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Preface

Random Schrédinger operators are models for the quantum mechanical de-
scription of disordered media. The main aim of the analysis of such models
is the understanding of the (charge) transport properties of the material. It
turns out that many of the properties of interest of random Schrédinger oper-
ators are related to a quantity called integrated density of states. It measures
or ‘counts’ the number of electron energy levels of the Hamiltonian per unit
volume. An alternative name for the integrated density of states is spectral
distribution function since it is the distribution function of a spectral measure
associated to the random family of operators. Many features of this quan-
tity have an intuitive physical interpretation, others play a prominent role in
proofs of key theorems. Moreover, the spectral distribution function is an ob-
ject of study in other fields of mathematics, like differential geometry, group
and von Neumann algebras, and homological algebra.

What are the properties of the integrated density of states which have
been studied in the literature? It would be hard to give an exhaustive answer,
but there are several classes of questions that have drawn the attention of
many authors.

The first class is concerned with the definition and construction of the inte-
grated density of states. Can it be expressed as a limit of a sequence of distrib-
ution functions associated to the spectra of ‘simpler’ operators? These opera-
tors are usually restrictions of the original Schrédinger operator to some finite
volume set. There are various ways how to choose the approximation sequence
of operators. Thus another question comes up naturally: Does this choice in-
fluence the final outcome, or does one obtain the same distribution function,
independently of the approximation procedure? Furthermore, is there a closed
formula for the integrated density of states? If there are various such formulas,
are some of them better suited for certain applications than others?

Another circle of ideas concerns the continuity properties of the integrated
density of states and its set of points of increase: Can one characterise the lo-
cation and size of the discontinuities? What is the structure of the sets of
constancy of the integrated density of states? Since it is a spectral measure
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distribution, these questions are intimately related to the spectrum of the
random operator. Can one prove quantitative regularity properties of the in-
tegrated density of states: Is it log-Holder, Holder, or Lipschitz continuous?
Does it exhibit even stronger regularity properties like differentiability or an-
alyticity? Is it possible to give upper and lower bounds on the derivative?

Finally, one is interested in the behaviour of the integrated density of states
as the energy variable approaches a spectral boundary. The most studied case
is the infimum of the spectrum, although the behaviour at very high energies,
or at internal spectral edges is of interest, too. Can one give a characteristic
law of the asymptotics of the integrated density of states at the boundaries? Is
it polynomial, is it exponential? Can one specify or estimate the characteristic
exponents?

Of course, the answers to the above questions often depend on the type
of random operator one is considering. Thus one my also ask: How do the
parameters entering the model influence the abovementioned features? Is there
a universal behaviour or some phase transition phenomenon?

We used above the term random Schrodinger operator although this termi-
nology refers to just one instance among many types of equivariant Hamiltonians
in various geometric settings for which the integrated density of states may
be defined. A substantial body of papers is devoted to operators acting on
combinatorial graphs, the simplest being the integer lattice Z¢. Others consider
operators acting on L?(R?), which includes Schrédinger operators. For models
on R?, one may require a R¢ or a Z%-equivariance condition. In the latter case,
there is still a discrete structure present in the random operator, albeit it acts
on continuous space. All settings mentioned so far concern the spaces Z¢ or R?,
and thus Euclidean geometry. Going beyond these, there are interesting related
models on covering manifolds, finitely generated groups, as well as combinatorial
and metric graphs with a quasi-transitive structure.

In the remainder of the preface we describe briefly the potential audience
of the book, the recommended prerequisites, the approach taken to present
the material, the selection of topics and the structure of the text.

The aim of the text is to give researchers interested in the subject of
random Schrodinger operators an overview of known results and methods.
Specialists may find it useful as a guide to further reading. The subject matter
of the book draws on various mathematical disciplines. For that reason it was
not possible to include all the background material, but the reader can find
detailed descriptions of the relevant facts using the references to textbooks
and monographs. Thus, the text should be accessible to graduate students
who have a working knowledge of selfadjoint operators and quadratic forms,
possibly from a course on linear operators in Hilbert space or an advanced
functional analysis class. For students without this background any one of the
following books is recommended as a reading companion: [18, 19] by Akhiezer
and Glazman, [47] by Birman and Solomyak, [110] by Davies, [494] or [495]
by Weidmann, or [497] by Werner, the last two references being in German.
The reader will find the relevant material also in the treatises [140, 141, 142]
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by Dunford and Schwartz, [239] by Kato, or [407, 408, 409, 410] by Reed and
Simon. For the reader who wants to know more about the physical background
of the models discussed here we recommend the monographs [53, 145, 340, 312,
143] where properties of disordered systems are discussed from the point of
view of theoretical physics.

As already mentioned, the integrated density of states can be defined in
various geometric settings and for operators with various equivariance types.
If one aims at discussing all such models in a text, one could treat them
subsequently one by one, or order the text according to various results and
properties and discuss each time all models. One could also first develop a
general approach which covers all models, and prove theorems on an abstract
level. Although all these seem viable options, here we choose a different and
more modest way: We consider just one model in detail and refer in remarks
to sources in the literature where the proof for other variants may be found.
More precisely, we concentrate here on operators on a continuous configuration
space with a discrete group structure. The most important example is the
alloy-type model, a Z-ergodic operator acting on L?(R?), but operators on
Riemannian manifolds with non-abelian group actions are also considered.

While most of the relevant aspects of the spectral theory of random
Schrodinger operators figure in the text, the presentation is centred around
the integrated density of states. A broader view is taken in the monographs
[81] by Carmona and Lacroix and [389] by Pastur and Figotin which describe
the state of the art at the beginning of the 1990s. There are several other text
of a survey nature on the subject from the second half of the 1980s, including
the introductory article [247] by Kirsch, a section on random Jacobi matrices
in [102] by Cycon, Froese, Kirsch and Simon, and the Lifshitz memorial issue
[335]. In recent years there have been two more monographs treating related
topics. The theory of Anderson localisation for random Schrédinger operators
is exposed in detail in [458] by Stollmann. Many features of the spectral dis-
tribution function in the context of geometry, group theory and K-theory are
discussed in Liick’s book [346].

Let us mention a few recent overview articles which discuss certain as-
pects of the theory covered only marginally in the present book. A survey of
localisation results for one-dimensional random models is provided in [459] by
Stolz. A detailed account of R%-ergodic random Schrédinger operators, which
model amorphous media, is given by Leschke, Miiller and Warzel in [331]. The
present text emphasises the construction of the integrated density of states
and its continuity properties, while its asymptotic behaviour at the infimum
of the spectrum is discussed only in remarks. An overview of the results de-
voted to the last mentioned topic can be found in the recent [259] by Kirsch
and Metzger. There also spectral properties of random surface models are
discussed. We mentioned above that it is possible to introduce the integrated
density of states in a general, abstract framework applicable to various types
of equivariant operators and geometric settings. Such an approach is taken
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for instance in [328], which covers e.g. Hamiltonians on Euclidean space and
lattices, on covering manifolds, Delone sets, and on percolation graphs.

Of course, there are many other excellent sources in the literature not
mentioned here in the preface. We hope to have them adequately quoted in
the main text.

Here is a sketch of the contents and the structure of the book: The intro-
duction explains how one arrives at random Schrédinger operators starting
from the quantum mechanical theory of disordered solids. There we also fix
frequently used notation, recall basic facts about selfadjoint operators, and
define our models. Finally, the introduction explains the relation between
spectral and transport properties of Schrodinger operators as well as the no-
tion of spectral fluctuation boundaries.

The second chapter presents two alternative proofs of the approximation
of the integrated density of states by its finite volume analoga. One of the
approaches is general enough to be applicable to random Schrédinger and
Laplace-Beltrami operators on manifolds.

The third chapter explains the relevance of Wegner estimates and regu-
larity properties of the integrated density of states for other aspects of the
theory of random Schrédinger operators. A prominent example would be the
use of a Wegner bound in the multiscale proof of localisation.

The last two chapters present each a proof of Wegner’s estimate for the
alloy type or continuum Anderson model on L?(R?). The reason to present two
different methods is that each of them has its own advantages when applied to
models exhibiting various non-trivial features. We consider alloy type models
with long-range or negative correlations, as well as singular and non-monotone
dependence on the coupling constants. Several remarks are devoted to similar
results for operators on graphs and manifolds mentioned above. Finally, an
appendix is devoted to some facts from the theory of the spectral shift function
which are used in the main text. More details can be found in the table of
contents.

The present text is a revised version of the thesis [486] prepared for the
habilitation at the Department of Mathematics of the Technische Universitat
Chemnitz, which in turn is based on [483]. W. Konig, P. Stollmann, and
S. Teufel have kindly accepted the request of the Department to act as referees
of the thesis and I would like to thank them at this occasion. The material
presented here draws to a large extent on joint work with colleagues: I have
greatly profited from discussions with T. Antunovi¢, D. Borisov, M. Gruber,
M. Helm, D. Hundertmark, R. Killip, W. Kirsch, S. Kondej, V. Kostrykin,
D. Lenz, P. Miiller, S. Nakamura, N. Peyerimhoff, O. Post and P. Stollmann
and enjoyed working with them. This work has been made possible through
the financial support of the Deutsche Forschungsgemeinschaft. I thank the
staff of Springer in charge of the LNM series for their flexibility and efficiency
in the course of the preparation of the manuscript.

Technical University Chemnitz, Germany Ivan Veselic¢
September, 2007



Contents

1 Random Operators ................iiiiiiiiiiiiinnn .. 1
1.1 Physical Background.......... ... ... ... . . . .. 1
1.2 Model and Notation .............. ..., 2
1.3 Transport Properties and Spectral Types ................... 6
1.4 Fluctuation Boundaries of the Spectrum ................... 10
2 Existence of the Integrated Density of States .............. 13
2.1 Schrodinger Operators on Manifolds: Motivation............. 15
2.2 Random Schrédinger Operators on Manifolds: Definitions. . . . . 17
2.3 Non-Randomness of Spectra and Existence of the IDS........ 21
2.4 Measurability ........ ... 26
2.5 Bounds on the Heat Kernels Uniform inw .................. 30
2.6 Laplace Transform and Ergodic Theorem ................... 37
2.7 Approach Using Dirichlet-Neumann Bracketing.............. 39
2.8 Independence of the Choice of Boundary Conditions ......... 42
3 Wegner Estimate .......... ... .. .. ... 45
3.1 Continuity of the IDS ... ... ... . 46
3.2 Application to Anderson Localisation ...................... 50
3.3 Resonances of Hamiltonians on Disjoint Regions............. 53
4  Wegner’s Original Idea. Rigorous Implementation ......... 57
4.1 Spectral Averaging of the Trace of the Spectral Projection . ... 57
4.2 TImproved Volume Estimates ........... ... ... ... ... .... 61
4.3 Sparse Potentials ....... ... .. ... .. 64
4.4 Locally Continuous Coupling Constants .................... 66
4.5 Potentials with Small Support ........... .. ... .. .. ... .. 69
4.6 Holder Continuous Coupling Constants. . ................... 72
4.7 A Partial Integration Formula for Singular Distributions. . . ... 73
4.8 Coupling Constants with Bernoulli Disorder ................ 74
4.9 Single Site Potentials with Changing Sign .................. 74

4.10 Uniform Wegner Estimates for Long Range Potentials........ 75



X Contents

5 Lipschitz Continuity of the IDS . ....... ... .. .. .. . ...... 79
5.1 Partition of the Trace into Local Contributions.............. 80
5.2  Spectral Averaging of Resolvents ................ ... ... ... 83
5.3 Stone’s Formula and Spectral Averaging of Projections . ... ... 84
5.4 Completion of the Proof of Theorem 5.0.1 .................. 86
5.5 Single Site Potentials with Changing Sign .................. 87
5.6 The Finite Section Method for Multi-Level Laurent Matrices.. 95
5.7 Unbounded Coupling Constants and Magnetic Fields ........ 96
A Properties of the Spectral Shift Function ............... ... 99
A.1 The SSF for Trace Class Perturbations ..................... 99
A.2 The SSF for Schrédinger Operators and the Invariance
Principle .. ... 102
A.3 Singular Value Estimates ............. ... .. ... ... ... 103
A.4 Bounds on the SSF for Schrédinger Operators............... 108
References . ..... ... ... 113






1

Random Operators

1.1 Physical Background

Random Schrodinger operators are used as models of disordered solids within
the framework of quantum mechanics.

A macroscopic solid consists of an order of magnitude of 10%® of nuclei and
electrons. The resulting Hamiltonian taking into account all interactions is
highly complicated. To arrive at a Schrédinger operator which can be studied
in some detail one neglects the electron-electron interaction and treats the
nuclei in the infinite mass approximation. Thus one arrives at an one-electron
Schrodinger operator with an external potential due to the electric forces
between the electron and the nuclei, which are assumed to be fixed in space.

In the case that the nuclei are arranged periodically on a lattice, the po-
tential energy of the electron is a periodic function of the space variable.

On the other hand, the electron could be moving in an amorphous medium,
in which case there is no large group of symmetries of the Hamiltonian. How-
ever, from the physical point of view it is reasonable to assume that the local
structure of the medium will be translation invariant on average. This means
that we consider the potential which the electron experiences as a particular
realisation of a random process and assume stationarity with respect to some
group of translations. Moreover, physical intuition suggests to assume that
the local properties of the medium in two regions far apart (on the micro-
scopic scale) are approximately independent from each other. Therefore the
stochastic process describing the potential should have a correlation function
which decays to zero, or — more generally — should be ergodic.

There are interesting models which lie between the two extreme cases of
lattice-periodic and amorphous media. They still have an underlying lattice
structure which is, however, modified by disorder. Probably the best studied
Hamiltonian with this properties is the alloy type model. We leave its precise
definition for the next section and introduce here a special case on the intuitive
level. Consider first the potential
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V() := Z ug(w, x)

kezd

Each k corresponds to a nucleus sitting on a lattice point. The function ug (w, -)
describes the atomic or nuclear potential at the site k and depends on the ran-
dom parameter w which models the different realisations of the configuration
of the nuclei. If there is only one type of atom present, which has a spheri-
cally symmetric potential, all the ug(w,-) are the same, and V,, is periodic.
Now assume that there are two kinds a and b of atoms present, which have
spherically symmetric atomic potentials of the same shape, but which differ
in their nuclear charge numbers ¢, and gp.
In this case the potential looks like

Vo(x) := Z qou(z — k) + Z @ u(x — k)

k occupied by a k occupied by b

If the two sorts of atoms are arranged on the lattice in a regular pattern, this
again gives rise to a periodic potential.

However, there are physically interesting situations (e.g. binary alloys)
where the type of atom sitting on site k is random, for example obeying the
law

P{k is occupied by atom a} = P, P{k is occupied by atom b} =1 — P

with some P €]0, 1[. Here P{. .. } denotes the probability of an event. If we fur-
thermore assume that the above probabilities are independent at each site and
the parameter P is the same for all k, we arrive at the continuum Bernoulli-
Anderson potential

Vo(@) = Y auw) ue — k)
k

Here qx(w) € {qa, v}, k € Z¢ denotes a collection of independent, identically
distributed Bernoulli random variables and u is some atomic potential.

This model is a prototype which has motivated much research in the
physics and mathematics literature, a part of which we will review in the
present work.

1.2 Model and Notation

We introduce here, respectively recall, basic notions on LP spaces, selfadjoint
operators in general and Schrodinger operators in particular, and specify the
model Hamiltonian which will be studied throughout the text. We suppose
that the reader is acquainted with the theory of selfadjoint operators in Hilbert
space. In the Preface one can find a list of monographs which provide the
necessary background of this theory.
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Let us start with some mathematical notation. The symbols R, Z, N, Ny
denote the set of reals, the set of integers, the set of natural numbers, and
the set of non-negative integers, respectively. For a set A C B we denote by
A¢ := B\ A its complement. A measurable subset of R? will be often denoted
by A, and if there is a sequence of such sets its members will be denoted
Ay, ..., Ay, .... The symbol |A| is used for the Lebesgue measure of A. We
write |z| for the norm of x € R, while the norm of a vector f in a function
space is denoted by || f]|.

The Hilbert space of (equivalence classes of) measurable functions on A
which are square integrable with respect to Lebesgue measure is denoted by
L2(A). Similarly, LP(A) with p > 0 stands for the Banach space of measurable
functions f such that | f|P is integrable, while L>°(A) is the set of measurable
functions which are essentially bounded with respect to Lebesgue measure.
The space of sequences {ay}nen such that |a,|P is summable is denoted by
¢P(N). Note that the case p €]0,1] is included in our notation. In our context
we will often choose the exponent p dependent on the dimension of the config-
uration space. In the following we denote by p(d) any number in [1, co[ which

satisfies
> 2 ifd<3
d){~ - 1.1
p(){>d/2 ifd>4 (L.1)

For A C R? open, the symbols C(A), C°°(A) stand for the continuous, respec-
tively smooth, functions on A. The subscript . in C.(A), C(A), LE(A) means
that we consider only those functions which have compact support in A. In
the sequel we will often consider potentials from the class of functions which
are uniformly locally in LP. More precisely, f is in the set of uniformly locally
LP-functions, denoted by LﬁnifyloC(Rd), if and only if there is a constant C
such that for each y € R¢

[ lwrazc
l[z—y|<1

The infimum over all such constants C' equals by definition [|f[|? i oc- Fi-
nally, we introduce Sobolev spaces W#? of order k. For A ¢ R¢ open, a
function f € L%(A) is in WK2(A) if all its partial derivatives up to order
k exist in the sense of distributions and are elements of L?(A). Obviously,
C2(A) is a subset of W*2(A). Its closure (with respect to the canonical norm
of W*2(A)) is denoted by W2 (A).

Let A denote the Laplacian on R?. If we choose its operator domain D(A)
to be the Sobolev space W22(R%), it becomes a selfadjoint operator. The
restriction of A to an open true subset A C R? becomes selfadjoint only if we
specify appropriate boundary conditions (b.c.). Dirichlet b.c. are defined in
Remark 2.2.3. For the definition of Neumann and periodic b.c. see for instance
[408].
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Let A, B be two densely defined symmetric operators on a Hilbert space

'H, whose norm we denote by || - ||. The associated scalar product we denoted

by <.,.>. We say that B is (relatively) A-bounded if the domains obey the

inclusion D(A) C D(B) and there are finite constants a and ¢, such that for
all f € D(A)

IBFI < allAf] + cal ] (1.2)

The infimum over all a such that the estimate holds with some ¢, is called
relative bound (of B with respect to A). If B is A-bounded with relative
bound zero, we call it infinitesimally A-bounded. Let A be selfadjoint, and B
symmetric and relatively A-bounded with relative bound smaller than one.
Then the operator sum A + B on the domain D(A) is selfadjoint by the
Kato-Rellich Theorem, see e.g. Sect. X.2 in [407]. We will apply this result to
the sum of the negative Laplacian and a potential. A multiplication operator
by a function V € LP .. (R?) is infinitesimally A-bounded if p = p(d),
cf. Theorem XII1.96 in [408]. Moreover, the constant ¢, in (1.2) depends only
on ||V ||y, unif loc- Thus the sum H := —A + V is selfadjoint on W22(R9). In a
similar way it is possible to introduce the notion of relative form-boundedness.
Here we consider A which is selfadjoint and bounded below. Denote by D(Q )
its quadratic form domain. A symmetric operator B is said to be (relatively)
A-form bounded if the quadratic form domains obey the inclusion D(Q4) C
D(Qp) and there are finite constants a, C, such that

(¢, Bo)| < al¢, Ap) + Ca(d, @) (1.3)

The relative A-form bound of B is the infimum of all a which satisfy (1.3).
See Sect. VI.1.7 in [239] for more details.

Before we introduce random operators we want to fix notation concern-
ing some terminology in probability theory. The triple (€, Bq,P) stands
for a probability space with associated o-algebra and probability measure,
while E{...} denotes the expectation value with respect to P. A collection
T;: Q — §,j € J of measure preserving transformations is called ergodic if
all measurable sets in 2 which are invariant under the action of all T},j € J
have measure zero or one.

Definition 1.2.1. Let p = p(d) be as in (1.1), u € L2(R?) and qx: Q — R,
k € Z% a sequence of bounded, independent, identically distributed random
variables, called coupling constants. Then the family of multiplication opera-
tors given by the stochastic process

Vo(z) := Z (W) u(z — k) (1.4)

kezd

is called alloy type potential. The function u is called single site potential. Let
Hy := —A+ Ve be a periodic Schrédinger operator with Vper € Lﬁnif’loc(Rd).
The family of operators
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H,:=Hy+V, weQ (1.5)

is called alloy type model.

The distribution measure of the random variable qo will be called single
site distribution and denoted by p. If not stated otherwise, in the sequel we
assume that p is absolutely continuous with respect to the Lebesgue measure
and has a bounded density. The density function is denoted by f.

Due to our assumptions on the boundedness of the coupling constants, for
each a > 0 there is a constant ¢, such that for all w and all ¢ € D(A)

Vool < all Al + call$ll,  IVoerdll < all AY[| + call4]

In particular Hy and all H, are selfadjoint on the operator domain of A. It
will be of importance to us that the constant ¢, may be chosen independently
of the random parameter w.

Remark 1.2.2. (a) In several sections we study Hamiltonians as in Definition
1.2.1, but where some of the hypotheses on the single site potential or
the coupling constants are relaxed. More precisely, we will consider single
site potentials with non-compact support and coupling constants which are
unbounded, correlated, or do not have a bounded density.

(b) If the coupling constants are not bounded, one has to impose some
moment condition to make sure that the alloy type model still makes sense.
The main difference (to the bounded case) is that for w in a set ' C Q of full
measure the operator H,, will be (essentially) selfadjoint, however this may
fail to hold for w in the complement Q \ . See for example [255, 256, 258]
for more details.

(c) There is a group of measure preserving transformations T, k € Z? on
(Q, Bo,P) such that (1.4) obeys

Vol — k) = V()

In other words, the stochastic process V: Q x R — R is stationary with
respect to translations by vectors in Z%. Moreover, the group T}, k € Z¢ acts
ergodically on €, therefore we call V an Z%-ergodic potential.

To see that the above statements are true we pass over to the canonical
probability space 2 = Xpcz4¢ R, equipped with the product measure P :=
®peze 1. Now the stochastic process {7y} ez, defined by 7 (w) = wy, for all
k € Z% has the same finite dimensional distributions as {gx}x. It is easily
seen that the transformations (Ty(w)); := w;—y are measure preserving and
that the group (Tk)reze acts ergodically on Q. See Sect. 3 in [247] or Sect.I.1
in [389] for more details.

Using the stochastic process {m}x the alloy type potential can be writ-

ten as
Vo(x) := Z wru(z — k) (1.6)
kezd
We will use notations (1.4) and (1.6) without distinction in the sequel.
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Abstracting the properties of stationarity and ergodicity we define general
random potentials and operators with a Z%ergodic structure.

Definition 1.2.3. Let V: Q x R? — R be a stochastic process such that for
almost all w € Q the realisation of the potential obeys V,, € Lﬁnif,loc(Rd)’
p = p(d) and additionally E{[|[V,xall}} < oo, where A is a unit cube. Let
Ty, k € Z% be a group of measure preserving transformations acting ergodically
on (2, Ba,P) such that

Vw(x - k) = VTkW(x)

Then we call {V,,}., a (Z%-ergodic) random potential and {H,}, with H, =
—~A+V, a (Z%ergodic) random operator.

The restriction of H,, to an open subset A will be denoted by HA if we
impose Dirichlet boundary conditions and by HU/J‘*N in the case of Neumann
b.c. While we will be mainly concerned with Z?-ergodic operators we will give
some comments as asides on their counterparts which are ergodic with respect
to the group R?. The overview [331] is devoted to such models that model
amorphous media. Insight in the research on almost-periodic operators can be
obtained for instance in the papers [431, 432, 32, 40], the literature quoted on
page 9, the monographs [102, 389], and the references therein.

Remark 1.2.4. All Z%ergodic potentials can be represented in a form which
resembles alloy type potentials. In fact, for such V: Q x R4 — R there exists
a sequence fi, k € Z% of random variables on € taking values in the separable
Banach space LP(R%) such that V can be written as

Vo(@) = > fulw,x — k). (1.7)

keza

This representation is of interest because it ensures that after passing to an
equivalent probability space and stochastic process one may assume that the
sigma algebra on € is countably generated. See [245] and Remark 2.8 in [328§]
for more information.

1.3 Transport Properties and Spectral Types

The main interest in the study of random operators is to understand the
transport properties of the materials they model. In the particular case of
the quantum mechanical Hamiltonian of an electron in a disordered solid the
electric conductance properties are the principal object of interest.
The Hamiltonian governs the equation of motion, i.e. the time dependent
Schrodinger equation
()

o = —iH, (t) (1.8)
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The time evolution of the vector ¥(¢) in Hilbert space describes the movement
of the electron. Since we chose the space representation in the Schrédinger
picture, we can think of ¢(t) as a wave packet which evolves in time. The
square of its absolute value [1(t,-)|?> € L*(R?) is a probability density. More
precisely, [, [¢(t, ) |2dx is the probability to find the electron in the set ACR?
at time ¢. We will be only concerned with Hamiltonians H,, which are time
independent. In this case the solution to the equation (1.8) is given by 1 (t) =
e~ 1H4)(0) where 1(0) denotes the initial condition at time 0.

For a given initial state ¥(0) supported in a compact set A C R? one
would like to know whether for large times the function ¢ (¢) stays (essentially)
supported near A, or moves away to infinity. In the first case one speaks of a
bound state, since it remains localised near its original support for all times.
The other extreme case would be that ¢(t) leaves any compact region in
R? (and never comes back) as time goes to infinity. Such a state is called a
scattering or extended state. By the RAGE theorem it is possible to relate
the dynamical properties of states just described to the spectral properties of
the Hamiltonian. Roughly speaking, bound states correspond to pure point
spectrum and scattering states to (absolutely) continuous spectrum.

For a more precise formulation we assume that the Schrédinger operator H
satisfies the following local compactness property: If xp is the characteristic
function of an arbitrary ball B = Bgr(x) C R? and P(I) the spectral projection
of H associated to a bounded interval I C R, then the operator xgP(I) is
compact. Under this condition a vector v is in the subspace associated to the
continuous spectrum of H if and only if for arbitrary Bg(z)

T
lim l/ dt/ [ (t, )|?dr =0 (1.9)
-T Br(z)

T—oo T

Here we used the notation v (t,x) = (e ) (z). A vector v satisfying (1.9)
is called a scattering state in time mean. Under the same local compactness
assumption, a vector 1 is in the subspace associated to the pure point spec-
trum of H if and only if for any € > 0 these exists a radius R = R(¢, ) such
that
sup/ lp(t,z)|> <e (1.10)
t€R JR\BR(0)
For a broader discussion consult for instance [409, 102, 458, 496].

The above relation to the dynamical properties of states motivates the sys-
tematic study of spectral features of the Schrédinger operators appearing in
the time evolution equation (1.8). If a random Schrédinger operator exhibits
almost surely only pure point spectrum in an energy region one speaks of
Anderson or spectral localisation. The name goes back to Anderson’s seminal
work [20]. This property has been established for a variety of random mod-
els. In most of those cases one can additionally prove that the correspond-
ing eigenfunctions decay exponentially in configuration space, a phenomenon
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called exponential (spectral) localisation. The situation is different for ran-
dom potentials with long range correlations, where sometimes only power-law
decay of the eigenfunctions has been established [263, 170, 500].

If an energy interval contains almost surely only pure point spectrum, we
call it localisation interval. An eigenfunction of H,, which decays exponentially
is called an exponentially localised eigenstate. The region or point in space
where the localised state has its highest amplitude will be called localisation
centre (we will not need a mathematically precise definition of this notion).

However, it turns out that the spectrum provides only a rough view on
the dynamical properties of the quantum mechanical system. A more detailed
understanding can be obtained by studying the time evolution of the mo-
ments of the position operators. This led to a formulation of several criteria
of dynamical localisation. One possible characterisation of this phenomenon,
namely strong dynamical localisation in Hilbert-Schmidt topology means that
for all ¢ > 0

E {uTips HXP/?f(Hw)Pw(nxKH;} <0 (1.11)

Here P, (I) denotes the spectral projection onto the energy interval I associ-
ated to the operator H,, || - ||zs denotes the Hilbert-Schmidt norm, K C R¢
is any compact set, and |X| denotes the operator of multiplication with the
function |z|. For the interpretation of (1.11) as non-spreading of wave-packets
one chooses f(y) = e . Dynamical localisation (1.11) implies in partic-
ular that the random Hamiltonian H, exhibits spectral localisation in I.
In [414] it was first pointed out that, in general, it is important to distin-
guish between dynamical and spectral localisation. The derivation of various
forms of dynamical localisation using the multiscale analysis can be found in
[183, 107, 186, 187, 188, 190], while a proof of the same fact based on the
fractional moment method is the content of the papers [6, 60]. Actually, dy-
namical localisation has first been proven for discrete Schrédinger operators
using the latter method in [9, 4, 7, 11]. In [414, 111, 235] examples are dis-
cussed where spectral localisation occurs, but certain dynamical criteria for
localisation are not satisfied.

For the operators discussed in the present volume these distinctions are not
crucial. In the case of the alloy type model, to which we devote most attention,
spectral and dynamical localisation coincide, cf. [107, 190]. In the sequel we
mean by localisation that the considered operator exhibits in a certain energy
interval only pure point spectrum, and that the corresponding eigenfunctions
decay sufficiently fast.

Since we are dealing not just with a single Hamiltonian, but with a whole
family of them, we have to say something on how the spectral properties
depend on the parameter w describing the randomness: many properties of the
spectrum of an operator pertaining to the family {H,}, hold almost surely,
i.e. for w in a set such that its complement has measure zero in 2. This is at
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least true for the properties we discuss in the present work. There are other
quantities which are highly dependent on the randomness, like eigenfunctions
of H,, or the set of its eigenvalues (not its closure!).

We shortly describe what kinds of spectral types one expects from the
physical point of view for random Schriodinger operators, say of alloy type. In
case there are rigorous results which have confirmed this intuition we quote
the reference.

In one space dimension the spectrum is pure point for all energies almost
surely. A rigorous proof of this statement was first given in [202] for random
potentials generated by Brownian motion on a compact manifold. Later the
theorem was extended to Anderson and alloy type models with continuous
[306] and Bernoulli randomness [80, 429, 104]. In general one could say that
the understanding of the localisation phenomenon is more advanced in the
one-dimensional situation than in the higher-dimensional one. This is due
to a variety of ideas and methods which are specific — or at least more
powerful — for one-dimensional operators, like Kotani theory, subordinacy
theory, transfer matrices, Lyapunov exponents, the Priifer transformation, two
parameter spectral averaging, reflection coeflicients, inverse spectral theory
and scattering theory. These aspects are discussed among others in [303, 252,
304, 444, 306, 305, 198, 197, 365, 73, 271, 296, 111, 445, 459, 74, 105, 106] and
surveyed in [460].

In three or more dimensions it is expected that the spectrum is pure point
near the boundaries of the spectrum while in the interior it is purely absolutely
continuous. In the latter case one speaks also of an energy region with delo-
calised states. However, for alloy type Hamiltonians in Euclidean space the
proof of delocalisation is still open. For several different types of random op-
erators results on existence of absolutely continuous spectrum have been ob-
tained: for random operators on trees in [276, 277, 13, 14, 15, 16, 172], for alloy
type models with decaying randomness in [315, 253, 219, 316, 250, 317, 171],
and for certain one-dimensional quasi-periodic operators in [114, 149, 58, 161,
162, 163, 31]. It is expected that there is a sharp transition between energies
with localised and those with delocalised spectrum. The threshold energy is
called mobility edge. For partial results see [230, 253, 190, 161]. There are also
related results in terms of the dynamical properties of the time evolution of
states, see [111, 235, 190, 192].

The literature on the existence of pure point spectrum near spectral bound-
aries is extensive. We discuss it in more detail in Sect. 3.2.

How large the intervals with point or continuous spectrum are, depends on
the disorder present in the model. For instance, in (1.5) one could introduce
a global coupling constant A in front of the potential

H, = Hy+ AV,

Now large A means large disorder, small A small disorder. The larger the disor-
der, the larger is the portion of the spectrum which contains localised states.
For a quantitative formulation of this intuition see for instance [491, 287, 286,
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187, 188]. Similarly, as the disorder increases the exponentially localised states
decay faster, i.e. the localisation length decreases, cf. e.g. [491, 423, 424]. For
other types of random Schrédinger operators there are similar ways to intro-
duce a disorder parameter.

1.4 Fluctuation Boundaries of the Spectrum

The phenomenon that localised states emerge at the edges of the spectrum
can be understood in terms of the so-called fluctuation boundaries. These are
the regions of the spectrum which correspond to extremely rare configurations
of the potential. Consequently, the density of states, which measures the con-
centration of the spectrum (see the next two chapters for a precise definition)
is very thin in this region. Under certain assumptions it can be shown that
localisation occurs precisely in those energy regions where the spectrum is
sufficiently sparse. See e.g. [190] for a rigorous formulation.

The characteristic behaviour of the integrated density of states near fluc-
tuation boundaries of the spectrum has been first understood on physical
grounds by I. M. LifSic in [336, 337, 338]. For this reason the tails of the
integrated density of states at these boundaries bear the name Lifshitz-
asymptotics or Lifshitz-tails. To explain this behaviour, let us denote by Ejy
the minimum of the spectrum of a lower-bounded random operator, which is
by ergodicity independent of the realisation almost surely. Then the integrated
density of states N behaves for energies £ > Fy near Ej like

N(E) ~ exp(—const(E — Ey)~%?).

The most precise bounds for this asymptotics have been obtained for random
Schrédinger operators with a potential generated by impurities which are dis-
tributed randomly in space according to a Poisson process, see e. g. [128, 387,
379, 465, 467]. Similar results hold for a discrete relative of this operator,
namely the Anderson model on ¢*(Z%), see e.g. [129, 23, 284, 52, 360, 476].
The reason why these models are amenable to a very precise analysis is
the applicability of Brownian motion, respectively random walk techniques
and Feynman-Kac functionals. For several other types of random operators a
weaker form

1o log|log(N(E) - N(Ey))| _ d L12)

EN\\Eo |log(E — Ep)| 2
of the exponential law has been established using estimates based on inequal-
ities by Thirring [473] and Temple [472]. In particular, this method can be
applied to show that the asymptotics (1.12) holds for the Anderson model
on (2(Z%) and the alloy type model on L?(R?). This strategy of proof was
pursued in the 1980s in several papers [257, 361, 440, 262, 362, 363, 441].

Further works devoted the study of the asymptotics near fluctuation

boundaries include [385, 386, 302, 178, 180, 179, 466, 364, 283, 456, 288,
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290, 291, 287, 285, 220, 269, 251, 270, 260, 266, 487, 371, 25, 24]. At the
end of Sect. 5.7 one can find references to results on Lifshitz tails for random
Schrodinger operators with magnetic fields.

The existence of localised states for random Schrédinger operators is in
sharp contrast to the features of periodic operators. Indeed, for operators with
periodic potential, satisfying some mild regularity assumptions, it is known
that the spectrum is purely absolutely continuous, [474, 49, 450, 427, 428, 318|.
This difference might seem somewhat surprising, given the similarity of the
structure of an alloy type and a periodic operator.

When looking at the integrated density of states one also sees a quite dif-
ferent behaviour for the above discussed random and periodic models. Namely,
for periodic Schrédinger operators and their discrete analogues the low energy
asymptotics of the integrated density of states is governed by the so-called van
Hove singularities. This means that the integrated density of states vanishes
polynomially when the energy variable approaches the bottom of the spec-
trum, in the sense that

log N(E) d

=2 1.13
B, log(E — By) 2 (1.13)

which is in sharp contrast to the Lifshitz tail behaviour outlined above.






2

Existence of the Integrated Density of States

Intuitively, the integrated density of states (IDS) measures how many electron
energy levels can be found below a given energy per unit volume of a solid. An
alternative name for this quantity is spectral distribution function. It can be
used to calculate the free energy and hence all basic thermodynamic quantities
of the corresponding non-interacting many-particle system.

To define the IDS mathematically one uses an exhaustion procedure. More
precisely, one takes an increasing sequence A; of open subsets of R? such that
each A; has finite volume and (J, A; = R?. Then the operator H', which is
the restriction of H, to A; with Dirichlet boundary conditions, is selfadjoint,
bounded below and its spectrum consists of discrete eigenvalues A\ (H.) <
Ao(HL) <o < A\p(HL) — oo. Here A\, = A\, 41 means that the eigenvalue is
degenerate and we take this into account in the enumeration.

The normalised eigenvalue counting function or finite volume integrated
density of states N. is defined as

n l
NL(B) = 2 'Anlfr) < Bl (2.1)

The numerator can equally well be expressed using the trace of the spectral
projection P!(I) associated to the operator H! and an energy interval I,
namely

#{n| \o(HL) < E} = Tr [P; (- o0, E[)}

Note that N!: R — [0,00] is a distribution function of a point measure for
all | € N, i.e. NL(E) = vl (] — oo, E[). Here v}, is the finite volume density of
states measure defined by

VL (I) o= | A7 #{n| Mo (HL) € 1}

By definition, a distribution function is non-negative, left-continuous and
non-decreasing. In particular, it has at most countably many points of
discontinuity.
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Under specific additional conditions on the random operator and the
exhaustion sequence A;,l € N one can prove that

(i) For almost all w € € the sequence N/, converges to a distribution func-
tion N, as [ goes to infinity. This means that we have N! (E) — N, (E)
for all continuity points F of the limit distribution N,,,.

(ii) For almost all w € Q the distribution functions N, coincide, i.e. there is
an w-independent distribution function N such that N = N, for almost
all w. This function N is called the integrated density of states. Note
that its independence of w is not due to an explicit integration over the
probability space 2, but only to the exhaustion procedure. This is the
reason why the IDS is called self-averaging.

(iii) In most cases there is a formula for the IDS as an expectation value of a
trace per unit volume of a spectral projection. For Z%-ergodic operators
it reads

N(E):= E {Tr[XAPw(] — o0, E[)]} (2.2)

Here A denotes the unit box ]0, 1[¢, which is the periodicity cell of the
lattice Z?. Actually, one could choose certain other functions instead of
XA, yielding all the same result, cf. Formula (2.15). The equality (2.2)
holds for R%ergodic operators, too. It is sometimes called Pastur-Shubin
trace formula.

In the following we prove the properties of the IDS just mentioned by
two methods. In Sects.2.2-2.6 a detailed proof is given using the Laplace
transforms of the distribution functions N/, while Sect. 2.7 is devoted to an
alternative method of proof. It uses Dirichlet-Neumann bracketing estimates
for Schrodinger operators, which carry over to the corresponding eigenvalue
counting functions. These are thus super- or subadditive stochastic processes
to which an ergodic theorem can be applied.

Actually the proof using Laplace transforms will apply to more general
situations than discussed so far, namely to more general geometries than the
Euclidean one. To be precise, we will consider random Schrédinger operators
on Riemannian covering manifolds, where both the potential and the met-
ric may depend on the randomness. This includes random Laplace-Beltrami
operators.

We follow the presentation and proofs in [392, 327]. The general strategy
we use was developed by Pastur and Shubin in [384] and [431] for random
and almost-periodic operators in Euclidean space. A particular idea of this
approach is to prove the convergence of the Laplace transforms L. of the
normalised finite volume eigenvalue counting functions N/, instead of proving
the convergence of N directly. This is actually the main difference to the
second approach we outline in Sect. 2.7, which is taken from [254]. The Pastur-
Shubin strategy seems to be better suited for geometries with an underlying
group structure which is non-abelian.

Indeed, one of the differences between random operators on manifolds
and those on R? is that the operator is equivariant with respect to a group
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which does not need to be commutative. This means that one has to use
a non-abelian ergodic theorem to derive the convergence of the distribution
functions N, or, alternatively, of their Laplace transforms £.. This imposes
some restriction on the strategy of the proof since ergodic theorems which
apply to non-abelian groups need more restrictive assumptions than their
counterparts for commutative groups, cf. also Remark 2.6.2. For processes
which are not additive, but only super- or subadditive, there is a non-abelian
maximal ergodic theorem at disposal (cf. 6.4.1 Theorem in [313]) but so far
no pointwise theorem. This is also the reason why the Dirichlet-Neumann
bracketing approach of Sect. 2.7 does not seem applicable to random operators
living on a covering manifold with non-abelian deck-transformation group
(covering transformation group).

2.1 Schrodinger Operators on Manifolds: Motivation

In this chapter we study the IDS of random Schrédinger operators on mani-
folds. Let us first explain the physical motivation for this task.

Consider a particle or a system of particles which are constrained to a
sub-manifold of the ambient (configuration) space. The classical and quantum
Hamiltonians for such systems have been studied e.g. in [367, 173] (see also the
references therein). To arrive at an effective Hamiltonian describing the con-
strained motion on the sub-manifold, a limiting procedure is used: a (sequence
of) confining high-barrier potential(s) is added to the Hamiltonian defined on
the ambient space to restrict the particle (system) to the sub-manifold. In
[367, 173] one can find a discussion of the similarities and differences between
the obtained effective quantum Hamiltonian and its classical analogue.

A important feature of the effective quantum Hamiltonian is the appear-
ance of a so-called extra-potential depending on the extrinsic curvature of
the sub-manifold and the curvature of the ambient space. This means that
even if we disregard external electric forces the relevant quantum mechanical
Hamiltonian of the constrained system is not the pure Laplacian but con-
tains (in general) a potential energy term. This fact explains the existence
of curvature-induced bound states in quantum waveguides and layers, see
[157, 138, 343, 139] and the references therein.

As is mentioned in [367], the study of effective Hamiltonians of constrained
systems is motivated by specific physical applications. They include stiff mole-
cular bonds in (clusters of) rigid molecules and molecular systems evolving
along reaction paths. From the point of view of the present work quantum
wires, wave guides and layers are particularly interesting physical examples.
Indeed, for these models (in contrast to quantum dots) at least one dimension
of the constraint sub-manifold is of macroscopic size. Moreover, it is natural
to assume that the resulting Hamiltonian exhibits some form of translation
invariance in the macroscopic direction. E.g. it may be periodic, quasi-periodic
or — in the case of a random model — stationary.
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For random quantum waveguides and layers the existence of dense point
spectrum is expected, cf. the discussion of localisation in Sect. 1.3. Indeed, for
a specific type of random waveguide embedded in the Euclidean plane this has
been rigorously proven in [274, 275]. The question of spectral localisation due
to random geometries has been raised already in [109]. There the behaviour
of Laplace-Beltrami operators under non-smooth perturbations of the metric
is studied.

While the motivations presented above stem from solid state physics a
further stimulus to study the IDS comes from within mathematics itself:
For various geometries with a group action it makes sense to define trans-
lation invariant or periodic operators. This applies to covering manifolds,
Cayley graphs and more generally quasi-transitive graphs, as well as for
CW-complexes. These carry naturally defined Laplace operators on func-
tions and more generally on p-forms. Related objects are magnetic Laplacians
and Schrodinger operators, for which it is also makes sense to formulate an
equivariance condition.

Here, by the term periodic we mean the property that there is a subgroup
of the automorphism group of the geometric space such that the operator is
invariant under conjugation with unitary transformations which are associated
to elements of the subgroup.

Due to the wealth of possibilities of the geometric structure, here even
Laplacians without any random perturbation may exhibit intriguing spectral
properties, part of which is captured by the IDS, respectively the spectral dis-
tribution functions of Laplacians on forms. Instances of such features are L>-
Betti numbers, Novikov-Shubin invariants and other geometric L?-invariants,
the jumps of the IDS, and the gap structure of the spectrum.

Geometric L2-invariants describe the behaviour of the spectral distribution
function at energies near the spectral bottom. For instance, the p'* L2-Betti
number is the size of the jump at zero energy of the distribution function
of the Laplacian on p-forms, see for instance [30, 118, 126]. Novikov-Shubin
invariants correspond to characteristic exponents of the asymptotic behaviour
of the IDS near zero, cf. e.g. [381, 380, 144, 208, 344, 160, 433, 347, 382, 25, 24].
L2-torsion is a generalisation of ordinary torsion and has an analytic as well as
a combinatorial variant. These invariants have been introduced in [348, 344,
356, 77] and studied in [349, 75, 76, 103, 71, 321, 272, 62].

Another interesting feature of some periodic Laplace-Beltrami operators
is the existence of L?-eigenfunctions, a phenomenon which cannot happen in
Euclidean space. Since the IDS is a spectral measure of the periodic operator,
the set of discontinuities of this function is precisely the set of eigenvalues of
the operator. These issues have been studied for instance in [126, 461, 292,
462, 325]. For more details see the discussion in Remark 3.1.3.

The analysis of the gap structure of the spectrum of periodic operators
of Schrodinger type is a further topic which has attracted attention. More
precisely, one is interested whether the spectrum in interrupted by spectral
gaps, i.e. intervals on the real line which belong to the resolvent set. In case
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there are gaps: can one establish upper and lower bounds for the width and
number of gaps and the spectral bands separating them? For different types of
periodic or gauge-invariant elliptic differential operators on manifolds spectral
gaps have been analysed in [463, 70, 69, 238, 393, 394]. See Example 2.2.5 for
a particular case. Even for periodic Schrodinger operators in Euclidean space
it is not trivial to characterise the gap structure. This is illustrated by works
devoted to the Bethe-Sommerfeld conjecture, e.g. [451, 446, 447, 448, 211]. For
almost periodic operators the situation is even more difficult and additional
questions arise like the gap labelling problem, see [37, 477, 240, 39, 42, 237, 38|
and the references therein. Although the gap structure of the spectrum is a
mathematically intriguing question for its own sake, it is also important from
the physical point of view. The features of gaps in the energy spectrum are
relevant for the conductance properties of the physical system cf. e.g.[339].

The periodic operators on manifolds discussed so far are generalised by
their random analogues studied in this chapter.

2.2 Random Schrodinger Operators on Manifolds:
Definitions

Let us explain the geometric setting in which we are working precisely: let X
be a complete d-dimensional Riemannian manifold with metric go. We denote
the volume form of gy by volg. Let I" be a discrete, finitely generated subgroup
of the isometries of (X, go) which acts freely and properly discontinuously on
X such that the quotient M := X/I" is a compact (d-dimensional) Riemannian
manifold. Let (2, Bq,P) be a probability space on which I' acts by measure
preserving transformations. Assume moreover that the action of I" on  is
ergodic. Now we are in the position to define what we mean by a random
metric and consequently a random Laplace-Beltrami operator.

Definition 2.2.1. Let {g,}wea be a family of Riemannian metrics on X.
Denote the corresponding volume forms by vol,,. We call the family {g, }wea
a random metric on (X, go) if the following five properties are satisfied:

(2.3) The map Q@ x TX — R, (w,v) — g,(v,v) is jointly measurable.
(2.4) There is a Cy €]0,00[ such that

C’g_1 90(v,v) < gu(v,v) < Cggo(v,v) forall veTX.
(2.5) There is a C, €]0,00[ such that
Vo pw(z)|o < Cp for allz € X,

where Vo denotes the gradient with respect to go, p. is the unique
smooth density of voly with respect to vol,,, and |[v|3 = go(v,v).

(2.6) There is a uniform lower bound (d — 1)K € R for the Ricci curvatures
of all Riemannian manifolds (X, g.,). Explicitly, Ric(g,) > (d—1)Kg.,
for all w € Q and on the whole of X.
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(2.7) The metrics are compatible in the sense that the deck transformations

v (X, 90) = (X, 0y0), YT w
are isometries.

Property (2.7) implies in particular that the induced maps
U(w,’y): L2(X7 VOl’y—lw) - LQ(Xv VOlw)a (U(w,'y)f)(x) = f(’yilx)

are unitary operators. The density p,, appearing in (2.5) satisfies by definition

/Xf(x)dvolo(x):/Xf(x)pw(m)dvolw(ac).

It is a smooth function and can be written as
3 . 1/2 i ; _1/2
pu(T) = (det go(€s eﬁ;)) / = (det gw(eoa 6%))

Here e}, ..., ed denotes any basis of T, X which is orthonormal with respect
to the scalar product go(), and el,... el € T, X is any basis orthonormal
with respect to g, (z). It follows from (2.4) that

Cg_d/2§pw(m)§Cg/2 forallz € X, we ) (2.8)
which in turn, together with property (2.5) and the chain rule, implies
Vo pZ /2 (x)]o < ng/‘l [Vopw(z)lo forallze X, we (2.9)
Moreover, for any measurable A C X by (2.8) we have the volume estimate
C 42 voly(A) < vol,(A) < C4/2 volg(A) (2.10)

We denote the Laplace-Beltrami operator with respect to the metric g, by A,.
Associated to the random metric just described we define a random family
of operators.

Definition 2.2.2. Let {g,} be a random metric on (X,go). Let V: Q X
X — R be a jointly measurable mapping such that for all w € Q0 the po-
tential V,, := V(w,-) > 0 is in L} .(X). For each w € Q let H, = —=A, + V,,
be a Schrodinger operator defined on a dense subspace D,, of the Hilbert space
L?(X,voly,). The family {H,}.,cq is called a random Schrédinger operator if
it satisfies for all v € I' and w € Q the following equivariance condition

Hy = Uy Hy1,Uf ) (2.11)
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Remark 2.2.3 (Restrictions, quadratic forms and selfadjointness). Some re-
marks are in order why the sum of the Laplace-Beltrami operator and the
potential is selfadjoint. We consider the two cases of an operator on the whole
manifold X and on a proper open subset of X simultaneously. The set of all
smooth functions with compact support in an open set A C X is denoted by
C2°(A). For each w € Q we define the quadratic form

Q(HD): C=(A) x C®(A) — (2.12)
(F.h) H/gw V£(2), Vh(x)) dvol.( /f () dvol, (x)

We infer from Theorem 1.8.1 in [108] that this quadratic from is closable
and its closure Q(H?) gives rise to a densely defined, non-negative selfadjoint
operator H. Actually, Q(H2) is the form sum of the quadratic forms of
the negative Laplacian and the potential. By the very definition, C2°(A) is
dense in the domain of Q(HZ2) for all w. The result in [108] is stated for
the Euclidean case X = R? but the proof works equally well for general
Riemannian manifolds.

The unique selfadjoint operator associated to the above quadratic form
is called Schridinger operator with Dirichlet boundary conditions. It is the
Friedrichs extension of the restriction HMC’COO( A)- If the potential term is

absent we call it negative Dirichlet Laplacian.

There are special subsets of the manifold which will play a prominent role
later:

Definition 2.2.4. For an x € X the set O(z) :=={y € X|Iy e I : y = vz}
is called the I'-orbit of x. The relation x ~y < O(x) N O(y) # 0 partitions
X into equivalence classes. A subset F C X is called I'-fundamental domain
if it contains exactly one element of each equivalence class.

In [2, Sect.3] it is explained how to obtain a connected, polyhedral
I'-fundamental domain F C X by lifting simplices of a triangularisation of M
in a suitable manner. F consists of finitely many smooth images of simplices
which can overlap only at their boundaries. In particular, it has piecewise
smooth boundary.

To illustrate the above definitions we will look at some examples. Firstly,
we consider covering manifolds with abelian deck-transformation group.

Ezample 2.2.5 (Abelian covering manifolds). Consider a covering manifold
(X,g0) with a finitely generated, abelian subgroup I' of the isometries of
X. If the number of generators of the group I' equals r, it is isomorphic
to Z'° x 2% x ...Zy". Here Y r; = r and Z, is the cyclic group of order
p. Assume as above that the quotient X/I" is compact. Periodic Laplace-
Beltrami and Schrédinger operators on such spaces have been analysed e.g. in
[462, 393, 394].
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In the following we will discus some examples studied by Post in [393, 394].
The aim of these papers was to construct covering manifolds, such that the
corresponding Laplace operator has open spectral gaps. More precisely, for any
given natural number N, manifolds are constructed with at least N spectral
gaps. For technical reasons the study is restricted to abelian coverings. In
this case the Floquet decomposition of the periodic operator can be used
effectively. Post studies two classes of examples with spectral gaps. In the
first case a conformal perturbation of a given covering manifold is used to
open up gaps in the energy spectrum of the Laplacian. The second type of
examples in [394] is of more interest to us. There, one starts with infinitely
many translated copies of a compact manifold and joins them by cylinders to
form a periodic network of ‘pipes’. By shrinking the radius of the connecting
cylinders, more and more gaps emerge in the spectrum. Such manifolds have
a non-trivial fundamental group and are thus topologically not equivalent
to R% On the other hand their deck-transformation group is rather easy to
understand, since it is abelian. In particular, it is amenable (cf. Definition
2.3.4), which is a crucial condition in the study conducted later in this chapter.
Some of the examples in [393, 394] are manifolds which can be embedded in
R3 as surfaces. They can be thought of as periodic quantum waveguides and
networks. See [393] for some very illustrative figures.

Furthermore, in [394] perturbations techniques for Laplace operators on
covering manifolds have been developed, respectively carried over from earlier
versions suited for compact manifolds, cf. [85, 22, 177]. They include con-
formal perturbations and local geometric deformations. Floquet decomposi-
tion is used to reduce the problem to an operator on a fundamental domain
with quasi-periodic boundary conditions and discrete spectrum. Thereafter
the min-max principle is applied to geometric perturbations of the Laplacian.

Related random perturbations of Laplacians are studied in [326, 325]
(cf. also Example 2.2.7). In particular a Wegner estimate for such operators
is derived.

Now we give an instance of a covering manifold X with non-abelian deck-
transformation group I.

Ezample 2.2.6 (Heisenberg group). The Heisenberg group Hj is the manifold
of 3 x 3-matrices given by

lzy
Hj3 = 01z |]|z,y,2€R (2.13)
001

equipped with a left-invariant metric. The Lie-group Hj is diffeomorphic to
R3. Its group structure is not abelian, but nilpotent.

The subset I' = H3 N M(3,7Z) forms a discrete subgroup. It acts from the
left on H3 by isometries and the quotient manifold Hz/I" is compact.
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Next we give examples of a random potential and a random metric which
give rise to a random Schrodinger operator as in Definition 2.2.2. Both have an
underlying structure which resembles alloy-type models (in Euclidean space).

Ezample 2.2.7. (a) Consider the case where the metric is fixed, i.e. g, = go for
all w € ), and only the potential depends on the randomness in the following
way:

Vo (z) = Z ¢ (w)u(y~ ), (2.14)

yel'

Here u : X — R is a bounded, compactly supported measurable function
and ¢g,: @ — R is a sequence of independent, identically distributed random
variables. By considerations as in Remark 1.2.2 the random operator H,, :=
—A+V,,w € is seen to satisfy the equivariance condition.

(b) Consider the situation where the metric has an alloy like structure. Let
(90, X) be a Riemannian covering manifold and let a family of metrics {g. }.
be given by

(@)= (X @) u60)) ol

~yel’

where v € C2°(X) and the r.,: @ —]0,00[,y € I' are a collection of indepen-
dent, identically distributed random variables. Similarly as in the previous
example one sees that the operators A, are equivariant.

Operators of the above type are discussed in [325].

2.3 Non-Randomness of Spectra and Existence
of the IDS

Here we state the main theorems on the non-randomness of the spectral com-
ponents and the existence and the non-randomness of the IDS. They refer to
random Schrodinger operators as defined in 2.2.2.

Theorem 2.3.1. There exists a subset Q' of full measure in (Q, Ba,P) and
subsets of the real line X and X,, where o € {disc,ess,ac, sc,pp} such that
for allw e

o(H,) =X and o4(H,)=2X,
for any e = disc, ess,ac, sc,pp. If I' is infinite, Xgisc = (.

The theorem is proven in [328], see Theorem 5.1. The arguments go to a
large part along the lines of [388, 319, 255]. Compare also the literature on
almost-periodic Schrodinger operators, for instance [431, 32].

For the proof of the theorem one has to find random variables which encode
the spectrum of {H,}, and which are invariant under the action of I'. By
ergodicity they will be constant almost surely. The natural random variables
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to use are spectral projections, more precisely, their traces. However, since R is
uncountable and one has to deal also with the different spectral components,
some care is needed.

Random operators introduced in Definition 2.2.2 are naturally affiliated
to a von Neumann algebra of operators which we specify in

Definition 2.3.2. A family { B, }.ecq of bounded operators B,: L*(X,vol,) —
L?(X,vol,,) is called a bounded random operator if it satisfies:

(i) w > (gu, Bof.) is measurable for arbitrary f,g € L*(Q x X,P o vol).
(ii) There exists a w-uniform bound on the norms || By || for almost all w € ).
(iii) For allw € Q,~ € I' the equivariance condition

B, = U(%,Y)BTMU(*%,Y)
holds.

By the results of Sect. 2.4, {F(H,)}, is a bounded random operator for any
measurable, bounded function F'.

It turns out that (equivalence classes of) bounded random operators form
a von Neumann algebra. More precisely, consider two bounded random op-
erators {A,}. and {B,}, as equivalent if they differ only on a subset of Q
of measure zero. Each equivalence class gives rise to a bounded operator on
L?(Q x X,Povol) by (Bf)(w,x) := B, f.(x), see Appendix A in [328]. This
set of operators is a von Neumann algebra A/ by Theorem 3.1 in [328]. On N
a trace 7 of type Il is given by

7(B) := E [Tr(xF B.)]

Here Tr := Tr,, denotes the trace on the Hilbert space L?(X,vol,). Actually,
for any choice of u: @ x X — R* with 37, Uy-1,(y ) =1 for all (w,z) €
Q x X we have

T(B) = E [Tr(ue Bs)] (2.15)

In analogy with the case of operators which are I'-invariant [30] we call T the
I'-trace. The spectral projections { P, (] — 00, A[) }o of {H,}., onto the interval
]— o0, A form a bounded random operator. Thus, it corresponds to an element
of N which we denote by P(] — 0o, A[). Consider the normalised I"-trace of P

T<P(] — 00, )‘D

Nu) = =g o )

(2.16)

The following is Theorem 3 in [327], see also [328].

Theorem 2.3.3. P(] — 0o, A]) is the spectral projection of the direct integral
operator

H:= /ij dP(w)
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and Ny is the distribution function of its spectral measure. In particular, the
almost sure spectrum X of {H,}. coincides with the points of increase

{NeR|Ng(A+¢) > Ng(A—e¢) for alle > 0}
OfNH

That the IDS can be expressed in terms of a trace on a von Neumann Algebra
was known long ago. In [430] and [431] Shubin establishes this relation for
almost-periodic elliptic differential operators in Euclidean space.

We want to describe the self-averaging IDS by an exhaustion of the whole
manifold X along a sequence A; /* X, [ € N of subsets of X. To ensure the
existence of a sequence of subsets which is appropriate for the exhaustion
procedure, we have to impose additional conditions on the group I', which
will be discussed next.

Definition 2.3.4. A group I' is called amenable if it has a left invariant mean
mry,.

Amenability enters as a key notion in Definition 2.3.6 and Theorem 2.3.8.
For readers acquainted only with Euclidean geometry, its role is motivated in
Remark 2.3.10.

Under some conditions on the group, amenability can be expressed in other
ways. A locally compact group I is amenable if for any £ > 0 and compact
K C I there is a compact G C I such that

mi(GAKG) < emp(G)

where my, denotes the left invariant Haar measure, cf. Theorem 4.13 in [390].
This is a geometric description of amenability of I'. If I" is a discrete, finitely
generated group we chose my, to be the counting measure and write instead
| - |. In this case I" is amenable if and only if a Falner sequence exists:

Definition 2.3.5. Let I' be a discrete, finitely generated group.

(i) A sequence {I;}; of finite, non-empty subsets of I" is called a Folner
sequence if for any finite K C I" and e >0

|IZAKIZ| S 9 |Il|

for all l large enough.
(ii) We say that a sequence I} C I')l € N of finite sets has the Tempelman or
doubling property if it obeys
1o

4
sup
len |1

<0

(iii) We say that a sequence I; C Iyl € N of finite sets has the Shulman
property if it obeys
‘Illlilﬂ

len ]

< 0
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(iv) A Folner sequence {I;}; is called a tempered Fglner sequence if it has
the Shulman property.

In our setting I is discrete and finitely generated. (Actually, K := {y € I" |
~FNF # B} is a finite generator set for I'. This follows from the fact that the
quotient manifold X/I" is compact, cf. Sect. 3 in [2].) Under this circumstances
a Fglner sequence exists if and only if there is a sequence of finite, non-empty
sets J; C I',l € N such that lim;_, % = 0 for all v € I'. Moreover, for
discrete, finitely generated, amenable grbups there exists a Folner sequence
which is increasing and exhausts I, ¢f. Theorem 4 in [1].

Both properties (i) and (iii) control the growth of the group I'. Linden-
strauss observed in [342] that each Fglner sequence has a tempered subse-
quence. Note that this implies that every amenable group contains a tempered
Fglner sequence. One of the deep results of Lindenstrauss’ paper is, that this
condition is actually sufficient for a pointwise ergodic theorem, cf. Theorem
2.6.1. Earlier it was known that such theorems can be established under the
more restrictive Tempelman property [470, 313, 471]. Shulman [434] first re-
alised the usefulness of the relaxed condition (iii).

In the class of countably generated, discrete groups there are several prop-
erties which ensure amenability. Abelian groups are amenable. More generally,
all solvable groups and groups of subexponential growth, in particular nilpo-
tent groups, are amenable. This includes the (discrete) Heisenberg group con-
sidered in Example 2.2.6. Subgroups and quotient groups of amenable groups
are amenable. On the other hand, the free group with two generators is not
amenable.

For the discussion of combinatorial properties of Fglner sequences in dis-
crete amenable groups see [1].

Any finite subset I C I defines a corresponding set

o(I) := int( U 7.7-') cX

vyel

where int(-) stands for the open interior of a set.

In the following we will need some notation for the thickened boundary.
Denote by dy the distance function on X associated to the Riemannian metric
go- For h > 0, let OpA = {x € X|do(xz,0A) < h} be the boundary tube of
width h and Ay, be the interior of the set A\ OpA.

Definition 2.3.6. (a) A sequence {A;}; of subsets of X is called admissible
exhaustion if there exists an increasing, tempered Folner sequence {I;}; with
U, I = I such that Ay = ¢(I; "), 1 € N.

(b) A sequence Aj,l € N of subsets of (X,g0) is said to satisfy the van
Hove property [478] if

volo(OnA;)

= 2.1
B ol (A 0 for allh >0 (2.17)
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In our setting amenability of I" ensures that an admissible exhaustion al-
ways exists. It is easy to see (cf. e.g. Lemma 2.4 in [392]) that every admissible
exhaustion satisfies the van Hove property. Inequality (2.10) implies that for
a sequence with the van Hove property

lim VOlw (8hAl)

=0forallh>0
l—o0o VOIW(AZ) ora -

holds for all w € Q. Let us remark that one could require for the sets A; in
the exhaustion sequence to have smooth boundary, cf. Definition 2.1 in [392].
Such sequences exist for any X with amenable deck-transformation group
I'; as well. This may be of interest, if one wants to study Laplacians with
Neumann boundary conditions.

For groups of polynomial growth it is possible to construct analoga of
admissible exhaustions by taking metric open balls B, (0) around a fixed
point 0o € X with increasing radii rq,...,7,, -+ — 00, cf. Theorem 1.5 in
[392].

Remark 2.3.7. In our setting it is always possible to chose the sequences {I;}
and {A;}; in such a way that they exhaust the group, respectively the mani-
fold. However, this is not necessary for our results.

A simple instance where U;A; # X can be given in one space dimension.
Let X =R, I'=7,; ={1—1,...,0}, F =[0,1] and consequently A; =]0,].
One can use this sequence of sets to define the IDS of random Schrédinger
operators although U;A; = [0,00[. A non-trivial example where the sets A;
do not exhaust X can be found in [464, 466]. There Sznitman considers ran-
dom Schrédinger operators in hyperbolic spaces. In that setting the approach
presented here does not work due to lack of amenability. Sznitman constructs
the IDS by choosing a sequence of balls A; which converges to a horoball of
the hyperbolic space. The resulting IDS corresponds to the restriction of the
random operator to the horoball and not to the one on the whole space.

We denote by H!, the Dirichlet restriction of H,, to A, cf. Remark 2.2.3,
and define the finite volume IDS by the formula

NL() == vol, (A) 7 - {n | Mo (HL) < A}

Now we are able to state the result of [327] on the existence of a self-
averaging IDS.

Theorem 2.3.8. Let {H,}, be a random Schrédinger operator and I' an
amenable group. For any admissible exhaustion {A\;}; there exists a set ' C Q
of full measure such that

lim NL(\) = Ng(\), (2.18)

l—o0

for every w € Q' and every continuity point A € R of Ny .
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Definition 2.3.9. The distribution function defined by the limit in (2.18) is
called integrated density of states.

Thus all properties (i)—(iii) on page 14 can be established for the model un-
der study. In particular, formula (2.18) is a variant of the Pastur-Shubin trace
formula in the context of manifolds. Theorem 2.3.8 is proven in Sects. 2.4-2.6.
It recovers in particular the result of Adachi and Sunada [2] on the existence
of the IDS of periodic Schrédinger operators on manifolds.

Remark 2.3.10. Let us motivate, for readers acquainted only with Euclidean
space, why it is natural that the amenability requirement enters the theorem.
In the theory of random operators and in statistical mechanics one often
considers a sequence of sets A;,l € N which tends to the whole space. Even in
Euclidean geometry it is known that the exhaustion sequence A;,l € N needs
to tend to R? in an appropriate way, e.g. in the sense of van Hove or Fisher
[417]. Convergence in the sense of van Hove [478] means that

. |85Al| o

lim =0 2.19
=00 |Ay (2.19)

for all positive ¢.

If one chooses the sequence A;,l € N badly, one cannot expect the conver-
gence of the finite volume IDS’ N to a limit as [ — oco. In a non-amenable
geometry, any exhaustion sequence is bad, since (2.19) cannot be satisfied,
cf. Proposition 1.1 in [2].

Remark 2.3.11. We have assumed the potentials V, to be non-negative and
some of our proofs will rely on this fact.

However, the statements of Theorem 2.3.1 on the non-randomness of the
spectrum and Theorem 2.3.8 on the existence of the IDS carry over to V,,
which are uniformly bounded below by a constant C' not depending on w € €.
Indeed, in this case our results directly apply to the shifted operator family
{H,, — C}yeq- This implies immediately the same statements for the original
operators, since the spectral properties we are considering transform trivially
if a constant is added to the operator.

Remark 2.3.12 (Uniform convergence of the IDS). For many types of random
Hamiltonians on discrete geometric structures the convergence (2.18) of the
IDS is actually uniform in the spectral parameter almost surely, cf. [323, 330,
147, 148, 324, 329]. Note that this statement is non-trivial, since the IDS may
have discontinuities, as discussed in Remark 3.1.3.

Uniform convergence of the IDS has also been established for certain types
of random Schrodinger operators on metric graphs, cf. [209].

2.4 Measurability

Since we want to study the operators H2 as random variables we need a
notion of measurability. To this aim, we extend the definition introduced by
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Kirsch and Martinelli [255] for random operators on a fixed Hilbert space to
families of operators where the spaces and domains of definition vary with
w € Q.

To distinguish between the scalar products of the different L?-spaces we
denote by (-,-)o the scalar product on L?(A,voly) and by || - ||o the corre-
sponding norm. Similarly, (-,-),, and || - ||, are the scaler product and the
norm, respectively, of L2(A,vol,).

Definition 2.4.1. Consider a family of selfadjoint operators {H,}.,, where
the domain of H,, is a dense subspace D, of L*(A,vol,). The family {H,}.,
is called a measurable family of operators if

w = (fu, F(Ho) fo)w (2.20)

is measurable for all measurable and bounded F': R — C and all measurable

functions f: Q x A — R with f(w,-) = f., € L*(A,vol,) for every w € Q.

Theorem 2.4.2. A random Schrddinger operator {H,}wecq as in Definition
2.2.2 is a measurable family of operators. The same applies to the Dirichlet
restrictions {H2},cq to any open subset A of X.

For the proof of this theorem we need some preliminary considerations.

As the next lemma will show, assumption (2.4) in our setting implies that
it is sufficient to establish the weak measurability (2.20) for functions f which
are constant in w. To formulate the precise statement, we first note that the
Hilbert spaces L2(A,volg) and L?(A,vol,) coincide as sets for all w € Q,
though not in their scalar products. Thus it makes sense to speak about a
function f, = f as an element of L?(A,vol,)”=" L?(A,voly).

Lemma 2.4.3. A random Schrddinger operator {H,},, is measurable if and
only if
w (f,F(H,)f)w is measurable (2.21)

for all measurable and bounded F: R — C and all f € L*(A,volp).

Proof. To see this, note that (2.21) implies the same statement if we replace
f(z) by h(w,z) = g(w)f(x) where g € L?(Q) and f € L*(A,voly). Such
functions form a total set in L?(£2 x A, P o vol).

Now, consider a measurable h: @ x A — R such that h(w,:) €
L?(A,vol,) for every w € Q. Then h,(w,z) = Xpn(w)h(w,z) is in
L?(Q x A,Povol) where x5, ,, denotes the characteristic function of the set
{w € Q| |h(w)]|£2(Avol,) < n}. Since xp,n — 1 pointwise on €2 for n — oo we
obtain

(hn(w), F(Hy)hn(w))w — (h(w), F(Hy)h(w))w

which shows that {H,},, is a measurable family of operators. O
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To prove Theorem 2.4.2 we will pull all operators H onto the same Hilbert
space using the unitary transformation S,, induced by the density p,,

S, L*(A,volg) — L*(A,vol,), (Suf)(x) = pY/?(z)f(x)
The transformed operators are

A, =-S;tAAS, (2.22)
A,z SPD(AL) € L(A, voly) — L%(A, voly)

The domain of definition S;* D(A2L) is dense in L?(A,voly) and contains all
smooth functions of compact support in A.

The first fact we infer for the operators A,,w € € is that they are uni-
formly bounded with respect to each other, at least in the sense of quadratic
forms. This is the content of Proposition 3.4 in [327] which we quote without
proof.

Denote the quadratic forms associated to the operators —Aj, respectively
Ay, by Qo and @, and the corresponding quadratic form domains by D(Qo)
and D(Qy)-

Proposition 2.4.4. Let D C L%(A,voly) be the closure of C>°(A) with respect
to the norm (Qo(f, f) + I£I13)""*. Then

D =D(Qo) = D(Qu,)

and there exists a constant C 4 such that

Cat (Qo(f: ) +IFI3) < Qu(f, ) + 1§ < Ca (Qo(f. 1)+ II£1I)  (2:23)
forall f € D and w € Q.

In the proof of this proposition the bound (2.5) — more precisely (2.9) — on
the gradient of the density p,, is needed. It seems to be a technical assumption
and in fact dispensable by using a trick from [109], at least if A is precompact
or of finite volume.

Since we are now dealing with a family of operators on a fixed Hilbert
space, we are in the position to apply the theory developed in [255]. The
following result is an extension of Proposition 3 there. It suits our purposes
and shows that our notion of measurability is compatible with the one in [255].

Let H be a Hilbert space, D C H a (fixed) dense subset and B,,: D — H,
w € Q non-negative operators. Denote by X = |J_ o(B.) the closure of the
union of all spectra, and by X its complement. To establish the measurability
of the family { B, }. one can use one of the following classes of test functions:

o Fi={X]—oo|A >0},

o Fp={xr et eR},
o F3={x—e ¥t >0},
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Fi={z— (z—2)"zeC\ X},

Fs = Fulz0) = {x +— (20 — )71} for a fixed 29 € C\ z,
Fs = Cp = {f: R — C| f bounded, continuous},

Fr ={f: R — C| f bounded, measurable}.

The following proposition says, that it does not matter which of the above
sets of functions one chooses for testing the measurability of {B,}..

Proposition 2.4.5. Fori=1,...,7 the following statements are equivalent:
(F) w = (f, F(By)h)# is measurable for all f,h € H and F € F;

Proof. It is obvious that (Fy) = (F5), (F7) = (Fs), and (Fg) = (F3). The
equivalence of (Fy), (F2) and (F4) can be found in [255].
To show (F5) = (F4), consider the set

Z:={z¢€ X% wwr (z— H,) ! is weakly measurable}

in the topological space X¢. It is closed, since z, — z implies the convergence
of the resolvents, see e.g. [410, Theorem VI.5]. A similar argument using the
resolvent equation and a Neumann series expansion shows that z € Z implies
Bs(z) C Z where § := d(z,Y). Since X° is connected, Z = £¢ follows.

(F3) = (F1): By the Stone-Weierstrass Theorem, see e.g. [410, Thm. IV.9],
applied to C(]0,00]) it follows that F3 is dense in the set of functions
{f € C([0,00]) | f(00) = 0} = Coe ([0, 00 ). We may approximate any X|—_oo, [
pointwise by a monotone increasing sequence 0 < f,,n € N in O (R). Po-
larisation, the spectral theorem, and the monotone convergence theorem for
integrals imply that X|_oo a[(Hw) is weakly measurable. An analogous argu-
ment shows (F1) = (F7), since any non-negative f € F can be approximated
monotonously pointwise by non-negative step functions f,,n € N. O

We use the following proposition taken from [458] (Prop. 1.2.6.) to show
that {A4,}, is a measurable family of operators.

Proposition 2.4.6. Let B,,,w € Q and By be non-negative operators on a
Hilbert space H. Let Q,,, w € Q and Qo be the associated closed quadratic
forms with the following properties:

(2.25) Qu, w € and Qg are defined on the same dense subset D C 'H.
(2.26) There is a constant C > 0 such that

C™H(Qo(f, ) +IFIB) < Qulf. f) + IIFIF < C(Qo(f. )+ IIfIIE)

forallw e Q and f € D.
(2.27) For every f € D the map w — Q. (f, f) is measurable.

Then the family {B,}. of operators satisfies the equivalent properties of
Proposition 2.4.5.
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By property (F7) and Lemma 2.4.3, {B,}. as in Proposition 2.4.6 is a mea-
surable family of operators.

We apply the proposition to B,, = A,,, where {A,},, is defined in (2.22).
To do so, we check that the properties (2.25)—(2.27) are satisfied: Properties
(2.25) and (2.26) follow from Proposition 2.4.4. Property (2.27) is obvious for
f € C°(A) and follows by approximation for all f € D, since C°(A) is dense,
again by Proposition 2.4.4.

Proof (of Theorem 2.4.2). We already know that the transformed ‘kinetic’
part A,, w € Q of the Hamiltonian is measurable. To deal with the singular
potential we introduce the cut off

Vin(x) == min{n, V,,(z)} for n € Nand w € Q

The auxiliary potential V,, ,, is bounded and in particular its domain of defi-
nition is the whole Hilbert space L?(A,volg). Thus the operator sum

Avn =40+ Von, we

is well defined and [255, Prop. 4] implies that it forms a measurable family of
operators. To recover the unbounded potential V,,, we consider the semigroups
w — exp(—tA, n),t > 0 which are weakly measurable.

The quadratic forms of A, , converge monotonously to the form of
A% = A, + V,. Now Theorems VIIL.3.13a and IX.2.16 in [239] imply that
the semigroups of A, ,, converge weakly towards the one of AZ® for n — oo.
Thus exp(—tAZ°) is weakly measurable, which implies the measurability of
the family AS°.

Finally, since S, is multiplication with the measurable function (x,w) +—
po (), this implies the measurability of the family H, = S,A®S;!, w € Q.

O

For later use let us note that the trace of measurable operators is mea-
surable. More precisely we will need the fact that for A of finite volume the
mappings

wis Tr(xae He)  and  w— Tr(e_tHﬁ) (2.28)

are measurable. Note that one can chose an orthonormal basis for L?(A, vol,)
which depends in a measurable way on w, cf. for instance Lemma I1.2.1 in
[117]. Thus (2.28) follows immediately from the Definition 2.4.1 of measurable
operators.

2.5 Bounds on the Heat Kernels Uniform in w
This paragraph is devoted to heat kernel estimates of the Schrédinger oper-

ators H,,. It consists of four parts. Firstly we discuss existence of L2?-kernels
of e *Hv ¢t > (0 and derive rough upper bounds relying on results in [108].
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Secondly, we infer Gaussian off-diagonal decay estimates of the kernels using
estimates derived in [332]. We then present an idea of H. Weyl to derive the
principle of not feeling the boundary, and finally we state a proposition which
summarises the information on the heat kernel needed in the next section.

We have to control the dependence on the metric and potential of all
these estimates since both the metric and the potential vary with the random
parameter w € ).

As H, is non-negative, the semigroup e~ "« ¢ > 0 consists of contractions.
Moreover, the semigroup satisfies some nice properties formulated in the fol-
lowing definition which enable us to derive estimates on the corresponding
heat kernel.

—tH

Definition 2.5.1. Let A C X be open and p a o-finite Borel measure on
A. Let A be a real, non-negative, selfadjoint operator on the Hilbert space
L?(A, i) The semigroup e~ 4 t > 0 is called positivity preserving if e 7?4 f >
0 for any 0 < f € L*(A,p) and t > 0. Furthermore, e *A,t > 0 is called
a Markov semigroup, if it is well defined on L™ (A, p) and the two following
properties hold

e M L2(A, p) — L3(A, p) is positivity preserving for every t > 0
(2.29)

e M LA, p) — L®(A, ) is a contraction for everyt >0 (2.30)

In this case A is called a Dirichlet form.
A Markov semigroup e~ % is called ultracontractive if

et LE(A, p) — L%°(A, ) is bounded for all t >0 (2.31)

The above (2.29) and (2.30) are called Beurling-Deny conditions [44, 45].
We infer from [108] the following facts: A Markov semigroup is a con-
traction on LP(A,p) for all 1 < p < oo (and all ¢ > 0). For all w € Q the
Schrédinger operator H2 on L?(A,vol,) is a Dirichlet form, [108, Thm. 1.3.5].
There the proof is given for X = R¢, but it applies to manifolds, too. By
Sobolev embedding estimates and the spectral theorem !5 is ultracontrac-
tive. Thus by Lemma 2.1.2 in [108] each 'A% has a kernel, which we denote

by kA(t,-,-), such that for almost all 2,y € A
0< kS (t,a,y) < [le"22]|1,00 = C(8) (2:32)

Here ||B||1,00 denotes the norm of B: L' — L*. For A = X we use the
abbreviation k, = kZX.

To derive an analogous estimate to (2.32) for the full Schrédinger operator
with potential we make use of the Feynman-Kac formula. Using the symbol
E,. for the expectation with respect to the Brownian motion b; starting in
x € X the formula reads

(e )e) = By (1001 f(0,))
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For a stochastically complete manifold X and bounded, continuous V,, the
formula is proven, for instance, in Theorem IX.7A in [150]. It extends to
general non-negative potentials which are in LllO . using semigroup and integral
convergence theorems similarly as in the proof of Theorem X.68 in [407].
Since we consider (geodesically) complete manifolds whose Ricci curvature is
bounded below, they are all stochastically complete, cf. for instance [206] or
Theorem 4.2.4 in [217].

Since the potential is non-negative, the Feynman-Kac formula implies for
non-negative f € L'(A,vol,)

0< (72 f) () < ("5 f) (x) < CO@) IF s

for almost every z € A. Thus e~ : LY(A,vol,) — L>®(A,vol,) has the same
bound C2(t) as the semigroup where the potential is absent. This yields the

pointwise estimate on the kernel k% (t,-,-) of etHS,

0< k,’}w (t,z,y) < CA(t)  for almost every z,y € X. (2.33)

In the following we derive sharper upper bounds on the kernels which im-
ply their decay in the distance between the two space arguments x and y. Such
estimates have been proven by Li and Yau [332] for fundamental solutions of
the heat equation. One would naturally expect that the fundamental solution
and the L?-heat kernel of the semigroup coincide under some regularity as-
sumptions. This is actually the case as has been proven for instance in [119)
for vanishing, and in [327] for smooth, non-negative potentials. The proof in
the last cited source uses that H,, is a Dirichlet form.

To formulate the results of Li and Yau [332] which we will be using, we
denote by d,: X x X — [0, 00[ the Riemannian distance function on X with
respect to g,. Note that the following proposition concerns the heat kernel of
the pure Laplacian.

Proposition 2.5.2. For every t > 0 there exist constants C(t) > 0, ay > 0
such that
ko(t,z,y) < C(t) exp ( — ap dg(z,y)) (2.34)

forallw e Q and z,y € X.

Proof. For a fixed Schrodinger operator the estimate (with dg replaced by
d,) is contained in Corollary 3.1 in [332]. There the upper bound is given
explicitly in terms of the geometric bounds on the manifold. This enables one
to show that properties (2.4), (2.8) and

Cy tdo(w,y) < du(x,y) < Cydo(,y)

ensure that the constants C(t) and oy in (2.34) may be chosen uniformly in
w. Moreover, for measuring the distance between the points x and y we may
always replace d, by dy by increasing . a
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Let us collect various consequences of Proposition 2.5.2 which will be useful
later on.

(i)
(i)

(iii)

(iv)

The pointwise kernel bound on the left hand side of (2.33) can be chosen
uniformly in w € Q.

We stated Proposition 2.5.2 for the pure Laplacian, although Li and Yau
treat the case of a Schrodinger operator with potential. The reason for
this is that we want to avoid the regularity assumptions on the potential
imposed in [332].

To recover from (2.34) the case where a (non-negative) potential is
present we use again the Feynman-Kac formula. We need now a local
version of the argument leading to (2.33). More precisely, we consider
e tHe as an operator from L'(B.(y)) to L°°(B.(z)) for small ¢ > 0.
Thus, we obtain

0 S k'Hw(t,l',y) S C(t) €xXp ( — Qg d%($7y))

The estimates derived so far immediately carry over to the case where
the entire manifold is replaced by an open subset A C X.

0 <k (t,z,y) < kn,(t,2,y)

This is due to domain monotonicity, see for example [108, Thm. 2.1.6]
where this fact is proven using functional analytic tools. Another way to
see that this estimate is true, is to use the probabilistic representation
of the heat semigroup, cf. [35, 435].

The Bishop volume comparison theorem controls the growth of the vol-
ume of balls with radius r, see for instance [51], [84, Thm. III.6] or [72].
It tells us that the lower bound (2.6) on the Ricci curvature is sufficient
to bound the growth of the volume of balls as r increases. The volume
of the ball can be estimated by the volume of a ball with the same ra-
dius in a space with constant curvature K. The latter volume grows at
most exponentially in the radius. For our purposes it is necessary to have
an w-uniform version of the volume growth estimate. Using Properties
(2.4), (2.6) and (2.8) we obtain the uniform bound

VOlw({y| dw(z,y) < T}) <Cr e forallze X

where C7,C5 do not depend on x and w. This implies that for all expo-
nents p > 0, there exists a M (t) < oo such that the moment estimate

/A k(¢ 2 p)]P dvol(y) < My (1)

holds uniformly in A C X open, in x € A and w € Q. We set M(t) :=
M (¢).
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(v) The heat kernel estimates imply a uniform bound on the traces of the
semigroup localised in space. Let A C X be a (fixed) open set of finite
volume. There exists a constant Cty = Crr(A,t) > 0 such that for all
w € N

Tr(xae ") < Cn

Intuitively this is the same as saying that fA kg, (t,z,x) dvol, () is uni-
formly bounded. However, since the diagonal {(z,z)|x € A} is a set
of measure zero, the integral does not make sense as long as we con-
sider kg, as an L?-function. We do not want here to address the ques-
tion of continuity of the kernel. Instead we use the semigroup property
e 2tHo — ¢tHue=tHe ¢ > (0 and selfadjointness to express the trace as

Tr(xae o) = /A/A[kHw (t/2, x,y)]? dvol, () dvol,(y) < Ma(t/2) vol, (A)
(2.35)

By (2.10) this is bounded uniformly in w € . Applying domain
monotonicity once more, we obtain

Tr(e™"2) < Ma(t/2) vol, (A) < Ma(t/2) C2/% voly(A) (2.36)

The following lemma is a maximum principle for Schrédinger operators
with non-negative potentials. Combined with the off-diagonal decay estimates
in Proposition 2.5.2 it will give us a proof of the principle of not feeling the
boundary.

Lemma 2.5.3 (Maximum principle for heat equation with non-neg-
ative potential). Let A C X be open with compact closure, V' be a non-
negative function, and u € C([0,T[xA) N C2(]0, T[xA) be a solution of the
heat equation %u—}— (—A+V)u=0 on]0, T[xA with non-negative supremum
s = sup{u(t,x) | (t,z) € [0, T[xA}. Then,

$ = max {max u(0,x), sup u(t,x)}

zeA [0,T[xOA

Note that regularity of V is not assumed explicitly, but implicitly by the
requirements on w. They are e.g. satisfied if V' is smooth. Indeed, in that
case the heat kernel is smooth, as can be seen following the proof of [108,
Thm. 5.2.1].

Now we are in the position to state the second, refined estimate on the
heat kernels, the principle of not feeling the boundary. It is a formulation of
the fact that the heat kernel of the Dirichlet-Laplacian on a (large) open set
A does not differ much from the heat kernel associated to the Laplacian on
the whole manifold, as long as one stays well inside A. As before, we derive
this estimate first for the pure Laplacian and then show that it carries over
to Schrodinger operators with non-negative potential.
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Proposition 2.5.4. For any fized t,e > 0, there exists an h = h(t,e) > 0
such that for every open set A C X and all w € Q)

0 < ko(t,z,y) — kS(t,z,y) <e
forallz e Ay € Ay,.

Proof. The first inequality is a consequence of domain monotonicity. So we
just have to prove the second one.
Fix w € Q and t,e > 0. Choose h > 0 such that

C(t) exp ( - at(h/2)2> <e

Note that the choice is independent of w. For any y € Ay and 0 < § < h/2
denote by Bs(y) the open dp-ball around y with radius 6. Let fs € C§°(Bs(y))
be a non-negative approximation of the §-distribution at y.

We consider now the time evolution of the initial value f under the two
semigroups generated by A, and A}, respectively.

u(t, ) ::/ka(t,x,z)fg(z)dvolw(z):Akw(t,x,z)fg(z)dvolw(z).
us(t, ) ::/Akﬁ(t,x,z)fg(z)dvolw(z).

The difference u (t,z) — ug(t,z) solves the heat equation 2u = A,u and

ot
satisfies the initial condition u(0,2) — u(0,2) = fs(z) — fs(x) = 0 for all
x € A. Now, by domain monotonicity we know k,(t,x,z) — k> (t,z,2) > 0,
thus

up(t,x) —ug(t, ) = /A (ko (t, 2, 2) — k5 (t, 2, 2)] f5(2) dvol,(z) > 0

for all t > 0 and =z € A. The application of the maximum principle yields

ur(t,z) —ue(t,z) < ]og]li}éA {u1 (s, w) —ua(s,w)}. (2.37)

The right hand side can be further estimated by:

u1 (s, w) — ug(s,w) < /Akw(s,w,z)f(;(z) dvol,(z)

= / kw(s,w, 2) f5(2) dvoly,(2).
Ah,/2
Since w € A and z € Ay /2, we conclude using Proposition 2.5.2:

/A kw(s,w,2) f5(2)dvol, (z) < C(t) exp ( - at(h/2)2) <e
h/2

Since the bound is independent of § we may take the limit 6 — 0 which
concludes the proof. O
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One can prove the principle of not feeling the boundary by other means too, see
for instance [349, 122, 392]. This alternative approach uses information on the
behaviour of solutions of the wave equation. Unlike the solutions of the heat
equation, they do not have the unphysical property that their support spreads
instantaneously to infinity. Actually, the solutions of the wave equation have
finite propagation speed [468]. Fourier transforms and the spectral theorem
turn this information into estimates on the difference of the solutions of the
free and restricted heat equation. Sobolev estimates lead then to the principle
of not feeling the boundary. See also Sect. 7 in [406].

Remark 2.5.5. Similarly as in Lemma 2.5.3, one can prove the proposition, if a
potential is present. More precisely, Proposition 2.5.4 is valid for Schrédinger
operators with potentials V' such that for continuous initial and bound-
ary values the solution of the heat equation %u = —(-A, + V)u is in
C([0,T[xA) N C%(]0,T[xA). However, Proposition 2.5.4 implies an analo-
gous estimate for the case where a non-negative potential is present, similarly
as in (ii) on page 33. This will be explained next.

Consider et —o=tHJ a5 an operator from L'(Ay,) to L(A), and denote
by 72 the first exit time from A for a Brownian motion starting in z. By the
Feynman-Kac formula, we have for 0 < f € L1(Ay)

(et — e 12) () = By (e B4V 0D fb)x gy )
<E; (f(bs)X{b| T;}St}) - /[kw (ta T, y) - k£ (ta Z, y)]f(y) dvol,,

< 6/f(y) dvol,
if we chose h as in Proposition 2.5.4. Thus for almost all x € A,y € Ay
ku, (t2,y) — ki, (6 2,y) < e —e e iy, ey <6 (238)

The upper bounds on the heat kernel and the principle of not feeling
the boundary enable us to prove a result on the traces of localised heat-
semigroups: In the macroscopic limit, as A tends (in a nice way) to the whole
of X, the two quantities

Tr(yxae ¢)  and Tr(e_tHg)

are approximately the same. The precise statement is contained in the
following

Proposition 2.5.6. Let {A;}1en, be a sequence of subsets of X which satisfies
the van Hove property 2.17 and let {H, }., be a random Schrodinger operator.
Then

: 1 —tH, —tHL\| _
208 ol (g | e TR =0
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Proof. We consider first a fixed [ € N and abbreviate A = A;. For the operator

e~tH2 we may write the trace in the same way as in (2.35) to obtain

Tr(e—tH2) = / / K (t/2,2,y)2dvol, ()dvol,(y)  (2.39)
AJA
We express the difference of (2.35) and (2.39) using

(k,)? — (k) = (km, — kiy )k, + k)

Next we chose h = h(t/2,¢) > 0 as in Proposition 2.5.4 and decompose the
integration domain according to

Ax A= (AxAL)U(AXOA)
The difference of the traces can be now estimated as
0 < Tr(yae ) - Tr(e*tHﬁ)

= \/A/A [kHw (%71’,y)*k%w (%7xay)] [kH_) (%,x,y)“i’k%w(%,x,y)] dVOlw(.’Jﬂ',y)
h

)k ()] [ (50440, (3.7.0)] vl
h

(2.40)
The first term is bounded by 2M (t/2) e vol,,(A) and the second by
2M (t/2) C(t/2) vol, (9rA)
It follows that
1 _tH _+HA VOlw (0hA)
- w ) w < - - 7
i (TI"(XA e tHe) —Tr(e )) < 2M(1/2)e+2M (/202 =5

Now, we let | go to infinity. Since the sequence A; satisfies the van Hove
property (2.17) and since our bounds are uniform in w, the proposition is
proven. O

2.6 Laplace Transform and Ergodic Theorem

This section completes the proof of Theorem 2.3.8. It relies, apart from the re-
sults established in Sects. 2.4-2.5, on a general ergodic theorem and a criterion
for the convergence of distribution functions.

Lindenstrauss proved in [342, 341] an ergodic theorem which applies to
locally compact, second countable amenable groups. It includes as a special
case the following statement for discrete groups.
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Theorem 2.6.1. Let I' be an amenable discrete group and (0, Bq,P) be a
probability space. Assume that I' acts ergodically on by measure preserving
transformations. Let {1}, be a tempered Folner sequence in I'. Then for every
fell(Q)

lim — 3" f(yw) = E(f) (2.41)

j—00 |Il| =
for almost all w € Q.

In the application we have in mind f € L, so the convergence holds in the
L'-topology, too.

Remark 2.6.2. Some background on previous results can be found for instance
in Sect. 6.6 of Krengel’ s book [313], in Tempelman’s works [469, 470, 471] or
some other sources [152, 204, 26, 151, 383]. The book [471] gives in Sect. 5.6 a
survey of Shulman’s results [434]. Mean ergodic theorems hold in more general
circumstances, see for instance [313, Sect. 6.4] or [471, Ch. 6].

We will apply the ergodic theorem above not to the normalised eigenvalue
counting functions N!, but to their Laplace transforms L. . The reason is, that
the £!, are bounded, while the original N/ are not. The following criterion
of Pastur and Shubin [384, 431] says that it is actually sufficient to test the
convergence of the Laplace transforms.

Lemma 2.6.3 (Pastur-Shubin convergence criterion). Let N,, be a se-
quence of distribution functions such that

(i) there exists a Ag € R such that Ny(A) =0 for all A < A\g and l € N,
(ii) there exists a function C : RT — R such that L'(t) = [e MdN;(N) <
C(t) foralll e N and t > 0,
(iii) lim; o L'(t) =: L(t) exists for all t > 0.

Then L is the Laplace transform of a distribution function N and for all
continuity points A\ of N we have

N(\) = lliglo Ni(N)

Finally, we present the proof of Theorem 2.3.8 on the existence of a self-
averaging IDS:

Proof (of Theorem 2.3.8). We have to check the conditions in the previous
lemma for the normalised eigenvalue counting functions N!. The first one is
clearly satisfied for Ay = 0, since all operators we are dealing with are non-
negative. To see (ii), express the Laplace transform by the trace of the heat
semigroup

l _ 1 —tAn _ 1 —tH!
LO=grm 2= 7= wnm e ™)

n, An€c
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The sum extends over all eigenvalues \,, of H. counting multiplicities. Now,
(2.36) implies condition (ii) of the Pastur-Shubin criterion.
To prove (iii) we will show for all ¢ > 0 the convergence

lim £ (t) = / e "dNg(N)
R

J—00

in (L' and) P-almost sure-sense. For technical reasons we will deal separately
with the convergence of the enumerator and denominator in

LL(t) = vol,,(A;) ! Tr(e H2)

However, we need some normalisation, to avoid divergences. Consider first
the enumerator with an auxiliary normalisation

|I,| ! Tr(e tHo) (2.42)

Introduce for two sequences of random variables a;(w), b;(w), ! € N the equiv-

alence relation a; e b; if they satisfy a; — b; — 0 almost surely for [ — oco.
By Proposition 2.5.6, the equivariance, and Lindenstrauss’ ergodic theorem
2.6.1

l — 00 _ _ _
(L] Te(e o) T 0T Te(a, e ) = 10T YD Te(re )
yel !

= LI Tr(xre ) T E{Tr(xse )
YEL

Similarly we infer for the normalised denominator
1 voly(A) = [L]71 ) voly(7F) = L™ )~ voly (F I2°F {vol (F)}
yel ! YEL

Note that by (2.10) all terms in the above line are bounded from above and
below uniformly in w. By taking quotients we obtain

|1~ Te(emte) jooo E {Tr(xze M)}

||~ vol, (Ay) E {vole(F)}

L.,(t) =

Uniform boundedness implies that the convergence holds also in L!-sense. The
right hand side is the Laplace transform of Ny, see the proof of Theorem 6.1
of [328] for a detailed calculation. O

2.7 Approach Using Dirichlet-Neumann Bracketing

We outline an alternative proof of the existence of the IDS due to Kirsch
and Martinelli [254]. It applies to random Schrodinger operators on R%. Tt
relies on an ergodic theorem for superadditive processes by Akcoglu and
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Krengel [17] and estimates on the number of bound states essentially implied
by the Weyl asymptotics.

Let us explain the notion of a superadditive process in our context. Denote
by Z the set of all multi-dimensional intervals or boxes A in R¢ such that
A= {z|a; <z; <bj, for j=1,...,d} for some a,b € Z* with a; < b; for all
j=1,...,d. The restriction of H, to a A € Z with Dirichlet boundary con-
ditions is denoted by H2 and with Neumann boundary conditions by HAV.
Consider a group {Tj}reza (or semigroup {Tj}yene) of measure preserving
transformations on the probability space (€2, B, P).

Definition 2.7.1. A set function F: Z — LY(Q) is called a (discrete) super-
additive process (with respect to {Ty}i) if the following conditions are satisfied

FroTy = Fayy for allk € Z% (or N3), A € Z (2.43)
if Av,..., A, € Z such that A := int ( U Kk) € Z then, Fp > ZFAk
k=1 k=1

(2.44)
vi=v(F) = /S\LGIFZ) AT E{F)\} < 0 (2.45)

F is called subadditive if —F is superadditive.

Similarly one can define superadditive processes with respect to an action of
R? on €.

We formulate the main result of [17] in the way it suits our needs (see
Theorem 2.4 and the Remark on page 59 in [17] and Sect. 6.2 in [313]).

Theorem 2.7.2. Let F' be a discrete superadditive process. For | € N set
Ay =] —1/2,1/2]%. Then the limit

lim {~¢ Fy,  exists for almost all w € )

If {T}.}1. acts ergodically on (2, P) we have lim;_ o 1% Fy,(w) = v(F) almost
surely.

More generally, one can replace the cubes Aj,l € N by a so-called reqular
sequence, cf. [470, 17, 254] or Sect. 6.2 in [313].

To apply the superadditive ergodic theorem we consider for arbitrary, fixed
A € R the processes given by the eigenvalue counting functions of the Dirichlet
and Neumann Laplacian

FP = FP(\w):=#{n|\(H) <)}, AeZ

FN = FN O\ w) = #{n|\(HY)Y <\, Aez
where H, is a random operator as in Definition 1.2.3. Obviously for A = A; =
]—1/2,1/2[* we have FP()\) = 19N} ()\). We will show that FP,A € Z is a
superadditive process, which is also true for —F IJ\V ,A € Z. Property (2.43)

follows from the equivariance of {H, },, while (2.44) and (2.45) are implied
by the following
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Lemma 2.7.3. Let H, be a random operator as in Definition 1.2.3 and A a
fixed energy value.

(i) For two cubes A(l) C A(g) we have F/€2> > F[(Dm and F/{\il) > Fl(jm.
(ii) If Ay, A2y € Z are disjoint such that A = Ay U Ay UM € Z where
M C R? is a set of measure zero, then

D D D
Fy 2 Fi, + Fi,

N N N
Fy < Fy L+ Fhy,

(iii) There exists a C\ € R such that for all A € Z and w € Q we have
FP(w) < Cy [A].

Proof. The first two statements are known as Dirichlet-Neumann bracketing
and are stated e.g. in Proposition XII1.15.4 in [408]. See also Sect.1.5 in [84]

for analogous results on manifolds. Lemma A.3.1 in the Appendix and its

proof imply property (iii) with C = (Q;d )\) 4/2 O

More background on bracketing techniques can be found in Sects. XIIL.3, 15
and 16 in [408]. The Weyl type bounds are related to the Lieb-Thirring and
Cwikel-Lieb-Rozenblum estimates for bound states [416, 334, 333, 101].

Now we can state the main result of [254].

Theorem 2.7.4. There exists a set ' C Q of full measure such that

N(\) := lim N} (\) (2.46)

l—o0
exists for every w € Q' and every continuity point A € R of N.

Proof. For a fixed A € R one applies Theorem 2.7.2 to FP(\,w), A € Z, and
denotes the corresponding (F) by (). By definition FP(\,w) < FP(\,w)
forall A < A and all w € Q, A € Z. Thus A — ~()\) is a non-decreasing
function. It has at most a countable set of discontinuity points. We denote
its complement by C and choose a dense countable set S C C. Hence 7 is
continuous at each A € S.

Since our transformation group is ergodic, for each A there is a set ) of
measure one on which the convergence lim;_ I~ F)0(w) = v(A) holds. Since
S is countable, ' = N5, has full measure, and the convergence statement
of Theorem 2.7.2 holds for all A € S and w € . Define the distribution

function N(A) := limg_5 », (). Thus, v and N coincide on C.

The monotonicity of A — F' /?l (A, w) and the continuity of N on C imply
the statement of the theorem. To see this, choose a sequence \,, € S, A\, >
A€, limy,_00 Ay = A. Then we have

RPN\ w) = N(A) < UFL (A w) = N(A) + N(A,) — N(N).
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For w € " and € > 0 we choose first n sufficiently large s.t. N(A,) — N(A) <
€/2 and then [ sufficiently large s.t. l*dF/a()\n,w) — N(A\p) < g/2. Thus one
sees that
lim sup l_dFE (A w) < N(N).
l—o00
Similarly one can choose a sequence A\, € S, A\, < A €C, lim, .o A\, = A and
then show that liminf; . ["FC (X, w) > N(X). O

For models which satisfy both the conditions of the previous theorem and
of 2.3.8 the two definitions of the IDS coincide.

Under certain regularity assumptions the theorem remains true if Neumann
boundary conditions are used to define the IDS, cf. Theorem 3.3.(b) of [254].
In this case one works with the subadditive process F (\,w), A € Z. There
are versions of the above theorem for R%-ergodic potentials, cf. for instance
254, 224).

2.8 Independence of the Choice of Boundary Conditions

Consider again the more general setting of Schriodinger operators on a
Riemannian covering manifold X. If the open subset A C X of finite volume is
sufficiently regular, the Neumann Laplacian H2V on A has discrete spectrum.
One condition which ensures this is the extension property of the domain
A, see e.g. [108], which is in turn satisfied if the boundary OA is piecewise
smooth. Minimal conditions which ensure the extension property are discussed
in Sect. VI.3 of [454]. Thus it is possible to define the normalised eigenvalue
counting function

_ 1

Nﬁ’N A) =
(A) A

#{n € N[\ (HIN) < A}

Let A; be an admissible exhaustion A; C X,[ € N of sets which all have the
extension property. Consider the sequence of distribution functions N,V :=
Nﬁ‘“N . It is natural to ask whether it converges almost surely, and, moreover,
whether its limit coincides with N as defined in Theorem 2.3.8. If this is
true, the IDS is independent of the choice of Dirichlet or Neumann boundary
conditions used for its construction. This indicates that boundary effects are
negligible in the macroscopic limit.

However, this turns out not to be true for all geometric situations.
Sznitman studied in [464, 466] the IDS of a random Schrédinger operator
on a horoball in hyperbolic space with potential generated by a Poissonian
field. He showed that the IDS does depend on the choice of boundary condi-
tion used for its construction. Actually, he computes the Lifshitz asymptotics
of the IDS at energies near the bottom of the spectrum and shows that it is
different for Dirichlet and Neumann boundary conditions.



2.8 Independence of the Choice of Boundary Conditions 43

In contrast, in the case of Euclidean geometry X = R?, the question of
boundary condition independence has been answered positively already some
decades ago [43, 254, 432, 137] for a large class of Z? or R’-ergodic ran-
dom potentials. More recently, there has been interest in the same question
if a magnetic field is included in the Hamiltonian, see also Sect.5.7. In this
case the coincidence of the IDS defined by the use of Dirichlet and Neumann
boundary conditions was established for bounded (electric) potentials in [375],
for non-negative potentials in [125], and for certain potentials assuming both
arbitrarily large positive and negative values in [224] and [222]. The last men-
tioned approach seems to be extensible to non-Euclidean geometries.
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Wegner Estimate

In 1981 Wegner [493] proved on a physical level of rigour a lower and upper
bound on the density of states (DOS) of the (discrete) Anderson model and
similar lattice Hamiltonians. The density of states — if it exists — is the
density function of the IDS.

Wegner’s argument did in particular not rely on any information about the
type of the spectrum in the considered energy interval. This was important,
since before Wegner’s result there where various conjectures in the physics
community how the DOS should behave at the mobility edge, if it exists. This
is the name for the critical energy which is supposed to form the boundary
between an interval with pure point spectrum and another one with contin-
uous spectrum. Note however that there is so far no rigorous proof of the
existence of continuous spectrum for ergodic random Schrédinger operators.
There were arguments suggesting that the DOS should diverge to infinity at
the mobility edge, others that it should vanish. Wegner’s estimates discarded
this misconceptions by establishing upper and lower bounds on the DOS. In
a sense it is a negative result: one cannot recognise the borderline of different
spectral types by looking at the IDS.

In the sequel we concentrate on alloy type models as defined in 1.2.1 (and
Remark 1.2.2). We will be concerned here with upper bounds on the DOS
only. It is derived by considering its analoga on finite boxes. So what we are
speaking about in this chapter is an estimate on

E {TePL(I)} = |M|E {NL(E») — NL(E1)}

where for the moment for notational convenience we only consider half open
energy intervals I = [E}, F5[. By the Cebysev-inequality one sees

P{o(HL) NI#0} =P{TxP.(I) #0} < E{TrP.(I)} (3.1)

This means that a bound on the averaged trace of the projection gives
immediately a bound on the probability to find an eigenvalue in the considered
energy interval. Actually, in the literature on Anderson localisation often the
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(weaker) bound on P {TrP.(I) # 0} is called Wegner estimate, since it is
sufficient for the purposes of multiscale analysis, see Sect. 3.2.

In the following we will adopt the following notation: A; :=]—1/2,1/2[*C R¢
denotes the cube of side length [ centred at zero. Occasionally we suppress
the dependence on the size and just write A. A cube centred at x € R? is
denoted by A+ = = {y + x|y € A} or Aj(z). The characteristic function of
the unit cube A; + j is abbreviated by x;. The symbol Ay = Ay N Z% denotes
the lattice points contained in A;. For [ € 2N + 1 we have

int ([ J M0)) = A

JjEN

3.1 Continuity of the IDS

The estimates on the expected number of energy levels in I, which most
authors derive or use (for localisation proofs) are ‘polynomial’, more precisely

E{TrPL(I)} < Cw |1]* |A[° (3.2)

Here |I| and |A;| denote the (1-dimensional, respectively d-dimensional)
Lebesgue measure of the energy interval I, and the set A;, respectively. The
Wegner constant Cy, depends on the various parameters of the model and
for continuum Hamiltonians on the supremum of 7. Actually, Cy can be
assumed to be a monotone non-decreasing function of sup I. However, once
sup [ is fixed, C'y is independent both of the energy interval length and the
volume. It is obvious that the energy and volume exponents must satisfy
a €]0,1],b € [1,00[. As far as the exponents are concerned, the Wegner esti-
mate is optimal if the dependence on the volume and energy length is linear,
ie.ca=b=1.
For, if b = 1, the bound (3.2) carries over to the infinite volume IDS:

E {TrP.([E,,E

< Cw |Ey — Eq|*

(3.3)
Since we know from Theorem 2.3.8 and dominated convergence that for Fy, Ey
in a dense set of energies

lim E {N(E) - NL(E)} = N(Ez) - N(Ey)

l—o00

it follows
N(E3) — N(Ey) < Cw |Ey — Eq|*

where Cy = Cw (F2). Now the monotonicity of the IDS implies its Holder
continuity. Moreover, if the estimate (3.2) is linear in the energy, i.e. a = 1,
the IDS is even Lipschitz continuous. Thus its derivative, the DOS
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AN (E)
dE

n(E) =
exists for almost every energy E' € R and is locally bounded
n(E) < Cw(Ey) forall E < FEy

So the Wegner constant turns out to be a locally uniform bound on the DOS.

As mentioned above Wegner’s paper gives also a lower bounds on the DOS.
These have been rigorously established in [234, 215]. In the second reference
the extension of this result to the alloy-type model on L?(R) discussed.

Remark 3.1.1. For certain models the bounds derived on P {c(HL) N I # 0}
are not polynomial in the volume. This is the case for one-dimensional
Anderson or alloy type models where the coupling constants wj,j € Z are
distributed according to the Bernoulli distribution: for some p €]0, 1] the ran-
dom variable wg takes on the value 1 with probability equal to p and the
value 0 with probability 1 — p. Since this disorder regime is highly singular,
the ‘usual’ proofs of the Wegner estimate, see Chapters 4 and 5, fail. The
ones that do work, yield somewhat weaker results. Indeed, it is proven in
[80] (cf. also [429]) for the discrete Anderson model and in [104] for the con-
tinuum alloy type model, that for a fixed compact energy interval I and all
B €]0,1[,y > 0 there exist Iy € N and a > 0 such that

P{d(c(H.),E) < e} < e’ (3.5)

for all F € I and all [ > ly. Here in the case of the continuum model it has to
be assumed that I is disjoint from a discrete set of exceptional energies.

This estimate obviously does not imply continuity of the IDS. Interestingly,
for these models, the Holder continuity of the IDS is established using other
techniques which are specifically tailored for the one dimensional case, see
[320], [80, App. to Sect.5] and [104, Thm. 4.1]. Subsequently, this regularity
result is used to derive the finite volume estimate (3.5). In higher dimensions,
as we have discussed above, one proceeds in the other direction, carrying over
finite volume estimates to the macroscopic limit.

The bound (3.5) is still sufficient as an input for the multiscale analysis
which proves localisation, cf. e.g. [136] or our discussion in Sect.3.2. In the
discussion of Spencer’s example in Sect. 3.2 we will obtain an insight why
subexponentially small eigenvalue splittings are effective enough to prevent
resonances.

Remark 3.1.2 (Continuity of the IDS on the lattice and in one dimension).
In [116] Delyon and Souillard showed by a very simple argument that the
IDS of the Anderson model on the lattice Z¢ is continuous, regardless of the
continuity of the distribution of the potential values. The potential may even
be correlated over long distances, as long as it is an ergodic stochastic field.
Delyon and Souillard use the unique continuation property of the discrete



48 3 Wegner Estimate

Schrédinger equation, to prove that no eigenvalue can be sufficiently degener-
ated to produce a jump of the IDS. At the end of Remark 3.1.3 we contrast
their theorem with the situation in graphs other than the lattice. In [99] a
quantitative version of the continuity is proven: for random, ergodic lattice
Hamiltonians the IDS is actually log-Holder continuous. See also [345] and
[159, 123, 87, 357, 124] for related results for Hamiltonians on combinatorial
graphs.

Similarly, the IDS is continuous for one dimensional Hamiltonians, both on
Z and on R, [388, 236, 32]. Again, this result can be strengthened to log-Holder
continuity, cf. [100].

Remark 3.1.8 (Continuity of the IDS and geometry). So far we have only men-
tioned proven or expected assertions on the continuity of the IDS. One might
ask whether there are interesting models which exhibit a discontinuous IDS.
It turns out that this phenomenon may occur, if the configuration space has a
more complicated geometry than Z¢ or R%. Another example would be the IDS
of the Landau Hamiltonian, cf. e.g. the references in Sect.5.7, in particular
[375].

Maybe the simplest example to illustrate the difference between Euclidean
and more general geometry is provided by periodic Schrédinger operators.
Under mild assumptions on the Z%periodic potential Vper the IDS of the
Schrodinger operator Hy = —A + Vper 00 R? is absolutely continuous, see the
references at the end of Sect.1.4. In particular the IDS cannot have jumps.
However, precisely this can occur for Laplace-Beltrami operators (even with-
out potential) on a Riemannian covering manifold X, see [461, App. 2] and
[326, 325]. This phenomenon can be deduced from the fact that Laplacians
on covering manifolds may have eigenvalues, as has been shown in [292].
Furthermore, the size of the jumps of the IDS is related to certain geometric
invariants. Examples of such invariants are the order of the torsion subgroup
of the deck transformation group I' of X and the L2-Betti numbers of X,
which can be expressed in terms of the I'-trace on a certain von Neumann
algebra, establishing the connection to the representation of the IDS discussed
before Theorem 2.3.3, see [118, 126, 122, 123, 421, 124]. Related material can
be found in [30, 462, 345, 433, 420, 205, 422, 357, 121, 346, 351, 350, 120, 329).

Some of the Wegner estimates we present in Chapters 4 and 5 extend to
alloy type models on manifolds. A particularly interesting phenomenon occurs
if one considers a periodic Laplace-Beltrami operator with discontinuous IDS,
and perturbs it randomly such that the IDS of the perturbed operator is
continuous. This happens if either an appropriate alloy type potential is added
to the Hamiltonian or if the metric is multiplied by an appropriate alloy type
perturbation, see [325, 326].

A discontinuous IDS may also occur for models with a random geometry.
This is the case for the tight-binding Hamiltonian defined on Delone sets
studied in [330, 273]. Ideas related to [273] have been used in [419] and in
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Sect. 2 of [357]. The paper [419] is devoted to the proof of the existence of
spectral gaps for certain graph Hamiltonians.

We will discuss a different example, the quantum percolation model, in
some more detail, since it fits readily in the class of models which we have
described so far. This model has been studied amongst others in [112, 113,
244, 426, 86, 52, 484, 485, 260, 328, 371, 25, 24, 370, 329]. We sketch the
site percolation problem on Z¢ with probability parameter p: let vy: Q —
{0, 00}, k € Z% be a sequence of independent, identically distributed random
variables which take on the value 0 with probability p and the value co with
probability 1 — p. Define X, to be the infinite component of the set of active
sites {k € Z%| vy (w) = 0}. The graph X, is called the (active) infinite cluster.
For p above a certain critical value p. it is known that almost surely an infinite
cluster exists [242, 207] and is unique [8, 181], while for p < p. there is no
infinite cluster almost surely.

One defines the Laplacian h,, on X, as the restriction of the finite differ-
ence operator onto £2(X,,). For a cube A; one defines X! to be those active
sites in A; N Z? which are connected to the boundary dA; by a chain of active
sites. The finite volume Laplacian Al is the usual finite difference operator
restricted to £2(X)).

Although the finite active clusters, which would obviously give rise to
bound states, are not taken into consideration, it turns out that h,, has bound
states. This was as first observed in [244]. Eigenstates with finite support in
the infinite cluster are called molecular states. The existence of such states
affects the properties of the IDS of h,,, which is defined in the following way.
For each [ € N the normalised eigenvalue counting function of the Hamiltonian
Rl is defined as

1

NL(E) = #(Al n Zd)

#{n| \n(h},) < E}

which converges for I — co to a non-random limit almost surely [86, 484, 485].
A construction resembling the Schwarz mirror charge principle in electrosta-
tics shows that there are compactly supported eigenfunctions, cf. [86]. Due
to their finite support they depend only on the pattern of X, in a bounded
region. Consequently the patterns and the associated localised eigenfunctions
occur with a non-zero density along the infinite cluster and thus produce
jumps of the IDS at the corresponding energy. In [86] it is shown by physical
arguments that the discontinuities of N constitute a dense set of energies.

Actually, uniqueness of the infinite cluster is not used in the arguments of
[86] and a similar argument for constructing finitely supported eigenfunctions
does work on the Bethe lattice as well, although there the infinite cluster is not
unique. For the quantum percolation model on the Bethe lattice compactly
supported eigenfunctions have been constructed in [80, Sect. 7].

A mathematically rigorous study of the quantum percolation model on
amenable graphs is undertaken in [484, 485]. There the discontinuities of the
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IDS are explained in terms of the breakdown of the unique continuation prop-
erty of eigenfunctions of the adjacency operator, see also Remark 3.1.2. More-
over, the set of these energies is characterised in the case X = Z¢. From a
wider perspective, the properties of this set are related to the Atiyah conjec-
ture, cf. [121]. The low energy asymptotics of percolation Hamiltonians has
been studied in [260, 371, 25, 24, 370].

Remark 3.1.4. While the continuity of the IDS has clearly to do with the
distribution of eigenvalues of the random Hamiltonian, it only captures a part
of the properties of this distribution. The theory of level statistics is concerned
with the finer structure of the fluctuations of eigenvalues. It can be studied
by an appropriate scaling procedure. This has been carried out for certain
one-dimensional and discrete models in [369, 368, 413, 412, 366, 195]. More
recently the joint distribution of eigenvalues and eigenfunctions in energy and
space has been studied in [378, 243].

Another spectral property related to the continuity of the IDS is the
multiplicity of the spectrum. The question is whether the spectrum is simple,
whether it has finite multiplicity or is infinitely degenerate. For discrete
Anderson type models (with absolutely continuous distribution of coupling
constants) it has been proven that exponentially localised spectrum, and
indeed singular spectrum in general, is simple almost surely, see [442, 230,
233, 279].

3.2 Application to Anderson Localisation

In the last section the implications of Wegner estimates for the IDS were
presented. Now we focus on the second main application of those bounds,
namely Anderson localisation.

As we discussed earlier in Sect. 1.3, this phenomenon tells us that a random
family of Schrédinger operators exhibits in a certain energy interval dense pure
point spectrum, almost surely. Moreover, the eigenfunctions of the eigenvalues
lying in this interval decay exponentially. Even a stronger property, namely
dynamical localisation, holds. See Sect. 1.3 for more details and references.

For multi-dimensional configuration space there are two techniques at dis-
posal to prove localisation: the fractional moment method and the multiscale
analysis (MSA). The first one is also called Aizenman-Molchanov technique
and was introduced in [9, 5, 4, 203, 7]. It was so far applicable only to lattice
Hamiltonians, up to the recent extension to continuum configuration space
[6, 60]. For discrete models it has in fact been proven [10, 11] that in the en-
ergy regime where the MSA applies, the Aizenman-Molchanov method works,
too.

However, we will discuss in a little more detail only the MSA, since it has
found applications to a variety of models and since the Wegner estimate is a
key ingredient in the MSA. We first sketch the basic ideas of the MSA, and
then discuss shortly its history.
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To carry through the MSA one needs two a priori estimates: the initial scale
estimate and the Wegner estimate. These two conditions essentially determine
for which single site potentials u, single site distribution measures p and which
energy intervals localisation can be derived. Note that u and p are parameters
which determine our alloy type potential, see Definition 1.2.1.

In the literature one can find multiscale analyses which are adapted to
operators describing the propagation of classical waves or to abstract families
of differential operators, see among others [165, 166, 98, 107, 458, 186, 278].
In this context one has also to make sure that certain other conditions are
satisfied, like the geometric resolvent inequality, the generalised eigenfunction
expansion, a rough upper estimate on the trace of spectral projections of finite
box operators (obtained e.g. by the Weyl asymptotics), etc. However, since
we discuss here only (random) Schrédinger operators, these conditions are
automatically satisfied, cf. [458, Sect. 3.2] or [190, App. A].

The multiscale analysis is an induction argument over a sequence of in-
creasing length scales I, k € N. Each scale [ 11 is a power [} of the preceding
one, where a €]1,2[. Actually, for technical reasons one truncates the scales
so that all [; lie in 6N.

One considers the restriction of the alloy type model H,, to the open cube
A = Ay, (0) of side length [. The corresponding restricted operator is
denoted by Hé,k)7 where Dirichlet, Neumann or periodic boundary conditions
ensure its selfadjointness. One wants to study decay properties of the Green’s

function of Hf,k), i.e. the integral kernel of the resolvent operator R&k)(z) =

(Hf,k) —2)7!, where z is taken from the resolvent set C '\ J(H&k)). Since we
are not interested in pointwise properties of the kernel of R&k)(z), and since
they tend to be unpleasant near the diagonal, we may consider instead the
sandwiched resolvent

Xout(Hi} _ E)flxin
Here x°“! denotes the characteristic function of the boundary belt A;_1 \ A;_3,
and x*" the characteristic function of the interior box A, /3-

The initial scale estimate is stated in terms of the notion of reqular cubes.
A box A; = Ay(0) is called (E,v)-reqular if | € 6N, E & o(H.), and

Ix°“(HL, — E)" '™ <e™ (3.6)

The exponent has to satisfy v > 1% for some 8 > —1. So regularity describes
quantitatively how fast the Green’s function on a finite box decays. The expo-
nent B must be greater than —1 otherwise the right hand side of (3.6) would
be of order one. Estimate (3.6) can be deduced from so-called Combes-Thomas
estimates [88, 34, 265] if one knows that d(o(HL), E) > 7.

The initial scale estimate is satisfied if there exist a scale [; < oo such that
for some & > 0

P{w|VE € I: A is (E,v)-regular for w} >1—17¢ (3.7)

for any [ > [;.
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The weak form of the Wegner estimate as it is needed for the MSA is:
P{d(c(H.),E) < e} <17 for all | € 6N (3.8)

where 6 < 1/2 and ¢ > d. Note that this type of estimate is implied by the
bound (3.5) discussed in Remark 3.1.1.

The initials scale estimate (3.7) serves as the induction anchor of the MSA.
The induction step uses the Wegner estimate and proves that the exponential
decay property holds on the subsequent scale [ with even higher probability,
and that the decay exponent ~ essentially does not change. As one repeats
the procedure on the scales l1, 12, ... one proves that the decay of the Green’s
functions X‘”“(Hi,k) — E)~ 1" holds with probability which tends to one, with
error bounded polynomially in l,;l.

Thus one establishes the exponential decay of the sandwiched resolvent on
arbitrary large cubes, where the decay exponent ~ is bounded away from zero
uniformly in the scales. Now one uses polynomial bounds on the growth of
eigenfunctions and subsolution estimates to prove spectral localisation, cf. for
instance [458, Sect. 3.3]. To prove dynamical localisation one has to do more
work, see e.g. [458, Sect. 3.4] or [183, 107, 186].

The assumptions for the MSA depend on several parameters, and so do
the various versions of localisation which may be obtained by it. Germinet and
Klein showed in [186] using a bootstrap MSA how to optimise the dependence
of the MSA on the various parameters, i.e. how to obtain with the weakest
assumptions in the input the strongest conclusions.

The MSA was introduced by Fréhlich and Spencer in [176]. The method
applied to the Anderson model on the lattice and experienced various im-
provements and applications [354, 355, 175, 444, 115].

Based on results from [135] and [453] von Dreifus and Klein presented in
[136] a streamlined version of the MSA. Although results on localisation for
continuum Hamiltonians existed earlier [353, 306], it was this simplification
of the MSA, which made alloy type Schrédinger operators more accessible to
systematic research.

There was a series of articles which proved various variants of the MSA
for continuum models [280, 89, 282, 265, 183, 170, 107, 458, 186]. Other works
concentrated onto identifying energy/disorder regimes where one can prove
the assumptions needed to apply the MSA [280, 281, 282, 34, 265, 264, 186,
457, 480, 481, 213, 500, 287, 188, 187]. Using Combes-Thomas estimates, the
initial scale estimate (3.7) can be verified in energy intervals where the IDS
is very sparse. This is for instance the case in neighbourhoods of spectral
fluctuation boundaries, which we discussed in Sect. 1.4.

Remark 3.2.1. One dimensional models play a special role in the game of lo-
calisation. Namely, for d = 1 there are some specific techniques available which
do not exist in higher dimensions, or are not as effective. See the discussion
on page 9.
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Consequently, in one space dimension localisation has been proven for some
models even before the MSA technique was available. See [202, 369, 201, 78,
415, 306] for various models on Z or R. Furthermore there are certain types
of random Schrédinger operators which even now can be treated only in one
dimension, like the random displacement model [74, 445] or discrete models
with Bernoulli disorder [80, 429]. This restriction to d = 1 is partially due to
the fact, that there is no Wegner estimate at disposal in these cases. However,
for the continuum analog of the Bernoulli-Anderson model, localisation has
been proven in arbitrary dimension at low energies in [59], see Sect. 4.8. Based
on this work, localisation has been established for Schrodinger operators with
Poissonian random potential at low energies in [184, 185].

Let us also mention that one dimensional techniques usually establish lo-
calisation on the whole energy axis. For higher dimensional continuum models
localisation results are restricted to energies near spectral boundaries.

The following section gives an idea where the Wegner estimate is used in
the MSA.

3.3 Resonances of Hamiltonians on Disjoint Regions

Rather than describing precisely how the Wegner estimate enters in the in-
duction step of the MSA we will confine ourselves to present an illuminative
example due to Spencer [452]. It was originally formulated for lattice Hamil-
tonians, but can also be considered in the continuum case, as we have learned
from P. Miiller.

As we mentioned earlier, (3.2) implies for 0 <4 < 1

P{w|d(o(HL), B) < 8} < Cw(E) 6% |A, ] (3.9)

This inequality implies that with respect to the parameter w the eigenvalues
of H!, do not cluster on the energy axis. To give a more precise meaning to this

statement, consider two Hamiltonians H' = H>'® and H? = HA'™) which
are restrictions of H,, to the cubes A;(x) and A;(y) respectively. Assume that
the boxes A;(x) and A;(x) are sufficiently far apart such that H' and H? are
independent. Let I be a bounded interval and consider the event

Q(01,02) := {w| Bs(o1) N Bs(osg) # 0}

where o; stands for o(H®) N I. Let Ay,..., Ay be the eigenvalues of H* in I.
By Weyl’s law we know that N < Cy|A;|, where C7 is independent of w. Since

N
Q(o1,02) C U Q(n,o2)  where Q(n,02) := {w| Bas(An(w)) N o2 # 0}
n=1

we may use (3.9) to conclude

P{Q(o1,01)} < C6%|A|PH (3.10)
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This means that resonances of H! and H?, i.e. the occurrence of approximately
the same eigenvalues for both operators, are very unlikely.

The feature which is common to Spencer’s example and the MSA is the ef-
fect of resonances between Hamiltonians which are localised to disjoint cubes.
As we mentioned earlier, in the induction step of the MSA one puts together
boxes A; of side length [ to form a larger cube Ay, of side length L. Assume
that one knows already that the Green’s functions of the operators H! living
on any one of the small cubes A; decays exponentially.

The Schrédinger operator HL on Ay is obtained when we remove the
boundary conditions which separate the smaller boxes A;. The question is
whether the Green’s function on Ay will still decay (with approximately the
same rate). To answer this question affirmatively it is not enough to know the
exponential decay of the individual Green’s functions on the small boxes Ay,
but it has to be ensured that they are not in resonance with each other.

Resonance means in this context that the spectra of two restriction H', H?
of H, to disjoint cubes are very close to each other. An appropriate quanti-
tative formulation can be given in terms of

d(Jl,Jg) = 1nf{d()\1,)\2)| A1 € 0'1,>\2 € (72} (311)

as we will see below.

The model situation we are about to consider is easier than the one oc-
curring in the MSA because we do not introduce boundary conditions but
confine ourselves to the analysis of the discrete spectrum below zero.

Ezample 8.3.1 (Spencer’s example [452, p. 903-904]). Consider two smooth
potentials Vi, Vo < 0 with compact support and set

Vi :=supp Vi C By(a;),r >0,a; € R i=1,2 (3.12)
It follows d(V1,Vs) > |a1 — ag| — 2r =: p. Consider furthermore the operators

H:=Ho+Vi+ Vs,  Hy:=-A (3.13)
Hi=-A+V;,, i=1,2 (3.14)

Denote by o; := o(H;)N] — 00,0, i = 1,2 the negative spectra, which are
purely discrete. We are interested in the localisation and decay properties of
the corresponding eigenfunctions.

We look at two cases, where the first has a special symmetry and the sec-
ond corresponds to the situation expected to occur in a random medium.

Case (A):
Consider first the exceptional case in which V5 is obtained from V; by a re-
flection along an axis of symmetry. Without loss of generality

Va(zy, 22, ... xq) = Vi(—x1,22,...,24) (3.15)
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Thus H commutes with the reflection operator
IT: L*(R?) — L*(R?), (ITf)(x1,2,...,24) = f(—21,20,...,2q4) (3.16)
In particular, for every eigenfunction 1
Hy=XM, A<O0

the reflected function 1% is an eigenvector of H as well. If v is localised around
ay Iy will be localised around ag. Thus a typical vector from span{t, ITt)}
will have non negligible amplitudes both at a; and as, even for large distances
o. For short, eigenfunctions of H do not need to have just one centre of
localisation.

We are dealing with a resonance between the two disjoint regions Vi, Vs,
or more precisely between the spectra of H; and Hs. Actually, we encountered
the extreme case where the the spectra o1 and o, are not only close to each
other but identical.

The example we just considered exhibited a special symmetry, namely
[H,II] = 0. For random potentials we expect generically that such symme-
tries are absent and that the spectra o1 and oy have positive distance. This
situation is considered in

Case (B):

We give a condition on d(oy,02) which ensures that the eigenfunctions of
H (defined in (3.13)) are localised at only one of the potential wells V3, V5.
Namely, assume that

d(oy,09) > e Ve =:¢ (3.17)

For an eigenvalue A < —%, with corresponding equation H1 = A\, we have
either

M =N >e/2, VN en or X, =N >e/2, VM, oy (3.18)

Assume without loss of generality the first case. The eigenfunction equation
implies

— = (Hy = \) "'Vt
Applying twice the resolvent equation we obtain

=t =[Ro — RoViRo + RoViR1ViRo| Va1, (3.19)

where R; := (H; — \)~!,i = 0,1 denotes the resolvents. We show that the
amplitude of ¢ on V; is exponentially small in the parameter o. Denote with
X the characteristic function of V; for i = 1,2 and multiply (3.19) with !

— X" = x'Rox*Vat — X' RoVix' Rox*Vatb + X' RoVi R Vix" Rox*Vatp
(3.20)
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The free resolvent decays exponentially, see e.g. [3] or [407, IX.30],
RY = [[x" Rox’[| S e7¢V77,
the terms ||[Vay||, | x!Ro V1|l are bounded uniformly in g, and (3.18) implies
1Ba]) < 2 = 22
Consequently

'l < RY? Vol + lIx' RoVall RV ||[Va||
+ [Ix'RoVa|l [|RaVAll RV ||Vaup|

is bounded by a constant times exp(—,/2) [|¢||, since o7 < —A.

Let us finish this section by discussing some aspects and contrasts of the
two cases considered in the example.

(i) In general, the spectrum alone describes only general properties of the
solution of the eigenvalue equation. In our example it is the additional
information contained in (3.15) and (3.17), respectively, which allows us
to analyse the eigenfunctions more precisely.

(ii) Obviously, in Case (A), the Green’s function decays in space, too. How-
ever, this decay is not yet felt at the scale g, since |(a1)1(az)| converges
to a positive constant for ¢ — co. On the contrary, in Case (B), the am-
plitude is small either at a; or as, more precisely

[(ar)y(a)] Se Ve

(iii) A semiclassical analysis of double well potentials is carried out, for in-
stance, in [216].
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Wegner’s Original Idea. Rigorous
Implementation

In this section we present a proof of Wegner’s estimate following his original

ideas in [493]. His proof was originally formulated for the discrete Anderson

model. In the meantime, it has been cast into mathematically rigorous form

and adapted for continuum Hamiltonians. We follow mostly the arguments of

Kirsch [249]. There are proofs of Wegner’s estimate by other authors, which

make use of the ideas in [493]. Let us mention [353, 352, 280, 281, 169, 94, 93].
The theorem to be proven is

Theorem 4.0.1. Let H, be as in Definition 1.2.1 and assume additionally
that there exists a k > 0 such that

U > KX[-1/2,1/2]4 (4.1)

Then for all Ey € R there exists a constant Cyw = Cw (Ey) such that for all
leN, E<Ey and all € € 0,1]

E{Tx[PL([E —¢,E+¢])]} < Cw e 1* (4.2)

As before P! denotes the spectral projection associated to the operator H. .
The theorem is proven in the next section. Its bound with respect to the
volume term % is quadratic and does not yield a continuity statement for the
IDS. Subsequently we show how this estimate was improved in [97]. Denote
by w; and w_ the largest, respectively the smallest value a coupling constant
may take.

4.1 Spectral Averaging of the Trace of the Spectral
Projection

We show that the expectation over the randomness smears out the eigenvalues
of H., and thus regularises the trace of P.(I).

By definition, the spectral projection P! (I) = x;(H.) is the characteristic
function of H'. For certain purposes it will be necessary to differentiate this
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function with respect to the energy parameter, which motivates the introduc-
tion of the following smooth ‘switch function’.

Let p be a smooth, non-decreasing function such that on |— oo, —¢] it is
identically equal to —1, on [, 00] it is identically equal to zero and ||p/||c <
1/e. Then

2e
Xjg—c.Bte[() < plx — E+2) —pla — E —2¢) = dtp'(x — E+1)
—2¢
Thus by the spectral theorem
2e
PLJE —¢,E +¢]) g/ dtp (H, — B +1)
—2e

in the sense of quadratic forms. Since B.(F) =|E — ¢, E + ¢[ is bounded and
o(HL) discrete, the above operators are trace class and we may estimate:

2e

Tr{Pj,(BE(E))] gﬁ[/ dtp’(HL—E—i—t Z/ dt o' (N (w) — E+1)

—2¢ neN

where Al (w) denotes the eigenvalues of H! enumerated in non-decreasing
order and counting multiplicities. Only a finite number of terms in the sum
are non-zero. More generally the above arguments prove the following.

Lemma 4.1.1. Let H be an operator with purely discrete spectrum. Denote
by A\ < Mo < ... the eigenvalues of H. Then for E € R and e >0

T[XB Z/ dtp' (A — E+1t)

neN

In the following we analyse the behaviour of the spectrum of the Schro-
dinger operator under the perturbation w;u(- — j). Fix a box-size | € N,
a lattice site j € A; and a configuration of coupling constants w € € and
consider the one-parameter family of operators

t s H; := H + tU, where H = H. and U = u(- — j)

By the arguments in Sect.1.2 the single site potential is infinitesimally
bounded with respect to H, thus H; forms a holomorphic family of type
(A) in the sense of Kato [239] for ¢ in a neighbourhood of the real line,
cf. e.g. XII. Sect. 2 in [408]. Moreover, H; has compact resolvent by XII. Sect. 14
in [408]. Hence one may apply a theorem of Rellich [411], see also Theorem
VII. Sect. 3.9 in [239)]. It says that the eigenvalues and eigenvectors of H; can
be chosen to be real analytic on R. Actually, each eigenvalue is holomorphic
on a neighbourhood of R in the complex plane, but their intersection may
contain only R.
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If A\, (t) is a non-degenerate eigenvalue of Hy, first order perturbation the-
ory tells us that there exists a normalised eigenfunction ,,(t) such that

dX\,

H(tO) = <wn(t0)v U¢n(t0)> (4'3)

Remark 4.1.2. This is sometimes called Hellmann-Feynman formula, and it
holds true also if the eigenvalue \,, happens to be degenerate at t = t, cf. for
instance [228]. One has however to chose the enumeration of the eigenvalues A,
and eigenvectors 1, in such a way that the pair A, (t), ¥, (t),t < to continues
holomorphically into A, (¢), ¥, (t),t > to. Note that this is actually not the case
with the enumeration we chose earlier, where A, (t) denotes the n'" eigenvalue
of H;. There are two possibilities to solve the problem: either one chooses
a somewhat un-intuitive enumeration of eigenvalues which makes them —
together with the eigenvectors — holomorphic functions of ¢. Or one sums
over the eigenvalues. Indeed, formula (4.3) remains true if we sum over all
eigenvalues which correspond to a degeneracy. More precisely, for a degenerate
eigenvalue A, (to) denote by I, k € N the largest numbers such that A,_;(tg) =

o= Ap(to) = -+ = Apak(to) and set S(t) = ZZJ;knfz Am(t). Then we have
ds -
o (to) = > Wm(to), Uthm(to))
m=n—I

In the application of (4.3) in the next proposition we will be considering all
eigenvalues below a certain energy. Thus, if we consider one eigenvalue par-
ticipating in a degeneracy we will actually take into account all participating
eigenvalues.

The results for one parameter families of operators carry over to the multi-
parameter family w +— H!. Thus we have

l w
Pul) St — )

jeA J jei

where 1), are normalised eigenvectors corresponding to A (w) and A = A;. By
assumption (4.1) we have

D Wy ul- =)o) = k>0 (4.4)

jEA

Now the chain rule

(o) — (o
P ORI

jEA jeA



60 4 Wegner’s Original Idea. Rigorous Implementation
implies
Ip(\L (W) — E +1)
A\ —1 n
P (w)—E+t) <k Z 3
JEA

(4.5)

Wi
Due to monotonicity, when integrating over one coupling constant, we obtain

L) — L) —
/dwjf(wj) OpMu(@) = B+8) o /dwj dp(\(w) — E + 1)

Ow; Ow;

= [I£llse [p(X (w,j = max) — E +t) = p(X,,(w,j = min) — E +1)]

where M\ (w,j = max) denotes the n'" eigenvalue of the operator

HL,(j = max) = H,, + (vy —wj) u(z — j)
corresponding to the configuration of the potential where w; takes its maximal
value. Analogously, we use the notation ! (w, j = min). This proves

Proposition 4.1.3.

I £ %
E{Tt[PL([E —¢,E+e€])]} < T‘X’ ) / dt
T2 ek

neN
E{p[X,(w, j = max) = B+ 1] = p[\, (w, j = min) — B + 1] }

The upper bound can be also written as

%/ “ > E{Te[p[HL (j = max)— E-+]—p[HL (j = min)— E+4]] |
T jeh

Since p <0

> N (w, i = max) — E+t] — p[\, (w, j = min) — E + ]

neN

<= pMy(w,j=min) — E+1] < Cpys 1" < Crpys 14 (4.6)
neN

by bound (iii) in Lemma 2.7.3. This proves Theorem 4.0.1.

Remark 4.1.4. The suboptimality of the volume bound in Theorem 4.0.1 is
due to the rough estimate (4.6). The left hand side of the inequality is the
net increase of the number of eigenvalues in the energy interval |E —t — ¢,
E —t+¢[ due to the increase of the " coupling constant from its minimal to
its maximal value. The average of this quantity is independent of A, cf. [92].
However, in (4.6) we estimated it by the total number of eigenvalues below the
energy F + 3¢, which is by Weyl’s law proportional to the volume of A. Thus
we get an extra volume factor in the upper bound of the Wegner estimate.
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4.2 Improved Volume Estimates

As we mentioned earlier, Theorem 4.0.1 is unsatisfactory with respect to the
volume dependence of the upper bound. Since it is quadratic, it does not imply
any regularity property of the IDS. There is a number of papers [34, 97, 298,
93, 95, 218] which prove an upper bound which is linear in the volume. Mostly
the trade-off is that either the bound is worse with respect to the length of the
energy interval [F — ¢, E + €], or that it holds only under certain additional
hypotheses on the model or energy regime. Only the very recent preprint [91]
gives a Wegner estimate with an upper bound which is linear both in the
volume and the length of [E — ¢, F 4 €], without adding extra assumptions on
the model or energy regime (except the periodicity of the deterministic part
of the operator). A different method of proof which yields Wegner estimates
with linear volume and energy dependence is discussed in Chapter 5.

We describe results from two of the abovementioned papers in some detail.
Let us start with the work [93] of Combes, Hislop and Klopp where they study
alloy type models with single site potentials of small support, and establish
the Holder continuity of the IDS at all energies.

They consider the case where the single site potential u € L2°(R%) is non-
negative and not identically equal to zero, and treat three different situations.
In all of them the unperturbed background operator Hy = (—iV — A)% + V}
may include a magnetic vector potential A and a (scalar) electric potential
V. The potentials have to satisfy some regularity conditions such that Hy is
selfadjoint and has C§° (R?) as an operator core. The coupling constants are
independent identically distributed with distribution p, which has a density
in L (R).

Here are several hypotheses each of which is sufficient for a continuity
result on the IDS.

(i) The background operator Hy has an IDS Ny, which is Holder continuous
[No(E2) — No(E1)| < Co| B2 — En|*

with Holder exponent & €]0, 1]. The constant Cy = Co(I) can be chosen
uniformly for Fsy, F; in a given compact interval I.

(ii) The background operator Hy is periodic with respect to the lattice Z¢
and has the unique continuation property, cf. Definition 4.2.2 below. The
set {z|u(z) > 0} contains an open subset of R?.

(iii) The space dimension is d = 2. The operator Hy = (—iV — A)? + Vyer
consists of a Landau Hamiltonian with vector potential A(xi,x2) =
%(—@,xl) and a periodic scalar potential Vpe,. Here B > 0 is the

(constant) magnetic field strength. The magnetic flux trough a unit cell

satisfies the rationality condition
Be2rQ (4.7)

The scalar potential Vye, is a Z2-periodic function in LZ (R?).
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In case (i) set o, = otherwise set . = 1.

aio
Theorem 4.2.1. Let H, be an alloy type model satisfying either one of the
above conditions (1)—(iii). Then, for each a €]0,a.[, and any compact interval

I C R there exists a constant C, 1 such that the IDS of H,, satisfies
|N(E2)—N(E1>| SCG7I‘E2—E1|(I fO’f’ all E1,Ey €1

In a follow up work [95] on the Landau Hamiltonian in collaboration with
Raikov condition (4.7) in hypothesis (iii) has been removed.

Note that this result is formulated not in terms of the average of the
eigenvalue counting function on a finite cube, but rather in terms of IDS
itself. The following property appeared in the hypotheses of the theorem.

Definition 4.2.2. A Schrédinger operator H on R?® has the unique continu-
ation property if the following condition holds: Let E € R be arbitrary and
¢ a function in the domain of the operator H satisfying (H — E)¢ = 0. If ¢
vanishes on some open set, then it vanishes identically on R?.

For a discussion of this property, see for instance [498].
The next two results are taken from [218]. Let p as before denote the
distribution of any of the bounded random coupling constants wy, k € Z%.

Theorem 4.2.3. Let H,, be an alloy type model as in Definition 1.2.1. As-
sume that Vper has the unique continuation property and is bounded below,
has a density in L°(R) and 0 < uw € L™ is strictly positive on an open set.
Then, for each Ey € R there exists a constant Cyy such that

N(E +¢)— N(E—¢) < Cy ¢|log ¢ (4.8)
for all E < Ey and e < 1/2.

The next result is formulated in terms of a Wegner estimate, i.e. a bound
on the average of a finite volume IDS measure of a small energy interval.
For & > 0 we define the (global) modulus of continuity of p by

s(u,s):sup{u({E—g,E—&—gD‘EER} (4.9)

This allows us to formulate the next theorem.

Theorem 4.2.4. Let H, be an alloy type model as in Definition 1.2.1 and
U > KX[—1/2,1/2]¢ for some positive k. Then, for each Ey € R there exists a
constant Cyy such that, for all E < Ey and & < 1/2

E{T[X(5-c.pse (HL]) < Cw s(u,€) | log €] [Ay] (4.10)

Actually, both of these results may be formulated for background operators
Hy which incorporate quite general magnetic vector potentials, see Sect. A.3
and [218]. We will prove Theorem 4.2.4. The proof of Theorem 4.2.3 relies on a
combination of results of [93] and [218]. In particular, the unique continuation
properties of periodic operators developed in [93] play a crucial role.
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Remark 4.2.5 (Analogous results on combinatorial and metric graphs). In
[218] one can find also an analogous Wegner estimate for the Anderson model
h,, on £?(Z%). Since the model is discrete, single site potentials correspond to
finite rank operators. For this reason one has uniform estimates on the spec-
tral shift function at disposal. Consequently, the Anderson model satisfies the
following Wegner bound

E{Te[X(p—c,m+e (hL)]} < Cw s(p,€) [Adf (4.11)

(See also [314] for similar results.) An adoption of the bound (4.11) to random
Schrodinger operators on metric graphs has been derived in [210].

A partial integration estimate concerning probability distributions which
do not have densities, which is used in the proof of Theorem 4.2.4, is deferred to
Sect.4.7. A further important tool in the proof are estimates on the spectral
shift function (SSF) which are developed in Appendix A, see in particular
Corollary A.4.3.

Proof (of Theorem 4.2.4). Let x — pg () = po,-(x—E) be a switch function
adapted to the interval [E — €, E + €], see the beginning of Sect.4.1 or the
discussion preceding (A.24). Then

X(p—ep4e) () < pla +22) — pla — 2)

We may assume without loss of generality k = 1, see Remark 5.0.2, and thus
> p u(-— k) > 1. By the mini-max principle for eigenvalues, we conclude

Tr[p(H., +¢)] < Tr [p(HjJ +eul-— k))} (4.12)
k

Assume without loss of generality that [ € N. Then A; is decomposed in L := 14
unit cubes. We enumerate the lattice sites in A; by k: {1,...,L} — A = ANZ<,
n — k(n) and set

Wy =0, Wn:Zu(-—kj(m)), n=12,...,L
m=1
Thus

EA{Tr(X(5—c,p4e) (HL)} < E{Tr[p(H, + 2¢) — p(H., — 2¢)]}
< E{Tr[p(H., — 2 + 4eWp) — p(H., — 2¢)]}

L
<E {Z Tr[p(H., — 2¢ + 4eW,,) — p(H., — 2¢ + 45Wn_1)]} (4.13)
n=1

We fix n € {1,..., L}, denote

L {0 if k= k(n),

Lo gy —
whim Wi hers @i we itk # k(n),
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and set
pn(t) == Tr[p(HL. — 2c +4eW,1 +t-u(- — k(n)))], teR

The function ¢, is continuously differentiable, monotone increasing and
bounded. By definition of ¢,

E{Tr[p(H. — 2¢ + 4eW,,) — p(H. — 2¢ + 4eW,,_1)]}
<E {/[¢n(wk(n) +4e) — On(Wrm))] di(win)) }

Let a = (inf supp ) — 1 and b = (sup supp ) + 1. Using Lemma 4.7.1 together
with Corollary A.4.3, we have

/[%(Wk(n) +4e) — pn(Wr(n))] dp(Wi(n)) < s(p1,4€)[pn(b + 4e) — dn(a)]

< Clp s(p, 4e) (log(1/2))*

which implies that (4.13) is bounded by
L
Cp Y s(p4e) (log(1/e))" < Cp (s, 4) (log(1 /)" 1

n=1

Note that we apply Corollary A.4.3 successively L times. For this reason it is
important to realise that, the constant C'rz depends only on the diameter of
u and a local norm of the negative part of the background potential. For this
local norm exist a uniform estimate independent of A; and the configuration
of the coupling constants wi, k # k(). ]

The recent preprint [91] contains several Wegner estimates for variants
of the alloy type model H,. Let us formulate one of them, which concerns
the models studied in the present section. Under the assumption that the
periodic part of the operator Hy = —A + Vj,r has the unique continuation
property, that the single site potential L°(R?) 3 u > 0 is positive on an open
subset of R?, that the random coupling constants wy,, k € Z¢ are independent
identically distributed with distribution p, and that p is compactly supported
and Hoélder continuous, the results of [91] imply that the IDS of H,, is Holder
continuous with the same Holder exponent as p.

4.3 Sparse Potentials

From the physical point of view there are some interesting models which have
a potential
Vo(z) = Z wru(z — k) (4.14)
kel
resembling the alloy type model. However, the set I" may be much more
general than the lattice Z?. A class of particular interest are surface models
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where I' = {0} x Z” and v < d is the dimension of a hyperplane in whose
neighbourhood the potential is concentrated. The literature on such models
includes [82, 297, 298, 61]. Even earlier [153, 154] so-called interface models,
which are closely related to surface potentials, have been studied.

The results in this section are essentially taken from [268]. We consider
arbitrary sets I', which are uniformly discrete in the following sense

sup #{I' N Bi(z)} < o
zER?

For uniformly discrete I' the number of points of I' contained in the cube
Ay(z) can be bounded linearly in the volume of the cube and independently
of its centre x.

Consider a background Schrédinger operator Hy = —A + Vpor with a
periodic potential Vper € Ly ¢ oo (R?) where p = p(d) is as in (1.1). By adding

a constant we may assume that inf o(Hp) = 0. Let H,, = Ho+V,, be a random
operator with a generalised alloy type potential V,, as in (4.14).

As before H ul) stands for the restriction of H,, to the cube A; with Dirichlet
boundary conditions (we may as well use Neumann or periodic ones), and P!
denotes the corresponding spectral projection.

Theorem 4.3.1. Assume that the single site potential u € L°(R?) is non-
positive, and that the single site distribution p has a support in [0,w4].

Then, for any —FE' < 0 there exists a finite C' such that for any E € R
and 3 > & > 0 satisfying E 4+ 3e < —F':

E [TxPL(B.(E))] < C's (u,e) [log ¢[* A

The proof of the theorem follows from the arguments of Sect. 4.2, once a
replacement for the estimate (4.12) has been established. This is provided by
the following lemma. Denote by A* := A} := {k € I'| supp u(- — ) N A; # 0}
the set of indices whose coupling constants influence the value of the potential
in the cube A;. Recall that the supremum of the support of f is denoted by w .

Lemma 4.3.2. Assume that the n'* eigenvalue of the operator H!. satisfies

A (w) < —E'" < 0. Then

Op(\(w) — E +1)
&uk

PNw) — B+1) < = [— >

keAt

For e > 0 and an isotone function p such that p(x) = 0 for all x > —E’ we
have

Tr {p(HL - 6)] >Tr [p(HfJ +e Z u(- — k)]

keAt
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Proof. Let 1), be the normalised eigenfunction corresponding to Al (w). Then
1y, satisfies by definition (1, (H} — AL (w))hn) = —(¥n, Vihn). We have

Z Wi (P, —u(- — k)n) = —(¥n, Vo) = (¥, (H(l) - )‘iz(w))wn> > F'

kEAT
The Hellmann—Feynman theorem implies
8)\l
- Z Z <¢n7_ ( _k)¢n>

keAt keAt
1 Ei/
> Wit S w (b, —u — R)pa) >

w.
keA+ +

We conclude the first claim of the Lemma in the following way:

CCRIVER DY W“’)]l > frulo) =B

keA+ Ouw, keA+ Ow,
wi [ 2p04(w) = B+
<4 > B (4.15)
keAt

Now consider the operator HL(t) := HL + ¢ - xa, D pear u(- — k) and its
eigenvalues A\, (w,t). We have for all A (w) < —E'

l l !
A (w,e) = AL (w,0) = /8Awtd_/za)\ dt < Es
0

keA+ “t

Since p is isotone, p(\, (w,€)) < p(A, (w,0) — %E) and the Lemma is proven.
O

Note that since p is monotone increasing and w is non-positive, (4.15) is a
non-negative real.

Related models and results as presented in this section are discussed in
Sect. 3.1 of [94]. In [268] two more classes of generalised alloy type models
are analysed. Firstly, the case where the number of points in I' N By (z) is
not uniformly bounded, but grows at a controlled rate as x goes to infinity.
Secondly, the case where I is itself a random point process, for example of
Poissonian type, cf. also [89].

4.4 Locally Continuous Coupling Constants

In this section we present a Wegner estimate which requires the coupling
constants wy, to have a continuous distribution merely in a neighbourhood of
their extremal value w; = supsupp f. Both the result and its proof are taken
from [268], with some improvements from [218].
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Consider a background Schrédinger operator Hy = —A + Vjer with a pe-
riodic potential Vper € Lﬁmf,loc(Rd). Let H, = Hy+ V,, be a random operator
with an alloy type potential V,,. Assume that the coupling constants wy,, k € Z¢
take values in the bounded interval [w_,w]. By modifying the periodic back-
ground potential we may consider only the case that the coupling constants
are non-negative. For a value w, € [0,w;] introduce the auxiliary periodic po-

tential Vo = we ), cza u(x — k) and the threshold energy E. = inf o(Hq + V¢).

Theorem 4.4.1. Assume that the single site potential u € L (R?) is non-
positive, and that the restriction of the single site distribution pi. := plj,, o,
has a density f € L.

Then, for any E' < E. there exists a finite C' such that for any E € R and
e >0 satisfying E + 3¢ < E':

E [TrPL(B.(E))] < C e|loge|*1?

Proof. The value w, is a critical one for the random variable w; in the sense
that for wy > w, we know that it is continuously distributed, while for smaller
values we do not know anything. We introduce a corresponding decomposi-
tion of the 'probability’ space € := xpca+R = RE. This is the part of the
randomness on which the restricted Hamiltonian H!, depends. For a given
configuration of coupling constants {wy }rea+ set

A(w) = {k € AT|wi, > w.}
This defines an equivalence relation on Q; by setting for any A C AT
QA) = {w[ A" (w) = A}

Consequently

> /R IT du(wr) xaea (@) = 1. (4.16)

ACAT keAt

Split the potential now into two parts, a singular and an absolutely continuous
one. The singular one

Vi(z) = Z wrpu(z — k) + Z weu(z — k) > Vo(x)

keAt wp <w, keAt ,wr>we

will be considered as part of the background operator, while the absolutely
continuous one

Vi(z) == Z rru(x —k) = Z rru(e — k), with r, =wp —we >0
keEAT wip>we keAac

will be used for spectral averaging.
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Consider an eigenvalue A, < B’ < E, and an eigenfunction H.v,, = A\, 1,
and set 6 = E, — E'. We have

— (U, VSUn) = (U, (HY + V5 = A)0) > (W, (HE + Ve — M )by) > 6

which implies similarly as in Lemma 4.3.2

- Z 6)\ = W+1—wc Z Tj <¢n7_uj(_J)¢n>

jeAaC jGAaC
IR o S
Wy —We Wy —We

Consider first the case ) # A C A" and estimate

/ IT detwn)xam (@ Z/ dtp'(Mn(w) — E+1)
RL 2e

keAt neNv —

ot 5 %buw) B+ )
< /RL H dpwr)Xxa(a) Z/ 0,

keAt neNY ™ geAM

As we know that all sites j € A% correspond to coupling constants w; with
values in the absolutely continuous region of the conditional density f we may
estimate as in Sect.4.1:

- [ ) ) 22 B0

neN awj
_ Ip(An(w) — E+1)
= —T% . f w;)dw; o)
< flloe D o (w,ws = we) = E +1) = p((An(w,wj = wy) — E + )]

neN

which can be estimated as in Sect. 4.2. We have to say something how we deal
with the special case A = (). In this situation V%€ =0 and H,, = Hy + V} >
Hy+ V. > E.. Thus there are no eigenvalues in the considered energy interval
for this potential configuration.

Finally we use the decomposition (4.16) and Corollary A.4.3 to finish the
proof:

E (TtPL([E — ¢, E + <))
Wi — We
< ¥ [ dutorxorn @) X 22 de) o Cpac 10g el
Ach+ R et JEA

Wi — We
< 405 124D ) el bog el 4]
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4.5 Potentials with Small Support

In Sect. 4.1 we used in a crucial step in the derivation of the Wegner estimate
that the single site potentials were lower bounded by a partition of unity
Z uw(x —k) >k onR?
kezd
It is of natural interest, whether a Wegner estimate holds if this condition is
relaxed. In this section we consider the case that u is of fixed sign, but has
small support. More precisely, we assume throughout this section merely that
there is an open set O C R? and a positive s such that

u(z) > Kxo (4.17)

The first Wegner estimates under this relaxed condition on the single site
potential were derived for spectral boundaries, i.e. for energies either near
the bottom of the spectrum, or near an internal spectral boundary. The case
of the infimum of the spectrum was treated e.g. in [282, 249], and internal
spectral boundaries in [265]. These works derived a Wegner estimate where
the volume dependence of the bound was growing faster than linearly. Thus
they were not sufficient to derive a result on the regularity of the IDS, cf. our
discussion in Sect. 3.1. A linear bound for the same energy regimes was found
in [97].

By now there are Wegner estimates which under the relaxed condition
(4.17) derive Wegner estimates valid for any bounded interval on the energy
axis. We consider here the one-dimensional case where the result is particularly
clear and the proof simple. We follow [267] in the presentation, see [194, 93]
for other proofs. The higher-dimensional case is discussed without proofs in
Sect. 4.2.

Assume that the single site potential 4 and the periodic potential Vje, are
bounded.

Theorem 4.5.1. Let d = 1. Assume that u is compactly supported and obeys
(4.17). For any Ey € R there ezist a constant C such that

E [TrPL(B:(E))| < Cel, Vee[0,1,E< Ey,leN (4.18)
Thus the IDS is Lipschitz-continuous. A similar result can be derived for
Schrodinger operators on metric graphs, see [212].

Proof. First we show how to replace (4.4) in the case of small support. By
shifting the origin of R we may assume without loss of generality that there
is a s > 0 such that A;(0) C O. Likewise, we may assume k = 1 by rescaling
the single site potential and the coupling constants.

We set S = Ui As(k). The Hellmann-Feynman theorem gives us

O\
Z % = an,U(' - k)¢n> > / ‘w"|2'
keA k k€A °

where 1), is a normalised eigenfunction corresponding to A, (w).
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If the integral on the right hand side would extend over the whole of A; it
would be equal to 1 due to the normalisation of ,,. A priori the integral over
S could be arbitrary close to zero, but the following Lemma shows that this
is not the case.

Lemma 4.5.2. Let I be a bounded interval and s > 0. There exists a constant

c > 0 such that
[owezef
As (k) Ay (k)

for alll € N, all k € A; and for any eigenfunction ¢ corresponding to an
eigenvalue E € I of H..

Proof (of the Lemma). For

o(y) = / o A = / de Jy(z — )

As (k)

one has

aayqb(y)’ = / dx [;;z/}(a: —y)} P(x —y) + / dz (z —y) %m
A (k) As (k)
< 2|

Ul o as oo 191 L2 (a0 (b)) -

Sobolev norm estimates (e.g. Theorems 7.25 and 7.27 in [196]) imply

HWHB(AS(Hy)) <Cs ”"/}HL2(AS(k+y)) + ||¢N||L2(As(k+y))

By the eigenvalue equation we have

00| < Co IWlEaqa v = Cod(0), Co= CillVpr + Vi = Bl
(4.19)
Gronwall’s Lemma implies ¢(y) < exp(Cs|y|) ¢(0) and thus
[k et [
Aq (k) A (k)
O

Thus [ [¢]> > ¢ [, [¥]* with the same constant as in Lemma 4.5.2.
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It remains to estimate the spectral shift

Z [p(/\Z(w,j =max) — F +1t) — p(A\L (w,j = min) — E + t)] (4.20)
neN

We may assume without loss of generality that the single site potential u
is supported in the interval [—R, R]. Introduce now the operator H,P(j =
max) which coincides with H. (j = max) up to additional Dirichlet boundary
conditions at the points j — R and j + R. Likewise, H;V(j = min) coincides
with H.(j = min) up to additional Neumann boundary conditions at the
same points. Their eigenvalues are AP (w,j = max) and AV (w,j = min),
respectively. By Dirichlet-Neumann bracketing, the square brackets in (4.20)
are bounded by

pNP(w,§ = max) — E +1t) — p(AN(w,j =min) — E4+1t)  (4.21)

Since for both * =D, N the Hamiltonian H.* is a direct sum of an operator
HJ* acting on L?(j—R, j+R) and another one HS* acting on L2(A)\[j—R, j+R])
the sum over the terms in (4.21) can be separated:

ST PGP W) — B+ 1) — p(A5N (W) — B +1) (4.22)

+ ) p(NP(w, 5 = max) — E +t) — p(A:N (w,j = min) — E +1) (4.23)

Here A\%*(w) denotes the eigenvalues of HS*, M:P (w, j = max) the eigenvalues
of HP with w; maximal, and M;" (w, j = min) the eigenvalues of H7" with
w; minimal. Note that the eigenvalues in (4.22) are independent of w;u(- — j).
Since the difference in the boundary conditions is a rank two perturbation in
resolvent sense (see e.g. [443]), the interlacing theorem says that

PGP (w,j = max) — B +t) < p(ES(w, j = max) — E +1)

A telescoping argument bounds the whole sum in (4.22) by twice the total
variation of p, which is equal to one. The sum in (4.23) we estimate by

Tr [X[E—Bs,oo[(HZfD(j = max)) - X]E+3s,oo[(Hg;N(j = mln))]
< 24 Tr [X (53,00 (HL P (7 = min) + [|tjlloc) = X| 5132 00{(HL (j = min))]

which is bounded by a constant, that is independent of A;, j € ]Xl, € >0 and
the configuration w. (Note that the parameter £ determines the support and
the derivative of the switch function p.) O

In the remainder of this chapter we give an overview of various Wegner
estimates which are based or related to techniques presented at the beginning
of Chapter 4. However, we refrain from giving the proofs of this results but
refer to the original articles.
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4.6 Holder Continuous Coupling Constants

There is special interest to extend Wegner’s estimate to coupling constants
with singular distribution. The reason is the intuitive interpretation of the
coupling consonants as nuclear charge numbers modulating the strength of
atomic potentials. In this case their distribution would correspond to a pure
point measure.

In Remarks 3.1.1 and 3.2.1 we mentioned already results for one-dimensional
models with singular randomness. The first result in this direction for multi-
dimensional alloy type models was obtained by Stollmann in [457]. Stollmann’s
version of Wegner’s estimate applies to single site measures p which have
compact support. It is formulated in terms of the modulus of continuity of the
single site distribution p. Stollmann applied this estimate to prove localisation
for certain alloy type potentials with Holder continuous p. A distribution is
called (uniformly) Hélder continuous with exponent o > 0 if there is a constant
C\, such that the modulus of continuity of u satisfies

s(p,e) :=sup{p(la,b))|b—a<e} <C,e* fore>0 (4.24)

For the following discussion a wider class of distributions will be of interest,
which we describe next. We call a measure o (uniformly) log-Hélder continuous
with parameter o > 0 if there is a constant C), such that for all % >e >0 we
have

$(11,) < Cy |loge|

We state the main result of [457] without proof:

Theorem 4.6.1. Let H, be an alloy type model as in Definition 1.2.1, but
require for the single site measure merely that is has compact support. Assume
additionally that the single site potential obeys u > x|o,1)a- Then for any £ € R
there exists a constant C' such that for any open interval I C] — oo, E[ and
any | € 2N

Plwla(HL) 11 # 0} < C s(u, 1) - 12 (4.25)

holds.

By now it has become quite standard to formulate Wegner estimates in
terms of the modulus of continuity of the distribution p. This is for instance
the case for the results presented in Sect. 4.2, see also the papers [218, 91].

Since these estimates apply to arbitrary distributions of compact support,
one can use them for rather singular p. This is of interest for applications. As
discussed before, Wegner estimates are used to establish regularity properties
of the IDS and as an input for the multiscale analysis, cf. Sect. 3.2.

Let us illustrate the usefulness of Wegner estimates expressed in terms of
the modulus of continuity by the following lemma. It turns such a bound,
under the condition that p is log-Hdélder continuous, into the sort of estimate
as it is used for the induction step of the multiscale analysis.
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Lemma 4.6.2. Let H,,w € Q be a random Schrddinger operator and Ey € R.
Assume that there exist constants Cw,lo such that for all € €]0,1/2], all
E<Eyand allN>1> 1

E{Te[X(p—c.pe)(HL)]} < Cw (. 2)1! (4.26)

For some 6,q > 0 assume that the measure p s log-Holder continuous
with parameter o« > (¢ + d)/6 > 0. Set 6 := ad — ¢ —d > 0 and
l; := max (lo, (C’WC#)l/‘S). Then for all energies E < Ey we have

Pld(oc(H.),E)<e '} <1™% forallleN,1<1 (4.27)

Proof. ]P’{w | dist (o(HL),E) < e*le} <E {Tr |:X]E‘—e—ls E+e—l“’[(Hul))]}
< Owids(ue™) < Cw 14 Cylloge |7 <177 for all 1 > (CwC,)Y?. O

Remark 4.6.3. Assumption (4.26) can be verified for various models. For dis-
crete Anderson models on ¢2(Z4) it is established in [218], for continuum alloy
type models on L?(R%) it is given in [91], and for alloy type models on metric
graphs one can infer it from [210].

If instead of (4.26), a bound as in (4.8) or (4.25) is given, an obvious
modification of Lemma 4.6.2 holds.

4.7 A Partial Integration Formula for Singular
Distributions

A different way to deal with random coupling constants whose distribution is
not absolutely continuous is the following integration by parts formula. It is
used in the proof of Theorem 4.2.4. For a similar idea see Lemma 6.1 in [301].

Lemma 4.7.1. Let pu be a probability measure with support in la,b[, ¢ €
CY(R) be a non-decreasing, bounded function, and s(u,€) as defined in (4.9).
Then for any e > 0,

/R BO+2) — SN du(N) < s(use) - [B(b+ &) — ()]

If supp p Cla, oo[ is unbounded from above the Lemma still holds if one re-
places ¢(b+ ¢€) by the (well-defined) limit lim,_, o ¢(x).

Proof. We write du = dM, where M is the distribution function of u. In the
following, all integrals are defined as Stieltjes integrals. Shifting variables and
using that M is constant outside of [a, b] gives

b+e

J160r+2) = o) du) = [ o) dM(x— 2) - M)

a
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Integrating by parts gives
b+e

a

J160+2) = 60 du(n) = [T - 2) — M
b+e
- ¢'(N[M(X =€) = M(N)]dA
The first term is zero, since M is constant outside of [a,b] (in case b = 0o, one
uses boundedness of ¢ and limy_,oo[M (A — &) — M (A)] = 0). The second term
is bounded by

b+e b+e

S OM) = MO = )] A < sup (M) = MO =) / &'(\) dA

a a

< s(p,e) - (p(b+¢) — ¢(a))

since ¢’ > 0. O

4.8 Coupling Constants with Bernoulli Disorder

In the recent paper [59] Bourgain and Kenig study alloy type models as in
Definition 1.2.1 with Bernoulli disorder. More specifically, they consider the
case where the periodic potential Ve, is absent, the single site potential v # 0
is smooth, non-negative and has support in the ball of radius 1/10 around zero,
and the coupling constants are independent obeying P{wy, = 0} = 1 —P{wy =
1} = P €]0,1] for all k € Z.

They use a quite heavy machinery to prove a form of Wegner estimate
similar to the one in (3.8). This bound is much weaker than those discussed
in the present work, but still sufficient to prove localisation, see the discussion
in Sect. 3.2. To deal with the singular nature of the Bernoulli distribution of
coupling constants, the proof in [59] makes use of a strong quantitative version
of the unique continuation property, of Sperner’s Lemma, and a special mul-
tiscale analysis to obtain inductively a Wegner estimate on increasing scales.
Recall from the discussion in Sect.3.2 that usually one uses the multiscale
analysis to prove exponential decay of Green’s functions, whereas the Wegner
estimate is an input for this procedure which is proven beforehand for all
length scales simultaneously.

4.9 Single Site Potentials with Changing Sign

First Wegner estimates for indefinite alloy type potentials were derived in
[282]. In [213] Hislop and Klopp combine the techniques from [282] and [97] to
prove a Wegner estimate valid for general indefinite single site potentials and
for energy intervals at edges of o(H,). They assume the single site potential
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u € C.(R?) satisfies u(0) # 0. The density f € L of the random variable wy
(which may be in fact the conditional density with respect to w*? := (wy,)-20)
is assumed to be piecewise absolutely continuous. For any o < 1 and any
compact energy interval I strictly below the spectrum of the unperturbed
operator Hy they prove

P{o(H.) N1+ 0} < 111"

where the constant C' depends only on «,d and the distance between the
interval I and o(Hy). With a sufficiently small global coupling constant A the
same result holds for the operator Hy + AV, for I in an internal spectral gap
of Hy. The results of [213] extend to more general models including certain
operators with random magnetic field.

In Sect. 5.5 we discuss in more detail an alternative technique to obtain a
Wegner estimate valid for single site potentials which change sign. It applies to
a more restricted class of potentials but yields stronger results. In particular,
it proves the Lipschitz continuity of the IDS at all energies.

4.10 Uniform Wegner Estimates for Long Range
Potentials

Kirsch, Stollmann and Stolz proved in [264] a Wegner estimate for single site
potentials which do not need to have compact support, but merely need to
decay sufficiently fast. They consider u of polynomial decay

Ju(@)] < O+ Jaf*) =™/ (4.28)

where m > 0 is required to be larger than 3d. For certain applications they
can also deal with the case where m is only larger than 2d, cf. [263, 500].

For such single site potentials the restrictions of the alloy type potential to
two finite cubes may be correlated, even if the cubes are far apart. This makes
it necessary to use an enhanced version of the multiscale analysis for the proof
of localisation. Among others, this requires a uniform Wegner estimate. By
this we mean a Wegner estimate for the Hamiltonian H! restricted to the
cube A; which is uniform in the coupling constants wy, with index ||k||c > 7
where 7 is a function of [.

To formulate the Wegner estimate from [264] let us first introduce some
notation. For any cube A € R and A = A N Z% we denote by IT, the
projection

IIn: Q= Xsupp p - IIA(w) = {wi}yer
A

For a measurable set A C 2 we denote by A} the cylinder set
A =M (ITZA) = {w € Q| Jw' € A such that [Ty (') = Tz (w)}

The following observation plays a crucial role in the enhanced multiscale
analysis.
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Lemma 4.10.1. For two disjoint cubes A, A’ and two events A, B € §, the
induced events Ay and B}, are independent.

The following lemma allows one to turn a 'usual’ Wegner estimate, as we
have it discussed before, into a uniform Wegner estimate. It relies on the poly-
nomial decay of the single site potential (4.28). Let I be a compact interval,
E € I and € €]0,1]. We denote by A(E,¢,1) the event {w|d(E,c(H.)) < €}
and use the abbreviations I1; := II,, A] := A},

Lemma 4.10.2. Under the above assumptions there exists a finite constant c,
independent of w € Q, l,r € N and € <1 such that

P{A(E, e, Dy, } < PLA(E e +er™ ("D, 1)}

Proof. By definition, for an w € Ay, there exists an w’ € A such that

/
Hl+rw = HlJrrw

Thus, the coordinates of w and w’ with index & within the cube of size [ + r
coincide and we have for x € A;

V(@) = Ve @) < D Jwn — whl u(z — k)
|k|oo >1+T
</ Z |z — k|7 < cr—(m—d)
|k|oo >1+T

Therefore d(E,o(H',)) < ¢ implies d(E,o(H.)) < e+cr~(m=9) which proves
the lemma. O

Let us have a look on the implications of the preceding lemma for a con-
crete example. Assume that the single site potential is bounded below on the
unit cube around zero by x > 0. Then we have by Theorem 5.0.1

P{wlo(H.) N [E—e,E+¢e| #0} < Cw(I) el

for all E, e such that [E — e, E + €] is contained in the open interval I. This
Wegner estimate implies its uniform analog

P({wlo(HL) N [E =2 B £0};,,) < Cw(l) (e + ™™D 1 (4.20)

for sufficiently large » > 0. In the application in the multiscale analysis, both
and r are chosen as functions of /. From the estimate in (4.29) it might seem to
be sufficient to choose m > d. This is also the minimal requirement to make the
alloy type model with long range single site potentials well defined as a densely
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defined operator. However, for technical reasons, for the multiscale analysis to
work one has to assume at least m > 2d. Under this assumption one can prove
that the spectrum of H,, is almost surely pure point near its bottom, and that
the corresponding eigenfunctions decay faster than any inverse polynomial,
cf. [263, 500]. To obtain exponential decay of the eigenfunctions, one has to
require m > 3d, see [264].

In the paper [500] by Zenk the above results have been extended to a
model which incorporates random displacements of the single site potentials.






5

Lipschitz Continuity of the IDS

In [306] Kotani and Simon extended to continuum alloy type models certain
arguments previously used for the derivation of Wegner’s estimate for the
discrete Anderson model. They treated only the case where the single site
potential is the characteristic function of the unit cube, but Combes and
Hislop showed in [89] that the same argument extends to non-negative single
site potentials with uniform lower bound on the unit cube. There also some
steps of the proof have been streamlined.

One of the ideas in [306] is that in the same way as rank one perturbations
are used for discrete Laplacians, positive perturbations may be used in the
continuum case. This is related to the Aronszajn-Donoghue Theory [27, 28,
29, 127]. See [79, 304, 444, 443] for more background and references. This
was essential, since a finite rank potential in the continuum may be a Dirac
distribution, but not a function.

Theorem 5.0.1. Let H, as in Definition 1.2.1 and assume additionally that
there exists a k > 0 such that

U > KX[-1/2,1/2]¢

Then for all E € R there exists a constant Cyw = Cw(E) such that for all
1 € N and all intervals I C] — oo, E|

E{Tx[PL(D)]} < Cw |I] 1 (5.1)

Remark 5.0.2. (a) Tt is sufficient to prove the theorem for the case k = 1. Since
wWott = Kwo K~ 'u, the general case follows by rescaling the coupling constants
and single site potentials.

(b) The statement of the theorem remains true if one uses Neumann or
periodic boundary conditions for H! .

(¢) An explicit formula for the Wegner constant Cyy is given in (5.17). Since
(5.1) is linear in the volume it follows |N(E2) — N (F1)| < Cw |Ea — E1|. Thus,
as we discussed already in Sect. 3.1, the density of states n(F) := dN(E)/dE
exists almost everywhere and is bounded by n(E) < Cw (Ez) for all E < Fs.
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The next four sections are devoted to the proof of Theorem 5.0.1. Up to
some modifications we follow the line of argument in Sect. 4 of [89).

5.1 Partition of the Trace into Local Contributions

In the present section we derive preparatory estimates on
E{TrPL(I)} (5.2)

where we do not yet use the specific alloy-type structure of the potential.
They have two aims. Firstly, to decompose the trace to contributions of unit
cubes in A;. This will later facilitate the averaging procedure with respect to
random parameters, whose effect on the potential is felt only locally. Secondly,
it allows us to reduce the averaging of the trace of the spectral projection to
the averaging of the quadratic form of the resolvent. The latter is technically
easier to perform.

Denote by Al and Al the Laplace operator on A; with Dirichlet, respec-
tively Neumann boundary conditions. In Sect. 1.2 we saw that the potential
V = Vper + V., is infinitesimally bounded with respect to —A and that the
constants in the bound can be chosen uniformly in w € €. This implies that V'
is infinitesimally form bounded with respect to any of the operators —A, —A!
and —Al; with bounds uniform in w € 2,1 € N and the choice of Dirichlet or
Neumann boundary conditions. Consequently, there is a Cy < oo such that
foralwe QandleN

(6, V)| < =(p, —AN o) + Col 8|2

N |

which implies

(6, HL6) > (6, ~3 Ald) — Collg]” > ~Collo P (53)

Thus Hfu + Cj is a non-negative operator.

Definition 5.1.1. A monotone decreasing, convex function r: [0, 00[—]0, o[

such that .,
2
Cry = Cr(r) := Z 7“(7; Zn?) < 00 (5.4)

n€zZ,n; >0 j=1
will be called trace regularising.

Throughout the rest of this chapter we denote by A the unit cube centred
at zero, and by x; the characteristic function of its translate A + j, where
jezd.
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Remark 5.1.2. The bound (5.4) means that the operator r(— 3 A% )=r(—1AY%)
has finite trace. Namely, the eigenvalues of the Neumann Laplacian on the unit
cube are given by

d
772211? for all n € Z% such that n; >0,7=1,...,d
j=1

cf. for instance [408], page 266. By the spectral mapping theorem the eigen-
values of r(—1A%) are just (37> Z;l:l n?)

Examples of functions r which are trace-regularising are the exponential
functions r: z +— e~ for t > 0. They have been used in [89] to implement
the procedure outlined in this chapter. Another choice for r is a sufficiently
high power of the resolvent x + (x + 1)~% for k > d/2, which was used in
[306]. That the operator (—3A% +1)~F is actually trace class can be inferred
from [439].

The possibility to choose r from a large class of functions is of inter-
est, if one wants to give explicit upper bounds on the density of states. For
instance, Sect. 3.2 of [223] is devoted to deriving such explicit upper estimates.
However, there, following [89], the function 7(x) = e~ ** is used. Due to this
choice, the upper bound on the density of states is exponentially growing in
the energy. This can be improved to a merely polynomial growing bound.
Furthermore, if one studies coupling constants which may take on arbitrarily
negative values, the choice of r will determine which moment conditions one
has to impose on the negative part of wy, see also Sect.5.7. The role played
here by r resembles the one of the function g in Sect.4.2 and Appendix A.

Proposition 5.1.3. Let I = [Ey, Es] be an interval. With Cy as in (5.3) we
have

E {TrPL(I)} < r(Bx + Co) ™ Cn(r) D | E{x; P}
jei\z

Proof. Since % is well-defined and bounded on the compact interval I, we have
Tr [PL(I)] = Tr [r(HL, + Co)~" PLI) r(H., + Cy)]

Furthermore, by spectral calculus and since for positive operators A, B we
have Tr(AB) < ||A|| Tr(B), the above line is bounded by

T(EQ + Co)ilTI‘ [PL(I) T(HL + C())]

According to the direct sum decomposition

12(0) = @ 124 +5)

JjEA
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we consider the Laplace operators —Ay ; on L*(A+j) with Neumann bound-
ary conditions. Dirichlet-Neumann bracketing implies

1 1
HL +Cy > —§AZN > -2 P Av; = oH (5.5)
JEA
For a normalised eigenfunction ¢ of H!, corresponding to the eigenvalue \ we
have by the spectral mapping theorem

(¢,r(HL + Co)¢) = r(A+ Co) = r({¢, (HL + Co)p)) < r({¢,@He)) (5.6)

Applying Jensen’s inequality to the spectral measure of @ H we estimate (5.6)
from above by (¢, r(®H)@). Let ¢,,n € N be an orthonormal basis of eigen-
vectors of H! with corresponding eigenvalues \,,n € N. We apply the above
estimates to the trace

T [PLI)r(HL +Co)] < ) (¢, r(HL + Co)én)

neN A, €I

< Y (¢nr(@H)p,) < Tr [PL(I)r(@H)]
neN, A\, eI

For the next step we write down the trace with respect to different basis.
For each j € A; let {1J|n € N} be an orthonormal basis of L?(A + 5), then
{¢i|n € N,j € A} is an orthonormal basis of L2(A;). Since r(®H)y) =
r(—3An,;)i it follows for the trace

Te [PLr(@H)] = > > Wy, PLIM(OH)Yj0)

j€1~\l neN

= Z Z (Wjm Xg PLID X7 (= 5AN )X V)
jEAl neN

= > Tr [ PLIxr (=5 AN )]
JjEA

Thus we have decomposed the trace to contributions from each unit cube. We
summarise the estimates so far:

TrPL(I) < r(By+ Co) ' > Tr [ PL(D)x;m(—3AN)X;]
JEA

Since I is a bounded interval and Vper 4V, is an infinitesimally small perturba-
tion of —A! independently of w, it follows that the dimension of P! (I)L?(A;)
is bounded by a constant C' uniformly in w. Thus for all w € Q
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Tr [x; PL(I)x;m(—3AN5)x;] < Cr(0)

is an upper bound by an integrable majorant and we are able to interchange
the trace and the expectation by Lebesgue’s theorem on dominated conver-
gence:

E {Tr [\;PL(D)x;m(—3AN)x;] } = Tr [E {x;PLID)x;m(—3AN x5}
=Tr [E {x;PL(D)x; } x;r(—3An,;)X;]
< || E {x;Pu(Dxs} T [r(—3An0)]

By assumption, r is trace regularising, so the trace in the last line is finite. O

5.2 Spectral Averaging of Resolvents

Now we consider how resolvents are averaged when integrated over a random
parameter. Together with the partition result in Sect.5.1 this will enable us
to complete in Sect. 5.4 the proof of Theorem 5.0.1.

Apart from this, the spectral averaging result bears in itself a meaning.
Consider a non-negative operator H with discrete spectrum. Its resolvent
R(E) = (H — E)~! has singularities at the eigenvalues of H, which are of
the form (A, — E)~1, A\, € o(H). Thus for a general vector ¢ the function
E — (¢, R(E)y) will not be bounded nor even integrable over the energy
axis R. Now, if H = H(¢) depends on a random parameter ¢, we might
hope that the averaged resolvent [ dP(¢)(v, R(¢, E)t) will be integrable or
even bounded as a function of the variable E. This would mean that the
singularities of the resolvent have been smeared out sufficiently by the integral
over (. The lemma in this section shows that this is actually the case for
operators which depend in a specific way on the random parameter.

Consider the following operators on a Hilbert space H. Let H be a selfad-
joint operator, W symmetric and infinitesimally bounded with respect to H,
and J bounded and non-negative with .J?> < W. Choose two parameters

zeCo:={z€C|Imz < 0}
(eCy:={CeC|lIm(>0}

and set
H(C):=H+ (W, K(¢,2):=J(H(C)—2)""J (5.7)

The following lemma is a slight generalisation of Lemma 4.1 in [89)].

Lemma 5.2.1. For all z € C_, allt > 0 and any normalised ¢ € H we have

/R (6. K(C.2)0) (5.8)

¢ <
14+1t¢2| —
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Proof. By Pythagoras we have (¢, (A +iB)¢)|* = [(¢, Ap)|* + |(¢, Bp)|? for
any two selfadjoint operators A, B. Thus the norm of K((, z) is bounded by
|Im z| =1 ||.J]|%. On the other hand, the equation

—ImK(¢,2) = J(H(C) - 2)  {ImOW — Im2](H(¢) — 2)~]J
implies
1K (¢ 2)l < [Tm¢] ™ (5.9)
Here we used that W (H(C) — z)~! is a bounded operator. Now observe that
for all z € C_ the function ¢ — K((, z) is holomorphic and bounded on C,.

The residue theorem, integration over a closed curve in C and the bounds on
K imply

ac | om .
/R<¢7K(C72)¢> TH| T Vi (¢, K (i/Vt, 2))] (5.10)
Together with (5.9), this completes the proof. O

Remark 5.2.2. The lemma shows that for the particular family of operators
H(¢) in (5.7), for ¢ a random variable with measure P(d() := 1_575(2, and for
vectors ¢ in the range of J, the (-averaged resolvents [dP(¢)(y, R(C, E)v)
are indeed bounded with respect to the energy variable. Thus the singularities
of the resolvent have been smeared out.

5.3 Stone’s Formula and Spectral Averaging
of Projections

Stone’s formula allows one to express the spectral projection in terms of the
resolvent. This is handy because the resolvent has some nice analytic prop-
erties. In our case we use Stone’s formula to derive the analog of (5.8) for
spectral projections.

A sequence of bounded operators A,,,n € N on the Hilbert space H con-
verges strongly (or in strong topology) to A if for every ¢ € H

lim [[A¢ — Anol| =0

Lemma 5.3.1 (Stone’s formula). Let H be a selfadjoint operator, I C R an
interval, and P(I) the corresponding spectral projection. Then the following
limit holds in the strong topology
1 Fe 1 1
— H-F—-i0)"—(H-FE+i0) |dE
el 107~ (H - E+i0)]

= %{P([El,Eﬂ) + P(]E17E2D}
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Proof. The function

1 r—F z—F
fs(x) = - <arctan 5 L _ arctan 5 2) (5.11)
1 [F
=5 [(x—E—i6)"' — (x— E+10)"'|dE
Ey
1 B2
=-—1Im (x — E+i6) 'dE
E;

converges for § \, 0 to

1
9 (X[El,Ez] + X]EhEz[)

Now one applies the spectral theorem to f5(H). ]

More details on Stone’s formula can be found in [410], or Sect.7.3 of [494]
where the spectral calculus is actually introduced in this way.

Now let H(() be as in the last section and P(¢, I) the corresponding spec-
tral projection onto an interval I. For a normalised vector ¢ in H denote
P (¢) := (¢, JP(¢,I)Jv). The next lemma contains a spectral averaging esti-
mate for P.

Lemma 5.3.2. Let o € L>°(R) N L'(R). Then

/R o(Q)P (Q)d¢ < Jellsol ] (5.12)

While Combes and Hislop [89] considered compactly supported p, it was first
observed in [168] that densities with non-compact support can be treated.
There this extension was necessary to derive estimates for Gaussian random
potentials.

Proof. We first consider the special density ﬁ, for ¢ > 0 and an open
interval I. By Stone’s formula

g d¢
‘41+K2P@%5—/1:;§ggﬁhn/dEw, (¢, E—1i6)y) (5.13)

Note that 5 t@ is a finite, outer regular Borel measure on R and that (5.11)
implies that |75(-)], and hence ||fs(H({))|l, is bounded by one. Thus we may
apply the dominated convergence theorem to interchange the limit and the
integration, and bound (5.13) by

/ﬁ /1+m2 K(GE—10))| < || (5.14)

— hm
T 6\.0
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The last inequality follows from Lemma 5.2.1. This implies for all p € L™
with compact support:

0 [ PO
[P ©dc < sw [0 +103)] [ i ac
< Sup [o(Q) (1 +t¢*)] |1

— llelloe ] for t — 0

Finally, assume only that o € L®NL'. Set gV := 0" X{z| |z|<y} and decompose
0 = 0¥ + oy. For y — o0, g, tends to zero pointwise. Since P is bounded by
one, ¢ € L*(R,d() is a y-uniform majorant for g,P and we may apply the
dominated convergence theorem to conclude

[eP©dc=jm [ QP©Qc<leelll 613

If I is not open, we write it as an intersection of open, decreasing sets and use
monotone convergence to conclude (5.12). O

5.4 Completion of the Proof of Theorem 5.0.1

The results on the localisation of the trace to unit cubes and spectral averaging
of projections allow us to assemble the proof of Theorem 5.0.1.

To estimate the operator norm appearing in Proposition 5.1.3 we may as
well bound the corresponding quadratic form since

1= DaPaDxidl = sw (6B P} o) (5.16)
Now we apply Fubini’s Theorem and Lemma 5.3.2 with the choice p = f,
H=L*N), J = X, H = Hy+ Zke]\\j wru(-— k), ¢ = wj, W =u(z —j),
and obtain:
(6, E (G PLDXG}6) < [1flle 1]

This bound is j-independent and thus yields
E {TeP,(I)} < r(Ez + Co) ' Cru(r) | flloo 1] Ad] (5.17)
O

Remark 5.4.1. Now it becomes clear why we introduced the operator r(H. +
Co)~tr(H., + Cp) = Id in Proposition 5.1.3: Due to this regularisation we
needed merely to derive bounds on the operator norm of XjP(f) (I)x;, rather
than on its trace. The trace was applied to the single, deterministic operator
r(—%A N,0), where all dependencies on A;, w, and I drop out. Without the
use of a trace regularising function it is still possible to estimate

E {Trx; P(D)x;} < const. || |A]

However, this leads to a Wegner estimate with quadratic volume bound.
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5.5 Single Site Potentials with Changing Sign

In Sect.4.9 we saw an extension of the Wegner-Kirsch approach to single
site potentials of changing sign. The Kotani-Simon-Combes-Hislop proof of
Wegner’s estimate also allows such a generalisation which we present in this
section. Its main shortcoming in comparison to the results in Sect. 4.9 is that
it is restricted to single site potentials which have a (generalised) step function
form. On the other hand, it is valid not only at spectral boundaries, but on
the whole energy axis. Furthermore, it yields the Lipschitz continuity of the
integrated density of states and thus locally uniform upper bounds on the
density of states. The results of this section are taken from [481, 301], see also
[479, 300, 482].

First we describe the class of alloy type potentials which can be treated
by the methods of this section.

Definition 5.5.1. Let L2(RY) > w > kya, with & > 0 and p = p(d) as in
(1.1). Let I" be a finite subset of Z*. A function of the form

u(z) = Z apw(x — k) (5.18)

kel

will be called a generalised step-function and the vector o € R a convolution
vector. We set oy, = 0 for all k € Z%\ I". Thus, we consider o as an element
of co(Z?), the space of all sequences with elements indeved by j € Z¢ which
have finite support. The set I' will be called the support of c, supp a = 1I".
A linear operator A = {Aj};keze with matriz coefficients Ajy =
(67, Ab) for j,k € Z¢ is called (multi-level) Laurent matrix if it satisfies

Aj+i,k+i = Aj7k fOT’ all 7 k,Z S Zd

Here 6,(i) = 1 , if k = i € Z%, and zero otherwise. So, a Laurent matriz
is a doubly-infinite Toeplitz matriz. For a subset © C Z% denote by Ag the
truncated matriz with the coefficients Ag i, ; = (0, Ao 0;) for k,j € ©. The
matriz A may be considered as a bounded linear operator A: (P(Z%) — (P(Z%),
p € [1,00[ acting as

(Ad)(j) = Z Aj (k) = Z a;_kp(k)

Similarly, Ag: tP(O) — LP(O) is a bounded operator, which can be related to
A by the formula Ao = xo AXx§. Here

¢(j), ifjEO,

0 otherwise

xo: (P(Z7) — *(©), (xe9)(j) = {

is the projection onto the set ©. If A, respectively Ao, are invertible operators,
the inverse to A will be denoted by B and the inverse to Ag by Beg. Fach
convolution vector o generates a Laurent matriz by the rule A = {o_r}; ez -
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Remark 5.5.2 (Notational conventions). Let as before H,, = Hy + V,, be an
alloy type Schrodinger operator as in Definition 1.2.1. Thus, the single site
potential u and the distribution p are building blocks of the random potential
V,,. We assume throughout this section that 0 # u € LE(R?),p = p(d) is a
generalised step-function as in (5.18). Given such a function u, « will always
denote the convolution vector by means of which u is defined, A the Laurent
matrix associated to a, and s, its symbol, cf. Definition 5.5.7. Furthermore
we assume that p has a density f € BV.(R) with compact support and finite
total variation. We will denote the total variation norm of f by || f||var- Recall
that A" = {k € Z4|supp u(- — k) N A; # 0} denotes the set of indices whose
coupling constants influence the value of the potential in the cube A;.

The following standard approximation result, see e.g. [501], will be useful
in the proof of the subsequent theorem.

Lemma 5.5.3. Let f: R — R be a function of finite total variation with
Iflli = 1. Then there exists a sequence f € C§°(R) such that || frl]ls = 1 for
all k € N,

T | fillvar = v, and T i~ £l =0.

Theorem 5.5.4. Let H,, be as in Remark 5.5.2. For a cube A; assume that
there exists © C Z% such that

(i) Af co,
(ii) Ag is invertible and Beg: £*(©) — (*(O) is bounded with norm || Bel|1-

Then for all E € R and for all intervals I C] — oo, E]

IIB@H1

E {TrPL(D)} < r(E+Co) " One(r) [|fllvar Lot |11 (5.19)

where we used the same notation as in Proposition 5.1.5.

Proof. We first prove the theorem for densities f € W11(R). From Proposition
5.1.3 we infer

E{TrPL(I)} <r(E+Co)™' Cne(r) Y | E{x;PLIx; |
jEA,

Thus it is sufficient to estimate E {(¢, x;P.(I)x;¢)} for any normalised ¢ €
L?(A;) by a uniform constant. To do this we introduce a transformation of
coordinates on the probability space 2. Since Al+ C O, the operator H.
depends only on the truncated random vector (wp)reo € R®. On such vectors
acts the truncated Laurent matrix Ag, whose inverse Bg = {bk’j}k}jeg is
bounded in the column-sum norm || Bg||; by assumption. Set L := #6.

We drop now the subscript © and denote with 7 := Aw the vector of the
transformed random coordinates. They have the common density
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k(n) = |det B| F(Bn) (5.20)

where F(w) = [],co f (wk) is the original density of the wy. We abbreviate
wj(z) := w(z — j) and calculate the potential V,, written as a function of 7
(and x € Ay):

Vo () = Vy(z Z nj w; (z
JjEA

In the new representation of the potential the single site potentials are non-
negative, so we can make use of the spectral averaging formula in Lemma
5.3.2

[ S0 < L sup bl where S00) 1= (60325, (100
' (5.21)

Fubini’s theorem, (5.21), and the fundamental theorem of calculus give

dn k() S(n) < ' sup < / dn |(@;k) ()| (5.22)

RL KR RL-1

Here 17 is an abbreviation for {ng|k € @\ j}. The last integral equals
| det A / oo | (9;) (Aw)|
RL

which is bounded by [|f[|1 Y 4co |bk,j|- Thus, for f € WI(R), we have
obtained the desired bound

E {{(¢,w; P,(Dw;é)} < &~ I | ]| By (5.23)

Now let f be a function of finite total variation. Let { fx }x be an approximation
sequence of C§°-functions as in Lemma 5.5.3. We have

/dw ) (¢, w; PL(Dw;¢) = /dw H frlwr) (6, w; PL(Iw;0)

keo

+/dw [H flwr) — H fk(wk)] (¢, w; PL(Iw;¢)
BL keo keo
By our previous considerations, the first integral on the right is bounded by

] [ fxllvar 1B

which tends to |I] || f||var||Bl|1 for & — oco. A telescoping argument shows that
the norm of the second integral is bounded by

Llwll3 11f = fill

which by Lemma 5.5.3 tends to zero as k — oo. O
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If we are able to find for arbitrarily large cubes A; C R? subsets © of Z¢4
such that © D Al+ with bounded Bg, Theorem 5.5.4 may be used to obtain a
Wegner estimate. A particularly important case is when the Bg are uniformly
bounded independently of ©.

Theorem 5.5.5. Let H,, be as in Remark 5.5.2. Assume furthermore that
there exist a constant Cg € R and an exhaustion ©, C Oy C ... of Z such
that ||Be, ||1 < Cp for all n € N. Then we have for any E € R, any interval
IC]—o00,E], and alll € N

E {TtPL(I)} < Cw |I]1* (5.24)
where Cyy = 7(E + Co) ™! O (r) || f||var CB-

The theorem implies that the density of states, the derivative of the IDS,

exists for a.e. E and is locally uniformly bounded:

dN (Ey)
dF,

n(Ey) = <r(E+Co) ' Cre(r) [|flvar Cp  for all By < E

Proof. For any | € N we can find an n € N such that A C ©,. Thus by
Theorem 5.5.4 and our assumption we have

E {TrPL(I)} < r(E+ Co) ™" Cre(r) || fllvar | Be, I 1117
< 7(E+ Co)~ ' Cru(r) || fllvar C | 1] 14

O

Now let us turn to the question under which conditions the assumption of
Theorem 5.5.5 is satisfied. A simple criterion is the following

Lemma 5.5.6. Assume that the convolution vector of the single site potential

satisfies
o = Z|Ozk| < |0¢0‘
k#£0
Then we have for any © C 74
]
1Belly < 7——

Proof. Since A is the Laurent matrix generated by the vector a, we can write
it as
A=apld+ S, IS = lak| =a* < || (5.25)
k#0

by the assumption on a*. The decomposition and the bound in (5.25) remain
true for any truncation Ag. By the Neumann series expansion the inverse Bg
of Ag exists and obeys the bound ||Bg|; < +22- for any © C Z<. O

= 1—a*
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The assumptions on the convolution vector can be further relaxed. To
formulate these weaker hypotheses we need the notion of the symbol of a
Laurent matrix.

Definition 5.5.7. The symbol of a convolution vector «, respectively the as-
sociated Laurent matriz A, is defined as the function

$a: [-m,m[*— C, sa(8) = Z o B0 0=(61,...,6q)
kezd

The symbol s, is called sectorial if there is a ¢ € [—m, «w[ such that
Re (€'?54(0)) > 0 for all 6 € [—7, x|

Since we assume that only finitely many components of a are different from
zero, Sq s actually a trigonometric polynomial. Thus it is a uniformly con-
tinuous and bounded function with a finite number of zeros, unless it vanishes
identically.

If the symbol function s, has no zeros, we define for everyi=1,...,d the

i winding number

1 d
. = — 1 0=t
an(sa) 27‘[’1 /[_ﬂ,,ﬂ,[ dt og Sa(ela 792 t7 79d) dt

This number is an integer independent of 6. The vector of winding numbers
Wi(80) := (Wn1(5a), ..., Wa(sa)) € Z%
is called also the topological index of the symbol s,,.

Remark 5.5.8. Let H,, be as in Remark 5.5.2. If the symbol function s, associ-
ated to u does not vanish on [—m, 7[? we can assume without loss of generality
that wn(s,) = 0.

Proof. First observe that a translation of the convolution vector o by an
arbitrary jo € Z% leaves the operator H,, unchanged up to unitary equivalence.
To see this, let us set &y, 1= ay—j, and denote by @(x) = >y, s w(z—k)
the associated single site potential of generalised step-function form. It gives
rise to an alloy type potential

Vol@) =Y w; Y apwz—k—j)
JEZ? kel'+jo
which equals

ij Z ap_jow(ex—k—j)= ij Z@lw($—l—j0—j)

jezd kel'+jo A ler

=Y wi Y apw((@—jo) =k —j) = Vil — jo) = (U;, Vo Uy, ) ()
jezd kel
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where Uj, denotes the unitary translation operator by jo. Note that the peri-
odic part Hy commutes with Uj,.
On the other hand, supp & = supp « + jo and the symbol of @ is given by

54(0) = e—i<jo,0>sa(g)
By the product rule for winding numbers we obtain
wn(sg) = wn(sq) — Jo- (5.26)

Now choose jo = wn(s,). Then the winding number of s5 vanishes and the
corresponding alloy type model Hy + V,, is unitarily equivalent to the original
alloy type model H,,,. ]

Recall that in our situation the total potential energy Vper + V., is relatively
bounded with respect to the Laplace operator. This is expressed in a quanti-
tative way in (5.3) using the constant Cy. Now we are ready to state the main
result of [301].

Theorem 5.5.9. Let H,, be as in Remark 5.5.2. If d < 2 and s,(0) # 0 for
all § € [—m,w[¢, then there is a constant C independent of E, I, and f such
that for all € > 0 we have

E{Tr PL([E — ¢, E))} < Cc” | fllvu e I° (5.27)

Proof. By Theorem 5.5.5 it is sufficient to show that there exists an exhaustion
©1 C Oy C ... of Z such that | Be, |1 < Cp for all n € N. In Sect. 5.6 it is
shown that such an exhaustion always exist, if d € {1,2} and the symbol s,
has no zeros on [—,7[¢ and has vanishing winding number. Without loss of
generality we can drop the last condition by Remark 5.5.8. O

Remark 5.5.10. It seems that Theorem 5.5.9 holds for arbitrary dimension.
This result requires a modification of the proof: instead of finite truncations
Ag of A one uses (multi-dimensional) circulant matrices. They have bet-
ter invertibility properties than approximands obtained by the finite section
method.

Now we relax the hypotheses on the convolution vector «, respectively its
symbol s, further. There is a set of conditions under which the methods of
[301] are not strong enough to establish the Lipschitz continuity of the inte-
grated density of states, but only a weaker form of Wegner estimate. Still, this
may be useful to prove localisation for certain alloy-type random potentials
with single site functions v of changing sign, cf. the discussion in Sect. 3.2 and
Theorem 4 in [301].

This regime concerns convolution vectors whose symbol s, does vanish,
but is sectorial and has the property that its real part has only a finite number
of nodal points. We infer from [301] without proof the following result. Let us
just mention that the arguments of the proof heavily rely on Sect.8 in [54].
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Theorem 5.5.11. Let H,, be as in Remark 5.5.2. Assume that the symbol s,
associated to u is sectorial and Re s has at most finitely many zeros. Then
there exist C,b € R such that for all E€ R, 1 € N ande >0

E{Tr PL([E — &, E])} < Ce | f|lyar € 1" (5.28)
holds, where C is a constant independent of f.

Remark 5.5.12 (Anderson model). For the discrete Anderson model h,, = ho+
V., there is a result analogous to Theorem 5.5.5. Here hg is the finite difference
Laplacian on ¢2(Z4) and (V,¢)(n) = V., (n)y(n), Vn € Z¢, a multiplication
operator as in the continuum case. This is not surprising, since the arguments
in Sects. 5.2 and 5.3 rely only on abstract functional analysis. If fact, as we
mentioned earlier, Kotani and Simon were motivated in their treatment [306]
of the alloy type model by its discrete counterpart. Moreover, since on £2(Z%)
the trace can be expressed using the canonical basis as

TP, (D] = Y (85, PL(1)S;)

JEn

the use of a trace regularising function is not necessary. Here P! denotes the
spectral projection of the truncation h., of the Anderson model h,. More
precisely, hl, is the finite matrix {(d;, heOk)}; ker, -

Note that in the discrete case x; is just ;. Under the assumptions of
Theorem 5.5.5 on the coupling constants {w;}; and the single site potential
u we have the following Wegner estimate for the Anderson model:

E {Te[PL(I)} < Callfllvar 1] |A] (5.29)

Remark 5.5.13. Theorems 5.5.4 and 5.5.5 can also be understood as a Wegner
estimate for the alloy type potential

Vn(x) = Z Nk Xk

kezd

where the coupling constants {7;}, are not any more independent, but corre-
lated, satisfying certain conditions. See Sect. 4.2 in [482] for a precise formu-
lation. Wegner estimates for correlated coupling constants can also be found
in [96] (cf. [223], too).

The use of the common density F, respectively k, in the proof of Theorem
5.5.4 is conceptually new. One could try to use conditional densities instead
by considering the indefinite potential V,, in its representation Vg,, as an alloy
type potential with dependent coupling constants. However, this would require
to have uniform upper bounds on the conditional densities, cf. [96, 223]. They
do not seem to be easy to establish for the model considered in this section,
and in fact sometimes fail to hold as can be seen in the following example.
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Example 5.5.14. It is sufficient to consider only one space dimension d = 1.
Let the density function be f = x|o,1) and the single site potential u = x[g,1] —
axp, with —a €] —1,0[. To this model the results of Theorem 5.5.5 and
Lemma 5.5.6 apply.

We analyse the restriction of H, to an interval of length . Instead of A; =
]—1/2,1—1/2[ we consider the translation thereof A+ 4 =]0,1[. The restricted

Schrodinger operator Hl,o A depends only on the coupling constants w; with
indices j € {-1,...,l — 1} =: Af". They are transformed by the Toeplitz
matrix A into new random variables 7;,j € {—1,...,1— 1}, as in the proof of
Theorem 5.5.4. Here the convolution vector is given by ag = 1,07 = —au.
The conditional density p;(n) = pé-(n) of the variable n; with respect
to the remaining coupling constants 7 = (n;) keAF\) in Af is given by
pi(n) = %. Here gj(n) = [k(n)dn; denotes the marginal density. The

question is whether sup; p(n) is finite.
One calculates the common density to be

-1 k
k)= ] xon(>2 o"n)
k=—1 v=—1
For ;41 € [0,1],m = 0,k # j + 1 we have
-1 '
k) = T xou@* i) =1
k=—1
The marginal density

j—1 k -1 k
gitm = ] xo.u (Z ak‘”m) /me,u (Z a’“"’m) dn;
k=)

k=-1 v=—1 v=-—1

j+1 k
< /dle T xo. (Z Oék_y77u>
k=j

v=-—1

has for 111 € [0,1],m = 0,Vk & {j,j + 1} the upper bound

1
/ Xpo,1) (@ +nj1)dn; < a1 = nja)
0
In particular, g;(n) \, 0 for ;41 " 1 and thus
sup p; (1) = o0
n
Therefore, proofs of a Wegner estimate which require the conditional density

to be bounded cannot be applied to this alloy type potential. See also Sect. 4.3
of [482] for another example.
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5.6 The Finite Section Method for Multi-Level Laurent
Matrices

In this section we collect certain results which are used in Sect.5.5. They
concern the theory of finite sections for multi-level Laurent matrices. In fact,
the finite section operators of a Laurent matrix are the same as the ones of the
Toeplitz matrix generated by the same convolution vector. We are concerned
with criteria for (uniform) bounded invertibility of the finite section operators.
These questions have a long history of research in the one dimensional case.
For an accessible introduction to this subject see for instance [199], [56], and
for a detailed account [55]. In the higher-dimensional case, i.e. for multi-level
Laurent or Toeplitz matrices much less is known. Results of the type which
are relevant for us can be found in [309, 308, 307, 310, 311, 54], see also [134].

Throughout this section we use the notation of Definition 5.5.1. We need
some further notions to formulate the results.

Definition 5.6.1. A subset M C Z? is called a canonical discrete half-space if
M and Z3\ M are sub-semigroups of Z%. A set M is called discrete half-space
if there exists j € Z% such that M + j is a canonical discrete half-space.

Let F C Z% be finite and F its convex hull in R%. Then the set F NZ% is
called a convex lattice polygon.

Denote by B,(x) C R an open ball of radius v centred at the point x.
Let M(r, R) be the set of all convex lattice polygons O in Z2 satisfying the
following conditions

(i) for any x € R? there is a discrete half-space M such that
O NB.(z)=MnN B, (x)
(ii) © D Br(0) N Z4.
Here is a special case of the main result of the paper [311].

Theorem 5.6.2. Let A be a multi-level Laurent matriz on (P(Z%), p € [1,00]
with non-vanishing symbol s(0). If s(6) is a trigonometric polynomial and its
topological index is zero, then there exist positive numbers r, R, and C, g
such that for any © € M(r, R) the associated truncated Toeplitz matriz Ag 1is
invertible and its inverse satisfies | Ag'|| < Cy. g.

If we apply the theorem to two different values of allowed radii R = R,
and R = Ry, such that Ry < Ry, we may chose the constants appearing in
Theorem 5.6.2 to obey C'. g, < C; R, , since

M(r, R1) S M(r, Ro) (5.30)

To be able to use Theorem 5.6.2 in the context of Sect.5.5, one has to
settle the question whether for a pair r, R > 0 as in Theorem 5.6.2 the set
M (r, R) contains an exhaustion of Z?. By (5.30), such an exhaustion exists
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if for arbitrary r, R > 0 the set 9(r, R) is non-empty. For d > 3 this seems
to be an open question. In one space dimension, 9t(r, R) contains all discrete
intervals © D Br(0) of diameter greater or equal to 2r. By a discrete interval
we mean the intersection of an ordinary interval with Z. For the case d = 2
the following fact has been stated in [311] and proven in [301].

Proposition 5.6.3. If d = 2, then for any r > 0 and R > 0 the set M(r, R)
18 non-empty.

Thus in dimensions one or two an exhaustion sequence @1 C @y C ... of
discrete lattice polygons in M(r, 1), > 0 exists and the corresponding trun-
cated Toeplitz matrices Ag, have inverses Bg, which are uniformly bounded
in £7(Z%). Thus we have proven the assumptions required for Theorem 5.5.5.

Let us give one historical comment. For one space dimension a criterion on
uniformly bounded invertibility of finite section Toeplitz operators in ¢!(Z)
was proven in [36], see also Theorem III1.2.1 in [199]: For a convolution vector
a € ¢o(Z) whose symbol s, does not vanish anywhere on [—7, 7| and has zero
winding number there exist a constant Cg € R such that

|B|| <Cg,  sup|Be,ll <Cr (5.31)
neN
where ©,, = {—n,—n+1,...,n}. This result may be seen as a special case of

the above Theorem 5.6.2.

5.7 Unbounded Coupling Constants and Magnetic Fields

Motivated by certain physical applications, e.g. the study of the quantum hall
effect (see for instance [41, 377, 174, 425, 241, 146]), it is desirable to extend
the results on the (Lipschitz) continuity of the IDS to include Hamiltonians
with magnetic fields. This is, for instance, done in the papers [97, 213, 223, 91].

We discuss here the results on alloy type potentials obtained in [223] by
Hupfer, Leschke, Miiller, and Warzel, since they are build on the method pre-
sented in Sects. 5.1-5.4. Moreover, their result allows the coupling constants to
be unbounded, as long as very negative fluctuations are exponentially rare. Ac-
tually, the primary interest of their research are Hamiltonians with Gaussian
random potentials, so they need to cope with unbounded fluctuations of the
potential. The proof is based on earlier techniques from [168] — which in
turn use [89] — and Dirichlet-Neumann bracketing for magnetic Schrodinger
operators, as discussed in Appendix A of [223]. The results concerning alloy
type potentials are summarised in Sect.4.1 of their paper, which we review
shortly.

Let A: R? — R? be a measurable vector potential with the property |A|? €
LL (R9). Denote by H 4 the selfadjoint closure of Zj:j(iaj + A;)? defined on
smooth functions with compact support. The alloy type Schrédinger operator
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H, = Hy + V,, now incorporates a magnetic field. In [223] it is proven that
Theorem 5.0.1 essentially remains true if the magnetic field is included. (Their
conditions on the single site potential are slightly different.)

Moreover, two cases are discussed, where the coupling constants are un-
bounded random variables, and the theorem still remains true. In the first
one, it is assumed that wy is non-negative and a certain moment condition is
satisfied, roughly E{w§d+2} < 0.

The second one concerns the case where wy is distributed according to the
Laplace distribution: P{wy € I} = 1 [, dz el*l/a Note that the probability
that wp assumes very negative values is exponentially small. In fact, in [223]
it is noted, that this is a necessary requirement for their techniques to work.
The reason for this is that they use r(z) = e™'* as the trace regularising
function, cf. Definition 5.1.1. A different choice of r would allow for more
general distributions with support unbounded from below.

For the study of spectral properties of random Schréodinger operators with
or without magnetic fields the spectral shift function (SSF) is a convenient
tool. In Appendix A.3 and A.4 we derive bounds on the SSF for Schrédinger
operators which may include rather general magnetic vector potentials. See
also the survey article [403].

We conclude this section by listing further literature on random Hamilto-
nians with magnetic fields. Works treating the regularity of the IDS of random
Schrodinger operators with magnetic field include [488, 33, 490, 227, 213, 218,
91], while the question of the (in)dependence of the IDS on boundary con-
ditions for these models has been treated in [375, 125, 223, 222]. A related
problem is the analysis of the semigroup kernels of magnetic operators [65, 66].
In [261, 404, 67, 63] the behaviour of the IDS in a strong magnetic field is
identified.

The asymptotic behaviour of the IDS near the boundaries of the spectrum
in the presence of random magnetic fields was the object of study of the
articles [373, 374, 376] which prove high energy and Lifshitz asymptotics for
certain models. The high energy asymptotics has been analysed already in
[358, 475].

For Schrodinger operators with constant magnetic field and random po-
tential generated by a Poissonian process the different possible behaviours of
the IDS at the bottom of the spectrum are analysed in [64, 155, 225, 226,
156, 492, 220]. An analogous study for Landau Hamiltonians plus alloy type
random potentials is carried out in [289].

The analysis of Landau Hamiltonians in the single band approximation is
done in [130, 131, 395, 396, 227]. Examples of localisation proofs which allow
for magnetic fields can be found in [130, 90, 131, 132, 489, 33, 183, 133, 170,
396, 187, 6]. For a result on delocalisation in this context, see [192].
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Properties of the Spectral Shift Function

In this appendix certain properties of the spectral shift function which are
relevant for the study of the integrated density of states are collected. Let us
note that this function is sometimes called Lifshitz-Krein SSF since Lifshitz
and Krein were the first to devote attention to it, see e.g. the discussion in
the introduction of [50].

For an exposition of the theory of the spectral shift function (SSF) see
[50, 293].

An survey of the role played by the SSF in scattering theory can be found
in the last chapter of [499]. The SSF has proven useful in the study of random
operators, particularly in problems related to surface models, e.g. the defini-
tion of the density of surface states [82, 83, 297, 298]. In [443] it is used in the
analysis of rank one perturbations of operators, in particular in the random
context. More recently, it has found applications in the study of quantum
graphs, cf. [299, 209, 295, 210].

Various of the properties of the SSF are discussed in the literature:
monotonicity and concavity [182, 193, 294], the asymptotic behaviour in the
large coupling constant limit [400, 418, 401] and semiclassical limit [372], and
some other bounds [397, 398, 399]. For magnetic Schrédinger operators the
SSF is analysed in [68, 164, 67, 402, 403].

A.1 The SSF for Trace Class Perturbations

For two selfadjoint operators A, B such that the difference A — B is trace class
the SSF &(+, A, B) may be defined (up to an additive constant) by the formula

To(p(4) ~ p(B) = [ FVEN A, B A (A1)

for all functions p € C1(R) such that p’ is the Fourier transform of a complex
measure on R with finite total variation, cf. Theorem 3.2 in [50] or Theorem
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8.3.3 in [499]. Actually, the assumption that p is in the Besov space B, ;(R)
is sufficient to guarantee that p(A) — p(B) is trace class and that the relation
(A.1) holds, see [391] for details. Equality (A.1) is called Krein trace formula.
If the operators A, B are semi-bounded, the mentioned additive constant can
be normalised to be equal to zero, and thus the SSF becomes unique.

The SSF is related to the perturbation determinant from scattering theory
by the formula

€\ A, B) = %61{% argdet[l + (A— B)(B—X—ie) VY] (A.2)

for almost all values of A € R. For the right side to be well defined it is
actually sufficient to assume only that (A — B)(B+1)~! is trace class. So one
can interpret (A.2) as an extension of the definition of the SSF to the class of
relative trace class perturbations.

The SSF can be bounded in terms of Schatten-von Neumann ideal prop-
erties of A — B, namely

1€C, A, B)lly < |[A—= Blls, (A.3)

Here J; denotes the ideal of trace class operators and || - || s, the trace norm.
In particular, for trace class perturbations A — B, the SSF ¢ is in L!(R). On
the other hand, if A — B is finite rank

1€, A, B)||oo < rank(A — B) (A.4)

Since we have an estimate on ¢ in the L' and L>-norms, it is natural to ask
whether an estimate for the LP-norm, p €]1, co[, may be derived. This indeed
turns out to be true and can be understood as an interpolation result, cf. the
proof of Theorem 2.1 in [97].

To formulate this bound we have to introduce ideals of ‘better than trace
class’ operators, defined in terms of summability properties of singular values.
Recall that the singular values of a compact operator C' are the square-roots of
the eigenvalues of C*C. We enumerate them in non-increasing order p;(C) >
u2(C) >+ > pp(C) -+ > 0,n € N counting multiplicities. If C' is trace class,
the sum of the singular values is finite and equals ||C||;,. We denote by J3
the class of compact operators such that

€l = (X (@) < o (A5)

neN

The theory of such operators is classical for § > 1, see for instance [437].
However, since we want to interpolate between (A.3) and (A.4), we need to
consider operators whose singular values converge not slower, but faster than
an (*-sequence to zero. This leads us to consider operators such that ||C|| , is
finite, for 8 smaller than one. In particular, all such operators are trace class,
which explains why they are sometimes called super-trace class operators.
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It follows that the SSF may be defined for perturbations of this type. The
classes Jg, 3 < 1 have been studied in [200, 46, 48], while their relevance in
the context of random operators was recognised in [97].

From these sources we infer the following properties of Jz. For any com-
pact operator A and bounded B the singular values of the products obey the
relation

in(AB) < Bl un(4) and  pa(BA) < [Blua(4)  (A6)

If we assume that B is also compact, the Ky-Fan inequalities [158, 437] es-
tablish for the singular values of the sum A + B the bounds

fintm+1(A+ B) < piny1(A) + pms1(B) - foralln,m =0,1,2,... (A7)

In particular the set Jjs is a two-sided ideal in the algebra of bounded operators
for all 3 > 0. For 8 > 1 the functional A — ||Al|;, is a norm, which is not
true for 8 < 1. More precisely, in the latter case we have only

1A+ BIS, <IIAI5, + 1B,
This property implies that || - || s, is a quasi-norm and that
: _ _n|8
dists (A, B) = |4 - B,

is a well defined metric on Jg. The pair (Jg, distg) forms a complete, separable,
linear metric space, in which the finite rank operators form a dense subset.
In [97] the following LP-bound on the SSF was proven.

Theorem A.1.1. Letp > 1 and A, B be selfadjoint operators whose difference
is in Jg, where § = 1/p. Then the spectral shift function &(-, A, B) is in LP(R)
and
B
Hf('vAvB)”Lp < ||A_BHJB (A8)

A sharp bound on the SSF was proven by Hundertmark and Simon in [221],
which in fact includes Theorem A.1.1 as a special case.

Theorem A.1.2. Let F: [0,00[— [0,00] be a convex function such that
F(0) = 0. Let A, B be bounded and C a non-negative compact operator such
that for all N € N

n=N n=N

Then

[Flenamar< [P0 c.oNar= 3 [Fo-Fn-1] ()

neN
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Condition (A.9) is in particular satisfied if |[A — B| < C. Of course, to be
able to apply Theorem A.1.2 one needs to have appropriate estimates on the
singular values of the operator C. In the context of Schrédinger operators such
estimates are derived in Sect. A.2.

In certain situations one can show that an operator C belongs to a
Schatten-von Neumann class Jg by writing it as a product of operators
C1,...,Cy for which one already knows that they belong to a larger class
Jo with @ > . Then the product C = C7---Cy will enjoy much better
summability properties than the individual factors.

For this purpose it is useful to note that the Holder inequality extends

also to the case of exponents smaller than one: let a;: N - C,i=1,...,N
be such that |a;(n)[P* is summable, where p; > 0 for all i = 1,..., N, and set
1.= >N - Then the pointwise product 1Y, @i is in £7(N) and

pi

N N
H H a;|| < H |la
i=1 =1

By applying this to the sequence of singular values of compact operators, we
obtain the following

Lemma A.1.3. Let C; € Jp, fori=1,...,N, then HZ\LI C; is in J,. where
1.- ZN L and

r i=1 p;

N
=<Ilcil, (A.10)
Tg=1

N
ITe

See also [48], Corollary 11.11.

A.2 The SSF for Schrodinger Operators
and the Invariance Principle

We want to apply the formalism of the SSF to Schriodinger operators. In
this setting we cannot use the results of the previous section on trace class
perturbations, since any potential given by a proper function is not in this
class of operators.

It turns out that the SSF can be defined easily for a pair of selfad-
joint, lower bounded operator with purely discrete spectrum. This would
cover Schrodinger operators restricted to finite cubes A. In the application
in Sect.4.2 we use only the SSF for this type of operators. However, since
we are not only interested in the existence of the SSF as a function, but also
on upper bounds, we have to resort to more powerful techniques, which then
allow us along the way to define the SSF for a pair of Schrédinger operators
on the whole of R%, under the assumption that they differ by a compactly
supported potential.
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For a selfadjoint, lower bounded operator H with purely discrete spec-
trum the eigenvalue counting function N'(H, E) := #{n | A\(H) < A} is well
defined. Here A, (H),n € N enumerates the spectrum of H, counting multi-
plicities, in increasing order. Thus for two such operators Hy, Hy the SSF can
be defined as the difference of the eigenvalue counting functions,

§(>\7H2?H1) = N(H27E) _N(H17E)

If the difference H, — H; happens to be trace class, this definition produces
(almost everywhere) the same function £ as (A.1). To see this, one chooses in
(A.1) a sequence p. of switch functions which converges to the step function
X]-o0,E] 88 € — 0.

Now we consider the case that the operators H; and Hsy are selfadjoint
and lower bounded, but we neither assume that the difference Hy — Hy is
trace class nor that the operators H; and H; have purely discrete spectrum.
Let g: R — [0,00[ be a C2-function such that ¢’ is everywhere negative. In
particular, the function g is bounded on the spectra of H; and Hs and thus
g(Hs) — g(Hy) is a bounded operator. Assume that g(Hz) — g(H;) is trace
class. Then the SSF for the operator pair g(Hi), g(Hz) is well defined by (A.1)
and we may set

(A Ha, Hi) := —€(g(N), g(Hz2), g(H1)) (A.11)

This definition is independent of the choice of g, as long as it has the above-
mentioned properties, see e.g. [50, Sect. 1.4]. Formula (A.11) is called the in-
variance principle in analogy to the relation in scattering theory. This last
definition will be sufficiently general to cover the type of Schrédinger opera-
tors we are considering. Natural candidates for the function g are the following
families of functions

d
9(@) = (@ +C) " N3k> 5 +2, C> —info(H)
corresponding to powers of resolvents, respectively
g(x) = exp(—tz), t >0 (A.12)

corresponding to semigroups of Schrodinger operators. Of course we will still
have to impose certain regularity assumptions on the Schrédinger operators
H,, Hy such that g(Hz) — g(Hy) really turns out to be trace class. In the
remainder of the appendix we choose the function g as in (A.12).

A.3 Singular Value Estimates

There is a short and transparent way to prove the super-trace class estimates
needed for the bound of the SSF. It uses the decay of singular values of certain
auxiliary operators. The basic observation is that the singular values of the
difference of two Schrodinger semigroups decay almost exponentially and the
semigroup difference is therefore in any super-trace class ideal. There are
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essentially two ingredients in the proof of this statement: a Weyl-type bound
on eigenvalues and exit time estimates for Brownian motion. We follow here
the presentation from the paper [218] by Hundertmark, Killip, Nakamura,
Stollmann and the author.

Weyl’s law gives the asymptotic behaviour of the n'® eigenvalue of the
Laplacian on an open ball B for large n. For our purposes it is necessary to
have a lower bound of this type valid for all eigenvalues. It is provided in the
following lemma which applies for rather general Schrédinger operators with
electromagnetic field.

We consider magnetic Schrodinger operators

H=Has+V, Hy=(—iV - A)? (A.13)

acting on R? with magnetic potential A and electric potential V = V. — V_,
where V := max(0,V) and V_ := max(0,—V).

Lemma A.3.1. Let H be as in (A.13). Assume that each component of A is
in L2 (RY), that Vi € LL_(R?), and that V_ is —A bounded with relative
bound § < 1. Furthermore, let HY be the Dirichlet restriction of H to an
arbitrary open set U C R with finite volume [U|. Then there exists a constant

C, such that the n'* eigenvalue of HY satisfies

27 (1 —d)d ( n )Q/d_c

Ap > S
e |

foralln e N (A.14)

Under these assumptions on the vector and scalar potential, H can be
defined by the use of quadratic forms, see for instance Sect.2 of [222]. The
Dirichlet restriction HY to the set U is defined in the same way. If A and
V_ vanish, we have already used this way to define Schrodinger operators in
Remark 2.2.3.

Proof. Since the Sobolev space with Dirichlet b.c. Wy"*(U) is a natural sub-
set of W12(R?), V_ is also relatively form bounded w.r.t. —A¥, the Dirichlet
Laplacian on U, with relative bound 4. The diamagnetic inequality, cf. [436],
then implies that V_ is also relatively form bounded with respect to the
Dirichlet restriction H% of Hy to U. In other words, there exists a constant
C € R such that

V_<S§HY +C

in the sense of quadratic forms. In particular, since V. is non-negative,
HY>HY-V_>Q1-6HY-C
which implies the bound

Tr(e—ZtH“> < eZtCTr(e—Qt(l—é)HA) — 62tc||e_t(1_6)HAH12{S

_ eZtC // |e_t(1_6)HA($,y)|2d$(} dy
Uuxu
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where || - ||us denotes as before the Hilbert-Schmidt norm. Using once more
the diamagnetic inequality for Schrodinger semigroups, e.g., [436, 222], one
obtains the pointwise bound |e~t1=9Ha (g y)| < et(1=OA% (1 o) In parti-
cular,

o= =D i < [l =DA% g = Tr(—0%) < ] (8(1 - )~
In the last line we used that by domain monotonicity the kernel of the Dirichlet

semigroup P2 on the diagonal is bounded by the heat kernel on the whole
of R?, ie.,

o2 (z,2) < PP (x,2) = (4nB)~Y? forall > 0and z €U

Thus " W
Te(e 2y < || (37t(1 — 6)) Y (A.15)
Let NY()\) == #{n | M\(HY) < A} be the number of eigenvalues of HY

smaller or equal to A. By Cebysev’s inequality and (A.15),

A
NM()\) S th)\/ thstu(S) S e2t>\Tr(e—2tHu)

< |u| (871'(1 _ 5))701/2 tfd/2e2t()\+C)

for arbitrary ¢t > 0. The last expression is for ¢ := 4()\710) equal to

e /2
 (ir5a)

This estimate implies together with n < NY(\,) the lower bound

2r(1 —8&)d [ n ¢
A > 200 (1) ¢
- <M|>

e
on the eigenvalues. ]

In the next theorem we consider a pair Schrédinger operators which obey
slightly stronger assumptions regarding the negative part V_ of their scalar
potential. More precisely, we assume that V_ is in the Kato class. A general
discussion of the Kato-class can be found in [102]. For its relevance to the
Feynman-Kac formula see, e.g., [12, 65, 438]. In particular, V_ is in the Kato-
class, if it is in Lf'oc’unif(]Rd) forp=1,ifd =1 and p > d/2, if d > 2,
cf. Sect. 1.2. Under these hypotheses, one may define H via the corresponding
quadratic form with core C2°(R?), similarly as in Remark 2.2.3. By the same
method, one can define the Dirichlet restriction H* of H to the cube A; =
1 —1/2,1/2[%1> 1.

Let H; be a Schrodinger operator of the form just described and let Hy =
Hy + u. Assume that u = u; — u_ has compact support, that u, € L _(R%)

loc
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and that u_ is in the Kato class. Our aim is to obtain an estimate on the
singular values of Vg := e Ht —e~H2 and on the corresponding object in the
finite volume case, namely Velff = e~ Hi _ o~ Hs,

Theorem A.3.2. There exists a constant ¢ depending only on the dimension
d, and a constant C' depending on the Kato-class norms of u_,V_ and on the
diameter of the support of uy such that the singular values of the operators
Ve and Vg obey for alln € N and 1 > 1 the relations

(Vo) < Ce"" and  pn(Vl) < Ceon'”

(A.16)

Remark A.8.3. (i) Note that the estimate (A.16) depends on the positive
part of u only through suppu. Thus, for v = ku where u > 0 and &
is a non-negative coupling constant, the estimate is independent of the
choice of k.

(ii) Actually, u may be taken to +o0 on its support. In this case Hy equals
the restriction of H; to R\ supp u with Dirichlet boundary conditions,
provided the boundary of supp u obeys some mild regularity conditions,
see for instance [455].

(iii) Similarly, H, H, may be defined on a set strictly smaller than R%: Let
U C R? be open, H% the Dirichlet restriction of H4 on U, and H; =
Hff{ +V, Hy = Hf:f 4+ V 4w where V and u satisfy the same conditions as
before. In this case H]l is the Dirichlet restriction of H;,j = 1,2 to the
set Ay NU.

Remark A.3.4. The decay estimate in (A.16) is almost optimal with respect to
the exponent. In [405] Raikov and Warzel analyse the perturbation of the free
Schrodinger operator with a constant magnetic field in two dimensions, i.e. the
Landau Hamiltonian, by a compactly supported potential. The results in [405]
(and similarly those in [359]) show that for general magnetic Schrodinger
operators one cannot obtain a faster decay than

fin (Vegg) < Cen"

This is explained in some detail in the first Section of [218]. See also Remark
A4.2.

Proof (of Theorem A.3.2). We give the proof for V.g, the adaption to V;lff
requires only minor changes. We will use the symbols ¢ and C for constants
that vary from line to line; however, their dependence on H; and H; will
always be as stated in the Theorem.

Without loss of generality, we can assume that the origin is contained in the
support of u. We will estimate the n*" singular value by Dirichlet decoupling
at an n-dependent radius R. To this end, let R be sufficiently large so that
supp v is contained strictly inside the ball of radius R centred at the origin,
which we will denote by Bg.
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Let HJR (j = 1 or 2) be the Dirichlet restriction of H; to the ball Bg,
and let

_Hé?

Ap:=e —e ' and Dp:= Vi — An. (A.17)

As any Kato-class potential is relatively form bounded with respect to the
Laplacian with relative bound zero, we may apply Lemma A.3.1 to deduce
that g, (e ) < Cexp(—en?/4R2) for both j = 1 and j = 2. Since Ap
is the difference of two non-negative operators by the min-max theorem its
singular values obey the same type of bound:

pin(AR) < Cexp(—cn* 1R™%) (A.18)

If D,, is bounded, then u,(Veg) < pun(Agr) + || Dxrl|. We now proceed to
estimate the norm of D,, by using the Feynman-Kac-It6 formula for magnetic
Schrodinger semigroups with Dirichlet boundary conditions, see [65, 436].

Let E, and P, denote the expectation and probability for a Brownian
motion, b; starting at z. Let 7 = inf{t > 0|b; € Bgr} denote the exit time
from the ball Br and set 7, := 7, . Then

(Do f)(z) = E, |:e*iSA(b) (e* Jo (VHu)(b)ds _ o= [§ V(bS)dS)X{mg}(b)f(bl)}

where S% is real valued stochastic process corresponding to the purely mag-
netic part of the Schrédinger operator. Actually, for this representation one
first chooses a suitable gauge, for instance divA = 0, and then uses gauge
invariance for the general case, see [322].

By taking the modulus and using the triangle inequality, one sees that the
magnetic vector potential can be eliminated:

1 1
Do f|(@) < By e Jo VOId]emlow®dds — 1)y 3y (0)|f(b1)]]

Moreover, only Brownian paths which both visit supp « and leave Br_ within
one unit of time contribute to the expectation. Thus if 7, is the hitting time
for suppu and B = {1, < 1,7, <1}, then

D, f|(z) < Bye o VEds|emJo u)ds _ 11y n ()| £(by))]

so, applying Hélder’s inequality,

1D, f|(x) < (E:c o8 Jo V(bs)dS])l/S (Eac It Jo u(bs)ds _ 1|8) 1/8

(B (B [500P))

Since V_ and u_ are in the Kato class, Kashminskii’s lemma implies that the
first two terms are bounded uniformly in z, see for instance [12, 438].

Levy’s inequality combined with elementary estimates imply P,—o{7r <
1} < 2P,—o{|b1]| > R} < Ce /4. As any path in B must cover the distance

1/2
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r between supp u and the2complement of the ball Br, we can deduce that
P.(B) < Ce™" /4 < Ce 1"/ where we chose without loss of generality r >
R/+/2. Thus

Do fl(x) < Ce /32 (B, | £(b1)]?}? = CeP/32{ (2 1) ()}

in particular, using the fact that e® is an L' contraction,

1/2

S Ce IR PN = e R £l

IDnfll2 < Ce™ ™72 (]2

To balance the two bounds obtained for u,(Ag) and ||D,|| one chooses R, :=
n/2? which leads to (A.16). O

A.4 Bounds on the SSF for Schrodinger Operators

Let Hy, Hy be as in the last Section. Theorem A.3.2 implies in particular that
Ve and VCZH are trace class. Thus the SSF for the operator pair Hy, Hy is well
defined by formula (A.11) with the choice g(z) = e™*.

The explicit estimates obtained in Theorem A.3.2 for the singular val-
ues of Schrédinger semigroups differences together with the abstract results
from Sect. A.1 allow us to infer the desired bounds on the SSF for a pair of
Schrodinger operators. The results and the presentation in this section are
taken from the paper [218] by Hundertmark, Killip, Nakamura, Stollmann
and the author.

Theorem A.4.1. Let £ be the spectral shift function for the pair Hi, Hs or
H! H.. There exists constants Ky, Ko depending only on d, diam supp u,
and the Kato class norms of V_,u_, such that for any bounded compactly
supported function f,

/f(A)ﬁ(A) X < Kqe” + Kz {log(1+ | flo) Yl f 111 (A.19)

with b = supsupp f.

Remark A.4.2. (i) Theorem A.4.1 implies that the spectral shift function
can have at most logarithmic local singularities. One might think that,
at least for smooth compactly supported perturbations, the SSF should
always be locally bounded. However, this is not the case. In the paper
[405] already mentioned in Remark A.3.4, Raikov and Warzel consider
the free Schrodinger operator with a constant magnetic field in dimen-
sion two. For a perturbation of this operator by a compactly supported
potential they showed that the SSF diverges at each Landau level A, like

[ In(A)] )””2
In[In \|

[EAg +A)| ~ ( as A1 0 (A.20)

See [359] for the generalisation to even dimensions.
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(ii) An example without magnetic fields, where the SSF shows unexpected
divergencies, was given by Kirsch in [246, 248]. Denote by Al the Laplace
operator on the cube A; with Dirichlet b.c. For A > 0, u: RY — R
a non-negative, bounded function with compact support, which is not
identically equal to zero, and a function a: [0, c0[—]0, 00[, set &(-) :=
€, —AL (=A+a(D)u)!). Then limsup,_, ., &(A\) = oo, for any A\, a and u
as above. This result relies on the high degeneracy of eigenvalues of the
pure Dirichlet Laplacian on a cube. In this respect it is related to the
example in Remark (i) with the Landau Hamiltonian which has infinitely
degenerate eigenvalues. Kirsch shows that there is, however, a set of full
measure £ C R with dense complement such that

lim &(\) =0, forall A€ &, ifa(l) <I7% k>3
N3l—o0

(iii) In contrast to the above unboundedness results, Sobolev, [449] showed
that for the pair H; = —A and Hy = —A + u with |u(z)| < const. (1 +
|z|)~* and v > d, the spectral shift function £ is, indeed, locally bounded.
However, this type of result seems to require very strong hypotheses
on Hi, for example, a trace-class limiting absorption principle and in
particular, that H; has absolutely continuous spectrum on the positive
real axis.

(iv) For certain alloy type Schrodinger operators Combes, Hislop and Klopp
obtain in Theorem 2.1 of [92] a local boundedness result for an associated
averaged SSF.

Proof (of Theorem A.j.1). Let the two Schrodinger operators Ho = Hy + u
be as in the statement of the Theorem.
For ¢t > 0 define F; : [0, 00[— [0, oo[ by

) = [ (explty ) = 1) dy (A21)

As the integrand is increasing, F; is a convex function. We show first that
there exists a constant K7, depending on t, such that for small enough t > 0,

/T F(lEN)]) d\ < KreT < oo (A.22)

for all T < oo. To see this, we use the invariance principle and a change of
variables, to obtain

T T
/ F(E(N By, Hy)[) dA = / F(g(e™, e 2 e 1)) dx

— 00

§eT/ F(|§(s,e*H2,e*H1)|)ds

By Theorem A.1.2 the integral on the right hand side is bounded by
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/OO F(lé(s,e” 2,67 ) ds < 3 pn (Vo) (F(n) = F(n — 1))

o0 n=1

< Z un(chf)/ (etsl/d —1)ds < CZ alt=cnt/?
n=1 n=1

n—1

which is finite, if we chose ¢ smaller than the constant ¢ from Theorem A.3.2.
Thus we have proven (A.22).

Now we deduce the bound (A.19) from (A.22) with the help of Young’s
inequality for an appropriate pair of functions. Note that F}; is non-negative,
convex with F(0) = 0 and hence its Legendre transform G is well defined and
satisfies

<log(1 +y)\¢

G(y) :=sup{zy — F(z)} <y ; ) forally >0

x>0
Thus, by the very definition of G, Young’s inequality holds: yx < F(x)+G(y).
So, with b = supsupp f,

b
/f(A)f(A) dA S/_ F(I&(A)I)dAJr/G(\f(>\)|)clA (A.23)

Using the estimate (A.22), the first integral is bounded by Kje’. For the
second integral in (A.23), we estimate

Jatromnars [ oy < = ioga 4+ 151,

This finishes the proof of Theorem A.4.1. ]

To apply Theorem A.4.1 in the situation of Sect. 4.2, we take f to be the
the derivative of a smooth, monotone switch function pg.: R — [-1,0]. By
a switch function we mean that for a positive ¢ < 1/2 it has the following
properties: pp . = —1lon]—o0,E—¢], pp =0on [E+e¢,00[ and |[pf [|oc <
1/e, similarly as in Sect. 4.1. Theorem A.4.1 and the Krein trace formula (A.1)
imply

Corollary A.4.3. Let Hy,Hy and pg . be as above. There is a constant Cg
depending only on E, d, diam supp uy and the Kato class norms of V_,u_,
such that

Tr [pp.c(Hs) = ppe(Hi)] < Cp |loge|” (A.24)

The function E — Cpg is monotone and continuous.

The estimate (A.24) improves upon a bound derived by Combes, Hislop
and Nakamura in [97]. They prove that for any exponent o < 1, there is a
constant C'g(a) depending only on d, Cy, diamsupp u, E + ¢ and « such that

Tr[pg.e(H2) — pu.e(H1)] < Cpla) e (A.25)
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Remark A.4.4. In the context of random Schrédinger operators Hy and Hy
appear as particular members of a random family {H,,},,. If two configurations
w,w" € Q differ only in one coordinate w; # w; and coincide in all the others,
ie. wy = wj, for all k € Z¢\ {j}, then the pair H; = H,,, Hy = H,, differs
only by a single site potential. If this is compactly supported, the pair Hy, H
fits in the framework considered in this and the preceding sections.

Specialising further, one is often interested in the case that on the lattice
site j € Z? one of the operators, say H;, has a coupling constant taking the
lowest possible value, i.e.

wj =w_ = infsupp p

where 1 denotes as before the distribution of w;, and the other operator H»
has at this site a coupling constant with the largest possible value, i.e.

W) = w4 = supsupp p

Let A; € R? be a cube such that j € Af. Then we can write the two
operators H; and H, as

Hy = H (w; = min) := H, + (w_ — w;)u(- — 5) (A.26)
Hy = H,(wj = max) := Hy, + (wy —wj) u(- = )
and consequently the difference Hy — H; = (wy —w_) u(- — j) is a compactly
supported potential. Note that in the formulae (A.26) it is possible to express
the two operators H; and Hs using only one of the two configurations w

and w'.
The upshot of this considerations is that the trace

Tr[p[H. (w, j = max) — E] — p[H. (v, j = min) — E] (A.27)

can be estimated by Corollary A.4.3. It is precisely for such a pair of operators
that this corollary is used in the proof of Theorem 4.2.4.
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