denote by I' the
set {(4, mj, k;), 7 e N+ é, mje{—j,—j+1,...,5— 1,5}, k; e {£(+ é)}}

For p € R? being the momentum of the electron, and p := |p|, the continuum
energy levels are given by + w(p), where
w(p) = (m2 +p?)* (3.6)

We introduce the notation
€= (p,7) €Ry xT. (3.7)
The continuum eigenstates of Hp are denoted by

Z/Ji(fax) = Z/H:((Pa V)ax) .
We then have
Hp ¢+((p,7), ) = £w(p) ¥+((p,7), 2).

The generalized eigenstates 1+ are normalized in such a way that

/wi b,y a 11&(( ),x)dx:(5,Y,y/(5(p—p/)7
[ .0 6 (7)) e 0.

Here Q/th((p, v), x) is the adjoint spinor of ¥y ((p, ), x).
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According to the hole theory [42, 43, 47, 49], the absence in the Dirac theory
of an electron with energy E < 0 and charge e is equivalent to the presence of a
positron with energy —F > 0 and charge —e.

Let us split the Hilbert space $ = L?(R3; C*) into

He- = P(foo,fme] (HD)*GJ and et = P[me,JrOO) (HD)f)

Here P;(Hp) denotes the spectral projection of Hp corresponding to the interval I.
Let X :=R; x I'. We can identify the Hilbert spaces $).+ with

e = L*(T;C) = 0, L*(R4;CY),

by using the unitary operators U.+ defined from $).+ to $. via the identities in
the L? sense

(U ) (p, ) = / S ((p,7) ) Sla) de (3.8)

On $., we define the scalar products

(0.0 = [o©n©aE =3 [ o hip7)dp- (3.9)

yer

In the sequel, we shall denote the variable (p, v) by & = (p1,71) in the case of
electrons, and & = (p2,72) in the case of positrons, respectively.

We next introduce the Fock space for electrons and positrons.

Let

Sa = Sa(fJC) = @ ®Z~6c;
n=0

be the Fermi—Fock space over $., and let

gD = ga ®3a

be the Fermi—Fock space for electrons and positrons, with vacuum Qp.

The creation and annihilation operators for electrons and positrons are de-
fined as follows.

We set, for every g € 9,

by+(9) = bi(Pyg), 5 1 (9) =V (Pyg),

where P, is the projection of §). onto the yth component defined according to (3.8),
and by (Pyg) and b’ (P,g) are respectively the annihilation and creation operator
for an electron.

As above, we set, for every h € .,

by~ (h) = b_(Pyh).
b, (h) = b (Pyh).

where b_ (P, g) and b* (P, g) are respectively the annihilation and creation operator
for a positron.
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As in [41, Chapter X], we introduce operator-valued distributions b4 (§) and
b (€) that fulfill for g € 9,

bﬂmzjﬁﬂ@GWMmM
bym=/ * () (Prg) (p) de

where we used the notation of (3.9).
We give here the construction of the Fock space for the Z° boson.
Let
Y3 :=R?¥x {~1,0, 1}.
The one-particle Hilbert space for the particle Z° is L?(X3) with scalar product

(f. 9) = / F(E3)g(€)dés (3.10)
X3
with the notations
& =(k, ) and dés = ) dk, (3.11)
s A=—1,0,1 /R

where & = (k, \) € Xs.
The bosonic Fock space for the vector boson Z°, denoted by & o, is thus the
symmetric Fock space

Fz0 =Fs(L*(Z3)). (3.12)
For f € L%(¥3), we define the annihilation and creation operators, denoted
by a(f) and a*(f) by

a(f) = - f(&3)a(és)dés (3.13)
and

a*(f) = g f(&s)a”(€3)dEs (3.14)

where the operators a(£3) (respectively a*(£3)) are the bosonic annihilation (re-
spectively bosonic creation) operator for the boson Z° (see, e.g., [36, 12, 13]).

3.1.2. The Hamiltonian. The quantization of the Dirac Hamiltonian Hp, acting
on §p, is given by

%z/@@ﬁ@wam&1+/mmm@WJ@%%

with w(p) given in (3.6). The operator Tp is the Hamiltonian of the quantized
Dirac field.

Let ©p denote the set of vectors ® € Fp for which @) is smooth and
has a compact support and ®(*) = 0 for all but finitely many (r,s). Then Tp
is well defined on the dense subset ®p and it is essentially self-adjoint on ©Dp.
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The self-adjoint extension will be denoted by the same symbol Tp, with domain
D(Tp).

The operators number of electrons and number of positrons, denoted respec-
tively by N4 and N_, are given by

N = [Bebi€nde and No= [ 1 (@b (315)
They are essentially self-adjoint on D p.
We have
Spec(Tp) = {0} U [me, 00).

The set [m,, 00) is the absolutely continuous spectrum of 7.
The Hamiltonian of the bosonic field, acting on § 7o, is

Ty = /w3(/€) a*(&3)a(€s) dés

where
w3 (k) = v/|k|? + myo2. (3.16)

The operator T is essentially self-adjoint on the set of vectors ® € §zo such that
(") is smooth and has compact support and ®(™) = 0 for all but finitely many n.
Its self-adjoint extension is denoted by the same symbol.

The spectrum of Tz consists of an absolutely continuous spectrum covering
[mzo,00) and a simple eigenvalue, equal to zero, whose corresponding eigenvector
is the vacuum state Qs € Fzo.

The free Hamiltonian is defined on H :=§p ® §zo by

HZ,():TD®]1+]1®T2. (317)

The operator Hyz q is essentially self-adjoint on ®(Tp) ® D(Tz). Since m, < myo,
the spectrum of Hzq is given by

Spec(Hz,) = {0} U [m,, o0).
More precisely,
Spec,,,(Hz0) = {0}, Specy.(Hzo) =0, Spec,.(Hzo) = [me, 00),  (3.18)

where Spec,,,, Spec,., Spec,. denote the pure point, singular continuous and abso-
lutely continuous spectra, respectively. Furthermore, 0 is a non-degenerate eigen-
value associated to the vacuum Qp ® Q.

The interaction Hamiltonian is defined on H = §p ® §zo by

Hyr=Hg)+HY), +HS) +Hy) (3.19)
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with

#)=| <Rsf('x|>¢+(5w)v“(g )0 (€2, mf)

x G (&1, &, &% (E1)b% (E2)a(&3) déErdEades
)= [ ( Pl (€2, )V (gl — 3)0os (61, @ ﬁf)

x G (&, &, &3)a*(&3)b—(&2)by (&) d§1dEadEs,
Hé%)l :/< ]Rsf(lwa-i—(fla x),ylf«(g ) 527 H(EB)

\/2W3
x GP(&, &, &) (61)b" (&)a" (&) A& d&dés,

etk dx) (3.20)
e ik d:v) (3.21)
e ik d:v) (3.22)

and
([ o £

X G (&1, &, E3)a(€)b_(&2)by (€1) dE1dErdEs .

Performing the integration with respect to x in the expressions above, we see that
H(Zl)l and H(Z2)I can be written in the form

e g 3.23
)

H(Zl)l = H(ler F)y /F( (€1, &2, §3)% (§1)7 (§2)a(€s) d§1dE2dss , 50
3.24

HE) = HZ(F®) = / F@ (&1, &, E)b7(£1) (€2)a" (€5) d&1déades
where, for a =1, 2,

F(&, &, &) = hl(&,&,8)G Y (&, 6, &), (3.25)

and h1 (&, &, 63), R (€1, &, &3) are given by the integral over x in (3.20) and
(3.22), respectively.
Our main result, Theorem 3.5 below, requires the functions F(® to be suffi-
ciently regular near p; = 0 and ps = 0 (where, recall, & = (p;,v;) for I = 1, 2).
Note that this regularity is required for applying the conjugate operator
method. In practice, starting from the physical (ill-defined) Hamiltonian, apply-

ing UV cutoffs Giae), and a space localization f(|x|) to the interaction Hz  as
done above, this regularity is fulfilled, except, solely, for the part of the field
corresponding to quantum number j = 1/2. This is a consequence of a careful
analysis of the behavior for momenta p close to zero of the generalized eigenstates
Y (& ) = Y ((p, (4, my, kj); ) and their derivatives have a too singular behavior
at & = 0. This analysis is done in [9, Appendix A]).
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The total Hamiltonian of the decay of the boson Z° into an electron and a
positron is
Hz :=Hzo+gHzg,

where g is a real coupling constant.

3.2. Limiting absorbtion principle and spectral properties
ForpeR,, je {;, g,...}, v =(j, my, ;) and v; =5 + ;, we define
1 1
(2p) T (w(p) +me\2 [ [%,  o 21 )
A(&) = Alp,7) = [F)r? (L4 r%)dr ), (3:26)
I'() w(p) 0
where I' denotes Euler’s Gamma function, and f € C3°(]0, 00)) is the localization

function appearing in (3.20)—(3.23). We make the following hypothesis on the
kernels G().

Hypothesis 3.1. For a =1,2,

/ A(E)2A(E)2 (k] + mgo?)2 |G (&, &, &) * 41 deadés < o (3.27)

Note that up to universal constants, the functions A(§) in (3.26) are upper
bounds for the integrals with respect to = that occur in (3.20). These bounds are
derived using the inequality (see [49, Eq. (5.3.23)—(5.3.25)])

6#(53)
V/2ws (k)
For Cz := 156 Cy, ,,, let us define

< O o (L+ KP4 (3.28)

K (G2 = Oy ( [a@rae?icoe. g @)Fdad&dgg) L (329)

Ky(G9)? = Cp? (/A(€1)2A(€2)2 G (&1, &, &)P(KI + 1)éd§1d§2d€3) '
Our fist result is a basic result on self-adjointness.

Theorem 3.2 (Self-adjointness). Assume that Hypothesis 3.1 holds. Let go > 0 be

such that
1
02 ( Z Kl(G(a))2> (meQ + 1> <1. (3.30)

a=1,2
Then for any real g such that |g| < go, the operator Hz = Hz o + gHz 1 is self-
adjoint with domain ©(Hz,). Moreover, any core for Hz o is a core for Hy.

Notice that combining (3.18), relative boundedness of Hz ; with respect to
Hyz o and standard perturbation theory of isolated eigenvalues (see, e.g., [37]), we
deduce that, for |g| < m., inf Spec(Hz) is a non-degenerate eigenvalue of Hz. In
other words, Hz admits a unique ground state.
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Theorem 3.2 follows from the Kato—Rellich Theorem together with standard

estimates of creation and annihilation operators in Fock space, showing that the
interaction Hamiltonian Hz ; is relatively bounded with respect to Hz .

To establish our next theorems, we need to strengthen the conditions on the

kernels G(¥).

Hypothesis 3.3. For o = 1,2, the kernels G\ € L?(X x X x ¥3) satisfy

(i)

(i)

(iii)

There exists a compact set K C Ry x Ry x R® such that
G(Ot) (pla Y1, P2, 72, k7 )‘) =0

Zf (plaPQak) ¢ K.

There exists € > 0 such that

N 2
Z (1 + (E% + x%)lJrE G(a) ($1;’717$2a’727 ka )‘) dxldedk < 09,

Y1,72,A

where G denotes the Fourier transform of G\ with respect to the variables
(p1,p2), and x; is the variable dual to p;.

If yi; =1 or yo; = 1, where for 1 = 1,2, y; = |k;,| (with vi = (ji,m;,, K5,)),
and if p1 =0 or pa = 0, then G (p1,v1, p2, Y2, k, ) = 0.

Remark.

1)

2)

3)

The assumption that G(®) is compactly supported in the variables (p1, pz, k) is
an “ultraviolet” constraint that is made for convenience. It could be replaced
by the weaker assumption that G(®) decays sufficiently fast at infinity.
Hypothesis 3.3(ii) comes from the fact that the coupling functions G(*) must
satisfy some “minimal” regularity for our method to be applied. In fact, Hy-
pothesis (ii) could be slightly improved with a refined choice of interpolation
spaces in our proof. In Hypothesis 3.3(iii), we need in addition an “infrared”
regularization. We remark in particular that Hypotheses (ii) and (iii) imply
that, for 0 <e < 1/2,

‘G(Q)(plvvlaPQa’vaka)‘)‘§|pl|é+6a =12

We emphasize, however, that this infrared assumption is required only in
the case v;; = 1, that is, for j = 1/2. For all other j € N + é, we do not
need to impose any infrared regularization on the generalized eigenstates
Y+ ((p,7), z); They are already regular enough.

One verifies that Hypotheses 3.3(i) and 3.3(ii) imply Hypothesis 3.1.

Theorem 3.4 (Location of the spectrum). Assume that Hypothesis 3.3 holds. There
exists g1 > 0 such that, for all |g| < g1,

Spec(Hz) = {inf Spec(Hz)} U [inf Spec(Hz) + m,, 0).

In particular, Hz has no eigenvalue below its essential spectrum except for the
ground state energy, inf Spec(Hyz), which is an isolated simple eigenvalue.
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We use the Derezinski-Gérard partition of unity [16] in a version that accom-
modates the Fermi-Dirac statistics and the CAR. Such a partition of unity was
used previously in [1] (see [9] for details).

Theorem 3.5 (Absolutely continuous spectrum). Assume that Hypothesis 3.3 holds
with € > 0 in Hypothesis 3.3(ii). For all 6 > 0, there exists gs > 0 such that, for
all |g| < gs, the spectrum of Hy in the interval

[inf Spec(Hz) + m,, inf Spec(Hz) + mzo — ]
1s purely absolutely continuous.

Ideas of the proof. The proof of Theorem 3.5 relies on Mourre positive commuta-
tor method. Though, the standard choice of a conjugate operator as the second
quantized version of the one electron operator J((Vyw iV, +iV, - (V,w)) fails to
give a Mourre estimate near thresholds, already for the free Hamiltonian Hy .

Hence, we construct a conjugate operator A by following the idea of Hiibner
and Spohn [35] (see also [23, 24]). As in [35], the operator A is only maximal
symmetric, and generates a Cy-semigroup of isometries. Therefore, we need to use
Singular Mourre theory with non self-adjoint conjugate operator. Such extensions
of the usual conjugate operator theory [38, 3] considered in [35] were later extended
in [45] and in [23, 24].

The general strategy remains similar to the one using regular Mourre Theory.
We prove regularity of the total Hamiltonian Hz ; with respect to the conjugate
operator A. For this sake, we use here real interpolation theory together with a
version of the Mourre theory requiring only low regularity of the Hamiltonian with
respect to the conjugate operator (see [18] and [9, Appendix B]).

We then establish a Mourre estimate. Formally, our choice of the conjugate
operator A yields [Hz,iA] = Ny + N_, where Ny are the number operators
for electrons and positrons. Since N1 > 1 away from the vacuum, to obtain a
strict Mourre inequality, it suffices to control g[Hz 1, iA] for g small enough. This
is possible using general relative bounds with respect to Hz o for perturbations
of the form Hyz ;(—iaF(®) (see (3.24)), for a denoting the one-particle conjugate
operator, and F(®) being the kernels given by (3.25).

Combining the Mourre estimate with a regularity property of the Hamiltonian
with respect to the conjugate operator allow us to deduce a Virial theorem and a
limiting absorption principle, from which we obtain Theorem 3.5.

Our main achievement consists in proving that the physical interaction Hamil-
tonian Hz ; is regular enough for the Mourre theory to be applied, except for the
terms associated to the “first” generalized eigenstates (j = 1/2). For the latter,
unfortunately, we need to impose a non-physical infrared condition. O
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4. Prospectives

Despite the number of results concerning spectral and dynamical properties for
weak interaction Hamiltonians or similar models, [7, 8, 2, 11, 13, 26, 4, 9, 10, 32, 33],
the study of weak interactions from a rigorous point of view still requires to be
investigated.

We mention here some open problems.

e Spectral study above the boson thresholds. To complete the spectral study
of the above two models, it remains to prove that the spectrum above the
massive bosons (W or Z°) thresholds is purely absolutely continuous, as
expected for weak interactions models for which there should be no bound
states except for the vacuum. Picking a conjugate operator including the
massive bosons, i.e., a conjugate operator similar to the one we picked, with
an additional term acting on the Bosonic Fock space, the general strategy
adopted above is expected to give purely absolutely continuous spectrum
away from bosonic thresholds. Near bosonic thresholds, like for instance near
(inf Spec(Hz)) + myo or (inf Spec(Hyw )) + myy, we face some infrared prob-
lems. To obtain a limiting absorption principle near bosonic thresholds, it is
expected, in the case of Z° decay, that one first has to derive local properties
of the solutions of the Proca equation for massive spin 1 particles.

o Weak decay of the intermediate boson Z into neutrinos and antineutrinos.
The decay of the Z°,

7% S v+ Ve,

is apparently very similar to the model studied in Section 3. However, the
two fermionic particles created in this process are massless, as described by
the Standard Model. From a technical point of view, using conjugate opera-
tor theory with non self-adjoint conjugate operator as in Section 3 to prove
absolutely continuity of the spectrum of the Hamiltonian H, yields additional
difficulties in that case since, unlike for the model treated in Section 3, the
commutator [H,iA] is not comparable with H.

e Decay of muonic atoms. The decay of a free muon or of a muon in the

electromagnetic field of a nucleus always produces more than three particles
woo—= v+ rete.

A natural way to describe this decay in muonic atoms, is to restrict the Fock

space for muons to bound states of Dirac-Coulomb. Moreover, to account

for high energies involved in this decay, it is sufficient to consider only free

electron/positron states.

The inherent mathematical difficulty is that we have to deal with a
process with four fermionic particles, two of which are massless as given by the
Standard Model. For this model, technical difficulties arise already for getting
a relative bound with respect to the free Hamiltonian for the interaction.
Without such a bound, it remains illusory with the current techniques to
derive any interesting spectral properties.
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e Model with neutrino mass. As mentioned in the introduction of Section 2,
neutrinos (of the electrons, muons or tauons) have a mass. To account for
this, one can add a mass to the neutrino in the model of Section 2. This
model already gives interesting mathematical challenges, since the massive
fermions “create” thresholds in the spectrum, but the masses of the neutrino
are so tiny, that relative bounds can not be used as in Section 2 in the context
of usual perturbative theory, unless dealing with interaction with irrelevant
coupling constant g < 1.

A physically more relevant way to take into account the neutrino mass
is the study of Hamiltonians of post Standard Models.
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Magnetic Laplacian in Sharp
Three-dimensional Cones

Virginie Bonnaillie-Noél, Monique Dauge, Nicolas Popoff
and Nicolas Raymond

Abstract. The core result of this paper is an upper bound for the ground
state energy of the magnetic Laplacian with constant magnetic field on cones
that are contained in a half-space. This bound involves a weighted norm of
the magnetic field related to moments on a plane section of the cone. When
the cone is sharp, i.e., when its section is small, this upper bound tends to
0. A lower bound on the essential spectrum is proved for families of sharp
cones, implying that if the section is small enough the ground state energy is
an eigenvalue. This circumstance produces corner concentration in the semi-
classical limit for the magnetic Schrodinger operator when such sharp cones
are involved.

Mathematics Subject Classification (2010). 81Q10, 35J10, 35P15.

Keywords. Magnetic Laplacian with Neumann conditions, lowest eigenvalue,
ground energy, essential spectrum.

1. Introduction

1.1. Motivation

The onset of supraconductivity in presence of an intense magnetic field in a body
occupying a domain () is related to the lowest eigenvalues of “semiclassical” mag-
netic Laplacians in £ with natural boundary condition (see for instance [15, 9, 10]),
and its localization is connected with the localization of the corresponding eigen-
functions.

The semiclassical expansion of the first eigenvalues of Neumann magnetic
Laplacians has been addressed in numerous papers, considering constant or vari-
able magnetic field. In order to introduce our present study, it is sufficient to discuss
the case of a constant magnetic field B and of a simply connected domain €.
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For any chosen h > 0, let us denote by A\, (B, ) the first eigenvalue of the
magnetic Laplacian (—ihV + A)? with Neumann boundary conditions. Here A is
any associated potential (i.e., such that curl A = B). The following facts are proved
in dimension 2.

i) The eigenmodes associated with A, (B, Q) localize near the boundary as h —
0, see [11].
ii) For a smooth boundary, these eigenmodes concentrate near the points of
maximal curvature, see [8].
iii) In presence of corners for a polygonal domain, these eigenmodes localize near
acute corners (i.e., of opening < 7), see [2, 3].
Results i) and iii) rely on the investigation of the collection of the ground state
energies F(B, Il ) of the associated tangent problems, i.e., the magnetic Laplacians
for h = 1 with the same magnetic field B, posed on the (dilation invariant) tangent
domains Il at each point x of the closure of €. The tangent domain Il is the full
space R? if x is an interior point, the half-space Ri if x belongs to a smooth part
of the boundary 912, and a sector S if x is a corner of a polygonal domain. The
reason for i) is the inequality F(B,R?) < E(B,R?) and the reason for iii) is that
the ground state energy associated with an acute sector S is less than that of the
half-plane Ri. Beyond this result, there also holds the small angle asymptotics
(see [2, Theorem 1.1]), with S, the sector of opening angle a,

E(B,S.) = |B]| & +0(a?). (1.1)

@

V3

Asymptotic formulas for the first eigenvalue A, (B, ) are established in various

configurations (mainly in situations ii) and iii)) and the first term is always given by

tim (B2 E(B,1L,). (1.2)
h—0 h x€Q

As far as three-dimensional domains are concerned, in the recent contribution
[4] formula (1.2) is proved to be still valid in a general class of corner domains for
which tangent domains at the boundary are either half-planes, infinite wedges or
genuine infinite 3D cones with polygonal sections. Various convergence rates are
proved. Thus the analysis of the Schrédinger operator with constant magnetic field
on general cones is crucial to exhibit the main term of the expansion of the ground
energy of the magnetic Laplacian in any corner domain. As in 2D, the interior case
I, = R3 (x € Q) is explicit, and the half-space is rather well known (see [16, 12]).
The case of wedges has been more recently addressed in [17, 18, 19].

When the infimum is reached at a corner, a better upper bound of A\, (B, )
can be proved as soon as the bottom of the spectrum of the corresponding tangent
operator is discrete [4, Theorem 9.1]. If, moreover, this infimum is attained at
corners only, the corner concentration holds for associated eigenvectors [4, Section
12.1]. So the main motivation of the present paper is to investigate 3D cones
in order to find sufficient conditions ensuring positive answers to the following
questions:
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(Q1) A 3D cone II being given, does the energy E(B,II) correspond to a discrete
eigenvalue for the associated magnetic Laplacian?

(Q2) A corner domain Q C R3 being given, is the infimum in (1.2) reached at a
corner, or at corners only?

In [16], positive answers are given to these questions when (2 is a cuboid (so
that the 3D tangent cones are octants), under some geometrical hypotheses on the
orientation of the magnetic field. In [5, 6], the case of right circular cones (that we
denote here by C2 with « its opening) is investigated: a full asymptotics is proved,
starting as

3
12 +0(a?), (1.3)

where (3 is the angle between the magnetic field B and the axis of the cone. When
combined with a positive a-independent lower bound of the essential spectrum,
such an asymptotics guarantees that for o small enough, E(B, C3) is an eigenvalue,
providing positive answer to Question (Q1).

The aim of this paper is to deal with more general cones, especially with
polygonal section. We are going to prove an upper bound that has similar char-
acteristics as the asymptotical term in (1.3). We will also prove that there exist
eigenvalues below the essential spectrum as soon as the cone is sharp enough, and
therefore provide sufficient conditions for a positive answer to Question (Q1).

E(B,C2) = |B]\/1+sin? 3

One of the main new difficulties is that the essential spectrum strongly de-
pends on the dihedral angles of the cones, and that, if these angles get small, the
essential spectrum may go to 0 by virtue of the upper bound

B(B,Wa) < [B] ), +0(a?) (14)

where « is the opening of the wedge W,,. Here the magnetic field B is assumed
either to be contained in the bisector plane of the wedge (see [17, Proposition
7.6]), or to be tangent to a face of the wedge (see [18, Section 5]). The outcome of
the present study is that eigenvalues will appear under the essential spectrum for
sharp cones that do not have sharp edges.

Obviously, (1.4) may also be an obstruction to a positive answer to Question
(Q2). Combining our upper bound for sharp cones with the positivity and the
continuity of the ground energy on wedges, we will deduce that a domain that has
a sharp corner gives a positive answer to (Q2), provided the opening of its edges
remained bounded from below. We will also exhibit such a domain by an explicit
construction.

Finally, we can mention that there exist in the literature various works dealing
with spectral problems involving conical domains: Let us quote among others the
“0-interaction” Schrodinger operator, see [1], and the Robin Laplacian, see [14]. We
find out that the latter problem shares many common features with the magnetic
Laplacian, and will describe some of these analogies in the last section of our paper.
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1.2. Main results

Let us provide now the framework and the main results of our paper. We will
consider cones defined through a plane section.

Definition 1.1. Let w be a bounded and connected open subset of R?. We define
the cone C, by

C, = {x = (x1,x2,x3) ER®: x3>0 and (Xl, X2) € w}. (1.5)
X3 X3
Let B = (B1,B2,B3)" be a constant magnetic field and A be an associated
linear magnetic potential, i.e., such that curl A = B. We consider the quadratic
form

4[A.C.](u) = /C (¥ + A)uf? dx,

defined on the form domain
Dom(g[A,C.]) = {u € L*(C,) : (—iV +A)u € L*(C,)}.

We denote by H(A,C,) the Friedrichs extension of this quadratic form. If the
domain w is regular enough (for example if w is a bounded polygonal domain),
H(A,C,) coincides with the Neumann realization of the magnetic Laplacian on C,,
with the magnetic field B. By gauge invariance the spectrum of H(A,C,,) depends
only on the magnetic field B and not on the magnetic potential A that is a priori
assumed to be linear. For n € N, we define E,,(B,C,) as the nth Rayleigh quotient
of H(A,Cy):

AC,
E,(B,C,) = sup inf d ’QC ](u)
UL y..oytly—1 EDom(q[A,Co]) wE[UL,. . Un—1] H’U’HLQ(CW)
u€Dom(g[A,Cu])

(1.6)

For n = 1, we shorten the notation by F(B,C,) that is the ground state energy of
the magnetic Laplacian H(A,C,).

1.2.1. Upper bound for the first Rayleigh quotients. Our first result states an
upper bound for E,,(B,C,) valid for any section w.

Theorem 1.2. Let w be an open bounded subset of R? and B be a constant magnetic
field. We define, for k = 0,1,2, the normalized moments (here |w| denotes the
measure of w)

1
my = / x’fngk dxq dxs.
|w| Jo
The nth Rayleigh quotient satisfies the upper bound
E,(B,C,) < (4n — 1)e(B,w), (1.7)
where e(B,w) is the positive constant defined by

2 1/2
e(B,w) = (Bg o2 m + Bgmg + B%mo - QBlBle) . (18)

mo + Mo
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Lemma 1.3. There holds

i) The application B — e(B,w) is an w-dependent norm on R3.
ii) The application (B,w) — e(B,w) is homogeneous:

B w (1.9)
— , w = . .
Bl |w]

e(B,w) = [w|*?|B]| e(b, =), with b
Remark 1.4. a) Although the quantity ¢(B,w) is independent of the choice of the
Cartesian coordinates (x1, x2) in the plane x3 = 0, it strongly depends on the choice
of the x5 “axis” defining this plane. Indeed, if a cone C contained in a half-space is
given, there are many different choices possible for coordinates (x1,x2,x3) so that
C can be represented as (1.5). To each choice of the x3 axis corresponds a distinct
definition of w. For instance, let C be a circular cone. If the x3 axis is chosen as
the axis of the cone, then w is a disc. Any different choice of the axis x3 yields an
ellipse for w and the corresponding quantity e(B,w) would be larger.

b) When w is the disc of center (0,0) and radius tan §, the cone C,, equals
the circular cone C of opening « considered in [5, 6]. Then we find that e(B,w)
coincides with the first term of the asymptotics (1.3) modulo O(a?), which proves
that our upper bound is sharp in this case (see Section 3.2.1 below).

1.2.2. Convergence of the bottom of essential spectrum. By the min-max prin-
ciple, the quantity E,(B,C,), defined in (1.6), is either the nth eigenvalue of
H(A,C,), or the bottom of the essential spectrum denoted by Fess(B,Cy).

The second step of our investigation is then to determine the bottom of the
essential spectrum. We assume that w is a bounded polygonal domain in R?. This
means that the boundary of w is a finite union of smooth arcs (the sides) and
that the tangents to two neighboring sides at their common end (a vertex) are
not colinear. Then the set C,, N'S? called the section of the cone C,, is a polygonal
domain of the sphere that has the same properties. For any p € C,,NS?, we denote
by II, C R? the tangent cone to C, at p. More details about the precise definition
of a tangent cone can be found in the Appendix or in [4, Section 3]. Let us now
describe the nature of 1I, according to the location of p in the section of C,:

(a) If p belongs to C,, N'S?, i.e., is an interior point, then II, = R3.

(b) If p belongs to the regular part of the boundary of C,, N'S? (that is if p is in
the interior of a side of C,, N'S?), then I, is a half-space.

(c) If p is a vertex of C,, N'S? of opening 6, then II, is a wedge of opening 6.

The cone II,, is called a tangent substructure of C,,. The ground state energy of the
magnetic Laplacian on II, with magnetic field B is well defined and still denoted
by E(B,II,). Let us introduce the infimum of the ground state energies on the
tangent substructures of C,:

£%(B,C,) = inf E(B,II). (1.10)
p € C,NS?
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Then [4, Theorem 6.6] yields that the bottom of the essential spectrum Eess(B, C,,)
of the operator H(A,C,) is given by this quantity:

Fuws(B,C.) = &*(B,C.). (1.11)

Now we take the view point of small angle asymptotics, like in (1.1), (1.3), and
(1.4). But for general 3D cones there is no obvious notion of small angle «.. That
is why we introduce families of sharp cones for which the plane section w is scaled
by a small parameter ¢ > 0. More precisely, w C R? being given, we define the
dilated domain

we :==cw, €>0, (1.12)
and consider the family of cones C,,_ parametrized by (1.12), as ¢ — 0. The homo-
geneity (1.9) of the bound e(B,w) implies immediately

e(B,w:) =e(B,w)e. (1.13)

Thus the bound (1.7) implies that the Rayleigh quotients E, (B,C..) tend to 0 as
e —0.

To determine the asymptotic behavior of Eess(B,C,,.) as e — 0, we introduce
@ as the cylinder w x R and define the infimum of ground energies

&(B,0) = inf E(B, Iy .1)),

x' Ew

where, for x in the closure of @, ﬁx denotes the tangent cone to & at x. We note that,
by translation invariance along the third coordinate, &(B,®) is also the infimum
of ground energies when x varies in the whole cylinder @.

Proposition 1.5. Let w be a bounded polygonal domain of R%, and w. defined by
(1.12). Then

lim Eess(B, Co.) = (B, &) > 0.
e—0

Taking (1.13) into account, as a direct consequence of Theorem 1.2 and
Proposition 1.5, we deduce:

Corollary 1.6. Let w be a bounded polygonal domain of R? and B be a constant
magnetic field. For all n > 1, for all € > 0, there holds

E,.(B,C,.) < (4n—1)e(B,w)e.

In particular, for € small enough, there exists an eigenvalue below the essential
spectrum.

Remark 1.7. It is far from being clear whether (4n — 1)e(B,w)e can be the first
term of an eigenvalue asymptotics, like this is the case for circular cones as proved
in [5, 6].
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1.2.3. Corner concentration in the semiclassical framework. Let Q2 C R? be a
bounded simply connected corner domain in the sense of Definition A.2 (see [4,
Section 3] for more details). We denote by Hj(A, ) the Neumann realization
of the Schrédinger operator (—ihV + A)? on Q with magnetic potential A and
semiclassical parameter h. Due to gauge invariance, its eigenvalues depend on the
magnetic field B = curl A, and not on the potential A, whereas the eigenfunctions
do depend on A. We are interested in the first eigenvalue A\, (B, Q) of Hp(A,Q)
and in associated normalized eigenvector ¢y, (A, ).

Let us briefly recall some of the results of [4], restricting the discussion to
the case when the magnetic field B is constant (and A linear) for simplicity of
exposition. To each point x € Q is associated with a dilation invariant, tangent
open set Iy, according to the following cases:

1. If x is an interior point, II, = R3,
2. If x belongs to a face f (i.e., a connected component of the smooth part of

00), Tl is a half-space,

3. If x belongs to an edge e, 1l is an infinite wedge,

4. If x is a vertex v, Il is an infinite cone.
The local energy E(B,II ) at x is defined as the ground energy of the tangent
operator H(A,Il) and the lowest local energy is written as

&(B,Q) := inf E(B,IL). (1.14)
xeQ

Then [4, Theorem 5.1 & 9.1] provides the general asymptotical bounds
A (B, Q) —h&(B, Q)| < CR™MIC as h—0. (1.15)
Let Eess(B, IIk) be the bottom of the essential spectrum of H (A, IIy). If there exists
a vertex v of {2 such that
&(B,Q) = E(B,I1,) < Fus(B,1I1,), (1.16)

then there holds the improved upper bound (B, Q) < h&'(B,Q) + C h3/?|log hl,
see [4, Theorem 9.1 (d)]. Finally, if the lowest local energy is attained at vertices
only, in the following strong sense (here 2 is the set of vertices of )

£(B,Q) < inf E(B,TI), (1.17)
x€Q\Y

the first eigenvalue A\, (B, 2) has an asymptotic expansion as h — 0 ensuring the
improved bounds
An(B,Q) —h&(B, Q)| <ChY? as h—0, (1.18)

and, moreover, the corresponding eigenfunction concentrates near the vertices v
such that &(B,) = E(B,II,). This is an immediate adaptation of [3] to the 3D
case, see [4, Section 12.1]. In this framework, our result is now

Proposition 1.8. Let w be a bounded polygonal domain of R?, and w. defined by
(1.12).
a) Let (Q(E))E be a family of 3D corner domains such that
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i) One of the vertices v(e) of Q(e) satisfies I,y = C,,,
il) The edge openings ax of all domains Q(e) satisfy the uniform bounds

Bo < ax < 2w — By, Vx edge point of Q(e), Ve > 0, (1.19)
with a positive constant By.

Then condition (1.17) is satisfied for e small enough.
b) Families (Q(s))E satisfying the above assumptions i) and ii) do exist.

1.2.4. Outline of the paper. The paper is organized as follows: Sections 2-3 are
devoted to the proof of Theorem 1.2: To get an upper bound of E,(B,C,), we
introduce in Section 2 a reduced operator on the half-line, depending on the chosen
axis x3 > 0, and introduce test functions for the reduced Rayleigh quotients.
Then, in Section 3, we optimize the choice of the magnetic potential A in order to
minimize the reduced Rayleigh quotients. The obtained upper bounds are explicitly
computed in some examples like discs and rectangles. In Section 4, we focus on
the essential spectrum for a sharp cone C,.  with polygonal section and prove
Proposition 4.1 that is a stronger form of Proposition 1.5. Section 5 is devoted
to the proof of Proposition 1.8 that provides cases of corner concentration for the
first eigenvectors of the semiclassical magnetic Laplacian. We conclude the paper
in Section 6 by a comparison with Robin problem. Finally, for completeness, we
recall in the Appendix the recursive definition of corner domains.

2. Upper bound for the first Rayleigh quotients
using a 1D operator
The aim of the two following sections is to establish an upper bound of the nth
Rayleigh quotient E,(B,C,), valid for any domain w.
For any constant magnetic potential B, we introduce the subspace
AB)={AcL(R?): 09,A=0 and V xA =B},

where £(R3) denotes the set of the endomorphisms of R?. The set A(B) is not
empty and we can consider A € A(B). Let w be a bounded polygonal domain. We
evaluate now the quadratic form ¢[A,C,](¢) for functions ¢ only depending on
the x3 variable. This leads to introduce a new quadratic form on some weighted
Hilbert space.

Lemma 2.1. Let us introduce the weighted space L2 (R4 ) := L?(R4,x? dx) endowed
1/2
with the norm |lull 2 &) = (fR+ lu(x)]?x? dx) . For any parameter A > 0, we
define the quadratic form p[\] by
P = [ (W00 + ou ) dx,
R4

on the domain By, (Ry) :={u € LZ(Ry) : xu € L2 (R, ), v’ € L2 (R4)}.
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Let A € A(B) and ¢ € Byw(R4). Then the function C, > x — ¢(x3), still
denoted by ¢, belongs to Dom(g[A,C,]). Moreover there holds

dACle) N Al

ez, lelle ) wl

Proof. Let A = (A1,Az,A3)T € A(B). Since ¢ is real-valued and depends only on
the x3 variable, we have

qA, Cul(p) = / ALPLol? + [A P[] + | (—idk, + As)el” dx

w

- / IAG)2l0(05)|2 + By (x5 2 dx.

w

Let us perform the change of variables
X = (Xq,X2,X3) = <X17X2,X3> . (2.1)
X3 X3

Since A is linear and does not depends on x3, we have

dlACA) = [ (IAGORXER0X) + /(%)) X5 X

= ol [ 0K X+ ATy [0S X,

and, with the same change of variables (2.1)

lielacy = ol [l e

Thus the Rayleigh quotient is written

IAl2,,
gIA,Col(p)  Jar 19 OG)PXEAXs + 0 s l0(Xa)PXE dXs
el ., Jas 10(X3)[2X3 dXs ’

and we deduce the lemma. O

With Lemma 2.1 at hands, we are interested in the spectrum of the operator
associated with the quadratic form p[\]. Thanks to the change of function u
U := xu, the weight is eliminated and we find by using an integration by parts
that

PN (1) = / (U0 + METR)P) dx and [ullZs m,) = 10122 .

Ry
So we are reduced to a harmonic oscillator on Ry with Dirichlet condition at 0.
Its eigenvectors U, are the restrictions to R. of the odd ones on R. Therefore,
see also [5, Corollary C.2], we find that the eigenvalues of the operator associated
with the form p[\] are simple and the nth eigenvalue equals A'/2(4n — 1). Then,
by combining the min-max principle with Lemma 2.1, we deduce that the nth
eigenvalue of the operator associated with the form ¢[A, C,] is bounded from above
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by (4n — 1)||A|lr2(w)//|w|- Since this upper bound is valid for any A € A(B), we
have proved the following proposition.

Proposition 2.2. Let B be a constant magnetic field. Then for all n € N*, we have
in —1

\/| | AeA

AB)={AcL(R®: O,A=0 and V xA=B}

En(B,Cy) < ||AHL (2.2)

with

3. Optimization

The aim of this section is to give an explicit solution to the optimization problem

Find Ag € A(B) such that |[|Ao|r2() = 1nf ||AHL2 (3.1)
for a constant magnetic field B = (By, B2, B3)T. We also prov1de explicit examples
in the case where the domain w is a disc or a rectangle.

3.1. Resolution of the optimization problem and proof of Theorem 1.2
Let A = (A1,A2,A3)T € A(B). Since A is independent of the x3 variable, we have

0., As B,
curl A = —6X1 A3 = BQ
O, Ao — Oy, Aq Bs

By linearity of A, we have necessarily As(x) = Bixa — Baxy. Therefore considering
A ={N € LR?): Vy . xA =1},
the infimum in (3.1) is written
1/2
ity I8l = (B2 it I8 + [ B~ BoPanda) . (2)
and 3D optimization problem (3.1) can be reduced to a 2D one:
Find Aj € A" such that [|Aj|12() = 1nf HA llr2(w)- (3.3)

This problem can be solved explicitly:

Proposition 3.1. For k =0,1,2, we define the moments
My, = / x’fx2 * dxy dxe.
w

Then, we have
MoMy — M?
f||A = .
A}IGIA/ H HLz(w) MO + M2
Moreover the minimizer of (3.3) exists, is unique, and given by

1 M1 —MQ X1
AO(XI’XQ) Mo + M, <M2 —Ml) (X2 '
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Remark 3.2.
a) Let us notice that

1
MoMy — M? = 5 / /(xlx’2 — X x2)? dxq dxg dx] dxb.

This relation highlights once more the connection with he geometry of w.
b) The divergence of the optimal transverse potential Af is 0, just as the full
associated potential Ag.

Proof. Let us introduce the space of linear applications of the plane £(R?) endowed
with the scalar product

Uﬂh%ﬁz/fWJﬂﬁ@hMNMW% Vi,g € L(R).

Then A’ is an affine hyperplane of £(R?) of dimension 3, and Problem (3.3) is
equivalent to find the distance from the origin 0 to this hyperplane. In particular
there exists a unique minimizer to (3.3), which is the orthogonal projection of 0
to A’. To make the solution explicit, we look for a linear function Aj € A’ of the

form
%W“ﬂ:Q15§>@Q’

where (a, 8,7) are to be found. Then we have
F(a,8,7) = |AylIf2() = /(ax1 + Bx2)? + (14 B)xa + 7x2)? dxq dxe

= Ma(a® + (14 B)?) + 2My(af + (1 + B)y) + Mo(8* +7*).

Solving VF = 0 gives a unique solution

(@.8:9) = 4 g, (M= Mo, =2,
and computations provide
I8y = oM M
@ My + M,
We deduce the proposition. O

Proof of Theorem 1.2. Now, combining Proposition 2.2, (3.2) and Proposition 3.1,
we get the upper bound

E,.(B,Cy,) < (4n — 1)e(B,Cy),
with
1 MoMy — M2 1/2
B,w) = B2 ! / By — Box1)?dx; d
e(B,w) \/|w|( 3 Mo + My + w(Xl 2 ax1) < dxq dxg
_ 1 ( 2MOMQ—Ml2

1/2
= \/| | 3 Mo + Mo + BgMQ + B%MO — 2BlBgM1>
w
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mome — m?2 1/2
— <B§ 0Tz b 4 BZmy + B2mg — 2|31|32m1> ;
mo + Mo

with my = M} /|w|, and we deduce Theorem 1.2. O

Proof of Lemma 1.3. Let us discuss the quantities appearing in e(B,w):

e The coefficient mgms — m? corresponds to a Gram determinant, and is pos-
itive by the Cauchy—Schwarz inequality.

e The coefficient mg + mg = ‘i‘ [, (x +x3) dx; dxg is the isotropic moment of
order 2 in w.

e When (B, Bz) # 0, we denote by A C R? the line borne by the projection of

the magnetic field in the plane {x3 = 0}. Then the quantity
/(B2X1 - 81X2)2 dX1 dX2

is the square of the L? norm (in w) of the distance to A.

Consequently, the function B + e(B,w) is a norm on R®. Furthermore, although
the normalized moments depend on the choice of Cartesian coordinates in R2, the
above three points show that this is not the case for the three quantities mg + ms,
mamg — m3 and b3mso + b?mgy — 2b1bamy. We deduce that the constant e(B,w)
depends only on the magnetic field and the domain and not on the choice of
Cartesian coordinates. Lemma 1.3 is proved. O

3.2. Examples

In this section we apply Proposition 3.1 to particular geometries, namely discs and
rectangles.

3.2.1. Circular cone. The case of a right circular cone is already considered in
[5, 6], and we compare our upper bound given in Theorem 1.2 with the existing
results.

For any disc w centered at the origin, the normalized moments equal

mo = mo = Jl and mj =0,
47
so that Theorem 1.2 gives
n —1 B2 1z
E,(B,C,) < (4n —1)e(B,w) = n2 \/|::| ( 23 +B2+ B%) . (3.4)

In [5, 6], the right circular cone C; with opening « is considered: Here w is the
disc centered at the origin with radius tan & . In this case, a complete asymptotic
expansion is established as & — 0 and the first term is given by

, En(B,cg)_4n—1\/ -
(}111)% o = o5 1+ sin® g, (3.5)
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where [ is the angle between the magnetic field B and the axis of the cone. Let
us compare with our upper bound (3.4), applied with B = (0,sin 3, cos3)T and
|w| = 7 tan? §. This provides:

o 4n —1 o .9
Va € (0,7), E,(B,C) < 03/ tan2\/1—|—s1n B.

In view of (3.5), this upper bound is optimal asymptotically, as o« — 0. Let us
notice that the solution of the minimization problem (3.3) is in that case the

so-called symmetric potential Aj = } (—x2,%1)" (see Proposition 3.1).

3.2.2. Rectangular cone. Let us assume that w is the rectangle [¢q, €y] X [La, Lp).
The moments of order 2 can be computed explicitly:

(gb - [a)(LZ’ - Lg) 1

- = (L} + LyL, + L2
mo 3|W| 3( b + Ly + (L)’
(6 — )Ly - L3) _ 1
mi 4|UJ| 4( b+ a)( b+ a)7
(52 _53)(Lb_La) L o 2
= @ = _(l; + lply + 02).
mo 3ol 3( b+ ol +03)
Let us apply Theorem 1.2 in several configurations. Note that if ¢, = —/, or
L, = —Lp (which means that we have a symmetry), then m; = 0 and

Mo 1/2
E.(B,C,) < (4n—1) <B§ mo+my T Bimo + B§m2> .
Assuming, both ¢, = —/; and L, = — Ly, we obtain the following upper bound for
the ground state energy for the rectangle [—¢,¢] x [—L, L] (for shortness, ¢ = ¢,
and L = Ly):

1/2
+B2L% + 5352) : (3.6)

_ 272
E.B,C)< "t <52 cr

V3 \ e+ L2
In the case of a symmetric rectangle of proportions ¢ < L = 1, the last formula
becomes

dn—1 0 1/2
E,(B,C,) < B2 B +B3¢*) .
(B,Cy) < V3 (3€2+1+ 1+B5
We observe that this upper bound does not converge to 0 when B; # 0 and ¢ tends

to 0. In contrast when By = 0 there holds

n —1 B2 1z
E,.(B,C,) < 14 5 +B3)
( )< V3 (62 +1 + 2>
which tends to 0 as £ — 0. This configuration (B; = 0 and ¢ — 0) means that B
is almost tangent to the cone C, in the direction where it is not sharp. This can
be compared with the result (1.4) on wedges. This shows the anisotropy of the
quantities appearing in our upper bounds.



50 V. Bonnaillie-Noél, M. Dauge, N. Popoff and N. Raymond

For the square [/, £]?, we deduce the upper bound of the first eigenvalue

an—1 (B2 Y2 gn—1\/|w| (B2 1/2
En(Bvcw) < \/3 L ( 23 + B% + B%) = 9 \{/3 ( 23 + B% + B%) .
(3.7)

Remark 3.3. Assuming that |w| is set, our upper bounds in the case when w is a
square or a disc can be compared, see (3.4) and (3.7). The distinct factors are

Dcos642 and L~ 05774
VT V3

4. Essential spectrum for cones of small apertures
with polygonal section

Here we consider the case of a family of cones parametrized by a model plane
polygonal domain w C R? and the scaling factor ¢ > 0. We characterize the limit
of the bottom of the essential spectrum Fess(B,C,,.) as e — 0, where C,,_ is defined
in (1.12). The main result of this section is Proposition 4.1, which is a stronger
version of Proposition 1.5.
In such a situation, relations (1.10)—(1.11) take the form
E.s(B,C,.)=86"(B,C,.) = inf E(B,IIL,).

p € Cu,.NS?
We define the bijective transformation P : w x Ry — C,, by
(X', 1)
x, D’
Notice that x’ — P(x/,1) defines a bijection from R? onto the upper half-sphere
S% :={p € S?, p3 > 0}, and that for all £ > 0, P(ew, 1) is an open set of S2 and
coincides with C,,_ N S?.

If p is a vertex of C,,_ NS?, then x’ = P (-, 1)~ 1(p) is still a vertex of w,, but its
opening angle is not the same as for p, in particular the tangent cones II, and Il
are both wedges, but they cannot be deduced each one from another by a rotation,
and in general the ground state energies on these two domains are different.

The following proposition estimates the difference between the ground state
energies as € — 0:

P(X,t) =t | V(x',t) € w x Ry, (4.1)

Proposition 4.1. There exist positive constants 9 and C(w) depending only on w
such that

Ve € (0,e0),  [67(B,Cu.) — &(B,B)| < Clw)e'/?. (4.2)
In particular, lim._,0 £*(B,C,.) = &(B,®).
Proof. Recall that the transformation P is defined in (4.1). Denote by O the origin
in the plane R?. The differential dg )P of P at the point (0, 1) is the identity I.
So there exist positive constants C' and g such that for all € € (0, &),

VX €we, |dw,P —1IJ < Ce. (4.3)
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Define N, the scaling of ratio € around the plane t = 1:
N @ (x1,%2,t) — (ex1,ex2, 1 +(t — 1)). (4.4)

The scaling N, transforms a neighborhood of w x {1} into a neighborhood of
ew X {1}. Then the composed application P o N, is a diffecomorphism from a neigh-
borhood of w x {1} onto a neighborhood of C,,_ N S%.

Let us pick a point x’ in the closure of the polygonal domain w. By defi-
nition of polygonal domains, there exists a local diffeomorphism J that sends a
neighborhood of x” in w onto a neighborhood of 0 of the tangent plane sector (in
broad sense) II. The differential dy/J equals I by construction. Then J=1J ® 15
realizes a local diffeomorphism that sends a neighborhood of x := (x,1) in @ onto
a neighborhood of 0 of the tangent cone I, == Iy x R.

We set p, := P o N.(x). For any ¢ € (0,¢q), the composed application

Jo(PoN,)™!

is a local diffeomorphism that sends a neighborhood of the point p, in C, onto a
neighborhood of 0 of the cone Il,. Let D. be the differential at 0 of the inverse of
the map J o (P o N.)~!. Then, by construction, the modified map

D. o Jo (PoN,)™*
is such that its differential at the point p, is the identity I. Therefore this modified
map is a local diffeomorphism that sends a neighborhood of the point p, in C,,_
onto a neighborhood of 0 in the tangent cone I, _.
We deduce that D, is a linear isomorphism between the two cones of interest
D, : ﬁx — 10, .
We calculate:
D. = do(PoN.oJ ) = dp Po dN.o dgJ L.

But dgj\*1 =T and dyN. = 1. So we have obtained that e dp_P is an isomorphism
between the two cones of interest. By homogeneity d,_ P is also an isomorphism
between the same sets. Thanks to (4.3) we have obtained that

Lemma 4.2. Let X' € w, x = (x',1) and p. = P o Nc(x). Then the linear map
Lx,e := dp_P is an isomorphism between 1lx and II,_, that satisfies
e — ]| < C, (45)
where C' depends neither on X' nor on € and with P, N, defined in (4.1), (4.4).
Therefore
E(B,TI,) - E(B, 11, ) = E(B,II,) — E(B, Lc(IL,)). (4.6)
Relying on (4.5), we are going to estimate the right-hand side of (4.6) depending

on the position of x’ € w:
(a) x' is inside w. Then Il is the full space R?, just like Ly - (ILy). So E(B, Ily)

~

coincides with F(B, Ly - (Ilk)) in this case.
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(b) x belongs to a side of w. Then Il and Lxﬁs(ﬁx) are half-spaces. The
lowest energy E(B,II) when II is a half-space is determined by the ¢! function
o acting on the unsigned angle 6 € [0, 7] between B and OIL. If 0y, 0. denote

the angle between B and 8ﬁx, 8Lx75(ﬁx,€), respectively, then for a constant C
depending on w:
|0x — Ok c| < Ce and |o(6x) — o(bx,c)| < Ce. (4.7)

(¢) x’ is a corner of w. Then ﬁx and Lx@(ﬁx) are wedges of opening ay
and ax . with |ax — axe| < Ce. Moreover there exist rotations Ry and Ry . that
transform I, and Ly (Ilx) into the canonical wedges W,, and W, . and there
holds ||Rx,s — Rx|| < Ce. Since

E(B,IL,) = BE(Ry'B,W,,) and E(B,L,.(Ik)) = E(R B, W.,,.),
we deduce from [19, Section 4.4]

|E(B,II,) — E(B, Ly (IL,))| < Ce'/3.

Taking the infimum over x € wx {1}, we deduce the (4.2). As stated in [4, Corollary
8.5], there holds &(B,®) > 0. Therefore we deduce Proposition 4.1. O

5. Application to corner concentration

In this section, we discuss the link between (1.16) and (1.17), and we then prove
Proposition 1.8.

We first prove that condition (1.17) implies condition (1.16). If (1.17) holds,
there exists a vertex v such that &(B,Q?) = E(B,1II,). By [4, Theorem 6.6], the
essential spectrum of H(A,1l,) is given by

&*(B,1Iy) := inf E(B,II,).
p € II,NS2
But for each p € II, NS?, the cone II, is the limit of tangent cones II, with points
x € Q\ U converging to v. The continuity of the ground energy then implies that

E(B,IL,) > inf E(B,IL).
x€EQ\U

We deduce
&*(B,1I,) > inf E(B,IIL).
xeQ\U
Hence condition (1.16) holds.

Proof of point a) of Proposition 1.8. By condition i), and as a consequence of (1.7)
and (1.13), there holds
E(B,Il,()) < 3ce(B,w). (5.1)

Let us bound inf, g\ o E(B, Ilx) from below. Let x € 2\ .

1. If x is an interior point, then F(B,II,) = E(B,R3) = ||B|.
2. If x belongs to a face, Il is a half-space and E(B,II) > ©|B|| > ;B
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3. Since x is not a vertex, it remains the case when x belongs to an edge of €2, and
then Il is a wedge. Let ax denote its opening. Then F(B,Ilk) = E(Bx, Wa,)
where By is deduced from B by a suitable rotation. At this point we use the
continuity result of [19, Theorem 4.5] for (B,a) — E(B,a) with respect to
a € (0,27) and B € S?, which yields

min EB,W,)=:¢ > 0, 5.2

L ARG (52)

where the diamagnetic inequality has been used to get the positivity. We
deduce by homogeneity E(B,IIy) > ¢(5o)|/B].

Finally

inf E(B,IIk) > min{c(Ao), 3 }|B].
x€EQ\YU

Combined with the previous upper bound (5.1) at the vertex v(e), this estimate
yields that condition (1.17) is satisfied for £ small enough, hence point a) of Propo-
sition 1.8.

Proof of point b) of Proposition 1.8. Let us define

Q(E) = Cwa N {Xg < 1}.
By construction, we only have to check (1.19). The edges of Q(g) can be classified
in two sets:

1. The edges contained in those of C,,_. We have proved in Section 4 that their
opening converge to the opening angles of w as ¢ — 0.

2. The edges contained in the plane {xs = 1}. Their openings tend to
e —0.

Hence (1.19).

s

2&8

6. Analogies with the Robin Laplacian

We describe here some similarities of the Neumann magnetic Laplacian with the
Robin Laplacian on corner domains. For a real parameter v, this last operator acts
as the Laplacian on functions satisfying the mixed boundary condition 9, u—~yu = 0
where 0, is the outward normal and ~ is a real parameter. The associated quadratic
form is

u»—)/Q|Vu(J:)|2dx—fy/BQ lu(s)|?ds, € H' ().

Since the study initiated in [13], many works have been done in order to under-
stand the asymptotics of the eigenpairs of this operator in the limit v — 4o0.
It occurs that in this regime, the first eigenvalue )\SOb(Q) of this Robin Lapla-
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cian shares numerous common features with those of the magnetic Laplacian in
the semi-classical limit. Levitin and Parnovski prove that for a corner domain 2
satisfying a uniform interior cone condition, there holds (see [14, Theorem 3.2])
A3P(Q)  ~ 47 inf ER(II 1
Q) oy inf ERR(IL), (6.1)
where, as before, ER°P(I1) is the ground state energy of the model operator (y = 1)
on the tangent cone Il at x. In fact, ER°(II,) < 0 for any boundary point x. This
result leads to the same problematics as ours: compare the ground state energies
of model operators on various tangent cones. When Il is either a half-space or a
wedge, ER(I1,) is explicit:

—sin"?(9) if a€(0,7]

-1 if ae€[r,2m). (6.2)

EFPRY) =1 and ERPW,) = {
This shows, in some sense, that the Robin Laplacian is simpler for these cones. We
notice that ER®(W,) — —oo as a — 0. This fact should be compared to (1.4).
The general idea behind this is an analogy between the degeneracy of the ground
state energies, as follows: Whereas the ground energy (always positive) is going to
0 for the magnetic Laplacian on sharp cones, the ground energy (always finite) of
the Robin Laplacian goes to —oo, as we shall explain below.

However, for cones of higher dimensions, no explicit expression like (6.2) is
known for ER°P(II,). In [14, Section 5], a two-sided estimate is given for convex
cones of dimension > 3. The idea for this estimate is quite similar to our strategy:
Given a suitable reference axis {x3 > 0} intersecting IINS? at a point denoted by
6, one defines the plane P tangent to S? at 6, so that the intersection PN1II defines
a section w for which the cone II coincides with C,, given by (1.5). Using polar
coordinates (p,¢) € R* x S! in the plane P centered at §, one parametrizes the
boundary of w by a function b through the relation p = b(¢). Then!, [14, Theorem
5.1] provides the upper bound

Jor o(0)0(0)? d¢>2 . e g
fo b(6)2 do with  o(¢) = /1 +b(6)~2 +/(¢)2b(¢) .
(6.3)
Note that this estimate depends on the choice of the reference coordinate xs,
exactly as in our case, see Remark 1.4, and can be optimized by taking the infimum
on 6.

Estimate (6.3) shows in particular that for our sharp cones C,,_, the energy
ER®(C,,.) goes to —oo like —e~2 as ¢ — 0. This property is the analog of our
upper bounds (1.7)-(1.13). We expect that an analog of our formula (1.11) is valid,
implying that there exists a finite limit for the bottom of the essential spectrum of
the model Robin Laplacians defined on C,,_, as € — 0. This would provide similar
conclusions for Robin problem and for the magnetic Laplacian.

ERob(H) < _(

'In [14, Theorem 5.1], the quantity —ERP(II) is estimated, so that the upper bound presented
here, corresponds to the lower bound of the paper loc. cit.
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Appendix: Tangent cones and corner domains

Following [7, Section 2] (see also [4, Section 1]), we recall the definition of corner
domains. We call a cone any open subset II of R™ satisfying

Vp>0 and xell, pxell
and the section of the cone II is its subset II N S"~!. Note that S = {—1,1}.

Definition A.1 (TANGENT CONE). Let 2 be an open subset of M = R"™ or S™.
Let xo € €. The cone Iy, is said to be tangent to € at x if there exists a
local ¥’ diffeomorphism U*® which maps a neighborhood Uy, of xo in M onto a
neighborhood Vy, of 0 in R™ and such that

U™ (x0) =0, U (U, NQ) =V, NI, and U (U, NON) = Vy, NIl .

Definition A.2 (CLASS OF CORNER DOMAINS). For M = R" or S”, the classes of
corner domains © (M) and tangent cones B,, are defined as follows:

INITIALIZATION: 3¢ has one element, {0}. D(S°) is formed by all subsets of SP.

RECURRENCE: For n > 1,
(1) II € R, if and only if the section of IT belongs to D(S"~1),
(2) Q€ D(M) if and only if for any xo € 2, there exists a tangent cone Iy, € P,
to  at xg.
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Spectral Clusters for Magnetic
Exterior Problems

Vincent Bruneau and Diomba Sambou

Abstract. Let Ho = (iV — A)? be the Schrodinger operator with constant
magnetic field in R%, d = 2,3 and K C R? be a compact domain with smooth
boundary. We consider the Dirichlet (resp. Neumann, resp. Robin) realization
of (iV — A)? on Q := R?\ K. First, in the case d = 2, we recall the known
results concerning eigenvalue clusters for these exterior problems. Then, in di-
mension 3, after a review on the previous results for potential perturbations,
we study the resonances for the obstacle problems. We establish the existence
of resonance free sectors near the Landau level and study a resonance count-
ing function. Consequently we obtain the accumulation of resonances at the
Landau levels and in some cases the discretness of the set of the embedded
eigenvalues.

Mathematics Subject Classification (2010). 35PXX, 35B34, 81Q10, 35J10,
47F05, 47G30.

Keywords. Magnetic Schrédinger operator, boundary conditions, counting
function of resonances.

1. Introduction
We consider, in R3, a constant magnetic field of strength b > 0, pointing at the x3-
direction, B = (0,0,b). For an associated magnetic potential A = (A1, Az, A3) =
(=07 ,0%,0) let us introduce the magnetic derivatives:

Vi =V, —id;; j=1,23

and the magnetic Schrédinger operators in R?, d = 2, 3:

VNG (D1+gx2)2+(p2—gx1)2 it d=2,
(v) | ;(VJ> (D1+gx2)2+(D2—gx1)2+D§ if d=3
(1.1)

where D := —i 6‘2_ is the symmetric partial derivative.
J
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The aim of this paper is to give spectral properties of these operators in
presence of an obstacle. Let K C R%, d = 2,3, be a compact domain with smooth
boundary ¥ and let  := R?\ K. We denote by v the unit outward normal vector
of the boundary ¥ and by 97 := V4 . v the magnetic normal derivative. For v a
smooth real-valued function on ¥, we introduce the operator

6’24’7 =VA.v4n

and the quadratic form

Qe (u) = / |VAu‘2dx —|—/ y|u|*do. (1.2)

Q b
Then, we define the Robin, the Neumann and the Dirichlet realizations of

2
— (VA) on €

e [}, the Robin operator, is the self-adjoint operator associated with the clo-
sure of the quadratic form @, originally defined in the magnetic Sobolev

space H}(Q) := {u € L*(Q) : VAu € L*(Q)}.
e HJ. the Neumann operator, corresponds to the Robin operator with v = 0.

e [, the Dirichlet operator, is the self-adjoint operator associated with the
closure of the quadratic form QY originally defined on C§5°(€2).

These operators will be considered as perturbations of the reference operator
Hy, the self-adjoint operator associated with the closure of the quadratic form on
R?, @Y, originally defined on C§°(R?), d = 2,3.

Thus, the operator H) is defined by

Hlu = —(VA)Qu, u € Dom (H),

k A
Dom (H) = {u € L) : (VA> weL?(Q), k=1,2 : 95 u=0 on E},
(1.3)
the operator H3® by

2
Hzu = —(VA) u, € Dom (HY),

k
Dom (HE) := {u € L?(Q): (VA) uwe L*Q), k=1,2 : u=0 on E},
(1.4)
and Hj satisfies

Hou = —(VA)Qu, u € Dom (Hy) = H3(R?),

; (1.5)
H2(RY) = {u € L2(RY) : (VA) we L2(RY), k=1,2 }

Let us mention that magnetic boundary problems appear in the Ginzburg—
Landau theory of superconductors, in the theory of Bose-Einstein condensates,
and in the study of edge states in Quantum Mechanics (see for instance [9], [15],

1], [12]....).
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This paper is a review of known results concerning the spectrum of the above
operators. The 2D cases were studied by Pushnitski-Rozenblum [21] for the Dirich-
let problem, by Persson Sundqvist [20] for the Neumann problem and by Goffeng—
Kachmar—Persson Sundqvist [13] for the Robin boundary condition. The 3D cases
are contained in the recent work of the authors [8]. These results are closely related
to previous works concerning perturbations of Hy by potentials V' of definite sign,
H = Hy + V, with V compactly supported (see [22], [23], [19], [10] in the 2D case
and [6], [11], [4], [5] in the 3D case).

As we will see, an important difference between the 2D and the 3D case is
the spectral structure of Hy. In dimension 2, the so-called Landau Hamiltonian,
Hy, admits a pure point spectrum (and the same holds for the relatively compact
perburbations), while in dimension 3, the spectrum of Hy is absolutely continuous.
Thus, in dimension 3, the spectral properties of relatively compact perturbations of
Hy are analysed with the study of the Spectral Shift Function or of the resonances.

2. Results in the 2-dimensional case

In R2, the reference operator Hy is the Landau Hamiltonian:

Hy = Hirandau == <D1 + ;):cg)Q + (D2 - gxl)Q. (2.1)

Its spectrum consists of the so-called Landau levels Ay, = (2¢ + 1)b, ¢ € N :=
{0,1,2,...}, and dim Ker(Hrandau — Ag) = o0 (see for instance [2]), that is the
spectrum and the essential spectrum of Hy coincide with the point spectrum:

0(Ho) = 0ess(Ho) = 0p(Ho) = {Ag; ¢ > 0}

For the exterior problem, Weyl’s theorem on the invariance of the essential
spectrum under compact perturbation allows us to prove (see [15], [21], [16], [20],
[13]) that:

Uess(HSO) - O—ess(Hg) - Jess(HO) — {Aq, q Z O}
Thus, the spectrum of the operators HY and H is discrete outside the Landau
levels and the discrete eigenvalues can only accumulate to the Landau levels.

Finally, if the obstacle K has a non-empty interior, for the Dirichlet problem,
Pushnitski-Rozenblum [21] proves that below (resp. above) each Landau level,
H has a finite number of eigenvalues (resp. infinitely many eigenvalues). On the
contrary, for HJ, Persson Sundqvist [20] and Goffeng-Kachmar—Persson Sundqvist
[13] proves that the eigenvalues accumulate only below each Landau level. More
precisely, if for an operator H and ¢ € N fixed, we introduce the counting function:

Ni(H,r) = #{eig.(H) € Ay = (r,10)}, 0<r<ry<2b,
we have:

Theorem 2.1 ([21], [20] and [13]). Suppose the obstacle K has a non-empty interior.
Then as r ™\, 0, the counting functions of the eigenvalues of HZ® and of HY on the
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right, and on the left of the Landau levels satisfy:
N (Hg7) = O(1), N (Hg,7) ~ | ] (n [ In]) 7,
N (H3,r) ~ [l (n )™, N (HE,7) = O(1).

Let us mention that the above theorem is a consequence of more accurate re-
sults of the cited works where the asymptotic behavior of each discrete eigenvalue
is studied. These results are closely related to previous results of Raikov—Warzel
[23], Melgaard—Rozenblum [19] and Filonov—Pushnitski [10] where the perturba-
tion of Hy by potentials are considered. In particular, for 1, the characteristic
function of K, these results state that, as r \, 0 one has:

N_(Ho+1g,r) = O(1), Ny (Ho+1g,7) ~ |Inr|(In|Inr|) ™,
N_(Hy —1g,7) ~ |Inr|(In|Inr|)~', Ny (Hy —1g,7) = O(1).

Thus the distribution of the eigenvalues of H3 (resp. of H()) follows the same law
as this of the eigenvalues of Hy + 1 (resp. of Hy — 1). Since the main term
of the above asymptotics is independent of K, the characteristic function of K
can be replaced by any compactly supported function with support having a non-
empty interior. However the more refined asymptotics mentioned above for the
obstacle problems and for the potential perturbation coincide only if the support
of the perturbed potential is K (or is a set with the same capacity) because these
asymptotics involve the capacity of the set K (see [19], [10], [21], [20] and [13]).

3. Perturbation of Hy in dimension 3

3.1. Spectral properties

In the three-dimensional case, the reference operator Hj is related to the Landau

Hamiltonian (defined by (2.1)). By identifying L?(R?) with LQ(R%II’M))@)LQ (R.,),
we have:

Ho = Hrandau ® I3 + 1 ®D§ (31)
with I3 and I, being the identity operators in L?(R,,) and L? (R%Ihmz)) respec-

tively. Consequently, since the spectrum of Hyangau consists of the Landau levels,
and o(D2) = 0,.(D3) = [0 + 00), then

o(Ho) = 0ac(Ho) = Ugzo (Ag + [0, +50) ) = b, +20),

and the Landau levels play the role of thresholds in the spectrum of Hy. As in
the two-dimensional case, for the exterior problems, Weyl’s theorem allows us to
prove (see [16]) that

Oess(H) = UeSS(ng) = Oess(Ho) = 0(Hp) = [b, +00).

In this case, due to the presence of continuous spectrum on the semi-axis [b, +00),
the clusters phenomena at the Landau levels (embedded in the spectrum) are more
complicated to analyse. It can be done in several ways.
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In the case of potential perturbations such phenomena are justified by proving
that the Landau levels are singularities of the Spectral Shift Function (see [11]) on
one hand and on the other hand that the Landau levels are accumulation points
of resonances (see [4], [5]). It is also possible to prove that some axisymmetric
perturbations can produce an infinite number of embedded eigenvalues near the
Landau levels (see [6]). Let us mention that, below the first Landau level, where
the resonances are only eigenvalues and, up to a sign, the Spectral Shift Function
is the counting function of eigenvalues, these results coincide.

In view of the results in the 2D case, a natural conjecture for the 3D exterior
problems, is that the clusters phenomena for the Dirichlet (resp. Robin or Neu-
mann) operator are close to those established for Hy+ 15 (resp. Hy — 1 ). Before
discussing the obstacle problems, let us recall the known results for Hy := Hot1g,
with 1x the multiplication operator by the characteristic function of the compact
set K having a non-empty interior.

3.2. Singularities of the Spectral Shift Function for perturbations
by characteristic functions

We consider K having a non-empty interior and 1x being the multiplication op-
erator by the characteristic function of K. Introduce the self-adjoint operator

H:t = Ho:l:]lK.

It is well known that since the resolvent difference (Hy — i)~ — (Ho — i)~ !

is a trace-class operator, there exists a unique
¢ =&(5Hs, Ho) € L'(R; (1 + E%)dE)

such that the Lifshits—Krein trace formula
To (F(He) — F(H) = [ €(B: Ha Ho) £/ (E)E
R

holds for each f € C§°(R) and the normalization condition £(E; Hy, Hy) = 0
is fulfilled for each E € (—oo,info(H)) (see the original works [18, 17] or [24,
Chapter 8]).

The function £(-; Hy, Hy) is called the spectral shift function (SSF) for the
operator pair (Hy, Hy). By the Birman—Krein formula, for almost every E > b, it
coincides with the scattering phase for the operator pair (H+, Hp) (see the original
work [3] or the monograph [24]).

Further, for almost every £ < b we have

—&(E;Hy, Hy) = #{eig.(Hy) € (—o0, E)}.

By [7, Proposition 2.5], the SSF for the operator pair (Hy, Hp) is bounded
on every compact subset of R\ {Ay; ¢ > 0} and is continuous on R\ ({Ay; ¢ >
0} Uopp(Hx)) where op,,(Hz) is the set of the eigenvalues of Hy. Moreover, since
the characteristic function 1 g is compactly supported, the analysis of the SSF in
terms of resonances (see Section 5 of [4]) proves the analyticity of £(-; Hy, Hy) on

R\ ({Ag; ¢ > 0} Uopp(Hy)).
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In [11], Fernandez—Raikov describe the asymptotic behavior of the SSF {(F
Hy,Hy) as E — A4 for potentials admitting a power-like decay, an exponential
decay, or having a compact support. In particular for the pair (Hi, Hy) they
obtain:

Theorem 3.1 ([11, Theorems 3.1, 3.2]). Fiz ¢ € N. Then as A ] 0, we have
§(Aq — A Hy, Ho) = O(1),
E(Ng+ N Hy Hy) ~ |Inr|(4In|Inr|)~t,
E(Ay — N\, H_,Hy) ~ —|In7| (2In|Inr[)~*
E(Ag+ N H_,Hp) ~—|In7| (41n|In7r|)~ "

These above results suggest the following conjecture for the exterior problem,
but, to our best knowledge, it is still not proved:

Conjecture. Fix ¢ € N. As A | 0,
E(Ag— N HY, Hy) =
§(Ag + X HG, Hy
g(Aq _)‘;HavHO
E(Aq"‘/\?HgvHo

o),
~ |lnr|(4ln|lnr))~*
~ —|In7[(2In|In7|)~?
~ —|Inr|(4ln|Inr|)~*

o

3.3. Clusters of resonances

In order to define the resonances, let us recall analytic properties of the free re-
solvent. Let M be the connected infinite-sheeted covering of C\ Ugen{A,} where
each function z — \/ z—ANq, ¢ € N, is analytic. Near a Landau level Ag, this
Riemann surface M can be parametrized by z,(k) = A, + k2, k € C*, k| < 1
(for more details, see Section 2 of [4]). For € > 0, we denote by M. the set of
the points z € M such that for each ¢ € N, we have Im\/z — Ay > —e. We have
UesoMe = M.

Proposition 3.2 ([4, Proposition 1]). For each € > 0, the operator-valued function
z— Ro(z),

Ro(2) = (Hy —2)~': e_€<’”3>L2(R3) — ee<”3>L2(]R3)
has a holomorphic extension (still denoted by Ro(z)) from the open upper half-plane
Cy:={2€C; Imz >0} to M..

Let py be the orthogonal projection onto ker(Hrandau — Aq). Thanks to the
orthogonal decomposition of (Ho —2)7 L

O_Z qu D +A —Z) la
geN

the above result is a consequence of the holomorphic extension of z > (Dfﬂ3 +A,—
—/Ag—zlzg—aj|
e

2\/Aqu

2)~! whose integral kernel is



Spectral Clusters for Magnetic Exterior Problems 63

Then, by using some resolvent equations and the analytic Fredholm theorem,
from Proposition 3.2, we deduce meromorphic extension of the resolvents of HZ
and H (see Section 3 of [8]).

We are able to define the resonances:

Definition 3.3. For e = 00,7, we define the resonances for H¢ as the poles of the
meromorphic extension of the resolvent

Re(2) == (HS — 2)7 1 e @) [2(Q) — e [2(Q).

These poles (i.e., the resonances) and the rank of their residues (the multiplicity
of the resonance) do not depend on € > 0.

Note that in dimension 2 the analog of Proposition 3.2 is trivial (for ¢ > 0),
because the free Hamiltonian Hy,,qau has no spectrum outside the Landau levels.
In this case, the poles of the Definition 3.3, for € = 0 are simply the eigenvalues of
the 2D exterior problems.

The study of the distribution of the resonances of HZ® and HJ near the
Landau levels is done in our recent work [8]. We obtained that the distribution of
the resonances of H® (resp. H{)) near the Landau levels is essentially governed by
the distribution of resonances of Hy + 1k (resp. Hy — 1) which is known thanks
to [5].

More precisely, as stated in the following results, we have a localization of
the resonances of HY and H{ near the Landau levels A4, ¢ € N, together with
an asymptotic expansion of the resonances counting function in the small annulus
adjoining A4, ¢ € N. As consequences we obtain some information concerning
eigenvalues.

For an operator H and ¢ € N fixed, let us introduce the counting function of
resonances near Ag:

Ny(H,rr) i= #{24(k) = Ay + k> € res.(H); /r < |k| < /ro}, 0<r <1y < 2b.
(3.2)

Theorem 3.4. Let K C R? be a smooth compact domain. Fiz a Landau level A,
q € N, such that K does not produce an isolated resonance at Aq.
Then the resonances zq(k) = Ay+k* of HY and HY, with |k| << 1 sufficiently
small, satisfy:
(i) For the Dirichlet exterior problem (o = 00), the resonances zq are far from
the z-real azis in the sense that there exists ro > 0 such that k = \/zq — Aq,
|k| < ro satisfies:

Im(k) <0,  Re(k) = o([k|).

(ii) For the Neumann—Robin exterior problem (e = 7), the resonances z, are
close to the real axis, below Ay, in the sense that there exists ro > 0 such that
k=/2q— Mg, |k| <ro satisfies:

Im(k) >0,  Re(k) = o([k]).
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And for ¢ = 0o,y and 1o fixed, the following asymptotics holds for counting
function of resonances

[In7|

Na(Hg,770) ~ 21n|In7|

(1+0(1)),  7\0.

In particular, near the first Landau level Ay = b, using that the only poles
20(k) = Ao+k?, with Imk > 0, are the eigenvalues below Ag (for which Re(k) = 0),
and the fact that the Dirichlet operator is a non-negative perturbation of Hy (see
Lemma 4.3), we have:

Corollary 3.5.

(i) The Robin (resp. Neumann) exterior operator Hp (resp. HS) has an increas-
ing sequence of eigenvalues {p;}; which accumulate at Ao with the distribu-
tion:

In A
s € (BN (=000 =N} ~ 0T (10m), a0,

(ii) The Dirichlet exterior operator HY has no eigenvalues below Ag.

Remark. Since, on the point spectrum, the Spectral Shift Function coincides with
the counting function of the eigenvalues (up to a sign), then Corollary 3.5 shows
that the above conjecture is true at the energies below Ay.
Moreover, since the embedded eigenvalues of the operator HY in [b, +00) \
o=0{/Aq} are the resonances z,(k) with k € e9:21(0,/2b), then, for each ¢ € N,
an immediate consequence of Theorem 3.4 (i) and (ii) is the absence of embedded
eigenvalues of H® in (A —r2, Ay) U(Ay, Ay +1¢) and of embedded eigenvalues of
H in (Ag, Ay + 73), for ro sufficiently small. Hence we have the following result:

Corollary 3.6. In [b,+00)\UZo{Ag} (resp. in [b, +00)\UsZ, {(Ag—73, Ag) }), ro >
0, the embedded eigenvalues of the operator HY (resp. HQ) form a dzscrete set.

Let us recall that the above results concerning the distribution of resonances
of HY (resp. HJ) are exactly the same for the resonances of Hy + 1y (resp.
Hy — 1g) (see [22] for the eigenvalues below Ag, and [4], [5] for resonances near
the Landau levels).

In comparison with previous works, the spectral study of obstacle perturba-
tions in the 3D case leads to two new difficulties. The first, with respect to the
2D case, comes from the presence of continuous spectrum, then the spectral study
involves resonances and some non-selfadjoint aspects. The second difficulty, with
respect to the potential perturbations, is due to the fact that the perturbed and
the unperturbed operators are not defined on the same space.

4. Idea of the proof

In this section we give the main steps of the proofs of the results of Section 3.
For detailed proofs, we refer to [8]. As written above, an important difficulty, with
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FIGURE 1. Localization of the resonances in variable k: For rq suffi-
ciently small, the resonances z,(k) = A, + k? of the operators H,
e = 00,7, near a Landau level A,, ¢ € N, are concentrated in the sec-
tors Sy. For @ = co they are concentrated near the semi-axis —i(0, +00)
in both sides, while they are concentrated near the semi-axis i(0, +00)
on the left for ¢ = ~.

respect to the potential perturbations, is due to the fact that the perturbed and
the unperturbed operators are not defined on the same space. In order to over-

come this difficulty, first we introduce an appropriate perturbation V°®, ¢ = co,,
of Hy' on L?*(R?).

4.1. Auxiliary operators and characterization of the resonances

By identification of L?(R?) with L?(Q) @ L?(K), we consider the following opera-
tors in L?(IR3):

HY := H} @ H;." on Dom(H) @ Dom(H "), (4.1)

where H;" is the Robin operator in K. Namely, H,;” is the self-adjoint operator
associated with the closure of the quadratic form Q" defined by (1.2), by replacing
v and © with —y and K respectively. The spectrum of this elliptic operator H ",
on L?(K) with K compact, is discrete and its eigenvalues, arranged in increasing
order, tend to infinity.

Without loss of generality, we can assume that HJ, Hy” and HZ® are positive
and invertible (if not, it is sufficient to shift them by the same constant), and we
introduce

V”—Ho —(H") = Hy = (Hy)”
V= - (HF)™

Yo (H) (4.2)

Let us introduce, for Im(z) > 0, the resolvent operators

R(2)=(H'—2)"' = (H}—2) '@ (H —2)"' and R>(2) = (HF —2)"'a0.

(4.4)
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From the above properties, it is clear that for ¢ = v, 0o, the operator-valued
function

R*(2) : e <" L2(R?) — ™) L*(R?)
has a meromorphic extension (also denoted R* ()) from the open upper half-plane
to M., € < Vb and according to their multipligities (i.e., the rank of their residues),
the poles of R coincide with the poles of B> and the poles of R}, are those of

RY excepted the eigenvalues of H,;". In particular, since the spectrum of H,;" is
discrete, we have:

Proposition 4.1. For 0 < 9 < 2b fized, the counting function of resonances (see
Definition (3.2)) satisfies:

N (HS 1, 10) = #{2(k) = Ay + E? pole of R®; /r < |k| < /o),
Ny (HY, r,r0) = #{24(k) = Ay + k? pole of RY; /r < |k| < \/ro} + O(1)
uniformly with respect to r € (0,r9).

Then, for ¢ = 00,7, the clusters phenomena for the resonances of H{ near
A, are reduced to the accumulation properties of the poles of R*® at A4. Moreover
from some Birman-Schwinger type arguments, we obtain that z is a pole of R® if
and only if (—1) is an eigenvalue of the analytic extension of

B*(z):

—1
1
sen(v Vit (Dot v
= sign(V*)|V*|2 zHo(Hy — )" '|V*|2
= 2V + 2%sign(V*) |V*|2 (Hy — 2) V|2
and we have:

Proposition 4.2 ([8], Proposition 3.3). For e = 00,7, the following assertions are
equivalent:

a) zis a pole of R® in E(e‘€<’”3>L2(R3), ee<”3>L2(]R3)>,
b) zis a pole of |[V*|2R*|V*|2 in £<L2(R3)),

c) —1 is an eigenvalue of B®(z) with
B*(2) == 2V* + 22sign(V*) [V*|2 (Ho — 2) V2. (4.5)

The above results allow us to reduce our problem to the analysis of the
complex numbers z, € M such that I + BJ(z,) is not invertible. The study of
these so-called characteristic values of the holomorphic operator-valued function
I+ Bj will be done exploiting tools of [5] (see Proposition 4.5 below). In particular,
we use that the perturbation V* is of definite sign and some properties of the
restriction of V'* to the space of functions f satistying (Hy — A4)f = 0 near K.
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4.2. Properties of V'*

From the analysis of the quadratic forms (and of their domains) associated with
Ve and V7 we easily obtain:

Lemma 4.3 ([8], Lemma 3.1). The operators V°° and V7 defined by (4.3) and (4.2)
are respectively non-negative and non-positive compact operators in L(L?(R?)).

Let us introduce a compact domain K; C R3 which contains K and
EJ(Ky) = {f € L*(R*) NC™(R®); (Ho — Ag)f =0on K, }. (4.6)

Proposition 4.4 ([8], Proposition 5.1). Fiz Ky, K; two compact domains of R3,
KyC K C Ky withdK;NOK =0,i=0,1. For ¢ = 00,7, there exists L, a finite
codimension subspaces of E(K1) and C > 1 such that for any f € Lg,

1
C<f’ x, f)remsy < (Hof, [V Hof)r2msy < C(f, Lk, f)r2(rs), ®=00,7.
(4.7)

The proof of this result is the object of Sections 5 and 6 of [8]. The lower
bound in the Dirichlet case is inspired by the analogous result in the 2D case (see
Proposition 3.1 of [21]). It exploits the resolvent equation

Hyt = (Ho + i) ™ = Hy iy (1= Ly (Ho + Licy) iy ) By g

and the fact that 1, (Ho + Lg,) 1k, is a compact operator in £(L?(R3)). The
proof of the other estimates (lower bound for @ =~ and upper bounds) is closely
related to the 2D case (see Lemma 4.2 of [13]). It exploits the expressions of V*®
in terms of Dirichlet-Neumann and Robin—Dirichlet operators and their elliptic
properties as pseudo-differential operators on X.

For T a compact self-adjoint operator, let us introduce the counting function

n(r,T) = Tr L}, o) (T), (4.8)

the number of eigenvalues of the operator T' lying in the interval [r,+o00) C R*,
counted with their multiplicity. In the following, we will use the asymptotic prop-
erties of the counting function for the Toeplitz operator p,W*®p,, where W* is the
operator defined on L?(R?) by:

1

(W* ) (21, 22) = 5

[ (et ew) e, @)
Ry g
From the min-max principle and Proposition 4.4, we deduce there exists
C > 1, such that:
n(Cr,pq]lKOqu) < n(r,qu‘pq) < n(r/C,pq]lKleq), (4.10)

where K- and Ki- are compact sets (with nonempty interior) such that Kg- x Iy C
K C Kf x I for some intervals Iy, I;.
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According to [23, Lemma 3.5], for ¢ = 0, 1, we have

[In7|

n(r,peliipg) = | ] (1+0(1)) as 0.
Then, we deduce
o Inr
n(r,pgW°pq) = h|1 | 1n|r| (1+0(1)), r N\ 0. (4.11)

4.3. Proof of Theorem 3.4

From Proposition 4.1 and Proposition 4.2, for ¢ = co,~y, we have:
N(HS,r,r0) = #{24(k) = Ay + K, /r < |k| < \/ro, such that
I + B*(zy(k)) is not invertible} + O(1)

uniformly with respect to r € (0, rg].

The operator V'* is of fixed sign (see Lemma 4.3) and exploiting (4.11), k =0
is a pole of k = B*(z,(k)) with the residue A$(0) := limy_,o ik B*(z,(k)) satisfying:

° 2 ° | In T|
n(r, |Aq(0)|) = n(r, Ap,W pq) = (1 + 0(1))7 N\ 0 (4.12)
n|lnr|

(see Proposition 4.3 of [8] or previous results [4, 5]). Then, we conclude the proof
of Theorem 3.4 from Proposition 4.5 below (applied with z = ik), provided the
invertibility of I—A’(0)IIy holds. For a more complete interpretation and discussion
on this latter assumption we refer to Section 4.4 of [8]. In the statement of Theorem
3.4, it is expressed by K does not produce an isolated resonance (or eigenvalue) at
A4. We can hope that this hypothesis is generic, for instance in the sense that, if
it does not hold for some K, then, under a small perturbation of the obstacle K,
it becomes true.

Proposition 4.5 ([5], [8] Proposition 4.2). For D a domain of C containing zero,
and S the class of compact operators in a separable Hilbert space, we consider a
holomorphic operator-valued function A : D — S and introduce the set of the
characteristic values of (I — Aiz)) inside A € C\ {0}:

A
Z(AA) = {z eA:T]— (2) is not invertible} .
z
Assume that A(0) is self-adjoint and Z(A, A) is non-empty. Denote by Iy the
orthogonal projection onto ker A(0) and assume that I — A'(0)Iy is invertible.
If A € C\ {0} is a bounded domain with smooth boundary OA which is
transverse to the real aris at each point of OA NR, then we have:

(i) The characteristic values z € Z(A, A) near 0 satisfy [Im(z)| = o(|z]) as ||
tends to 0.

(ii) If the operator A(0) has a definite sign (£A(0) > 0), then the characteristic
values z near 0 satisfy £Re(z) > 0.
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(iii) For £A(0) > 0, if the counting function of A(0),
n(r, £A(0)) := Tr 1}, 4 o) (+A(0))
satisfies:

[In7|

n(r,£A(0)) = ¢ (1+o0(1)), r N0,

“In | In 7|
then, for ro > 0 fized, the counting function of the characteristic values near
0 satisfies:

[In 7|

#{z € Z(AA); r <|z| <ro} =co (1+o0(1)), r N\ 0,

In|lnr|

where the multiplicity of a characteristic value zy is defined by

mult(zo) := 2;7rtr (/C (— Aiz)) (I— Aiz))_ldz> .
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The Spectral Shift Function and
the Witten Index

Alan Carey, Fritz Gesztesy, Galina Levitina and Fedor Sukochev

Abstract. We survey the notion of the spectral shift function of two opera-
tors and recent progress on its connection with the Witten index. We begin
with classical definitions of the spectral shift function &( - ; He, H1) under var-
ious assumptions on the pair of operators (H2, H1) in a fixed Hilbert space
and then discuss some of its properties. We then present a new approach to
defining the spectral shift function and discuss Krein’s Trace Theorem. In
particular, we describe a proof that does not use complex analysis [53] and
develop its extension to general o-finite von Neumann algebras M of type 11
and unbounded perturbations from the predual of M.

We also discuss the connection between the theory of the spectral shift
function and index theory for certain model operators. We start by introduc-
ing various definitions of the Witten index, (an extension of the notion of Fred-
holm index to non-Fredholm operators). Then we study the model operator
D, = (d/dt)+ A in L*(R;H) associated with the operator path {A(#)}52_,
where (Af)(t) = A(t)f(t) for a.e. t € R, and appropriate f € L*(R;H) (with
‘H being a separable, complex Hilbert space). The setup permits the operator
family A(t) on H to be an unbounded relatively trace class perturbation of the
unbounded self-adjoint operator A_, and no discrete spectrum assumptions
are made on the asymptotes A+.

When there is a spectral gap for the operators A+ at zero, it is shown
that the operator D 4 is Fredholm and the Fredholm index can be computed as

ind(D ) = &(04;|Dal*, | Dal’) = £(0; Ay, AL).

When 0 € 0(Ay) (or 0 € 0(A_)), the operator D 4 ceases to be Fredholm.
However, under the additional assumption that 0 is a right and a left Lebesgue
point of &(-; Ay, A_), it is proved that 0 is also a right Lebesgue point of
E(-;|Dal? |D4l?). For the resolvent (resp., semigroup) regularized Witten
index Wr(D 4) (resp., Ws(D,)) the following equality holds,

Wi (Da) =Wi(Da) =£(04;]D4)% |Dal”)
= [£(O+7 A+7 A—) + 5(0—;A+7A—)]/2'

We also study a special example, when the perturbation of the un-
bounded self-adjoint operator A_ is not assumed to be relatively trace class.



In this example A_ = —i ddz is the differentiation operator on L?*(R) and

the perturbation is given by the multiplication operator by a (bounded) real-
valued function f on R. Under certain assumptions on f it is proved that

Wi(Da) =Ws(Da) =£(0+;DaD%, D3 D 4)
1
=€(0; AL, A ds.
£(0; A4, A) /Rf(s) s

~on
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1. Introduction

The purpose of this article is twofold: We give a detailed survey of the Lifshitz—
Krein spectral shift function and its properties, and we then review the notion of
the Witten index and its relation to the spectral shift function and to spectral flow.

We begin in Section 2 with an account of the history of the spectral shift
function starting with the work of Lifshitz and Krein. We discuss several points
of view on the definition and then move on to more recent developments. We
explain in some detail a recent real analysis approach to the fundamental theorem
of Krein (almost all complete earlier proofs use complex analysis, see, however,
[57] and [60]). The novelty here is that the proof also applies when one works in
the generality of semifinite von Neumann algebras (rather than just the algebra of
bounded operators on a Hilbert space).

Starting in Section 3 we survey the properties of the Witten index from a
more contemporary perspective. We introduce a special “supersymmetric” model
operator motivated by geometric considerations. We describe in Section 4 recent
results relevant to index theory that do not depend on assuming that the operators
under study all have discrete spectrum. In particular, we focus on two formulae
(we call these the principle trace formula and the Pushnitski formula) that seem
especially interesting. Generalizations of both of these formulae are described in
terms of recent results (published and, as of yet, unpublished ones). We briefly
explain in the final section some new examples that point the way to higher-
dimensional examples.

2. Spectral shift function

In 1947, the well-known physicist .M. Lifshitz considered perturbations of an
operator Hy (arising as the Hamiltonian of a lattice model in quantum mechanics)
by a finite-rank perturbation V' and found some formulae and quantitative relations
for the size of the shift of the eigenvalues. In one of his papers the spectral shift
function (SSF), &(-; Ho + V, Hyp), appeared for the first time, and formulae for it
in the case of a finite-rank perturbation were obtained.

Lifshitz later continued these investigations and applied them to the problem
of computing the trace of the operator ¢p(Hy + V') — ¢(Hy), where Hy is the unper-
turbed self-adjoint operator, V is a self-adjoint, finite-dimensional perturbation,
acting on the same Hilbert space H, and ¢ is an appropriate function (belonging
to a fairly broad class). He obtained (or, rather, surmised) the remarkable relation

e (G(Ho + V) — 6(Hy)) = / &' (NE(: Ho + V, Ho) d, (2.1)

where the function &(-; Hy + V, Hy) depends on operators Hy and V' only.

A physical example treated by Lifshitz is the following: if Hy is the operator
describing the oscillations of a crystal lattice, then the free energy of the oscillations
can be represented in the form F' = try (¢(Hy)), for some ¢. In this case, the trace
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formula enables one to compute the change in the free energy of oscillations of the
crystal lattice upon introduction of a foreign admixture into the crystal.

If one wants to study continuous analogues of lattice models, perturbations
V', as a rule, are no longer described by finite-rank operators. For such models
the appropriate class of perturbations, such that the spectral shift function may
be defined, needs to be described. In his paper [43], M.G. Krein resolved this
problem. Furthermore, he described the broad class of functions ¢ for which (2.1)
holds. His approach was based on the notion of perturbation determinants to be
discussed next.

2.1. Perturbation determinants

Let ‘H be a complex, separable Hilbert space, B(#) be the algebra of all bounded
linear operators in H equipped with the uniform norm || - ||s and let By (#) be
the ideal of all trace class operators, equipped with the the norm || - ||;. The latter
ideal, besides carrying the standard trace try(-), also gives rise to the notion of a
determinant, which generalizes the corresponding notion in the finite-dimensional
case. Let T' € By (#H). For any orthonormal basis {w,, } nen in H consider the N x N
matrix Tn with elements 6y, p + (Twm,wn), m,n € 1,..., N. Then the following
limit exists:

lim det(I + 7Tn) =:dety (I +1T)
N—oo
independently of the choice of the basis {wy, }nen (cf., [33, Ch. IV]). The functional
dety (I + -) : Bi(H) — C is called the determinant; it is continuous with respect
to the By (#)-norm.

In terms of eigenvalues of T' € By (H), {\e(T)}rez, T C N, an appropriate
index set, one has

detay(I +T) =[], _ (1 +M(T)),

where the product converges absolutely (due to the fact that ), .7 [\x| < 00). We
note the following properties of the determinant [33]:

dety (I +T7) = detyy (I + T, T € Bi(H),

dety, (I +T1)(I + T3)) = dety (I + T1) dety (I + T3), T, Ts € Bi(H),

detH(I + T1T2) = detH(I + Tng), T,Ts € B(H), T 15, 15T, € By (H)

In the following, let Hy, H be self-adjoint operators in H with dom(Hy) =

dom(H), and let V = H — Hy. Assume that VR,(Hy) € Bi(H), where R,(T)

denotes the resolvent of an operator T, that is, R,(T) = (T — zI)~!. Under these
assumptions one can introduce the perturbation determinant

A(z) = Apyn, (2) == dety (I + VR.(Hp))
dety ((H — 2I)(Ho — 2I)""), Im(z) #0.

Next we briefly recall some properties of perturbation determinants.
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For self-adjoint operators Ho, H the mapping z — Ap/p,(2) is analytic in
both the half-planes Im(z) > 0 and Im(z) < 0 and

AH/Ho (2) = AH/Ho (Z)’ Im(z) 7é 0.

One has Ag/ g, (2) # 0 for Im(z) # 0.
In addition, since V' € B;1(H), standard properties of resolvents imply that

|lVRy,(2)][1 — 0 as |Im(z)| — oo,
and therefore,
Ap/m,(2) = 1 as [Im(z)| — oo.

Since the function Az, g, (-) is analytic in the open upper and lower half-plane and
since Ag/p,(2) # 0, Im(z) # 0, it is a standard fact from complex analysis that
there exists a function G(-) analytic in both of the upper and lower half-planes
such that e® = Apyn,- Naturally, one denotes the function G by In(Ag/ g, ). It is
clear that the function In(Ag, g, ) is multivalued and its different values at a point
z, Im(z) # 0, differ by 27ik, k € Z. Since Ag/p,(2) — 1, as [Im(z)| — oo, one
fizes the branch of the function In(Ag, g, ) by requiring that In(Ag, g, (2)) — 0 as
[Im(z)] — oc.

2.2. Construction of the SSF due to M.G. Krein

To construct the spectral shift function by Krein’s method we exploit the following

representation of the function In(Ag, g, (2)),
(X H Hy)

/ SAHHoydh =y 20, (2.2)

with a real-valued &(-; H, Hy) € Ll(R), where L1(R) denotes the space of all

(Lebesgue) integrable functions on R.

The proof of (2.2) relies on the following classical result from complex anal-
ysis.

In(Ag/m,(2)

Theorem 2.1 (Privalov representation theorem). Suppose that F' is holomorphic in
the open upper half-plane. If Im(F') is bounded and non-negative (respectively, non-
positive) and if sup, > y|F'(iy)| < oo, then there exists a non-negative (respectively,
non-positive ) real-valued function & € L1(R) such that

F(z) = A 52(’)\_)?\7 Im(z) > 0.

The function & is uniquely determined by the Stieltjes inversion formula,

1. .
€)= _ alféri Im(F(\ +i€)) for a.e. A € R.

Next we sketch the proof of the first theorem of Krein (see Theorem 2.2).
To verify the assumptions in Privalov’s Theorem for F' = In(Ap, ), Krein
proceeded as follows:
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e First, suppose that rank(V) = 1, that is, V. = ~v(-,h)h, h € H, |h| =1,

v € R. Then

Ap/m,(2) = 1+ v(Ru, (2)h, h).

Using this explicit form of the perturbation determinant one can prove that
the function In(Ag/ g, (-)) satisfies all the assumptions in Privalov’s theorem (for
details see, e.g., Yafaev’s book [62]). Hence, there exists a function {(\; H, Hy)
satisfying (2.2), and furthermore, the function £(-; H, Hy) can be expressed in the
form

1. .
¢\ H,Hy) = - 61_1}1110 Im(In(Ag/p, (A +i€))), ae AeR. (2.3)

e Suppose now, that rank(V') = n < oo, that is,

V=> (o h)be, v =7k Il =1, 1<k <.
k=1

Denoting
Vin = Z’Yk(-, hi)hg, Hp=Ho+ Vy, 1< m <rank(V),
k=1

one infers that the difference H,, — H,,_1 is a rank-one operator. In addition,
by the multiplicative property of the determinant one concludes that

n
n(Ap/my(2) = Y W(Ap,, a, . (2)- (2.4)
m=1
Applying the first step to the operators H,,, H,,_1 one infers the existence
of the corresponding SSFs &(-; Hy, Hi—1), 1 < m < rank(V).

Set .
E(/\§H7HO): Zg()\;Hm;Hm—l); 1<k <n.

m=1

There are Lq(R)-norm estimates for each £(-; Hy,, Hy—1) which ensure that the
function £(\; H, Hp) is integrable. Furthermore, since for every m, the represen-
tations (2.2) and (2.3) for In(Ag,, /m,, ,) and §(\; Hyy,, Hy—1), respectively, hold,
one can infer from (2.4) and the definition of £(\; H, Hp) that representations (2.2)
and (2.3) hold also for In(A g, g,) and &(A; H, Hy).

e Suppose now, that V is an arbitrary trace class perturbation. Let V,, be a

sequence of finite-rank operators, such that ||V — V, |1 — 0, n — co. Set

EO\ H, Ho) =Y (N Hyy Hy ),

where the sum now is infinite (unless, V' is a finite-rank operator).

Then, convergence properties of determinants and the L; (R)-norm es-
timate for each &(-; Hy,, H,—1) imply that this series converges in L;(R) and
all the desired representations (2.2) and (2.3) for In(Ag,p,) and &(-; H, Ho)
hold.
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The following result is the first theorem of M.G. Krein.

Theorem 2.2 ([43]). Let V € Bi(H) be self-adjoint. Then the following represen-
tation holds:

Im(2) # 0,

(\; H, Hyp)
(AH/HO /§ 0

where
1
¢\ H,Hy) = - liﬁ)lIm(ln(AH/Ho()\ +ig))) for a.e. A €R, (2.5)

in particular, the limit in (2.5) exists for a.e. A € R. In addition,
[l A< VI, [ € H B A =t (V). (20)
R R

Moreover, §(\; H,Hy) < ki (respectively, E(\; H,Hy) > —k_) for a.e. X € R,
provided that the perturbation V' has only ky positive (respectively, k_ negative)
eigenvalues.

Next, we turn to the rigorously proved trace formula, which is now custom-
arily referred to the Lifshitz—Krein trace formula.

Theorem 2.3 (Second theorem of M.G. Krein). Let V € By(H) and assume that
[ € CY(R) and its derivative admits the representation

FN) = / exp(—iXt) dm(t),  |m|(R) < oo,

for a finite (complex ) measure m. Then [f(H)— f(Ho)] € B1(H), and the following
trace formula holds:

e (f () — f(Hy)) = / FONEO: H, Ho) dA. (2.7)

Remark 2.4.

(i) As is clearly seen from the arguments sketched, Krein’s original proof was
based on complex analysis. Attempts to produce a “real-analytic proof” are
discussed later.

(ii) The function &(-; H, Hy) is an element of L;(R), that is, it represents an
equivalence class of Lebesgue measurable functions. Therefore, generally
speaking, the notation £(X\; H, Hy) is meaningless for a fixed A € R.

(iii) For a trace class perturbation V', the spectral shift function &(-; H, Hp) is
unique.

(iv) The Lifshitz—Krein trace formula can be extended in various ways. One could
attempt to describe the class of functions f, for which this formula holds;
however, we will not cover this direction. Another important direction is to
enlarge the class of perturbations H — Hy. We shall present some results in
this direction below. o
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2.3. Properties of the spectral shift function

Let Hy, Hy and H be such that (Hy; — Hy), (H — Hy) € B1(H). First, we will list
the simplest properties of the SSF.

These are that for a.e. A € R we have
£(>‘a Ha Hl) + £(>‘a Hla HO) = £(>‘a Ha HO);

in particular, £(A\; H, Hy) = —&(X\; Hp, H), and also the inequality

\&(-s H,Ho) — &(-3 Hi, Ho)ll1 < ||H — Hil

holds. In addition, if H > Hy, then

&(\; H,Hy) > &(X\; Hy, Hp) for ae. A € R.

Next, we describe some special situations where one can select concrete rep-

resentatives from the equivalence class &(-; H, Hy), which justifies the term “the
spectral shift function”. These properties of the SSF £(-; H, Hy) are associated
with the spectra of the operators Hy and H. For the complete proof we refer to
[62, Ch. §]

(1)

(iii)

Let § be an interval (possibly unbounded) such that § C p(Hp) N p(H). Then
&(-; H, Hy) takes a constant integer value on §, that is,

ENH, Hy)=n, neZ, \ed.

If the interval § contains a half-line, then the integrability condition on
&(- H, Hyp) implies that n = 0.

Let p be an isolated eigenvalue of multiplicity g < oo of Hy and multiplicity
« for H. Then

§(pts H, Ho) — §(p—3 H, Hy) = ap — v (2.8)
Property (ii) can be generalized as follows:

Suppose that in some interval (ag, bg) the spectrum of Hy is discrete (i.e., the
spectrum of Hy consists at most of eigenvalues of Hy of finite multiplicity
all of which are isolated points of o(Hy)). Then, by Weyl’s theorem on the
invariance of essential spectra (see, e.g., [38, Theorem 5.35]), H has discrete
spectrum in (ag, bo) as well.

Let 6 = (a,b), a0 < a < b < by. Introduce the eigenvalue counting
Junctions No(§) and N(J) of the operators Hy and H, respectively, in the
interval § as the sum of the multiplicities of the eigenvalues in § of the operator
Hy, respectively, H. Since the interval ¢ is finite and both operators Hy, H
have discrete spectrum, No(d) and N(§) are finite. In this case one has the
equality,

§(b—; H, Ho) — &(ay; H, Hy) = No(5) — N(6). (2.9)
The preceding property implies, in particular, the following fact.

Let Hy be a non-negative self-adjoint operator with purely discrete spectrum
(i.e., ess(Ho) = 0). Since the perturbation V is trace class, there exists ¢ € R,
such that H > ¢, that is, H is also lower semibounded. Generally, H will of
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course not be non-negative and so one should expect negative eigenvalues of
H. Thus, property (iii) implies that for A\ < 0,

g()‘*) = _N()‘aH)v
where N (A, H) is the sum of multiplicities of the eigenvalues of H lying to
the left of the point A < 0.

On the other hand, the following result demonstrates that any function from
Li(R) arises as the spectral shift function for some pair of operators.

(v) Let £ be an arbitrary real-valued element of L1 (R). Then, there exists a pair
of self-adjoint operators Hy, H, such that (H — Hy) € Bi(H) and & is the
SSF &(-; H, Hp) for the pair (H, Hp). In addition, if 0 < £ < 1, then there is
a pair Ho, H such that H — Hj is a positive rank-one operator [43], [45].

2.4. Earlier real-analytic approaches

In the following we discuss other approaches for constructing the SSF. The first
attempt to prove the existence of the SSF without relying on complex analysis was
made by Birman and Solomyak in [11]. This method is based on consideration of
the family of operators,

H,=Hy+sV, scl0,1], H=H,

and their family of spectral measures { Ex_ (A)}aer. Employing the theory of dou-
ble operator integrals also developed by these authors, it can be proved that for
a sufficiently large class of functions f, there exists a continuous derivative in
B1(H)-norm of the operator-valued function s — f(Hj), represented in the double
operator integral form as

df(Hs) _ F) = F(
ds /R/R =\ dEp, (1)VdEw,(N).

Furthermore, Birman and Solomyak obtained the equality

tra <df E{“) = [ ) e VER, ()

Integration with respect to s then yields the formula
tew(F(H) = F(Ho) = [ /00 a1,V
R

where the spectral averaging measure Zp g, is defined by

EH’HO(X):/O tI‘(VEHb(X))dS,

with X C R a Borel set.

However, this attempt to yield an alternative proof of Krein’s Theorem 2.3
was unsuccessful since the authors failed to establish the absolute continuity of
the latter measure with respect to Lebesgue measure.
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We note, that if one introduces £(+; H, Hy) by Krein’s Theorem 2.2, then

/ f(/\,H,Ho)d)\ = EH,HO(X);
X

for any Borel set X C R, that is, the measure = is indeed absolutely continuous.

The second attempt to deliver a real-analytic proof was due to Voiculescu
[60], his method was based on the classical Weyl-Berg—von Neumann theorem.
However, his attempt also failed to recover the full generality of Krein’s original
result.

Another attempt to obtain a proof of Krein’s formula without appealing to
complex-analytic methods was introduced by Sinha and Mohapatra [57]. Again,
that attempt did not yield the full generality of the result and does not seem to
apply to general semifinite von Neumann algebras.

2.5. The case of semifinite von Neumann algebras

Some problems in noncommutative geometry require replacing the algebra B(H)
of all bounded linear operators on a Hilbert space H and unbounded operators on
‘H with a general semifinite von Neumann algebra M and unbounded operators
affiliated with M. A typical example of differential operators affiliated to semifinite
von Neumann algebras arises in the context of Atiyah’s L2-index theorem and its
extensions. (For example, the paper [13] considers the case of lifts of Dirac-type
operators acting on sections of a ﬁnite—dime@ional vector bundle over a complete
Riemannian manifold M to a Galois cover M of M.)

The first attempt to extend Krein’s results and methods to the realm of
semifinite von Neumann algebras was made in [10]. It broadly followed Krein’s
complex analysis proof. However, it does not offer an adequate extension to general
semifinite von Neumann algebras of the notion of the perturbation determinant,
which plays the key role in Krein’s proof. This difficulty is circumvented in [10]
via the use of the notion of a Brown measure [14].

The core of the approach in [10] is to show that there exists a neighbourhood
of the spectrum of the operator R,(Hy)V, which does not intersect the half-line
(—o0, —1], in the case where V' > 0 or =V > 0. One then applies one of the
principal results of Brown [14] to establish estimates needed for the application of
the Privalov representation theorem (see Theorem 2.1). Finally, the proof in [10]
proceeded under the additional assumption that H — Hy is a bounded operator
belonging to the space £1(M, 1), the predual of the algebra M.

Another subsequent paper [9] employed the double operator integral (DOI)
technique due to Birman and Solomyak, but in a slightly different form suitable
for semifinite von Neumann algebras using an approach from [8]. Following the
idea of Birman and Solomyak, one can define the spectral shift measure for a pair
(H, Hy), by setting

Tt 0 (X) = /O H(VEw (X))ds,
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where 7 is a faithful normal semifinite trace on M. Assuming that Hy has 7-
compact resolvent, and the perturbation V is bounded, it can be proved that
the spectral shift measure Zg g, is absolutely continuous with respect to the
Lebesgue measure and the resulting Radon—Nikodym derivative is the SSF for
the pair (H, Hy).

The first complete “real analytic proof” of the Lifshitz—Krein formula is due
to Potapov, Sukochev, and Zanin [53]. That paper delivers a rather short and
straightforward proof of the Lifshitz—Krein formula without any use of complex
analytic tools. The approach in [53] can be characterized as a combination of meth-
ods drawn from the double operator integration theory of Birman and Solomyak
and from Voiculescu’s ideas based on the Weyl-Berg—von Neumann theorem. The
result holds for an arbitrary semifinite von Neumann algebra M, equipped with a
faithful normal semifinite trace 7 and (unbounded) operators Hy, H affiliated with
M, such that H — Hy belongs to the space £1(M, 7).

We denote by W7 the class of all differentiable functions f : R — R such that
F(f") € L1(R), where the symbol F denotes the standard Fourier transform. The
following theorem is the main result of [53]:

Theorem 2.5. Let M be a von Neumann algebra equipped with a faithful normal
semifinite trace T. If the self-adjoint operators Hy, H affiliated with M are such
that (H — Hy) € L1(M,T), then there is a function §(-; H, Hy) € L1(R) such that
the trace formula

P(f(H) — f(Hy)) = / /) € H, Ho) dA (2.10)
holds for all f € Wj.

Remark 2.6. If the von Neumann algebra M is the type I factor B(#) with the
standard trace, then Theorem 2.5 delivers an alternative proof of Krein’s result
(i.e., Theorem 2.3). o

Below we outline the proof of Theorem 2.5.

We start by introducing the distribution function N, of the operator Hy,
that is,

Ny, (t) == 7(Epy,(t,00)), t=0,

where Fp,((t,00)) is the spectral projection of the self-adjoint operator Hy corre-
sponding to the interval (¢, c0).

The proof in [53] is divided into several stages. For simplicity we denote by
€Y (-, H, Hy) the function constructed on the jth step.
Step (i). Let the trace 7 be finite, that is, 7(I) < oo and Hp, H € M. In this case,
the SSF is merely defined as

5(1)(';H7H0) = NH() - NHO(')'

Since the trace 7 is finite, both Ny and Ny, are finite.
One should note the similarity of this formula with property (iii) of the SSF
(see (2.9)). One can think of this equation as the “naive” definition of the SSF.
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However, while this definition is correct for finite von Neumann algebras, there are
examples of self-adjoint operators H, Hy in infinite-dimensional Hilbert spaces with
H — Hy being a rank-one operator such that the operator Ey, ((t,00))— Eg ((t,00))
is not a trace class operator for all ¢ on the spectrum [43] (the example concerns
self-adjoint resolvents of Dirichlet and Neumann Laplacians on a half-line).

The function ¢ (-; H, Hy) is supported on the interval [—a, a], where a :=
max{||Hol|lco, || H || }- Furthermore, it possesses a property similar to that of the
Krein SSF (see (2.6)),

|Nt = Nitylloe < 7(supp(H — Hy)), | Ner — Nagy |y < |H — Holh.  (2.11)

Step (ii). In the second step, the trace formula is proved for bounded operators
Hy, H € M, with the perturbation V = H — Hy being a non-negative operator
with 7-finite support, and for functions of the form f(s) = s™. Here we use an
idea noted by Voiculescu, who proved the Krein trace formula for the case of
polynomials.

Proving a result similar to the classical Berg—Weyl-von Neumann theorem
we construct a family of 7-finite projections p,, n € N, with p,, 1 I such that

T((anpn)m - (anOpn)m) - T(Hm - Hg)n) — 0 as n — oo. (2.12)

Since for every n € N, 7(p,1p,) < oo, by Step (i), there exists a positive func-
tion &(11) =&¢W (s pHpy, pnHopy), supported on [—a, a], satisfying the trace for-
mula. In addition, by (2.11), the sequence {E’(ll)}neN is bounded in L ((—a,a)).
By the Banach—Alaoglu Theorem the latter is compact in the weak*-topology, and
therefore, there exists a directed set J and a mapping ¢ : J — N such that for
every n € N, there exists j(n) € J such that ¥(j) > n for j > j(n) and such
that the net ff;()j)( =5 Pw () HPy(), Puy Hopy(j)) converges in weak*-topology. The
function £ (- H, Hy) is then defined by

2)( .. i (D
€ (-5 H, Ho) = 1im &6, (-5 puy HPw () Puc) Hopus)):

and proved to be the SSF.
Step (iii). Let H, Hy € M, f € CZ(R). In this step the assumptions H > H, and
7(supp(H — Hyp)) < oo are removed.

It is proved that, without loss of generality, one can assume that H > Hy.
Let 0 < D, < H— Hy, n € N, be such that D, + H — Hy as n — oo, and
T(supp(Dy,)) < o0, n € N.

Since polynomials are dense in C?([—a, a]), it follows from Step (ii) and DOI
techniques that

7(f(Ho + Dy) — f(Ho)) = j FNED (N Ho + Dy, Ho)dA,  f € CF(R). (2.13)

Then, proving that the sequence {5(2)( -3 Hy + Dy, HO)}nEN increases and is uni-
formly bounded, one infers from the Monotone Convergence Principle that the
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sequence {2 (-3 Hy + D,,, Hy)}nen converges in L'(R); its limit is denoted by
¢B)(-; H, Hy). This function is now the SSF for the pair (H, Hy).

Step (iv). The final step in this approach consists in removing the assumption
that the operators Hy and H are bounded. This is the key point of the proof in
which DOI techniques are used in its full strength. This part of the proof is rather
technical. We briefly outline the main ideas.

Choose a C2-bijection h : R — (a,b) for some a,b € R, a < b. Then the
operators h(Hg) and h(H) are bounded, so that applying Step (iii) to the opera-
tors h(Hp) and h(H), one defines

¢W(- H, Hy) i= €3 (s h(H), h(Ho)) o h.

Next, employing again DOI techniques, one proves that this definition of the
SSF does not depend on the function h and, moreover,

(o) if H > Hp, then &4 (-; H, Hy) > 0,
(B) €W(-;H, Ho) € L1(R).

2.6. More general classes of perturbations

At this point we return to the case where the von Neumann algebra is the alge-
bra B(H) equipped with the standard trace and consider the situation when the
perturbation is no longer a trace class operator. We note, that for the following
results we will not specify the class of functions f, for which the Krein trace for-
mula holds. We are only interested in the existence of the SSF for a more general
class of perturbations.

The first result, generalizing the class of operators Hy, H is due to M.G.
Krein [44].
Theorem 2.7 (Resolvent comparable case). Let the self-adjoint operators Hy, H be
such that

[Ria() — Riny(2)] € Bu(H), = € p(Ho) 1 p(H). (2.14)
Then there exists a spectral shift function &(-; H, Hy), satisfying the weighted in-
tegrability condition
€\ H, Ho) € L*(R; (1 + M%)~ 1a)).

We emphasize that in the present resolvent comparable case (2.14), this SSF

is defined only up to an additive constant.

Just as in the case of a trace class perturbation, the SSF for resolvent com-
parable operators Hy, H possesses the following property:

e Suppose that in some interval (ag, by) the spectrum of Hy is discrete and let
0 = (a,b), ap < a < b < by. Then the analogue of (2.9) holds, that is,

E(b—: H, Ho) — &(as: H, Ho) = No(6) — N(6), (2.15)

where Ny(9) (respectively, N(0)) are the sum of the multiplicities of the
eigenvalues of Hy (respectively, H) in 4.
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In the particular case of lower semibounded operators Hy and H equality
(2.15) allows us to naturally fix the additive constant in the following way. To the
left of the spectra of Hy and H, the eigenvalue counting functions Ny(:) and N(-)
are zero. Therefore, by equality (2.15) the SSF &(-; H, Hy) is a constant to the left
of the spectra of Hy and H, and it is custom to set this constant equal to zero,

&N\ H,Hp) =0, A<inf(o(Ho)Uo(H)).

In the following we describe a particular way to introduce the SSF for the
pair (H, Hy) by what is usually called the invariance principle. We note that this
principle was used in a construction in [53] of the SSF for trace class perturbations
at Step (iv), where we passed to unbounded operators.

Let © be an interval containing the spectra of Hy and H, and let ¢ be an
arbitrary bounded monotone “sufficiently” smooth function on 2. Suppose that

[p(H) — ¢(Ho)] € Bi(H)
then, the SSF £(-; H, Hp) can be defined as follows:

(N H, Ho) = sgn (¢/'(N))€(6(N); o(H), 6(Ho)). (2.16)
For the function &(-; H, Hy) the Lifshitz—Krein trace formula (2.7) holds for some
class of admissible functions f. The latter class depends on ¢.
We note the following result (see [62, Sect. 8.11]):

Proposition 2.8. Let (H — Hy) € Bi(H). Then the spectral shift functions for
the pairs (H,Ho) and (¢p(H),¢p(Hp)) are associated via equality (2.16) up to an
additive, integer-valued constant.

The methods of construction of the SSF introduced in this survey are only
a sample of a plethora of possibilities. There are many others, which we did not
cover here. We only mention a few of them:

e Sobolev [58] suggested a way of constructing the SSF for trace class perturba-
tions via the “argument of the perturbation determinant”. This construction
allows one to establish pointwise estimates on the SSF, and, in some cases,
proves continuity of SSF on the absolutely continuous spectrum of Hy (the
latter coincides with that of H).

e Koplienko [40] proved the existence of the SSF for the pair of operators
(H, Hy) under the assumption that for some £ > 0,1 < p < oo,

[Ri(2) = Rigo (2))(HG +1)7° € Bi(H), [Ru(z) — Rp,(2)] € By(H),

where B,(H) denotes the Schatten—von Neumann ideal in B(H).
e Yafaev [63] proved that the SSF exists for a pair of operators Hy and H
satisfying the assumption that for some m € N, m odd,

[R3() — R, (2)] € By(H).
e Koplienko [39] proposed another function, which is called the Koplienko SSF

[39], and is constructed under the assumption that (H — Hy) € Ba(H) (see
also [31]). For recent developments of this line of thought, we refer to [52].
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3. The Witten index

The Witten index of an operator 7' in a complex separable Hilbert space H provides
a generalisation of the Fredholm index of 7" in certain cases where the operator
T ceases to have the Fredholm property. The Witten index possesses stability
properties with respect to additive perturbations, which are analogous to, but more
restrictive than, the stability properties of the Fredholm index (roughly speaking,
only relative trace class perturbations, as opposed to relative compact ones, are
permitted). After the publication of [61] this notion became popular in connection
with a variety of examples in supersymmetric quantum theory in the 1980s. One
reason the Witten index has attracted little attention in recent years is that its
connection with geometric questions remains unclear (see however [16], [22]). This
is a matter deserving further investigation. For more historical details we refer to
the paragraphs following Theorem 3.3.

First, we recall the definitions and some of the basic properties of the Witten
index. In the next section, we will derive new properties of the Witten index of a
certain model operator.

We start with the following facts on trace class properties of resolvent and
semigroup differences.

Then the following well-known and standard assertions hold for resolvent and
semigroup comparable operators (see item (i) below):

Proposition 3.1. Suppose that 0 < S;, 7 = 1,2, are nonnegative, self-adjoint oper-
ators in H.
(i) If [(S2 — 20) ™" — (S1 — 20) 7] € Bi(H) for some zy € p(S1) N p(S2), then
actually,

[(S2—2)7' = (S1—2)7'] € Bi(H) for all z € p(S1) N p(Sa).
(ii) If [e~f0%2 — e~t051] € By(H) for some to > 0, then
[.e_ts2 — e_tsl] € Bi(H) for all t > to.

The preceding fact allows one to consider the following two definitions.
Let T be a closed, linear, densely defined operator in H. Suppose that for
some (and hence for all) z € C\[0,00) C p(T*T) N p(T'T*),

(T*T —2)"' = (ITT* — 2)7'] € Bi(H).
Then one introduces the resolvent regularization
AT N) = (=N try (T°T =N~ = (TT* = N7, A<O.
The resolvent reqularized Witten index W,.(T) of T' is then defined by
W.(T) = 1/\1%1 AT, )N,

whenever this limit exists.
Similarly, suppose that for some ty > 0

[e‘tOT*T - e_t(’TT*} € B1(H).
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Then (e*tT*T - e’tTT*) € Bi(H) for all t > ¢y and one introduces the semigroup
regularization

Ay (T,t) = try (e_tT*T — e_tTT*), t>0.
The semigroup reqularized Witten index Ws(T') of T is then defined by
W, (T) = lim Ay (T, t),
tToo

whenever this limit exists.

One recalls that a densely defined and closed operator T' in a Hilbert space
H is said to be Fredholm if ran(T") is closed and dim(ker(7")) + dim(ker(77)) < oo.
In this case, the Fredholm index ind(T') := dim(ker(T")) — dim(ker(7*)). The fol-
lowing result, obtained in [15] and [32], states that both (resolvent and semigroup)
regularized Witten indices coincide with the Fredholm index in the special case of
Fredholm operators.

Theorem 3.2. Let T be an (unbounded) Fredholm operator in H. Suppose that
(T*T—2) " = (TT*—2)71], [e70T T —e~0TT"] € By(H) for some z € C\[0, 00),
and tog > 0. Then

ind(T) = W,.(T) = Ws(T).

In general (i.e., if T is not Fredholm), W,.(T') (respectively, W,(T")) is not
necessarily integer-valued; in fact, it can be any real number. As a concrete exam-
ple, we mention the two-dimensional magnetic field system discussed by Aharonov
and Casher [1] which demonstrates that the resolvent and semigroup regularized
Witten indices have the meaning of (non-quantized) magnetic flux F' € R which
indeed can be any prescribed real number.

Expressing the Witten index W (T') (respectively, W,.(T)) of an operator T'
in terms of the spectral shift function (- ; T*T, TT*) requires of course the choice
of a concrete representative of the SSF':

Theorem 3.3 ([15, 32]).
(i) Suppose that

[e‘tOT*T — e_tOTT*] € Bi(H), to >0 and the SSF &(-;T*T, TT™),

uniquely defined by the requirement E(N\; T*T, TT*) =0, X\ < 0, is continuous
from above at A = 0. Then the semigroup regqularized Witten index Ws(T) of
T exists and

Ws (T) = _f(OJr; T*Tv TT*)

(i) Suppose that [(T*T —z)~' —(ITT*—z)"'], 2€C\[0,00) and &(-;T*T,TT*),
uniquely defined by the requirement E(N; T*T, TT*) = 0, X\ < 0, is bounded
and piecewise continuous on R. Then the resolvent reqularized Witten index
Wo(T) of T exists and

W, (T) = —£(04; T*T, TT™).
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The first relations between index theory for not necessarily Fredholm oper-
ators and the Lifshitz—Krein spectral shift function were established in [15], [29],
[32], and independently in [25]. In fact, inspired by index calculations of Callias [20]
in connection with non-compact manifolds, the more general notion of the Witten
index was studied and identified with the value of an appropriate spectral shift
function at zero in [15] and [32] (see also [29], [59, Ch. 5]). Similiar investigations
in search of an index theory for non-Fredholm operators were undertaken in [25]
in a slightly different direction, based on principal functions and their connection
to Krein’s spectral shift function.

The index calculations by Callias created considerable interest, especially, in
connection with certain aspects of supersymmetric quantum mechanics. Since a
detailed list of references in this context is beyond the scope of this paper we only
vefer to [2], [3], [4], [5], [6], [12], (17], (19], [27], [28], [35], [36], [37], [41], [42], [49],
[50], [59, Ch. 5] and the detailed lists of references cited therein. While [15] and [29]
focused on index theorems for concrete one and two-dimensional supersymmetric
systems (in particular, the trace formula (3.4) and the function g,(-) in (3.3) were
discussed in [15] and [29] in the special case where H = C), [32] treated abstract
Fredholm and Witten indices in terms of the spectral shift function and proved
their invariance with respect to appropriate classes of perturbations. Soon after,
a general abstract approach to supersymmetric scattering theory involving the
spectral shift function was developed in [16] (see also [18], [46, Chs. IX, X], [47])
and applied to relative index theorems in the context of manifolds Euclidean at
infinity.

Example 3.4. As an example of practical use of the abstract results, [15] considered
the operator

d
T= ' +M, dom(T)=W"'(R),

acting on the standard Hilbert space L?(R). Here W21 (R) is the Sobolev space, My
is the operator of multiplication by a bounded function # on R. Assuming existence
of the asymptotes lim;_, 1~ 6(t) = 0+ € R, and some additional conditions on 6,
it is shown in [15] that for the resolvent regularization one obtains

AT A) = (=N trgy (T*T =N~ = (TT* = N)71)
=[04(62 —N) V24 0_(02 —N)7V?] /2, X €C\[0,00),

and therefore,

(3.1)

W, (T) = [sgn(0) — sgn(6_)]/2.

Next, we view the operator T from the preceding example as an operator
of the form T'= D 4, = ;t + A on the Hilbert space L?(R;C), where A is the
operator generated by the family of operators {A(¢)}+cr on the Hilbert space C,
with A(t) given by multiplication by 6(t), t € R.

Our main objective in this survey is to consider a more general situation
where the family {A(¢)} consists of operators acting on an arbitrary complex,
separable initial Hilbert space H, and the resulting operator D 4 = jt + A acts
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on the Hilbert space L?(R;H). Operators of this form D , arise in connection
with Dirac-type operators (on compact and noncompact manifolds), the Maslov
index, Morse theory (index), Floer homology, winding numbers, Sturm’s oscillation
theory, dynamical systems, etc. (cf. [30] and the extensive list of references therein).

To date, strong conditions need to be imposed on the family A(t) in order
to obtain the resolvent and semigroup Witten indices of D4 and express them
in terms of the spectral shift function for the asymptotes A4 of the family A(t)
as t — +o00. The following is the main hypothesis, under which the results stated
below are proved.

Hypothesis 3.5.

(i) Suppose H is a complex, separable Hilbert space.

(ii) Assume A_ is a self-adjoint operator on dom(A_) C H.

(i) Suppose there exists a family of bounded self-adjoint operators B(t), t € R
with t — B(t) weakly locally absolutely continuous on R, implying the exis-
tence of a family of bounded self-adjoint operators { B'(t) }+cr in H such that
for a.e. t € R,

0. BOw = (0B (O, g.heH.

(iv) Assume that the family {B’(t)} is A_-relative trace class, that is, suppose
that B'(t)(|A—| + 1)~ € Bi(H), t € R. In addition, we assume that

/Rdt||B’(t)(|A—| + 1) g, ) < 00

Remark 3.6.

(i) We note that, in fact, the subsequent results hold in a more general situ-
ation, when the operators B(t), t € R, are allowed to be unbounded and
some additional measurability conditions of the families {B(t)}, {B’(¢)} are
imposed.

(ii) The assumption (iv) above, that the operators B'(t), ¢ € R, are relative
trace class, namely, B'(t)(|A_| + 1)~ € Bi(H), is the main assumption,
which implies various trace relations below. In Section 5 we will discuss an
example where we replace the relative trace class hypotheses with a relative
Hilbert—Schmidt class assumption. o

From this point on we assume Hypothesis 3.5.

3.1. Definition of the operator D ,
We introduce the family of self-adjoint operators { A(t) }+cr in H by
A(t) = A_ + B(t), dom(A(t)) =dom(A4_), t € R.

Hypothesis 3.5 ensures the existence of the asymptote Ay as t — oo in the norm-
resolvent sense, dom(A;) = dom(A_), with A self-adjoint in H, that is

Jim [[(A@) = 2) 7 = (As = 2) g, =0
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Let A in L*(R;H) be the operator associated with the family {A(¢)};er
in H by
(Af)(t) = A(t)f(t) for a.e. t € R,

f edom(A) = {g € L*(R;H) | g(t) € dom(A(t)) for a.e. t € R,

t— A(t)g(t) is (weakly) measurable, / dt||A(t)gt)|3, < oo}.
R

We define also the operator d/dt in L?(R;H) by setting

dt

where W12(R; H) denotes the usual Sobolev space of L?(R; H)-functions with the
first distributional derivative in L?(R;H).
Now, we introduce the operator D 4 in L?(R;H) by setting

<dfyﬂ:fma@teR f € dom(d/dt) = W (R; H),

:;+A dom(D ) = dom(d/dt) N dom(A). (3:2)

Proposition 3.7. [30] Assume Hypothesis 3.5. Then the operator D 4 is densely
defined and closed in L?(R;H) and the adjoint D% of D 4 in L?>(R;H) is given by

;lt + A, dom(D%)=dom(D,).

3.2. The principle trace formula

D,

Dy =—

The following result relates the trace of the difference of the resolvents of positive
operators | D 4|? and | D% |? in L*(R; ), and the trace of the difference of g, (A4 )
and g,(A_) in H, where

g-(z) = x(2? — 2)7Y2, zeR, ze C\[0,00). (3.3)
Theorem 3.8. Assume Hypothesis 3.5. Then,

. 1 -1 .
[(ID4?=2) " = (DAl —2) ] € BI(L*(R;H)), =z € p(IDAl>) Np(|DL),
9:(A1) — g.(A)] € Bu(H), 2 € p(42) N p(42),

and the following principal trace formula holds for all z € C\[0, 00),

s ((1DAP = 2)7 = (DA =) ") = )t (9:(4) — 02(40)). (39)

Remark 3.9.

(i) Pushnitski [54] was the first to investigate, under the more restrictive assump-
tion that the operators B(t) are trace class, a trace formula of this kind. In
our more general setting of relative trace class perturbations, this formula is
obtained in [30] by an approximation technique on both sides of the equation
and a non-trivial DOI technique.
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(ii) Employing basic notions in scattering theory and the Jost—Pais-type reduc-
tion of Fredholm determinant, a recent paper [23] provides a new proof of
the principle trace formula in the case of trace class perturbations.

(iii) If # = C, the principal trace formula yields (3.1) for the example considered
by D. Bolle et al. for ¢4+ = +1. o

3.3. Pushnitski’s formula relating two SSF's
Having at hand the principal trace formula, we now aim at correlating the under-
lying SSFs, £(-;|D4[% | D 4[*) and £( -5 Ay, A-).
First, we need to properly introduce the SSF 5( | D%, |DA|2) associated
with the pair of positive operators |[D%|? and |D 4|?. By Theorem 3.8 we have
. -1 -1
(DAl = 2) 7" = (1DaP = 2) "] € B (AR 1)),
and therefore, one can uniquely introduce £(-;|D’%|?, | D 4]?) by requiring that
EN DA% IDA) =0, A <0,
and then obtains
) o s -1 E(N\[DAP%, D 4l*) dX
trLzR;H<|D 22 (D42 - - ):—/ :

(R;H) ( A ) ( A ) [0,00) (A — 2)2
for all z € C\[0, 00) (see Section 2.6).

We shall introduce the spectral shift function associated with the pair
(A4, A_) via the invariance principle (see Section 2.6). By Theorem 3.8, [g_1(A44)—
g-1(A_)] € Bi(H) and so one can define the SSF &(-; Ay, A_) for the pair
(A4, A_) by setting

g(l/ AJrﬂ ) _g(g 1( ) gfl(AJr)ag*l(A*))v Z/GR,

where &(-;9-1(A4),9-1(A_)) is the spectral shift function associated with the
pair (¢9-1(A44+),9-1(A-)) uniquely determined by the requirement

€(-19-1(A4),9-1(A)) € L' (R; dw).
Therefore, by the Lifshitz-Krein trace formula (2. 7)
£ A ;A
tra (9-(As) — / : 3/2 . zeC\[0,c0).

By the principal trace formula one obtams the equality

/ E(X;[DAIP, 1D 4]?) dX
[0,00) (A—2)2

= —trpaag (DA =217 = (DA - 20)7)
=, trn <gz<A+> gz<A )
/5” A A D o\D,00),

V2 — z) 3/2
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or, equivalently,

" d -
[ e0IpaEIpaR) (0= 97 )

0,00)
:Aﬁ(u;A+,A_)<Ci(V2 _Z)_l/Q)dV.

Integrating the preceding equality with respect to z from a fixed point zg € (—00,0)
to z € C\R, along a straight line connecting zo and z, yields

. * 12 2 1 _ 1
[ emarpar (L L )
= [ 605 A A[07 =2 - (P —20) ) dv, € C\D, o).
R

Applying the Stieltjes inversion formula then permits one to express the SSF func-
tion &( ;| D%?,|D 4]?) in terms of &(-; A4, A_) as follows,

« o1 X o
f()\;|DA|27|DA|2):151J%17T o )5()\/5|DA|2a|DA|2)Im((()‘I_>‘)_25) Hdx
;00
:hﬁ’)l ! /f(l/;AJr,A,)Im((l/Q—)\—is)*l/Q)dl/
£ ™ JR
AL/2

B 1/ E(wv; Ap, A ) dv
B ™ J_\1/2 ()\—1/2)1/2

In the last equality here one should be careful with various estimates in order to
apply Lebesgue’s dominated convergence theorem. We omit further details and
refer to [30].

Putting all of this together we have the following remarkable formula, which
expresses the SSF, §(~;|D:"4|2, |DA|2), in terms of the SSF &(-;; Ay, A_). It is
this formula that allows us to express (Fredholm/Witten) index of the operator
D 4, in terms of the spectral shift function £(-; Ay, A_). Note, that this formula
can be viewed as an Abel-type transform.

for a.e. A > 0.

Theorem 3.10 (Pushnitski’s formula). Assume Hypothesis 3.5 and define the spec-
tral shift functions §(~;|Df4|2, |DA|2) and £(- ; Ay, A_) as above. Then, for
a.e. A >0,

1 M e AL Al dv
A | D2 Do) = / o
f( »| A| a| A| ) T )y ()\—1/2)1/2 )

with a convergent Lebesgue integral on the right-hand side.

A formula of this kind was originally obtained for trace class perturbations
B(t) by Pushnitski [54] and in the generality presented above in [30].
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3.4. The Fredholm case
In order to study the Witten index of the operator D 4 we first need to understand
under which additional assumptions this operator is Fredholm, which is of course

the simpler case. The following result yields necessary and sufficient conditions for
the latter.

Theorem 3.11 ([24, Theorem 2.6]). Assume Hypothesis 3.5. Then the operator
D 4 is Fredholm if and only if 0 € p(Ay) Np(A) (i.e., Ax are both boundedly
invertible).

In fact, this theorem yields a complete description of the essential spectrum
of D 4. Here we define the essential spectrum of a densely defined, closed, linear
operator T in a complex, separable Hilbert space H as

Oess(T) = {\ € C| (T — A[3) is not Fredholm}

(but caution the reader that several inequivalent, yet meaningful, definitions of
essential spectra for non-self-adjoint operators exist, see, e.g., 26, Ch. IX]).

Corollary 3.12. [24, Corollary 2.8] Assume Hypothesis 3.5. Then,
Ges(Da) = (7(A}) +iR) U (0(A_) +1R).
By Theorem 3.11, when the operator D 4 is Fredholm, we have that 0 €

p(AL) N p(A_). Thus, by Corollary 3.12, |D 4|? and |D%|* have a gap in their
essential spectrum near zero, that is, there exists an @ > 0 such that

Uess(|DA|2) = Jess(|Df4|2) C [a,oo).
This means that, on the interval [0, a), the operators |D 4|* and |D%|? have dis-

crete spectra. Hence, using properties of the spectral shift function for discrete
spectra (see property (iii) in Subsection 2.3) one infers that

E(N D2 D 4)?) = €(04; D312, D 4%), A€ (0,)),

for Ao < inf(0ess(|D 4]%)) = inf(0ess (| D% [?)).

On the other hand, since 0 € p(A4) N p(A_), there exists a constant ¢ € R
such that £(-; A4, A_) = ¢ a.e. on the interval (—vg, 1) for 0 < vy sufficiently
small (see property (i) in Subsection 2.3). Hence, the value £(0; Ay, A_) is well
defined and

Ay, AL) =80 AL, AL), v E (—vo, 1),
in particular, lim, o {(v; A4, A_) = £(0; Ay, A_).
Thus, taking A | 0 in Pushnitski’s formula one infers
£04; DAl |DAP) = i £(A; |D4I% 1D 4l%)
— lim /AW (s Ay, A)dv
B MO+ T _y\1/2 ()\ — 1/2)1/2

since 71 f)‘l/Q dv (A —v?)71/2 =1 for all A > 0
—\1/2 .

= lim f(V;AJrvA*) = g(O;AJraA*)
v—0
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Thus, we obtain the following result linking the Fredholm index for D 4 and
the value of the SSF &(-; Ay, A_) at zero.

Theorem 3.13 ([30]). Assume Hypothesis 3.5 and introduce the SSFs &(-; A4, A_)
and £( ;| D4 %, 1D 4]?) as above. Moreover, suppose that 0 € p(A4)Np(A_). Then
D , is a Fredholm operator in L?(R;H) and

Wi (D 4) =ind(D 5) = £(04; |DL[%, | D 4J?) = €(0; A4, A). (3.5)

We emphasize that the assumption 0 € p(Ay) N p(A_) is crucial in the
Fredholm index formula (3.5) of the operator D 4. This assumption allows us
to define the value of SSF &(-; A4, A_) at zero. Generally speaking, the SSF
&(-; Ay, A_) is defined as an element in L' (R; (|v] +1)~%) (the space of classes of
functions), so it does not make sense to speak of its value at a fixed point.

3.5. Connection to spectral flow

The relationship between spectral flow and the Fredholm index was first raised
in the original articles of Atiyah—Patodi-Singer [7]. A definitive treatment of the
question for certain families of self-adjoint unbounded operators with compact re-
solvent was provided in [55], essentially, using the model operator formalism that
we described above. For partial differential operators on noncompact manifolds
it is typically the case that they possess some essential spectrum so that [55] is
not applicable. This motivated the investigation in [54] and [30]. The first of these
papers introduces new methods and ideas, relating the index/spectral flow connec-
tion to scattering theory and the spectral shift function. However the conditions
imposed in [54] are too restrictive to allow a wide class of examples. New tools
were introduced in [30] as is explained above. A more detailed history of these
matters may also be found in [23] which also contains results on an index theory
for certain non-Fredholm operators using the model operator formalism above.

One of the principle aims of [30] was to extend the results in [55] (albeit
subject to a relative trace class perturbation condition), in a fashion permitting
essential spectra. This has motivated our interest in the problem of applying these
new methods to Dirac-type operators on non-compact manifolds. There is a dif-
ficulty, however, in that the relative trace class perturbation assumption is not
satisfied in this context (even in the one-dimensional case). In the last section of
this review we will address this difficulty via a class of examples.

Spectral flow is usually discussed in terms of measuring the net number of
eigenvalues of a one parameter family of Fredholm operators that change sign as
one moves along the path. In fact we need a more precise definition and use the
one due to Phillips [51].

Consider a norm continuous path F, ¢t € [0;1], of bounded self-adjoint Fred-
holm operators joining F} and Fy. For each ¢, we let P; be the spectral projection of
F} corresponding to the non-negative reals. Then we can write Fy, = (2P, — 1)|Fy|.
Phillips showed that if one subdivides the path into small intervals [t;,¢;41] such
that P, and P, , are “close” in the Calkin algebra, then they form a Fredholm

j+1
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pair (i.e., P, P, , is a Fredholm operator from ran(P;,,,) to ran(F;)) and the
spectral flow along {F} }c(o,1) is defined by
Zj ind(P; Py, :ran(P;, ., ) — ran(F,)).

We will now state the main result of [30] on the connection between the
spectral flow along the path {A(¢)};er with the spectral shift functions and the
Fredholm index of the model operator D , introduced previously. However, first
we need some preparatory observations.

First, we note that spectral flow along the path of unbounded operators
{A(t)}ier is defined in terms of the flow along the bounded transforms {F, =
A(t)([—l—14(75)2)_1/2}te]R using Phillips’ definition above. Next, we remark that the
fact that the spectral shift function is relevant to the discussion of spectral flow
was first noticed by Miiller [48] and explained in a systematic fashion in 2007 in
[9]. There it was shown that, under very general conditions guaranteeing that both
are well defined, the spectral shift function and spectral flow are the same notion.
The main technical tool exploited there is the theory of double operator integrals.

The new ingredient in [30] is a formula, which connects the spectral flow with
both the spectral shift function and the Fredholm index. This formula applies inde-
pendently of whether the operators in the path have non-trivial essential spectrum
or not. More precisely, the spectral flow along the family of Fredholm operators
{A(t)}+er coincides with the value of the Fredholm index of the operator D 4 and
the value of the SSF, £(-; Ay, A_), computed at zero.

Theorem 3.14 ([30]). Assume Hypothesis 3.5 and suppose that 0 € p(Ay)Np(A_).
Then (Ea, ((—00,0)), Ea_((—00,0))) form a Fredholm pair and the following
equalities hold:

SpFlow({A(t)}2_ ) =ind(Fa_(—

t=—o00 _

4. Witten index: new results

In the preceding section we discussed the notion of the Witten index and its
connection with the Fredholm index as well as the spectral shift function. As
we already know from Theorem 3.11, the operator D 4, is Fredholm if and only
if 0 € p(A4) N p(A_), that is, the operators AL are both boundedly invertible.
Moreover, if 0 € p(A4) N p(A_), then the Fredholm index can be computed as

ind(D 4) = £(0; As, A_).

Here, the assumption 0 € p(A4) N p(A_) is crucial, since in this case, there
exists 0 < v € R, such that £(-; A4+, A_) is constant on the interval (—v,v)
so that one can speak about the value of the SSF, £(-; A4+, A_), at zero. An
important question then is to study an extension of index theory for the operator
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D 4, when the latter ceases to be Fredholm. In this case 0 € 0(A), or 0 € o(A_)
and therefore, the SSF &(-; Ay, A_) is not constant, in general, on any interval
(—v,v),v > 0.

An approach to computing the Witten indices W, (D 4) (resp., Ws(D 4))
suggested in [24] relies on the usage of right and left Lebesgue points of spectral
shift functions. We start by briefly recalling this notion.

Definition 4.1. Let f be a locally integrable function on R and h > 0.

(i) The point z € R is called a right Lebesgue point of f if there exists an a4 € C

such that
z+h

1
lim ’ dy|f(y) — ay| = 0.

We write ay = fr(zy).
(ii) The point x € R is called a left Lebesgue point of f if there exists an a_ € C
such that
1 x
li —a_|=0.
g&h/x_hdylf(y) a|=0
We write a— = fr(z_).
(iii) The point 2 € R is called a Lebesgue point of f if there exist a € C such
that
1 x+h
li —al=0.
lim /HL dy|f(y) —a[=0

We write o = fr,(z). That is, z € R is a Lebesgue point of f if and only if it
is a left and a right Lebesgue point and oy = a_ = «.

We note that this definition of a Lebesgue point of f is not universally
adopted. For instance, [34, p. 278] define z( to be a Lebesgue point of f if
1 h
lim dy|f(z +y) + f(zo —y) — 2f(z)| = 0. (4.1)
whJ,

The elementary example

0, =<0,
f@;8) =48, =0, BeC,
1, >0,

shows that f(04;8) =1 and fr(0_;8) = 0, that is, 2o = 0 is a right and a left
Lebesgue point of f(-; /) in the sense of Definitions 4.1, whereas there exists no
B € C such that f(-;5) satisfies (4.1) for zo = 0.

Everywhere below we use the terms left and right Lebesgue point of a function
in the sense of Definition 4.1.



96 A. Carey, F. Gesztesy, G. Levitina and F. Sukochev

4.1. Connection between Lebesgue points of the SSFs, £(-; A4, A_)
and 6( 5 |D |29 |DA| )

As in the Fredholm case, the main ingredient in computing the Witten index is
Pushnitski’s formula (see Theorem 3.10):

1 E(v; A, A dy
. * |2 2\ ’ ’
E(N DRI 1D 4)?) = W[Al/z (A — v2)1/2

We can rewrite this formula as follows:

A\1/2

1N dvle( Ay, ALY+ €(—v Ay AL)]
. * |2 2\ _ y £14-, y 414
E(X; DR D 4 )—W/ (A — v2)1/2 , A>0,
and consider the operator S, defined by setting
L%OC(R dl/) % LilOC((07 OO); d)\)7
(4.2)
fe ifo Cdv (A=A (), A0,
We then have the following result for the operator S:
Lemma 4.2 ([24, Lemma 4.1]). If 0 is a right Lebesque point for f € LL (R;dv),

then it is also a right Lebesgue point for Sf and (Sf)r(04) = 2fL(OJr)

Hence, assuming that 0 is a right and a left Lebesgue point of &(+; A4, A_),
an application of this lemma to the particular function

.f(V) = g(y7 A+7 A—) + g(_V;A-H A—)7
v > 0, yields that 0 is a right Lebesgue point of 5( | D%, |DA|2) and
% Lemma4.2
£1.(043 1D, 1D oJ2) B 6 (0, AL A )+ €4(05 As, A))/2. (43)
Thus, in the case, when 0 € o(AL) (or o(A_)), we can still correlate the values at

zero of the functions &(+; Ay, A_) and &£(-;|D%[?,|D 4|?) (in the Lebesgue point
sense).

4.2. Computing the Witten index of the operator D 4

As a consequence of the principal trace formula, Theorem 3.8, and the Lifshitz—
Krein trace formula, the following equality holds,

1 1 &(v; A LA
202 (R ((|DA|2—ZI) —(|Da*~21) / + 3/2 . (4.4)

for all z € C\[0, 00). Recalling that the resolvent regularlzed Wltten index Wy (D 4)
is the limit of the LHS as z — 0, z < 0, we see that this index can be computed by
taking the limit of the RHS as z — 0, z < 0. To this end, we consider the operator
T, defined by setting

- LY(R; (1 + v2)=%/2dv) — Hol(C\[0, 00))
o 2 fadv (P = 2) 72 f (), 2 € C\[0,00),
where Hol(C\ [0, c0)) denotes the set of all holomorphic functions on C\[0, co).
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Lemma 4.3 ([24]). If 0 is a left and a right Lebesgue point for f € L' (IR; (14
v?)~3/2dv), then
m(Tf)(z) = fu(04) + fr(0-). (4.5)

Thus, applying this lemma to the function £(-; A4+, A_) on the right-hand
side of (4.4), we arrive at the equality

1

W(DA)—hmztrL2 RiH) ((|DA|2—ZI) (|DA|2—ZI)_1)

vy A
= lim — g Jra
z10 1/2—2:3/2

= ; E%%(Tf( AL ALY (2) PR e (04) + €0 (02)] /2.

Now, we turn to computing the semigroup regularized Witten index W (D 4).
To this end, we have established the following

Theorem 4.4 ([24]). If 0 is a right Lebesgue point of £( -5 |D’y|?,|D 4|?), then
. _LID% 12 . 2 "
i trague (7 PA = e PAT) < 6 (043 DA, IDAP),

uniformly with respect to z.

Therefore, if 0 is a right and a left Lebesgue point of £(-; Ay, A_), then
combining this theorem with equality (4.3) we obtain

Wi(D ) = €1 (04; D% %, D 4[?) "2 2 [61,(04) + €4(0-)] /2.

Theorem 4.5 ([24, Theorem 4.3]). Assume Hypothesis 3.5 and suppose that 0 is a
right and a left Lebesgue point of £(-; Ay, A_). Then 0 is a right Lebesgue point
of §(+;|D4l*,|D 4[?) and

(045 1DA% D Al?) = [€0(045 A, A) +£0(0-; Ay, A 2.
and

Wi(Da) = [60(04; A4+, A-) +80(0-5 A4, A)]/2 = Ws(D 4).

We emphasize that Theorem 4.5 contains Theorem 3.13 as a particular case.
Indeed, suppose that the operator D 4 is Fredholm, that is, the asymptotes A4
are boundedly invertible. In this case, 0 is a right and a left Lebesgue point of
§(5 A4, A-) and [€0(045 A4, A2) +€(0-; Ay, AL)]/2=¢(0; A1, A).

In the next subsection we discuss the case when 0 may belong to the spectra
of the operators A, and A_. As we already noted the Witten index, in general,
can be any prescribed real number. Next we demonstrate that this also applies to
the special case of the Witten index of the model operator D 4.

A simple concrete example is the following: Consider Ay € B(H) with [A4 —
A_] € B1(H), and introduce the family

Aty =A_+el(e" +1)7 A, —A], teR,
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which satisfies Hypothesis 3.5. Moreover, since any integrable function & € L' (R;dt)
of compact support arises as the spectral shift function for a pair of bounded, self-
adjoint operators (A4, A_) in H with [A; — A_] € B1(#H), Theorem 4.5 implies
that

Wi(Da) =Ws(Dy) =80(0;A4,A)

= any prescribed real number.

4.3. The spectra of A4 and Lebesgue points of £(-; A4, A_)

We start with the simpler case where A4 have discrete spectrum in an open neigh-
bourhood of 0. That is we assume, that for some v > 0, the interval (—v, v) contains
only eigenvalues of AL of finite multiplicities, which are isolated points in o(AL).
The following remark easily follows from properties of SSF (see Subsection 2.3,
property (iii)).

Remark 4.6. If AL have discrete spectra in an open neighborhood of 0, then the
SSF &(-; Ay, A_) has a right and left limit at any point of this open neighborhood
and, in particular, any point in that open neighborhood is a right and a left
Lebesgue point of £(-; A4, A_). o

On the contrary, in the presence of purely absolutely continuous spectrum of
AL in a neighborhood of 0, the situation is more complicated.

Proposition 4.7 ([24, Proposition 4.6]). There exist pairs of bounded self-adjoint
operators (Ay, A_) in H such that (AL — A_) is of rank-one, and Ay both have
purely absolutely continuous spectrum in a fized neighborhood (—eo, o), for some
eo > 0, yet £(-; A+, A_) may or may not have a right and/or a left Lebesgue
point at Q.

4.4. The Witten index of D , in the Special Case dim(#H) < oo

We briefly treat the special finite-dimensional case, dim(H) < oo, and explicitly
compute the Witten index of D 4 irrespectively of whether or not D 4 is a Fredholm
operator in L?(R;H).

In this special case the Hypothesis 3.5 acquires a considerably simpler form.
We just suppose that

A_ € B(H) is a self-adjoint matrix in H, (4.6)

and there exists a family of bounded self-adjoint matrices { A(t)}ser, locally abso-
lutely continuous on R, such that

/R 0t [[ 4/ (8) g0y < o0 (4.7)

In the following we denote by #-x(S) (respectively #(5)) the number of
strictly positive (respectively, strictly negative) eigenvalues of a self-adjoint matrix
S in H, counting multiplicity. Under these assumptions the formula for the Witten
index of the operator D 4 takes a particularly simple form. If should be pointed
out that the result below yields (in a very special setting where dim(#H) = 1) the
result of Example 3.4.
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Theorem 4.8 ([24, Theorem 5.2]). Assume Hypotheses (4.6) and (4.7). Then the
SSE &(-3 AL, A_) has a piecewise constant representative on R, the right limit
£(04;|D%|?, | D 4|?) exists, and the SSF &( -5 | D% |*, | D 4|*) has a continuous rep-
resentative on (0,00). Moreover, the resolvent and semigroup regularized Witten
indices Wy.(D 4) and Ws(D ,) exist, and

Wi (D 4) = Wi(D4) = £(04; D4l Do)
=[6(04; 41, A )+ (0544, A)]/2

= (A~ (A )]~ <(Ar) — #(40)]

In particular, in the finite-dimensional context, the Witten indices are either inte-
ger, or half-integer-valued.

5. Further extensions

In this section we discuss an important example of operators A, and A_, whose
spectra are absolutely continuous and coincide with the whole real line and for
which the results of previous sections are not applicable. The results of [54] and
[30], [24] describe the Fredholm/Witten index theory for operators permitting
essential spectra but the relatively trace class assumption rules out standard partial
differential operators such as Dirac type operators. Thus, in order to incorporate
this important class of examples, we need a more general framework.

To illustrate this fact, we consider the following example. Let A_ and
{A(t)}1ex be given by

A= " A{t)=A_+0(t)M;, dom(A_)=dom(A(t)) = W(R), teR,

that is, we consider the differentiation operator on L?(R;dx) and its perturbation
by multiplication operator M defined by a function f € L (R;dz). Here 6 is a
function satisfying

0<0eL>®R;dt), 0 c LR;dt)n L (R;dt),
tEEnOOO(t) =0, tilgl(ﬁ@(t) =1

Then the asymptotes Ay of the family {A(t)}1er as t — +oo are given by
A_ and

A+:A7+Mf

In other words, we have a one-dimensional Dirac operator and its perturbation
by a bounded function. The well-known Cwikel estimates (see, e.g., [56, Ch. 4])
guarantee that for f decaying sufficiently rapidly at 4oco, the operator (A —
A_)(A% +1)7%/2 is trace class for s > 1, but for no lesser value of s. Thus, even
in one dimension, the relative trace class assumption is violated for the example
above.
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However, although the one-dimensional differential operator A_ and its per-
turbations do not satisfy the relative trace class assumption, we still can compute
the Witten index W, (D 4). For this one-dimensional setting, under the identifica-
tion of the Hilbert spaces L?(R; dt; L?(R;dz)) and L?(R?; dtdx), the operator D 4,
defined by (3.2), is given by

d
DA: t+A,

d
with A = igz + MgMy. That is, in this setting we work with the operator

0 0
Da= ot T iox + Mo My

Since the operator i;lm has absolutely continuous spectrum, coinciding with

the whole real line, the operator D 4, possesses the following properties:

(i) Since 0 € o(A_) =R, by Theorem 3.11 we have that the operator D 4 is not
Fredholm.

(ii) The essential spectrum of the operator D 4 is the whole complex plane C (see
Corollary 3.12).

It is interesting (and somewhat surprising) that for this particular example
under some assumptions on the perturbation f (see Theorem 5.1 below) we still
have the inclusions (cf. Theorem 3.8)

l9:(A1) — g:(A-)] € Bi(L*(R)),
(DAl =207 = (DAl - 21)7") € Bi(12(R?), 2 € C\[0, ),

where g.(z) = z(2? — 2z)~'/2, 2 € R. Moreover, using an approximation technique,

we can prove the principal trace formula as in Theorem 3.8

) - - 1
trr2(re) (('DA|2 —21I) - (ID4f* = 21) 1) =9, trrzm)(9:(A+) — g:(A-)),

for all z € C\[0, 00).

The main application of this principal trace formula is an extension of Push-
nitski’s formula. Furthermore, employing some classical harmonic analysis we are
able to compute the actual value of (a representative of) the spectral shift function
for the pair Ay, A_.

Theorem 5.1. Let f € WHY(R;dx) N Cy(R;dx) and f' € L*®(R;dz). Then for
a.e. A >0 and a.e. v € R,

1
ENIDARIDAP) = €A a) = ) [ fw)do

The fact that the SSF £(-; A4+, A_) is a constant immediately implies that 0
is Lebesgue point of the function &(-; Ay, A_).
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Theorem 5.2 ([21]). The Witten indices W, (D ) and Ws(D 4) of the operator
D 4 exist and equal

WD) = WD) = €03 DA DaP) = 60540 40) =, [ 1(@)
Remark 5.3. We note that the equality £(-; Ay, A_) = 1 fR x)dx may also be
proved via scattering theory and modified Fredholm determlnants of 2nd order
(cf. [21)). o

The results above can be also generalized to the following setting. Assume
that A_ is an (unbounded) self-adjoint operator in a complex separable Hilbert
space H and assume that the family of bounded operators { B(t) }+er is a 2-relative
trace class perturbation, that is, B'(t)(|A_| + 1)72 € B1(H), t € R, and

/Rdt||B’(t)(|A—| +1) 7|, ) < 00

Imposing some minor additional conditions on the family { B(¢)}+cr one can prove
the following result:

Theorem 5.4. Suppose that 0 is a right and a left Lebesque point of £(- ; A4, A_),
then 0 is also a right Lebesque point of (-5 |Dy|?, |D 4|?) and W, (D 4) exists
and equals

Wi (D 4) = £1(04; D3 %, [DAl*) = [€(04; A, A) +€0(0-; Ay, A)]/2.
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Stahl’s Theorem (aka BMV Conjecture):
Insights and Intuition on its Proof

Fabien Clivaz

Abstract. The Bessis—Moussa—Villani conjecture states that the trace of
exp(A — tB) is, as a function of the real variable ¢, the Laplace transform
of a positive measure, where A and B are respectively a hermitian and pos-
itive semi-definite matrix. The long standing conjecture was recently proved
by Stahl and streamlined by Eremenko. We report on a more concise yet
self-contained version of the proof.

Mathematics Subject Classification (2010). 81V06, 82D06, 28B06, 30F06.

Keywords. BMV conjecture, Stahl’s Theorem, self-contained proof, perturba-
tion theory, statistical mechanics.

1. Statement

In 1975, Bessis Moussa and Villani conjectured in [1] a way of rewriting the parti-
tion function of a broad class of statistical systems. The precise statement can be
formulated as follows.

Theorem 1 (Stahl’s Theorem). Let A and B be two n x n Hermitian matrices,
where B is positive semidefinite. Then the function

f):=Tret B t>0 (1)

can be represented as the Laplace transform of a non-negative measure . That is,
fO = [ e auts) 2)
0

More than 30 years later, Stahl published a proof of this conjecture in [2]. A
minimal version of the proof has meanwhile been published by Eremenko in [3].
Our aim is to reconcile the exactness of Stahl’s version of the proof with the clarity
of Eremenko’s version.
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Intuitive Case. To get a feeling of why the above theorem holds, let us investigate
the case where A and B commute.

Since our matrices are simultaneously diagonalisable, we can w.l.o.g. assume
that they are given in diagonal form and exponentiating them becomes trivial. We
therefore have:

f(t)=Tre B = Z e%e i, (3)
j=1

We next define the measure y := Z?:l e% dp,, where a; and b; are the matrix
elements of A and B, and 4y, is the Dirac measure on R. By noting that for any
function g(s), fooo g(s)ddy, = g(b;), one immediately sees that

/OOO e du(s) = Z e“ie” i = f(t); (4)
j=1

showing that, in the case of commuting matrices, the BMV conjecture is realized
with a discrete positive p.

To simplify the analysis of the general case, we first prove the following

Assumption. W.l.o.g. B can be assumed to have distinct positive eigenvalues b,, >
<o >by > 0.

Proof. Let B > 0. We work in the diagonal basis of B. We define B, := B+ ¢ D
with D = diag(1,2,...,n). Assuming Theorem 1 holds for B., we want to prove it
also holds for B; that is, assuming p. exists and is non-negative, we want to prove
1 exists and is non-negative.

Since the following involves the inverse Laplace transform, it is convenient to
write the objects as tempered distributions. Explicitly,

pelie] = / " o(s)dpe(s),
. (5)
fel] = / o(s) - (s)ds;

for test functions ¢ € C§°(R™). We note that p. > 0 & pufp] > 0, Vo > 0.
Denoting the Laplace transform by £, we have:

L(pe)lp] = pelL(p)] = felel, (6)
which using the Bromwich integral formula yields
1 T+100 oo
wld = = [ re ([T e e @

Using the Dominated Convergence Theorem one shows that (see Appendix

A of [4))

lim rcfp] = /”mf(z) (/Oooez%@ds) 1220, >0,  (8)

e—0 27 )y ioo
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where the inequality comes from p.[¢] > 0, Vo > 0. So with
1 r+100 o ( )
wle] == o /Iiioo f(2) (/0 e @(s)ds) dz, (9)

we have f = L(p) and p > 0. O

2. Eigenvalues of A — tB
We tackle the general case by looking at Ay (t),. .., A, (t); the eigenvalues of A—tB

Theorem 2.
i) A1,..., A have no branch point over R.
i) A1,..., A, are analytic in a neighborhood of infinity and Vj =1,...,n
1
/\j(t) = Qaj; — tbj + O(t) (t — OO) (10)

Proof. We want to study

det (\(t)id — (A—tB))=0ast— oo

& det (b(u)id — (B +uA))=0as u — 0, (11)

with

u::—i and b(u):zu-A(—l). (12)

u

That is, we are interested in the form of b(u), the slightly perturbed (isolated)
eigenvalues of B. Fortunately, this finds an answer in most text books on Quantum
Mechanics. See, e.g., Ch. 11.1 of [5] for an intuitive approach or Ch. XII of [6] for
a rigorous one. In any case, one finds for 7 =1,...,n:

bJ(u) = bj + uaj; + O(UQ) (u — 0) (13)

Analyticity and uniqueness of b;(u) near v = 0 is assured by Theorem XII.1
in [6] and since B + uA is self adjoint Vu € R, by Rellich’s Theorem (Theorem
XII.3 in [6]), b;(u) is analytic and single-valued in a neighborhood of ug, Yug € R.
Plugging definition 12 in equation 13 we therefore have for j = 1,...,n that

)\j(t):ajj—tbj+(9<11§>(t—>oo) (14)

is analytic in a neighborhood of infinity and has no branch point over R. (|



110 F. Clivaz

3. Explicit form of p

We now postulate an explicit form for pu.

n
Theorem 3. The measure p = w + Z €78y, satisfies
j=i

1= [ tauts) (15)

for f(t) = Tre=*8 and dw(s) := w(s)ds, where

! A2+
- AR P 16
wl) =y 30 | en e (16)

j:ibi<s

with U a neighborhood of infinity such that OU is a positively oriented Jordan curve
around zero.

Before verifying Theorem 3, we prove the useful
Lemma 4. supp(w) C [b1,by].

Proof. For s < by the sum )
For s > b, we have:

QWiw(s):Z/ e’\j(z)+szdz:/ Tret2Be 2z, (17)
= Jou ouU

where we used the spectral decomposition definition of eA~*5 that is

jib;<s is void and hence trivially w(s) =0.

eA=*B .= Z e*Py;  \: Eigenvalue of A — 2B. (18)
A

Equivalently, see, e.g., [7], one can define eA~* through
1 1
eA=*B = / (id — (A — zB)) " e dz, (19)
27 J,

with v enclosing the spectrum of A — zB, thereby ensuring (2’ id — (A — zB))f1
to be well defined for 2’ € v and in fact analytic as a function of z, since for any
fixed 2z’ € v we have that

d /- _1——Zli_ — 2z -1 d Zl’i— —Z
o, (Fid—(A=2B)"" =~ (id — (A~ 2D)) (dz( d—(A B))) (20)

(z'id— (A—zB)) .

With definition 19 we therefore see that Tre”~*P is analytic and hence by
Cauchy’s Theorem w(s) = 0. O



Stahl’s Theorem 111

Proof of Theorem 3. We want to verify that £(u) = f.

The first part of p is the expression we found in the intuitive case of Section 1.
Using Lemma 4 and noting that ., _, = Z?Zl for s € (bg,br+1], we find for
the second one

b, n—1
L)) = / e uw(s)ds = 3 Tn(t), (21)
by k=1
with

b k
5 1'/k+1 Z/ e)\j(z)Jrs(zft)dz ds. (22)
27 Jp, =1 Jou

Since according to Theorem 2 the A;’s have no branch point over R, by
Cauchy’s Theorem, we can, without altering the result of the integral deform U
to Uy, with Uy as in Figure 1. Inverting the sums, i.e., Y ;_; Z Z Zk —i
and performlng the s-integral, we then get

bn (z— t) z—t)

(€
Z I = 27 Z /aU1 - 2mi Z /,3U1 e z—t dz.  (23)

~ - ~ -

©) ®

Note that the n'* summand of @) and (%) cancel each other.
Since f(z)° "(_t K

is entire in (U7)¢, we have by Cauchy’s Theorem

SR 24
©@= [, 1O, dz=0 (24
To evaluate (¥) we first split the integration path:
n 1 b;(z—t) 1 bj(z—t)
®=3 / O R A / L P N 5
; 27 Jau, —c z—t 2m Jo z—1
Jj=1 ~ ~ ~ ~ ~ -

@ @

with C' a positively oriented curve with trace {z : |z| = R > t} as depicted in
Figure 1. Since z = t is the only pole enclosed by 0U; — C, using the residue
theorem, (1) = —e*®) . We then rewrite (2) using Theorem 2 to express Aj as

)\j(z) = —ij + (7] + rj(z), (26)
where r; is analytic in Uy and rj(c0) = 0. So
1 5 (2)
@ = e(ljj_bjt o ‘/CV ez J_ ; dz. (27)

Performing the change of variable z := 1/z, the new variable integrates over

1 1
o negatively oriented curve with trace {z Dz = R} , (28)
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Im (2)

F1GURE 1. The choice of Uy, in yellow, is made such that ¢t € U;. Such
a choice is enabled by Theorem 2 i).

and we therefore get

-1
Q= —eii—bit 1 erit= ) dz = i —biterr(o0) — paji—bjt. (29)
2mi Ju 2(1—tz) '

since as |z| = 1/R < 1/t, the only pole of the integrand is at z = 0.
Gathering the results of (1), (2), & and () we get

n
Lw)(t)=—-%=— Z e ~bit 4 Ty eAtB, (30)
j=1
which with the result of the intuitive case gives £(u)(t) = TreAtE. O

4. Domain of definition of \

We would now like to talk about A, the solution of det (A(t)id — (A —tB)) =0, in
a global fashion instead of viewing it as n different functions Aq,..., A,. A fruitful
way to do so is to define its domain of definition, S, as a Riemann surface; for
further reading see [8] or [9].

We choose the n sheets of S, S; (7 = 1,...,n), such that in the neighborhood
of infinity where we already numbered the A;’s (see Theorem 2) we have that

Aj z)\071']71, (31)

with 7 : S — C the canonical projection of S and mj its restriction to S;.
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We further denote the lifting of the complex conjugate over S by p and note
that since A is of real type, p(S4+) = S_ and vice versa; where

St ={¢e S5 |Imm(¢) > 0},
S_:={(e€S|Imn(&) < 0}.

That is, S is anti-conformal.

(32)

5. Non-negativity of u

To conclude the proof of Theorem 1 we have to prove that p = Z?:l ebi 0p, +w > 0.
The first summand is obviously non-negative. To prove the second one is also non-
negative, we need to show that

1
w(s) = Z / @20, >0, Vs € (b, by). (33)
2 ouU
jib;<s
To do so, we will replace the lift of =, _ Jor on S by fv on which the
projection of the integrand is real and positive, for some well-chosen contour « on S.
In the following we fix s € (bg, bry1), with k € {1,...,n — 1} also fixed. The
case s = by41 is achieved by continuity. We also write g := A + sm.

5.1. Constructing ~

On S we define D := {¢ | ggi% > 0}. For & € 7! (R) we note that since the A;’s

have no branch point over R, we locally stay on the same sheet such that 7 locally
has an inverse 7~ . Thus, although Im (&) = 0, we can define the quotient as

Im g(&o) Img o (z0,y)

=1 34
(&) v y ’ (34)
with 7(§) = z + iy = (z,y) and 7(&) = (w0, 0). Furthermore, since A o 7~ ! is of

real type, Reg o 7w~ (z,y) is even in y and hence (92 Re g o 7~ 1)(x¢,0) = 0, such
that with 'Hopital’s rule we get
Im g(&o)
Im W(fo)
showing that the quotient is well defined for any £ € S. To help visualize D, we note
that p(D) = D. A possible realization of D is depicted in Figure 2. We next look

at 0D = {& | E;lfr(é)) = 0} and find using equation 35 that 9D N7~ 1(R) is made

of discrete points being in fact the continuation of the curves of 9D N7~ (R¢) =
(Im ¢)~1({0}) N7~ 1(R¢) (see Appendix B of [4]). We propose dD to be the trace
of .

That ~ is suited to prove the positivity of u is the content of

Proposition 5 (The Crucial Link).
1 - 1 /
i@bszg, — 9 de > 0. 36
omi 2 /Me T omi )€ ¢ (36)

jib;<s

= (Dag o™ ) (10,0); (35)
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S D=1
(R) =5
Sn
Img
~ Imn
S1
[
Im
Re7r
Re/z

FIGURE 2. A possible representation of D on S as well as its image
through h are displayed in yellow. Note the symmetry of D with respect
to 71 (R), depicted in brown.

Indeed, proving it concludes the proof of Theorem 1. Before doing so, we
though look into some properties of .

5.2. Properties of v
Lemma 6. i) v =71+ +79n, 7 : positively oriented Jordan curve.
ii) Re(go~y) monotonically increasing on v '(S4),
monotonically decreasing on 'y,;l(S,).

Proof. From the above discussion, up to discrete points, the trace of 7 is

(Im g) "1 (0)\7 ™ *(R).

Since Img is a harmonic function, everywhere except at a finite number
of critical points denoted by C.., 9D is locally the trace of a unique curve (see
Appendix C of [4] for a proof). Furthermore, since Im g is non-constant, any point
of C, is found to be a zero of order m < oo of g; and hence by the auxiliary
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S,y Ima>0
D¢: Img<0
%

l
D¢: Tmg>0

FI1GURE 3. The curve 74 is locally depicted in a region of Sy, top, and
S_, bottom. The change of sign of Im g is observed when crossing i
along the local coordinate .

theorem of Section 4.1 in [10], 9D is the trace of exactly m curves around such
points. Because of the anti-conformal structure of S, those traces form closed loops;
allowing us to choose v as in i).

As depicted in Figure 3, Im g changes sign when one crosses the trace of .
Choosing the axis [ along ~; and n normal to it pointing in D, this means

O Img(€)>0 veevns,,
on

, (39)
Img(&) <0 VEeynsS_,

on

which using the Cauchy-Riemann equations gives

0

Py Reg(§) >0 VEeynSy,

) (39)

81Reg(§)<0 VEEvyNS_;

proving ii). a
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Remark 7. Since the ~;’s are single-valued, point ii) of Lemma 6 tells us that each
7, has to be contained in both S and S_, allowing us to chose = such that the
endpoints of i lie on 77 1(R) and p(yx) = —-

1
Lemma 8. — / e9 & de > 0.
270 Sy,

Proof. As vx C (Img)~1({0}), we have that
Img(§) =0 V&€ w; (40)
and hence together with Lemma 6 ii)
e9°7k = ¢Re9°7 s monotonically increasing on 7; ' (S4). (41)

Writing z = x + iy and 7 1(2) = £ = v + in, we therefore get:

1'/ eI de = 1_ / 69(5)d§+/ eI ¢
270 Sy, 210\ Jyns, NS

em. 1 . .
Rem? = / 98 (dv + idn) + / 98 (dv — idn)
2m YNNS4 —vkNS+

equ. ]-
qu.40 / eI dn (42)

kﬁs+

.
= / e9°7 () Im (7 0 1) ds
Vi 1(S+)

e 1 govyk (s) !
= (e k ) Im (7 0 y;) ds < 0,
m ’)’1;1(54—) ~ ;6 o ;6 -

T
1
T

where the boundary terms when performing the integration by parts (IBP) vanish
because of Remark 7. O

5.3. Proof of the crucial link
We finally prove Proposition 5, which finishes the proof of Theorem 1.

Proof of Proposition 5. From Theorem 2, we can choose a neighborhood of infinity,
U, such that A has no branch point over 7! (U) That means that 7! (U) is
made of n disjoint components, each fully in one sheet. We can hence write:

W_l(aU)chU"'UCn; CjCSj, Vi=1,...,n. (43)
In U we furthermore have by Theorem 2 ii) that

Tm (A (2) + 52) = (s — b;) Im(2) + Im (0 C)) . (44)

So since s € (b, bg+1), for |z] > R, R > 0 big enough we achieve:

j<k: Im(\j(z)+sz) has same sign as Im(z), 15
j>k: Im(\(z)+sz) has opposite sign as Im(z). (45)
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Choosing U C {z | |z| > R} we have:
Cl,...,Ck eD,
C’kH,...,Cn ¢D

Defining Dy := D\ 7~ 1(U), we find with the above 0Dy = v+ Cy + - - - + Cj
and, since Dy is bounded, by Cauchy’s Theorem

1
9(5)d =0: 47
i |, =0 (47)

(46)

that is

1
_ g(g)d — +87"(§)d _ +szd
271'@/V ¢ 2m Z/ &= 2m Z/@U :
_ )\ (z)Jrszd 4
21 Z /BU = (48)

jib;<s

which together with Lemma 8 proves the assertion. |
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Some Estimates Regarding Integrated
Density of States for Random Schrodinger
Operator with Decaying Random Potentials

Dhriti Ranjan Dolai

Abstract. We investigate some bounds for the integrated density of states in
the pure point regime for the random Schrédinger operators with decaying
random potentials, given by

HW = _A+ Z anQn(w)7
nezd

acting on ¢2(Z%), where {gn},cz4 are i.i.d. random variables and 0 < a, ~
[n|™%, a>0.
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1. Introduction

The random Schrédinger operator H* with decaying randomness on the Hilbert
space (2(Z%) is given by

HY =-A+V¥ we. (1.1)
A is the adjacency operator defined by

(Au)(n) = Y u(m)Vue*(2

[m—n|=1
and
Ve = Z nqn(W)]0n) (On], (1.2)
nezd

is the multiplication operator on ¢?(Z?) by the sequence {a,ngn(w)},cze. Here
{0, }neza is the standard basis for £2(Z%), {an }neza is a sequence of positive real
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numbers such that a, — 0 as |n| — oo and {g, },eze are real-valued iid random
variables with an absolutely continuous probability distribution g with bounded
density. Here we consider the probability space (RZd,BRZd,P), where P = @ i
constructed via the Kolmogorov theorem. We refer to this probability space as
(Q,B,P) and w = (qn(w))nezd €.

For any B C Z® we consider the canonical orthogonal projection yp onto
(?(B) and define the matrices

Hy = (<5n,H“5m>)n’m€B, GB(z;n,m) = (6, (HE — 2)716,,)
GB(z) = (HY —2)" L. (1.3)
G(z)=(HY —2)"', G(z;n,m) = (0p, (H® — 2)"16,,),2 € CT.
Note that HY is the matrix
HY = xpH“xp : (*(B) — (*(B), a.e. w.

One can note that the operators { H“},cq are self-adjoint a.e. w and have a
common core domain consisting of vectors with finite support.

Let A denote the d-dimension box:
AL ={(n1,na, - ,ng) € 2% : |n;| < L} Cc 2%
We will work with the following hypothesis:
Hypothesis 1.1.

(1) The measure p is absolute continuous and the density of u is given by

{ 0 if |z|<1

! \zl\s if |x| > 1, for some § > 1.

p(x) = (1.4)

(2) The sequence a,, satisfies an, ~ [n|~*, a > 0.

(3) The pair (a, ) is chosen such that d — a(d — 1) > 0 holds. This implies that
Br — 00 as L — oo, where B, is given by

Br= Y al Tt~ > o[ = o((zL + 1)d—a<6—1>). (1.5)

neAr neAr

Remark 1.2. We have taken an explicit p(z) in (1.4) in order to simplify the
calculations in the proofs. Our results also hold for p(x) = O(‘xl‘,;), 6 > 1 as

|z] — oo.

In [21], Kirsch-Krishna-Obermeit consider H* = —A + V* on ¢?(Z%) with
the same V¢ as defined in (1.2). They showed that o(H“) = R and o.(H*) C
[—2d,2d] a.e. w, under some conditions on {an},cz« and p (The density of p
should not decay too fast at infinity and a, should not decay too fast). For the
precise condition on a,’s and p we recall Definition 2.1 from [21], which is given
as follows.
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Definition 1.3. Let {a,} be a bounded, positive sequence on R. Then, {an} —
supp p is defined by

{an} —supp p:= {x eR: Zu(a;l(x—e,x—i—e)) =ocoVe> O}. (1.6)

We call a probability measure p asymptotically large with respect to a,, if {a;m} —
supp i = R, for all k € ZT.

To show the existence of point spectrum outside [—2d, 2d] they verified Simon-
Wolf criterion [25, Theorem 12.5] by showing exponential decay of the fractional
moment of the Green function [21, Lemma 3.2]. The decay is valid for [n—m/| > 2R
with energy F € R\ [—2d, 2d] and is given by

E“(|GM (B + e - nym)|*) < Dpgumye " 2"), E€ R\ [-2d,2d4),  (1.7)
where € > 0, 0 < s < 1, ¢ is a positive constant independent of ¢ and if F is in
compact interval then we can also choose ¢ independent of E. Here R € Z* and
Dp(p.m) is a constant independent of £ and ¢, but polynomially bounded in |n|
and |m)|.

Jaksié-Last showed in [15, Theorem 1.2] that for d > 3, if a,, ~ [n|™* a > 1
then there is no singular spectrum inside (—2d, 2d) of H*.

Here we take (ayn, ) such that {a;m} —suppp = R for each k € Z* and
satisfying Hypothesis 1.1. Then it follows from [21, Theorem 2.7] that the spectrum
of H¥ is R and o.(H%) C [—2d,2d] a.e. w. We show that the average spacing of
eigenvalues of HY near the energy £/ € R\ [~2d,2d] are of order B!, whereas
those close to E € [—2d, 2d] have average spacing of the order (2L-1i-1)d' This shows
that the eigenvalues of HY are more densely distributed inside [—2d,2d], where
the continuous part of the spectrum of H“ lies, than the pure point regime which
is outside [—2d, 2d).

We need the following definitions before stating the results:

N¢(E) = #{j: E; < B, E; € o(H,)}, (18)

N{(E)=4{j:E; > E, E; € o(Hf,)}, (1.9)

w0 = 5 3 B ({6 Eurg, (160). (1.10)
L neAr

In the above EHXL (-) denotes the spectral projection of HY, .
Our main results are as follows:

Theorem 1.4. If F < —2d and ¢ = —2d — E > 0 then, we have

1 1 1 1 1 1
< 1 “(N¥(E)) < li “(N¥(E)) < ,
2 (4d+6)(671) — ngr;o 6LE (NL (E)) = L11—1>T;o ,BLE (NL (E)) = 26(671)
For E = 2d + ¢ > 2d we have
1 1 1 1

1 - 1
< 3 w w < : w w < .
2 (ad+ - = g B (NE(B)) < lim o EXINE(E)) < 61
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Now we investigate the average number of eigenvalues of HY inside [—2d, 2d],
which can be given as follows:

Corollary 1.5. For any interval I 2 [—2d,2d] we have

Corollary 1.6. If M1 < —2d and My > 2d then, we have
lim ’)/L((—OO Ml]U[Mg OO)) < 1 L + L . (112)
L—oo ’ ’ -2 (—2d — Ml)(‘s*l) (M2 — Qd)(‘s*l)

For any interval I C R\ [—2d,2d] of length |I| > 4d there is a constant C; > 0
such that

L—oo

Corollary 1.7. Let My < —2d and Mz > 2d and yr [(m, m,)e denote the restric-

tion of v to R\ (My, Mz). The sequence of measure {fyL [ (M, M) }L admits a
subsequence which converges vaguely to a non-trivial measure, say .

The above theorem gives estimates for the average of N¥'(E) and N¥(E),
but we can also get a point-wise estimate of the above quantities which is given
by the following theorem.

Theorem 1.8. Ford>2,0< a < % and 1 <6< 21a then for almost all w

1 1 1 1
< i w < | w
2 (2d— pye-n = im g NE(E) < lim o Ni(E)
1 1
= 9 (—2d— E)6-V Jor E < —2d,
1 1 1 1

2 (2 1 Eyo-v = 2 5, NEE) < [l g NE(E)
- 1 1
~2(FE—2d)0-1
In [11], Figotin-Germinet—Klein-Miiller studied the Anderson Model on
L?(R%) with decaying random potentials given by

H®Y = —A + M, V¥ on L3(RY),

for E > 2d.

where A > 0 is the disorder parameter and =, is the envelope function
Yala) = (1 +]al) %, a >0,
They assumed that the density of the single site distribution is a compact
supported L* function. They showed that for a@ € (0,2) the operator H“ has
infinitely many eigenvalues in (—o00,0) a.e. w. In [11, Theorem 3], they gave the

bound for N¥(E), E < 0 (number of eigenvalues of H¥ below E) in terms of
density of states for the stationary (i.i.d. case) model.
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In [14], Gordon—Jaksi¢-Molchanov—Simon studied the model given by
HY = A+ > (14 n|%)gn(w), >0 on (2%,

nezd

where {¢, } are i.i.d. random variables uniformly distributed on [0, 1]. They showed
that if @ > d then H* has discrete spectrum a.e. w. For the case when a < d they
construct a strictly decreasing sequence {ay }ren of positive numbers such that if

d d e
p = o> 1 then for a.e. w we have the following:

(i) o(H*) = opp(H*) and the eigenfunctions of H¥ decay exponentially,
(i) Oess(HY) = [ak,00) and

(ill) #oqisc(HY) < 00.

They also showed that

(a) If ¢ >a > kjir1 and E € (aj,a;-1), 1 < j <k, then

. NpP(E)
2B, pige = M)
exists for a.e. w and is a non-random function.
(b) If a = ¢ and E € (aj,a;-1), 1 < j < k the above is valid. If E € (ax, ax_1)
then (B)
. NP(E
AL
exists for a.e. w and is a non-random function.

= Ni(E)

Bocker in his doctoral thesis [4] showed the strong law of large numbers for
sparse random potentials. He also studied the density of surface states for some
non-stationary potentials. Using a Laplace transform they studied the asymptotic
behaviour of the integrated density of surface states for random Gaussian surface
potentials.

In [5] Bocker—Werner—Stollmann review some recent results on the spectral
theory of non-stationary random potentials. They present various models with
decaying and sparse random potentials, including those where the sparse set itself
is random. Their results include a definition of the integrated density of states and
some results on Lifshits tails for such models.

In this work, we essentially show that for decaying potentials the confinement
length is (2L +1)¢ inside [—2d, 2d] and S, outside [—2d, 2d]. On the other hand, for
the growing potentials (as in [14]), the confinement length is a function of energy.

2. On the pure point and continuous spectrum
In this section, we work out the spectrum of H“ under the Hypothesis 1.1. Here
we use [21, Corollary 2.5] and [21, Theorem 2.3].

Let z < 0 and € > 0 such that « + ¢ < 0 then, for large enough |n| > M we
have a,, !(x + €) < —1 since a,,! — oo as |n| — co.
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For |n| > M we have

1 an ' (zte) §—1
M( (x — €, + E)) = / p(t)dt = aglé—l)
a

n Tl (z—e) 2

:c+e 1
/ sdt (using 1.4).
—

Hence,
1 §—1 [ 1
_ (6-1) _
E M(an (z e,x+e)) > 5 /w_€ |t|5dt E ay’ ™ = oo, (2.1)
nezd [n|>M

since [, = Z a® Y - 00 as L — oo (using 1.5).
neAr
For = > 0, a similar calculation will give

Z u(al (x—e,x+e)) =00, €> 0. (2.2)

nezd "

Now let € > 0, there exist M such that a; e > 1 for |n| > M. So, we have

1 L §—1 (%1
Z ,u(an(—e,e)) > Z u(—a, e, a, € =2 Z 5 /1 tddt

nezd [n|>M [n|>M
= > (1-€ad.
[n|>M
Since
Z (1—e el ™)~ [(2L+ 1) — (2L + 1)d7"(571)} — 00 as L — oo,
neAL

it follows that

> (-e0) = (2.3

nezl
If 0 < €1 < €3, then we have

u<an1(x - q,x—i—el)) < u(anl(x — €2, + 62)) vVzelR
Using the above inequality together with (2.1), (2.2) and (2.3) we have

Zu<an1(x—e,x+e)>:oo, forallz € R & € > 0. (2.4)
nezd

Then, using (2.4) from [21, Definition 2.1], we see that
M = Mgez+ (arn —supp p) =R.

Therefore, [21, Corollary 2.5] and [21, Theorem 2.3] will give the following
description about the spectrum of H¢.

Oess(H?) = [-2d,2d] + R = R and o.(H*) C [-2d,2d] a.e w.
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3. Proof of main results

Proof of Theorem 1.4. Define

$o=22+ ) angn(w)Ps,
neAyr
and

NE (B) =4{j; E; < E, Ej € 0(A] 1)},
NP(E)=#{j: E; <E, E; € o(Hj},)}.
Since o(A) = [—2d, 2d], the following operator inequality
A - < HY, < A7 4
is there, with
HR, = XA, Axa, + Y ann(w)Ps,.

neAr

125

A simple application of the min-max principle [16, Theorem 6.44] shows that

¢ L(E) < NE(E) < N® (E).

(3.2)

Now, the spectrum O'(A(z’ ,) of A7 4 consists of only eigenvalues and is given by

o(A7 +) ={n € AL : £2d + angn(w)}.
Let F < —2d with F = —2d — ¢, for some € > 0. Then,
N2 (E) =#{n € AL : —2d + apgn(w) < —2d — €}
=#{necAp:qg,(w) € (—o0,—a, e}

- Z X{w:qn(w)e(—x,—a;le]} ’

neAr
Since ¢y, are i.i.d, if we take expectation of both sides of (3.3) we get
—a,
(N (B) = 3 oo -x /"
neAr neAr
Since a,! — oo as |n| — oo and € > 0, there exist an M € N such that
apte>1, —a,e< —1Y |n| > M.
Therefore for large L, from (3.3) we get

>/

nelAr

Z / x)dx + Z /_1

neAr, |n|>M n€AL, |n|<M

E“(N® L(E))

(3.3)

(3.4)

(3.5)
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Since #{n € Z% : |n| < M} < (2M + 1)¢, we have

> /;p(x)dx§(2M+1)d/_ p(x)dx:(2M+1)d6;1/_ oz

_ _ oo |7]?
neAL, [n|<M ° °
= (2M +1)%/2, § > 1 is given. (3.6)
Using (1.5) on (3.6) we have
1 o
ng{l)o 5, Z /OO p(z)dx = 0. (3.7)

n€AL, [n|<M "
Now,

Z /:"16 plx)dx = Z a,’! /_€ p(a, tt)dt (3.8)

neArL, n|>M" n€AL, |n|>M
o—1 [~ 1 el
S it — YAy
= a t = a , 0> 1.
" 2 /—oo |t|(S 2 "
n€AL, |n|>M neAr, |n|>M

This equality gives

1 —a;le 1o
ngréo 5, Z [m plx)de = 5 - (3.9)
neAr, |n\>M
Using (3.7) and (3.9) in (3.5), we have
lim | EC(N® ,(B)) = S (3.10)
L0 By SLAET g Ty ey T '
A similar calculation with E“(NY ; (E)) gives,
S S _ (Ad+e)t0 1
A g BEENVELE) =" " = gt e O (8:11)
Now, using (3.10) and (3.11) from (3.2), we conclude the inequality
1 1 1 1 1 1
< 1i “(NY < 1i “(NY < . .
2 (4d+ - S fm g BEWNL(E)) < lim g BYNL(E)) < 5 5oy (312)
If we define B
NEL(E)=+4{j: E; > E, Ej c 0(A7 L)}, (3.13)

NZ(E)=#{j: E; > E, Ej € o(HZ,)}
then the min-max theorem and (3.1) together will give
N* ,(E) < Ng(E) < N ,(B) (3.14)
If £ =2d+ € > 2d, for some € > 0, a similar calculation results in
; (4d+1)(5*1) < fim ;LEw(Nf(E)) < fm ;LEM(NZ(E)) = ;ewl—l)'
The inequalities (3.12) and (3.15) together prove Theorem 1.4. O

(3.15)
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Proof of Corollary 1.5. Since Hf is a matrix of order (2L + 1)?, we have

4o(HY,) = (2L + 1),
If My < —2d and M5 > 2d then,

#{U(HXL) N (—oo,Ml]} + #{J(HXL) N (Ml,Mg)}

(3.16)
+ #{O'(HXL) N [Ma, oo)} =(2L+1)%
Since
B leg ) N (oo )y = P BN (), (37)
(2L 4+ 1) r (2L +1)4 B ’
and from (3.12) and Hypothesis 1.1 we have
1 " BL
ngr;o ,BLE (NZ(My)) < oo, and hm L (2L 4 1) =0,
the following limit holds:
. 1 w w —
LIRS {o(HY, )N (—00, My]} = 0. (3.18)
Similarly, using (3.15) we get
Llﬁoo (2L + 1) JEC{o(HR,) N [M3,00)} = 0. (3.19)

Using the inequalities (3.16), (3.18) and (3.19), we see that for any interval
(M7, M) containing [—2d, 2d]

1

2 o 4 1) (FLOUIR) 0 (0, AR }) = 1 .
Proof of Corollary 1.6. If My < —2d then from (1.10) we have
1
’}/L(—OO,Ml] = BLEW (TT(EHXL (—OO,Mﬂ)) (3.20)
1 .
= 8y E“ (N7 (My)) (using (1.8)).
This equality together with (3.12) gives
1 .
ngréo ~vr (=00, Mq] < 2 (—2d — My)i-1 (using € = —2d — My). (3.21)
Similarly, for My > 2d, using (3.15), we get

)<y ot g €
-2 (M2 - 2d)571
(3.21) and (3.22) together proves (1.12).

lim g [Ma, 00 using € = My — 2d). (3.22)
L—oo
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Let J = [E1, Es] C (—o0,—2d) with |J| > 4d, set E1 = —2d — €1, By =
—2d — €9 such that €1 — €5 > 4d. Then

yL(J) = !

1 w w _
AL B (VE(E2)) AL

> ;LIE‘*’( ¢ L(E2)) — 51LEw(Nf’L(E1)) (using (3.2)).

E* (Ng(Ey)) (3.23)

Therefore, (3.11) and (3.10) give (1.13), namely

1 1 1
Llijr;OVL(J)Z 2| (4d + e)6-1) _6§6_1) > 0.
A similar result holds even when J C (2d, 00) with [J| > 4d. O
Proof of Corollary 1.7. From (1.12) we have
Slzp'YL((_OQMl] U [Ms, 00)) < oc. (3.24)

We write R \ (M, M3) = |J,, A,, countable union of compact sets. Now,
L [, (restriction of vy, to A,,) admits a weakly convergence subsequence by the
Banach—Alaoglu Theorem. Then, by a diagonal argument we select a subsequence
of {~1} which converges vaguely to a non-trivial measure, say v on R\ (M7, Ms).

The non-triviality of v is given by the fact that if J C R\ (My, Ms) is an
interval such that 4d < |J| < co then from (1.13) we get

irLlf vr(J) > 0. O
Before we proceed to the proof of Theorem 1.8, we prove the following lemma.

Lemma 3.1. Let {X,} be a sequence of random variables on a probability space
(Q,B,P) satisfying

D P(w: | Xn(w) - X(w)| > €) < o0, €>0.

n=1

n—oo

Then X,, —— X a.e. w.

Proof. Define Ay (e) = {w : | X, (w) — X (w)| > €}. If
o0 o0
ZIP(An(e)) = ZIP(w F | Xn(w) = X(w)] > €) < oo,
n=1

then the Borel-Cantelli lemma gives

P(A(e)) =0, where A(e) = ﬂ U Ap(e).

n=1m=n

Now we have

P(B(e)) = 1 where B(e) = U ﬂ An(e)€.
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For each N € N, we define

By =B(1/N) and B= () By then P(B) = 1, since P(By) = 1.
N=1

For any § > 0, we can choose M € N such that J\14 < d. If w € B then,
V N € Nw € By. From the construction of Bj;, there exists a K € N such that

1
[ X (w) = X(w)] < M <dVm>K.
So we have

X,, 2= X on B with P(B) = 1.

Hence the lemma. ]
Proof of Theorem 1.8. Let E = —2d — ¢ for some € > 0 and define
X, (w):= X{w:gn () <—azte}- (3.25)

Since {qn }n are ii.d., {X,} is a sequence of independent random variables. Now,
from (3.3) we have

=) Xu(w). (3.26)
neAL
We want to prove the following:

lim N2, (B) — B (NS’L(E)) =0a.e w. (3.27)
L—o00 6L

In view of Lemma 3.1, in order to prove the above equation, it is enough to show
N¢ [ (E) —E“(N® (B
ZP( | (®) 8 (V2 ))‘>n)<ooV77>0. (3.28)
L

Using Chebyshev’s inequality we get

Z]P’<w: |N“’L(E)—;E;(N“’L(E))‘ >77>
L=t (3.29)

<Z g2 < L<E>—EW(NM,L<E)))2.

We proceed to estimate the RHS of the above inequality.

e (w0 w2 ) ) = (X () ()

2nEAL
= Z E“ (Xn(w) —E¥ (Xn(w))) (X, are independent)
neAL
- 3 e - @) < T osed
neAr neAyr
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= ) E°(X,) (since X2 = X,,)
neAr

=E“(N“ L (E)) (using (3.26)).
Using the above estimate in (3.29), we get

Br 2 A1

L=1

ZP(M: N2 L (B) B (N2 1 (B))| >77) <! > ! E“(N¥ ,(E)) (3.30)
L=1

L1 1,
© 2 TN
C 1
< ing (3.10
< nQLE:Zl 8y (using (3.10))
> 1
S Z [d—a(-1) (using (1.5)).
L=1

As we have assumed in the theorem that 0 < o < é, 1<éd< 21a and d > 2,
we have d — a(d — 1) > 1. Thus, (3.28) follows from (3.30).
Therefore, from (3.27), for a.e. w, we have

1 1 w — N 1 w w
jm g N2 (B) = lm o BN, (E)) (3.31)
1 : 1
= ooy BB =y o) gy (F= 720

A similar calculation gives, for a.e. w,

A S VRN
ngr;o 8L Y L(E) = nggo 5LE (N$ L(B)) (3.32)
1 1

= i 3.11)) =
2 (d+ eye-n B GIDI= 0 o) 6oy
The inequalities (3.31), (3.32) together with (3.2) give, for E < —2d for a.e. w,

1 1 1 1 1 1
< i NY(E) < Ii N¥(E) < .
2 (2d — E)6-D = [0 Bp p(B) < lim 5 N )*2(—2d—E)(5—1>

(3.33)
For E > 2d we compute NiL(E) (as in (3.13)) exactly in the same way as
given above. Thus, we can prove that, for a.e. w,

(E=-2d—¢).

. 1 Srw _ . 1 w [ NTW _ 1
i, NP (B) = i BEVELE) = 5 (g gaye-n
and

im } N*(E)= lim | E*(N* () = !

P Br T fres BL -k 2 (2d+ E)0-°
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These equalities, together with (3.14) give the following. For E > 2d, a.e. w,

1 1 1 - 1 - 1 1
< 1 NY(E) < i NY(B) < . (3.34
2 (2d+ E)6-1 = B0 8y P(F) < lim BL £(B) < 2 (E — 2d)(6-1) (3.34)
O
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Abstract. The aim of this talk is to describe a generalization of the classical
Mourre theorem [M1] to the Krein space setting. Applications to the Klein—
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1. Introduction

Let us consider on R? the Klein-Gordon equation minimally coupled to an electric
field.

(0 — iv(x))2p(t, x) — Ag(t, ) + m2¢(t, x) = 0. (1.1)
Here v € C*°(RY) is the electric potential and m > 0 the mass of the Klein-Gordon
field. We consider the long-range case:

Je > 0, Yo € N, |9%0(z)| < (x) 1o,
The equation (1.1) admits a conserved energy:

[ 10102+ 1920(0,2) + (m = @) fote, ) e

Let us now write this equation as a first-order equation:
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The energy then is written

B = [ 1P@) + (A, e = )l 1= (5.

The problem consists in the fact that h = —A, +m? — v? might acquire a negative
spectrum. In this case the energy defines a non-degenerate quadratic form, but it
is not positive. Such forms are usually called Krein forms and the corresponding
spaces are called Krein spaces. The spectral theory for self-adjoint operators on
Krein spaces was initiated by Bognar [B], Jonas [J1]-[J2] and Langer [Lal, and then
pushed further by Langer—Najman—Tretter [LNT1]-[LNT2]. Scattering theory for
the Klein—Gordon equation without positive energy was first developed by Kako
[K] for short range potentials (v(z) € O((x)~27¢) and then by C. Gérard [Ge2] in
the massive long-range case via time-dependent methods. The aim of this talk is to
discuss scattering theory for self-adjoint operators on Krein spaces in a somewhat
more general setting. In particular we will prove a generalization of the classical
Mourre theorem to the Krein space setting. Before doing so, let us explain our
results when applied to the concrete situation explained in this introduction. We
define the energy space by

£ = H'(RY) @ L*(RY).
We then obtain
Jess(H) :] — 00, _m] U [mv +OO[
o(H)\R = Ur<j<n{As; A},
where Aj, A; are eigenvalues of finite Riesz index.
x

X
X

L4 1I@X® X X H—@—@———

oy . - + mn O-GSS (H)
® critical points % x

x eigenvalues X

For s > 1/2 and some suitable 6 > 0 we have:

sup {2) ™ (H — 2)" @) [l p(e) < oo,
Rez€1,0<|32|<68
where I C R is a compact interval disjoint from +m, containing no real eigenvalues
of H, nor so-called critical points of H. We refer to Section 6.4 for more general
results including the massless case.

We conclude this introduction with a comment on the situation on a cylin-
drical manifold R, x S4~! when the potential has two different limits for 2 — +oo0.
This situation is very different in the sense that the Krein space setting can no
longer be applied. According to the physics literature we speak in this situation
loosely about super-radiance if h has negative spectrum. Examples are given by the
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charged Klein—Gordon field outside a Reissner—Nordstrém black hole or the wave
equation outside a Kerr black hole. The first work concerning scattering theory for
this problem in dimension 1 and for very short range potentials was published by
Alain Bachelot in 2004 [Ba]. Similar results in dimension 3 have been obtained by
V. Georgescu, C. Gérard and the author in [GGH3], applications to the De Sitter
Kerr metric are given in this paper. However we won’t discuss these issues in this
talk.

1.1. Notations

If H is a Banach space we denote H* its adjoint space, i.e., the set of continuous
anti-linear functionals on H equipped with the natural Banach space structure.
The canonical anti-duality between H and H* is denoted (u,w) = w(u), where
u €M and w € H*. So (-,+) : H x H* — C is anti-linear in the first argument and
linear in the second one. On the other hand, we denote by (-|-) hermitian forms
on H, again anti-linear in the first argument and linear in the second one.

We say that H is Hilbertizable if there is a scalar product on H such that the
norm associated to it defines the topology of H. Scalar products are denoted by
(-|-). If H is a reflexive Banach space then the canonical identification H** = H
is obtained by setting u(w) = w(u) for v € H and w € H*. In other terms, the
relation H** = H is determined by the rule (w,u) = (u, w).

Let G, H be reflexive Banach spaces and £ = G ® H. The usual realization
(G H) = G* ®H* of the adjoint space will not be convenient later, we shall
rather identify £* = H* @ G* in the obvious way.

If S is a closed densely defined operator on a Banach space H, we denote by
p(S), o(S) its resolvent set and spectrum.

We use the notation (a) = (1 + a2)2 if a is a real number or an operator for
which this expression has a meaning.

2. Krein spaces

2.1. Basic definitions

We start with the basic definition of a Krein space:

Definition 1. A Krein space is a hilbertizable vector space K equipped with a
bounded hermitian sesquilinear form (-|-) such that for any continuous linear form
¢ on K there is a unique u € K such that ¢ = (ul-). The form (-|-) is called the
Krein structure.

Let J : K — K* be the linear continuous map defined by Ju = (-|u), so that
(uv) = (u, Jv). J is bijective. Thus the Krein structure (|-) allows us to identify
K* and K with the help of J.

We say that a linear subspace H is a Hilbert subspace of K if (H, (:|-)|2xn)
is a Hilbert space.

Proposition 1. A Krein space is a reflexive Banach space.
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2.2. Operators on Krein spaces

2.2.1. Adjoints on Krein spaces. If T € B(K), then T* € B(K*) is defined in
the Banach space sense. We can transport it on K with the help of J. We then
define the natural involution T — T™* on B(K) such that (T*u|v) = (u|Tv). This
definition extends to closed densely defined operators. We say that an operator S
is self-adjoint if S* = S and that an operator S is positive if (u|Su) > 0 for all
u € D(9).

2.2.2. Projections on Krein spaces. A projection on K is an element II € B(K)
such that IT?> = II. A self-adjoint projection is also called an orthogonal projection.
A positive projection is a projection II such that IT > 0. We have the useful
proposition due to Bognar [B]

Proposition 2. The range of a positive projection is a Hilbert subspace of KC. Recip-
rocally, if H is a Hilbert subspace of K then there is a unique self-adjoint projection
IT such that IIKC = H and this projection is positive.

3. Functional calculus

3.1. Smooth and Borel functional calculus on Banach spaces

Let K be a Banach space, H be a closed densely defined operator on I and R(z)
its resolvent.

Definition 2. Let S(H) be the set of A € R such that there is a real open
neighborhood I of A\ and there are numbers v > 0,n € N;C' > 0 such that
|R(2)|| < C|lmz|*~" if Rez € I, 0 < |Imz| < v.

If I C S(H) is an open interval and y € C5°(I), then we can define x(H) by
the Helffer—Sjostrand formula:
1
X(H)=—_. / R(z)0x(z)dz N dz.
C

27

We shall say that the smooth functional calculus extends to a C°— functional
calculus on I if ||x(H)| < Csupyey|x(N)| for all x € C5°(I). We then obtain a
unique continuous extension to an algebra morphism Cy(I) — B(K). The proof is
a straightforward application of the Riesz theorem, see, e.g., [Wr, Corollary 9.1.2].

Theorem 3.1. Assume that K is a reflezive Banach space and let Fy : Co(I) —
B(K) be a norm continuous algebra morphism. Then there is a unique algebra
morphism F : B(I) — B(K) which extends Fy and such that: b-lim, ¢, = ¢ =
F(pn) = F(p) weakly.

Here B(I) denotes the set of bounded Borel functions on I and b-lim,, ¢, = ¢
means that

sup  |en(N)] < oo, limg,(X) = @(N), VA € I.
Ael, neN

In this case we say that ¢, converges boundedly to ¢ on I.
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3.2. C°-groups

Let W; = e'*4 be a Cy-group on a Banach space K with generator A. Then there
are numbers M > 1 and v > 0 such that

[Wel| < M for all ¢ e R.

The spectrum of the operator A is then included in the strip [Imz| < « and it
could be equal to this strip. We say that S € B(K) is of class C*(A) if the map

R >t S(t) =e 48e € B(K)
is C® for the strong operator topology. For an unbounded operator S we say that
S € C¥(A) if R(z0) = (S — 2z0)~ € C¥(A) for some zy € p(S). If K is a Krein
space we say that the Krein structure is of class C1(A) if the conditions in the
next proposition are verified.
Proposition 3. The following assertions are equivalent:

1. the function t — (Wyu|Wiu) is derivable at zero for each u € H;
2. the function t — (Wyu|Wyu) is of class Ct for each u € H;

3. the map t — WFW,y is locally Lipschitz;

4. A* = A+ B where B is a bounded operator.

3.3. M., functional calculus

Let M., be the set of functions f : R — C whose Fourier transforms are complex
measures such that:

I fllam, == /e”‘t||f(t)|dt < 0.

M., is a unital Banach x-algebra for the usual operations of addition and multi-
plication and f*(7) = f(—7) as involution. If

Wl < M, ¢ e R,
then it follows that we can define f(A) for f € M, by the formula

) = [ Wi
M, > f— f(A) € B(H) is a linear multiplicative map such that

1A AN < My fllm, -
We have for 0 > 0, ()77 € M., if y < 1/2.

4. Boundary value estimates

4.1. Main theorem

Theorem 4.1. Let K be a Krein space and A the generator of a Cy-group of opera-
tors on K such that the Krein structure is of class C*(A). Let H be a self-adjoint
operator on KC and Il a positive projection which commutes with H such that the
following conditions are satisfied:
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1. H is of class C*(A) for some o > 3/2, in particular H' = [H,iA] is well
defined;

2. there is ¢ € C§°(B(H)) real with o(X) = 1 on a neighborhood of a compact
interval J such that (H)II = o(H) and

¢(H)(ReH")p(H) > ap(H)*, a > 0. (4.2)
Then if s > 1/2 and & > 0 is small enough, we have
SUP..c +i)0,v] [{eA) " R(2){(eA)~°|| < o0, for some v > 0.

Remark 1.

1. The above theorem is a generalization of the classical Mourre theorem to the
Krein space setting. The condition « > 3/2 is the condition which comes out
naturally in the proof, but it is certainly not optimal.

2. In applications one often assumes that H admits a Borel functional calculus
on an interval I D J and that IT = 1;(H). If 1;(H) < 0, then the assumption
(4.2) should be replaced by

o(H)(ReH')o(H) < ap(H)?, a > 0. (4.3)

To see this we replace the Krein form (-|-) by the Krein form —(-|-). With
respect to this new Krein form we have 1;(H) > 0 and (4.3) implies (4.2) for
the new Krein form.

4.2. Virial theorem

In order to be able to apply the above theorem in concrete situations we need an
equivalent of the virial theorem in the Krein space setting. We assume that H
admits a Borel functional calculus on I, that A € I and that H € C'(A).

Lemma 1 (Virial Theorem). For any A € I we have:
Loy (H)[iH, A]1\y (H) = 0.

Corollary 1. Assume that for some J C I we have 1;(H) > 0 and that there
is a number a > 0 and a compact operator K such that 1;(H)(ReH")1;(H) >
ally(H)4+ K. Then the point spectrum of H in J is finite and consists of eigenvalues
of finite multiplicity. Moreover, if X € J is not an eigenvalue of H and b < a then
there is a compact neighborhood J of X in J such that 15(H)(ReH")13(H) >
bl 5(H).

4.3. An important proposition
Proposition 4. Let H be a self-adjoint operator with o(H) # C on the Krein
space K. Let 11 be a positive projection which commutes with H and let B,C, D be
bounded operators such that

(1) B=B*, C=1IC,

(2) BC=CD,

(3) CC* <II[H,iBJII as quadratic forms on D(H).
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Then the operator L(z) = C*R(z)C satisfies
(L(z)ulL(z)u) < c(|BI + [DIDIL(Z)ullllull  for uwe K, z & o(H),
where ¢ depends only on K and 1I.

The proof uses ideas of Putnam as well as of an earlier paper of C. Gérard
[Gel].

Proof. Let Imz > 0. We have for b € R:
R*[H,iB]R

= R'[H — z,i(B+b)]R=1i(B+bR— R*(B+0b)+ (2Imz)R*(B + b)R

= 2Im(R*(B + b)) + (2Imz)R*(B + b)R.
Since (B +b)C = C(D + b) we get

C*R*[H,iB]RC = 2Im(C*R*C(D + b)) + (2Imz)C*R*(B + b)RC. (4.4)
Since C' = IIC and II commutes with H we have
C*R*(B+b)RC = C*R*II(B + b)IIRC.

Using +(TTu|STIu) < ||S||mx(TTu|IIu) we may choose b = —||B||nk such that
(2Imz)C*R*(B + b)RC < 0, hence from (4.4) we get:

C*R*[H,iB]RC < 2Im(L*(D +b)).
Now observe that C*R*[H,iB]RC = C*R*II[H,iB]IIRC hence from hypoth-
esis (3), we get
L*L = C*R*CC*RC < 2Im(L*(D +b)).
Now for u € K, with a constant m depending only on K:

(LuLu) < 2Im(Lu|(D + b)u) < m||Lu|[[[(D + b)ul| < m|[Lul[(|| DIl + || Bl [|w |,

using that b = —||B||ux. Since ||Blluc < d||B||, for some constant d depending
only on II, this gives the required estimate for ¢ = max(m, md). |

4.4. Idea of the proof of Theorem 4.1
Let I be an open neighborhood of J on which ¢(A\) = 1. We notice that it suffices
to show

sup (e A) ™ R(2)&(H)*(eA)~°|| < o0
for each real £ € C5°(I). In the following & = £(H). Let g(7) = (7)~*, f such that
f'=g?% and g. = g(cA), f- = f(cA). Fix ¢ € C5°(R) real such that ¢(\) = X in
a neighborhood of the support of ¢ and set S = ¢(H). Let F. := e 'Ref.. Then
we have for € small enough

[S.1€F:€] ~ ge&(ReH')Eg? > ) £0:926.
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Here ~ is an equality modulo small error terms when ¢ goes to zero. We now
apply the preceding Proposition with B = ¢F.¢, C = £g. and D = g- 1 F.£%g.. For
L = g7 ¢?Rg. we obtain:

(LeulLeu) < K (Bl + D) Leullful < 81| Eeul® + (48) 7 (1 Bell + | D]l
Let n € C5°(I) such that né = £&. We have IIn =, N=t|v||? < (v|v) for v € TIK
and

(1 - 77)[’6 = [9;777]521{96 = O(G)Le-

5. Definitizable operators on Krein spaces

5.1. Definitizable operators

Definition 3. A self-adjoint operator H is definitizable if p(H) # () and there exists
a real polynomial p # 0 such that (u[p(H)u) >0, V u € DomH* k := degp. H is
said to be even definitizable if k can be chosen to be even.

Remark 2. p(z) in Definition 3 can be replaced by (zo € p(H)):
p(2) k = degp/2 if degp even,
z—20)k(z — 20)F7 k= (degp+1)/2 if degp odd.

If X\ is an isolated point of o(H) we define the Riesz spectral projection

E\NH) = ! %(Z—H)fldz,

T 2ir

q(z) = (

where C' is a small curve in p(H) surrounding \. For the proof of the following
Proposition see [J1, Lemma 1]

Proposition 5. Let H be a definitizable self-adjoint operator. Then:
1. If z € o(H)\R then p(z) = 0 for each definitizing polynomial p.
2. There is a definitizing polynomial p such that o(H) \ R is exactly the set of

non-real zeroes of p.
3. o(H)\R is a finite union of pairs {\;, \i} of eigenvalues of finite Riesz indez.

We set now
1I5,= > E\H)+E\H), K5, =15 K.
A€o (H), ImA>0
c . L. C __ /qC v c - .
Then 17, is a projection, 15, = (llpp) , hence K5, is a Krein space and
_ ¢C C\L _.4C
K=K, ®(K;,)" =K, ® K.
Remark 3. Because of the above splitting, we have H = H; ® Hs, where H; =
H |K§p and Hy = H|x,. For every “reasonable” function ¢ we should have ¢(H) =

¢(H1) @ ¢(Hz). The definition of ¢(H1) being rather obvious, it is enough to sup-
pose o(H) C R when we discussing functional calculus for definitizable operators.

Definition 4. Let H, p as above. Set ¢,(H) :=p~'({0}) No(H) NR.
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1. The set c¢un(H) equal to the intersection of the ¢,(H) for all definitizing
polynomials for H is called the set of (finite) critical points of H.

2. The set ¢(H) := can(H) U {oo} considered as a subset of the one-point com-
pactification C := C U {oo} is called the set of critical points of H.

Definition 5. Let H be a definitizable operator on K. For A; € can(H) we denote
by k; the minimum over all definitizing polynomials p with p()\;) = 0, of the
multiplicity of A; as a zero of p. For A = oo, we set k = 0 if H is even definitizable
and £ = 1 otherwise. We denote by C(H) the set

C(H) = {(Ajs kj)} U{(o0, m)},

obtained with these conventions.

Definition 6. Let Kk € Nand f: R — C.
1. we say that f is of class C* at X € R if there is a polynomial p with degp < k
such that: f(z) = p(z) + o((z — \)¥);
2. we say that f is of class C? at A = oo if f is bounded in a neighborhood of
400 in R.
3. we say that f is of class C'! at A = oo if there exists a constant f., such that
f(x) = foo + 0o(z~1) near +oo.

For | < k we denote by p;(x) the part of p of degree less or equal [ — 1 so that
f(@) = pi(z) € 0((z = N)").

Definition 7. We denote by Be(m)(R) the x-algebra of bounded Borel functions
f on R such that f is of class C*/ at each A; and of class C* at co. We equip
Be(#ry(R) with the norm:

1fllec)
— f() = pi(z) B
= i‘éﬁ'f(x)” > > S| ) ‘+iu>pln|x(f(x) foo)l-

(Aj k) EC(H) 0<I<E;

Let H be a definitizable operator with o(H) C R and R be the set of bounded
rational functions ¢ : R — C. We can easily define a rational functional calculus
©(H), ¢ € R. For this functional calculus we obtain the estimate

le(H)| < Cligllem), Ve € R. (5.5)
It thus extends to Be gy (R):
Theorem 5.1. Let H be a self-adjoint definitizable operator on the Krein space KC

with o(H) C R.Then there is a unique linear continuous map ¢ — @(H) from
Be(my(R) into B(K) with the two following properties

1. if o(A) = (A = 2)7 L for some non-real z, then p(H) = (H — 2)7 1,

2. if b=lim, v, = ¢ for ¢, € Bem)(R), then o(H) = w—lim ¢, (H).

This map is a morphism of unital x-algebras.
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Corollary 2. If H is in addition even definitizable, then it is the generator of a
unitary Co-group on K.

Lemma 2. Let I C R a bounded interval such that there exists a definitizing poly-
nomial p with £p(x) > 0 for x € I. Then
+(u|l;(H)u) >0, u e K.
Let H be a definitizable operator. Let o, be the set of all complex eigenvalues

of H.If \; € 0. is a complex eigenvalue of H we define k; as the order of the pole
of (H — z)~%. We denote C*(H) the set

CE(H) = {(Aj. kj)}
obtained with these conventions.

Proposition 6. We have

IH =2 S D le=n™

()\j,kj)ecc
e CEND SRS PR P
(Aj k;)€C\{(00,r)}
for all z ¢ o UR.
To prove the proposition we apply the estimate (5.5) to p(z) = (v — 2)7 L.

5.2. Pontryagin spaces
Let K be a Krein space. We fix a scalar product (-|-) on K endowing K with its
hilbertizable topology. By the Riesz theorem we know that

(ulo) = (M), w0 € K,

where M is a bounded, invertible and self-adjoint operator. By the polar decom-
position of M, we can write M = J|M| where J = J*, J? = 1. We can therefore
introduce an equivalent scalar product:

(ulv)ar == (ul[M]v),
so that
(ulv) = (u|Jv)m, u,v e K.

Definition 8. A Krein space (K, (-|-)) is a Pontryagin space if either lp-(J) or
Ig+(J) has finite rank.

We have the following useful theorem (see [La]):

Theorem 5.2. A self-adjoint operator H on a Pontryagin space is definitizable with
an even definitizing polynomial p.
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6. Abstract Klein—Gordon equation

In this section we will apply our results to an abstract Klein-Gordon equation.

6.1. Energy spaces
We consider
07 (1) — 21k, p(t) + ho(t) = 0,

where ¢ : R — H, H is a (complex) Hilbert space, h € B(H) self-adjoint, k :
(h)’é'H — H symmetric, bounded. There is a conserved energy for this equation
which is written

18011 + (ho]).
We introduce the non-homogeneous energy space &:

E:=(h"HoH.

Lemma 3.

1. If 0 € p(h) then & equipped with the hermitian sesquilinear form:
(f1)e == (folhfo) + (f1]f1)

1s a Krein space.
2. if in addition Trllj_ )(h) < oo, then (&, (|-)e) is Pontryagin.
We also introduce the homogeneous energy space &. Assume that Kerh =
{0}. We put
E:=|h 2 HaN
We have € C € continuously and densely. We have & = £ iff 0 € p(h).

Lemma 4. Assume that Kerh = {0}. Then & equipped with (-|-)e is a Krein space.
If in addition Trll_, o)(h) < oo, then & is Pontryagin.

Remark 4 (Charge spaces). If we put
_ ¢(t)
10=( 10000 - kot )

q(f, f) = (f1lfo) + (folf1)

is conserved. If we put Ky = (R) *H @ (h)?H, 0 < 6 < 1/2, then (Ky, q) is a Krein
space. We have KCy/y = [£,E%]1/2 (complex interpolation space) and analogous
results to the results presented here hold on Ky /4. Ky /4 is usually called the non-
homogeneous charge space.

then the charge
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6.2. Klein—Gordon operators 0 1
H = H =

D(H) == (W)~ '"H & (h) 27,
D(H) =

(F) - (|h|—%H N |h|—1H) @ (h)" 3 H.

We have £ € £ and D(H) ¢ D(H) continuously and densely. H may also be
considered as an operator acting in £, H is its closure in &£.

Theorem 6.1.

1. Assume that 0 € p(h). Then H is a self-adjoint operator on the Krein space

(&, (|)e) with p(H) £ 0.
2. If in addition Trlj_ o)(h) < oo, then H is even-definitizable.

Let p(z) = h + z(2k — z). We denote by p(h, k) the set of z € C such that
p(z) : (W)~ PSR
is a homeomorphism.

Theorem 6.2.

1. Assume that there exists z € p(h,k), 2 # 0. Then H is self-adjoint on

(&, (1)e) with p(FT) 0. .
2. If in addition Trlj_ o)(h) < oo, then H is even-definitizable.

6.3. Limiting absorption principle
We will introduce 3 sets of hypotheses.
1. Energy (E):

(E1)Kerh = {0}, (E2)Trlj_. g(h) <oo, (E3)k|h|™"? € B(H).
2. Asymptotics (A): h =% —r with

(A1) b>0, self-adjoint on H, b? ~ |h],
(A2) r symmetric on <h>757-[, b lrbt € B(H),
(A3)  k(b)™', b lrb! € Boo(H).

Here b ~ |h| means that D(b) = D(|h|'/?) and that there exists a positive
constant ¢ > 0 such that

¢t < |h|Y? < ¢b on D(b).
3. Conjugate operator (M): Let a be a self-adjoint operator on H such that
(M1) b* € C?(a).
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Then a, = x(b?)ax(b?) is essentially self-adjoint on D(a). We still denote by
a, its closure.
(M2) k)~ b)) bt € CPay H), b bt € Clays H),
(M3) (1) (ax){x)~" € B(H), V x € CF°(R),
(it) [(b), (x)~°](x)’ € B(H), 0<d <1,
Let 7(b?) be the set of thresholds for (b, a): if A\ 7(b?) there exists an interval
I C R, with A € I, a constant ¢y > 0 and R € By (H) such that
(612, ia]1;(b?) > collz(b?) + R.

We also put

T(b) = /T(b?).
In the following we will write (E) for (E1)-(E3), (A) for (A1)—(A3) and (M)
for (M1)-(M3).

Theorem 6.3. Assume (E), (A), (M) Let I C R a compact interval such that
) IN+7r(b) =0, i) INc(H)=0, ii)0¢I, iv)o,(H)NI=0.
We also suppose x € C§°(I). Then there exists €g >0 s. t. for J <& < 1:

sup ()™ )aiag (H — 2) " () ")aiagll 5e) < o,
Rezel, 0<|Imz|<eq

/II 0 )aiage X (H) ((2) " )aiagllE S lloll®.

Remark 5. We define the mass m? = inf(o(h) NR¥), m > 0. In the massless case
(m = 0), H admits a Borel functional calculus although (&€, (.|.)¢) is not a Krein
space.

6.4. Example: Charged Klein—Gordon equations on scattering manifolds

Let AV be a smooth, d — 1-dimensional compact manifold. Let M be a manifold of
the form

M = My U1, +oo[s XN,
where My € M is relatively compact. For m € R let S™(M) be the set of real-
valued functions f € C°°(M) such that

VEeN, ac N 10802 f(s,w)| < Cras™* for (s,w) €)1, 00[xN.

Definition 9. A Riemannian metric ¢° on M is called conic if there exists R > 0
and a Riemannian metric A on A such that

¢° = ds® + s?hj(W)dwldw® for (s,w) € [R, 00[xN.

A Riemannian metric g on M is called a scattering metric if g = g° + m, where
¢° is a conic metric and m is of the form

m =mO(s,w)ds® + smjl (5,w)(dsdw’ + dw’ds) + st?k(s, w)dw? dw®
with m! € S7H# (M) for [ =0,1,2, ju; > 0.
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Now the Klein—Gordon equation on M is written:
(0r —iv)%p — (Vi —iAL)(VF —iAF)¢p + m?p = 0,

where V is the Levi-Civita connection, v is the electric potential, Ay (s,w)dz* the
magnetic potential and m the mass of the field.
After a unitary transformation the equation is written in local coordinates

(g = det g):

(0 —iv)* — g~ V40, —14;)g" ¢ (O —1Ak)g ™M +mP(s,w)¥ = 0,
H = L*(M;dsdw), p = —g_1/48jg1/29jk8kg_1/4. Our assumptions are the follow-
ing:

Aj(s,w), m(s,w) — Mo € STHO(M), pg >0,

Moo = limg_y 00 m(s,w) > 0. (6.6)
We assume that v = v(s,w) is a multiplication operator and
v(s,w) = vi(s,w) + vs(s,w), v(s,w) € STH (M), 67)

vs(s,w)(p)7/? € Bus(M), (s)*vs(s,w)(p)~"/* € B(H).

As a conjugate operator we use as usual the generator of dilations

1
a= ,(n(s)sD, + Dusn(s)),
where n € C*°(R, RT)with n(s) =1 for s > 2 and n(s) =0 for s < 1.
Proposition 7 (Massive case). Assume (6.6), (6.7), moo > 0 and Kerh = {0}.
Then we have

L. Oess(H) = Oess(H) =] — 00, —moo] U [Mo, +00[;
2. conditions (E), (A), (M) are satisfied;
3. one has 7(b) = {moo}.

For the massless case we require instead of (6.7)
v(s,w) = v(s,w) + vs(s,w),
I Ry >1, 0< 6 <1 such that |u(s,w)| <8952 (s)~ !, for s > Ry, (6.8)
svs(p)~'/? € Boo(H), s*vs(p)~"/* € B(H).
(6.8) permits us to use Hardy’s inequality to deal with v;.

Proposition 8 (Massless case). Assume (6.6) with ms = 0, (6.8), Kerh = {0} and
d > 3. Then we have

L. Oess(H) = 0ess(H) = R;
2. conditions (E), (A), (M) are satisfied;
3. one has 7(b) = {0}.
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Levinson’s Theorem:
An Index Theorem in Scattering Theory

S. Richard

Abstract. A topological version of Levinson’s theorem is presented. Its proof
relies on a C*-algebraic framework which is introduced in detail. Various scat-
tering systems are considered in this framework, and more coherent explana-
tions for corrections due to threshold effects or for a regularization procedure
are provided. Potential scattering, point interactions, Friedrichs’ model and
Aharonov-Bohm’s operators are some of the examples we have presented.
Every concept that we have from scattering theory or from K-theory is intro-
duced from scratch.

Mathematics Subject Classification (2010). 47A40, 19K56, 81U05.

Keywords. Levinson’s theorem, scattering theory, wave operators, K-theory,
winding number, Connes’ pairing.

1. Introduction

Levinson’s theorem is a relation between the number of bound states of a quantum
mechanical system and an expression related to the scattering part of that system.
Its original formulation was established by N. Levinson in [35] in the context of
a Schrodinger operator with a spherically symmetric potential, but subsequently
numerous authors extended the validity of such a relation in various contexts or for
various models. It is certainly impossible to quote all papers or books containing
either Levinson’s theorem in their title or in the subtitle of a section, but let us
mention a few key references [6, 23, 36, 37, 38, 39, 40, 49, 45]. Various methods have
also been used for the proof of this relation, as for example the Jost functions, the
Green functions, the Sturm—Liouville theorem, and most prominently the spectral
shift function. Note that expressions like the phase shift, the Friedel sum rule or
some trace formulas are also associated with Levinon’s theorem.

The author was supported by JSPS Grant-in-Aid for Young Scientists A no 26707005.
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Our aim in this review paper! is to present a radically different approach
for Levinson’s theorem. Indeed, during the last couple of years it has been shown
that, once recast in a C*-algebraic framework, this relation can be understood as
an index theorem in scattering theory. This new approach does not only shed new
light on this theorem, but also provides a more coherent and natural way to take
various corrections or regularization processes into account. In brief, the key point
in our proof of Levinson’s theorem consists in evaluating the index of the wave
operator by the winding number of an expression involving not only the scattering
operator, but also new operators that describe the system at thresholds energies.

From this short description, it clearly appears that this new approach relies
on two distinct fields of mathematics. On the one hand, the wave operators and
the scattering operator belong to the framework of spectral and scattering theory,
two rather well-known subjects in the mathematical physics community. On the
other hand, the index theorem, winding numbers, and beyond them index maps,
K-theory and Connes’ pairing are familiar tools for operator algebraists. For this
reason, special attention has been given to briefly introduce all concepts which be-
long only to one of these communities. One of our motivations in writing this survey
is to make this approach of Levinson’s theorem accessible to both readerships.

Let us now be more precise about the organization of this paper. In Section
2 we introduce a so-called “baby model” on which the essence of our approach
can be fully presented. No prior knowledge on scattering theory or on K-theory
is necessary, and all computations can be explicitly performed. The construction
might look quite ad hoc, but this feeling will hopefully disappear once the full
framework is established.

Section 3 contains a very short introduction to scattering theory, with the
main requirements imposed on the subsequent scattering systems gathered in As-
sumption 3.1. In Section 4 we gradually introduce the C*-algebraic framework,
starting with a brief introduction to K-theory followed by the introduction of the
index map. An abstract topological Levinson theorem is then proposed in Theo-
rem 4.4. Since this statement still contains an implicit condition, we illustrate our
purpose by introducing in Section 4.4 various isomorphic versions of the algebra
which is going to play a key role in subsequent examples. In the last part of this
section we show how the previous computations performed on the baby model can
be explained in this algebraic framework. Clearly, Sections 3 and 4 can be skipped
by experts in these respective fields, or very rapidly consulted for notations.

In Section 5 we gather several examples of scattering systems which are either
one-dimensional or essentially one-dimensional. With the word “essential” we mean
that a rather simple reduction of the system under consideration leads to a system
which is not trivial only in a space of dimension one. Potential scattering on R is

IThis paper is an extended version of a mini-course given at the International conference on
spectral theory and mathematical physics which took place in Santiago (Chile) in November
2014. The author takes this opportunity to thank the organizers of the conference for their kind
invitation and support.
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presented and an explanation of the usual ;—correction is provided. With another
example, we show that embedded or non-embedded eigenvalues play exactly the
same role for Levinson’s theorem, a question which had led to some controversies
in the past [15]. A sketchy presentation of a few other models is also proposed,
and references to the corresponding papers are provided.

With Section 6 we start the most analytical section of this review paper.
Indeed, a key role in our approach is played by the wave operators, and a good
understanding of them is thus necessary. Prior to our investigations such a knowl-
edge of these operators was not available in the literature, and part of our work
has consisted in deriving new explicit formulas for these operators. In the previous
section the resulting formulas are presented but not their proofs. In Section 6.1
we provide a rather detailed derivation of these formulas for a system of potential
scattering in R3, and the corresponding computations are based on a stationary
approach of scattering theory. On the algebraic side this model is also richer than
the ones contained in Section 5 in the sense that a slight extension of the algebraic
framework introduced in Section 4 together with a regularization procedure are
necessary. More precisely, we provide a regularized formula for the computation of
the winding number of suitable elements of C(S; le(f))), the algebra of continuous
functions on the unit circle with value in the pth Schatten class of a Hilbert space b.

A very brief description of wave operators for potential scattering in R? is
provided in Section 7. However, note that for this model a full understanding of
wave operators is not available yet, and that further investigations are necessary
when resonances or eigenvalues take place at the threshold energy 0. Accordingly,
a full description of a topological Levinson theorem does not exist yet.

In Section 8 we extend the C*-algebraic framework in a different direction,
namely to index theorems for families. First of all, we introduce a rather large
family of self-adjoint operators corresponding to the so-called Aharonov-Bohm
operators. These operators are obtained as self-adjoint extensions of a closed op-
erator with deficiency indices (2,2). A Levinson theorem is then provided for each
of them, once suitably compared with the usual Laplace operator on R2. For this
model, explicit formulas for the wave operators and for the scattering operator
are provided, and a thorough description of the computation of the winding num-
ber is also given. These expressions and computations are presented in Sections
8.1 and 8.2.

In order to present a Levinson theorem for families, additional information
on cyclic cohomology, n-traces and Connes’ pairing are necessary. A very brief
survey is provided in Section 8.3. A glimpse on dual boundary maps is also given
in Section 8.4. With this information at hand, we derive in Section 8.5 a so-
called higher degree Levinson theorem. The resulting relation corresponds to the
equality between the Chern number of a vector bundle given by the projections on
the bound states of the Aharonov—Bohm operators, and a 3-trace applied to the
scattering part of the system. Even if a physical interpretation of this equality is
still lacking, it is likely that it can play a role in the theory of topological transport
and/or adiabatic processes.
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Let us now end this Introduction with some final comments. As illustrated
by the multiplicity of the examples, the underlying C*-algebraic framework for
our approach of Levinson’s theorem is very flexible and rich. Beside the extensions
already presented in Sections 6 and 8, others are appealing. For example, it would
certainly be interesting to recast the generalized Levinson theorem exhibited in
[44, 55] in our framework. Another challenging extension would be to find out the
suitable algebraic framework for dealing with scattering systems described in a two-
Hilbert spaces setting. Finally, let us mention similar investigations [5, 53] which
have been performed on discrete systems with the same C*-algebraic framework
in the background.

2. The baby model

In this section we introduce an example of a scattering system for which everything
can be computed explicitly. It will allow us to describe more precisely the kind of
results we are looking for, without having to introduce any C*-algebraic framework
or too much information on scattering theory. In fact, we shall keep the content
of this section as simple as possible.

Let us start by considering the Hilbert space L>(R; ) and the Dirichlet Lapla-
cian Hp on Ry := (0,00). More precisely, we set Hp = —dd; with the domain
D(Hp) = {f € H3(Ry) | £(0) = 0}. Here H?*(R,) means the usual Sobolev space
on Ry of order 2. For any o € R, let us also consider the operator H® defined
by H* = — &, with D(H®) = {f € H2(Ry) | f/(0) = af(0)}. It is well known
that if & < 0 the operator H* possesses only one eigenvalue, namely —a?, and
the corresponding eigenspace is generated by the function z — e**. On the other
hand, for a > 0 the operators H® have no eigenvalue, and so does Hp.

As explained in the next section, a common object of scattering theory is
defined by the following formula:
itH* o—itHp

Wi=s— lim e

t—too ’

and this limit in the strong sense is known to exist for this model, see for example
[57, Sec. 3.1]. Moreover, we shall provide below a very explicit formula for these
operators. For that purpose, we need to introduce one more operator which is
going to play a key role in the sequel. More precisely, we consider the unitary
group {U; }+er acting on any f € L2(Ry) as

[Uef](z) =2 f(elx), Vo eRy (2.1)

which is usually called the unitary group of dilations, and denote its self-adjoint
generator by A and call it the generator of dilations.
Our first result for this model then reads.

Lemma 2.1. For any a € R, the following formula holds:

Oé+i\/HD _1:|

o — iv/Hp (2.2)

W =1+ 1(1+ tanh(rA) — icosh(rA)~") [
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Note that a similar formula for W also holds for this model, see Lemma 9.1.
Since the proof of this lemma has never appeared in the literature, we provide it in
the Appendix. Motivated by the above formula, let us now introduce the function

I'g :[0, +00] X [—00, +00] = C

(z,y) = 1+ (14 tanh(my) — i cosh(my) ") [a + Z\/x - 1} .
o —i/x
Since this function is continuous on the square B := [0, +00] X [—00, +00], its

restriction on the boundary O of the square is also well defined and continuous.
Note that this boundary is made of four parts: 0 = B; U By U B U By with
By = {0} x [-00,+00], By = [0,+00] x {+oc}, By = {+00} x [—00,+00], and
By = [0, +00] x {—o0}. Thus, the algebra C'(O) of continuous functions on O can
be viewed as a subalgebra of

C([—00, +00]) @& C ([0, +00]) & C([—o00, +0c]) & C([0, +0]) (2.3)

given by elements I' = (I'y,T'5,'3,T'4) which coincide at the corresponding end
points, that is,

[i(+o00) ='2(0), I'a(+00) = I'3(+o0), ['3(—00) = I'y(+00),
and T'4(0) = T'1(—00).

With these notations, the restriction function I'§ := I‘ﬁ‘u is given for a # 0 by
a4 iy

-y tanh(7-) + i cosh(r-) !, 1) (2.4)

e = (1,
and for a = 0 by
g = ( — tanh(7-) + 4 cosh(r-) ™', —1, — tanh(r-) 4 i cosh(m-) !, 1). (2.5)

For simplicity, we have directly written this function in the representation provided
by (2.3).

Let us now observe that the boundary [ of B is homeomorphic to the circle
S. Observe in addition that the function I'§ takes its values in the unit circle T of
C. Then, since I'§ is a continuous function on the closed curve [J and takes values
in T, its winding number Wind(I'g) is well defined and can easily be computed. So,
let us compute separately the contribution w;(I\9) to this winding number on each
component B; of [J. By convention, we shall turn around O clockwise, starting
from the left-down corner, and the increase in the winding number is also counted
clockwise. Let us stress that the contribution on B3 has to be computed from 4oc0
to —oo, and the contribution on By from 400 to 0. Without difficulty one gets:

| wi (1) | wa(T8) | ws(T) | wi(L8) | Wind(Lg) |

a<ol o ||z oo | 1]
a=0| 12 o | 12| o | o |
a>0| o | -2 12| o | o |
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By comparing the last column of this table with the information on the
eigenvalues of H mentioned at the beginning of the section one gets:

Proposition 2.2. For any o € R the following equality holds:
Wind(I'5) = number of eigenvalues of H*. (2.6)

The content of this proposition is an example of Levinson’s theorem. Indeed,
it relates the number of bound states of the operator H* to a quantity computed
on the scattering part of the system. Let us already mention that the contribution
wa(I'9) is the only one usually considered in the literature. However, we can im-
mediately observe that if w (I'§) and ws(I'§) are disregarded, then no meaningful
statement can be obtained.

Obviously, the above result should now be recast in a more general frame-
work. Indeed, except for very specific models, it is usually not possible to compute
precisely both sides of (2.6), but our aim is to show that such an equality still
holds in a much more general setting. For that purpose, a C*-algebraic framework
will be constructed in Section 4.

3. Scattering theory: a brief introduction

In this section, we introduce the main objects of spectral and scattering theory
which will be used throughout this paper.

Let us start by recalling a few basic facts from spectral theory. We consider
a separable Hilbert space H, with its scalar product denoted by (-, ) and its norm
by || - ||. The set of bounded linear operators on A is denoted by B(#). Now, if
B(R) denotes the set of Borel sets in R and if P(#) denotes the set of orthogonal
projections on H, then a spectral measure is a map F : B(R) — P(H) satisfying
the following properties:

(i) E(0) =0 and E(R) =1,
(ii) If {9y }nen is a family of disjoint Borel sets, then E(U,9,) = >, E(V,)

(convergence in the strong topology).

The importance of spectral measures comes from their relation with the set of self-
adjoint operators in H. More precisely, let H be a self-adjoint operator acting in
‘H, with its domain denoted by D(H ). Then, there exists a unique spectral measure
E(-) such that H = [, AE(d)). Note that this integral has to be understood in
the strong sense, and only on elements of D(H ).

This measure can now be decomposed into three parts, namely its absolutely
continuous part, its singular continuous part, and its pure point part. More pre-
cisely, there exists a decomposition of the Hilbert space H = Hac(H) ® Hse(H) ®
Hp(H) (which depends on H) such that for any f € Ho(H), the measure

B(R) 39— (EW)f,f) € R

is of the type e, i.e., absolutely continuous, singular continuous or pure point. It
follows that the operator H is reduced by this decomposition of the Hilbert space,
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i.e., H = Hy. @ Hge ® Hp. In other words, if one sets Eac(H), Esc(H) and E,(H)
for the orthogonal projections on Hae(H), Hse(H) and H,(H) respectively, then
these projections commute with H and one has Hye = HE\.(H), Hyc = HEs(H)
and H, = HE,(H). In addition, if o(H) denotes the spectrum of the operator H,
we then set 0ac(H) 1= 0(Hac), 0sc(H) 1= 0(Hs.), and if o, (H) denotes the set of
eigenvalues of H, then the equality o, (H) = o(Hp) holds. In this framework the
operator H is said to be purely absolutely continuous if He.(H) = Hp(H) = {0}, or
is said to have a finite point spectrum (counting multiplicity) if dim (’Hp(H )) < 00.
In this case, we also write fo,(H) < co.

Let us now move to scattering theory. It is a comparison theory, therefore we
have to consider two self-adjoint operators Hy and H in the Hilbert space H. A
few requirements will be imposed on these operators and on their relationships.
Let us first state these conditions, and discuss them afterwards.

Assumption 3.1. The following conditions hold for Hy and H :

(i) Hy is purely absolutely continuous,

(i) £y (H) < oo, |
(iii) the wave operators Wi 1= s — limy_, 1o €'
(iv) Ran(W_) = Ran(Wy) = H,(H)* = (1 — E,(H))H.

The assumption (i) is a rather common condition in scattering theory. Indeed,
since Hy is often thought as a comparison operator, we expect it to be as simple
as possible. For that reason, any eigenvalue for Hy is automatically ruled out. For
the same reason, we will assume that Hy does not possess a singular continuous
part. On the other hand, assumption (ii), which imposes that the point spectrum
of H is finite (multiplicity included) is certainly restrictive, but is natural for our
purpose. Indeed, since at the end of the day we are looking for a relation involving
the number of bound states, the resulting equality is meaningful only if such a
number is finite.

Assumption (iii) is the main condition on the relation between Hy and H. In
fact, this assumption does not directly compare these two operators, but compare
their respective evolution group {e~#Ho},p and {e~ "}, for |t| large enough.
This condition is usually rephrased as the existence of the wave operators. Note
that s — lim means the limit in the strong sense, i.e., when these operators are
applied on an element of the Hilbert space. For a concrete model, checking this
existence is a central part of scattering theory, and can be a rather complicated
task. We shall see in the examples developed later on that this condition can be
satisfied if H corresponds to a suitable perturbation of Hy. For the time being,
imposing this existence corresponds in fact to the weakest condition necessary for
the subsequent construction. Finally, assumption (iv) is usually called the asymp-
totic completeness of the wave operators. It is a rather natural expectation in the
setting of scattering theory. In addition, since Ran(W4.) C Ha.(H) always holds,
this assumption implies in particular that H has no singular continuous spectrum,
i.e., Hsc(H) = {0}. The main idea behind this notion of asymptotic completeness
will be explained in Remark 3.2.

e~ tHo  epist,
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Let us now stress some important consequences of Assumption 3.1. Firstly,
the wave operators W are isometries, with

Wiwy=1 and W Wi=1- Ep(H), (3.1)

where * means the adjoint operator. Secondly, W, are Fredholm operators and
satisfy the so-called intertwining relation, namely Wy e~ #Ho — e=®H 1/, for any
t € R. Another crucial consequence of our assumptions is that the scattering op-
erator
S :=WiWw_

is unitary and commute with Hy, i.e., the relation Se~"Ho = ¢=#Ho § holds for
any t € R. Note that this latter property means that S and Hy can be decomposed
simultaneously. More precisely, from the general theory of self-adjoint operators,
there exists a unitary map %, : H — ff?Ho) H(A) dA from H to a direct integral

Hilbert space such that FoHo.%] = ff? Ho) AdA. Then, the mentioned commuta-
tion relation implies that
52
FoST; = / S(A)dA
o(Ho)

with S(A) a unitary operator in the Hilbert space H(\) for almost every A. The
operator S()\) is usually called the scattering matriz at energy X\, even when this
operator is not a matrix but an operator acting in a infinite-dimensional Hilbert
space.

Remark 3.2. In order to understand the idea behind the asymptotic completeness,
let us assume it and consider any f € Hac(H). We then set fi := Wif and
observe that

tl}g‘:noo H efitH f o efitHo f:i:H

tl}gtnoo Hf o eitH efitHo f:I:H

= i e e |

:O’

where the second equality in (3.1) together with the equality 1 — E,(H) = Eac(H)
have been used for the last equality. Thus, the asymptotic completeness of the
wave operators means that for any f € H,(H)» the element e f can be well
approximated by the simpler expression e~®Ho £, for ¢ going to +o0. As already
mentioned, one usually considers the operator Hy simpler than H, and for that
reason the evolution group {e "0}, g is considered simpler than the evolution
group {e """} cp.

4. The C*-algebraic framework

In this section we introduce the C*-algebraic framework which is necessary for
interpreting Levinson’s theorem as an index theorem. We start by defining the
K-groups for a C*-algebra.
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4.1. The K-groups

Our presentation of the K-groups is mainly based the first chapters of the book
[50] to which we refer for details.

For any C*-algebra &, let us denote by M,,(€) the set of all n x n matrices
with entries in £. Addition, multiplication and involution for such matrices are
mimicked from the scalar case, i.e., when £ = C. For defining a C*-norm on
M, (E), consider any injective x-morphism ¢ : & — B(H) for some Hilbert space
H, and extend this morphism to a morphism ¢ : M, () — B(H"™) by defining

air ... am\ (S dlan)fi+- -+ ¢lain) fn
ol v )= z (4.1)

Gnl .-+ Qnn fn Plant)fr + -+ dlann) fn
for any (f1,...,fn) € H" (the notation (...) means the transpose of a vector).
Then a C*-norm on M, (€) is obtained by setting ||a|| := ||¢(a)| for any a €

M, (€), and this norm is independent of the choice of ¢.

In order to construct the first K-group associated with &£, let us consider
the set

Poc(&) = | Pul€)
neN

with P,(£) = {p € Mn(€) | p = p* = p?}. Such an element p is called a
projection. P (€) is then endowed with a relation, namely for p € P,(£) and
q € Pm(E) one writes p ~¢ ¢ if there exists v € M,, ,(€) such that p = v*v and
q = vv*. Clearly, M, »(€) denotes the set of m x n matrices with entries in £, and
the adjoint v* of v € M,;, »(€) is obtained by taking the transpose of the matrix,
and then the adjoint of each entry. This relation defines an equivalence relation
which combines the Murray—von Neumann equivalence relation together with an
identification of projections in different sized matrix algebras over £. We also endow
P (€) with a binary operation, namely if p, g € Poo(E) we set pd g = (g 2) which
is again an element of Py (&).

We can then define the quotient space

D(E) :==Pux(E)/ ~0

with its elements denoted by [p] (the equivalence class containing p € Py (£)).
One also sets

[p] +lg] == [p® 4]
for any p,q € Poo(E), and it turns out that the pair (D(E), —|—) defines an Abelian
semigroup.

In order to obtain an Abelian group from the semigroup, let us recall that
there exists a canonical construction which allows one to add “the opposites” to
any Abelian semigroup and which is called the Grothendieck construction. More
precisely, for an Abelian semigroup (D, +) we consider on D X D an equivalence
relation, namely (a1,b1) ~ (ag,bs) if there exists ¢ € D such that a; + b + ¢ =
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ag + b1 + ¢. The elements of the quotient D x D/ ~ are denoted by (a,b) and this
quotient corresponds to an Abelian group with the addition

(a1,b1) + (ag, ba) := (a1 + az, b1 + ba).

One readily checks that the equalities —(a,b) = (b,a) and (a,a) = 0 hold. This
group is called the Grothendieck group associated with (D, +) and is denoted by
(G(D),+).
Coming back to a unital C*-algebra &, we set
Ko(€) := Q(D(E)),
which is thus an Abelian group with the binary operation +, and define the map
[o : Poo(&) = Ko(E) by [plo := ([p] + [q],[q]) for an arbitrary fixed ¢ € Po(E).
Note that this latter map is called the Grothendieck map and is independent of

the choice of ¢. Note also that an alternative description of Ky(€) is provided by
differences of equivalence classes of projections, i.e.,

Ko(€) = {lplo — ldlo | p,q € P (&)} (4.2)

At the end of the day, we have thus obtained an Abelian group (Ko &), —l—) canon-
ically associated with the unital C*-algebra £ and which is essentially made of
equivalence classes of projections.

Before discussing the non-unital case, let us observe that if £, & are unital
C*-algebras, and if ¢ : &, — &5 is a *-morphism, then ¢ extends to a *-morphism
M (€1) = M, (&), as already mentioned just before (4.1). Since a *-morphism
maps projections to projections, it follows that ¢ maps Poo(€1) into Poo(E2). One
can then infer from the universal property of the Ky-groups that ¢ defines a group
homomorphism Koy(¢) : Ko(&1) — Ko(E2) given by

Ko(¢)(lplo) = [¢(P)lo VP € Poc(&).

The existence of this morphism will be necessary right now.

If £ is not unital, the construction is slightly more involved. Recall first that
with any C*-algebra £ (with or without a unit) one can associate a unique unital
C*-algebra £ that contains £ as an ideal, and such that the quotient £ /€ is
isomorphic to C. We do not provide here this explicit construction, but refer to
[50, Ex. 1.3] for a detailed presentation. However, let us mention the fact that the
short exact sequence2

0—E&—EF-5C—0

is split exact, in the sense that if one sets A : C > a — algr € €T, then \is a
s-morphism and the equality W()\(Oé)) = « holds for any « € C. Observe now that
since 7 : ET — C is a *-morphism between unital C*-algebras, it follows from the
construction made in the previous paragraph that there exists a group morphism
Ko(m) : Ko(E1) = Ko(C). In the case of a non-unital C*-algebra &, we set Ko(E)

2A short exact sequence of C*-algebras 0 — J — & 2, © -5 0 consists in three C*-algebras J, &
and Q and two *-morphisms ¢ and ¢ such that Im(:) = Ker(q) and such that ¢ is injective while
q is surjective.
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for the kernel of this morphism Ky (7), which is obviously an Abelian group with
the binary operation of Ko(ET). In summary:

Ko(€) = Ker(Ko(r) : Ko(E1) — Ko(C))

which is an Abelian group once endowed with the binary operation + inherited
from Ko(ET).

Let us still provide an alternative description of Ky(&), in a way similar to
the one provided in (4.2), but which holds both in the unital and in the non-unital
case. For that purpose, let us introduce the scalar mapping s : £ — £T obtained
by the composition A o 7. Note that 7(s(a)) = m(a) and that a — s(a) belongs to
& for any a € £T. As before, we keep the same notation for the extension of s to
M, (ET). With these notations, one has for any C*-algebra &:

Ko(&) = {[plo — [s(p)]o | p € Pso(ET)}.

In summary, for any C*-algebra (with or without unit) we have constructed
an Abelian group consisting essentially of equivalence classes of projections. Since
projections are not the only special elements in a C*-algebra &, it is natural to
wonder if an analogous construction holds for other families of elements of £ 7
The answer is yes, for families of unitary elements of £, and fortunately this new
construction is simpler. The resulting Abelian group will be denoted by K;(&),
and we are now going to describe how to obtain it.

In order to construct the second K-group associated with a unital C*-algebra
&, let us consider the set

Uso(€) = | Un(E)
neN
with Uy, () == {u € M,(E) | u* = u~'}. This set is endowed with a binary
operation, namely if u, v € U (E) we set u® v = (¢ Y) which is again an element
of Uso(E). We also introduce an equivalence relation on Us (€): if u € U, (E) and
v € Un(E), one sets u ~q v if there exists a natural number k& > max{m,n} such
that u® 1,_,, is homotopic® to v P 1_, in Uy (£). Here we have used the notation
1, for the identity matrix* in Uy (&).
Based on this construction, for any C*-algebra £ one sets

Ki(&) = U (ET)/) ~1,

and denotes the elements of K1 () by [u]y for any u € Uso(ET). K1(€) is naturally
endowed with a binary operation, by setting for any u,v € U (ET)

[ul1 + [v]1 == [u @ v]y,

3Recall that two elements wug,u1 € Uy (E) are homotopic in Uy (£), written ug ~j, w1, if there
exists a continuous map u : [0,1] 3 t — u(t) € Uy (€) such that u(0) = ug and u(l) = u1.

4The notation 1, for the identity matrix in M, (€) is sometimes very convenient, and sometimes
very annoying (with 1 much preferable). In the sequel we shall use both conventions, and this
should not lead to any confusion.
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which is commutative and associative. Its zero element is provided by [1]; := [1,]1
for any natural number n, and one has —[u]; = [u*]; for any u € Uso(ET). As
a consequence, (K 1(€), —|—) is an Abelian group, which corresponds to the second
K-group of £.

In summary, for any C*-algebra we have constructed an Abelian group con-
sisting essentially of equivalence classes of unitary elements. As a result, any C*-
algebra is intimately linked with two Abelian groups, one based on projections and
one based on unitary elements. Before going to the next step of the construction, let
us provide two examples of K-groups which can be figured out without difficulty.

Example 4.1.

(i) Let C(S) denote the C*-algebra of continuous functions on the unit circle
S, with the L°°-norm, and let us identify this algebra with {¢ € C([0, 27]) |
¢(0) = ¢(2m)}, also endowed with the L*-norm. Some unitary elements of
C(S) are provided for any m € Z by the functions

Cm :[0,27] 30 e ™0 € T.

Clearly, for two different values of m the functions (,, are not homotopic,
and thus define different classes in K3 (C(S)) With some more efforts one
can show that these elements define in fact all elements of K;(C(S)), and
indeed one has

K1(C(S)) = Z.

Note that this isomorphism is implemented by the winding number Wind(+),
which is roughly defined for any continuous function on S with values in T
as the number of times this function turns around 0 along the path from 0
to 2. Clearly, for any m € Z one has Wind((,,) = m. More generally, if
det denotes the determinant on M,,(C) then the mentioned isomorphism is
given by Wind o det on U, (C(S)).

(ii) Let IC(H) denote the C*-algebra of all compact operators on a infinite-dim-
ensional and separable Hilbert space #. For any n one can consider the
orthogonal projections on subspaces of dimension n of H, and these finite-
dimensional projections belong to K(H). It is then not too difficult to show
that two projections of the same dimension are Murray—von Neumann equiv-
alent, while projections corresponding to two different values of n are not.
With some more efforts, one shows that the dimension of these projections
plays the crucial role for the definition of K (IC('H)), and one has again

In this case, the isomorphism is provided by the usual trace Tr on finite-
dimensional projections, and by the tensor product of this trace with the trace
tr on M, (C). More precisely, on any element of P, (K(#)) the mentioned
isomorphism is provided by Tr o tr.
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4.2. The boundary maps

We shall now consider three C*-algebras, with some relations between them. Since
two K-groups can be associated with each of them, we can expect that the relations
between the algebras have a counterpart between the K-groups. This is indeed the
case.

Consider the short exact sequence of C*-algebras

05T %L Q-0 (4.3)

where the notation < means that J is an ideal in &, and therefore ¢ corresponds
to the inclusion map. In this setting, Q corresponds either to the quotient £/7
or is isomorphic to this quotient. The relations between the K-groups of these
algebras can then be summarized with the following six-term exact sequence

eXpl lind

In this diagram, each arrow corresponds to a group morphism, and the range of
an arrow is equal to the kernel of the following one. Note that we have indicated
the name of two special arrows, one is called the exponential map, and the other
one the index map. These two arrows are generically called boundary maps. In
this paper, we shall only deal with the index map, but let us mention that the
exponential map has also played a central role for exhibiting other index theorems
in the context of solid states physics [28, 34].

We shall not recall the construction of the index map in the most general
framework, but consider a slightly restricted setting (see [50, Chap. 9] for a com-
plete presentation). For that purpose, let us assume that the algebra £ is unital,
in which case Q is unital as well and the morphism ¢ is unit preserving. Then, a
reformulation of [50, Prop. 9.2.4.(ii)] in our context reads:

Proposition 4.2. Consider the short exact sequence (4.3) with € unital. Assume
that T is a unitary element of M, (Q) and thatl there exists a partial isometry
W e M, (€) such that q(W) =T. Then 1,,—W*W and 1,,— WW™ are projections
in Mn(J), and

ind([[]1) = [, — W*W]o — [1, — WW*]o .

Let us stress the interest of this statement. Starting from a unitary element
I' of M,,(Q), one can naturally associate to it an element of Ko(J). In addition,
since the elements of the K-groups are made of equivalence classes of objects, such
an association is rather stable under small deformations.

Before starting with applications of this formalism to scattering systems, let
us add one more reformulation of the previous proposition. The key point in the
next statement is that the central role is played by the partial isometry W instead
of the unitary element I'. In fact, the following statement is at the root of our
topological approach of Levinson’s theorem.
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Proposition 4.3. Consider the short exact sequence (4.3) with € unital. Let W be
a partial isometry in M, (E) and assume that T' := q(W) is a unitary element of
M (Q). Then 1, — W*W and 1, — WW* are projections in My (J), and

ind([g(W)]1) = [1n = W*W]o = [Ln, = WW"]o .

4.3. The abstract topological Levinson theorem

Let us now add the different pieces of information we have presented so far, and
get an abstract version of our Levinson theorem. For that purpose, we consider a
separable Hilbert space H and a unital C*-subalgebra £ of B(H) which contains
the ideal of IC(H) of compact operators. We can thus look at the short exact
sequence of C*-algebras

0= KH)—=EL E/KH) — 0.

If we assume in addition that £/K(H) is isomorphic to C(S), and if we take the
results presented in Example 4.1 into account, one infers that

2= K, (C(S) 2 Ky(K(H)) =7

with the first isomorphism realized by the winding number and the second isomor-
phism realized by the trace. As a consequence, one infers from this together with
Proposition 4.3 that there exists n € Z such that for any partial isometry W € £
with unitary T' := ¢(W) € C(S) the following equality holds:

Wind(I') = nTr ([l — W*W] - [1 - WIW*]).

We emphasize once again that the interest in this equality is that the left-hand
side is independent of the choice of any special representative in [['];. Let us also
mention that the number n depends on the choice of the extension of K(H) by
C(S), see [56, Chap. 3.2], but also on the convention chosen for the computation
of the winding number.

If we summarize all this in a single statement, one gets:

Theorem 4.4 (Abstract topological Levinson theorem). Let H be a separable Hilbert
space, and let £ C B(H) be a unital C*-algebra such that K(H) C € and E/K(H) =
C(S) (with quotient morphism denoted by q). Then there exists n € Z such that for
any partial isometry W € & with unitary T := q(W) € C(S) the following equality
holds:

Wind(I') = nTr ([l — W*W] - [1 - WIW*]). (4.4)

In particular if W = W_ for some scattering system satisfying Assumption 3.1,
the previous equality reads

Wind (¢(W_)) = —nTr([Ey)]).

Note that in applications, the factor n will be determined by computing both
sides of the equality on an explicit example.
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4.4. The leading example

We shall now provide a concrete short exact sequence of C*-algebras, and illustrate
the previous constructions on this example.

In the Hilbert space L?(R) we consider the two canonical self-adjoint opera-
tors X of multiplication by the variable, and D = —i ddx of differentiation. These
operators satisfy the canonical commutation relation written formally [iD, X| = 1,
or more precisely e X e 71D = g7t 7D ¢—i5X e recall that the spectrum of
both operators is R. Then, for any functions ¢,n € L°(R), one can consider by
bounded functional calculus the operators ¢(X) and n(D) in B(L2(R)). And by
mixing some operators o;(X) and n;(D) for suitable functions ¢; and n;, we are
going to produce an algebra €& which will be useful in many applications. In fact,
the first algebras which we are going to construct have been introduced in [19] for a
different purpose, and these algebras have been an important source of inspiration
for us. We also mention that related algebras had already been introduced a long
time ago in [8, 9, 13, 14].

Let us consider the closure in B (L2 (R)) of the x-algebra generated by elements
of the form ¢;(D)n;(X), where ¢;,n; are continuous functions on R which have
limits at +oo. Stated differently, ¢;,n; belong to C([—o0,+0o0]). Note that this
algebra is clearly unital. In the sequel, we shall use the following notation:

En.x) = C* (DI (X) | i € C([=00, +00]) ).

Let us also consider the C*-algebra generated by ;(D)n;(X) with ¢;,n; € Co(R),
which means that these functions are continuous and vanish at too. As easily
observed, this algebra is a closed ideal in £p x) and is equal to the C*-algebra
K(L2(R)) of compact operators in L*(R), see for example [19, Corol. 2.18].

Implicitly, the description of the quotient & p x)/K(L*(R)) has already been
provided in Section 2. Let us do it more explicitly now. We consider the square
B = [—00, +0o0] X [—00, +00] whose boundary O is the union of four parts: O =
C1 UCy UC5U Cy, with C1 = {—o0} x [-00,400], Co = [—00,+00] X {+00},
C3 = {400} X [—00,4+00] and Cy = [—00, +00] X {—00}. We can also view C(0J)
as the subalgebra of

C([~o0, +00]) & €[00, +00]) @ C(|~00, +o0]) ® C([~o0,+oc])  (4.5)

given by elements I'" := (I'y,'9, '3, I'y) which coincide at the corresponding end
points, that is, I'1(+00) = I'2(—00), I'z(+00) = I's(+00), I's(—00) = T's(+00),
and I'y(—00) = I'1(—00). Then &p, x)/K(L*(R)) is isomorphic to C(O), and if we
denote the quotient map by

q:&p.x) = En,x)/K(E(R)) = C(O)

then the image ¢(¢(D)n(X)) in (4.5) is given by I'y = p(—oc0)n(-), T2 = ¢(-)n(+00),
I's = o(+00)n(-) and T'y = p(-)n(—o0). Note that this isomorphism is proved in
[19, Thm. 3.22]. In summary, we have obtained the short exact sequence

0— K(E(R)) = Ep.x)y & C(O) =0
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with K(L2(R)) and &, x) represented in B(L2(R)), but with C(0) which is not
naturally represented in B (L2 (R)) Note however that each of the four functions
summing up in an element of C(0J) can individually be represented in B(L2(R)),
either as a multiplication operator or as a convolution operator.

We shall now construct several isomorphic versions of these algebras. Indeed,
if one looks back at the baby model, the wave operator is expressed in (2.2) with
bounded functions of the two operators Hp and A, but not in terms of D and
X. In fact, we shall first use a third pair of operators, namely L and A, acting in
L2(R,), and then come back to the pair (Hp, A) also acting in L2(R, ).

Let us consider the Hilbert space L2(R, ), and as in (2.1) the action of the
dilation group with generator A. Let also B be the operator of multiplication in
L2(R4) by the function —In, i.e., [Bf](A) = —In(\) f()\) for any f € C.(Ry) and
A € Ry. Note that if one sets L for the self-adjoint operator of multiplication by
the variable in L*(R,.), i.e.,

LA = Af(A)  f€ColRy) and A€ Ry, (4.6)

then one has B = —In(L). Now, the equality [¢B, A] = 1 holds (once suitably
defined), and the relation between the pair of operators (D, X) in L2(R) and the
pair (B, A) in L>(R,) is well known and corresponds to the Mellin transform.
Indeed, let 7 : L2(Ry) — L2(R) be defined by (¥ f)(x) := e*/? f(e®) for z € R, and
remark that 7 is a unitary map with adjoint #* given by (#*g)(A) = A~/2g(In \)
for A\ € R;. Then, the Mellin transform . : L2(R;) — L?(R) is defined by .# :=
FV with .Z the usual unitary Fourier transform® in L?(R). The main property of
A is that it diagonalizes the generator of dilations, namely, .# A.#* = X. Note
that one also has # B.#* = D

Before introducing a first isomorphic algebra, observe that if neC'([—oo,+o0]),
then

M ND)AM = (M Dtl) = 1(B) = 5( ~ (L)) = (L)

for some ¢ € C([0,+ ]) Thus, by taking these equalities into account, it is
natural to define in B( (R4)) the C*-algebra

Eay = C* (Vi(L)mi(A) | i € C((0, +oc]) and s € C([~00, +o3]) ),
and clearly this algebra is isomorphic to the C*-algebra £ p x) in B(L2 (R)) Thus,
through this isomorphism one gets again a short exact sequence
0— K(L(Ry)) < Er,ay) = CO) =0

with the square [0 made of the four parts 0 = By U By U B3 U By with B; =
{0} x [—00,+0], Ba = [0,400] X {+00}, B3 = {+00} x [—00,+00], and By =
[0, +00] x {—0o0}. In addition, the algebra C(0J) of continuous functions on [J can
be viewed as a subalgebra of

C([—00,+00]) & C ([0, +00]) & C([—o0, +00]) @ C([0, +00]) (4.7)

5For f € Co(R) and = € R we set [Zf](z) = (2m)~1/2 Jre Y f(y)dy
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given by elements I'" := (I'y,'9, '3, I'y) which coincide at the corresponding end
points, that is, I'y (400) = I'3(0), I'y(+00) = I's(+00), I's(—00) = T'4(+00), and
F4(O) = Fl(—OO).

Finally, if one sets .%, for the unitary Fourier sine transformation in L2(R. ),
as recalled in (9.1), then the equalities —A = ZF A%, and \/Hp = F} L%, hold,
where Hp corresponds to the Dirichlet Laplacian on R introduced in Section 2.
As a consequence, note that the formal equality [iy In(Hp), A] = 1 can also be
fully justified. Moreover, by using this new unitary transformation one gets that
the C*-subalgebra of B(L?(Ry.)) defined by

o) = C" (¥i(Ho)mi(4) | 91 € C([0, +0]) and 1 € C(|=0,+3))), (4.8)

is again isomorphic to & p, x), and that the quotient <€'(HD7A)/IC(L2 (R+)) can nat-
urally be viewed as a subalgebra of the algebra introduced in (4.7) with similar
compatibility conditions. Let us mention that if the Fourier cosine transformation
Z. had been chosen instead of .Z; (see (9.2) for the definition of #.) an isomor-
phic algebra & 7 1) would have been obtained, with Hx the Neumann Laplacian
on R;.

Remark 4.5. Let us stress that the presence of some minus signs in the above
expressions, as for example in B = —In(L) or in —A = .F* A%, are completely
harmless and unavoidable. However, one can not simply forget them because they
play a (minor) role in the conventions related to the computation of the winding
number.

4.5. Back to the baby model

Let us briefly explain how the previous framework can be used in the context of
the baby model. This will also allow us to compute explicitly the value of n in
Theorem 4.4.

We consider the Hilbert space L*(Ry) and the unital C*-algebra &gy, a)
introduced in (4.8). Let us first observe that the wave operator W< of (2.2) is
an isometry which clearly belongs to the C*-algebra &gy, 4) C B(LQ(IR+)). In
addition, the image of W in the quotient algebra &z, 4)/K(L*(R4)) = C(0O) is
precisely the function I3, defined in (2.4) for o # 0 and in (2.5) for a = 0, which
are unitary elements of C'(0J). Finally, since C'(0J) and C(S) are clearly isomorphic,
the winding number Wind(I'§) of I'§ can be computed, and in fact this has been
performed and recorded in the table of Section 2.

On the other hand, it follows from (3.1) that 1 — (W*)*W* = 0 and that
1—-W(We)* = E,(H®), which is trivial if & > 0 and which is a projection of
dimension 1 if & < 0. It follows that
if <0,

fa>0. (4.9)

Tr([1 = (W) W] = [1 = Wa(W2)]) = ~Tr(E,(H")) = {—01

Thus, this example fits in the framework of Theorem 4.4, and in addition both
sides of (4.4) have been computed explicitly. By comparing (4.9) with the results
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obtained for Wind(I'§), one gets that the factor n mentioned in (4.4) is equal to
—1 for these algebras. Finally, since E,(H®) is related to the point spectrum of
H%, the content of Proposition 2.2 can be rewritten as

Wind(T{g) = fop (H?).

This equality corresponds to a topological version of Levinson’s theorem for the
baby model. Obviously, this result was already obtained in Section 2 and all the
above framework was not necessary for its derivation. However, we have now in our
hands a very robust framework which will be applied to several other situations.

5. Quasi 1D examples

In this section, we gather various examples of scattering systems which can be
recast in the framework introduced in the previous section. Several topological
versions of Levinson’s theorem will be deduced for these models. Note that we
shall avoid in this section the technicalities required for obtaining more explicit
formulas for the wave operators. An example of such a rather detailed proof will
be provided for Schrédinger operators on R3.

5.1. Schrédinger operator with one point interaction

In this section we recall the results which have been obtained for Schrédinger
operators with one point interaction. In fact, such operators were the first ones
on which the algebraic framework has been applied. More information about this
model can be found in [30]. Note that the construction and the results depend on
the space dimension, we shall therefore present successively the results in dimen-
sion 1, 2 and 3. However, even in dimension 2 and 3, the problem is essentially
one-dimensional, as we shall observe.

Let us consider the Hilbert space L2(R%) and the operator Hy = —A with
domain the Sobolev space H%(R%). For the operator H we shall consider the per-
turbation of Hy by a one point interaction located at the origin of R?. We shall not
recall the precise definition of a one point interaction since this subject is rather
well known, and since the literature on the subject is easily accessible. Let us just
mention that such a perturbation of Hy corresponds to the addition of a boundary
condition at 0 € R? which can be parameterized by a single real parameter family
in R? for d = 2 and d = 3. In dimension 1 a four real parameters family is neces-
sary for describing all corresponding operators. In the sequel and in dimension 1
we shall deal only with either a so-called d-interaction or a ¢’-interaction. We refer
for example to the monograph [2] for a thorough presentation of operators with a
finite or an infinite number of point interactions.

Beside the action of dilations in L2(R, ), we shall often use the dilation groups
in L2(R?) whose action is defined by

[Uef](x) = e®/? f(e' 2), fel2(RY), z e R

Generically, its generator will be denoted by A in all these spaces.
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5.1.1. The dimension d = 1. For any a, 8 € R, let us denote by H* the operator
in L2(R) which formally corresponds to Hy + a6 and by H? the operator which
formally corresponds to Hg+ 3¢’. Note that for a < 0 and for 8 < 0 the operators
H* and H? have both a single eigenvalue of multiplicity one, while for a > 0 and
for 8 > 0 the corresponding operators have no eigenvalue. It is also known that
the wave operators W for the pair (H®, Hy) exist, and that the wave operators
Wf: for the pair (H?, Hy) also exist. Some explicit expressions for them have been
computed in [30].

Lemma 5.1. For any o, 8 € R the following equalities hold in B(LQ(R)):
2\/H0 —ix B :|P
2V Hy + i “
2+ i H

* Zﬁ\/ 0 - 1:| PO)
2 — Zﬁ\/HQ

where P, denotes the projection onto the set of even functions of L2(R), while P,
denotes the projection onto the set of odd functions of L*(R).

W* =1+ 1 (1+ tanh(rA) + icosh(rA)~") [

wh=1+ 3 (1 + tanh(mA) — i cosh(rA) ™) [

In order to come back precisely to the framework introduced in Section 4, we
need to introduce the even / odd representation of L2(R). Given any function m
on R, we write m, and m, for the even part and the odd part of m. We also set
A = 2(R,;C?) and introduce the unitary map % : L>(R) — J# given on any
fe?R), (})e#, xeRby

wr=v2(£) mad [ ()@= LAl +sm@fala)]. (6D

Now, observe that if m is a function on R and m(X) denotes the corresponding
multiplication operator on L?(R), then we have

Um(X)U* = (me<L> mu<L>)

mo(L) me(L)

where L is the operator of multiplication by the variable in L?(R, ) already intro-
duced in (4.6).
By taking these formulas and the previous lemma into account, one gets

YWOU* — (1+é(1+tanh(7rA)+icosh(7rA)_1)[2$Z§+::1] 0)
0 1

1 0
%WE%* = <O 1+é (1+tanh(7rA)—'i COSh(Tk’A)_l) [2+iﬁ\/HD _1} )

2—if\/Hp
It clearly follows from these formulas that
UWEU* € Ma(Emy. ) and UWPU* € Mo (Ean 1)),

and as a consequence the algebraic framework introduced in Section 4 can be
applied straightforwardly. In particular, one can define the functions I'2, Fg as the

image of # W% * and % WP%* in the respective quotient algebras, and get:
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Corollary 5.2. For any «, 3 € R*, one has
a 1 anh(7-)+i cosh(m) 1) [s¥(0)— sY(-
FD:(<1+2(1+': h(m) i cosh(r) ™)l (0)-1) ?)v( ) 0y
(1+é(1+tanh(7r~)+icosh(7r~)71)[s”‘(+oo)—1] O) (
0 1)’

59)

. _ 2y —ia
with Sa() T 2y/+ia’

I‘ﬂ _ 1 0 1 0
o~ 0 1+1(1+tanh(m)—icosh(m)~M)[s?(0)—1] J s\ 0 s7(:) )
(0 1+;(1+tanh(7r~)7icosh(ﬂ'-)_l)[sﬁ(Jroo)fl] ) s (0

with s°(-) = 2HBV:and Y = (12,19,15,15) (both for a = 0 and B = 0). In

2-ify/-
addition, one infers that for any o, 5 € R:
Wind(T8) = to,(H?), and Wind(T5) = to,(H).

Remark 5.3. Let us mention that another convention had been taken in [30] for
the computation of the winding number, leading to a different sign in the previous
equalities. Note that the same remark holds for equations (5.3) and (5.5) below.

5.1.2. The dimension d = 2. As already mentioned above, in dimension 2 there is
only one type of self-adjoint extensions, and thus only one real parameter family
of operators H* which formally correspond to Hy + «d. The main difference with
dimensions 1 and 3 is that H® always possesses a single eigenvalue of multiplicity
one. As before, the wave operators W for the pair (H®, Hy) exist, and it has been
shown in the reference paper that:

Lemma 5.4. For any a € R the following equality holds:
2ra— V(1) — In(2) + In(v/Ho) + im/2

W2 =t o (L tanh(®mA/2) | p(1) - (@) + In(yHo) — in/2

-1 P07
where Py denotes the projection on the spherically symmetric functions of L2(R?),
and where W corresponds to the digamma function.

Note that in this formula, A denotes the generator of dilations in L?(R?). It
is then sufficient to restrict our attention to PyL?(R?) since the subspace of L2(R?)
which is orthogonal to PyL?(R?) does not play any role for this model (and it is
the reason why this model is quasi one-dimensional). Thus, let us introduce the
unitary map % : PoL?(R?) — L2(R,rdr) defined by [% f](r) := V27 f(r) which
is well defined since f € PyL?(R?) depends only on the radial coordinate. Since the
dilation group as well as the operator Hy leave the subspace PyL?(R?) of L%(R?)
invariant, one gets in L*(R,,rdr):

2ma—U(1) —In(2)+In(v/Ho) +im/2

2ma—U(1)—In(2) +In(v/Ho) —in/2
(5.2)

UWPy%* =1+ }(1+tanh(rA/2))
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Remark 5.5. Let us stress that the above formula does not take place in any of the
representations introduced in Section 4.4 but in a unitarily equivalent one. Indeed,
one can come back to the algebra &, 4) by using the spectral representation of
Hy. More precisely let us first introduce % : L2(R?) — L?(R; L%(S)) defined by

((FofIN) (w) =272 [F f](Vaw),  f€C(R?), NeRy, weS

with .Z the unitary Fourier transform in L?(R?), and recall that [FoHof](\) =
NZFof](A) for any f € H?(R?) and a.e. A € R. Then, if one defines the unitary
map %’ : PoL2(R?) — L2(Ry) by [Z'f](\) := /7 [Z fI(VA), one gets %' Hy%'* =
L, and a short computation using the dilation group in L?(R?) and in L2(R, ) leads
to the relation %' A% ' = —2A. As a consequence of this alternative construction,
the following equality holds in L?(R, ):

2 — W(1) — In(2) + In(v/'L) + i7/2

2o — U(1) — In(2) + In(VL) — ir/2 !

UWEPU™ =1+ %(1 — tanh(ﬂ'A))

and it is then clear that this operator belongs to £ ).

By coming back to the expression (5.2) one can compute the image I'3 of
this operator in the quotient algebra and obtain the following statement:

Corollary 5.6. For any a € R, one has I'§ = (1, s“(+), 1, 1) and
Wind(I'8) = Wind(s*) = o, (H*) = 1, (5.3)

with $°() = 3250 S vy in2-

5.1.3. The dimension d = 3. In dimension 3, there also exists only one real pa-
rameter family of self-adjoint operators H* formally represented as Hy + ad, and
this operator has a single eigenvalue if & < 0 and no eigenvalue if a > 0. As for
the other two dimensions, the wave operators W¢ for the pair (H®, Hp) exist, and
it has been shown in the reference paper that:

Lemma 5.7. For any a € R the following equality holds

4+ iv/Ho

W =1+ }(1+ tanh(rA) — icosh(rA)~") dmer — iv/Hy

1| Py .

where Py denotes the projection on the spherically symmetric functions of L2(R3).

Note that in these formulas, A denotes the generator of dilations in L?(R?).
As for the two-dimensional case, it is sufficient to restrict our attention to PyL?(R?)
since the subspace of L?(R?) which is orthogonal to PyL?(R?) does not play any role
for this model (and it is again the reason why this model is quasi one-dimensional).
Let us thus introduce the unitary map % : PyL?(R?) — L2(R,,7?dr) defined by
[% f](r) := 2y/m f(r) which is well defined since f € PyL*(R?) depends only on the
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radial coordinate. Since the dilation group as well as the operator Hy leave the
subspace PyL2(R?) of L?(R?) invariant, one gets in L2(R,r2dr):

Ao+ Z\/H()
dra — Z\/H()
Remark 5.8. As in the two-dimensional case, the above formula does not take
place in any of the representations introduced in Section 4.4 but in a unitarily
equivalent one. In this case again, one can come back to the algebra &£, 4y by

using the spectral representation of Hy. We refer to the 2-dimensional case for the
details.

UW*Py%* =1+ L (1+ tanh(rA) — i cosh(rA) ") —1| . (5.4)

By coming back to the expression (5.4) one can compute the image I'§ of

4w ati/-

this operator in the quotient algebra. If one sets s*(-) = smoiv-

one gets:

Corollary 5.9. For any o € R*, one has
IY = (1,5%(-), — tanh(m) + i cosh(m-) ™", 1)

while T = (—tanh(r)+i cosh(m) ™!, —1, — tanh(m-)+i cosh(m-) "', 1). In addition,
for any a € R it follows that

Wind(I8) = o, (H®). (5.5)

As before, we refer to [30] for the details of the computations, but stress that
some conventions had been chosen differently.

5.2. Schréodinger operator on R

The content of this section is mainly borrowed from [31] but some minor adap-
tations with respect to this paper are freely made. We refer to this reference
and to the papers mentioned in it for more information on scattering theory for
Schrodinger operators on R.

We consider the Hilbert space L2(R), and the self-adjoint operators Hy = —A
with domain H?(R) and H = Hy + V with V a multiplication operator by a real
function which satisfies the condition

/Ru + )|V (@) de < oo, (5.6)

for some p > 1. For such a pair of operators, it is well known that the conditions
required by Assumption 3.1 are satisfied, and thus that the wave operators W
are Fredholm operators and the scattering operator S is unitary.

In order to use the algebraic framework introduced in Section 4, more infor-
mation on the wave operators are necessary. First of all, let us recall the following
statement which has been proved in [31].

Proposition 5.10. Assume that V satisfies (5.6) with p > 5/2, then the following
representation of the wave operator holds:

W_ =1+ }(1+tanh(rA) +icosh(rA) " (P. — P,))[S — 1] + K
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with K a compact operator in L2(R), and P,, P, the projections on the even ele-
ments, respectively odd elements, of L*(R).

Let us now look at this result in the even /odd representation introduced in
Section 5.1.1. More precisely, by using the map % : L2(R) — L?(R; C?) introduced
in (5.1), one gets

UW_U* (5.7)

o 1 [ 14tanh(wA)+icosh(wA) ™! 0 Hx O
=l 2 ( 0 1+tanh(7rA)7icosh(7rA)_1) [S< ON HD) - 12} + K

with K" € K(L*(R4;C?)).

Remark 5.11. As in the previous example, the operator Z W_% * does not belong
directly to one of the algebras introduced in Section 4.4, but in a unitarily equiv-
alent one which can be constructed with the spectral representation of Hy. More
precisely, we set % : L>(R) — L2(R; C?) defined by

[Fof](\) = 271/2\~1/4 (@}%;ﬁ’) feC.(R), NeR,

with .Z the unitary Fourier transform in L?(R). As usual, one has [ZoHo f](\) =
NZof](\) for any f € H2(R) and a.e. A € Ry. Accordingly, one writes L ® 1 =
FoHo.Z§. Similarly, the equality %y A.%#; = —2A ® 15 holds, where the operator
A on the Lh.s. corresponds to the generator of dilation in L?(R), while the operator
A on the r.h.s. corresponds to the generator of dilations in L?(R, ). Finally, a short
computation leads to the equalities Zo P = 3 (1 1) and FoP,. 75 =4 (1 7).
By summing up these information one gets

* 1—tanh(2wA) icosh(2mA)~* *
ﬁOW_ﬁo =12+ % (icosh(Qﬂ'A)_1 1—tanh(27A) ) [S(L) a 12} + ﬁoKﬁo ’ (58)

Based on this formula, it is clear that #oW_.%; belongs to Ma(E(r a)), as it
should be.

Let us however come back to formula (5.7) and compute the image Iy of this
operator in the quotient algebra. One clearly gets

o 1 ( 1+tanh(x-)4icosh(m-) ! 0
Ip = (12+ 2 ( 0 1+tanh(7-)—icosh(w:) ™! ) [S(O)_ 12]’ S()’ 1o, 12)'
(5.9)

In addition, let us note that under our condition on V, the map Ry 3 A —
S(A\) € M2(C) is norm continuous and has a limit at 0 and converges to 15 at
+o00. Then, by the algebraic formalism, one would automatically obtain that the
winding number of the pointwise determinant of the function Iy is equal to the
number of bound states of H. However, let us add some more comments on this
model, and in particular on the matrix S(0). In fact, it is well known that the
matrix S(0) depends on the existence or the absence of a so-called half-bound
state for H at 0. Before explaining this statement, let us recall a result which has
been proved in [31, Prop. 9], and which is based only on the explicit expression
(5.9) and its unitarity.
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Lemma 5.12. Either det(S(0)) = —1 and then S(0) = +( '), or det(5(0)) =1
and then S(0) = ( Z) with a € R, b € C and |a|® + [b> = 1. Moreover, the
contribution to the winding number of the first term of Iy is equal to :I:é in the

first case, and to 0 in the second case.

Let us now mention that when H possesses a half-bound state, i.e., a solution
of the equation Hf = 0 with f in L°°(R) but not in L*(R), then det(S(0)) = 1.
This case is called the exceptional case, and thus the first term in I'; does not
provide any contribution to the winding number in this case. On the other hand,
when H does not possess such a half-bound state, then S(0) = (Bl (1)) This case
is referred as the generic case, and in this situation the first term in I'y provides a
contribution of é to the winding number. By taking these information into account,

Levinson’s theorem can be rewritten for this model as

fop(H) — 5  in the generic case,
fop(H) in the exceptional case.

Wind(S) = {

Such a result is in accordance with the classical literature on the subject, see
[31] and references therein for the proof of the above statements and for more
explanations. Note finally that one asset of our approach has been to show that
the correction —; should be located on the other side of the above equality (with
a different sign), and that the rearranged equality is in fact an index theorem.

5.3. Rank one interaction

In this section, we present another scattering system which has been studied in
[46]. Our interest in this model comes from the spectrum of Hy which is equal to
R. This fact implies in particular that if H possesses some eigenvalues, then these
eigenvalues are automatically included in the spectrum of Hy. In our approach, this
fact does not cause any problem, but some controversies for the original Levinson
theorem with embedded eigenvalues can be found in the literature, see [15]. Note
that the following presentation is reduced to the key features only, all the details
can be found in the original paper.

We consider the Hilbert space L2(R), and let Hy be the operator of multipli-
cation by the variable, i.e., Hy = X, as introduced at the beginning of Section 4.4.
For the perturbation, let v € L?(R) and consider the rank one perturbation of Hy
defined by

Huf = HOf + <’LL, f>u7 f € D(HO)

It is well known that for such a rank one perturbation the wave operators exist and
that the scattering operator is unitary. Note that for this model, the scattering
operator S = S(X) is simply an operator of multiplication by a function defined
on R and taking values in T. Let us also stress that for such a general u singular
continuous spectrum for H can exist. In order to ensure the asymptotic complete-
ness, an additional condition on wu is necessary. More precisely, let us introduce
this additional assumption:
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Assumption 5.13. The function u € L2(R) is Hélder continuous with exponent
a>1/2.

It is known that under Assumption 5.13, the operator H, has at most a finite
number of eigenvalues of multiplicity one [3, Sec. 2]|. In addition, it is proved in
[46, Lem. 2.2] that under this assumption the map

S:Roxw— S(x)eT

is continuous and satisfies S(£o0) = 1.

In order to state the main result about the wave operators for this model,
let us use again the even /odd representation of L?(R) introduced in Section 5.1.1.
Let us also recall that we set me, m, for the even part and the odd part of any
function m defined on R.

Theorem 5.14 (Theorem 1.2 of [46]). Let u satisfy Assumption 5.13. Then, one
has

UW_u* (5.10)

- 1 1 — tanh(mw A)+icosh(wA) ™! Se(L)—1 So(L)
- (5 (1)) o (—tanh(wA)—icosh(ﬂ-A)’l 1 ) ( So(L) S@,(L)—l)+ K,

where K is a compact operator in L2(R; C?).

Let us immediately mention that a similar formula holds for W and that this
formula is exhibited in the reference paper. In addition, it follows from (5.10) that
W_ € My (E(LA)), and that the algebraic framework introduced in Section 4 can
be applied straightforwardly. Without difficulty, the formalism leads us directly to
the following consequence of Theorem 5.14:

Corollary 5.15. Let u satisfy Assumption 5.13. Then the following equality holds:
Wind(S) = fop(Hy).

Let us stress that another convention had been taken in [46] for the compu-
tation of the winding number, leading to a different sign in the previous equality.
Note also that such a result was already known for more general perturbations but
under stronger regularity conditions [10, 16]. We stress that the above result does
require neither the differentiability of the scattering matrix nor the differentiabil-
ity of u. It is also interesting that for this model, only the winding number of the
scattering operator contributes to the left-hand side of the equality.

5.4. Other examples

In this section, we simply mention two additional models on which some investiga-
tions have been performed in relation with our topological approach of Levinson’s
theorem.

In reference [22], the so-called Friedrichs-Faddeev model has been studied.
In this model, the operator Hy corresponds to the multiplication by the variable
but only on an interval [a,b], and not on R. The perturbation of Hy is defined in
terms of an integral operator which satisfies some Holder continuity conditions,
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and some additional conditions on the restriction of the kernel at the values a and
b are imposed. Explicit expressions for the wave operators for this model have been
provided in [22], but the use of these formulas for deducing a topological Levinson
theorem has not been performed yet. Note that one of the interests in this model
is that the spectrum of Hy is equal to [a, b], which is different from Ry or R which
appear in the models developed above.

In reference [42], the spectral and scattering theory for 1-dimensional Dirac
operators with mass m > 0 and with a zero-range interaction are fully investi-
gated. In fact, these operators are described by a four real parameters family of
self-adjoint extensions of a symmetric operator. Explicit expressions for the wave
operators and for the scattering operator are provided. Let us note that these new
formulas take place in a representation which links, in a suitable way, the energies
—o0 and 400, and which emphasizes the role of the thresholds +=m. Based on these
formulas, a topological version of Levinson’s theorem is deduced, with the thresh-
old effects at £m automatically taken into account. Let us also emphasize that in
our investigations on Levinson’s theorem, this model was the first one for which the
spectrum of Hy consisted into two disjoint parts, namely (—oo, —m]U [+m, c0). Tt
was not clear at the very beginning what could be the suitable algebra for nesting
the wave operators and how the algebraic construction could then be used. The
results of these investigations are thoroughly presented in [42], and it is expected
that the same results hold for less singular perturbations of Hy. Finally, a surpris-
ing feature of this model is that the contribution to the winding number from the
scattering matrix is computed from —m to —oo, and then from +m to +oc. In
addition, contributions due to thresholds effects can appear at —m and/or at +m.

6. Schrodinger on R? and regularized Levinson theorem

In this section, we illustrate our approach on the example of a Schrodinger operator
on R3. In the first part, we explain with some details how new formulas for the wave
operators can be obtained for this model. In a second part, the algebraic framework
is slightly enlarged in order to deal with a spectrum with infinite multiplicity.
A method of regularization for the computation of the winding number is also
presented.

6.1. New expressions for the wave operators

In this section, we derive explicit formulas for the wave operators based on the
stationary approach of scattering theory. Let us immediately stress that the fol-
lowing presentation is deeply inspired from the paper [47] to which we refer for the
proofs and for more details. Thus, our aim is to justify the following statement:

Theorem 6.1. Let V € L>(R3) be real and satisfy |V (z)| < Const. (1 + |z|)~°
with p > 7 for almost every x € R3. Then, the wave operators Wy for the pair of
operators (—A + V,—A) ezist and the following equalities hold in B(L*(R?)):

W_ =1+ }(1+tanh(rA) —icosh(mA)~")[S — 1] + K
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and
Wi =1+ }(1— tanh(rA) +icosh(rA)~")[S* — 1] + K,

with A is the generator of dilations in R3, S the scattering operator, and K, K' €
K(L2(R?)).

In order to prove this statement, let us be more precise about the frame-
work. We first introduce the Hilbert space H := L*>(R3) and the self-adjoint
operator Hy = —A with domain the usual Sobolev space H? = H?(R3). We
also set # := L?(Ry;h) with h := L2 (82), and S(R3) for the Schwartz space
on R3. The spectral representation for Hy is constructed as follows: we define
Fo : P(R?) = L*(R43 ) by

((Fo/IN) @) = () [Z1(VAw)
= (O AVNFS] (), feSRY), AeRy, weS?,

with y(A) : S(R®) — b the trace operator given by [y(\)f](w) := f(Aw), and
7 the unitary Fourier transform on R®. The map .%; is unitary and satisfies for
feH?and ae. A€ R,

[FoHofI(A) = AFofI(A) = [LFofI(N),

where L denotes the multiplication operator in J# by the variable in R .
Let us now introduce the operator H := Hy 4+ V with a potential V' €
L>°(R3; R) satisfying for some p > 1 the condition

|V (z)| < Const.(z)™", a.e. xcR> (6.1)

with () := v/1 + 22. Since V is bounded, H is self-adjoint with domain D(H) =
H2. Also, it is well known [43, Thm. 12.1] that the wave operators W4 exist and
are asymptotically complete. In stationary scattering theory one defines the wave
operators in terms of suitable limits of the resolvents of Hy and H on the real
axis. We shall mainly use this second approach, noting that for this model both
definitions for the wave operators do coincide (see [57, Sec. 5.3]).

Let us thus recall from [57, Eq. 2.7.5] that for suitable f, g € H the stationary
expressions for the wave operators are given by

(Wif,g), = /Rd/\ Jimy 7€T<R0(/\iia)f,R(/\ii5)g>H,

where Ro(z) := (Hyo — 2z)"! and R(z) := (H — 2)~!, 2z € C\ R, are the resol-
vents of the operators Hy and H. We also recall from [57, Sec. 1.4] that the limit
lim.\ o <55(H0 - AN/, 9>H with 6. (Ho — A) := £ Ro(AF i) Ro(\ + ie) exists for a.e.
A € R and that

(.9, = /R N lim (3.(Ho — 1. g),,.

6In this section, the various scalar products are indexed by the corresponding Hilbert spaces.
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Thus, taking into account the second resolvent equation, one infers that
(We=1)f,9),, = — / d\ 1{% (0-(Ho—MN)f, (1—|—VRO(/\iie))_1VRO(/\iie)g>H.
R €

We now derive expressions for the wave operators in the spectral represen-
tation of Hp; that is, for the operators .%o (Wy — 1).%;. So, let ¢, be suitable
elements of . (precise conditions will be specified in Theorem 6.7 below), then
one obtains that

_ _/d)\ lim (V (14 R\ F ie)V) ™5 6u(L = N 7 (L= AF i) 0),
R £

:—/RdA 11\111)/0 du ({FV (1 + Ro(ATFie)V) "

Using the shorthand notation 7'(z) := V(1 + Ro(z)V)_l, z € C\ R, one thus gets
the equality

= —/d/\ lim Oodu<{%T(A¢iE)%*5€(L—A)sﬁ}(u),(u—Ams)‘lw(um'
BT (6.2)

This formula will be our starting point for computing new expressions for
the wave operators. The next step is to exchange the integral over p and the limit
e \( 0. To do it properly, we need a series of preparatory lemmas. First of all, we
recall that for A > 0 the trace operator () extends to an element of B(H;,b)
for each s > 1/2 and t € R, where H; = H;(R?) denotes the weighted Sobolev
space over R? with index s € R and with the index ¢ € R associated with the
weight”. In addition, the map Ry > X = v()\) € B(H;,h) is continuous, see for
example [24, Sec. 3]. As a consequence, the operator Zo()\) : S(R?) — b given
by Fo(A)f = (Fof)(A\) extends to an element of B(H{,h) for each s € R and
t > 1/2, and the map Ry 3 XA — Fy(N\) € B(H;,b) is continuous.

We recall now three technical lemmas which have been proved in [47] and
which strengthen some standard results.

Lemma 6.2. Let s > 0 and t > 3/2. Then, the functions
(0,00) 3 A= AEVAZ(N) € B(HS, b)
are continuous and bounded.

One immediately infers from Lemma 6.2 that the function

Ry 3 A= [[Fo(M s €R

“We also use the convention H3 = Hg and He = 7—[?.
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is continuous and bounded for any s > 0 and ¢ > 3/2. Also, one can strengthen
the statement of Lemma 6.2 in the case of the minus sign:

Lemma 6.3. Let s > —1 and t > 3/2. Then, Fo(\) € K(HS,h) for each X € Ry,
and the function Ry 3> X+ A\"V4Z5(\) € K(H;,b) is continuous, admits a limit
as A N\, 0 and vanishes as A — oco.

From now on, we use the notation C.(R4;G) for the set of compactly sup-
ported and continuous functions from R} to some Hilbert space G.

With this notation and what precedes, we note that the multiplication oper-
ator M : Co(Ry; HY) — 2 given by

(Mf)()\) = )\_1/4(9\0()\)5(>\), g € CC(RJr;Hf)a A€ RJF’ (63)

extends for s > 0 and ¢ > 3/2 to an element of B(L*(Ry; H;), 7).

The next step is to deal with the limit € N\, 0 of the operator 6.(L — \) in
Equation (6.2). For that purpose, we shall use the continuous extension of the
scalar product (-, - )y to a duality (-, '>H-§,H‘f between #H; and H_;.

Lemma 6.4. Take s > 0,t>3/2, A € Ry and p € C.(Ry;h). Then, we have
lin |15 6.2 = N = ZoA) 6O = 0.

The next necessary result concerns the limits T'(A £ i0) := lim\ o T'(A £ i¢),
A € Ry. Fortunately, it is already known (see for example [26, Lemma 9.1]) that if
p>1in (6.1) then the limit (1 + Ro(A +i0)V) ™" :=1lim. (1 + Ro(A+ic)V) "
exists in B(H_¢, H—) for any ¢ € (1/2,p—1/2), and that the map Ry 2 A — (1+
Ro(A+i0)V) = B(H_¢,H_¢) is continuous. Corresponding results for T'(\ + i)
follow immediately. Note that only the limits from the upper half-plane have been
computed in [26], even though similar results for T'(A—40) could have been derived.
Due to this lack of information in the literature and for the simplicity of the
exposition, we consider from now on only the wave operator W_.

Proposition 6.5. Take p > 5 in (6.1) and let t € (5/2,p—5/2). Then, the function
Ry 3 A= AY4T(A4i0).Z0(\)* € B(bh, H, )

is continuous and bounded, and the multiplication operator B : C; (R+; b) —
L>(Ry;H,p—t) given by

(Bo)(A) :== AAT(A+i0)Zo(\) p(\) € Hypt, @ € Ce(Rysh), A€Ry, (6.4)
extends to an element of B(A,2(Ry; Hp—y)).
Remark 6.6. If one assumes that H has no 0-energy eigenvalue and/or no 0-energy
resonance, then one can prove Proposition 6.5 under a weaker assumption on the
decay of V' at infinity. However, even if the absence of 0-energy eigenvalue and 0-

energy resonance is generic, we do not want to make such an implicit assumption
in the sequel. The condition on V is thus imposed adequately.
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We are ready for stating the main result of this section. Let us simply recall
that the dilation group in L?(R ) has been introduced in (2.1) and that A denotes
its generator. We also recall that the Hilbert spaces L>(Ry;H;) and J# can be
naturally identified with the Hilbert spaces L>(R;) @ H; and L2(Ry) ® b.

Theorem 6.7. Take p > 7 in (6.1) and let t € (7/2,p — 7/2). Then, one has in
B() the equality

Fo(W_ —1)F; = —2mi M {} (1 — tanh(2mA) — i cosh(2mrA) ") @ 14, _, } B,
with M and B defined in (6.3) and (6.4).

The proof of this statement is rather technical and we shall not reproduce
it here. Let us however mention the key idea. Consider ¢ € C.(Ry;h) and ¢ €
C>®(Ry) ® C(S?) (the algebraic tensor product), and set s := p —t > 7/2. Then,
we have for each € > 0 and A € Ry the inclusions

ge(N) = NVAT(N 4 i) FE0(L — N € Hs
and

FO) = A"VEZ,(0) (N € H_s.

It follows that the expression (6.2) is equal to
/dAmn/(m A+ i) T 6(L = Mg, (1= A+ )" Fo(u) 0(1)) 5 2y

AL/
d\ li d =(A), . .
[t | u<g<>u_A+%fm»HJ{

Then, once the exchange between the limit € N\, 0 and the integral with variable
1 has been fully justified, one obtains that

. A—1/4p0/4
(Fo(Wi = 1)F50,0),, = — /R+ d)\/o an <g0(/\)7 p—A+10 f(m>m,ﬁs.

It remains to observe that go(\) = [Bgo](A) and that f = M*y, and to derive a

nice function of A from the kernel /\u /: Y0 - Werefer to the proof of [47, Thm. 2.6]
for the details.

The next result is a technical lemma which asserts that a certain commu-
tator is compact. Its proof is mainly based on a result of Cordes which states
that if f1, fa € C([—o0, 0]), then the following inclusion holds: [f1(X), f2(D)] €
K(L2(R)). By conjugating this inclusion with the Mellin transform as introduced
in Section 4.4, one infers that [f1(A), f3(L)] € K(L2(Ry)) with f3:= foo0(—1In) €
C(]0, o¢0]). Note finally that the following statement does not involve the potential
V', but only some operators which are related to —A and to its spectral represen-
tation.
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Lemma 6.8. Take s > —1 and t > 3/2. Then, the difference
{(tanh(27A)+icosh(2mA) ') @1y } M — M {(tanh(2mA) +i cosh(274) ") ® Ly }
belongs to K(L2(Ry; H;), 7).

Before providing the proof of Theorem 6.1, let us simply mention that the
following equality holds:

3 (14+tanh(rA)—icosh(rA) ™) = .Z5{} (1—tanh(2rA)—i cosh(2rA) ") @14 } Fo.

with the generator of dilations on R? in the Lh.s. and the generator of dilations
on Ry in the r.h.s.

Proof of Theorem 6.1. Set s = 0 and t € (7/2,p — 7/2). Then, we deduce from
Theorem 6.7, Lemma 6.8 and the above paragraph that

W_ —1=—2mi Z;M{} (1 — tanh(2rA) —icosh(2mrA) ") ® 1y, _, } B.Fo
= —2mi.Z{{} (1 — tanh(2rA) — icosh(2rA) ") ® 1y} MB.Fy + K
= 1(1 + tanh(wA) — i cosh(rA) ") F; (—2miM B) Fo + K, (6.5)
with K € K(H). Comparing —2miM B with the usual expression for the scatter-
ing matrix S(\) (see for example [26, Eq. (5.1)]), one observes that —2miM B =
fﬂgi dA (S(/\) — 1). Since %, defines the spectral representation of Hy, one obtains
that
W_ — 1= }(1+tanh(rA) —icosh(rA)~")[S — 1] + K. (6.6)
The formula for W, — 1 follows then from (6.6) and the relation W, = W_S*. O

6.2. The index theorem

In order to figure out the algebraic framework necessary for this model, let us first
look again at the wave operator in the spectral representation of Hy. More pre-
cisely, one deduces from (6.5) that the following equality holds in J# = L?(R,)®b:

FoW_F§ =1+ {1 (1 —tanh(27A) —icosh(2mrA) ") ® 1 }[S(L) — 1] + K

with K € K(J2). Secondly, let us recall some information on the scattering ma-
trix which are available in the literature. Under the assumption on V' imposed in
Theorem 6.1, the map

Ry >A— S\ —1€Kah)

is continuous, where Ko(h) denotes the set of Hilbert—Schmidt operators on b,
endowed with the Hilbert—Schmidt norm. A fortiori, this map is continuous in
the norm topology of I(h), and in fact this map belongs to C’([O, +oo];IC(b)).
Indeed, it is well known that S(\) converges to 1 as A — oo, see for example [4,
Prop. 12.5]. For the low energy behavior, see [26] where the norm convergence of
S(A) for A — 0 is proved (under conditions on V' which are satisfied in our Theo-
rem 6.1). The picture is the following: If H does not possess a 0-energy resonance,
then S(0) is equal to 1, but if such a resonance exists, then S(0) is equal to 1 —2P,,
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where P, denotes the orthogonal projection on the one-dimensional subspace of
spherically symmetric functions in b = L2(S?).

By taking these information into account, it is natural to define the unital
C*-subalgebra £ of B(L2(Ry) ®b) by & = {&1,a) ®IC(f))}+ and to consider the
short exact sequence

0— K(2(Ry)) @ K(h) = & L {c@aK®)} —o.
However, we prefer to look at a unitarily equivalent representation of this algebra

in the original Hilbert space H, and set £ := %‘O*{E(L,A) ® K(b)}+ﬁo C B(H).
The corresponding short exact sequence reads

0= KH) =L {COaKk®m} —o,
and this framework is the suitable one for the next statement:

Corollary 6.9. Let V € L°(R3) be real and satisfy |V (z)| < Const. (1+ |x|)~° with
p > T for almost every x € R3. Then W_ belongs to £ and its image Iy := q(W_)

in {C(D) ®IC(¥))}Jr is given by
= (1 + L (1+ tanh(n) — i cosh(r)~1)[S(0) — 1], S(-), 1, 1).

In addition, the equality
ind[Ig]y = —[Ep(H)lo (6.7)

holds, with [Tn]; € K, ({C(0) @ K1)} ") and [E,(H)o € Ko(K(H)).

Let us mention again that if H has no 0-energy resonance, then S(0) — 1 is
equal to 0, and thus the first term I'; in the quadruple I'g is equal to 1. However,
if such a resonance exists, then I'y is not equal to 1 but to

1 — (1+ tanh(m-) — i cosh(m) ") Py = Py + ( — tanh(m) + i cosh(m) ") Py.

This term will allow us to explain the correction which often appears in the lit-
erature for 3-dimensional Schrédinger operators in the presence of a resonance
at 0. However, for that purpose we first need a concrete computable version of
our topological Levinson theorem, or in other words a way to deduce an equality
between numbers from the equality (6.7).

The good point in the previous construction is that the Ky-group of K(H)
and the Ki-group of {C(0) ® lC([j)}Jr are both isomorphic to Z. On the other
hand, since S(A) — 1 takes values in K(h) and not in M,,(C) for some fixed n, it
is not possible to simply apply the map Wind without a regularization process. In
the next section, we shall explain how such a regularization can be constructed,
but let us already present the final result for this model.

In the following statement, we shall use the fact that for the class of pertur-
bations we are considering the map Ry 3 A — S(\) — 1 € K(h) is continuous in
the Hilbert—Schmidt norm. Furthermore, it is known that this map is even contin-
uously differentiable in the norm topology. In particular, the on-shell time delay
operator i S(A)* S'(N) is well defined for each A € Ry, see [24, 25] for details. If
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we set [C1(h) for the trace class operators in K(h), and denote the corresponding
trace by tr, then the following statement holds:

Theorem 6.10. Let V € L°(R3) be real and satisfy |V (x)| < Const. (1+ |z|) =7 with
p > T for almost every x € R3. Then for any p > 2 one has

1 > . p % 1/
{/’tqml—ru®>ruoln@ﬂ@

2 | /oo
+/0 tr[i(1—S(\) S\ S’()\)]d)\} = top(H).

In addition, if the map A — S(\) — 1 is continuously differentiable in the Hilbert—
Schmidt norm, then the above equality holds also for any p > 1.

The proof of this statement is a corollary of the construction presented in the
next section. For completeness, let us mention that in the absence of a resonance
at 0 for H, in which case I'; = 1, only the second term containing S(-) contributes
to the Lh.s. On the other hand, in the presence of a resonance at 0 the real part
of the integral of the term I'y yields

o[> . *
Red [ wlill-Ti@) T T ) = -3
2 J_ o
which accounts for the correction usually found in Levinson’s theorem. Note that
only the real part of this expression is of interest since its imaginary part will
cancel with the corresponding imaginary part of term involving S(-).

6.3. A regularization process

In this section and in the corresponding part of the Appendix, we recall and
adapt some of the results and proofs from [32] on a regularization process. More
precisely, for an arbitrary Hilbert space ), we consider a unitary element I' €
C(s; IC(!)))Jr of the form I'(t) — 1 € () for any ¢ € S. Clearly, there is a certain
issue about the possibility of computing a kind of winding number on this element,
as the determinant of I'(¢) is not always defined. Nevertheless, at the level of K-
theory, it is a priori possible to define Wind on [I']; simply by evaluating it on
a representative on which the pointwise determinant is well defined and depends
continuously on t. For our purpose this approach is not sufficient, however, as it is
not clear how to construct for a given I' such a representative. We will therefore
have to make recourse to a regularization of the determinant.

Let us now explain this regularization in the case that I'(t) — 1 lies in the
pth Schatten ideal IC,)(h) for some integer p, that is, |I'(f) — 1|P belongs to K1 (h).
We also denote by {e?()}; the set of eigenvalues of I'(t). Then the regularized
Fredholm determinant det,, defined by [20, Eq. (XI.4.5)]

_ i0;(t) - (—1)* 0;(t) _ 1\k
det,, (I'(t)) He exp Z f (e 1)
j k=1

J
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is finite and non-zero. Thus, if in addition we suppose that ¢ — I'(¢) — 1 is con-
tinuous in the pth Schatten norm, then the map ¢t — det, (I‘(t)) is continuous and
hence the winding number of the map S 5 ¢ — det, (I'(¢)) € C* can be defined.
However, in order to get an analytic formula for this winding number, stronger
conditions are necessary, as explicitly required in the following statements:

Lemma 6.11. Let I C S be an open arc of the unit circle, and assume that the
map I 3t~ I(t) — 1 € K,(h) is continuous in norm of K,(h) and is continu-
ously differentiable in norm of K(h). Then the map I >t — detptq (I‘(t)) e C is
continuously differentiable and the following equality holds for any t € I:

(lndetp+1(F(~)))/(t) = tr[(1—T()"T()" T (1)]. (6.8)

Furthermore, if the map I 3t~ TI'(t) —1 € K,(b) is continuously differentiable in
norm of Kp(h), then the statement already holds for p instead of p + 1.

The proof of this statement is provided in Section 9.2. Based on (6.8), it is
natural to define

Wind(T) = ;W /S we[i(1— T(6)"T(0)* T (1)) e

whenever the integrand is well defined and integrable. However, such a definition
is meaningful only if the resulting number does not depend on p, for sufficiently
large p. This is indeed the case, as shown in the next statement:

Lemma 6.12. Assume that the map S 3¢t — I'(t)—1 € K, (h) is continuous in norm
of Kp(h), and that this map is continuously differentiable in norm of K(), except
on a finite subset of S (which can be void). If the map t — tr[i(1 —I‘(t))pI‘(t)*I"(t)
is integrable for some integer p, then for any integer q > p one has:

217T /Str[z'(l —T(@®) T T (t)]dt = 2177 /Str[z'(l —T(1)" T () T’ (t)]dt .

The proof of this statement is again provided in Section 9.2. Clearly, Theorem
6.10 is an application of the previous lemma with p = 2.

Before ending this section, let us add one illustrative example. In it, the
problem does not come from the computation of a determinant, but from an in-
tegrability condition. More precisely, for any a,b > 0 we consider ¢q 5 : [0,1] = R
defined by

Yap(x) = 2% sin (Wx*b/2), x € [0,1].
Let us also set I'yp : [0,27] — T by
Lop(z) = e~ 2mivay(z/2m)

Clearly, T'y 5 is continuous on [0,27] with Ty ,(0) = I'y(27), and thus can be
considered as an element of C(S). In addition, I', ; is unitary, and thus there exists
an element [I'q )1 in K1(C(S)). One easily observes that the equality [e=2714]; =
[C45]1 holds, meaning that the equivalence class [[', 5] contains the simpler function
x — e 2™ However, the same equivalence class also contains some functions
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which are continuous but not differentiable at a finite number of points, or even
wilder continuous functions.

Now, the computation of the winding number of any of these functions can
be performed by a topological argument, and one obtains

Wind(Typ) := pap(l) — @ap(0) = 1.
Here, we have added an index ¢ for emphasizing that this number is computed
topologically. On the other hand, if one is interested in an explicit analytical formula

for this winding number, one immediately faces some troubles. Namely, let us first
observe that for = # 0

b
2

Clearly, the first term is integrable for any a,b > 0 while the second one is inte-
grable only if @ > b. Thus, in such a case it is natural to set

Plap(@) = az"" sin (”xfb/2) — e cos (ra7/2).

1 27
Wind, (Lo p) = 27r/ ilyp(z)* ;’b(x)dx
0

1 27‘(‘ 1
- / ol o/ 2m)dz = / ol (2)dz

21

and this formula is well defined, even if one looks at each term of ¢/, , separately.
Note that in this formula, the index a stands for analytic. Finally, in the case
b > a > 0 the previous formula is not well defined if one looks at both terms
separately, but one can always find p € N such that (p+ 1)a > b. Then one can set

- 1 27 ) o
Wind, (Cop) = o / (1= Tup(@))"iTap(@) T, 4 (2)da
0

1

27
= 27r/O (1 - Fa7b(x))p<p;7b(x/27r)dx

- / (1 = Tap(272)) "¢} o (2)dz,

and this formula is well defined, even if one looks at each term of 50;,13 separately.
Note that here the index r stands for reqularized. Clearly, the value which can be
obtained from these formulas is always equal to 1.

7. Schrodinger operators on R?

In this section, we simply provide an explicit formula for the wave operators in the
context of Schrodinger operators on R2. The statement is very similar to the one
presented in Section 6.1, and its proof is based on the same scheme. We refer to
[48] for a more detailed presentation of the result and for its proof. Let us however
mention that some technicalities have not been considered in R2, and therefore
our main result applies only in the absence of 0-energy bound state or 0-energy
resonance.
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Let us be more precise about the framework. In the Hilbert space L2(R?) we
consider the Schrodinger operator Hy := —A and the perturbed operator H :=
—A+V, with a potential V € L™°(R?;R) decaying fast enough at infinity. In such
a situation, it is well known that the wave operators Wy for the pair (H, Hy)
exist and are asymptotically complete. As a consequence, the scattering operator
S = WiW_ is a unitary operator.

Theorem 7.1. Suppose that V € L°°(R?) is real and satisfies |V (x)| < Const. (1 +
|z|)=° with p > 11 for almost every x € R?, and assume that H has neither
etgenvalues nor resonances at 0-energy. Then, one has in ZS'(L2 (RQ)) the equalities

W_ =1+ }(1+tanh(7A/2))[S — 1] + K
and
W, =1+ 5(1—tanh(7A/2))[S* — 1] + K’,

with A the generator of dilations in L2(R?) and K, K' € K(L2(R?)).

We stress that the absence of eigenvalues or resonances at 0-energy is generic.
Their presence leads to slightly more complicated expressions and this has not been
considered in [48]. On the other hand, we note that no spherical symmetry is im-
posed on V. Note also that in the mentioned reference, an additional formula for
W4 which does not involve any compact remainder (as in Theorem 6.7) has been
exhibited. For this model, we do not deduce any topological Levinson theorem,
since this has already been performed for the 3-dimensional case, and since the
exceptional case has not yet been fully investigated. Let us however mention that
similar results already exist in the literature, but that the approaches are com-
pletely different. We refer to [7, 17, 18, 27, 52, 58] for more information on this
model and for related results.

8. Aharonov-Bohm model and higher degree
Levinson theorem

In this section, we first introduce the Aharonov—Bohm model, and discuss some
of the results obtained in [41]. In order to extend the discussion about index
theorems to index theorems for families, we then provide some information on
cyclic cohomology and explain how it can be applied to this model. This material
mainly is borrowed from [29] to which we refer for more information.

8.1. The Aharonov-Bohm model

Let us denote by H the Hilbert space L?>(R?). For any a € (0,1), we define the
vector potential A, : R?\ {0} — R? by

o= o (V07

x2+y2’x2+y2
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which formally corresponds to the magnetic field B = «d (¢ is the Dirac delta
function), and consider the operator

H(x = (_Zv - Aa)Qa D(H(x) - CCOO (RQ \ {0}) :

The closure of this operator in A, which is denoted by the same symbol, is sym-
metric and has deficiency indices (2, 2).

We briefly recall the parametrization of the self-adjoint extensions of H, from
[41]. Some elements of the domain of the adjoint operator H; admit singularities
at the origin. For dealing with them, one defines four linear functionals ®q, ®_1,
Uy, U_; on D(H}) such that for f € D(H}) one has, with § € [0,27) and r — 0,

27 f(rcos,rsind) = o (f)r =+ Wo(f)r*+e (@,1(f)7“a71 +\I/,1(f)7"17a) +0(r).

The family of all self-adjoint extensions of the operator H, is then indexed by two
matrices C, D € My (C) which satisfy the following conditions:

(i) CD* is self-adjoint, (i) det(CC* + DD*) # 0, (8.1)

and the corresponding extensions HSP are the restrictions of H} to the functions
f satisfying the boundary conditions

¢ (501({}>> =2b ((1 —af)()xl(ff)1<f>> |

For simplicity, we call admissible a pair of matrices (C, D) satisfying the conditions
mentioned in (8.1).

Remark 8.1. The parametrization of the self-adjoint extensions of H, with all
admissible pairs (C, D) is very convenient but non-unique. At a certain point, it
will be useful to have a one-to-one parametrization of all self-adjoint extensions.
So, let us consider Us(C) (the group of unitary 2 x 2 matrices) and set

CU):=3(1-U) and D(U)=i(1+U).

It is easy to check that C(U) and D(U) satisfy both conditions (8.1). In addition,
two different elements U, U’ of Us(C) lead to two different self-adjoint operators
gEOPW) and HS(U/)D(Ul), ¢f. [21]. Thus, without ambiguity we can write HY
for the operator HS VP Moreover, the set {HY | U € Uy(C)} describes all
self-adjoint extensions of H,. Let us also mention that the normalization of the
above maps has been chosen such that H,! = H!? = HAB which corresponds to
the standard Aharonov-Bohm operator studied in [1, 51].

For the spectral theory, let us mention that the essential spectrum of HSP
is absolutely continuous and covers the positive half-line [0, +00). On the other
hand, the discrete spectrum consists in at most two negative eigenvalues. More
precisely, the number of negative eigenvalues of HSP coincides with the number
of negative eigenvalues of the matrix C'D*.
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8.1.1. Wave and scattering operators. One of the main results of [41] is an explicit
description of the wave operators. We shall recall this result below, but we first
need to introduce the decomposition of the Hilbert space H with respect to a
special basis. For any m € 7Z, let ¢,,, be the complex function defined by [0, 27) >

im6

0 — ¢m(0) := ‘i/%. One has then the canonical isomorphism

He= P H @ [dm] (8.2)
mEZ
where H, := L>(R4,7dr) and [¢,,] denotes the one-dimensional space spanned by
¢m. For shortness, we write H,, for H, ® [¢n,], and often consider it as a subspace
of H. Let us still set
Hing = Ho B H_1 (8.3)
which is clearly isomorphic to H, ® C2.

Let us also recall that the unitary dilation group {U;}ier in H is defined on
any f € H and o € R? by [U.f](z) = e f(e'x). Its self-adjoint generator is still
denoted by A. It is easily observed that this group as well as its generator leave
each subspace H,, invariant.

Let us now consider the wave operators

. : cD
WP =w_(HSP, Hy) =5 — , lim eitfa” g=itHo
[—— 00

where Hy := —A denotes the Laplace operator on R2. It is well known that for
any admissible pair (C, D) the operator WP is reduced by the decomposition
H = Hint ® Hﬁﬂ and that VVEJD|H;t = Wf‘B|H;t. The restriction to Hﬁﬂ is
further reduced by the decomposition (8.2) and it is proved in [41, Prop. 11] that
the channel wave operators satisfy for each m € Z,
WAL = on(4)
with ¢, explicitly given for x € R by
S e L(3(m| +1+ix)) D(3(|m+ af + 1 —iz))
@Tn (.13) =e 1 . 1 .
L(3(Im|+1—ix)) D(5(Im+al +1+iz))

and
—Ira if m>0

5 = Ya(lm| = |m + «|) = 2
me 2 (| = |) { éwa if m<o0

Note that here, I' corresponds to the usual Gamma function. It is also proved in
[41, Thm. 12] that

c _ (%0 (A) 0 ¢o(A) 0 3o
W—D|Hm - ( 00 80_1(14)) + ( 0 327_1(14)) SaD(\/HO)
with @, (z) given for m € {0,—1} by

1 .
1 efiﬂm|/2 67ra:/2 1—‘l(2(|7n| +1+ ZI))

o P (3 (| + 1 — o) | 2L HIm+al=iz) Dz (1= lm-+al—iz))



Levinson’s Theorem: An Index Theorem in Scattering Theory 187

and with the function ggD() given for A € Ry by

e N F(lfa)Qe_"’"”ﬂ o 0
Sa ()‘) =27 Sln(ﬂ-a) 0 F(a)e;ifsfa)/z \(1-a)

I(1—a)?e ™™ \2a 0 T -1
.| D 4 5 —in(lo D
[ ( 0 T(a)?emiml=a) )\2(17(1) + 2 Sin(ﬂ'a) ¢

41—

. 11(1701)22_7""”/2 b 0
0 _1—‘(01)6_7""(1_0)/2 )\(lfa) ’

21—«

Clearly, the functions ¢,, and @, are continuous on R. Furthermore, these
functions admit limits at +o0: ¢, (—00) = 1, @5 (+00) = €?¥m, G, (—00) = 0
and @, (+00) = 1. On the other hand, the relation between the usual scattering
operator SP = (W{P) “WEP and the function §§D (+) is provided by the formulas

—imao 0

S = SO H) with S0 i= (7)) + 3P0

int

Let us now state a result which has been formulated in a more precise form
in [41, Prop. 14].

Proposition 8.2. The map
R, 3 A SSP()) € Us(CT)

s morm continuous and has explicit asymptotic values for A = 0 and A\ = +o0
which depend on C, D and «.

The asymptotic values SP(0) and SSP (+00) are explicitly provided in the
statement of [41, Prop. 14], but numerous cases have to be considered. For simplic-
ity, we do not provide these details here. By summarizing the information obtained
so far, one infers that:

Theorem 8.3. For any admissible pair (C, D) the following equality holds:

cD _ (w0 (4) 0
WPy, = < 0! @_1(A)) (8.4)

(0 ) w707 )]

with vy , 97, Po, P1 € C([—00,00]) and with SSP € C([0, +o0)).

Based on this result and on the content of Section 4, one could easily deduce
an index type theorem. However, we prefer to come back to an ad hoc approach,
which looks more like the approach followed for the baby model. Its interest is
that individual contributions to the winding number can be computed, and the
importance of each of them is thus emphasized. A more conceptual (and shorter)
proof will be provided in Section 8.5.
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8.2. Levinson’s theorem, the pedestrian approach

Let us start by considering again the expression (8.4) for the operator WP Hine-
Since the matrix-valued functions defining this operator have limits at —oo and
+00, respectively at 0 and +o00, one can define the quadruple (I'y, I'9, '3, I'y), with
I'; given for x € R and A € Ry by

Ty (2) = T1(C, D, o, z) = (‘/’5(“””) 0 ) + (‘50(@ 0 >§§D(o) ,

0 50:1(‘%) 0 55*1(‘%)
Io(N) =9(C, D, a, \) == SSP(N) (8.5)
_ _ (wo(@) 0 o(x) 0 \g
a(e) = Ta(CDaa) = (P07 0 Y (B0 ) B0

P4()\) = F4(C,D,OL, )\) =

Clearly, I'y(-) and T's(-) are continuous functions on [—oo,c0] with values
in U2(C), and T'a(-) and I'4(-) are continuous functions on [0, co] with values in
U>(C). By mimicking the approach of Section 2, one sets 0 = By U By U B3 U By
with By = {0} X [—o0, +0], B = [0,4+00] X {+00}, By = {+o0} x [—00, 4],
and By = [0, +0c] x {—o00}, and observes that the function TSP = (T'y, T2, T'3,Ty4)
belongs to C' (D; L{Q(C)) As a consequence, the winding number Wind (I‘SD ) based
on the map

03¢ det[TSP(€)] €T

is well defined, and our aim is to relate it to the spectral properties of HSP.
The following statement is our Levinson-type theorem for this model:

Theorem 8.4. For any o € (0,1) and any admissible pair (C, D) one has
Wind (T'SP) = #0,(HSP).

The proof of this equality can be obtained by a case-by-case study. It is
a rather long computation which has been performed in [41, Sec. III] and we
shall only recall the detailed results. Note that one has to calculate separately
the contribution to the winding number from the functions I'y, I's and I's, the
contribution of I'y being always trivial. Below, the contribution to the winding of
the function I'; will be denoted by w;(I'$P). Let us also stress that due to (8.5) the
contribution of I'; corresponds to the contribution of the scattering operator. It
will be rather clear that a naive approach of Levinson’s theorem involving only the
contribution of the scattering operator would lead to a completely wrong result.

We now list the results for the individual contributions. They clearly depend
on a, C and D. The various cases have been divided into subfamilies.

Conditions ‘ #op( HCD ‘ wn ( I‘CD ‘ wa ( I‘CD ‘ w3 I‘CD ‘ Wind I‘CD ‘
p=o | o | o | o | o | o |
c=0 | o | -1 | o | 1 | o |
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Now, if det(D) # 0 and det(C) # 0, we set E := D™'C' =: (ejx)? -, and

obtains:

Conditions

er1eaz > 0, tr(E) > 0, det(F)
(E) >0, det(E)
ez > 0, tr(E) <0, det(E)
ez > 0, tr(E) <0, det(E)
e11 = ez = 0,det(E) <0

er1egr > 0, tr

e11e9 <0

e e e i =)

#UP(H(?D)
cD

w1 (F

)

(03

o o o o o o

w (PSP

o O O = O

ws(P§P

e e e T

)

CD
%

Wind(T

e T e N B e

If det(D) # 0, det(C') = 0 and if we still set E:= D~'C one has:

Conditions

e11 =0,tr(E) >0

er1ean # 0,tr(E) >0, < 1/2
e11 > 0,tr(E) <0

e11e22 # 0,tr(E) < 0,0 < 1/2
€29 = 0,tr(E) >0

e ez # 0,tr(E) >0, > 1/2
€22 =0,tr(E) <0

e11e22 # 0,tr(E) < 0,0 > 1/2
e11e22 # 0,tr(E) > 0,0 =1/2
er1ean # 0,tr(E) < 0,a=1/2

#JP(HED)

= O = = O O = = O O

a—1
a—1
a—1
a—1
-1/2
-1/2

)
)

w2 (FgD

a—1

l1-«a
11—«
-1/2

1/2

ws (PSP

G VA VU S U S O Y

&)

Wind(T'

= O RBR Pk O O = = O O

On the other hand, if dim[Ker(D)] = 1, let us define the identification map
I:C — C? with Ran(I) = Ker(D)*. We then set

(:=(DI)"'Cr:c—=cC

(8.6)

which is in fact a real number because of the condition of admissibility for the pair

(C, D).
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In the special case & = 1/2 one has:

Conditions ‘ #o,(HSP) ‘ wy (IEP) ‘ wo (TEP) ‘ w3 (TEP) ‘ Wind(I'$P) ‘
eso | o | o | cu2 | o2 | 0|
(=0 | o | 2| o | 12 | o |
e<o |1 | o | a2 |2 |1

If dim[Ker(D)] = 1, a < 1/2 and if *(p1, p2) € Ker(D) with p? + p3 = 1 one
obtains with ¢ defined in (8.6):

Conditions ‘ #o,(HSP) ‘ w (TSP) ‘ wo(I'EP) ‘ w3 (TSP) ‘ Wind(I'$P) ‘

{<0,p1 #0 1 0 @ 1—a 1
{<0,pp=0 1 0 1-—a @ 1
{>0,p1 #0 0 0 a—1 1—a 0
{>0,p1 =0 0 0 -« « 0
{=0,p1p2 #0 0 — 20— 1 1—a 0
{=0,p1 =0 0 —« 0 Q@ 0
£ =0,ps =0 0 a—1 0 1—a 0

Finally, if dim[Ker(D)] = 1, o > 1/2 and !(p1,p2) € Ker(D) with p? + p3 =1
one has with ¢ defined in (8.6):

Conditions ‘ #o,(HSP) ‘ wy (TSP) ‘ wo(I'EP) ‘ w3 (TSP) ‘ Wind(I'$P) ‘

£ <0,p2#0 1 0 1—a @ 1
£ <0,pp=0 1 0 Q@ 11—« 1
{>0,ps #0 0 0 -« « 0
{>0,p2=0 0 0 a—1 1—a 0
{=0,p1p2 #0 0 a—1 1-2« @ 0
{=0,p1 =0 0 —« 0 Q@ 0
{=0,p2=0 0 a—1 0 1—a 0

Once again, by looking at these tables, it clearly appears that singling out
the contribution due to the scattering operator has no meaning. An index theorem
can be obtained only if the three contributions are considered on an equal footing.
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8.3. Cyclic cohomology, n-traces and Connes’ pairing

In this section we extend the framework which led to our abstract Levinson theo-
rem, namely to Theorem 4.4. In fact, this statement can then be seen as a special
case of a more general result. For this part of the manuscript, we refer to [29]
and [12, Sec. ITI], or to the short surveys presented in [33, Sec. 5] and in [34,
Sec. 4 and 5].

Given a complex algebra B and any n € N U {0}, let C{(B) be the set of
(n + 1)-linear functional on B which are cyclic in the sense that any n € CY(B)
satisfies for each wy, ..., w, € B:

(w1, ..., Wy, wo) = (=1)"n(wo, ..., w,) .

Then, let b : C¥(B) — CY™'(B) be the Hochschild coboundary map defined for
W, - - -, Wpt1 € B by

[o7](wo, - - -, Wnt1)
n
= Z(—l)Jn(wo, e WW g, - W) F (—1)”+177(wn+1w0, cey W)
=0

An element n € C}(B) satisfying b = 0 is called a cyclic n-cocyle, and the cyclic
cohomology HC'(B) of B is the cohomology of the complex

0—=CYB) = - —= CR(B) > (B) — ... .

A convenient way of looking at cyclic n-cocycles is in terms of characters of
a graded differential algebra over B. So, let us first recall that a graded differential
algebra (A,d) is a graded algebra A together with a map d : A — A of degree
+1. More precisely, A := &72,A; with each A; an algebra over C satisfying
the property A; Ar C Ajix, and d is a graded derivation satisfying d> = 0.
In particular, the derivation satisfies d(wjws) = (dwy)ws + (—1)4°8W )y, (dwsy),
where deg(w) denotes the degree of the homogeneous element w .

A cycle (A,d, [) of dimension n is a graded differential algebra (A,d), with
A; = 0for j > n, endowed with a linear functional [ : A,, — C satisfying [ dw =0
if we A,_1, and for w; € Aj, w, € A with j +k =n:

/ijk = (—1)jk/wkwj .

Given an algebra B, a cycle of dimension n over B is a cycle (A, d, [) of dimension
n together with a homomorphism p : B — Ap. In the sequel, we will assume that
this map is injective and hence identify B with a subalgebra of 4y (and do not
write p anymore). Now, if wy,...,w, are n + 1 elements of B, one can define the
character n(wo,...,wy,) € C by the formula:

n(wo, ..., wy) = /wo (Qwy) ... (dwy,) . (8.7)

As shown in [12, Prop. I11.1.4], the map 1 : B"™! — C is a cyclic (n + 1)-linear
functional on B satisfying bn = 0, i.e., 1 is a cyclic n-cocycle. Conversely, any
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cyclic n-cocycle arises as the character of a cycle of dimension n over 5. Let us
also mention that a third description of any cyclic n-cocycle is presented in [12,
Sec. II1.1.¢] in terms of the universal graded differential algebra associated with B.

We can now introduce the precise definition of a n-trace over a Banach alge-
bra. Recall that for an algebra B that is not necessarily unital, we denote by BT
the canonical algebra obtained by adding a unit to B.

Definition 8.5. A n-trace on a Banach algebra B is the character of a cycle (A, d, [)

of dimension n over a dense subalgebra B’ of B such that for all wy,...,w, € B’
and any z1,...,z, € (B')T there exists a constant ¢ = c¢(w1, . .., w,) such that
/(xldwl) coc(@pdwy)| < x|zl -

Remark 8.6. Typically, the elements of B’ are suitably smooth elements of B on
which the derivation d is well defined and for which the r.h.s. of (8.7) is also
well defined. However, the action of the n-trace n can sometimes be extended to
more general elements (wo, ..., w,) € B"™! by a suitable reinterpretation of the
Lh.s. of (8.7).

The importance of n-traces relies on their duality relation with K-groups.
Recall first that M,(B) = B ® M,(C) and that tr denotes the standard trace on
matrices. Now, let B be a C*-algebra and let 7, be a n-trace on B with n € N
even. If B’ is the dense subalgebra of B mentioned in Definition 8.5 and if p is a
projection in M, (B’), then one sets

<nnap> =Cp [nn#tr] (pa s 7p)a

where # denotes the cup product. Similarly, if B is a unital C*-algebra and if 7,
is a normalized n-trace with n € N odd, then for any unitary u in M,(B’) one sets

My u) 1= Cp [MuFEtr](u® u,u®y .o u)

the entries on the r.h.s. alternating between u and »*. The constants c,, are given by
1 1 1 1

@mi)k kU TN T (mik 22k (- Ly L

2 2
These relations are referred to as Connes’ pairing between K-theory and
cyclic cohomology of B because of the following property, see [12, Sec. III] for
precise statements and for the proofs: In the above framework, the values (1, p)
and (n,,u) depend only on the Ky-class [p]o of p and on the K;-class [u]; of u,
respectively.
We now illustrate these notions by revisiting Example 4.1.

Cok = (8.8)

Example 8.7. If B = K(H), the algebra of compact operators on a Hilbert space H,
then the linear functional [ on B is given by the usual trace Tr on the set i (H)
of trace class elements of /C(#H). Furthermore, since any projection p € K(H) is
trace class, it follows that (ng,p) = (Tr,p) is well defined for any such p and that
this expression gives the dimension of the projection p.
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For the next example, let us recall that det denotes the usual determinant of
elements of M,(C).

Example 8.8. If B = C(S,C), let us fix B’ := C1(S, C). We parameterize S by the
real numbers modulo 27 using € as local coordinate. As usual, for any w € B’
(which corresponds to a homogeneous element of degree 0), one sets [dw]() :=
w'(0) df (which is now a homogeneous element of degree 1). Furthermore, we

define the graded trace [v df := 0% v(0) df for an arbitrary element v df of
degree 1. This defines the 1-trace ;. A unitary element in u € C* (S,Mq((C)) =

My (C*(S;C)) pairs as follows

2w
() = e el () = /0 tr[u(6)"u'(6)]d6

21

2
- / wliu() W @)d6 . (8.9)
27 Jo
But this quantity has already been encountered at several places in this text and
corresponds to analytic expression for the computation of (minus)® the wind-
ing number of the map 6 +— det[u(6)]. Since this quantity is of topological na-
ture, it only requires that the map 6 — u(f) is continuous. Altogether, one has
thus obtained that the pairing (11, u) in (8.9) is nothing but the computation of
(minus) the winding number of the map det[u] : S — T, valid for any unitary
u € C(S, My4(C)). In other words, one has obtained that (;,u) = —Wind(u).

8.4. Dual boundary maps

We have seen that an n-trace 7 over B gives rise to a functional on K;(B) for i =0
ori =1, i.e., the map (), -) is an element of Hom (K;(B), C). In that sense n-traces
are dual to the elements of the K-groups. An important question is whether this
dual relation is functorial in the sense that morphisms between the K-groups of
different algebras yield dual morphisms on higher traces. Here we are in particular
interested in a map on higher traces which is dual to the index map, i.e., a map
# which assigns to an even trace 1 an odd trace #n such that

(n,ind(")) = (#n, ). (8.10)

This situation gives rise to equalities between two numerical topological invariants.
Such an approach for relating two topological invariants has already been
used at few occasions. For example, our abstract Levinson theorem (Theorem
4.4) corresponds to a equality of the form (8.10) for a O-trace and a 1-trace. In
addition, in the following section we shall develop such an equality for a 2-trace
and a 3-trace. On the other hand, let us mention that similar equalities have also
been developed for the exponential map in (8.10) instead of the index map. In
this framework, an equality involving a O-trace and a 1-trace has been put into

8Unfortunately, due to our convention for the computation of the winding number, the expres-
sions computed with the constants provided in (8.8) differ from our expressions by a minus
sign.
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evidence in [28]. It gives rise to a relation between the pressure on the boundary
of a quantum system and the integrated density of states. Similarly, a relation
involving 2-trace and a 1-trace was involved in the proof of the equality between
the bulk-Hall conductivity and the conductivity of the current along the edge of
the sample, see [33, 34].

8.5. Higher degree Levinson theorem

In order to derive a higher degree Levinson theorem, let us first introduce the
algebraic framework which will lead to a much shorter new proof of Theorem
8.4. The construction is similar to the one already proposed in Section 6.2 for
Schrédinger operators on R3.

We recall from Section 8.1 that H denotes the Hilbert space L?(R?), that
Hint has been introduced in (8.3), and let us set h := L*(S). We also denote by
Zo + H — L2(Ry;h) the usual spectral representation of the Laplace operator
Hy = —A in H. Then, we can define

€= {F; [Ew.a) @ K(0)] Fo} ., € B(Hint) = B(Hy) ® Ma(C).

Clearly, £ is made of continuous functions of Hy having limits at 0 and +oo, and
of continuous function of the generator A of dilations in L?(R?) having limits at
—o0 and at +00. One can then consider the short exact sequence

0 = K(Hint) = € L C(0; M2(C)) — 0,

and infer the following result directly from the construction presented in Section
4. Note that this result corresponds to [29, Thm. 13] and provides an alternative
proof for Theorem 8.4.

Theorem 8.9. For any o € (0,1) and any admissible pair (C, D), one has
VV,CD|7-[int eé.
) =T ¢ C(D;UQ((C)) and the following equality holds
Wind (TSP = #0,(HSP).

int

Furthermore, q(WEP |y

Let us stress that the previous statement corresponds to a pointwise Levinson
theorem in the sense that it has been obtained for fixed C, D and «. However, it
clearly calls for making these parameters degrees of freedom and thus to include
them into the description of the algebras. In the context of our physical model this
amounts to considering families of self-adjoint extensions of H,. For that purpose
we use the one-to-one parametrization of these extensions with elements U € Uy (C)
introduced in Remark 8.1. We denote the self-adjoint extension corresponding to
U € Us(C) by Hg

So, let us consider a smooth and compact orientable n-dimensional manifold
X without boundary. Subsequently, we will choose for X' a two-dimensional sub-
manifold of Us(C) x (0, 1). Taking continuous functions over X’ we get a new short
exact sequence

0= C(X;K(Hint)) = C(X;E) = C(X;C(0; M3(C))) = 0. (8.11)
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Furthermore, recall that K(Hin¢) is endowed with a 0-trace Tr and the algebra
C(0; M3(C)) with a 1-trace Wind. There is a standard construction in cyclic
cohomology, the cup product, which provides us with a suitable n-trace on the
algebra C'(X,K(Hint)) and a corresponding (n + 1)-trace on the algebra

C(X; C(D;MQ((C))),

see [12, Sec. ITI.1.cr]. We describe it here in terms of cycles.

Recall that any smooth and compact manifold ) of dimension d naturally
defines a structure of a graded differential algebra (Ay,dy), the algebra of its
smooth differential k-forms. If we assume in addition that ) is orientable so that
we can choose a global volume form, then the linear form fy can be defined by
integrating the d-forms over ). In that case, the algebra C()) is naturally endowed
with the d-trace defined by the character of the cycle (Ay,dy, fy) of dimension d
over the dense subalgebra C*()).

For the algebra C(X;IC(HW)), let us denote by Ki(Hint) the trace class
elements of JC(Hin¢). Then, the natural graded differential algebra associated with
C> (X, K1(Hint)) is given by (Ax @ Ki(Hint), du).

The resulting n-trace on C' (X ;K(Hint)) is then defined by the character of
the cycle (Ax @K1 (Hine), dx, [, @Tr) over the dense subalgebra C> (X, K1 (Hmt))
of C'(X; K(Hint)). We denote it by 7.

For the second algebra, let us observe that

C(X;0(0; My(C))) = C(X x S; Ms(C)) = C(X x S) @ My(C).

Since X x S is a compact orientable manifold without boundary, the above con-
struction applies also to C (X x S; MQ((C)). More precisely, the exterior derivation
on X x § is the sum of dy and ds (the latter was denoted simply by d in Ex-
ample 8.8). Furthermore, we consider the natural volume form on X x S. Note
because of the factor My(C) the graded trace of the cycle involves the usual
matrix trace tr. Thus the resulting (n + 1)-trace is the character of the cycle
(Axxs ® M2(C),dx +ds, [, s ®tr). We denote it by #nx.

Having these constructions at our disposal we can now state the main re-
sult of this section. For the statement, we use the one-to-one parametrization of
the extensions HY of H, introduced in Remark 8.1. We also consider a family
{WEJ’O‘}(U’Q)GX C B(Hin), with WY := W_(HY | Hy), parameterized by some
compact orientable and boundaryless submanifold X’ of Uz (C) x (0, 1). This family
defines several maps, namely

W_:X3Ua)—»Wiecg

as well as
:X53 (U ) —IT5* € 0(0; Ma(0)),

with Fg’a = q(VViJ’O‘)7 and also

E,: X3 (U,a) — E,(HY).
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Theorem 8.10 (Higher degree Levinson theorem). Let X' be a smooth, compact
and orientable n-dimensional submanifold of Us(C) x (0, 1) without boundary. Let
us assume that the map W_ : X — & is continuous. Then the maps I' and E, are
continuous, and the following equality holds:

ind[[']y = —[Eplo

where ind is the index map from the Ki-group of the algebra C(X; C(D; Mg(@)))
to the Ko-group of the algebra C(X' IC(’HM)). Furthermore, the numerical equality

(#nx,[Th) = —(nx, [Eplo) (8.12)
also holds.

The proof of this statement is provided in [29, Thm. 15] and is based on the
earlier work [33]. Let us point out that r.h.s. of (8.12) corresponds to the Chern
number of the vector bundle given by the eigenvectors of HY. On the other hand,
the Lh.s. corresponds to a (n + 1)-trace applied to I" which is constructed from
the scattering theory for the operator HY . For these reasons, such an equality has
been named a higher degree Levinson theorem. In the next section we illustrate
this equality by a special choice of the manifold X.

8.5.1. A non-trivial example. Let us now choose a 2-dimensional manifold X and
show that the previous relation between the corresponding 2-trace and 3-trace is
not trivial. More precisely, we shall choose a manifold X such that the r.h.s. of
(8.12) is not equal to 0.

For that purpose, let us fix two complex numbers A1, Ao of modulus 1 with
ImA; < 0 < ImAy and consider the set X' C Us(C) defined by:

X = {V<o Az)V*|V€UQ(C)}

Clearly, X is a two-dimensional smooth and compact manifold without boundary,
which can be parameterized by
p€0,1] }
and .
¢€[0,2)

_ P*A1+ (1= p*)Ao p(1 = p*) /2 e (N = A2)
t- { (P(l )
(8.13)

PP e (A = Xa) (1= p*)A1 +p* Ao
Note that the (0, ¢)-parametrization of X is complete in the sense that it covers all
the manifold injectively away from a subset of codimension 1, but it has coordinate
singularities at p € {0, 1}.

By [41, Lem. 16], for each U = U(p,¢) € X the operator HY has a single
negative eigenvalue. It follows that the projection E,(HY) is non-trivial for any
a € (0,1) and any U € X, and thus the expression <7)X, [Ep]0> can be computed.
This rather lengthy computation has been performed in [29, Sec. V.D] and it turns
out that the following result has been found for this example:

<77X7 [EP]0> =1

As a corollary of Theorem 8.10 one can then deduce that:
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Proposition 8.11. Let A1, Ao be two complex numbers of modulus 1 with Im\; <
0 < ImAy and consider the set X C Us(C) defined by (8.13). Then the map W_ :
X — & is continuous and the following equality holds:

1

o /thr[r* (dexcT) A (daexoT*) A (dancl)] = 1.

9. Appendix
9.1. The baby model

In this section, we provide the proofs on the baby model which have not been
presented in Section 2. The notations are directly borrowed from this section, but
we shall mainly review, modify and extend some results obtained in [57, Sec. 3.1].

First of all, it is shown in [57, Sec. 3.1] that the wave operators W exist and
are asymptotically complete. Furthermore, rather explicit expressions for them
are proposed in [57, Eq. 3.1.15]. Let us also mention that an expression for the
scattering operator S is given in [57, Sec. 3.1], namely

o+ i\/HD
o — i\/HD .
In the following lemma we derive new expressions for the wave operators.

They involve the scattering operator S% as well as the Fourier sine and cosine
transforms .Z; and %, defined for z,k € Ry and any f € C.(R;) C L2(Ry) by

5 =

210 = (2/m) 2 [ sinke) ) 9.1)
0

[Z.fl(k) = (2/7r)1/2/ cos(kx) f(x)da. (9.2)
0

Lemma 9.1. The following equalities hold:
W =1+ 1(1—-iF; Z)[5* - 1],
W =1+ 3(1+iZrF)[(SY)" - 1].

Proof. We use the notations of [57, Sec. 3.1] without further explanations. For
W<, it follows from [57, Eq. 3.1.15 & 3.1.20] that

W = iPF*F, = L(2F_P) Z, = L (Il; — S*I1_)" %,
=3 (2%F 4T - ST) F = 5 (=207 —I" (S — 1)) %
=1— " F,(5* —1).
Thus, one obtains
We=1-(Fr+iF;)F[S* 1] =1+ ; (1 —iF; F)[SY - 1].

A similar computation leads to the mentioned result for W¢. g
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Now, we provide another expression for the operator —i.#.%;. For that pur-
pose, let A denote the generator of dilations in L*(R, ).

Lemma 9.2. The following equality holds
—i.F} Fs = tanh(1A) — i cosh(mA) L.

Proof. This proof is inspired by the proof of [31, Lem. 3]. Let us first define for
x,y € Ry and € > 0 the kernel of the operator I, by

ety w—y
(x+y)2+e2 (z—y)?+e?

I(z,y) == (1/7)

Then, an easy computation shows that I (z,y) = (2/7) [, cos(zz) sin(yz) e~* dz,
and an application of the theorems of Fubini and Lebesgue for f € C.(Ry) leads
to the equality

lim I, f = F. Fsf.

E}E}é of c sf

Now, by comparing the expression for [I. f](z) with the following expression

el = [ e(n () (0) .

X

valid for any essentially bounded function ¢ on R whose inverse Fourier transform
is a distribution on R, one obtains that
1 1 1
i) _p
#(5) Vo [cosh(s/2) Vsinh(s/2)} ’
where Pv means principal value. Finally, by using that the Fourier transform of
the distribution s — vainhés/z) is the function —iy/27 tanh(7-) and the one of

S+ %3/2) is the function v/27 cosh(7-) ™!, one obtains that

cosh
¢(A) = cosh(rA)~! +itanh(mA).

By replacing .#}.%, with this expression, one directly obtains the stated result. [

Corollary 9.3. The following equalities hold:

W* =1+ 1(1+ tanh(rA) — icosh(rA)~") [a +ivHp — 1} ,

o — i\//liij
o — i\/]fi) _ 1}

W =1+ }(1 — tanh(rA) —I—iCOSh(WA)_l) [a i/ Hp

9.2. Regularization

Recall that b stands for an arbitrary Hilbert space and that 2/ (h) corresponds to the
set of unitary operators on fj. Let I be a map S — U(h) such that I'(¢) — 1 € KC(h)
for all ¢ € S. For p € N we set K, () for the pth Schatten ideal in /C(h).
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Proof of Lemma 6.11. For simplicity, let us set A(t) := 1 —T'(¢t) for any ¢t € I and
recall from [20, Eq. (XL.2.11)] that det,1 (I'(¢)) = det(1 4+ Rp41(t)) with

Rpi1(t) :=T(t)exp { Z }A(t)j} —1.
j=1

Then, for any ¢,s € I with s # ¢ one has

detp41(T'(s)) _ det(1 + Rpt1(s)) - det [(1+ Rps1()) (1 + Bpya(t, s))]
dety1 (0(¢)  det(1+ Rpa(t)) det(1+ Rpy1(t))
= det(1 4 Bp41(t, s))

with Byy1(t,s) = (1+ Rppa(t)) " (Rps1(s) — Rps1(t)). Note that 1+ Ry (t) is
invertible in B(h) because det, 1 (I'(t)) is non-zero. With these information let us
observe that

detp i1 (F(S‘))*d‘e%ﬂ (T'(2))
s—t

detpir(U(H)  Js—1]
Thus, the statement will be obtained if the limit s — ¢ of this expression exists
and if this limit is equal to the r.h.s. of (6.8).
Now, by taking into account the asymptotic development of det(1 + £X) for
¢ small enough, one obtains that

[det (1 + Bpyi(t,s)) — 1] . (9.3)

. 1 T Bp+1(t,8)
llg}: s — 1] [det(1+ Bypyi(t,s)) — 1] = lgr% tr[ s — 1] (9.4)
) 1 Hpia(s) — Hppa ()
_‘lllgtr[Herl(t) 144p+ |S_t|p+

with Hpy1(t) == (1—A(t)) exp { E§:1 ;A(t)j }. Furthermore, it is known that the
function h defined for z € C by h(z) := 2~ (1—z)exp { Py ;23} is an entire
function, see for example [54, Lem. 6.1]. Thus, from the equality

Hy (1) = AP (A(D)) (9.5)

and from the hypotheses on A(t) = 1 — I'(¢) it follows that the map I > ¢ —
Hp1(t) € Kq(h) is continuously differentiable in the norm of /Cq (h). Thus, the limit
(9.4) exists, or equivalently the limit (9.3) also exists. Then, an easy computation
using the geometric series leads to the expected result, i.e., the limit in (9.4) is
equal to the r.h.s. of (6.8).

Finally, for the last statement of the lemma, it is enough to observe from
(9.5) that the map I > ¢ — Hy(t) € K1(h) is continuously differentiable in the
norm of £y () if the map I 3¢t — I'(t) — 1 € K,(h) is continuously differentiable in
the norm of /C,, (). Thus the entire proof holds already for p instead of p+1. O

Proof of Lemma 6.12. Let us denote by Sy the open subset of S (with full measure)
such that Sg 3 t — I'(t) € K(h) is continuously differentiable. One first observes



200 S. Richard

that for any t € Sp and ¢ > p one has
M,y(t) = tr[(1 - T())T()T'(t)]
_ tr[(l — D)) T () = T(8) (1 — r(t))“r(t)*r'(t)}

= My (t) — te[(1-T() "' (1)]
where the unitarity of I'(¢) has been used in the third equality. Thus the state-
ment will be proved by reiteration if one shows that the map Sg 3 ¢ — tr[(l —
I‘(t))qilf’(t)] € K(h) is integrable, with
/ tr[(1—T)"'T'(8)]dt = 0. (9.6)
So

For that purpose, let us set for simplicity A(t) := 1 — I'(¢) and observe that
for t, s in the same arc of S¢ and with s # ¢ one has

tr[A(s)7] — tr[A(t)7) = tr[A(s)? — A(t)7] = tr [Pq,l (A(s), A(t)) (A(s) — A(t))}

where P,_; (A(s), A(t)) is a polynomial of degree ¢— 1 in the two non commutative
variables A(s) and A(t). Note that we were able to use the cyclicity because of the
assumptions ¢ — 1 > p and A(t) € KCp(h) for all ¢ € S. Now, let us observe that

o ! ) [Pa-1(A(s), A(D) (Als) = AW)] = [P (A@), A®) A1) ‘
<52 xR () a) = Py, )|
HA(T; : ;T(t) _ A’(t)H ‘tr[qu(A(t),A(t))H )

By assumptions, both terms vanish as s — t. Furthermore, one observes that
P,1(A(t), A(t)) = qA(t)7~ 1. Collecting these expressions one has shown that

o A7 = A1

s—t |5 —t|

—qt[A@)TT A ()] =0,

or in simpler terms ;(tr[A(jq])/(t) = tr[A(t)7 1 A’(t)]. By inserting this equality
into (9.6) and by taking the continuity of S 5 ¢ + I'(t) into account, one directly
obtains that this integral is equal to 0, as expected. g
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Counting Function of Magnetic Eigenvalues
for Non-definite Sign Perturbations

Diomba Sambou

Abstract. We consider the perturbed operator H (b, V') := H(b,0) 4+ V, where
H (b,0) is the 3d Hamiltonian of Pauli with non-constant magnetic field, and
V' is a non-definite sign electric potential decaying exponentially with respect
to the variable along the magnetic field. We prove that the only resonances of
H(b,V) near the low ground state zero of H(b,0) are its eigenvalues and are
concentrated in the semi axis (—oo,0). Further, we establish new asymptotic
expansions, upper and lower bounds on their number near zero.
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1. Introduction

In this article, we consider a three-dimensional Pauli operator H (b, V) = H(b,0)+
V acting in L?(R3) := L?(R?,C?). It describes a quantum non-relativistic spin-
% particle, subject to an electric potential V' and a non-constant magnetic field
B : R? — R? of constant direction. With no loss of generality, we may assume that
the magnetic field has the form

B(z1,22,23) = (0,0,b(x1,22)). (1.1)
Throughout this paper, b : R?> — R will be assumed to be an admissible

magnetic field. That is, there exists a constant by > 0 satisfying b(z1,z2) = by +
b(z1,x2), where b is a function such that the Poisson equation

Ap=0b, A:=07+02 (1.2)

This research is partially supported by the Chilean Program ICM - Nucleo Milenio de Fisica
Matemdtica RC120002. T am grateful to J.F. Bony for suggesting me this study and the exploita-
tion of the reduction (4.2). I thank the anonymous referee for careful reading the manuscript and
helpful remarks.
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admits a solution ¢ € C?(R?) verifying SUP (4, zp)er2 | DYP(T1,72)] < 00, a € N2,
|| < 2, (we refer for instance to [25, Section 2.1] for more details on admissible
magnetic ﬁelds). Notice that b = 0 coincides with the constant magnetic field case.

Let A = (Ay, 43, 43) : R? — R? be a magnetic potential generating the
magnetic field B. That is,

B(X)=cwlA(X), X=(X.,23)€R’ X, =(z1,20) €R” (1.3)
The self-adjoint unperturbed Pauli operator H(b,0) is defined originally on
C5°(R?,C?) by
_ ((=iV—=AZ - 0
H(,0) "( 0 (—iV —A2+b)
and then closed in L?(R?®). Since b is independent of z3, then with no loss of
generality, we may assume that A;, j = 1, 2, are independent of x3 and Az = 0.

Set wo(X 1) := bo|X 1 |*/4 and ¢ := ¢y + @, so that we have Ay = b. Introduce
the operators

(1.4)

a=a(b):= —2ie” ¥ 862690 and a* =a*(b) := —2ie¥ aze*‘p, (1.5)

originally defined on C§°(R?,C), where z := x1 + izy and Z := x1 — izs. Define
the operators
Hy(b) :=a"a and Hy(b) := aa™. (1.6)
By choosing A1 = —0a¢ and Ay = 01, the operator H (b, 0) can be rewritten
in L2(R?) = L*(R?) ® L?(R) as
H(b,0) = Hi(b)®1+1® (—03) 0 _ (M) 0
’ 0 Hyb)@1l+1®(—03)) "\ 0 Ha(b))’
(1.7)
where —03 is originally defined on C§°(R, C). From [24, Proposition 1.1], we know
that the spectra sp (H;) of H;, j = 1, 2, satisfy the following properties:
sp(Hy1) C {0} U[¢, +00) with 0 an eigenvalue of infinite multiplicity,
sp (Hz) C [¢, +00),

where

(1.8)

¢ = 2bpe 29%¢¥ > 0, (1.9)
with osc 1= supy cg2 (X 1) — infx, epe $(X 1 ). Since the spectrum of the op-
erator —03 coincides with [0, 4+0c) and is absolutely continuous, then (1.7) and

(1.8) imply that this of H(b,0) is equal to [0,400) and is absolutely continuous
(see [25, Corollary 2.2]).

Remark. It is well known (see, e.g., [12]) in the constant magnetic field case, the
spectrum of H; consists of the Landau levels 2bgN. Further, the multiplicity of each
eigenvalue 2bgq, ¢ € N, is infinite. In particular, this implies that the spectrum of
H, consists of the Landau levels 2bgN*. Further, { = 2by.
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On the domain of the operator H (b, 0), we introduce the perturbed operator
H(b,V)=H(b,0)+V, (1.10)

where we identify V' with the multiplication operator by the function V.

In [29], we investigated the resonances (see Definition 4.1 below) of the oper-
ator H(b, V) near zero. We required V' = {Vj, }1<j k<2 to be a hermitian matrix-
valued electric potential satisfying

Vir(X)] < C(X 1) e 20 my >0, 6>0, (1.11)

where (u) := /14 [u]?, u € RY, d > 1. For V of definite sign, we obtained in
[29, Theorem 2.2] an asymptotic expansion of the number of resonances near zero.
Further, we showed that they are concentrated in some sector. For V of non-
definite sign, we obtained in [29, Theorem 2.1] an upper bound of the number of
resonances near zero without their localization.

The aim of this paper is to study the same problem by considering the class
of anti-diagonal matrix-valued electric potentials

V(X):= (U(OX) U(OX)>, X eR® UX)eC, (1.12)

where the function U satisfies the estimate
UX)| < C(X, ) ™mre 2@ ;) >0, §>0, (1.13)
with C' > 0 a constant.

Remark. Notice that potentials V' satisfying (1.12) are of non-definite sign. Indeed,
its eigenvalues are £|U(X)].

Novelty in this paper is that we prove the only resonances of H (b, V') near
zero are its eigenvalues. Further, they are localized in the semi axis (—o0,0). We
give new estimates on the number of negative eigenvalues of H (b, V) near zero.
In particular, they show that the behaviour of magnetic eigenvalues for unsigned
perturbations is different from that for signed perturbations. The crucial tool is
that we exploit the form (1.12) of V in such a way we reduce the analysis of
the resonances of H(b,V) near z = 0 to that of the semi-effective Hamiltonian
Hy—U(Hy — z)ilU (see Section 4).

The paper is organized in the following manner. Our main results (Theo-
rems 2.1 and 2.2) are stated in Section 2. In Section 3, we recall auxiliary results
on Toeplitz operators and characteristic values of meromorphic operator-valued
functions. In Section 4, we reduce the analysis of the resonances near zero to a
characteristic value problem. Section 5 is devoted to the proofs of Theorems 2.1
and 2.2.
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2. Statement of the main results

In order to formulate our main results, some notations are needed. For T" a linear
compact self-adjoint operator in a Hilbert space, we denote

ny (s, T) :=rank P ooy (T), s> 0, (2.1)
where P, (7)) is the orthogonal projection of T in the interval (s, 00). The set
of negative eigenvalues of the operator H (b, V) is denoted spgs. (H (b, V)), namely
its discrete spectrum. The orthogonal projection onto Ker H;(b) defined by (1.6)
is denoted p := p(b). The corresponding orthogonal projection in the constant
magnetic field case will be denoted pg := p(bp).

For a bounded operator # € £ (L?(R?)), we define on L?(R?) the operator
W (%) by

(W(B)f)(X1) = |

2

Clearly, if I denotes the identity on L?(R?), then W (I) is the multiplication
operator by the function

/RU(Xl,xg),@(Uf)(XL,xg)dxg, X, €R2 (2.2)

1
X, [P ades. (2.3)
R

The function (2.3) will be denoted W (I) again. Let Hz be the operator defined
by (1.7). If U satisfies (1.13), then [25, Lemma 2.4] implies that the positive self-
adjoint operators pW (I)p and pW(Hgl)p are compact on L?(R?).

We are thus led to our first main result, where the resonances are defined in
Definition 4.1 below.

Theorem 2.1. Assume that (1.12) and (1.13) hold for V and U respectively. Then,
there exists a discrete set £ C R* such that for any v € R* \ &, the operator
H(b,vV) has the following properties:

(i) Localization: near zero, the resonances are its negative eigenvalues.
ii) Asymptotic: suppose that ny(r,p p) — +oo, r . en, there
ii) Asymptoti that ny (r,pW (Hy' 0. Then, th

exists a sequence (r¢)e tending to 0 such that

#Ddise (H(b7 VV)) N ( — 00, —r?) =n4 (rg,pW(Hgl)p) (1 + 0(1)), ! — 0.
(2.4)
(iii) Upper-bound: let I be the identity on L?(R3). If W(I) < U, with U, satis-
fying the assumptions of Lemma 3.1, then

#Spdisc(H(bv I/V)) N ( — 00, _TQ) S ny (Ta szW(I)p> (1 + 0(1))a T \( 0. (25)

Remarks. Notice that in virtue of Lemma 3.1, the right-hand side of (2.5) im-
plies that the number of negative eigenvalues of H(b,vV) near zero is of order
O(ril/"ﬂ), r ¢ 0. This order is better than the order O(T*Q/"u) obtained in
[29] for general perturbations V satisfying (1.11). Otherwise, if the function U, is
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Imk

Resonances

Rek

FIGURE 1. Resonances near 0 with respect to the variable k: For r < 1,
the only resonances z(k) = k% of H(b,0) + V near zero are its negative
eigenvalues and they satisfy k € i]0, +00).

compactly supported, then (2.5) and [25, Lemma 3.4] imply that the number of
negative eigenvalues of H (b, V) near zero is of order O((In|Inr|)~*|Inr|), r \, 0,
which is similar to that from [29].

In the constant magnetic field case B = (0,0, bg), we obtain, in additional, a
lower bound of the number of negative eigenvalues near zero.

Before stating our result, some additional notations are needed. If the func-
tion U satisfies U(X | ,x3) = UL (X1 )U(x3), where U, and U are not necessarily
real functions, we define

(0% +200) " UU)

K1 = 9 5 (26)

and

r o\ 2 . )
Ty ((Kl) ,POUJ_P0> =ng (Kl, (poUlpo) pOUJ_p0> . (2.7)

Theorem 2.2 (Lower bound). Let the magnetic field B be constant. Assume that
(1.12) and (1.13) hold for V and U respectively. Then, there exists a discrete set
E C R* such that for any v € R*\ &, the following holds:

Suppose that U(X | ,x3) = UL (X1 )U(x3). If we have

1

Ty ((Igl) 2 ,poULp0> =o(r)(1+0(1)), 70,
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where the function ¢(r) is as in Lemma 3.5, then

1
2

7P0ULP0> (1+o0(1)), r\0.
(2.8)

#Spdisc (H(bv I/V)) N ( — 00, _TQ) 2 = <<I:v )
1
In particular, if Uy > 0 and satisfies the assumptions of Lemma 3.1, then

1
#spdisc(H(b, VV)) N ( — 00, —r2) >ny ((f;) ’ ,poULp()) (1 + 0(1)), 7\ 0.
(2.9)
Remarks. Notice that estimates (2.9) and (2.5) imply, in the constant magnetic
field case, the number of negative eigenvalues of (H (b, I/V)) near 0 is such that
C'mLKll/er_l/mL (1 + 0(1))
< #8pgise (H (b, vV)) N (= o0, —r2) (2.10)
< Co K™= Vme (14 0(1)), 7 \,0,

where (), is the constant defined in Lemma 3.1, and
Ky = (4b0)71/ |U({E3)|2d£€3 (211)
R

It is easy to check that K; < Ks5. On the other hand, the lower bound in
(2.10) implies that the negative eigenvalues of H (b, V') accumulate to zero. One
can compare (2.10) with the results of [25] on the asymptotic of the counting
function of the eigenvalues of H(b, V) near zero, when V = {Vjz}1<j k<2 has a
fixed sign. Indeed, in [25, Corollary 3.6], the author shows that if the coefficients
of the potential V' > 0 satisfy

VX0l =0(X)™), 1< ik<2,

for some v > 3, then the behaviour near zero of the counting function of the
negative eigenvalues of H (b, V) is of order

O(r=/=U) (1 +0(1)), 7\,0.

In particular, this shows that the behaviour of eigenvalues for unsigned per-
turbations is different from that for signed perturbations.

3. Auxiliary results

3.1. Some results on Berezin-Toeplitz operators by Raikov [25], [22]

Consider U, € L>*(R?). The asymptotic eigenvalues of the Berezin-Toeplitz op-
erator pUp is the subject of the next lemma. An integrated density of states (IDS)
for the operator H; = H;(b) is defined as follows. For X | € R?, let xr x, be the

characteristic function of the square X, + (—g, 5)2 with 7' > 0. Denote P;(H;)
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the spectral projection of Hj in the interval I C R. A non-increasing function
g:R —[0,00) is called an IDS for H; if it satisfies for any X, € R?

g(t) = lim_ T2 Tr [x7,x, P(oory(H1)x1,x, |

for each point ¢ of continuity of g (see, e.g., [25]). If the magnetic field is constant,
then there exists naturally an IDS for the operator H; given by

bo
9 = 5 q;m (t=2bog), tER,

where yr, is the characteristic function of R ..

Lemma 3.1 ([22, Theorem 2.6]). Consider U, € C'(R?) such that
0< UJ_(XJ_) < Cl<XJ_>7a, |VUJ_(XJ_)| < 01<XJ_>7(171, X, € RQ,

where o > 0 and C1; > 0. Assume that

e UL(X1)=uo(X /IX X1 |7*(140(1)) as | X 1| — oo, where ug is a

continuous function on S' which does not vanish identically,

e b is an admissible magnetic field,

o there exists an IDS g for the operator Hy(b).
Then we have

n4(s,pULp) = Cas™ (L +0(1)), s \,0,
where .
Cypi= ° £/ dt. 3.1
[ w (31)

3.2. Results on characteristic values by Bony—Bruneau—Raikov [7]
Let 2 be a separable Hilbert space. We denote S () (resp. GL(J)) the set
of compact (resp. invertible) linear operators acting in 7.

Let D C C be a connected open set, Z C D be a discrete and closed subset,
A: D\Z — GL(S) be a finite meromorphic operator-valued function (see, e.g.,
[7, Definition 2.1]) and Fredholm at each point of Z. The index of A, with respect
to a positive oriented contour 7, is defined by

L 1 / —1 o 1 —1 47
Ind, A := 2mTr[yA (2)A(z)""dz = QiﬂTrAA(Z) A'(z)dz. (3.2)

Here, the operator A does not vanish on the integration contour ~. Let D be
a domain of C containing 0. Consider a holomorphic operator-valued function
T:D — Seo(). For a domain Q C D\ {0}, a complex number z € 2 is said
to be a characteristic value of z — T (z) =1 — T(ZZ) if the operator .7 (z) is not
invertible. The multiplicity of a characteristic value zq is defined by

mult(zo) := Ind, (I — 7(-)), (3.3)

where 7 is a small contour positively oriented, containing zo as the unique point
z satistying .7 (z) is not invertible.
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Define

T
Z(Q) = {z eN:I— iz) is not invertible} .

If there exists zg € € such that I — T(ZZO) is not invertible, then Z(2) is a discrete
set (see, e.g., [15, Proposition 4.1.4]). So we define

N(Q) :=#Z(Q).
Assume that T'(0) is self-adjoint. Introduce € C\ {0} and the sector
Cala,d) ={x+iyeC:a<z<b —ar<y<azr}, (3.4)

with @ > 0 tending to 0 and b > 0. Let
n(A) :=Tr 1o(T(0))

be the number of eigenvalues of the operator T(0) lying in the interval A C R*,
and counted with their multiplicity. Denote IIy the orthogonal projection onto
KerT(0).

Lemma 3.2 ([7, Corollary 3.4]). Let T be as above and I —T'(0)Ily be invertible.
Assume that Q € C\ {0} is a bounded domain with smooth boundary 02 which is
transverse to the real axis at each point of 0Q NR.
i) If QNR = 0, then N(sQ) = 0 for s small enough. This implies that the
characteristic values z € Z(D) near 0 satisfy |Im z| = o(|z]).
(ii) Moreover, if the operator T(0) has a definite sign (£T(0) > 0), then the
characteristic values z near 0 satisfy +Rez > 0, respectively.
(iii) If T(0) is of finite rank, then there are no characteristic values in a pointed
neighbourhood of 0. Moreover, if the operator T(0)1(g 4o0)(£T(0)) is of fi-
nite rank, then there are no characteristic values in a neighbourhood of 0
intersected with {£Rez > 0}, respectively.

Lemma 3.3 ([7, Theorem 3.7]). Let T be as above and I — T'(0)Ily be invertible.
For a > 0 fized, let Co(r,1) C D be defined as in (3.4). Then, for all 6 > 0 small
enough, there exists s(§) > 0 such that, for all 0 < s < s(5), we have

N(Calr, 1)) = n(fr, 1]) (1 + O(5] In 6[%))
+O(1md?)n([r(1 = 8),7(1 + 6)]) + Os(1),

where the O’s are uniform with respect to s, d but the Os may depend on §.

(3.5)

Lemma 3.4 ([7, Corollary 3.9]). Let the assumptions of Lemma 3.3 hold true.
Assume that there exists v > 0 such that
n([r,1]) =0@™7), r\0,

and that n([r, 1]) grows unboundedly as r \, 0. Then there exists a positive sequence
(re)x tending to 0 such that

N(Cu(ri, 1)) = n([re, 1))(1 + o(1)), k — oo. (3.6)
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Lemma 3.5 ([7, Corollary 3.11]). Let the assumptions of Lemma 3.3 hold true.
Suppose that

n([r,1]) = ®(r)(1+o(1)), r\0,

with ®(r) =r~7, or ®(r) = |Inr|7, or &(r) = (ln|lnr|)71| Inr|, for some v > 0.
Then
N(Ca(r,1)) =@(r)(1+0(1)), r\0. (3.7)

4. Resonances
From here to the end, we assume that V' and U satisfy (1.12) and (1.13) respec-
tively.

4.1. A preliminary property

We establish the main property allowing to reduce the study of the resonances of

H(b,V) near z = 0 to that of the semi-effective Hamiltonian Hy — U (Hz — z)flU.

Let z € C be small enough. We have

(H(b,V) —2) (_(H2 ! 27 (Hy —Oz)‘1>

_ <7—l1 — e —U(Ha—2)"U U(Ha— Z)_1> | (4.1)

0 1
Therefore,
H(b,V) — 2z is invertible < H; — 2z — U(Ha — 2)'U is invertible. (4.2)
Further,

o 1 0
(Hb,V)—2z) = (_(HQ —2)7'U (Ha — z)‘1>

y ((H1 — - U(?;Q —2) W) My — 2= U(Ha — zl)*lU)*lU(H2 - z)1> '
(4.3)

Hence, for z small enough, property (4.2) allows to reduce the non-invertibility of
the operator H(b,V) — z to that of H; —z — U(Ha — 2)"'U.

4.2. Reduction to a semi-effective problem

Consider z lying in the upper half-plane C*. Make the change of variables
z:=z2(k) =k* for k€ (Cf'/2 ={keCt:k*eC'}. (4.4)

Introduce the punctured disk
D(0,6)* == {k€C:0< k| <e}, €<min (5, %C), (4.5)

where the constants ¢ and ¢ are respectively defined by (1.13) and (1.9).
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Proposition 4.1 ([29, Proposition 4.1]). Let R(z) denote the resolvent of the oper-
ator H(b,V'). Then, the operator-valued function

k— (R(z(k)) : e_5<’”3>L2(R3) — e5<’”3>L2(}R3)> ,

admits a meromorphic extension from (C;r/2 ND(0,€e)* to D(0,€e)*. We shall denote

this extension R(z) again.

Definition 4.1. We define the resonances of H (b, V') near zero as the poles of the
meromorphic extension R(z).

Set #(z) = (H1—2—U(Ha — z)’lU)f1 and Ry(2) := (Ha —2) 1. From (4.3) we
deduce that
e @) R(z)e0(@a)
e 9(®8) p(2)e~0ws) —e#3) R(2)U Ry (z)e—0(%s) (4.6)

_ 8z —5(z —0(x3) R, & —5(z3)
e Ry (o) U(z)e0o0) < RO

This together with Proposition 4.1 and assumption (1.13) show that the
poles of R(z) coincide with those of #Z(z). Then, near z = 0, the investigation
of the resonances of H(b,V) is reduced to that of the semi-effective Hamiltonian

Hq — U(Hg — Z)flU.

4.3. Study of the semi-effective problem
With the help of the decomposition

-1
(Ho —2)~ = H;! (1 - zH;l) =1 > AT (4.7)
E>0

z being sufficiently small, we obtain
(o — 2)" L =1, /2 (H;”Q + H;l/QM(z)), (4.8)

where

z)i=2z Z KU (4.9)

k>0
So, (4.8) implies that
U(Hz = 2) 71U = UHy 2 (1 20 + 152 M ()0, (4.10)
Now define the operator
w = H; U (4.11)

Thus, putting together (4.10) and (4.11) we obtain
UMHo—2)7'U=w"(1+M(2))w. (4.12)
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We therefore have proved the following

Lemma 4.1. For z small enough, the operator U(Hs — z)~*U admits the represen-
tation

UMz —2)"'U =w"(1+ M(2))w. (4.13)

Further, the operator-valued function z — M(z) is analytic near z = 0.

Let R1(z) denote the resolvent of the operator H;. Under the notations of
Lemma 4.1, the following lemma holds:

Lemma 4.2. For z small enough, the operator-valued function
DO, )" > k— Ty (2(k)) 1= (1+ M(2(k)) ) Wi (2(k) w",

is analytic with values in So (L*(R?)).

Proof. The analyticity of Ty (z(k)) holds since M (z(k)) and URy(z(k))U are well
defined and analytic for k € D(0,¢)*.

The compactness of Ty (z(k)) follows from that of UR;(2(k))U, using the
diamagnetic inequality and [32, Theorem 2.13]. |

We have the following characterization of the resonances.

Proposition 4.2. For k near zero, the following assertions are equivalent:
(i) z(k) = k? is a resonance of H(b,V),
(ii) 1 is an eigenvalue of Ty (2(k)).

Proof. The equivalence follows directly from the identity
(1 —(1+ M(z))le(z)w*) (I +(1+ M(z))w%(z)w*) =1, (4.14)
and the fact that the poles of R(z) coincide with those of Z(z). O
So, the multiplicity of a resonance z := z(k) is defined by
mult(z) := Ind, (I - Tv (z())), (4.15)

where v is a small positively oriented contour containing k£ as the unique point
satisfying z(k) is a resonance of H(b,V) (see (3.2)).

Using the terminology of characteristic value recalled in Subsection 3.2, Pro-
position 4.2 can be formulated as follows:

Proposition 4.3. For k near zero, the following assertions are equivalent:
(i) z=z(k) is a resonance of H(b, V),
(ii) k is a characteristic value of I — Ty (2(+)).

Further, according to (4.15), the multiplicity of the resonance z(k) coincides with
this of the characteristic value k.
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5. Proof of the main results

First, let us introduce some tools. For p = p(b), set ¢q := I — p. Define on L*(R?)
the projections P := p®1 and Q := ¢q® 1. If z lies in the resolvent set the operator
‘H1, we have

(Hi—2) ' =(H1—2)"'P+(Hi—2)'Q

. (5.1)
=p@R(z)+ (H1—2)"Q,
where the resolvent R(z) := ( — 03 — z)fl admits the integral kernel
N (m5 — a) = ie’V?1%=75l /(24/2), Im+/z > 0. (5.2)

5.1. Proof of Theorem 2.1

5.1.1. Preliminary results. Firstly, we need to split the operator Ty (z(k‘)) of
Lemma 4.2 with the help of (5.1). We get

Tv (2(k)) = wp @ R(E*)w* + M (z(k))wp @ R(k*)w*
(14 M(=(0)) ) whi (2(8)) Qw".

The operators M (z(k)) and Ri(z(k))Q are analytic near zero. Then, it is not
difficult to see that the third term of the right-hand side of (5.3) is holomorphic
near zero, with values in So (L*(R?)). By (5.2), the integral kernel of N(k) :=
e @) R (k?)e%(*3) is given by

(5.3)

eikles —aj]
~(xs) i€ ~3(x4) 5.4
e o © . (5.4)
This together with (4.9) imply that the second term of the right-hand side of (5.3)
is analytic in a vicinity of zero, with values in S (LQ(R3)).
Now let us focus on the first term wp ® R(k?)w*. According to (5.4), we can
write

1
N(k)= | a+b(k), (5.5)
where a : L?(R) — L?(R) is the rank-one operator defined by
a(u) := ;<u,e_5<'>)e_6<”3>, (5.6)
and b(k) is the Hilbert-Schmidt operator (for k € D(0,€)*) with integral kernel
ik|xs—axh| _ 1 ,
e~ 8(wa);® 2]; e 0(@a), (5.7)

Thus,
) 1
wp @ R(k*)w* = ; X 2w(p @T)w* +w(p @ s(k))w", (5.8)
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where 7 and s(k) are operators acting from e~%(*3)L2(R) to e?(*3) L?(R), with
integral kernels respectively given by 1 and

1— eik\zgfa:/3|

2ik (5:9)
We therefore have proved the following
Proposition 5.1. Let k € D(0,¢€)*. Then,
ﬁ(d@):iw@iz%v—+3%x (5.10)
where
B(k) = w(p® s(k))w* + M (z(k))wp @ R(k*)w*
(5.11)

+ (1 + M(z(k;)))le (2(k))Qw*,
is holomorphic in D(0,€) := D(0,€)* U {0}, with values in So (L*(R?)).

Notice that w(p® 7)w* is a positive self-adjoint compact operator. Indeed, if
we define ey as the multiplication operators by the functions ey : x3 — e=0(%3)
it is easy to check that

wp@T)w" =wey(p@cclesw' = ((p® c)e+w*)* (p®@c)esw™). (5.12)

Here, ¢ : L?(R) — C is defined by c(f) := (f,e_), so that ¢* : C — L?(R)
is given by ¢*(\) = Ae_. Now, with the help of (5.12), we deduce that

N4 (7“, W(p@;T)w ) =ny <7“7 (P& clesw 2we+(p®c )> , >0, (5.13)

where the quantity ny(r,-) is defined by (2.1). By the definition (4.11) of w, we
have w*w = UH, "U. This together with sp(Hs) C [¢, +00) imply that
(p®c)eswwey (p®c) pW(I)p
2 ¢ 7
where for # € £ (L*(R?)), W(%) is the operator defined by (2.2). Then, by
combining (5.13) with (5.14) we obtain

- (r’ w(p® T)w*) =y (oW (13 ")p)

2
<ng (r, pWC(I)p> , r>0.

Otherwise, according to Proposition 4.3, the study of the resonances z(k) =
k% of H(b,vV) near zero, is reduced to that of the characteristic values of the
operator

=pW(H;')p < (5.14)

(5.15)

I—Tow(z(k) =1+v? ngk)

Here, taking into account Proposition 5.1, T'(ik) := W(p%T)W* — ikB(k) so
that 7(0) = w(p@;—)w*. Let IIy be the orthogonal projection onto Ker T'(0). Since
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T’(0)IIy is compact, then, there exists a sequence (v ), such that I — VT’(O)HO
is invertible for any v € R\{v,,n € N}. Note that we can take v, = \,;, where
{An,n € N} is the set of eigenvalues of the operator 7"(0)II,.

5.1.2. Back to the proof of Theorem 2.1. Notations are those from Subsection 3.2.

(i) It follows immediately from Lemma 3.2 with z = —ik /2.
(ii) Theorem 2.1 (i) shows, in particular, for |k| small enough the resonances z(k) =
k? are concentrated in the sector {k € D(0,€)* : —ik/v* € Cq(r,m0)}, for any
o > 0. Hence, if Res(H (b, V) denotes the set of resonances of H (b, V'), we have
#{z(k) = k% e Res(H(b,vV)) :r < |k| <70}
= #{z(k) = k* € Res(H(b,vV)) : —ik/v® € Co(r,m0)} + O(1) (5.16)
=N (Ca(r,m0)) + O(1), r\,0.
On the other hand, we have

n([r,70)) = Tr 10y (T(0)) =y <7~, W(p@;)w > + o). (5.17)
This together with the inequality in (5.15) imply that
w
n([r,ro]) < ny ( b C( p ) +0(1).

Then, Theorem 2.1 (ii) follows from (5.16) together with Lemma 3.4, (5.17) and
the equality in (5.15).

(iii) If we have W(I) < U, with U, satisfying the assumptions of Lemma 3.1,
then

n pW( ) _ r —1/m 0 r
+( c )—cm(m (1+0(1), r\0, (5.18)

where m is the constant defined by (1.13). Similarly to the inequality in (5.15),
we can show that

W (I
n([r, TO]) S Tr 1[7’,’)"0] (p é(- )p>
Note that due to (5.18),

i([r,70]) = Crm, (Cr) Y™+ (14 0(1)), 7 \0. (5.20)

Now if ¢(r) =777, 4 >0, then ¢(r(1 £v)) =r /(1 +v)"7 = ¢(r)(1+ O(v)). If
i([r,1]) = o(r (1+o )) with ¢(r(1£6)) = ¢(r)(1 4 o(1) + O(9)), then

a([r(1 —v),r(1 +v)]) =a([r,1]) (o(1) + O(v)). (5.21)

Then, Theorem 2.1 (iii) follows from (5.16) together with Lemma 3.3, (5.19), (5.20)
and (5.21).

(o)), (5.19)
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5.2. Proof of Theorem 2.2
To obtain (2.8), it suffices to prove that if the function U satisfies U(X |, 2z3) =
U, (X1)U(x3), then the following operator inequality holds:

K1(poULipo)” (poULpo) < poW (Hs ') po. (5.22)
Indeed, if (5.22) is true, then with respect to the constant magnetic field, the
quantity n([r,7o]) = Tr 1}, (w(p(’%ﬂw*) =Trlp ., (pOW(Hgl)po) satisfies

ny ([r,r0]) :=Tr 1}, {K1 (PoUlpo)*(poULpo)] < n([r,ro]). (5.23)

Further, if we have

Tl ((I§1> ’ 7pOULpO> =Ny (f?l , (pOULpo)*poULp())
=¢(r)(L+o(1)), r\0,

where the function ¢(r) is as in Lemma 3.5, then

n*([r, 7“0]) = ¢(7“)(1 + 0(1)), 7\, 0. (5.24)
Thus, (2.8) follows by arguing as in the proof of Theorem 2.1 (iii) above.
Now let us proof (5.22). If the magnetic field is constant, then Ho satisfies

— — -1
H212H21p0:p0®(—8§+2b0) .

This together with the definition (2.2) of W(’Hgl) imply that, if U(X,,x3) =
U, (X1)U(xs), then for any f € L?(R?)

(W(H).7) > K (UimU. . £). (5.25)
This means that we have the operator inequality
W(H;") > KiUipoU..
Thus,

poW (H3 )po > K1(poULpo)” (poULpo),
which is exactly (5.22). This concludes the proof of Theorem 2.2.
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Harmonic Analysis and
Random Schrodinger Operators

Matthias Taufer, Martin Tautenhahn and Ivan Veseli¢

Abstract. This survey is based on a series of lectures given during the School
on Random Schrédinger Operators and the International Conference on Spec-
tral Theory and Mathematical Physics at the Pontificia Universidad Catolica
de Chile, held in Santiago in November 2014. As the title suggests, the pre-
sented material has two foci: Harmonic analysis, more precisely, unique con-
tinuation properties of several natural function classes and Schrédinger oper-
ators, more precisely properties of their eigenvalues, eigenfunctions and solu-
tions of associated differential equations. It mixes topics from (rather) pure to
(rather) applied mathematics, as well as classical questions and results dating
back a whole century to very recent and even unpublished ones. The selection
of material covered is based on the selection made for the minicourse, and
is certainly a personal choice corresponding to the research interests of the
authors.

Emphasis is laid not so much on proofs, but rather on concepts, ques-
tions, results, examples and applications. In several cases, however, we do
supply proofs of special cases or sketches of proofs, and use them to illustrate
the underlying concepts. As the minicourse Harmonic Analysis and Random
Schrodinger Operators itself, we designed the text to be accessible to ad-
vanced graduate students who have already acquired some experience with
partial differential equations. On the other hand, even experts in the field will
find new results, mostly toward the end of the text.

The line of thought starts with discussing unique continuation properties
of holomorphic and harmonic functions. Already here we illustrate different
notions of unique continuation. Hereafter, elliptic partial differential equations
are introduced and unique continuation properties of their solutions are dis-
cussed. Then we shift our attention to domains and differential equations with
an inherent multiscale structure. The question here is, whether appropriately
collected local data of a function give good estimates to global properties of
the function. In the framework of harmonic analysis the Whittaker-Nyquist—
Kotelnikov—Shannon Sampling and the Logvinenko-Sereda Theorem are ex-
amples of such results. From here it is natural to pursue the question whether
similar and related results can be expected for (classes of) solutions of differ-
ential equations. This leads us to quantitative unique countinuation bounds
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which are obtained by the use of Carleman estimates. In the context of ran-
dom Schrodinger operators they have risen to some prominence recently since
they facilitated the resolution of some long-standing problems in the field. We
present several unique continuation theorems tailored for this applications. Fi-
nally, after several results on the spectral properties of random Schrodinger
operators, an application to control of the heat equation is given.

Mathematics Subject Classification (2010). 32A50, 42B37, 35R60 , 35J10.

Keywords. Unique continuation principles for solutions of dfferential equa-
tions, Anderson localization, vanishing speed, Wegner estimates, uncertainty
relations, equidistribution of functions.
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1. Introduction

1.1. Unique continuation

Intuitively, a unique continuation property describes the phenomenon that certain
global properties of appropriately chosen function classes are uniquely determined
by knowledge of the function locally, that is on arbitrarily small balls around a
reference point. The following definition is classic. We denote by B(z,r) = {y €
R? | |z — y| < r} the open ball with center € R? and radius r > 0. If z = 0 we
write B(r) instead of B(0,r).
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Definition 1.1. Let Q C R be open. A class of functions F = F(Q) C {f: Q —
C | f measurable} satisfies:

o o (weak) unique continuation property, if every f € F that vanishes on a
non-empty and open subset W C €2 vanishes everywhere. In other words, we
have the implication

IW C Q non-empty and open, with f =0on W = f =0; (1)

e q strong unique continuation property, if every f € F that vanishes on every
polynomial order at some point xg € €2 vanishes everywhere. In other words,
we have the implication

ElxersuchthatVNeN:limst/ |fldz=0= f=0. (2)
e—0 B(Io,éﬁ)

In the present manuscript we also introduce the following notions which have
been considered previously in the literature and/or are suitable for the discussion
which follows.

Remark 1.2. Let Q@ C R? be open. A class of functions F C {f: Q — C |
f measurable} satisfies:

e a semi-strong unique continuation property, if every f € F that vanishes on
some exponential order at some point zy € {2 vanishes everywhere. In other
words, we have the implication

Jzo € Q and a,b > 0 with lime“{b/ |f|de=0= f=0; (3)

=0 B(wo.)
e a very strong unique continuation property of order Ny > 0, if there is an
e-polynomial lower bound of order Ny for the £!'-norm of 0 # f € F on

e-balls. More precisely, if for each g € Q and 0 # f € F there is a constant
C = C(xo, f) and a radius g9 = go(z0, f) € (0, 00) such that

CelNo < /B( )|f|dx for all € € (0,¢p). (4)
xo,&

The notion “weak” to “very strong” makes sense since (4) = (2) = (3) = (1). In
fact, the only non-trivial implication is (4) = (2), so let us give a short proof.

Proof of (4) = (2). Assume that f satisfies the very strong unique continuation
property of order Ny € N and that there is 2y € €2 such that for all N € N (hence in
particular for some N > Nj) we have lim. g~V fB(IO,€)|f|dx = 0. Using f #0,
we find by the very strong unique continuation property

lim g—N/ |f|dz > lim CeMoN = o
e—0 B(Io,E) e—0

since N > Ny, a contradiction. O
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It makes sense to consider uniform variants of these properties, for instance
uniform w.r.t. the center of the ball xg or uniform w.r.t. the functions in the set
F. Sometimes such uniformity is easy to achieve, sometimes not. A nice example,
where compactness and periodicity are used to enhance a simple unique continu-
ation property to a unique continuation property, uniform over several scales, is
given in Section 4 of [CHKO03].

In particular one has the following uniform variants of the very strong unique
continuation property of order No: We say that a class of functions F C {f: Q —
C | f measurable} satisfies the

e very strong unique continuation property of order Ny, uniform in the base
point, if for every 0 # f € F there is a constant C = C(f) and a radius
g0 = eo(f) € (0,00) such that

CelNo §/ |flde  for all zg € Q and € € (0, p).
B(zo,e)

It may well happen that the behaviour of functions in F near the boundary of €
is less regular than, say, the r-interior Q, := {x € Q | dist(z,9Q) > r} for some
r > 0. In this case we would not have the above type of uniformity. We also say
that F satisfies the

e very strong unique continuation property of order Ny, uniform in the set F,
it for every zo € 2 there is a radius g9 = eo(xo) € (0,00) such that for all
0 # f € F there is a constant C = C(zo, f) € (0,00) with

Ol < / |fldz  for all € € (0,¢0)
B(zo,e)

e and a very strong unique continuation property of order Ny, uniform in the
base point and in the set F, if there is a radius 9 € (0,00) such that for
every 0 # f € F there is a constant C = C(f) € (0, 00) with

CeMNo < / |fldz  for all zp € Q and £ € (0, &p). (5)
B(zo,e)

One might wonder whether the constant C' = C(f) could be chosen uniform in F,
as well. This cannot be expected if F is closed under scalar multiplication, as it is
the case for vector spaces, since then for sufficiently small A > 0,

/ IAf|dz = )\/ |f|dz < CeMo.
B(zo,¢) B(xo,¢)

Thus we see that it will be natural to complement the requirement f € F with
some kind of normalization, e.g., [|f|’ = 1. Alternatively, the normalization can
be already taken care of in the function class F. Then we would be dealing, e.g.,
with the unit sphere in a normed linear space. In this situation one can obviously
drop the condition f # 0 which appeared several times above.
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Remark 1.3. Another way to allow F to be a vector space would be to multiply
the left-hand side of (5) with the norm of f. Later, in Section 3, we will do this,
but in an £2-setting. This means that we will study inequalities of the form

Celo / |f)?de < / |f|?dz  for all 2o € Q and € € (0,0) (6)
Q B(zo,e)

and similar expressions where B(zg, ) has been replaced by a more general set,
e.g., a disjoint union of e-balls. We will call estimates as in (6) quantitative unique
continuation estimates.

1.2. Harmonic and holomorphic functions

Example 1.4 (Polynomials of degree one on R). Let F = P;(R) be the space of
affine polynomials on R with degree at most one, that is Af = 0, where A denotes
the Laplace operator or the second derivative. Every f € P;(R) can be written as
f(z) = ax + b where a,b € R. Now there are three possibilities:

o If a # 0, there is exactly one root and f vanishes on no ball B(zg,¢).

e If a =0, b# 0, then f never vanishes.

e Ifa=0,b=0, then f =0 on R%
Thus, F satisfies the weak unique continuation property as well as the semi-strong
and the strong unique continuation property. Moreover, F satisfies the very strong
unique continuation property of order 2, since a non-zero function f € P;(R) can
vanish at most of order 1.

Example 1.5 (Harmonic and holomorphic functions). One can generalize this to
higher dimensions and an open connected  C R?. The space of harmonic functions
on Qis {f € C*(Q) | Af = 0}. It is known, see for example [Rud70], that such
functions are real analytic and thus the space of harmonic functions satisfies the
weak, the semi-strong and the strong unique continuation property. The same
holds for holomorphic functions C — C.

By definition, the various unique continuation properties above concern local
behaviour of a function at a point. Considering certain natural classes of functions
one observes that there is a connection to global properties, for instance the growth
behaviour at infinity.

Example 1.6 (A counterexample). For k € N let f;, : C — C, z ~— 2z*. Since fy is
holomorphic, it is analytic and hence satisfies the weak, the semi-strong and the
strong unique continuation property. For large k, however, fi vanishes arbitrarily
fast at zop = 0. Thus, for any Ny the space {f : C — C | f holomorphic} fails to
satisfy the very strong unique continuation property (4) of order Ny. Furthermore,
all fi are uniformly bounded on B(1) by 1. Thus, a local bound is not sufficient for
very strong unique continuation. However, we observe that for large k, fi grows
fast at infinity.

One might hope that nonzero holomorphic functions cannot vanish faster at
0 than they grow at infinity. This observation is made more precise in the following
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theorem and its corollary. It is known as Hadamard’s three circle theorem and can
for instance be found in [Lit12], where it is stated as an already known result.

Theorem 1.7 (Hadamard’s three circle theorem). Let 1 < ro < r3, f be a holo-
morphic function on the annulus r1 < |z| < r3 and My(r;) := max|,—. |f(2)|
Then

r: T r
log <rj) log My (r2) < log (7‘2) log M¢(r1) + log <rj) log My (r3).  (7)

If we choose € = r3/ro = ro/r1, then (7) becomes
2log My (r2) < log My(era) + log My(ra/€).
Thus the theorem is a statement about convexity of the map log(r) — log M(r).

Corollary 1.8. Let f : C — C be holomorphic. Assume that f grows slower at oo
than it vanishes at 0, i.e., we have

11£rgé1fo(e) -My¢(1/e) =0.
Then f = 0.

Proof. Let zp € C with |z9| = 1. We apply Hadamard’s three circle theorem with
r1 =¢, 72 =1 and r3 = 1 /e and obtain for all £ > 0

2log My(1) <log My(e) +log Ms(1/¢)

and thus

[ (20)|* < My (1) < My(e) - My(1/e).
Letting € tend to 0, we find by our assumption that f =0 on {z € C | || = 1}.
Since f is holomorphic, f =0 on {z € C| |z] < 1} by the maximum principle. By
analyticity we obtain f = 0. O

Instead of holomorphic functions fx : C — C,z ~ z*, we could also have
considered the harmonic functions Fj, : R? — R2 (2,9) ~ Re(x + iy)* where
we use the identification C =2 R2. Since there is a natural connection between
holomorphic and harmonic functions, namely the real and imaginary part of every
holomorphic function are harmonic, we would have found similar relations between
vanishing at 0 and growth at oo for harmonic functions on R2.

Another example concerns the spherical harmonics on the sphere, cf. [dV85].

Example 1.9 (Spherical harmonics). Let S? := {z € R3 | |z| = 1} be the 2-sphere.
There is a special orthonormal base of £2(S?), called the spherical harmonics
{Yi.m | 1 € N, =1 <m <} such that
—-AY,,, =11+1)Y;,, and
38¢Y2,m = Z.777/Yl,m7
where 9/0¢ denotes the derivative with respect to the ¢ coordinate in spherical
coordinates.
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We study the sequence Y;;, | € N. In spherical coordinates they are of the
form

Y, = cicos(0) exp(ilg), 0 ¢€[—n/2,7/2], ¢ €0,27),
where ¢; > 0 is a normalization factor.
Letting E, be a tubular neighborhood around the equator, that is E, :=
{(0,0) € S* | |8] < 7}, then the mass of Y;; concentrates exponentially around the
equator if [ tends to oo, i.e., there is C' = C(r) > 0 such that

lim (! / Vi, =0. (8)
l—o0 S2\ B,
The interesting points to consider are at the poles and we will consider the order
of vanishing of the eigenfunctions at these points.

If we consider the class of functions F = {Y;; |l € {1,...,lmax}} for some
Imax € N, then the uniform very strong unique continuation principle as in (5) is
satisfied, as the following calculation shows.

Since the only zero of Y;; is at the pole, we have for all | = 1,...,lyax, all
ro €S? and all € < 7/2,

[ Mulde= [ e
B(xo,e) B(p,e)

where p is a pole (by symmetry, we can assume that p is the north pole). Note
that balls on the sphere are defined with respect to the geodesic distance. Now,

2m /2
/ Y, |d :/ d¢/ df¢; cos(@)lsin(é))
B(p,e) 0 T/2—e

/2
= 271'01/ cos(6)! sin()
T/2—¢
271'01 1 27TCl
= 2 —g)tl =

L1 cos(m/2 —¢) L1
The function ¢ ~ sin(¢)!** vanishes of order [ + 1 at 0. Thus for every Y;;, there
is an | + 1-polynomial lower bound, uniform on S?, i.e., there is C = C(Y;;) > 0
such that

sin(e)' .

/ If| > C(f)e"t! for all zg € S?, € < /2.
B(zo,e)

Since in this case, F is a finite set, we can choose C' = minﬁ’;al" C(Y7,) and find the
uniform very strong unique continuation principle of order Ny =1+ 1 as in (5).

On the other hand the set {Y;; | I € N} does not satisfy the uniform very
strong unique continuation principle. In fact, given Ny > 0, we see by the above
calculation that for [o = [Ng] € N, the function Y, ;, vanishes of order lo+1 > Ny
at the poles, thus (5) cannot hold.

The limit in (8) tells us that for high energies (high eigenvalues) the eigen-
functions are more and more unevenly distributed on the sphere. Of course, the
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choice of eigenbasis for the Laplace operator on the sphere and the 'diagonal’ sub-
sequence plays a crucial role here. Since the eigenvalues of the Laplacian on the
sphere are highly degenerate one has a lot of freedom when choosing an orthonor-
mal basis of eigenfunctions. With an appropriate choice of basis and enumeration,
it may be well possible that eigenfunctions for high eigenvalues do obey an equidis-
tribution or quantum ergodicity property on the sphere, excluding a behaviour like
(8). In fact, this has been established to hold almost surely for a random choice of
eigenbasis by Zelditch.

Note that the [th eigenvalue level of —A on S§? is (21 — 1)-fold degenerate.
Thus, the set of all possible choices of orthonormal bases of £2(S?), consisting of
eigenfunctions of A, can be identified with the product U(1) x U(3) x U(5) x
where U(n) denotes the unitary group on C™. This product naturally carries the
structure of a probability measure, the Haar measure fijjaar, see [Zel92] for details.
The following result can be found in [Zel92]. We formulate a simplified version for
multiplication operators.

Theorem 1.10 (Almost sure quantum ergodicity on the sphere). Let f € C°°(S?).
For pHaar-almost every orthonormal basis (¢;)jen of —A-eigenfunctions on L%(S),
that is —A¢; = Ej¢;, we have

1

lim (b), fo5) — FI? =
E—oco N(E) jEN,zE;SE ! !
where f = Vol(S?)~ fgz x)dx and N(E) is the number of eigenvalues not ex-

ceeding the energy E.

It is much harder to find a specific, deterministic eigenbasis for the Laplacian
on the sphere with the quantum ergodicity property. A corresponding conjecture
and first steps of its proof can be found in [BSSP03]. Using a different method
a deterministic eigenbasis with the quantum ergodicity property was found very
recently in [BML15].

These examples for the behaviour of Laplace eigenfunctions on the sphere
were remarkable because they clarified that one has to be careful with analogies
between ergodicity or integrability properties of a classical system and its quantum
analogue.

2. Vanishing speed for solutions of elliptic PDE

One can generalize the study of unique continuation properties to solutions of a
large class of partial differential operators. A milestone result is [Car39]. There
unique continuation properties for solutions of a system of first-order differential
equations with sufficiently regular coefficients on open subsets 2 of R? are proven.
Note that second-order partial differential equations can be transformed into a
system of first-order differential equations, see for instance [Had03], page 348. For
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this purpose, Carleman introduced a new method which is nowadays called Car-
leman estimates. While Carleman’s original result applies to the two-dimensional
case only, it has been generalized to arbitrary dimensions in [Miil54] and by now
there are plenty of results concerning Carleman estimates and their applications.

An example of a Carleman estimate, see [KRS86, Ken86] and the references
therein, is the following: for all u € C§°(R?) and p,p’ with 1/p — 1/p’ = 2/d, and
all sufficiently large A > 0 we have

He_mduﬂw(md) < Clle™ 4 Aul| go(ray, 9)

where 4 denotes the dth coordinate of z. In fact, Ineq. (9) can be extended to
{fue P (RY) | Aue LP(R?) and Fu € R: suppu C {zq > p}}.

Example 2.1 (How to conclude UCP from Carleman). We follow [Ken86] and
show how the Carleman estimate (9) can be used to obtain a unique continuation
property. Let V € £4?(R?) and, as before, 1/p — 1/p’ = 2/d. Our goal is to show
that if u € C§°(R?) satisfies |Au| < |Vu| and suppu C {4 > 0}, then u = 0.

Proof. In a first step, we show that « vanishes on a strip S, = {z € Re | x4 €
[0, p]}, p > 0. We choose p > 0 to be the largest number such that

1
ClVIzarz(s,+ag-eq) < 5 for all z4 € R.

where C' is the constant from the Carleman estimate (9) and e4 the unit vector in
the dth dimension. Such a p exists since V € £¥2(R). Now, inequality (9) gives
forall A >0

7)\1{1,

le ) S Clle™ V|, s, + Clle™Au[

“”z:p’(s RINS,)"

By Holder’s inequality and our assumption on p we obtain
—Azg -2 —Aag
le ™ ull gyr 5,y < ClVIIzarxs, lle +Clle™Aul| ) g,
Since C||V| zas2(s,) < 1/2 we get

zd’“”czﬂ(s,,)

7)\1{1,

e = 20||67AIdA“||LP(Rd\S

“Hcr’(sp) o)

We use e~ Md < e~ for x4 > p and obtain

YA>0: ||e_A(“_”)uHLp/(SP) < 2CHAU||£P(Rd\Sp)'

Note that the right-hand side of the last inequality is independent of A and that
zqg —p < 0 on S, Hence, if u # 0 on S,, we get a contradiction by choosing

A large enough. By our choice of p, we can iterate this procedure and find that
v =0 on R% (|

Remark 2.2 (Weight functions). The above example shows unique continuation
on strips since the level sets of the weight function e=*®¢ are strips. Hence, it
might be tempting to search for radially symmetric weight functions in order to
obtain unique continuation on annuli or balls. Indeed, such weight functions have
been used in many situations, see the discussion in Remark 3.11 below. However,
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typically one wants the weight function to have nowhere vanishing gradient. For
radially symmetric functions, this poses a problem at the origin, which can be re-
solved in various ways. One could exclude the origin from the domain and consider
weight functions which are smooth except at the origin cf., e.g., Remark 3.11, or
use a two-weight Carleman inequality, cf., e.g., [RT15].

Example 2.3 (Elliptic differential operators). Let H be the elliptic partial differ-
ential operator

d
i) = 3 o0 (eute) ) 1) +Vio)f(o)
gg=1"" !

acting on C2%(Q), where Q C R? is open and connected, V : Q — R is bounded
and measurable, the functions a;; : = R, 1 <4,j < d, are Lipschitz continuous,
ai; = aj;, and there is A > 0 such that for all x € Q and all £ € R?

d
(P < 3wl < NeP

ij=1

By means of Carleman estimates it has been shown that the class {f € C?(Q) |
H f = 0} satisfies the strong unique continuation property, see for instance [Wol93],
where more general results are discussed. One can generalize this result to Sobolev
spaces W22(Q) or W2P(Q), p > 1.

Next we supply an example which shows that the two properties from Defi-
nition 1.1 are actually distinct.

Example 2.4 (Functions satisfying UCP, but not SUCP). Let d € {3,4}, Q C R?
be open, a; ; : 8 — R Lipschitz for i,j =1,...,d, A€ E?O/CQ(Q) and B € LL (Q).
Then solutions u € W22(Q) of the differential inequality

loc

d 0%u
Z i 8xi8xj

ij=1

< Alu| + B|Vul| (10)

satisfy the unique continuation property, but not necessarily the strong unique
continuation property, see [Wol93] and the references therein. Note that for A, B >
0, the set of solutions of the differential inequality (10) contains in particular
solutions of the differential equation

d

2
g aij Ou = Au + BVu.
4,j=1

For other examples of this type see [JK85, Ken86].
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2.1. A result of Donnelly and Fefferman: Eigenfunctions of the Laplacian

We now consider a d-dimensional, connected, compact manifold M with a smooth
(that is C'*°) Riemannian metric. The compactness will replace the condition of
controlled growth at infinity of functions we have discussed in the context of
Hadamard’s three circle theorem. We want to study differentiable functions on M.

Example 2.5. A prominent example of such a manifold M is the d-dimensional
torus T¢ := R?/Z4. Note that

CH(T?) = CF (RY) = {u e C*RY) | u(z + k) = u(z) for all z € R k € 2} .

per

In particular, we can learn about periodic problems in Euclidean space by studying
this example.

The following theorem quantifies the vanishing speed of solutions of the dif-
ferential equation —Au = Eu, E > 0, where A denotes the Laplace—Beltrami
operator on the manifold M. Here, the vanishing speed is quantified in £°°-norm.
It can be found in Proposition 4.1 of [DF88].

Theorem 2.6. There are constants Cy,Co > 0, depending only on d, the diameter
of M and the mazimum over all sectional curvatures on M such that for every
E >0, everyu: M — R, 0# u with —Au = Eu on M, and every xo € M, u can
vanish at most of order Ci + CoV'E with respect to the co-norm.

More precisely, for every u £ 0 with —Au = Eu and every xo € M there is
go > 0 such that for every e < &g, we have

6cl+c2\/E <

11
) "

and consequently

lim e 0~ (@HCVE) iy |u(z)| = oo for all 6 > 0.
e—0 z€B(x0,e)

The balls are to be taken with respect to the geodesic distance on M.

Remark 2.7.

(i) Even though we did not make any regularity assumption on u, by elliptic
regularity theory, see for example [Eva98, Chapter 6.3], we know that any u
that solves the eigenvalue equation is in fact in C*°(M).

(ii) Vanishing with respect to the £>°-norm is a stronger statement than vanish-
ing with respect to the £!'-norm as we have it in the definition of the strong
unique continuation property. In fact, let w vanish of order C; + Cyv/E with
respect to the £°-norm. Then we have

/ u(@)lde < Vol(B(1) - ¥ max [u(@)] < Vol(B(1)) - e,
B(s) reB(e

However, for the property of not vanishing with respect to some order, the
converse implication holds, so that Theorem 2.6 is a weaker statement than
one about non-vanishing with respect to the £'-norm.
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Since C; and Cy are not explicitly known, this theorem is most interesting
for large E. Inequality (11) controls some kind of local variation of w. The higher
E, the larger the variation of u around a point zg, cf. Example 2.10. It is natural
to ask whether one can complement inequality (11) by an upper bound. This has
been studied in [DF88] as well.

Definition 2.8. Let u € C'(M) be real-valued. The nodal set of wis N, := {z € M |
u(z) = 0}. We denote by H?~! the (d — 1)-dimensional Hausdorff measure on M.

Recall that eigenfunctions of the Laplacian on an analytic manifold are an-
alytic, see, e.g., [H6r69, Theorem 7.5.1]. By the theory of analytic sets, the nodal
sets N, of such functions have a well-defined Hausdorff measure H?~1(N,,). The
following theorem is due to [DF88, Theorem 1.2].

Theorem 2.9. Let M be a compact, real-analytic, connected manifold (with real-
analytic metric). Then, there exist Cs, Cy, depending on M, such that for every
u: M — R, 0#u and every E > 0 with —Au = Fu, we have

CsVE < HYY(N,) < C4VE. (12)

Example 2.10 (Vanishing speed and nodal sets of trigonometric functions). Let
M =T! = S' 2 [0,1). The eigenfunctions of the Laplace operator on (0,1) with
periodic boundary conditions are sin and cos waves. For simplicity we only study
the eigenfunctions u,, (r) = sin(27nr) with corresponding eigenvalue E,, = (27)?n?
and their vanishing speed at the point x = 0. For ¢ small, we have

2
2mne > sup |u,(z)| > ﬂnga
z€B(e) 2

thus in particular, since € is small, sup,¢ p(.)|un(z)| > e2m = VP whence in-
equality (11) holds with C; = 0 and Cy = 1. Furthermore, the 0-dimensional
Hausdorff measure of the zero set N, is the number of zeros of u,, and we have
HO(N,, ) = 2n. Thus, inequality (12) holds with C3 = Cy = 1/7.

n

Example 2.11 (Vanishing speed and nodal sets of spherical harmonics on S?). We
consider the real part of the spherical harmonics Y;;, | € N, from Example 1.9, i.e.,

ReY;; = Re(c; cos(6)' exp(ilp)) = ¢; cos(6)' cos(ig),

where 6 € [-7/2,7/2] and ¢ € [0,27). Recall that —AReY;; = E;ReY;; where
E; =1(1 +1). The function ReY;; exhibits the highest order of vanishing at the
poles § = 47 /2 where its maximum behaves as |+7/2 — |'. Thus we have for all
zo € S? and ¢ > 0 sufficiently small

max ReY,(z) > el > 6\/E‘,
zE€B(xo,€)

where B(zg,¢) denotes the ball with center z¢ and radius € with respect to the
geodesic distance. Thus Ineq. (11) of Theorem 2.6 holds with C; = 0 and Cy = 1.
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Concerning Theorem 2.9, we note that the nodal set of ReY;; consists of
exactly | meridians. It is of Hausdorff measure H"!(Ngey,,) = 2wl. Hence,
Ineq. (12) of Theorem 2.9 is satisfied with C3 = 7 and Cy = 2.

2.2. A result of Kukavica: Eigenfunctions of Schrodinger operators

Instead of eigenfunctions of the Laplacian, one can study solutions of the stationary
Schédinger equation Au = Vu on a manifold M. In this setting the question arises
how the vanishing order depends on properties of the potential V.

Next we cite Theorem 5.2 of [Kuk98], which is a generalization of Theo-
rem 2.6.

Theorem 2.12. Let M be a compact, connected, smooth manifold of dimension d,
let Ve L2M) and 0 # u € W22(M) with Au = Vu. Then there is a constant
C > 0, depending only on M, such that u can vanish at most of order

C(L+ [|[VIIE? + (oscV)?),

where osc(V) :=supV —inf V.
More precisely, for every xo € M and every € > 0 sufficiently small, we have
eCUHIVI Hese V) < ppax Ju(z)]. (13)
zE€B(xzo,e)

In the case V = FE, this theorem reduces to Theorem 2.6. If we choose V =
E - xw where xw is the characteristic function of a open, non-empty, proper
subset W C M and E a coupling constant, then the exponent in (13) becomes
C(1+vVE+ E?), that is quadratic in E. Later, we will see similar statements with
the better exponent C(1 4 E?/3).

Theorems 2.6, 2.9, and 2.12 apply to the d-dimensional torus T¢. This fits
nicely to some partial differential equations in Euclidean space. If one considers
a cube A C R? as a domain and imposes periodic boundary conditions on the
solutions of the partial differential equation, then a problem on a torus results. We
will come back to discuss this situation in Sections 3.2 and 3.3.

Theorem 2.12 can be reduced (by use of the exponential map) to a statement
about elliptic operators on bounded domains 2 C R?, see [Kuk98] for details.

Theorem 2.13. Let Q C R? be open, connected and with CY' boundary. Let 0 %
u € W22(Q) satisfy

d
— Z 8¢(aij8ju) +Vu=0
i,j=1
where V€ L>(Q) and the a;; € CY(Q), 4,5 = 1,...,d are uniformly Lipschitz
continuous functions with a;; = aj;, satisfying the following ellipticity condition:
there is A > 0 such that for all £ € R? and all x € Q we have

d
EP/A< D ay(@)&;.

ij=1
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Furthermore, we assume |a;j(z)] < X and |Ogaij(x)| < A for almost all x € Q and
that aij|§Q S Cl’l(aQ), i,5,k=1,...,d.

Then there is a constant C, depending only on d, X, the C%'-character of
and the CY'-character of a; jloa such that at every xzo € 0, u can vanish at most

of order C'(1 + HVHl/2 + (osc V)?).

3. Retrieval of global features from local data

Let A C R? be open and connected and W C A. One can ask the question whether
it is possible to reconstruct certain properties of a function f : A — C only from
data or certain features of f on the set W. This might be possible, if one has
additional information on the regularity or rigidity of f.

3.1. Rigidity of functions with concentrated Fourier transform

A benchmark for reconstructing functions from partial data is the following theo-
rem which is discussed in detail, e.g., in [BSS88].

Theorem 3.1 (Whittaker—Nyquist—Kotelnikov—Shannon sampling theorem). Let
f € C(R)N L2(R), such that the Fourier transform

A 1 )
fo)= [ @
vanishes outside [—mK,wK]. Then

(Sicf)(x Zf s1n7r}2l§x p 7)
JEL

converges absolutely and uniformly on R and Sk f = f on R.

One can relax the hypotheses and remove the compact support condition
on f. Then the aliasing error is estimated as

sup|f — Sif| < \/ ’ / |f(p)|dp.
R T Jlpl>nK

The Whittaker—Nyquist—Kotelnikov—Shannon sampling theorem allows one to re-
construct the complete function from data on the discrete set W = {j/K | j €
Z} C A = R. This is due to the imposed rigidity requirement, which allows only
for holomorphic functions. Next we formulate the Logvinenko—Sereda Theorem
[LS74], where an upper bound on the £P-norm of a function is obtained from local
data on an appropriately chosen subset W C R.

Theorem 3.2 (Logvinenko—Sereda Theorem). Let v,a > 0. Let W C R be (v, a)-
thick, i.e., W is measurable and for all intervals I C R of length a we have

[WnIl>xy-a.
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Let p € [1,00], J C R be an interval of length b > 0, and v € LP(R) with 0
supported in J. Then there is a constant C' = C(ab,~y) such that

11 2oy > Clab, )Pl e (w)-

Note that the constant on the right-hand side does not depend on the posi-
tion of the interval J, nor on detailed properties of the set W. Here a plays the
role of a scale and v of a density. Logvinenko and Sereda proved the statement
with C(ab,v) = exp(—c(1 4 ab)/7), while Kovrijkine showed in [Kov01] that the
constant C'(ab, ) can be chosen as a polynomial (y/c)*(}+) of 4. Here ¢ denotes a
universal constant independent of the model parameters. Furthermore, he showed
the following refinement of the Logvinenko—Sereda Theorem:

Theorem 3.3 (Kovrijkine-Logvinenko—Sereda Theorem). Let y,a > 0. Let W C R
be (,a)-thick. Let p € [1,00], Jr C R, k =1,...,s be intervals of length b > 0,
and ¢ € LP(R) with ¢ supported in J = U;_,Ji. Then

||¢H£P(W) 2 C(ab775 Sap) ||wH[JP(R)
with C(ab,~,s,p) = (y/c)*e/1) +s=(=1)/p

There exists a multidimensional analog, for 1 € £P(R?), of the Logvinenko—
Sereda Theorem as well, cf. [Kov0l, MS13]. The following consequence of Theo-
rem 3.3 is remarkable.

Corollary 3.4. Fiz v,a,b > 0,5 € N. Let B: L?(R) — L2(R) be the multiplication
operator with the characteristic function of an (v, a)-thick set. For an interval J
of length b set F(J) = {f € L2(R) | supp f C J}. While B is not injective, we
have

A\ able/7) +s—}
Il 2 1Bl 2w 2 ()

[Vl 2y for all € U+5_y F(Jk)

(14)
where +5_ F(Jx) = span(F(J1),...F(Js)) and the union runs over all s-tuples
Ji, ..., Js CR of intervals of length b each.

Cc

None of the subspaces F(Ji) has finite dimension, but they are all unitarily
equivalent. The constant ¢ in (14) in particular does not depend on the posi-
tions of the intervals Ji. This resembles the definition of the uniform uncertainty
principle or restricted isometry property, except for the fact that dimensions of
all subspaces are infinite. Let us recall the uniform uncertainty principle, which
plays a prominent role in compressed sensing and sparse recovery, cf. for instance
[CRT06, FR13].

Definition 3.5. Let M, n,s € N, B: RM — R" be a linear map, and s < M. If
(1 =39l < |BYI* < (1 +65) ][]

for all » € RM with fsupp < s, then d, is called a restricted isometry constant
(for s and B), and B is said to satisfy a uniform uncertainty principle or restricted
isometry property. Here typically M > n.
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While this definition concerns finite matrices, the most interesting situation is
when M becomes very large, and one wants an explicit control with respect to the
dimension. This setting is then not too far from the infinite-dimensional one. The
two-sided inequality (14) may be seen as an instance of the infinite-dimensional
analog to Definition 3.5. This and multiscale versions of the Logvinenko—Sereda
Theorem will be discussed in detail elsewhere.

Example 3.6 (Spherical harmonics revisited). Let us come back to Example 1.9 of
spherical harmonics discussed earlier. In light of the Logvinenko—Sereda Theorem
one can also ask the question how one has to choose observation sets A; C S?,
L € N, such that for all L € N one has an observability inequality which is
uniform on

feFL={feLs?|feSpan {Yim |l(l+1) <L,~l<m<1}},

that is an inequality

[lse<c [ 1P orager (15)
S2 Ap

with a constant C' > 1 that does not depend on L.
The answer is given by Theorem 1 of [OCP13]. We formulate it reduced to
the simpler S? case.

Theorem 3.7 (Logvinenko—Sereda Theorem on the sphere). A sequence of sets
Ap C S?, L €N, satisfies (15) if and only if there is r > 0 such that

vol (ALQB(Z,T/\/L)
I'=T, := inf inf

> 0.
LeNzeS? gl (B(z,r/\/L)

The balls are to be taken with respect to the geodesic distance on S2.

Here T" plays the role of a density, while a space scale is provided by r/ VL.
This implies in particular that for (15) to hold, we need that there is > 0 such
that for every L € N the complement A§ contains no r/ v/ L-balls.

In the next section we will pursue the question which of the properties dis-
cussed so far survive if the class of functions under consideration is not given
by a Fourier condition, but by eigenfunctions of Schrédinger operators or linear
combinations thereof. This is a natural question, since the expansion in terms of
eigenfunctions can be seen as an analogue or generalization of the Fourier trans-
form.

3.2. Eigenfunctions of Schrodinger operators

Recall that for L > 0, we write A = (—L/2, L/2)% We assume that A € {R% A}
and W C A is an equidistributed subset of A. To be more precise, given G, > 0,
we say that a sequence z; € RY, j € (GZ)? is (G, §)-equidistributed, if

Vj € (GZ)*:  B(zj,8) C Ag +j.
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Corresponding to a (G, d)-equidistributed sequence z; we define for L € GN the
set
Ws= |J B(z.0)NA,
je(Gz)d
see Figure 1 for an illustration. Note that the set W5 depends on G and the choice
of the (G, §)-equidistributed sequence and, if A = Ay, also on the scale L. For

o ©

ol @elo|o|eo °| ole

el o o |00 ° ole e

ol @elo oo o[ |, .
o o

ol @elo oo °| o °

ol @elo oo © 0© |lo | ©

FIGURE 1. Illustration of Wy within the region A = A5 C R? for peri-
odically (left) and non-periodically (right) arranged balls.

a bounded and measurable potential V' : R — R we introduce the self-adjoint
Schrédinger operator H := —A + V on L£3(R?). If A = R? then Hj coincides
with H, if A = A, for some finite L then H, denotes the restriction of —A + V
to £2(A) with Dirichlet, Neumann, or periodic boundary conditions. Our aim is
to prove ||Vl 2w,y = CllY]| z2(ray for eigenfunctions ¢ of Hy, with an explicit
and L-independent constant C' > 0. In the one-dimensional situation this problem
reduces to an application of Gronwall’s inequality as carried out in [Ves96, KV02]
for periodically arranged balls on the real line and in [HV07] for balls on metric
graphs, cf. Lemma 10 in the preprint [HVO06] for details. We restate it here for
(1,9)-equidistributed sequences.

Lemma 3.8. Let d = 1. For each § € (0,1/2) there is a constant Cs > 0, such
that for all L € 2N — 1 and A € {R,Ar}, V : R — R measurable and bounded,
all ¢ € W22(A) satisfying Hxp = Ev for some E € R, all (1,6)-equidistributed
sequences zj, j € Z, and all k € ZN A we have

19l 22(B(5.21)) = Cucpll¥llc2ayky)y  and  |[¥llc2(ws) = Cucpll¥ll22(a),
where

-1
Cucp = ((1/51 6205+2\\V—EH¢¢) '

Thus we are indeed considering inequalities of the type (6) as discussed in
Remark 1.3.
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Proof. For k € ANZ set fi(z) = ||1Z1H%2(B(x+Zk 5y > 0 whenever B(z + 2z, 6) C A.
By Sobolev norm estimates and the eigenvalue equation there is a d-dependent
constant Cs > 0 such that

0
ox I(@)

<209l 22(Bater,o) 1V | 22(B (24 20,6))

<2[Cs + IV = Elloo] 1911 22(Bat 2.6y = 21C5 + IV = Elloo] fu(),
see [Ves96, KV02] for details. Applying Gronwall’s lemma, we obtain
folz) < 2CHIV=Ellllzl £, (0)

& Nz (Batrepsy < TV EIE 012 50, 5 (16)

Positioning x € (—1,1) we cover Ay (k) by [1/d] intervals of length § and obtain

91122 a, ryy < [1/07 €202V =Elloe )12, o

which proves the first inequality. The second inequality follows immediately by
summing up the disjoint intervals A;(k), k € ZNA. |

Note that the constant Cycp in Lemma 3.8 is independent of L. For this
reason we call an estimate of this type a scale-free unique continuation principle.
The drawback of this result is that it is restricted to the one-dimensional situation.
Also, we did not track the explicit d-dependence.

Now we turn to the multidimensional case. We start by recalling quantita-
tive unique continuation estimates. The following theorem from [BK05] may be
understood as an analogue of Theorems 2.6, 2.12, and Ineq. (16) for Schrédinger
operators on R?.

Theorem 3.9. Let v,V: R — R be bounded and measurable, and u: R — C a
bounded solution of Au = Vu+~ with u(0) = 1. Then there are constants c¢,c’ €
(0,00), such that for all x € R? we have

max [u(y)] + [yl > cexp (|2 loglal ) . (17)
ly—=z|<1

The proof is based on following Carleman estimate, see [EV03, BKO05].
Theorem 3.10. There are ag,C > 1 such that for all p > 0 there is w, : R — R
s.t. for all a > ag and u € W22(R4) with support in B(p) \ {0} we have

a3/ wp_l_mu2 < C’lp4/ 111,,2)_2“(Au)2 and ] <wy(z) < |x| (18)

R R4 ep P

Remark 3.11.

(i) In fact one can choose for p > 0,

2 [0,50) = [0, ), go(s)zzs-exp(—/o”‘etdt),

t
wpi R = [0,00),  wy(a) = pllal/p).
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Then ¢ is a strictly increasing continuous function, on (0, 00) even smooth,
and

] <w,(z) < |i| for all x € B(0, p).

(ii) The particular feature of this Carleman estimate is that the weight function
is not exponential as, e.g., in Ineq. (9). Furthermore, the particular scaling
with « is crucial to obtain the exponent 4/3 in Ineq. (17).

(iii) Theorem 3.9 was a crucial step for the answer on a long-standing problem in
the theory of random Schrédinger operators, namely Anderson localization
for the continuum Anderson model with Bernoulli-distributed coupling con-
stants. Let us emphasize that the precise decay rate in Ineq. (17) was essential
for this application. If, instead of Ineq. (17), one would have at disposal only
a slightly weaker version, where the exponent 4/3 would be replaced by 1.35,
one could not conclude localization for the continuum Anderson—Bernoulli
model using the same techniques, cf. [BK05, p. 412].

There are local £2-variants of Theorem 3.9, see [GK13, BK13, RMV13]. As
an example, we formulate Theorem 3.4 of [BK13].

Theorem 3.12. Let A C R? be an open subset of R and consider a real measurable
and bounded function V on A. Let v € W22(A) be real-valued and ¢ € L2(A) be
defined by —Ap + Vb = ( almost everywhere on A. Let © C A be a bounded and
measurable set where ||1]| 2@y > 0. Set

Q(z,0) :=suply — x| forxz € A.
yeO

Consider xg € A\ © such that Q = Q(z0,0) > 1, dist(z,©) > 0, and B(zo,6Q +
2) C A. Then given 0 < § < min{dist(xo, ©),1/24}, we have

191l o2
K (141v112/3 ( 4/3) c (A))
(5) (1+1vi22) (@2 4108 191 22 o)

0 1901 220) < 10N 22(B(0.5)) + 02 NCNZ2 Ay
(19)

where K > 0 is a constant depending only on d.

Remark 3.13. In the case ¢ = 0 inequality (19) estimates the quotient

¥l 220)
%1l 22 (B(20.6))
of two local £2-norms in terms of another such quotient
%1l c2(a)
19l c20)

If an estimate on the latter is not provided a priori, one might wonder whether one
is running in a vicious circle or an induction without induction anchor. Indeed,
for many applications the bound in Theorem 3.12, and likewise the corresponding
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estimates in [GK13, RMV13], need to be complemented by some other informa-
tion. This is quite analogous with the situation encountered in Example 1.6 and
Corollary 1.8. Only when we are supplied with some estimate which controls the
global growth of the function fi, we can say at what fastest rate it can vanish at
the origin.

Remark 3.14. Theorem 3.12 is applied in [BK13] to obtain bounds on the density
of states outer measure for Schrédinger operators in dimension d € {1,2,3}. The
restriction on the dimension stems from the decay rate 4/3 in Theorem 3.12 and
would be lifted if the inequality (19) would be at disposal with Q*/3 replaced by
Q. However, in the case of complex-valued potentials Meshkov’s example [Mes92]
shows that it is not possible to improve the exponent 4/3. The example of Meshkov
does not apply to real-valued potentials. However, at the moment it is not known
how to exploit this additional property of the potential in order to obtain improved
quantitative unique continuation estimates. In particular, an improvement of (19)
must be based on some method different from Carleman’s estimates.

Let us sketch the basic ideas of the proof of Theorem 3.12 using the Carleman
estimate (18).

Sketch of proof of Theorem 3.12. For simplicity, we restrict ourselves to the special
case ( =0, A = R? and 29 = 0. We cannot apply Ineq. (18) to v directly, since v
is not supported in B(r) \ {0} for some r > 0. Therefore it is natural that a cut
off function comes into play. We choose three annuli

Ay = B35/4)\ B6/4), As = B(2eQ)\ BGS/4), Ay = B(2Q + 1)\ B(26Q),
and a cutoff function n € C§°(R?; [0, 1]) as illustrated in Figure 2, with support in
B(2eQ + 1) \ B(6/4) and the properties that
max{|Vn|, |An|} < ©,/6% = ©; on A,
n=1 on As, (20)
max{|Vn|,|An|} < O on As,
for some constants ©1, @, > 0 which depend only on the dimension. Note that by
construction ©® C A2 NB(Q). Now we can apply Ineq. (18) with p = 2eQQ 42 to the

function u = 171 and obtain using the product rule and (a+b+c)? < 3(a®+b*+c?)
and |Ay| = |V| that

ag/ —-1- 2aw <Clp / wf (wAn—l—nAw—f—z(vn)va)Q

2 2 2 2 2
< 30, (/A /A /A) (W2 A + 2 [VIZ 6P + 202 IVel?).

Since w;l > 1 on As we can replace the weight function on the left-hand side by
wﬁ’m. For the three integrals fA,, i € {1,2,3}, on the right-hand side we proceed
as follows. Since Vp = Anp = 0 and n = 1 on Ay, we can subsume the second
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fg:
—2e@ + (iQ -Q

5 i,
Q eQ%Q +1

F1GURE 2. Cutoff function 7, annuli Ay, A, Az and the set ©

integral on the right-hand side into the left-hand side by choosing « sufficiently
large. For the first and the third integral we use our bound (20) on the cutoff
function and a Cacciopoli inequality to estimate [ |V9|? by a constant (depending
on § and ||V||«) times [[i)]?, see, e.g., [BK13] for details. Putting everything
together we obtain

a3/ wz—QanS/ wz—Qan_’_/ wz—Z(wa, (21)
A2 Al A3

up to a multiplicative constant depending on d, @, p, ||V]|co, ©1 and ©3. Now
we use that © C A2 N B(Q), A1 C B(J) and our bounds on the weight function
(/12" < w2~ (z) < (ep/|a])**~2 on B(p) to obtain

20—2 2a0—2 2a0—2
3 (P 2 < 4ep) 2 ( ep ) 2
(o) L= /B@)w o) [

a®2%% > 2||¢p|| 22 () /191 220

we can subsume [, ¥? into the left-hand side. The result follows by collecting all
the constants. O

It

Remark 3.15. In Ineq. (21) we estimate the values of the function ¢ on the middle
annulus As in terms of the values on the inner 4; and outer Az annuli. Thus we
have a similar geometric situation as in Hadamard’s three circle theorem 1.7.
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Quantitative unique continuation estimates as in Theorem 3.12 are useful to
obtain scale-free quantitative unique continuation estimates. The following theo-
rem was proven in [RMV13] if A = A, and has been adapted to the case A = R?
in [TV15b]. It is a multidimensional analogue of Lemma 3.8 with an explicit de-
pendence on 0 and ||V — El/c.

Theorem 3.16. Let A € {Ar,R%}. There exists a constant K € (0,00) depending
merely on the dimension d, such that for any G > 0, 6 € (0,G/2], any (G,J)-
equidistributed sequence zj, j € (GZ)?, any measurable and bounded V: R? — R,
any L € 2N — 1 and any real-valued p € W*2(A) satisfying |Av| < |(V — E)i)|
almost everywhere on A we have

KQ+GY2 ||V -B||2?)
) Wl (22)

ollerany 2 Wl 2 o

Recall that Wy denotes the union of d-balls around an equidistributed se-
quence. In comparison to Theorem 2.6 we have here no dependence on the diameter
of the set A, because we have not just one base point zy, but an equidistributed
sequence zj, j € (GZ)%.

Remark 3.17. Such estimates are called quantitative unique continuation esti-
mates, or uncertainty principles, or observability estimates. Since there is no
dependence on L € 2N — 1 the estimate is called scale-free and the constant
Citue = (5/G)K0(1+G4/3HV*EH§C/3) is called a scale-free unique continuation con-
stant.

The dependence on the other parameters is also of interest. Only the sup-
norm ||V|« of the potential enters, no knowledge of V' beyond this is used, in
particular no regularity properties. The constant Cgpye is polynomial in § and
(almost) exponential in ||V |-

Remark 3.18. In order to prove Theorem 3.16 one uses Theorem 3.1 in [RMV13],
which is very similar to Theorem 3.12 above. The roles played by the different
sets are as follows: A is the original finite or infinite cube on which the function
1 is considered. © is a cube of side 62[v/d] centered at a lattice point k € A N Z?
inside the cube A. One should think of ©® as a neighbourhood of a unit cube
A1 (k) centered at the same k. The ball B(z,d) is placed in (say the right) next-
neighbour unit cube adjacent to A (k). There is an issue with lattice sites k near the
boundary of A, but for the moment let us consider the case of periodic boundary
conditions on the faces A. Then we can consider equivalently a partial differential
equation on a torus (without boundary). Unfortunately one does not have a priori
information about the quotient |4 z2¢a)/|¥|lz2(0). As discussed before, without
this information the bound (19) cannot be applied directly.

It turns out that it is sufficient that the a priori bound holds in a certain
averaged sense: not for all lattice points & € ANZ? but just for those which “carry
most weight”. To make this precise the notion of dominating sites is introduced
in [RMV13]. One uses the following obvious but useful observation:
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Lemma 3.19 (A reverse Markov inequality). Let N,T € N and p be a probability

measure on N := {1,...,N}. Set A:={n € N | u(n) < 1 \}. Then p(A) < 1/T.

For details of the proof of theorem 3.16 see [RMV13].

Remark 3.20. If we are dealing with neither an eigenfunction v, nor a function
which satisfies the inequality |Ay| < [(V — E)t|, but with a linear combinations
of eigenfunctions there is no easy way to apply Theorem 3.16. As we will see there
are (at least) two approaches how to deal with the problem:

e If the energy interval, which contains the relevant eigenvalues is small enough
one can control the norm of ¢ sufficiently well. The drawback is that only
small energy intervals are allowed.

e Or one uses a more sophisticated argument to exploit the full power of Carle-
man estimates. This includes introducing an additional ghost dimension and
using two different interpolation estimates based on Carleman estimates.

All this will be discussed in the next section.

3.3. Spectral subspaces of Schrodinger operators

In [RMV13] the authors posed the open question whether Ineq. (22) holds also
for linear combinations of eigenfunctions, i.e., for ¢ € Ran x(_o,g(Ha). This is
equivalent to

X (=00, E)(HA) XWs X(=o00,2)(HA) = CX(—00,5)(HL),
with an explicit dependence of C' on the parameters §, E and ||V eo. Here x1(Ha)
denotes the spectral projector of Hy onto the interval I. A partial answer, for

short energy intervals, was given in [Klel3] in the finite volume case A = {Ap}
and adapted to the case A = R? in [TV15b].

Theorem 3.21. Let A € {R%, AL}, There is K = K(d) such that for all E,G > 0,
0 € (0,G/2), all (G,9)-equidistributed sequences zj, any measurable and bounded
V:R? =R, any L € 2N — 1 and all intervals I C (—oo, E] with

1 75\ E(HGP@IVIa+E)?/?)
|I| <2y where ~*= < >

)

2G4 \ G
and all ¢ € Ran x;(Hy) we have
81l c2wy) > G*¥?118ll 2(a)-

A full answer to the above question, i.e., Theorem 3.21 for arbitrary compact
energy intervals I C R has been given in [NTTV15], while full proofs will be
provided in [NTTV].

Theorem 3.22. Let A = Ar. There is K = K(d) such that for all G > 0, all
0 € (0,G/2), all (G,0)-equidistributed sequences zj, all measurable and bounded
V:RY =R, all LGN, all E>0 and all ¢ € Ran(X(—co,b)(HaL)) we have

1011 22(wy) = Cotucll @l Z2(a, )
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where
5 )K(1+G4/3||V||§,{3+G\/E)

G

Let us shortly discuss the ideas for the proof of Theorem 3.22. By scaling it
suffices to consider G = 1 only. Given V : R? — R and L € N we denote by 1y,
k € N, the eigenfunctions of Hp, with corresponding eigenvalues Ej. Then given
E >0 each ¢ € Ran(x(—oo,5)(Ha,)) can be represented as

o= > gt with ox = (i, ). (23)

keN
EL<E

Csfuc = sfuc(da G,(S,E, ||V||OO) = (

Let R = [18ev/d]. Using reflections and translations, we extend the eigenfunctions
and the potential Vi, = V|5, in such a way to Ay, that the extensions still solve the
eigenvalue equation. We use the same symbols V, and iy, for the extended versions.
This is possible for periodic, Dirichlet, and Neumann boundary conditions. Let
further F': X = Agrp x R — C be defined by

F(z,zat1) = Y ondr(a)se(zar), (24)

kEN
B, <b

where si : R — R is given by

Sinh()\kt)//\k, Ei >0,
Sk(t) =<t Er =0,
Sil’l()\kt)/)\k, FEr <0,

with A\, = \/|Ex|. The function F fulfills
d+1
AF = Zasz ViF on Agpp xR
1=1
and

0411 F(0) = Y axtp(-) on Agp.

keN
Ep<b

In particular, for all x € Aj, we have 0411 F(-,z) = ¢(x). This way we recover the
original function we are interested in. Let X7 = Ay, x[—1,1] and X3 = AL igeva X

[—9e\/cl7 9e\/d]. The goal is to obtain lower and upper bounds on the H'-norm of
F', more precisely

Dillollc2any < NFlaxa) < Dalldllc2ws) (25)

with explicit constants D1 and D5 independent on the scale L and explicit in all the
other parameters. The lower bound is a calculation using the way how the sets A,
and X3 are chosen. For the upper bound we use two different Carleman estimate,
namely Ineq. (18) and Proposition 1 in the appendix of [LR95], and conclude two
interpolation inequalities for the function F'. The two interpolation inequalities
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read as follows with explicitly controllable constants D3, D, and suitable sets
Uy C Us C X3, see [INTTV] for details on how Uy, Us and X3 are chosen.

Proposition 3.23. For all 6 € (0,1/2), all (1,0)-equidistributed sequences zj, all
measurable and bounded V : R?* = R, all L € 2N — 1, all E > 0 and all ¢, F as in
(23) and (24) we have

2 1/2
1F N30y < Dall @t F) Ol 2 I 2

Proposition 3.24. For all 6 € (0,1/2), all (1,0)-equidistributed sequences zj, all
measurable and bounded V : R?* = R, all L € 2N — 1, all E > 0 and all ¢, F as in
(23) and (24) we have

1—
IF e (x1) < Dall Fll g ) 1 F 1l (xa)-

Let us now show how these two interpolation inequalities are applied to ob-
tain the announced upper bound (25). Again, a calculation shows || F| g1 (x,) <
Ds||F|| g1 (x,)- Applying both interpolation inequalities we conclude

2 2
1]l (xy) < D5 DaDs | Fll T |@ain F) G O oy |1 F I3 -
Since Us C X3 we find

IFl i1 (xs) < (D5DaD3)* 7 [[(0as1 F)(-, 0) | c2 () -

Since 9441F(-,0) = ¢ this provides the upper bound and the result follows by
estimating carefully all the constants D;, i € {1,...,5}, and .

In a more elementary setting this strategy of proof has been developed already
in [JL99]. Additionally, [NTTV] uses ideas from [GK13, RMV13].

4. Applications
4.1. Random Schroédinger operators

This section is concerned with Schrédinger operators with random potential. Such
operators serve as quantum mechanical models of disordered condensed matter.
Spectral and analytical properties of solutions of corresponding elliptic partial
differential equation are studied in order to gain insight in the evolution behaviour
of solutions of the corresponding time-dependent Schriédinger equation. This in
turn allows for conclusions concerning the transport properties of the modeled
material. The most studied type of random Schrédinger operator is the alloy model,
also called a continuum Anderson model. We will be concerned with a different
type of random operator, namely the random breather model. It is analytically
more challenging, due to the non-linear influence of the random variables. In the
mathematical literature, random breather potentials have been first considered in
[CHM96], and studied in [CHNO1] and [KV10]. However, all these papers assumed
unnatural regularity conditions, excluding the most basic and standard type of
single site potential, where u equals the characteristic function of a ball or a cube.
For more details see [NTTV15, NTTV].
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Consider a sequence w = (w;);eza of positive, independent and identically
distributed random variables. We assume that the distribution measure p of w; is
supported in an interval [w_,wy] satisfying 0 < w_ < wy < 1/2. The standard
random breather potential is the function

Vw(x) = Z XB(j,wj)(x);

jezd

while the family (H, ), with H,, := —A +V,, on R? is called the standard random
breather model. Note that the random potential is non-negative and uniformly
bounded, and thus the operator H,, is self-adjoint for almost every w € . We
also define for L € N the operator H,  as the restriction of H,, onto Ay with
Dirichlet boundary conditions. H,, 1, is a lower semi-bounded operator with com-
pact resolvent. Hence its spectrum consists of an infinite sequence of (random)
isolated eigenvalues of finite multiplicity ElL < EQL < E3L < ...

Due to ergodicity the spectrum of the random operator H,, on the full space is
deterministic. This means that there is 3 C R such that o(H,,) = X, almost surely.
Analogous statements hold for the absolutely continuous, the singular continuous,
and the pure point part of the spectrum. For most truly random models the sin-
gular continuous component of the spectrum is empty, so the prominent question
is to determine whether in a certain energy region the Schrédinger operator ex-
hibits pure point or absolutely continuous spectrum, corresponding to localized or
delocalized states. A mixture of both types of spectrum in the same energy region
would be considered as a physical anomaly. In what we want to discuss, a central
quantity is the integrated density of states (IDS) or spectral distribution function
N(E). It is a function of the energy and measures the number of energy states per
unit volume up to that energy. The definition is as follows:

N(E) = tim BT Do ()]

L—oo L ’ Eck.

A priori it is not clear whether the limit exists but in many situations, namely
when the family of random operators is ergodic, as is the case here, this is a
consequence of ergodic theorems. See the monographs [Sto01, Ves08] for more
details and further references.

We are interested in Wegner estimates, that are estimates on the expected
number of eigenvalues within an interval [E — ¢, E + €] in terms of ¢ and L%, the
volume of A. Such estimates play an important role in proving localization, that
is the almost sure existence of pure point spectrum of H, near the bottom of
3. Moreover, our Wegner estimate implies that the integrated density of states is
Hoélder continuous.

In order to prove a Wegner estimate, we need to understand how the eigen-
values EL, n € N of H, 1 behave if we increase all w; by a small amount § > 0.
We use the notation H, s, for the operator H,, s where all w; have been replaced
by w; + 6.



Harmonic Analysis and Random Schrédinger Operators 249

@
©

. XWs)a

2,

©
®® 0

©

® 00 e ®

@gaﬁﬁ

COOLG

FIGURE 3. Illustration of the increments V45 — V., and the choice of W/,

Lemma 4.1 (Eigenvalue lifting for the standard random breather model). Let H,, 1,

be as above and assume that w € [w,,er]Zd, 0 <1/2—wy. Then, for all L € N
and all n € N with EL(w) € (—o00, Ey] we have

)

3 [ (aimra)]

ELX(w+6) > EE(w) + (2

where K is the constant from Theorem 3.22. In particular, K does not depend on L.

Proof. The function Vs — V,, is the characteristic function of a disjoint union
of annuli each of which has width ¢, see Figure 3. Every such annulus contains
a ball of radius §/2, see Figure 3 whence we have V15 — V,, > XW; where
XWw;,, 18 the characteristic function of W;s/2, a union of ¢-balls, centered at a
(1,0)-equidistributed sequence. We denote the eigenfunctions, corresponding to
El(w+6) by ¢F, i € N. Since EX(w +§) < EX(w) +1 < Ey + 1, we have by

Theorem 3.22 for all ¢ € Span{¢1, ..., o, } with ||¢]| =1,

(6, X Wy 00 6) > <g> [k (241 Bo+1]"?)] |

Using this and the variational characterization of eigenvalues we estimate

ErIL‘(w + 5) = <¢n7 Hw+6,L¢n>
[<¢7 Hw,L¢> + <¢7 (Vw-i-é,L - Vw,L) ¢>]

(&, Ho £.O) + (&, XW; 5., )]

= max
¢€Span{d1,...,0n },l14]I=1

> max
¢€Span{¢1,...,pn },||4l|=1
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6) [K(2+|E0+1‘1/2)]

> inf max (¢, Hy 1.P) + (2

~ dimD=n ¢€D,||$|=1

|
2

5) [xe (2412041172 ] |

— B+ (

Combining this lemma with the method from [HKNT06] that was developed
for random Schrédinger operators with alloy type potential we obtain in [NTTV15,
NTTV] a Wegner estimate for the standard random breather model.

Theorem 4.2 (Wegner estimate for the standard random breather model). Assume

that p has a bounded density v supported in [w_,wy] with 0 < w_ < wy < 1/2.

Fiz Eg € R. Then there are C = C(d, Ey) and emax = €max(d, Eo,wy) € (0,00)

such that for all € € (0,emax] and E > 0 with [E — e, E + €] C (—o0, Ey], we have
E [Tr [X(5-e, 54 (Hu,1)]] < Clpl|ace™CHEA in | 2

where K is the constant from Theorem 3.22. The constant eqmax can be chosen as

/e

1 1/2 _ er K(2+|E0+1‘1 z)

Emax — .
4 2

Here E denotes the expectation w.r.t. the random variables w;, j € 7. From
our Wegner estimate, we can deduce that the IDS is locally Hélder continuous.

Qorollary 4.3 (Holder continuity of the IDS). For every Ey € R there are constants
C,c > 0 such that for all By < Ey < Ey we have
IN(E3) — N(Ey)| < C-|Ey — Ey|°
Proof. For every L € 2N — 1 we have
B [Tr [X (00,25 (Heo,£)]] = B [Tr [X(—00, 1) (Hoo£)]]| _ B [Tr [X(2), ) (Hoo )]
Ld - L
[K (24| Eo+1]"/2)] 7 d
Ey — Fy 0 | Ey — Fy
2 e
< C~'|E2 — Byl O

< cnunoo‘

Remark 4.4. In [NTTV, TV15a] we establish the Wegner bound for a much more
general class of random potentials. Here, for the sake of simplicity, we have re-
stricted ourselves to the case of the standard random breather model.

In what we presented so far, the scale free unique continuation principle was
used to remove the so-called covering condition. In fact this condition featured in
many older results on Wegner estimates, see for instance the original papers [Kir96,
CH94] or the detailed discussion in the monograph [Ves08]. Since the covering
conditions plays a role in other types of results on spectral properties of random
Schrodinger operators, the scale free unique continuation principle is a promising
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tool beyond only proofs of Wegner estimates. For instance, results of Shirley [Shil4]
on Minami estimates and spectral statistics of one-dimensional models use the
covering condition as well. It is natural to conjecture that the scale-free unique
continuation principle can be used to remove this assumption. Indeed, this has been
carried out in the recent paper [Shil5], see Theorem 1.1 there. It uses the scale-
free unique continuation principle of [NTTV15] for one-dimensional configuration
space, see [Shil5, Theorem 4.1].

4.2. Control of the heat equation

The aim here is to study in a multiscale geometry the control cost for the heat
equation, i.e., the infimum over £2-norms of control functions which drive a system
to zero at a prescribed time T > 0.

We consider the controlled heat equation

Ou — Au+Vu= fxw, ue€L(0,T]xA),
u =0, on (0,7) x 9A, (26)
u(0, +) = wo, ug € L2(A),

where A = Ay is a d-dimensional cube of side length L € N and W is a union
of é-balls within A, arising from a (1, §)-equidistributed sequence. In (26) u is the
state and f is the control function which acts on the system through the control
set W C A.

We say that the system (26) is null controllable at time 7' > 0, if there is for
each initial state ug € £2(A) a control function f € £2([0,T] x W) such that the
corresponding solution of (26) is zero at time T'. It is known, see for instance [F196],
that the system (26) is null controllable at any time T' > 0. However, we want to
estimate the cost, that is the £2-norm of the control function f € £2([0,7] x W)
in relation to the norm of the initial state ug.

The controllability cost C(T',ug) at time T for the initial state ug is given by
C(T, uo) = inf {|| f|| z2(jo,7)xw) | w is solution of (26) and w(T,-) =0} .

Combining Theorem 3.22 with results from [Mil10] one finds the following result,
see [NTTV] for details.

Theorem 4.5. For every G >0, § € (0,G/2) and Ky > 0 there is
T =T'(G,6,Ky) >0

such that for oll T € (0,T"], all (G,0)-equidistributed sequences, all measurable
and bounded V : R — R? with ||V||eo < Ky and all L € GN, the system (26) is
null controllable on the set W with cost C(T,ug) satisfying

C(T, UO) < 2\/a0b0ec*/THu0H£2(A),
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where
_ 4/3 2/3
ap = (0/G) K(1+G*2|V |12 ),

— A2Vl
by = €2Vl

¢, <In(G/6)? (KG +4/In2)* and
K = K(d) is the constant from Theorem 3.22.

Remark 4.6. The same result holds also in the case of controlled heat equation
with periodic or Neumann boundary conditions with obvious modifications.
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