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ABSTRACT. We survey recent results on spectral properties of random Schro-
dinger operators. The focus is set on the integrated density of states (IDS).
First we present a proof of the existence of a self-averaging IDS which is general
enough to be applicable to random Schrédinger and Laplace-Beltrami opera-
tors on manifolds. Subsequently we study more specific models in Euclidean
space, namely of alloy type, and concentrate on the regularity properties of
the IDS. We discuss the role of the integrated density of states and its reg-
ularity properties for the spectral analysis of random Schrédinger operators,
particularly in relation to localisation. Proofs of the central results are given
in detail. Whenever there are alternative proofs, the different approaches are
compared.

RESUMEN. Revisamos resultados recientes en propiedades espectrales de oper-
adores de Schrédinger aleatorios. Nos enfocamos principialmente en la densi-
dad integrada de estados (IDS). Primero presentamos una prueba de la existen-
cia de la IDS y su propriedad auto-promediadora (self-averaging). El método
es suficientemente general para ser aplicable a operadores de Schrodinger y de
Laplace-Beltrami aleatorios en variedades de Riemann. Posteriormente estu-
diamos los modelos més especificos en el espacio Euclidiano, a saber de tipo
aleacién, y nos concentramos en las propiedades de la regularidad de la IDS.
Discutimos el papel de la densidad integrada de estados y sus propiedades de
regularidad para el anédlisis espectral de operadores de Schrédinger aleatorios,
particularmente con relacién a localizacién espectral. Las pruebas de los re-
sultados centrales son descritas en detalle. Cuando hay pruebas alternativas,
los enfoques diferentes se comparan.
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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?3 of nuclei and
electrons. The resulting Hamiltonian taking into account all interactions is highly
complicated. To arrive at a Schrodinger 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 Schrédinger oper-
ator 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 potential
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. However,
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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. More-
over, physical intuition suggests to assume that the local properties of the medium
in two regions far apart (on the microscopic 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 precisely — 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 paragraph and introduce here a special case on the intuitive level. Consider
first the potential

Vo(z) = Z ug(w, )
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 random
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 spherically 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.
In this case the potential looks like

Vo(x) == Z qou(z — k) + Z qpu(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 P >0

Here P{. .. } denotes the probability of an event. If we furthermore 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(z) = Z i (W) u(z — k)
k

Here q1,(w) € {qa,q},k € Z? denotes a collection of independent, identically dis-
tributed Bernoulli random variables and w 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.

Properties of disordered systems are discussed in the books [35, 91, | from
the point of view of theoretical physics. The mathematical literature on random
Schrodinger operators includes the books [17, ], the introductory article [158],
a section on random Jacobi matrices in [65], the Lifshitz memorial issue [207], and
a monograph specialised on localisation phenomena [295].
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In the present work we focus on the spectral features of random Hamiltonians
which are encoded in, or in close relation to the properties of the integrated density
of states (IDS). We present the proofs of most of the results in detail. Indeed, for
the two central theorems — the existence of an self-averaging integrated density
of states and for the Wegner estimate — two independent proofs are given and
compared.

1.2. Model and Notation. 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 on non-negative integers, respectively. For a set A we denote
by A€ its complement. An open subset of R¢ will be denoted by A, and if there is a
sequence of such sets its members will be denoted Ay,...,A;,.... The symbol |A|
is used for the Lebesgue measure of A. We write |x| for the norm of z € 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 L?(A). Similarly,
LP(A) with p > 0 stands for the 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 {?(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 configuration space. In the following we denote by p(d) any
number in [1, co[ which satisfies

>2  ifd<3
1.1 )= =
(1) M){>dﬂ ifd>4

The symbols C(A), C*°(A) stand for the continuous, respectively smooth, functions
on A. The subscript . in C.(A),C(A), LP(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 wuniformly locally in LP. More
precisely, f is in the set of uniformly locally LP-functions, denoted by L (RY),

unif,loc

if and only if there is a constant C such that for each y € R?

/ @) dz < C
lz—y|<1

p
p, unif,loc”

The infimum over all such constants C is || f|]

Let A denote the Laplacian on R?. If we choose its operator domain D(A) to be
the Sobolev space W2 (R%) of functions in L?(R?) whose second derivatives (in the
sense of distributions) are square integrable, it becomes a selfadjoint operator. The
restriction of A to a true open 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 [250].

Let A, B be two symmetric operators on a Hilbert space H, whose norm we
denote 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

feDA)
(1.2) B[l < allAf[l + call f1]
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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. We
will apply this result to the sum of the negative Laplacian and a potential. A
multiplication operator by a function V' € Lﬁnif,lo .(R?) is infinitesimally A-bounded
if p = p(d), cf. [256, Thm. XII1.96]. Moreover, the constant ¢, in (1.2) depends
only on ||[V||,, unif.loc- Thus the sum H := —A + V is selfadjoint on WZ(R?). If B
is relatively A-bounded in operator sense with relative bound « it implies

(f, Bfy < a(f,Af) + Co(f, f) for some C, € R

which is called relative form-boundedness of the form Qg(f,g) := (f, Bg) with
respect to Qa(f, g) := (f, Ag). See § VL1.7 in [152] for more details.

The triple (2, 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 Tj: 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;,7 € J have measure zero or one.

Definition 1.2.1. Let p = p(d) be as in (1.1), u € L2(R?) and ¢q;: Q — R, k € Z4
be a sequence of bounded, independent, identically distributed random variables,
called coupling constants. Then the family of multiplication operators given by the
stochastic process

(1.3) Vo (z) := Z qr(w) u(z — k)

kezd
is called alloy type potential. The function u is called single site potential. Let
Hy := —A+ V,er be a periodic Schrédinger operator with Vi, € Lﬁnimoc (R%). The
family of operators

(1.4) H,:=Hy+V,, weQ

is called alloy type model.

The distribution measure of the random variable gy 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)

Vot < all Al + call @l [Voardll < all Al + calld]

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 paragraphs 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.
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(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 will fail to hold for w in
the complement Q \ ’. See for example [162, 163, 165] for more details.

(c) There is a group of measure preserving transformations Ty, k € Z¢ on
(Q, Ba,P) such that (1.3) obeys

Volx — k) = Vpo(x)

In other words the stochastic process V: 2 x R — R is stationary with respect to
translations by vectors in Z?. Moreover, the group Tk, k € Z% acts ergodically on
Q, therefore we call V an Z%-ergodic potential.

To see that the above statements are true we pass over to the canonical proba-
bility space Q = Xz R, equipped with the product measure P := ®jcza pt. Now
the stochastic process {my }xeza, defined by 7y (w) = wy, for all k € Z4, has the same
finite dimensional distributions as {qx }%. It is easily seen that the transformations
(T (w)); := wj—k are measure preserving and that the group 74 acts ergodically on
Q.

Using the stochastic process {7y}, the alloy type potential can be written as
(1.5) Vo(x) := Z wru(z —k)
kezd

which we will use without distinction in the sequel.

Abstracting the properties of stationarity and ergodicity we define general ran-
dom potentials and operators with Z?-ergodic structure.

Definition 1.2.3. Let V: Q x R? — R be a stochastic process such that for almost
all w € O the realisation of the potential obeys V,, € Lﬁnif,loc(Rd)7 p = p(d) and

additionally E{||V,,xall5} < oo, where A is an unit cube. Let Ty, k € Z? be a group
of measure preserving transformations acting ergodically on (€2, Bg,P) such that

Vo(z — k) = Viw(2)
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 Hfu\ if we impose
Dirichlet boundary conditions and by H*" 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 recent overview [203] is devoted to such models that model amorphous media.
Insight in the research on almost periodic operators can be obtained for instance
in [298, , 20, 25, 65, ] and the references therein.

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

(1.6) V(@)=Y fulw,z —k).

kezd
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This representation is of interest because it ensures that after passing to an equiv-
alent probability space and stochastic process one may assume that the sigma al-
gebra on Q is countably generated. See [156] and Remark 2.8 in [199] 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 media they
model. In the particular case of the quantum mechanical Hamiltonian of an electron
in a disordered solid the electric conductance properties are the main object of
interest.

The Hamiltonian governs the equation of motion, i.e. the time dependent Schro-
dinger equation

(1)
ot
The time evolution of the vector ¥(t) in Hilbert space describes the movement of
the electron. Since we chose the space representation in the Schrédinger picture,
we can can think of ¢(t) as a wave packet which evolves in time. The square
of its absolute value |¢(t,-)|? € L'(R?) is a probability density. More precisely,
[ [#(t, )Pz is the probability to find the electron in the set A C R? at time ¢.

For a given initial state 1o := 1(0) supported in a compact set A one would
like to know whether for large times the function v (t) 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 1(¢) 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, cf. e.g. [257, 65, |, 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 statement consult
for instance [257, 65, 295].

This motivates the systematic study of spectral properties of the introduced
Schrodinger operators. 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 [13]. This property
has been established for a variety of random models. In most of those cases one
can additionally prove that the corresponding eigenfunctions decay exponentially in
configuration space, a phenomenon called exponential (spectral) localisation. The
situation is different for random potentials with long range correlations, where
sometimes only power-law decay of the eigenfunctions has been established [168,

) }'

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 captures only a rough view on the
dynamical properties of the quantum mechanical system. A more detailed un-
derstanding can be obtained by studying the time evolution of the moments of
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the position operators. This led to a formulation of several criteria of dynami-
cal localisation. The strongest characterisation of this phenomenon, namely strong
dynamical localisation in Hilbert-Schmidt topology means that for all ¢ > 0

2
(1.7) EQ sup ||IXI72F(H)PL (D[ b <o
[Iflleo <1 HS

Here P! (I) denotes the spectral projection onto the energy interval I associated 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 (1.7) as non-spreading of wave-packets one chooses f(y) = eV,
Dynamical localisation (1.7) implies in particular that the random Hamiltonian
H,, exhibits spectral localisation in I. The reader can consult e.g. [262, , ,

, , 6] to get an insight how the notion of dynamical localisation evolved and
for recent developments. In [262, 70, ] examples are discussed where spectral
localisation occurs, but certain dynamical criteria for localisation are not satisfied.

For the purpose of the present paper 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. [67, ]. 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: most 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 least true for the properties
we discuss in the present paper.

We shortly describe what kinds of spectral types one expects from the physical
point of view for random Schrédinger 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.
Rigorous proofs of this statement can for instance be found in [128, 193].

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 delocalised
states. However, for alloy type Hamiltonians the proof of delocalisation is open.
Some results on existence of absolutely continuous spectrum for random models of
a different type can be found in [176, , ]. The two regions with localised,
respectively delocalised states are separated by a threshold, the so called mobility
edge, for partial results see [147, , , ].

The literature on the existence of pure point spectrum is extensive. We discuss
it in more detail in § 3.2.

How large the intervals with point or continuous spectrum are, depends on the
disorder present in the model. For instance, in (1.4) one could introduce a global
coupling constant A in front of the potential

H, = Hy+ \V,

Now large A means large disorder, small A small disorder. The larger the disorder,
the larger is the portion of the spectrum which contains localised states. For other
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types of random Schrodinger operators there are similar ways to introduce a disorder
parameter.

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 (or the spectral density function, see the next
section for a precise definition) is very thin in this region. This has been first
understood on physical grounds by Lifshitz. Today the tails of the density of states
at the fluctuation boundaries bear the name of Lifshitz-asymptotics or Lifshitz-tails.
We give a (non-exhaustive) list of works devoted the study of this asymptotics: [238,
and the references at the end of § 5.6.

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 spec-
trum is purely absolutely continuous, [32, , , , ]. This difference might
seem somewhat surprising, given the similarity of the structure of an alloy type and
a periodic operator.

1.4. Outline of the paper. In the present section we discussed the physical moti-
vation to study random operators and introduced the models we will analyse in the
sequel. The next section is devoted to the proof of the existence of the IDS for these
models. In the third section we discuss why regularity properties of the IDS are of
interest. The following two sections give two independent proofs of the continuity
of the IDS. Both approaches are suitable to extensions in various directions. We
review some recently obtained results. For more details see the table of contents.

Acknowledgements. I would like to thank R. del Rio and C. Villegas for organis-
ing the Workshop on Schrédinger operators and the stimulating atmosphere at the
IIMAS. This is an opportunity to thank D. Hundertmak, R. Killip, V. Kostrykin,
D. Lenz, N. Peyerimhoff, and O. Post for the pleasure of collaborating with them on
some of the results presented here, and in particular W. Kirsch who introduced me
to the topic of random Schrédinger operators. I am grateful to E. Giere, P. Miiller,
R. Muno, K. Schnee, K. Veselié, S. Warzel and the referees for valuable comments.
Financial support by a fellowship of the DFG and hospitality at CalTech by B. Si-
mon is gratefully acknowledged.

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. 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.) < A\o(HL) < -+ < A\ (HL) — 0.
Here A\, = A,41 means that the eigenvalue is degenerate and we take this into
account in the enumeration.
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The normalised eigenvalue counting function or finite volume integrated density
of states N! is defined as

_ #{n[Aa(H) < E}
|A]

The numerator can equally well be expressed using the trace of a spectral projection

(2.1) NL(E):

#{n| A (HL) < B} = Te[PL(] - o0, E[)|

Note that N.: R — [0, oo[ is a distribution function of a point measure for all [ € N,
ie. NL(E)=1.(] — oo, E]). Here v/}, is the finite volume density of states measure
defined by

v (1) = [ 7 g {n| Mo (HL) € 1}

By definition a distribution function is non-negative, left-continuous and monotone
increasing. In particular, it has at most countably many points of discontinuity.

Under some 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 function
N,, as [ goes to infinity. This means that we have N!(E) — N, (FE) for all
continuity points E 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
of a localised projection. For Z%-ergodic operators it reads

(2.2) N(E) = E{Tr[xaP.(] - o0, E)] }

Here A denotes the unit box ]0, 1[¢, which is the periodicity cell of the lattice
7. Actually, one could choose certain other functions instead of x4, yielding
all the same result, cf. Formula (2.16). The equality (2.2) holds for R%-ergodic
operators, too. It is sometimes called Pastur-Subin trace formula.

In the following we prove the properties of the IDS just mentioned by two meth-
ods. In §§ 2.2 — 2.6 a complete proof is given using the Laplace transforms of the
distribution functions N!, while § 2.7 is devoted to a short sketch of an alternative
method. It uses Dirichlet-Neumann bracketing estimates for Schrédinger opera-
tors, which carry over to the corresponding eigenvalue counting functions. These
are thus super- or subadditive processes to which an ergodic theorem [12] 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 Euclidean space. To
be precise, we will consider random Schrédinger operators on Riemannian covering
manifolds, where both the potential and the metric may depend on the randomness.
This includes random Laplace-Beltrami operators.
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We follow the presentation and proofs in [243, ]. The general strategy we
use was developed by Pastur and Subin in [237] and [29¢] for random and almost-
periodic operators in Euclidean space. A particular idea of this approach is to
prove the convergence of the Laplace transforms £! 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 § 2.7,
which is taken from [161]. The Pastur-Subin strategy seems to be better suited for
geometries with 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 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 L.

This imposes some restriction on the strategy of the proof since the 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 [194]) but
so far no pointwise theorem. This is also the reason why the Dirichlet-Neumann
bracketing approach of § 2.7 does not seem applicable to random operators liv-
ing on a covering manifold with non-abelian deck-transformation group (covering
transformation group).

2.1. Schrédinger operators on manifolds: motivation. In this section we
study the IDS of random Schréodinger operators on manifolds. 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 Hamil-
tonians for such systems have been studied e.g. in [226, 110] (see also the references
therein). To arrive at an effective Hamiltonian describing the constrained 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 [226, 110] one can find a dis-
cussion 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 appearance 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 con-
strained system is not the pure Laplacian but contains (in general) a potential
energy term. This fact explains the existence of curvature-induced bound states in
quantum waveguides and layers, see [100, 89, , 90] and the references therein.

As is mentioned in [220], the study of effective Hamiltonians of constrained
systems is motivated by specific physical applications. They include stiff molecular
bonds in (clusters of) rigid molecules and molecular systems evolving along reaction
paths. From the point of view of the present paper 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
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exhibits some form of translation invariance in the macroscopic direction. E.g. it
may be periodic, quasiperiodic or — in the case of a random model — ergodic.

For random quantum waveguides and layers the existence of dense point spec-
trum is expected, cf. the discussion of localisation in Paragraph 1.3. For a waveg-
uide embedded in Euclidean space this has been rigorously proven in [174, ]
The question of spectral localisation due to random geometries has been raised al-
ready in [69]. There the behaviour of Laplace-Beltrami operators under non-smooth
perturbations of the metric is studied.

A second motivation for the analysis of operators on manifolds studied in this sec-
tion comes from differential geometry. The spectral properties of periodic Schrodinger
operators on manifolds have attracted the interest of various authors. A non-
exhaustive list is [19, , , , , 41, 40, , , , |. By ’periodic’
we mean that the operator acts on a covering manifold and is invariant under the
unitary operators induced by the deck-transformations.

Particular attention was devoted to the analysis of the gap structure of the spec-
trum of periodic operators of Schrodinger type. 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 there are gaps: can one establish up-
per and lower bounds for the width and number of gaps and the spectral bands
separating them? 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. Even for periodic Schrodinger operators in Eu-
clidean space the gap structure is highly non-trivial. This is maybe best illustrated
by works devoted to the Bethe-Sommerfeld conjecture, e.g. [289, , , , ].
Another interesting feature of some periodic Laplace-Beltrami operators is the ex-
istence of L2-eigenfunctions, cf. the discussion in Remark 3.1.3.

These periodic operators on manifolds are generalised by their random analogues
studied in this section.

2.2. Random Schrédinger operators on manifolds: definitions. Let us ex-
plain the geometric setting in which we are working precisely: let X be a complete
d-dimensional Riemannian manifold with metric gop. We denote the volume form
of go by voly. 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/T 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 €2 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.,}weco be a family of Riemannian metrics on X. Denote
the corresponding volume forms by vol,. We call the family {g,}.cq a random
metric on (X, go) if the following five properties are satisfied:

(2.4) Themap Q x TX — R, (w,v) — gu,(v,v) is jointly measurable.
(2.5) There is a Cy €]0, 00[ such that

C;l go(v,v) < gu(v,v) < Cygo(v,v) forall veTX.
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(2.6) There is a C, €]0, co[ such that
Vo pu(z)]o < C, for all z € X,

where V( denotes the gradient with respect to gg, p. is the unique smooth
density of volg with respect to vol,, and |v|2 = go(v,v).

(2.7) 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.

(2.8) The metrics are compatible in the sense that the deck transformations

7 (X, 9w) = (X, 0yw), yiT o w
are isometries.
Property (2.8) implies in particular that the induced maps
Uw: LP(X,vol,-1,) — L2(X,vol,), (U f)(z) = f(v ')

are unitary operators.
The density p, appearing in (2.6) satisfies by definition

/f(x)dvolo(x):/ f(z)pw(x) dvol, ().
p's X

It is a smooth function and can be written as

pule) = (det golched))"* = (det gulehoed))

Here e}, ..., eg denotes any basis of T, X which is orthonormal with respect to the
scalar product go(x), and €l,..., e € T, X is any basis orthonormal with respect
to g (). It follows from (2.5) that

—d/2 d/2
(2.9) C, 12 < po(x) §Cg/ foralz e X, we )
which in turn, together with property (2.6) and the chain rule, implies
(2.10) Vo pt2(z)]o < ng/4 [Vopuw(z)lo forallz e X, we
Moreover, for any measurable A C X by (2.9) we have the volume estimate
(2.11) C; 2 voly(A) < voly,(A) < C/2volg(A)
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: OxX — Rbea
jointly measurable mapping such that for all w € Q the potential V,, := V(w,-) >0
isin L{ (X). For each w € Qlet H,, = —A,+V,, be a Schrédinger operator defined
on a dense subspace D, of the Hilbert space L?(X,vol,). The family {H,},cq is
called a random Schridinger operator if it satisfies for all v € T' and w € Q the
following equivariance condition

(2.12) H, = U(w,,y)H,y—le(*w),y)
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Remark 2.2.3 (Restrictions, quadratic forms and selfadjointness). Some remarks
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 C°(A). For each w € 2 we
define the quadratic form

(2.13) Q(H™): C(A) x C(A) —
(1) = [ a.()(VF@), Thia) ) dvol. / f @)V (@)h(x) dvol,, ()
We infer from Theorem 1.8.1 in [68] that this quadratic from is closable and its

closure Q(H2A) gives rise to a densely defined, non-negative selfadjoint operator
HA. Actually, Q(H2) is the form sum of the quadratic forms of the negative
Laplacian and the potential. The result in [68] 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
Schrddinger operator with Dirichlet boundary conditions. It is the Friedrichs exten-
sion of the restriction H”| C>(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. A subset F C X is called I'-fundamental domain if it contains
exactly one element of each orbit O(x) :={y € X|IyeT:y =z}, z € X.

n [2, Section 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, go)
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 Z;° x ...Z;". Here
> r; =r and Z, is the cyclic group of order p. Assume as above that the quotient
X/T is compact. Periodic Laplace-Beltrami and Schrodinger operators on such
spaces have been analised e.g. in [302, , 245].

In the following we will discus some examples studied by Post in [244, ]. The
aim of this papers was to construct covering manifolds, such that the correspond-
ing 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 decom-
position 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 Lapla-
cian. The second type of examples in [245] 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
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have in particular 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 section. Some of
the examples in [244, 245] are manifolds which can be embedded in R? as surfaces.
They can be thought of as periodic quantum waveguides and networks. See [244]
for some very illustrative figures.

Furthermore, in [245] perturbations techniques for Laplace operators on covering
manifolds have been developed, respectively carried over from earlier versions suited
for compact manifolds, cf. [51, 14, ]. They include conformal perturbations and
local geometric deformations. Floquet decomposition 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 [200, ], 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

(2.14) H; = | z,y,2z € R

O O =
S = 8
N e

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

The subset T' = H3 N M(3,7Z) forms a discrete subgroup. It acts from the left on
Hj; by isometries and the quotient manifold H3 /T is compact.

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 € Q, and only the potential depends on the randomness in the following way:

(2.15) Vo(z) =Y gy(w)u(y '),

yer

Here u : X — R is a bounded, compactly supported measurable function and
¢y: 0 — 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) Now we consider the situation where the metric has an alloy like structure.
Let (go, X) be a Riemannian covering manifold and let a family of metrics {g. }.
be given by

(@)= (X m@)utr ') mlo)

yel’
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where v € C2°(X) and the r.,: Q@ —]0,00[,y € T are a collection of independent,
identically distributed random variables. Similarly as in the previous example one
sees that the operators A, are equivariant.

2.3. Non-randomness of spectra and existence of the IDS. Here we state
the main theorems on the non-randomness of the spectral components and the
existence and the non-randomness of the IDS. They refer to random Schrédinger
operators as defined in 2.2.2.

Theorem 2.3.1. There exists a subset Q' of full measure in (0, Bo,P) and subsets
of the real line & and Xo, where o € {disc, ess,ac, sc,pp} such that for all w €

o(H,)=%Y and o4(H,)=2X,
for any e = disc, ess, ac, sc,pp. If T is infinite, Bgisc = 0.

The theorem is proven in [201], see Theorem 5.1. The arguments go to a large
part along the lines of [240, , ]. Compare also the literature on almost
periodic Schrédinger operators, for instance [298, 21].

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 to use are spec-
tral 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 s (gu, B, f.) is measurable for arbitrary f,g € L?(2 x X,P o vol).
(ii) There exists a w-uniform bound on the norms || B, || for almost all w € .
(iii) For all w € Q,v € T the equivariance condition

By = Uy By-1,U, )

holds.

By the results of the next paragraph § 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 operators {4},
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 L2(2 x X, PP o vol) by

(Bf)(w,x) := B, f.(x), see Appendix A in [201]. This set of operators is a von
Neumann algebra A/ by Theorem 3.1 in [201]. On A 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: Q x X — R* with 3. Uy-1,(y ) =1 for all (w,z) € Qx X
we have

(2.16) 7(B) = E [Tr(us B.)]
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In analogy with the case of operators which are I'-invariant [19] we call 7 the I'-
trace. The spectral projections {P,, (] — 00, A[) }, of {H, }., onto the interval | —oco, A[
form a bounded random operator. Thus it corresponds to an element of A/ which
we denote by P(] — 0o, A[). Consider the normalised I'-trace of P

(2.17) Nu(\) := m
The following is Theorem 3 in [199], see also [201].

Theorem 2.3.3. P(]—o0, A|) is the spectral projection of the direct integral operator

H:= /QGBHM dP(w)

and Ny is the distribution function of its spectral measure. In particular, the almost
sure spectrum 3 of {H, }., coincides with the points of increase

{NeR|Ng(A+¢€) > Ng(A—¢) 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 [207] and [295] Subin establishes this relation for almost
periodic elliptic diffential operators in Euclidean space. He attributes the idea of
such an interpretation to Berezin, see the last sentence in Section 3 of [298].

We want to describe the self-averaging IDS by an exhaustion of the whole mani-
fold X along a sequence A; — X, I € 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'.

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

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 T' is amenable if for any ¢ > 0 and compact K C I' there
is a compact G C T" such that

mr(GAKG) < emp(G)

where my, denotes the left invariant Haar measure, cf. Theorem 4.13 in [242]. This
is a geometric description of amenability of I'. If T" 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 Felner 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 Feelner sequence

if for any finite K C I' and € > 0
|IIAKIZ‘ S € |Il|

for all [ large enough.
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(ii) We say that a sequence I; C T',l € N of finite sets has the Tempelman or
doubling property if it obeys

|Illzil‘
sup < 00

ren 4]
(iii) We say that a sequence I; C I',l € N of finite sets has the Shulman property
if it obeys
|IlIl:11|

len |

(iv) A Feelner sequence {I;}; is called a tempered Felner sequence if it has the
Shulman property.

In our setting I' is discrete and finitely generated. (Actually, K := {y € T |
vFNF # 0} is a finite generator set for I'. This follows from the fact that
the quotient manifold X/T is compact, cf. § 3 in [2].) Under this circumstances
a Feelner sequence exists if and only if there is a sequence J; C I',l € N such
that lim;_, |Jlf,7|‘]l| = 0 for all v € I'. Moreover, for discrete, finitely generated,
amenable groups'there exists a Fglner sequence which is increasing and exhausts
I, cf. Theorem 4 in [1].

Both properties (i) and (iii) control the growth of the group I'. Lindenstrauss
observed in [210] that each Feelner sequence has a tempered subsequence. Note that
this implies that every amenable group contains a tempered Feelner sequence. One
of the deep results of Lindenstrauss’ paper is, that this condition is actually suffi-
cient 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
[309, 194, 310]. Shulman [276] first realised the usefulness of the relaxed condition
(iii).

In the class of countably generated, discrete groups there are several properties
which ensure amenability. Abelian groups are amenable. More generally, all solv-
able groups and groups of subexponential growth, in particular nilpotent groups,
are amenable. This includes the (discrete) Heisenberg group considered 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 Foelner sequences in discrete
amenable groups see [1].

Any finite subset I C I defines a corresponding set

(1) := int< U 7}‘> cX

vel

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

In the following we will need some notation for the thickened boundary. Denote
by dp the distance function on X associated to the Riemannian metric gg. For
h >0, let OpA = {x € X|do(x,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 exhaus-
tion if there exists an increasing, tempered Feelner sequence {I;}; with |J, I; =T’
such that A; = ¢(I; "), 1 € N.
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(b) A sequence A;,l € N of subsets of (X, gp) is said to satisfy the Van Howve
property [313] if

volo(On ;)

(218) l—o0 VOIO(AI)

=0forall h >0

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

A simple instance where U;A; # X can be given in one space dimension. Let
X=R,Z,I,={0,...,1 -1}, F =[0,1] and consequently A; = [0,]. One can use
this sequence of sets to define the IDS of random Schrédinger operators although
UiA; = [0,00[. A non-trivial example where the sets A; do not exhaust X can be
found in [304, ]. There Sznitman considers random Schrédinger operators in
hyperbolic spaces, in which setting the approach presented here does not work due
to lack of amenability. However, it is interesting that Sznitman obtains the IDS by
choosing a sequence A; which converges to a horosphere which is properly contained
in the hyperbolic space.

Thus an admissible exhaustion always exists in our setting. By Lemma 2.4 in
[243] every admissible exhaustion satisfies the van Hove property. Inequality (2.11)
implies that for a sequence with the van Hove property

VOlw (3hAl)

=0f 11 A
e vol,, (A7) 0 for a >0

holds for all w € €. Let us remark that one could require for the sets A; in the
exhaustion sequence to have smooth boundary, see Definition 2.1 in [243]. Such
sequences also exist for any X with amenable deck-transformation group I'. 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, (o) around a fixed point
0 € X with increasing radii rq,...,7y, -+ — 00, cf. Theorem 1.5 in [243].

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(A) i= voly (A) M {n | An(HL) < A}
Now we are able to state the result on the existence of a self-averaging IDS.

Theorem 2.3.8. Let {H,}., be a random Schridinger operator and T’ an amena-
ble group. For any admissible exhaustion {A;}; there exists a set Q' C Q of full
measure such that

(2.19) Jlim NL(N) = Ng (),
for every w € Q' and every continuity point A € R of Ng.
Definition 2.3.9. The limit in (2.19) is called integrated density of states.

Thus all properties (i)—(iii) on page 10 can be established for the model under
study. In particular, formula (2.19) is a variant of the Pastur-Subin trace formula
in the context of manifolds. The theorem is proven in §§ 2.4-2.6. It recovers in
particular the result of Adachi and Sunada [2] on the existence of the IDS of periodic
Schrodinger operators on manifolds.
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Remark 2.3.10. Let us motivate for readers acquainted only with Euclidean space
why it is natural that the amenability requirement enters in the theorem. In the
theory of random operators and in statistical mechanics one often considers a se-
quence of sets A;,l € N which tends to the whole space. Even in Euclidean geometry
it is known that the exhaustion sequence A;,! € N needs to tend to R? in an appro-

priate way, e.g. in the sense of Van Hove or Fisher [265]. Convergence in the sense
of Van Hove [313] means that
. |aeAl |
2.20 lim =0
( ) oo |Al|

for all positive e.

If one chooses the sequence A;,l € N, badly, one cannot expect the convergence
of the finite volume IDS’ N/ .1 € N, to a limit. In a non-amenable geometry, any
exhaustion sequence is bad, since (2.20) cannot be satisfied, cf. Proposition 1.1 in

[2].

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

However, the statements of Theorem 2.3.1 on the non-randomness of the spec-
trum 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 € €2. Indeed, in
this case our results directly apply to the shifted operator family {H, — C},eq.
This implies immediately the same statements for the original operators, since the
spectral properties we are considering are invariant under shifts of the spectrum.

2.4. Measurability. Since we want to study the operators H> as random variables
we need a notion of measurability. To this aim, we extend the definition introduced
by Kirsch and Martinelli [162] for random operators on a fixed Hilbert space to
families of operators where the spaces and domains of definition vary with w € €.

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

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

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

is measurable for all measurable and bounded F: R — C and all measurable func-
tions f: Q x A — R with f(w,-) = f, € L*(A,vol,,) for every w € Q.

Theorem 2.4.2. A random Schrodinger operator {H, }weq as in Definition 2.2.2
is a measurable family of operators. The same applies to the Dirichlet restrictions
{HMY Leq to any open subset A of X.

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

Assumption (2.5) in our setting implies that it is sufficient to show the weak
measurability (2.21) for functions f which are constant in w. Note that L?(A, volg)
and L2(A,vol,,) coincide as sets for all w € €2, though not in their scalar products.
Thus it makes sense to speak about f, = f € L?(A,vol,)” =" L?(A,volp).



INTEGRATED DENSITY OF STATES AND WEGNER ESTIMATES 21

Lemma 2.4.3. A random Schrédinger operator {H,}., is measurable if and only
if

(2.22) w (f,F(Hy)f)w is measurable

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

Proof. To see this, note that (2.22) implies the same statement if we replace f(z)
by h(w,z) = g(w)f(z) where g € L*(Q) and f € L?(A,volp). Such functions form
a total set in L2(Q2 x A, P o vol).

Now, consider a measurable h:  x A — R such that h,, := h(w, ) € L?(A,vol,)
for every w € Q. Then h™(w,z) := xpn(w)h(w,z) is in L2(Q x A, P o vol) where
Xn,n denotes the characteristic function of the set {wl|[|hwllz2(a,vol,) < 1} C
Since xp,n — 1 pointwise on 2 for n — co we obtain

<hg’F(Hw)hz>w - <hW7F(Hw)hw>w
which shows that {H,}. is a measurable family of operators. (]

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, L2(A,volg) — L2(A,vol,), (Suf)(z) = pY/?(x)f(z)
The transformed operators are
(2.23) A, :=-S;1ArS,
Ay: S;ID(AR) € L2(A,voly) — L%(A, volp)
The domain of definition S;! D(A2) 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 € Q is that they are uniformly

bounded with respect to each other, at least in the sense of quadratic forms. This
is the content of Proposition 3.4 in [199] which we quote without proof.

Proposition 2.4.4. Let Qq, Q. be the quadratic forms associated to the operators
—A} and A,,, and D C L?(A,voly) the closure of C°(A) with respect to the norm

(Qo(f. f) + I£112)"%. Then
D =D(Qo) = D(Qu)

and there exists a constant C s such that

(2.24)  CH(Qo(f 1)+ IFII5) < Qulf, )+ IF1I5 < Ca(Qo(f, )+ 1I£17) -
forall f € D and w € Q.

Here D(Q) denotes the domain of definition of the quadratic form Q. In the proof
of this proposition the bound (2.6) — more precisely (2.10) — 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 [69], at least if A is precompact or of finite volume.

Since we are dealing now with a family of operators on a fixed Hilbert space,
we are in the position to apply the theory developed in [162]. 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 [162].

Let H be a Hilbert space, D C H a (fixed) dense subset and B, : D — H,w € 2

nonnegative operators. Denote by ¥ = U, o(B.) the closure of all spectra, and by
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¥ its complement. To establish the measurability of the family { B,,}., one can use
one of the following classes of test functions:

F = {X]—oo,/\[| A2 O}a

Fo ={z — "t € R},

Fs={zxr— et >0},

Fi={z— (z—x)"YzeC\2},

Fs = Fa(zo) = {x — (20 — )~} for a fixed zp € C\ %,
Fs = Cy = {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 i (f, F(By)h) is measurable for all f,h € H and F € F;,

Proof. 1t is obvious that (F4) = (F5), (F7) = (Fs), and (Fg) = (F3). The
equivalence of (Fy), (F2) and (F4) can be found in [
To show (F5) = (F4), consider the set

Z :={ze ¥ wr (z— H,) ! is weakly measurable }

in the topological space Ye. It is closed, since z, — z implies the convergence of
the resolvents, see e.g. [258, 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,%). Since ¥¢ is connected, Z = ¢ follows.

(F3) = (Fy): By the Stone-Weierstrass Theorem, see e.g. [258, 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} = Cuo([0,00[). We may approximate any X]—_oo [ POint-
wise by a monotone increasing sequence 0 < f,,,n € N in C(R). Polarisation, the
spectral theorem, and the monotone convergence theorem for integrals imply that
X]—oo,\[(H) is weakly measurable. An analogous argument shows (Fy) = (F7),
since any non-negative f € F; can be approximated monotonously pointwise by
non-negative step functions f,,n € N. (]

We use the following proposition taken from [295] (Prop. 1.2.6.) to show that
{A,}, is a measurable family of operators.

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

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

C™H(Qo(f, ) +IIFIB) < Quf, f) + IIFIE < C(Qo(f, )+ IIFIIF)

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

Then the family { B, }. of operators satisfies the equivalent properties of Proposition
2.4.5.

By property (F7), this implies that {B,,},, is a measurable family of operators.
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We apply the proposition to B, = A, where {A,}, is defined in Proposition
2.4.4. To do so we check that the properties (2.26)—(2.28) are satisfied: Since
C2°(A) is dense in D(Q,,) for all w, the closures of C°(A) with respect to any of
the equivalent norms in (2.24) coincide, which shows assumption (2.26). Property
(2.27) is just (2.24), property (2.28) is obvious for f € C2°(A) and follows by
approximation for all f € D.

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

V2 (x) := min{n, V,(2)} for n € Nand w € Q

w

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

AP = A, 4+ V", weQ

is well defined and [162, Prop. 4] implies that it forms a measurable family of
operators. To recover the unbounded potential V,, we consider the semigroups
w +— exp(—tA7),t > 0 which are weakly measurable.

The quadratic forms of A, converge monotonously to the form of A% := A,+V,,.
Now Theorems VIII.3.13a and IX.2.16 in [152] imply that the semigroups of A",
converge weakly towards the one of A% for n — co. Thus exp(—tA%) is weakly
measurable, which implies the measurability of the family AS°.

Finally, since S, is multiplication with the measurable function (z,w) — p,(z),
this implies the measurability of the family H, = 5,425, w € Q. O

For later use let us note that the trace of measurable operators is measurable.
More precisely we will need the fact that the mappings

(2.29) wi— Tr(xae ) and w— Tr(e_tHS)

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 II1.2.1 in [75].
Thus (2.29) 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 Schrodinger operators H,,. It consists of four parts.
Firstly we discuss existence of L2-kernels of e *#« t > 0 and derive rough upper
bounds relying on results in [68]. Secondly, we infer Gaufiian off-diagonal decay
estimates of the kernels using estimates derived in [204]. 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 those quantities vary with the random parameter w € €.

As H, is non-negative the semigroup e~*#« ¢ > 0 consists of contractions. More-

over, the semigroup satisfies some nice properties formulated in the following defi-
nition which enable us to derive estimates on the corresponding heat kernel.
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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 L2(A, p).
The semigroup e~ 4.t > 0 is called positivity preserving if e"*Af > 0 for any
0< fe€ L*A,u)and t > 0. Furthermore, e7*4 ¢ > 0 is called a Markov semigroup,
if it is well defined on L*°(A, 1) and the two following properties hold

(2.30) et L2(A, p) — L2(A, p) is positivity preserving for every ¢ > 0
(2.31) et L®(A, ) — L®°(A,p)  is a contraction for every t > 0

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

(2.32) et L2(A, p) — L(A, p) is bounded for all ¢t > 0
The above (2.30) and (2.31) are called Beurling-Deny conditions [28, 29].

We infer from [68] the following facts: A Markov semigroup is a contraction on
LP(A,p) for all 1 < p < oo (and all ¢ > 0). For all w € Q the Schrédinger operator
HA on L%(A,vol,) is a Dirichlet form, [68, 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 €% is ultracontractive. Thus by Lemma 2.1.2 in [68] each

et has a kernel, which we denote by k2, such that for almost all z,y € A
(2.33) 0 < kAt 2, y) < |51 00 = CM(2)

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

To derive an analogous estimate to (2.33) 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 by starting in € X the formula
reads

(e~ f) () = By (€7 I3 VI f(py))

For a stochastically complete manifold X and bounded, continuous V,, the for-
mula is proven, for instance, in Theorem IX.7A in [93]. It extends to general
non-negative potentials which are in L] _ using semigroup and integral convergence
theorems similarly as in the proof of Theorem X.68 in [255]. Since we consider
(geodesically) complete manifolds whose Ricci curvature is bounded below, they
are all stochastically complete, cf. for instance [131] or Theorem 4.2.4 in [130].

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

0< (e f)(z) < ("5 f) (x) < OO [If 11

for almost every z € A. Thus et : L(A,vol,) — L*(A,vol,) has the same
bound C2(t) as the semigroup where the potential is absent. This yields the point-

. . A
wise estimate on the kernel k}}w of et

(2.34) 0<kjy (t,x,y) <CH(t) for almost every z,y € X.

In the following we derive sharper upper bounds on the kernels which imply their
decay in the distance between the two space arguments x and y. Such estimates have
been proven by Li and Yau [204] for fundamental solutions of the heat equation.
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One would naturally expect that the fundamental solution and the L2-heat kernel of
the semigroup coincide under some regularity assumptions. This is actually the case
as has been proven for instance in [77] for vanishing, and in [199] 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 [2041] which we will be using, we denote
by d,: X x X — [0, co[ 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, oy > 0 such
that

(235) koot a,y) < C(t) exp (= ap dg(x,y))
forallwe Q and z,y € X.

Proof. For a fixed Schrodinger operator the estimate (with dy replaced by d,) is
contained in Corollary 3.1 in [204]. The properties (2.5), (2.9) and

Cy do(,y) < dy(z,y) < Cydo(2,y)

ensure that the constants C(t) and «; in (2.35) 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 ;. [l

Let us collect various consequences of Proposition 2.5.2 which will be useful later
on.

(i) The pointwise kernel bound on the left hand side of (2.34) can be chosen
uniformly in w € Q.
(ii) 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 [204].
To recover from (2.35) 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 (2.34), more precisely we consider e/~ as an operator
form L'(B.(y)) to L>°(Bc(x)) for small € > 0. Thus we obtain

0<kpy,(tzy) <C(t) exp ( — oy d%(m, y))

(iii) 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< kﬁw (t,z,y) < kg, (t,z,y)

This is due to domain monotonicity, see for example [68, Thm. 2.1.6].

(iv) The Bishop volume comparison theorem controls the growth of the volume
of balls with radius r, see for instance [34], [50, Thm. IIL.6] or [12]. It tells
us that the lower bound (2.7) 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 radius 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 (2.5), (2.7) and (2.9) we obtain the
uniform bound

vol, ({yl dw(z,y) <r}) < C1 e forallz e X
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where C1,C5 do not depend on x and w. This implies that for all exponents
p > 0, there exists a M, (t) < oo such that the moment estimate

/A k(1 2, 9)]? dvol (y) < My (1)

holds uniformly in A C X open, in € A and w € Q. We set M (t) := M (¢).

(v) The heat kernel estimates imply a uniform bound on the traces of the semi-
group localised in space. Let A C X be a (fixed) open set of finite volume.
There exists a constant Cy = Cy(A,t) > 0 such that for all w €

Tr(XA eitHw) S CTr

Intuitively this is the same as saying that [, kg, (¢, z,z) dvol,(z) is uniformly
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 consider ky_ as an L2-
function. We do not want here to address the question of continuity of the
kernel. Instead we use the semigroup property e 2He = e=tHue=tHo + 5
and selfadjointness to express the trace as

(2.36)

Tr(xp e o) = /A /A orn, (£/2, 2, y)]2 dvolo, () dvolo,(y) < Ma(t/2) vol, (A)

By (2.11) this is bounded uniformly in w € Q. Applying domain monotonicity
once more, we obtain

(2.37) Tr(e tH2) < My(t/2) vol,(A)

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 nonnegative potential).
Let A C X be open with compact closure, V' be a mon-negative function, and u €
C([0,T[xA) N C%(J0,T[xA) be a solution of the heat equation Fu+(—A+V)u =0
on |0, T[x A with nonnegative supremum s = sup{u(t,z) | (t,z) € [0, T[xA}. Then,

s = max < maxu(0,z), sup u(t,x)
zeA [0,T[xOA
Note that regularity of V' is not assumed explicitly, but implicitly by the require-
ments on u. 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 [68, 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 Laplacian restricted to a large open set A should not
differ much from the heat kernel associated to the Laplacian on the whole manifold,
as long as one stays away from the boundary of A. As before, we derive this
estimate first for the pure Laplacian and then show that it carries over to Schro-
dinger operators with non-negative potential.

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 € )

0 < ko(t,2,y) — k5 (t,2,y) <e,
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forallx € Ay € Ap,.

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 € A, and 0 < § < h/2
denote by Bs(y) the open dy-ball around y with radius 6. Let fs € C§°(Bs(y)) be
a non-negative approximation of the d-distribution at y.

We consider now the time evolution of the initial value f under the two semi-
groups generated by A, and AA, respectively.

uy(t, x) ::/ka(t,x,z)f(;(z)dvolw(z):/Akw(t,x,z)f(;(z)dvolw(z).
ua(t, x) ::/Akg(t,x,z)fg(z)dvolw(z).

The difference uy (¢, ) — ua(t, ) solves the heat equation Zu = A,u and satisfies
the initial condition u;(0,z) — u2(0,z) = f5s(z) — fs(z) = 0 for all x € A. Now, by
domain monotonicity we know k,(t,z,2) — kA (t, 2, 2) > 0, thus

ur(t, z) —ua(t,z) = / (ko (t, 2, 2) — k3 (t, 2, 2)] f5(2) dvol,(z) > 0

A
for all t > 0 and = € A. The application of the maximum principle yields
2.38 t,x) —ug(t,z) < ,W) — , .
(239) ur(t) —up(t,x) < e s (5,0) = ua(s. )}

The right hand side can be further estimated by:

up(s,w) — ug(s,w) < / ko (s,w, z)fs(z) dvol,(z) = / ko (s,w, z) f5s(2) dvoly,(2).

A Apyo

Since w € 9A and z € Ay /2, we conclude using Proposition 2.5.2:
/ kw(s,w,2) f5(z)dvol, (z) < C(t) exp ( - at(h/Q)Q) <e
Anyo

Since the bound is independent of § we may take the limit 6 — 0 which concludes
the proof. 0

One can prove the principle of not feeling the boundary by other means too, see
for instance [215, 79, ]. This alternative approach uses information on the be-
haviour 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 [307]. 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 Section 7 in [254].

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 Schrodinger op-
erators with potentials V' such that for continuous initial and boundary values the
solution of the heat equation Zu = —(=A,+V)uis in C([0, T[xA) N C2(]J0, T[xA).
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However, Proposition 2.5.4 implies an analogous estimate for the case where a non-
negative potential is present, similarly as in (ii) on page 25.

Consider e~tHv —e~tH ag an operator from LY(Ay) to L>=(A), and denote by 72
the first exit time from A for a Brownian motion starting in . By the Feynman-Kac
formula, we have for 0 < f € L1(A,)

(et = ) () = B (e VO o)y )

< E, (f(bs)X{b|'r£§t}) - /[kw (t,(ﬂ, y) - k:}(t, xay)]f(y) dvol,, < E/f(y) dvol,
if we chose h as in Proposition 2.5.4. Thus for almost all x € A,y € A,
(2.39) ki, (t@,y) — kg, (6 2,y) < e — e | i,y a) <€

The upper bounds on the heat kernel and the principle of not feeling the bound-
ary 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(xae <) and Tr(e_tHﬁ)

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

Proposition 2.5.6. Let {A;}icn, be an sequence of subsets of X which satisfies the
van Hove property 2.18 and let {H tw be a random Schrédinger operator. Then

li "I‘I' —tH,, Tr —tHi) -0
Jim s [ e = e

Proof. We consider first a fixed [ € N and abbreviate A = A;. For the operator

et e may write the trace in the same way as in (2.36) to obtain

(2.40) Tr(e_tHS) = / /[kzlA{w (t/2, x,y)]*dvol,, (x)dvol,(y)
AJA
We express the difference of (2.36) and (2.40) using
(k,)? = (ki) = (km, — kg, ) (ka, + k)

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

Ax A= (AxA)U(AxORA)

The difference of the traces can be now estimated as

(2.41) Tr(xae "He) — Tr(e *tHﬁ)
t t
/ A kHw ) kA ( 7y)} I:kHw (ivm7y> ‘*‘kgw(?l‘,y)] dVOlw(l’,y)
h
t t
+/ / [kHu (iair?y) —kﬁrw(?%y)] [kHw (iaxay) +k£1w(§awvy)} dVOlw(xvy)
A JopA

The first term is bounded by 2M(¢/2) e vol,(A) and the second by
2M (t/2) C(t/2) voly, (Or )
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It follows that
< 1 VOL,J (6hA)
~ vol,(A) vol,, (A)

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

(Te(xa e te) = Te(e™12) ) < 2M(t/2)e + 2M (/2)C(1/2)

2.6. Laplace transforms and Ergodic Theorem. This paragraph completes
the proof of Theorem 2.3.8. It relies, apart from the results results established in
the previous paragraphs 2.4-2.5, on a general ergodic theorem and a criterion for
the convergence of distribution functions.

Lindenstrauss proved in [210, ] an ergodic theorem which applies to locally
compact, second countable amenable groups. It includes as a special case the
following statement for discrete groups.

Theorem 2.6.1. Let " be an amenable discrete group and (Q, Bo,P) be a proba-
bility space. Assume that T' acts ergodically on Q by measure preserving transfor-
mations. Let {I;}; be a tempered Feelner sequence in I'. Then for every f € L'(Q)

(2.42) lim — Y f(w) = E(f)

1
Jj—00 |Il| Yel
for almost all w € €.

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
Section 6.6 of Krengel’ s book [194], in Tempelman’s works [308, , 310] or some
other sources [95, 15, 94, 236]. The book [310] gives in § 5.6 a survey of Shulman’s
results [276]. Mean ergodic theorems hold in more general circumstances, see for
instance [194, § 6.4] or [310, Ch. 6].

We will apply the ergodic theorem above not to the normalised eigenvalue count-
ing functions N, but to their Laplace transforms £!. The reason is, that the L],
are bounded, while the original N! are not. The following criterion of Pastur and
Subin [237, | says that it is actually sufficient to test the convergence of the
Laplace transforms.

Lemma 2.6.3 (Pastur—Subin convergence criterion). Let N,, be a sequence of dis-
tribution functions such that

(i) there exists a Ag € R such that Ny(A) =0 for all A < X\g and l € N,
(ii) there exists a function C : R — R such that L'(t) := [ e MdN(N\) < C(t)
foralll e N andt > 0,
(iii) limy o £H(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(A) = llggo Ni(\)

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

Lolt) = vol 1(A) z e = volj(A) Tr(eitHL)

n, Ap €0

The sum extends over all eigenvalues A, of H., counting multiplicities. Now, (2.37)
implies condition (ii) of the Pastur-Subin criterion.
To prove (iii) we will show for all ¢ > 0 the convergence

lim £l (t) = / e ANy (N
R

J—00

in (L' and) P almost sure-sense.
Introduce for two sequences of random variables a;(w), b;(w),l € N the equiva-

lence relation a; * ~ - by if they satisfy a; — b — 0, as [ — oo, in L' and P-almost
surely.

For technical reasons we will deal separately with the convergence of the enu-
merator and denominator in

LL(t) = vol,, (A) ! Tr(e tH2)

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

(2.43) |1~ Tr(e—tH%)
By Proposition 2.5.6, the equivariance, and Lindenstrauss’ ergodic theorem 2.6.1

_ _+H! j — 00 _ _ _ _
L7t Te(e o) T LT Te(xa, e M) = |47 E Tr(x,r e "He)
yeI !

= LY Te(re ) TR B {Tr(xre )}

YeL
Similarly we infer for the normalised denominator

1ol (M) = L7 Y volu(vF) =17 volyu(F) F) 70 E {volu(F)}

-1
vel, YEL

Note that by (2.11) all terms in the above line are bounded form above and below
uniformly in w. By taking quotients we obtain

L] Tr(e ) jooe B {Tr(xre ")}

Lipy —
L,(t) = 17|~ vol,, (A;) E {vole(F)}

The right hand side is the Laplace transform of Ny, see the proof of Theorem 6.1
of [201] for a detailed calculation. O
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2.7. Approach using Dirichlet-Neumann bracketing. We sketch briefly an
alternative proof of the existence of the IDS due to Kirsch and Martinelli [161]. Tt
applies to random Schrédinger operators on RY.

It relies on a ergodic theorem for superadditive processes by Akcoglu and Krengel
[12] and estimates on the number of bound states essentially implied by the Weyl
asymptotics.

Let us explain the notion of an 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; <
x; < bj, for j =1,...,d} for some a,b € Z* with a; < b; for all j =1,...,d. The
restriction of H, to an A € Z with Dirichlet boundary conditions is denoted by
H2 and with Neumann boundary conditions by H2*V. Consider a group {7 }rezd
(or semigroup {T}} keNg) of measure preserving transformations on the probability
space (Q, Bq,P).

Definition 2.7.1. A set function F': Z — L'(Q) is called a (discrete) superadditive
process (with respect to {T}}x) if the following conditions are satisfied

(2.44) FpoTy = Fpyp forallk € Z% (or N3) A € Z
(2.45) if Ay,...,A, € Z such that A := int ( U Kk) €Zthen Fy2Y Fy,
k=1 k=1
(2.46) v :=~(F) :=sup |A| ' E{F)} < o0
ANeZ

F' is called subadditive if —F is superadditive.

Similarly one can define continuous superadditive processes with respect to an
action of R% on €.
We formulate the main result of [12] in the way it suits our needs.

Theorem 2.7.2. Let F' be a discrete superadditive process and A; := [—1/2,1/2],
Il € N. Then the limit lim;_ o l_dFAL exists for almost all w € Q.

More generally, one can replace the A;,l € N by a so called regular sequence,
cf. [309, 12, 161] or § 6.2 in [194].

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| A (HE) < A}, A€z

FY = FY O\ w) = #{n|\(HAN) <X}, AeZ
where H,, is a random operator as in Definition 1.2.3. Obviously for A = A; =
[—1/2,1/2]% we have FP(X\) = I9N!()\). We will show that FP, A € Z is a super-

additive process, which is also true for —FY A € Z. Property (2.44) follows from
the equivariance of {H,, },, while (2.45) and (2.46) are implied by the following

Lemma 2.7.3. Let H,, be a random operator as in Definition 1.2.3 and X\ a fixed
energy value.

(i) For two cubes Ay C Ay we haveF/\D2 ZF,’a andF,{\i ZF[Q.
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(i) If A1, Ay € Z are disjoint such that A = Ay U Ay UM € Z where M C R? is
a set of measure zero, then

FY > FQ + Ff
FY <FY +FY

(iii) There exists an Cy € 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 XIII.15.4 in [256]. See also Section 1.5 in [50] for
analogous results on manifolds.

To prove (iii) we consider first the case where the potential is identically equal
to zero and infer from the Weyl asymptotics that there is a constant C'(A) € R such
that

#{n A (-A") <A} < C A
Here A? denotes the Laplace operator on A with Dirichlet boundary conditions.
Since the potentials we consider are infinitesimally bounded with respect to the
Laplacian, uniformly in w, the Min-Max principle for eigenvalues implies the same
estimate for the full Schrédinger operator, with an suitably changed constant. See

Sections XIII.3, 15 and 16 in [256] for more details and, for explicit estimates, the
works [264, , , 64] deriving the Lieb-Thirring and Cwikel-Lieb-Rozenblum
bounds on the number of bound states. O

Now we can state the main result of [161].

Theorem 2.7.4. There exists a set ' C Q of full measure such that
(2.47) N\ = Jim NL(X)
—0Q

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

Proof. For a fixed A € R one applies the ergodic theorem of [12] to the superadditive
process FP = FP()\,w). Since in our case the transformation group is ergodic, the
limit N ()\) equals v(FP())), in particular it is independent of w. Almost sure
convergence means that there is a set {2, of measure one for which the convergence
holds. Let S C R be dense countable set. Then ' = Nycgs still has full measure
and (2.47) holds for all A\ € S and w € €'. Since S was dense, this shows the
convergence (2.47) at all continuity points of the limit function. Afterwards one
modifies the limit function N to be left continuous. See [161, 157] for details. O

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

Under certain regularity conditions the theorem remains true if Neumann bound-
ary conditions are used to define the IDS, and also for R%ergodic potentials, cf. for
instance [161, 1412].

2.8. Independence of the choice of boundary conditions. Consider again the
more general setting of Schrodinger operators on a Riemannian covering manifold
X. If the open subset A C X of finite volume is sufficiently regular, the Neumann
Laplacian H*" on A has discrete spectrum. One condition which ensures this is
the extension property of the domain A, see e.g. [(8], which is in turn satisfied if the
boundary OA is piecewise smooth. Minimal conditions which ensure the extension
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property are discussed in § V1.3 of [292]. Thus it is possible to define the normalised
eigenvalue counting function
1
NGN () = o] #{n € N[\ (HSY) <A}

Let A; be an admissible exhaustion A; C X,l € N of sets which all have the
extension property. Consider the sequence of distribution functions NV := NA:N,
It is natural to ask whether it converges almost surely, and, moreover, whether its
limit coincides with N as defined in (2.47). 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 [304, ] the IDS of a random Schrédinger operator on hyperbolic space
with potential generated by a Poissonian field. He showed that the IDS does depend
on the choice of boundary condition 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.

In contrast, in the case of Euclidean geometry X = R?, the question of boundary
condition independence has been answered positively already some decades ago
[27, 161, 299, 88] for a large class of Z¢ or R?-ergodic random potentials. Recently,
there has been interest in the same question if a magnetic field is included in the
Hamiltonian, see also § 5.6. In this case the coincidence of the IDS defined by the
use of Dirichlet and Neumann boundary conditions was established for bounded
potentials in [232], for non-negative potentials in [32], and for certain potentials
assuming both arbitrarily large positive and negative values in [142] and [139]. The
last mentioned approach seems to be extensible to non-Euclidean geometries which
is matter of current research.

3. WEGNER ESTIMATE

In 1981 Wegner [325] 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 continuous 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 estimate discarded this mis-
conceptions. In a sense it is a negative result: you cannot recognize 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
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section is an estimate on
E{TrP.(I)} = |A|E {N.(E2) — N.(E1)}

where for the moment for notational convenience we only consider half open energy
intervals I = [F1, E»[. By the CebySev-inequality one sees

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

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 (weaker) bound on
P { TrPL (1) # O} is called Wegner estimate, since it is sufficient for the purposes of
multiscale analysis, see § 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 +2={y+z|ly € Ay} or Aj(z). The characteristic function of the unit cube
Ay + j is abbreviated by x;. For [ € N the symbol A; denotes the lattice points in

Z% such that
int( U Al(j)> — A,
jGAL

More explicitly: A; = A; N Z4.

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 'polyno-
mial’, more precisely

(3.2) E{TrPL(I)} < Cw |[I]*|A[°

Here |I| and |A;| denote the (1-dimensional, respectively d-dimensional) Lebesgue
measure of the energy interval I, or the set A;, respectively. The Wegner constant
Cw depends on the various parameters of the model and for continuum Hamil-
tonians on the supremum of I. Actually, Cyy can be assumed to be a monotone
non-decreasing function of | sup I|. However, once sup [ is fixed, Cyy 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 estimate is optimal if the dependence on the volume and
energy length is linear, i.e. a = b = 1.
For, if b =1, the bound (3.2) carries over to the infinite volume IDS:

(33) lim E {N\(E) - NL(E)} = lim — {TePL([Ey, Ba])}

l—o0 l—o0 |Al|

< Cw |E; — E4|*

Since we know from Theorem 2.3.8 and dominated convergence that for Eq, F5 in
a dense set of energies

lim E {N((Ez) — Nj(E1)} = N(Es) — N(En)

l—o0o
it follows
N(Ez) — N(Er) < Cw |B2 — E4|*
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where Cy = Cyw (E2). Now the monotonicity of the IDS implies its Holder conti-
nuity. 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 density of states,

(3.4) n(E) = d]Z](EE)

exists for almost every energy E € R and is locally bounded
n(E) < Cw(E;) forall E < Ey
So the Wegner constant turns out to be a locally uniform bound on the DOS.

Remark 3.1.1. For certain models the bounds derived on P {c(HL) NI # 0} are
not polynomial in the volume. This is the case for one-dimensional Anderson or
alloy type models where the coupling constants w;, j € Z are distributed according
to the Bernoulli distribution: for some p €]0,1[ the random variable wy 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 Sections 4 and 5, fail. The ones that do work, yield somewhat weaker results.
Namely, it is proven in [46] (cf. also [275]) for the discrete Anderson model and in
[66] for the continuum alloy type model, that for a fixed compact energy interval T
and all 3 €]0,1[, > 0 there exist Iy € N and a > 0 such that

(3.5) P{d(c(H.),E) < e} < e

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

This estimate obviously does not imply a continuity estimate for the infinite
volume IDS. Interestingly, for these models, the Holder continuity of the IDS is
established using other techniques which are specifically tailored for the one di-
mensional case, see [197], [46, App. to § 5] and [66, Thm. 4.1]. Subsequently, this
regularity result is used to derive the finite volume estimate (3.5). In higher di-
mensions, 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. [320] or our discussion in § 3.2. In the discussion of
Spencer’s example in § 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
[74] 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 Schrodinger equation, to prove that no
eigenvalue can be sufficiently degenerated 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 [62] a quantitative version of the continuity is proven: for random,
ergodic lattice Hamiltonians the IDS is actually log-Ho6lder continuous. See also
[212] and [101, 80, 53, 220, 81] for a related result for graph Hamiltonians.

Similarly, the IDS is continuous for one dimensional Hamiltonians, both on Z
and on R, [240, , 21].  Again, this result can be strengthened to log-Holder
continuity, cf. [63].
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Remark 3.1.3 (Continuity of the IDS and geometry). So far we have only mentioned
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 § 5.6, in particular [232].

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 Ve, the IDS of the Schrédinger operator
Hp = —A + Vper on R? is absolutely continuous, cf. e.g. [256, Problem 145],[311].
In particular the IDS cannot have jumps. However, precisely this can occur for
Laplace-Beltrami operators (even without potential) on a Riemannian covering

manifold X, as it was mentioned in [301, App. 2] and is a subject of current research
[198, 200]. This phenomenon can be deduced from the fact that Laplacians on cov-
ering manifolds may have eigenvalues, as has been shown in [186]. 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. [76, 79, 80, , 81].
Related material can be found in [19, , , , , , , , 78, , 214].

Some of the Wegner estimates we present in Sections 4 and 5 extend to alloy type
models on manifolds. A particularly interesting phenomenon occurs if one consid-
ers 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 [1983, ]

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
[202, 173]. Ideas related to the ones in [173] have been used in [267] and in § 2 of
[220]. The paper [267] 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 [72, 71, , , 52, ]. We
sketch the site percolation problem on Z¢ with probability parameter p above the
percolation threshold: let vg: 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 oo 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 [154, 132] and is unique [8, 116].

One defines the Laplacian h,, on X, as the restriction of the finite difference
operator onto 12(X,,). For a cube A; one defines X! to be those active sites in
A;NZ% which are connected to the boundary dA; by a chain of active sites. The finite
volume Laplacian k!, is the usual finite difference operator restricted to 12(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
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was as first observed in [155]. 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 Al is defined as

1
NY(E) = —— M(hl) < E
UE) = e #0 Mlh) < B)
which converges for [ — oo to an non-random limit almost surely [52, ]. A

simple construction shows that there are locally supported eigenfunctions, which
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
[52] 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 [52]
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 locally supported eigenfunctions
have been constructed in [106, § 7].

A mathematically rigorous study of the quantum percolation model on amenable
graphs is undertaken in [314]. There the discontinuities of the IDS are explained
in terms of the breakdown of the unique continuation property of eigenfunctions of
the adjacency operator, see also Remark 3.1.2. Moreover, 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 conjecture, cf. [78].

Remark 3.1.4. While the continuity of the IDS has clearly to do with the distri-
bution 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 appropri-
ate scaling procedure. This has been carried out for certain one-dimensional and
discrete models in [228, , , , , ].

3.2. Application to Anderson localisation. In the last paragraph the implica-
tions 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 § 1.3, this phenomenon tells us that a random family
of Schrodinger 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 § 1.3 for more details and references.

For multi-dimensional configuration space there are two techniques at disposal

to prove localisation: the fractional moment method and the multiscale analysis
(MSA). The first one is also called Aizenman-Molchanov technique and was intro-

duced in [9, 4, 5, , 7]. Tt was so far applicable only to lattice Hamiltonians, up
to the recent extension to continuum configuration space [6]. For discrete models it
has in fact been proven [10, 11] that in the energy 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
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in the MSA. We first sketch the basic ideas of the MSA, and then discuss shortly
its history.

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 [104, , 61, 67, , , |. 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 esti-
mate 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) Schro-
dinger operators, these conditions are automatically satisfied, cf. [295, § 3.2] or
[119, App. A].

The multiscale analysis is an induction argument over a sequence of increasing
length scales [;,, k € N. Each scale [;41 is a power [j} of the preceding one, where
a €]1,2[. Actually, for technical reasons one truncates the scales so that all I;, lie
in 6N.

One considers the restriction of the alloy type model H, to the open cube
AR = Ay, (0) of side length Ij. The corresponding restricted operator is denoted
by Hf,k), where Dirichlet, Neumann or periodic boundary conditions ensure its self-
adjointness. One wants to study decay properties of the Green’s function of Hu(Jk)7
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 \ a(HL’“)). 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 regular cubes. A box
A; = Ay(0) is called (E,)-regular if | € 6N, E € o(HL), and
(3.6) X (HL, = B) 7' < e
The exponent has to satisfy v > 1% for some 3 > —1. So regularity describes
quantitatively how fast the Green’s function on a finite box decays. The exponent
0 must be greater than —1 otherwise the rhs of (3.6) could be just one.

The initial scale estimate is satisfied if there exist a scale {; < oo such that for
some & > 0
(3.7 P{w|VE € I : A; is (E,~)-regular for w} >1—17%
for any [ > [;.

The weak form of the Wegner estimate as it is needed for the MSA is:

(3.8) P{d(c(H.),E) < e '} <179 for all [ € 6N
where 0 < 1/2 and ¢ > d.



INTEGRATED DENSITY OF STATES AND WEGNER ESTIMATES 39

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 de-
cay property holds on the subsequent scale I, with even higher probability, and
that the decay exponent 7 essentially does not change. As one repeats the pro-
cedure on the scales [1,ls,... one proves that the decay of the Green’s functions
X"’“(Hf,k) — E)~1x™ 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 arbi-
trary 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 [295, § 3.3].
To prove dynamical localisation one has to do more work, see e.g. [295, § 3.4] or
[118, 67, 120].

The assumptions for the MSA depend on several parameters, and so do the
various versions of localisation which may be obtained by it. Recently Germinet
and Klein showed in [120] how to optimize 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 Frohlich and Spencer in [113]. The method applied
to the Anderson model on the lattice and experienced various improvements and
applications [218, , , 73].

Based on results from [319] and [291] von Dreifus and Klein presented in [320]
a streamlined version of the MSA. Although results on localisation for continuum
Hamiltonians existed earlier [217, 193], it was this simplification of the MSA, which
made alloy type Schrodinger operators more accessible to systematic research.

There was a series of articles which proved various variants of the MSA for
continuum models [178, 54, , , , , 67, , ]. Other works concen-
trated onto identifying energy/disorder regimes where one can prove the assump-
tions needed for the MSA to work [178, , , 23, , , , , , ,

, 329, 183].

)

Remark 3.2.1. One dimensional models play a special role in the game of locali-
sation. Namely, for d = 1 there are some specific techniques available which do
not exist in higher dimensions, or are not as effective. Some examples are: the
transfer-matrix method, study of the Ljapunov exponent, ODE techniques, Priifer
transformation.

Consequently, in one space dimension localisation has been proven for some
models even before the MSA technique was available. See [128, , , 44, ,

] for various models on Z or R. Furthermore there are certain models which even
now can be treated only in one dimension. This applies to the following random
Schrodinger operators: random displacement model [43, |, potentials generated
by a Poissonian field [13], alloy type potentials with changing sign (at all energies)
[296], discrete and continuous models with Bernoulli disorder [416, , 66]. This
restriction to d = 1 is partially due to the fact, that there is no Wegner estimate at
disposal in these cases.

The following paragraph gives an idea where the Wegner estimate is used in the
MSA.
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3.3. Resonances of Hamiltonians on disjoint regions. Rather than describing
precisely how the Wegner estimate enters in the induction step of the MSA we will
confine ourselves to present an illuminative example due to Spencer [290]. Tt was
originally formulated for lattice Hamiltonians, 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
(3.9) Plw|d(o(H,), E) < 8} < Cw (E) 6° |A,|"

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 box Hamiltonians H P Hf} (@) and H? = Hﬁ ’(y). Assume
that the boxes A;(z) 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(o1,09) := {w| Bs(o1) N Bs(oa) # 0}

where o; stands for o(H?) N I. Let Ay,...,\n 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
Qo1,02) C U Q(n,02) where Q(n,02) := {w| Bas(An(w)) N o2 # 0}

we may use (3.9) to conclude
(3.10) P{Q(c1,01)} < C5%|A;"H!

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 Spencers example and the MSA is the effect
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 HX 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 A;, 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, and can be formulated quantitatively
in terms of

(311) d(O’l,O'Q) = 1nf{d()\1,)\2)| )\1 S 0'1,)\2 S 0’2}

as we will see below.

The model situation we are about to consider is easier than the one occurring in
the MSA because we do not introduce boundary conditions but confine ourselves
to the analysis of the discrete spectrum below zero.
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Ezample 3.3.1 (Spencer’s example [290, p. 903-904]). Consider two smooth poten-
tials V7, Vo < 0 with compact support and set

(3.12) V; :=suppV; C B,(a;),r > 0,qa; € Rd,i =1,2

It follows d(V1, Va) > |a1 — az| — 2r =: . Consider furthermore the operators
(3.13) H:=Hy+ Vi + Vs, Hy:=-A

(3.14) Hi:=—-A+V;, i=1,2

Denote by o; := o(H;)N] — 00,0[, 4 = 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 second
corresponds to the situation one expects to occur in a random medium.

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

(3.15) Va(zy, 22, .. ,2q) = Vi(—21,22,...,24)
Thus H commutes with the reflection operator
(3.16) II: L*(R*) — L*(R?), (ILf)(z1,22,...,%q) = f(—21,22,...,2q)
In particular, for every eigenfunction
Hyp=Xp, A<O0

the reflected function ITvy is an eigenvector of H as well. If ¢ is localised around a;
ITy) will be localised around ap. Thus a typical vector form span{«, IIy)} will have
non negligible amplitudes both at a; and as, even for large distances p. 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 Vy, Vs, or more
precisely between the spectra of H; and Hy. Actually, we encountered the extreme
case where the the spectra ¢; and g5 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 symmetries are absent and
that the spectra oy and o5 have positive distance. This situation is considered in

Case (B):

We give a condition on d(o1, 02) which ensures that the eigenfunctions of H (defined
in (3.13)) are localised at only one of the potential wells V7, V5. Namely, assume
that

(3.17) d(oy,09) > e Ve =:¢

For an eigenvalue A < —p~!

(3.18) M =N >e/2, YN e or N, =\ >€/2, VX eo

, with corresponding equation Hvy = A\, we have either

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

—p = (Hy —\)""Varp
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Applying twice the resolvent equation we obtain
(3.19) — 9 = [Ro — RoViRo + RoViR1 Vi Ro] Vap,

where R; := (H; — X\)™1, i = 0,1 denotes the resolvents. We show that the am-
plitude 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 y!

(3.20)  — x'¢ = x'Rox*Vaty — X' RoVix' Rox*Vat) + X' RoVi R Vix' Rox* Vo).
The free resolvent decays exponentially, see e.g. [3] or [255, IX.30],
R = ||X'Rox?| S eV,
the terms ||[Vay||, | x!RoVi|| are bounded uniformly in g, and (3.18) implies
2
Ry < 2 =202

Consequently

I el < BY2 [Vall + [Ix" RoVall RY [[Vao|| + [Ix* RoVall | RaVall RY (V2|

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. However,
this decay is not yet felt at the scale p, since [1(a1)1(as)| converges to a
positive constant for o — co. On the contrary, in Case (B), the amplitude is
small either at a; or as, so

[W(ar)v(az)] S e Ve,

(iii) A semiclassical analysis of double well potentials is carried out, for instance,
in [135].

4. WEGNER’S ORIGINAL IDEA. RIGOROUS IMPLEMENTATION

In this section we present a proof of Wegner’s estimate following his original ideas
in [325]. 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 [159]. There
are proofs of Wegner’s estimate by other authors, which make use of the ideas in
[325]. Let us mention [217, , , , , b7, 56].

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 an k > 0 such that

(4.1) U 2> KX[-1/2,1/2]d
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Then for all Ey € R there exists a constant Cy = Cw (Ey) such that for alll € N,
E < Eq and all € € [0,1]

(4.2) E{Tr[PL([E — €, E+€)]|} < Cw e 1*

This theorem is proven in the next section. Its bound with respect to the vol-
ume term [? is quadratic and does not yield a continuity statement for the IDS.
Subsequently we show how this estimate was improved in [60]. 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 P.(I).

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

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

2e

p-epsd(®) < plo = E+29 ~plo - E-20= [ dtpo—E+1
—2€

Thus by the spectral theorem
2e
PLJE —e,E+¢]) < / dtp'(HL — E +1)
—2e¢
in the sense of quadratic forms. Since B.(E) =]E — ¢, E + ¢[ is bounded and o (H)
discrete, the above operators are trace class and we may estimate:
2e

TT[P}U(BE(E))} < T&r[/ dt p (H., — E+t)] - 2/26 dt o\ (w) — E + t)
—2e neN —2e

where M\ (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 < Ao <.... the eigenvalues of H. Then for E € R and ¢ >0

2€
neNY —€

In the following we analyse the behaviour of the spectrum of the Schrodinger
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 Hy := H + tU, where H = H! and U = u(- — j)
By the arguments in §1.2 the single site potential is infinitesimally bounded with
respect to H, thus Hy forms a holomorphic family of type (A) in the sense of Kato

[152] for ¢ in a neighbourhood of the real line, cf. e.g. XII.§ 2 in [256]. Moreover,
H; has compact resolvent by XII1.§ 14 in [256]. Hence one may apply a theorem of
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Rellich [259], see also Theorem VIL.§3.9 in [152]. Tt 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.

If A\, (¢) is a non-degenerate eigenvalue of Hy, first order perturbation theory tells
us that there exists a normalised eigenfunction ), (¢) such that

dM,
22 4
7 (to)

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 = tg, cf. for instance
[146]. One has however to chose the enumeration of the eigenvalues \,, and eigen-
vectors 1, in such a way that the pair A, (t), ¥, (¢),t < o continues holomorphically
into Ap(t),¥n(t),t > to. Note that this is actually not the case with the enumer-
ation we chose earlier, where A, (t) denotes the n-th eigenvalue of H;. There are
two possibilities to solve the problem: either one chooses a somewhat unintuitive
enumeration of eigenvalues which makes them — together with the eigenvectors —
holomorphic functions of . Or one sums over the eigenvalues. Namely, 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,_(to) = -+~ = An(to) = - - = Anyr(to) and set S(t) = S A, (¢).
Then we have

(43) = <"/}n(t0)v U¢n(t0)>

n+k
%(to) — m;7l<77/}m (t0), Uthm(to))

In the application of (4.3) in the next proposition we will be considering all eigen-
values below a certain energy. Thus if we consider one eigenvalue participating 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, ul- = §)¢bn)

jek J jei

where 1), are normalised eigenvectors corresponding to \,(H.). By assumption
(4.1) we have

(44) S (sl = ) 2 5> 0
JEA
Now the chain rule

= Wi &uk
JEA jeA

implies

(4.5) POn(HL) —E+t) <k 'Yy (A —E+Y)
JGA
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Due to monotonicity, integrating over one coupling constant we obtain
Op(Aa(Hy) — E +1) Op(\n(Hy) — B +1t)
[ s 110y TS ELD g [ sy T
= [|flloc[p(An(w,j = max) — E +1) — p(An(w, j = min) — E +1)]

where A, (w,j = max) denotes the n-th eigenvalue of the operator
HL,(j = max) = H}, + (wy —wj) u(z — j)

where w; takes its maximal value. Analogously we use the notation A, (w, j = min).
This proves

Proposition 4.1.3.
E{Tr[P,([E — ¢ E))]}

—2e cA

neN

The upper bound can be also written as

% /26 dt Z ]E{Tr[p[HL(j =max) — F+1¢] — p[HL(j = min) — E+t]]}
2

Since p <0

> pn(w,j = max) — E+t] — p[Ay(w, j = min) — E +1]
neN
(4.6) <= pn(w,j=min) - E+1] < Cpyse I* < Cpyps 1
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 right 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
decrease of the j-th coupling constant from its maximal to its minimal value. This
quantity is expected to be independent of A. However, in (4.6) we estimated it by
the total number of eigenvalues below the energy E + 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.

4.2. Improved volume estimate. In [60] Combes, Hislop and Nakamura ob-
tained a Wegner estimate analogous to the one in the last section, but with upper
bound linear in the volume. The Wegner estimate they proof is somewhat weaker
in the energy parameter.

More precisely the main result in [60] may be formulated as follows. Let Ig :=
|E_,E.[,Ic No(Hy) = 0 be a spectral gap of Hy. Denote by H!, the operator
Ho + ) pei, weu(- — k) and by P! the corresponding spectral projector.

Theorem 4.2.1. Let H,, be as in Definition 1.2.1 and assume additionally that the
periodic potential Vper s bounded below, 0 < u € C.(R?) and u is not identically
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equal to zero. Let E € I, 0 < €y := %d(E,I(C;) and o < 1 then there exists a finite
constant C' such that

(4.7) E{Tr[PL(B(E))|} <Ce* 1* forall0<e<e andleN

Note that H! is nmot an operator restricted to a bounded domain. This is the
reason, why the theorem does not apply to energies inside the unperturbed spectrum
o(Hyp). Estimate (4.7) implies the Holder continuity of the IDS outside the spectrum
of the unperturbed operator Hy. A sharper bound, linear in €, was obtained in [23].
However, its proof is based on a different technique, cf. Section 5. We will prove
here a slightly simpler fact than the above, namely

Theorem 4.2.2. Let H,, be as in Definition 1.2.1 and assume additionally that the
periodic potential Vye, is bounded below, u € LE(R?),p = p(d) and for some r > 0

U > KX[0,1]4
Then, there exists for any Fg € R and o < 1 a finite constant C' such that
B (T [EL(B(B)]} < O 1
for alle €10,1], E < Ey and l € N.

This result is proven in Section 3 of [189] using partially different methods. Note
that the earlier papers [193, 541] contain sharper estimates, cf. Section 5.

The fundamental contribution of [60] was that it replaced the Weyl-type volume
estimate (4.6), whose drawback we explained in Remark 4.1.4. We present now the
improved volume estimate of [60]. Together with the argument from the previous
§ 4.1 it proves Theorem 4.2.2.

The trace

(4.8) Tr[p[HfJ(w,j =max) — F +t] — p[H. (w,j = min) — E + t]]

can be expressed using the spectral shift function & = £(-, H + U, H), abbreviated
SSF, of the pair of operators

H:= H'(w,j = min) and H + U, where U = (w; —w_)u(x — j)

The necessary estimates on the SSF are collected in Appendix A. Since the differ-
ence of our operators is not trace class, we have to use the indirect definition of the
SSF by the invariance principle, cf. (A.9). Let Cy € R be such that H,,, Hy > Cy
for all w and g(x) = (v — Cy + 1)~* for some k € N.

For k > %, k € N the operator g(H+U)—g(H) is trace class and the invariance
principle implies

Te(p(H + U~ E 1) = p(H ~ B~ 1) = = [ /0o, 9(0 + V). g(2)) i

1/p
@9 <=(rn " ([ oot + 0).am) i)

In the last line we used the Hélder inequality and p,q > 1 are conjugate exponents
% + % = 1. Remember that we choose p depending on e. Thus, its derivative is
bounded by ¢! times a constant and

q—

(J/N7aN) T < C(1/e)T (J/(NdN) T = et = o' eb
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Since on the support of p’ the function g is uniformly bounded away from zero a
transformation of variables gives

1/p

- £(g(N),9(H +U),g(H))? dA v <C|( [ &XNg(H+U),g(H))PdX
(L., ) =e(f

= Cllg(H +U) - g(H)|j? <C

where we used in the last line Theorems A.1 and A.6 from the Appendix. There
one can find the definition of the super-trace class ideal J;, and its norm. The
constant C' is independent of the box A;, the lattice site j, the configuration of the
coupling constants wy, k # j, and of e.

Hence we have a volume independent bound for (4.8), in contrast to the esti-
mate discussed in Remark 4.1.4. The bound is Holder continuous in the energy
parameter. In view of Proposition 4.1.3 the proof of Theorem 4.2.1 is finished.

Remark 4.2.3. Recently Hundertmark, Killip and the author [137] found a different,
shorter way to prove the super-trace class estimates and to apply them to bound
the SSF. The basic observation is, that one can control the singular values of the
difference of two Schrodinger semigroups. In fact the singular values decay almost
exponentially, and the semigroup difference is therefore in any super-trace class
ideal.

We state without proofs their result on the decay of the singular values and the
estimate on the SSF it implies. For simplicity we consider here the case where the
magnetic vector potential is absent.

Theorem 4.2.4. Let Hy = —A+V and Hy = Hy +u, with V,u € LL _(R?),V,u >

loc

—%CO. Denote by HL, H} the corresponding Dirichlet restrictions to the cube A -
[—1/2,1/2]%. Set Vi := e~Hi —e=Hz_ There are finite positive constants cy,co such
that the singular values i, of the operator Vg obey

(4.10) e < cpe” 2 n'/?

The constants depend only on d, Cy and the diameter of the support of u.

Let p be a switch function as above.

Theorem 4.2.5. There is a constant depending only on d, Cy, diamsuppu and
FE + € such that

Tr [p(HY — E) — p(H} — E)] < const log(1 + 1/e)*
for alle >0 and 1 € N.

4.3. Sparse potentials. Form the physical point of view there are some inter-
esting models which have a potential

(4.11) Vo(z) = Zwku(aj —k)

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 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 [48, , , 30], see also
[96, 97]. The results in this paragraph are taken from [172].
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Here we will consider arbitrary sets I', which are uniformly discrete in the fol-
lowing sense

sup #{I' N By(z)} < >
z€ERY

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

Consider a background Schrédinger operator Hy = —A + Vi with a periodic
potential Vper € Lﬁnif’loc(Rd) where p = p(d) is as in (1.1). By adding a constant
we may assume that inf o(Hy) = 0. Let H,, = Hy + V,, be an random operator
with an generalised alloy type potential V,, as in (4.11).

As before H! 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 de-
notes 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 {1 has a density f € L°(]0, o0]).

Then, for any a < 1 and —E’ < 0 there exists a finite C such that for any
E eR e >0 satisfying E+ 3¢ < —FE':

E [TrPL(B.(E))] < Ce*1?

The proof of the theorem follows from the arguments of § 4.1 and § 4.2, once a
replacement for the estimate (4.5) has been established. This is provided by the
following lemma. Denote by A" = {k € I'| suppu(- —x) 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-th eigenvalue of the operator H., satisfies
M (w) < —E' < 0. Then

3 ) =B

/ l _ E < wi
P OLw) —E+1) < 2 -

keA+

Proof. Let 1, be the normalised eigenfunction corresponding to A (w). Then 1,
satisfies by definition (¢, (H) — AL (w))n) = — (¥, V,1b,). We have

Z Wk (Vn, —ur(- — k)thn) = —(Un, Viotbn) = (¥n, (H(l) - )‘iz(w))d’n> >F

keA+

Now we have by the Hellmann-Feynman theorem

O\ E
=3 Dol S k) 20w s R} 2
keA+ k keA+ keAt !
This gives
—1
o - AL (W) I\, (w) — E+1)
pPAn(w)—E+t)=— [_ Z Awp, ] Z Owy,
kEAT keA+t

(4.12)

IN

! 3wk

wy [_ 5 Op(\,(w) — E +1)

keAt
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Note that since p is monotone increasing and u is non-positive, (4.12) is a non-
negative real.

Related models and results as presented in this paragraph are discussed in Sec-
tion 3.1 of [57]. In [172] 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 uni-
formly 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 [54].

4.4. Locally continuous coupling constants. In this paragraph we present a
Wegner estimate which requires the coupling constants wy to have a continuous
distribution merely in a neighbourhood of their extremal value wy = supsupp f.
Both the result and its proof are taken from [172].

Consider a background Schrédinger operator Hy = —A + Vo with a periodic
potential Vier € Lﬁnif,loc(Rd)’ Let H, = Hy + V., be an random operator with an
alloy type potential V,,. Assume that the coupling constants wy,, k € Z? take values
in the bounded interval [w_,wy]. By modifying the periodic background potential
we may consider only the case that the coupling constants are non-negative. For a
value w, € [0,w] introduce the auxiliary periodic potential V, = we D,y u(z—k)
and the threshold energy E. = inf o(Hy + 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. = fifj,, ] has a density
felL>.
Then, for any a < 1 and E' < E.. there exists a C such that for any E € R,e > 0
satisfying E + 3¢ < E':
E [TrPL(B.(E))] < Ce*1?

Proof. The value w, is a critical one for the random variable wy, 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 decomposition of the
"probability’ space ©; := Xep+R = RE. This is the part of the randomness on
which the restricted Hamiltonian H! depends. For a given configuration of coupling
constants {wk }rea+ set

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

(4.13) > /RL 1T denlwr) xow) (@) = 1.

ACAT keAt

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

Vi(x) = Z wruk(x — k) + Z weug(x — k) > Ve(x)

keAt wi<we kEAT wr>w,e
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will be considered as part of the background operator, while the absolutely contin-
uous one

Vi(x) == Z reug(c — k) = Z rrug(z —k), with ry = wp —we >0
kEAT wr>we keAac

will be used for spectral averaging.
Consider an eigenvalue A, < E’ < E_ and an eigenfunction H., = A1, and
set 6 = E. — E'. We have

— (U, VEUn) = (W, (HY + V5 = A)Un) > (o, (HE 4 Ve = AL)tbn) > 6

which implies similarly as in Lemma 4.3.2

ny u()zc n 0
Sy Pl S ) = - V)

Wi — We Wy — W Wy — W
jenac + (/jeAac + c + c

Consider first the case ) # A C AT and estimate

/RL 1T dnwr)xam)(w Z/ —E+1)

keAt neN

s Op(An(w) — E + ¢
< W e w/ Hdﬂwk ) @ Z/ da | p( (aL )
j

keAt neN ]eAfw

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
asin § 4.1:

oy / ) xea ) 2P0 )~ B0

neN awj
Op(Ap(w) — E +1)
= — wj)dw;
% . f J J 6(4)]‘
< fllos Y- Ion(w,wj = we) = B +1) = p((An(w,wj = ws) — E +1)]
neN

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

Finally we use the decomposition (4.13) to finish the proof:

E (TrPL([E — €, E +€]))

< ¥ [, T duten nom @) X 552 el ey

ACAT keAt JEA

< ac( Ly e
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4.5. Potentials with small support. In § 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 u(lx—k) >k on R

kezd
It is of natural interest, whether a Wegner estimate holds if this condition is relaxed.
In this paragraph we consider the case that u is of fixed sign, but has small support.
More precisely, we assume throughout this paragraph merely that there is an open
set @ C R? and a positive x such that

(4.14) u(z) > kKxo

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 [180, ], and internal spectral boundaries in [170].
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 § 3.1. A linear bound for the same
energy regimes was found in [23, 60].

By now there are Wegner estimates which under the relaxed condition (4.14)
derive Wegner estimates valid for any bounded interval on the energy axis. We
consider first the one-dimensional case where the result is particularly clear and
the proof simple. We follow [171] in the presentation, see [122, 56] for other proofs.

Assume that the single site potential u and the periodic potential Ve are
bounded.

Theorem 4.5.1. Assume that u is compactly supported and obeys (4.14). For any
FEy € R there exist a constant C such that

(4.15) E [TtPL(B(E))] < Cel, Ve€[0,1,E < EyleN

Thus the IDS is Lipschitz-continuous.
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 x = 1 by rescaling the single site

potential and the coupling constants.
We set S = Jcx As(k). The Hellmann-Feynman theorem gives us

O (w 2

keA kel

where 1), is a normalised eigenfunction corresponding to A, (w).

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 v,,. 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

¢ > 0 such that
[owezef
Al (k) Aq (k)
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foralll € N, all k € Ay and for any eigenfunction 1 corresponding to an eigenvalue
Eclof H..

Proof of the Lemma. For

o= [ el = [ e

s

one has

9
dy

¢(y)’

P . o

dx | —v(x — T — —|—/ dxv(x —y) —1(x —
/ . [ayw y>] W+ [ devta—y) i)
< 20 lzeea, gy 19 L2 ac ) -

Sobolev norm estimates (e.g. Theorems 7.25 and 7.27 in [124]) imply

19| 2 (Au (kty)) < Cs 10Nl L2 (A, (k9)) + 107 1 L2(A (kt9))
By the eigenvalue equation we have

0

3y¢<y>\ < Co [0an by = C 6@, Co = ColllVoer + Vo — Ell)

Gronwall’s Lemma implies ¢(y) < exp(Csly|) ¢(0) and thus

/ |2 < % 571 / |2
A1 (k) As (k)

s

(4.16)

Thus [q[4* > ¢ [, |[* with the same constant as in Lemma 4.5.2.

It remains to estimate the spectral shift

(4.17) > [ (w,j = max) — E +t) — p(\, (w,j = min) — E +1)]

neN

We may assume without loss of generality that the single site potential u is sup-
ported in the interval [—R, R]. Introduce now the operator H,?(j = max) which
coincides with H! (j = max) up to additional Dirichlet boundary conditions at the
points j — R and j + R. Likewise, H,N(j = min) coincides with H!(j = min) up
to additional Neumann boundary conditions at the same points. Their eigenvalues
are \bP(w,j = max) and A,V (w,j = min), respectively. By Dirichlet-Neumann
bracketing, the square brackets in (4.17) are bounded by

(418)  p(N;P(w,j = max) — E+1) — p(\; (w, j = min) — B+ 1)

Since for both *= D, N the Hamiltonian H’* is a direct sum of an operator H7*
acting on L?(j— R, j+R) and another one HS* acting on L%(A; \ [j— R, j+R]) the
sum over the terms in (4.18) can be separated:

(419) Y AP w) ~ B+ 1)~ p(AV(w) — B+ 1)

(420) 4+ > p(NP(w,j=max) — E+1t) — p(A,N (w,j = min) — E +1)
n
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Note that the eigenvalues in (4.19) are independent of w;u(- — j). Since the differ-
ence in the boundary conditions is a rank two perturbation in resolvent sense (see
e.g. [282]), the interlacing theorem says that

pNP(w,j = max) — E +1) < p(EfL’_i_]\g(w,j =max) — E +1)

A telescoping argument bounds the whole sum in (4.19) by twice the total variation
of p, which is equal to one. The sum in (4.20) we estimate by

Tr [X(B—3e,00((HL P (j = max)) — X)p43e,00(HSY (j = min))]
<24 Tr [X(B—3e,00[(HLP (j = min) + [|[t5]|s) = X)E+36,00((HZ (j = min))]

which is bounded by a constant, that is independent of A;, j € Ajand e >0 (on
which p depends). O

In the remainder of this section we give an overview of various Wegner estimates
which are based or related to techniques presented at the beginning of Section 4.
However, we refrain from giving the proofs of this results but refer to the original
articles.

In [56] Combes, Hislop and Klopp study multi-dimensional 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 €
L°(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)?+
Vo may include a magnetic vector potential A and a (scalar) electric potential Vj.
They have to satisfy some regularity conditions such that Hy is selfadjoint and has
C’go(Rd) as an operator core. The coupling constants are distributed according to
a bounded, compactly supported density.

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

with Hoélder exponent & €]0,1]. The constant Cy = Cy(I) can be chosen
uniformly for Fs, E; 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. for instance [327]. The set {z|u(z) > 0}
contains an open subset of R,

(iii) Let the space dimension be d = 2. Let Hy = (—iV — A)? 4 Vjer be a Landau
Hamiltonian with vector potential A(xq,22) = g(—xg,xl) where B > 0 is
the (constant) magnetic field strength. The magnetic flux trough a unit cell
satisfies the rationality condition

(4.21) Be2rQ

The scalar potential Vye, is a Z%-periodic function in L2 _(R?).

In case (i) set o, = &i_‘_z, otherwise . = 1.
In a follow up work [58] on the Landau Hamiltonian in collaboration with Raikov
condition (4.21) has been removed.

Theorem 4.5.3. Let H,, be an alloy type model satisfying either one of the above
conditions (1)—(iil). Then, for each o €]0, [, the IDS of H,, is Hélder continuous
at all energies, with Hélder exponent a.



54 I. VESELIC

4.6. Holder continuous coupling constants. There is special interest to ex-
tend the known Wegner estimates 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.

So far the best result in this direction for multi-dimensional alloy type models
was obtained by Stollmann in [294]. In Remarks 3.1.1 and 3.2.1 we mentioned
already results for one-dimensional models with singular randomness.

Stollmann’s result applies to a single site measure g which has compact support
[w—,wy] and which is merely Holder continuous. For € > 0 denote

s(€) := s(p, €) := sup{u([a, b])| b —a < €}

Theorem 4.6.1. Let H, be an alloy type model as in Definition 1.2.1, but let
the single site measure be merely Hélder continuous. Assume additionally that the
single site potential obeys u > xjo,1j¢. Then for any E € R there exists a constant
C' such that for any open interval I C| — oo, E| and any l € 2N

Plwlo(HL) N 1 £0} < Cs(|1]) 12
holds.

4.7. Single site potentials with changing sign. First Wegner estimates for
indefinite alloy type potentials were derived in [180]. In [134] Hislop and Klopp
combine the techniques from [180] and [60] 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 u € C.(RY) satisfies u(0) # 0. The density
f € L of the random variable wy (which may be in fact the conditional density
with respect to w0 := (wg)k0) is assumed to be piecewise absolutely continuous.
For any a < 1 and any compact energy interval I strictly below the spectrum of
the unperturbed operator Hy they prove

B{o(HL) NI #0} < C |11

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 [134] extend to more general models including certain operators with random
magnetic field.

In § 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.

4.8. Uniform Wegner estimates for long range potentials. Kirsch, Stoll-
mann and Stolz proved in [169] 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

(4.22) lu(z)| < O+ |z>)~™/2

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. [168, ]
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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 a 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 > r where r is a function
of [.

To formulate the Wegner estimate from [169] let us first introduce some notation.
For any cube A € R% and A = A N Z¢ we denote by II, the projection

IMa: Qe Xsuppp (W) == {wr}iei
A

For a measurable set A C 2 we denote by A} the cylinder set
Ay =T (TAA) = {w € Q| 3w’ € A such that TTp(w') = TTx(w)}
The following observation plays a crucial role in the enhanced multiscale analysis.

Lemma 4.8.1. For two disjoint cubes A, A’ and two events A, B € ), the induced
events A\ 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 polynomial decay
of the single site potential (4.22). Let I be a compact interval, F € I and € €]0, 1].
We denote by A(E,¢,1) the event {w|d(E,o(H.)) < €} and use the abbreviations
I :=1a,, A = A’;\l.

Lemma 4.8.2. Under the above assumptions there exists a finite constant c, inde-
pendent of w € Q, [,r € N and € <1 such that
P{A(E, €,1)],} <P{A(E, e +cr~ ™D 1)}
Proof. By definition, for an w € A}, there exists an w’ € A such that
My =104 w

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

Vo (z) — Vo (z)] < Z lwp — wi|u(z — k) < Z |z — k7™ < erm(mmd)
|k|oo >1+T |k|oo >1+T
Therefore d(E,c(H',)) < ¢ implies d(E,o(H.)) < € + cr= (=9 which proves the

lemma. |

Let us have a look on the implications of the preceding lemma for a concrete
example. Assume that the single site potential is bounded below on the unit cube
around zero by x > 0. Then we have by Theorem 5.0.3

P{wlo(HL) N [E—e,E+¢ #0} < Cw(I)el?

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

(423)  P({ulo(H)) 0 [E—¢ B £0};,,) < Cw(l) (e+cr= (=) 1

for sufficiently large » > 0. In the application in the multiscale analysis, both €
and r are chosen as functions of [. From the estimate in (4.23) it might seem to be
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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 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 the corresponding

eigenfunctions decay faster than any polynomial, [168, 329]. To obtain exponential
decay of the eigenfunctions, one has to require m > 3d [169].
In the paper [329] 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 [193] 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 [54] 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 [193] 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 [16, 17, 18, 83]. See
[45, , , ] 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 5.0.3. Let H,, as in Definition 1.2.1 and assume additionally that there
exists an k > 0 such that

U 2> KX[-1/2,1/2]d
Then for all E € R there exists a constant Cw = Cw (E) such that for alll € N
and all intervals I C| — oo, F]

(5.1) E{Tr[PL(D]} < Ow |I] 14

Remark 5.0.4. (a) It is sufficient to prove the theorem for the case k = 1. Since
wott = 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(E3) — N(F4)| < Cw |E2 — E1|. Thus,
as we discussed already in § 3.1, the density of states n(E) := dN(F)/dE exists
almost everywhere and is bounded by n(E) < Cw (E3) for all E < E,.

The next four paragraphs are devoted to the proof of Theorem 5.0.3. Up to some
modifications we follow the line of argument in Section 4 of [54].

5.1. Partition of the trace into local contributions. In the present paragraph
we derive preparatory estimates on

(5.2) E{TrPL(I)}

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
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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 Aé\, the Laplace operator on A; with Dirichlet, respectively
Neumann boundary conditions. In § 1.2 we saw that the potential V' = Vo, + 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
inw € 2,1 € N and the choice of Dirichlet or Neumann boundary conditions.
Consequently, there is a Cy < oo such that for allw € Q and !l € N

(6. V) < 56, ~Ake) + Colo?

which implies
(53) (6, HL6) > (6,3 Akva) — Collg]* > ~Collol?

Thus H! + Cy is a non-negative operator.

Definition 5.1.1. A monotone decreasing, convex function r: [0, oo[—]0, oo[ such
that

(5.4) Cro=Cre(r) == Y 7«(7‘; in?) <00

n€Z,n;>0
will be called trace regularising.
Throughout the rest of this section we denote by A the unit cube centred at zero.

Remark 5.1.2. The bound (5.4) means that the operator r(—1A}) has finite trace.
Namely, the eigenvalues of the Neumann Laplacian on the unit cube are given by

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

cf. for instance [256], page 266. By the spectral mapping theorem the eigenvalues
of r(—3ALY) are just r(in? 2?21 n?).

Examples of functions r which are trace-regularising are the exponential func-
tions r: @ — e~ for t > 0. They have been used in [54] to implement the procedure
outlined in this section. Another choice for r is a sufficiently high power of the re-
solvent x +— (x 4+ 1)7% for k > d/2, which was used in [193]. That the operator
z — (—3AY +1)7% is actually trace class can be inferred from [279].

The possibility to choose r from a large class of functions is of interest if one
wants to give explicit upper bounds on the density of states. For instance, Section
3.2 of [141] is devoted to deriving such explicit upper estimates. However, there,
following [54], the function r(z) = 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
wp, see also § 5.6.
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Proposition 5.1.3. With Cy as in (5.3)
E {TrPL(I)} < r(By + Co) ™ Cre(r) Y | E{x;PLI)x;}|
JjEA
1

P')"OO’. Since -
T
we ha&e

is well-defined and bounded on the compact interval I := [Fy, Es],

Tr [Pulz(l)] =Tr [T(HL +Co) ' PL(I) r(HL + Co)]

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 + C())_ITT [P(f)(_[) T(Hi) + C(])]

According to the direct sum decomposition

L*(A) = P LP(A+7)
jEAz
we consider the Laplace operators —A" on L?(A + j) with Neumann boundary

conditions. Dirichlet-Neumann bracketing implies

1 1 :
(5.5) H +Cy > —§A§V >3 P AN = oH

jeh,
For a normalised eigenfunction ¢ of H. corresponding to the eigenvalue \ we have
by the spectral mapping theorem

(5.6) (¢,r(H., + Co)¢) = r(A + Co) = r((¢, (H, + Co)9)) < r({¢, ®He))

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 eigenvectors of
H! with corresponding eigenvalues \,,,n € N. We apply the above estimates to the
trace

Tr [PL(Dr(HL +Co)l < D {dn,r(HL + Co)on)
neN X\, €l

< Y (bnr(@H)d,) < Tr [PL(Ir(0H)]

neN A, €l

For the next step we write down the trace with respect to different basis. For each
§ € Alet {¢J|n € N} be an orthonormal basis of L?(A+7), then {4/ |n € N, j € A}
is an orthonormal basis of L*(A;). Since r(SH )yd = x;r(—2ATN)y;4d it follows
for the trace

Tr [PL(I)r(eH)]

S Wy, PLU)T(@H)jn)

jEi\l neN

Z Z <wj,n?XjPi(I)XjT(_%AJ7N)XJwJ,n>
jef\l neN

Z Tr [XjPL(I)XjT(*%Aj’N)Xj] )
jej\z
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Thus we have decomposed the trace to contributions from each unit cube. We
summarize the estimates so far:

TePL(I) < r(Ey+ Co) ™" Y Tr [ PL(D)x;r(—3A7Y)y;]
jek
Since I is a bounded interval and Ve + V,, is an infinitesimally small perturbation
of —A! independently of w, it follows that the dimension of P (I)L?(A;) is bounded
by a constant C5 uniformly in w. Thus

Tr [x; PL(D)x;r(—3A7N)x;] < C37(0) for all w € Q

JTw

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 convergence

E {Tr [x;PL(1)x;r(—5A7N)x;] } = Tr [E {x;PL(Dxgr(—3A7V)x; }]
=Tr [E {x;P,(D)x;} x;r(=3A7N)x;] < | B {x; PL(D)x; }| Tr [r(=5A%M)]
By assumption, r is trace regularising, so the trace in the last line is finite. (I

5.2. Spectral averaging of resolvents. Now we consider how resolvents are av-
eraged when integrated over a random parameter. Together with the partition
result in the previous paragraph § 5.1 this will enable us to complete in § 5.4 the
proof of Theorem 5.0.3.

Apart from this, the spectral averaging result bears in itself a meaning. Consider
a nonnegative operator H with discrete spectrum. Its resolvent R(E) = (H — E)~!
has singularities at the eigenvalues of H which are of the form (\,,—E)™', \,, € o(H)
and thus are not integrable over the energy axis. In other words, for a general
vector ¢ the function E — (¢, R(E)¢) will not have a convergent integral. Now,
if H = H) depends on a random parameter A, we might hope that the averaged
resolvent E — [ dP(\)(¢, Rx(E)¢) will be integrable. This would mean that the
singularities of the resolvent have been smeared out sufficiently by the integral over
A. The lemma in this paragraph 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 selfadjoint
operator, W symmetric and infinitesimally bounded with respect to H, and J non-
negative with J? < W. Choose two parameters

ze€Co:={z€C|Imz <0}
¢eT;={¢eC|m¢ >0}
and set
(5.7) H(C) = H +CW, K(C,2) = J(H(C) —2)"'J
The following lemma is a slight generalisation of Lemma 4.1 in [54].

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

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|~! ||.J]|.
On the other hand, the equation

~ImK(¢,2) = B[(H(¢) = 2) " [(Im )W — Im 2](H (¢) — 2) '] B

(5.8)
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implies
(5.9) 1K (¢ 2)|l < [Im¢|™
Here we used that W(H (¢) — 2)~! is a bounded operator. Now observe that for all

z € C_ the function ¢ — K((, 2) is holomorphic and bounded on C. The residue
theorem, integration over a closed curve in C and the bounds on K imply

d¢ T .
.1 K = —||K
(5.10) [ 0520 | = 1KV
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), where ( is a random variable with measure %, the (-averaged resolvents
are indeed integrable with respect to the energy. 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 properties. 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 converges
strongly (or in strong topology) to A if for every ¢ € H

lim [[A¢ — Ang| =0
n— 00

Lemma 5.3.1 (Stone’s formula). Let H be a selfadjoint operator with spectral
family denoted by P(-). Then the following limit holds in the strong topology

1 [P 1 o1
ggwméluH—E—w)-wH—E+m |dE
1

S {P([El,Ez]) + P(]El,E2D}

2
Proof. The function
1 —F —FE
(5.11) fs(x) = p (arctan ’ 5 L _ arctan 3352>
_ ! Ew( E—i§) ' —(x—E+i§)"']|dE
= omi Jp, x i x i
1 b2
=——1Im | (z—E+id) "dE
Vs E;

converges for § \, 0 to

1
) (X[El,Ez] + X]EhEz[)'
Now one applies the spectral theorem to f5(H). O
More details on Stone’s formula can be found in [258], or [326] where the spectral

calculus is actually introduced in this way in Section 7.3.

Now let H({) be as in the last paragraph and P(¢, I) the corresponding spectral
projection onto an interval I. For a normalised vector ¥ in H denote P (() :=
(v, JP((,I)Jv). The next lemma contains a spectral averaging estimate for P.
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Lemma 5.3.2. Let p € L°(R) N LY (R). Then

(5.12) / Q)P (0)de < [lpllaol]]

While Combes and Hislop [54] considered only compactly supported p, it was first
observed in [107] 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 % and an open interval I. By Stone’s
formula

d d 1
613) [P @s- [ i i [ aBwKGE- 0

Note that % is a finite Borel measure on R and that (5.11) implies that |f5(-)],
and hence ||fs(H(¢))||, is bounded by one. Thus we may apply the dominated
convergence theorem to interchange the limit and the integration, and bound (5.13)

by

(5.14) L tim

T §—0

d¢ .
Jar [ 5 wr s - ow)| <

The last inequality follows from Lemma 5.2.1. This implies for all p € L with
compact support:

) P ()
/R AOPEQA < sw [pO0+1)] [ 755
< sw [p(O)(1+t¢*)] |1

= llplleo ] for t — 0

Finally, assume only that p € L™ N L. Set p¥ = P X{z||z|<y} and decompose
p = pY+ py. For y — oo, p, tends to zero pointwise. Since P is bounded by one,
p € LY(R,dc) is a y-uniform majorant for p,P and we may apply the dominated
convergence theorem to conclude

(5.15) / p(OP Q) de = Tim [ ()P (C)dC < plloo ]
R Y7 JR

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

5.4. Completion of the proof of Theorem 5.0.3. The results on the localisa-
tion of the trace to unit cubes and spectral averaging of projections allow us to
assemble the proof of Theorem 5.0.3.

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

(5.16) |E {x; PL(D)x;}|| = S (6, E {x;PL(I)x;} )

Now one can apply Fubini’s Theorem and Lemma 5.
H= L2(Al)7 J = Xj» H = HO + Zke[i\j Wk ’LL( - k)a C

(¢, E {x;PL(I)x;} 0) < || flloc 1]

3.2 with the choice p = f,
=wj and W = u(z — j):
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This bound is j-independent and thus yields
(5.17) E {TePL(I)} <r(E2+Co)™' Cru(r) || flloo 1] 1A4]
O

Now it becomes clear why we introduced the operator r(H. +Co)~tr(HL +Cp) =
Id in Proposition 5.1.3: without this regularisation of the trace we could have
estimated R

E{Trx; P, (I)x;} < const. |I||Ay|

However, this would lead to a Wegner estimate with quadratic volume bound.

The role played by r resembles the one of the function g in paragraph 4.2 and
Appendix A.

5.5. Single site potentials with changing sign. In § 4.7 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
[315, |, which we present in this section. Its main shortcoming in comparison
to the results in § 4.7 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 existence of
the density of states as a function and upper bounds on it.

Theorem 5.5.1. Let LE(R?) 5 w > kx(o,1)a with x > 0 and p(d) be as in (1.1).
Let T' C Z% be finite, the convolution vector a = (a)rer € RU satisfy o* :=
ZI#O lak| < |ag|, and the single site potential be of generalised step function form:

(5.18) u(x) = Z ap w(z — k).

ker
Assume that the density satisfies f € WE1(R). Then for all E € R there erists a
constant Cyy = Cw (E) such that

(5.19) E {TrP.(I)} < Cw |I|1%  forall l€N and I C] — oo, E]

The theorem implies that the DOS, the derivative of the IDS, exists for a.e. F
and is locally uniformly bounded: dN(E)/dE < C(Eh) for all E < Ej.

Proof. For simplicity we assume w = g 1]¢- To estimate E {(¢, x; PL(I)x;¢)} for
any normalised ¢ € L?(A;) we introduce a transformation of coordinates on the
probability space €.

For each cube A = A; denote At := {\ —~| A € A,y € T} and L = #A*. The
operator H! depends only on the truncated random vector (wy)rea+ € RY. On
such vectors acts a multi-level Toeplitz matrix Ay := {&j_i}; xea+ induced by the
convolution vector o. The transformation has an inverse By = {by j} jea+ = Axl
which is bounded in the row-sum norm ||B,|| < L. Note that the bound is
uniform in A;. We drop now the subscript A and denote with 7 := Aw the vector
of the transformed random coordinates. They have the common density

(5.20) k(n) = |det B| F(A™'n)

where F(w) = [],ca+ f(wk) is the original density of the wy. We calculate the
potential V,, written as a function of n (and = € A):

V(@) = V() = > myx; (@)

jEA
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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

(5.21) /Rdnj k(n) s(n) < |I| sup|k(n)|, where s(n) := (¢, x; Ph,(I)x;®)

nj

Fubini, (5.21), and the fundamental theorem of calculus give

622) [ ks i [ dnt skl <11 [ dn 10,00

Here 07 is an abbreviation for {ng|k € AT\ j}. The last integral equals
decd] [ do|0)0)(40)

which is bounded by || f'[|z1 > pcas [0k, j]-
the estimate

(5.23) E {(¢,x;Pu(Dx;9) } < |11 1|21 Bl
and Proposition 5.1.3. O

The proof of the theorem is finished by

One drawback of Theorem 5.5.1 is the requirement of the weak differentiability
of f. This excludes in particular the uniform distribution on an interval. However,
in a joint work [191] with Kostrykin we have proven:

Proposition 5.5.2. Let the assumptions of Theorem 5.5.1 be satisfied with the
only difference that f is the uniform density on an interval. Let T' C {k € Z9| k; >
0Vi=1,...,d}. Then (5.19) holds true.

In fact, it turns out that the proof of Theorem 5.5.1 can be extended to density
functions of finite total variation. This covers in partlcular linear combinations of
functions in W} and (finite) step functions. More precisely:

Proposition 5.5.3. Let the assumptions of Theorem 5.5.1 be satisfied, but require
f merely to have finite total variation ||f||var < co. Then the Wegner estimate
(5.19) holds.

The difference to Theorem 5.5.1 is that the constant Cy now depends on || f||var
instead of || f'|| 1, cf. (5.23). The result in the Proposition 5.5.3 is proven in [190].
Moreover, there we discuss how the condition 3, o |ak| < |ao| can be relaxed using
the theory of Toeplitz matrices. Let us give an example in the one dimensional case.

The symbol of the Toeplitz matrix A is the function

sa:T—C, sa(e Zaj o €|l—m, 7
JEL
Since we assume that only finitely many components of « are different from zero, sy
is actually a trigonometric polynomial, and thus uniformly continuous and bounded.
Invertibility criteria for A as well as bounds on By = AZI and B = A~! may be
established by studying the symbol s4. Consider the case that the symbol s4 has
no zeros and the winding number of s4 with respect to 0 € C vanishes. A theorem
of Baxter [24], see also [125, Thm. III1.2.1], states that

(5.24) sup(||Bl|, [| B, ) < const. < 0o
leN

In this case we have again:
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Proposition 5.5.4. Let d =1 and the assumptions of Theorem 5.5.1 be satisfied,
but require for the convolution vector a = (ay)ger merely that the symbol s4 of the
associated Toeplitz matriz has no zeros. Then the Wegner estimate (5.19) holds.

Remark 5.5.5 (Anderson model). For the discrete Anderson model h, = ho +
V., there is a result analogous to Theorem 5.5.1. Here hg is the finite difference
Laplacian on [2(Z4) and (V%) (n) = V,,(n)i(n), Yn € Z%, a multiplication operator
as in the continuum case. This is not surprising, since the arguments in § 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 [193] of the alloy type model
by its discrete counterpart. Moreover, since on [?(Z%) the trace can be expressed
using the canonical basis as

Te[PL(I)] = Y (6;, PL(1)3;)
jeh

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 {(¢;, helk) }j ker, -

Note that in the discrete case x; is just 6;. Under the assumptions of Theorem
5.5.1 on the coupling constants {w;}; and the single site potential u we have the
following Wegner estimate for the Anderson model:

(5.25) & (miRL(n) < W12y 4y

Remark 5.5.6. Theorem 5.5.1 can also be understood as a Wegner estimate for the
alloy type potential
Vo() = > me X
kezd
where the coupling constants {7,}, are not any more independent, but correlated
satisfying certain conditions. See § 4.2 in [318] for a precise formulation. Wegner
estimates for correlated coupling constants can also be found in [59] (cf. [141], too).

The use of the common density F', respectively k, in the proof of Theorem 5.5.1 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. [59, ]. They do not seem to be easy to
establish for the model considered in this paragraph, and in fact sometimes fail to
hold as can be seen in the following example.

Ezample 5.5.7. Tt 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|o,1] — ax[1,2) with
—a €] — 1,0[. To this model the results of Propositions 5.5.2 and 5.5.3 apply.

The restriction of H,, to the interval |—1/2,1—1/2] of length I depends only on the
coupling constants w; with indices j € {—1,...,l—1} =: A*. They are transformed
by the Toeplitz matrix A into new random variables n;,j € {—1,...,{—1}, as in the
proof of Theorem 5.5.1. Here the convolution vector is given by ag = 1,01 = —av.

The conditional density p;(n) = pé (n) of the variable n; with respect to the

remaining coupling constants 7/ = (Mk)kea+\; in AT is given by p;(n) = %.
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Here g;(n) = [k(n)dn; denotes the marginal density. The question is whether
sup; p(n) is finite.

One calculates the common density to be k(n) = H;;l_l X[O,l}(25=_1 ak=vn,).

For 741 € [0,1],mx = 0,Vk # j + 1 we have
-1
k’(ﬁ) = H X[0,1] (Oék_j_lnl,) =1.
k=j+1
The marginal density

Jj—1 k -1 k
9;(m) = H X[0,1] (Z Oékl'??v> /HX[0,1] (Z Oékyﬁu> dn;
k=j

k=—1 v=—1 v=—1

j+1 k
/dm‘ HX[O,l] <Z ak_”m)
k=j

v=-—1

IN

has for nj11 € [0,1],nr = 0,Vk & {4, j + 1} the upper bound

1
/0 X011 (an; + nj1)dn; < a” (1= n;p0)
Particularly, g;(n) \, 0 for ;41 " 1 and thus
sup p;(n) = 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 § 4.3 of [318] for
another example.

5.6. Unbounded coupling constants and magnetic fields. Motivated by cer-
tain physical applications, e.g. the study of the quantum hall effect (see for instance
[26, , , , , 92]), it is desirable to extend the results on the continuity
of the IDS to include Hamiltonians with magnetic fields. This is, for instance, done
in the papers [60, , 141].

We discuss here the results on alloy type potentials obtained in [141] by Hupfer,
Leschke, Miller, and Warzel, since they are build on the method presented in the
preceding §§ 5.1-5.4. Moreover, their result allows the coupling constants to be
unbounded, as long as very negative fluctuations are exponentially rare. Actually,
the primary interest of their research are Hamiltonians with Gaussian random po-
tentials, so they need to cope with unbounded fluctuations of the potential. The
proof is based on earlier techniques from [107] — which in turn use [54] — and
Dirichlet-Neumann bracketing for magnetic Schrodinger operators, as discussed in
Appendix A of [141]. The results concerning alloy type potentials are summarised
in § 4.1 of their paper, which we review shortly.

Let A: R? — R? be a measurable vector potential with the property |A|? €
L (R%). Denote with Hy the selfadjoint closure of Zf:j(iaj + A;)? defined on
smooth functions with compact support. The alloy type Schrodinger operator H,, =
Hy+V,, now incorporates a magnetic field. In [1411] it is proven that Theorem 5.0.3
essentially remains true if the magnetic field is included. (Their conditions on the
single site potential are slightly different.)
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Moreover, two cases are discussed, where the coupling constants are unbounded
random variables, and the theorem still remains true. In the first one, it is as-
sumed that wq is non-negative and a certain moment condition is satisfied, roughly
E {w2¥?} < .

The second one concerns the case where wy is distributed according to the Laplace
distribution: P{wy € I} = 1 [, dzel*!/*. Note that the probability that wy assumes
very negative values is exponentially small. In fact, in [141] 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 unbounded from below.

We conclude this section by listing further literature on random Hamiltonians
with magnetic fields. Works treating the regularity of the IDS of random Schro-
dinger operators with magnetic field include [321, 22, , , ], while the
question of the (in)dependence of the IDS on boundary conditions for these models
has been treated in [232, 82, , ]. A related problem is the analysis of the
semigroup kernels of magnetic operators [38, 39]. In [166, 253] 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
[230, , 233] which prove high energy and Lifshitz asymptotics for certain models.
The high energy asymptotics has been analysed already in [221, ]

For Schrédinger operators with constant magnetic field and random potential
generated by a Poissonian process the different possible behaviours of the IDS at
the bottom of the spectrum are analysed in [37, 98, , , 99, , ].

The analysis of Landau Hamiltonians in the single band approximation is done
in [84, 85, , , ]. Examples of localisation proofs which allow for magnetic
fields can be found in [84, 55, 85, 80, , 22, , 87, , , 0].

APPENDIX A. PROPERTIES OF THE SPECTRAL SHIFT FUNCTION

For a exposition of the theory of the spectral shift function (SSF) see [33, ]
or the last chapter of [328]. We review here the relevant facts in our context.

For two trace class operators A, B the SSF (-, A, B) may be defined by the
formula

(A1) Te(f(A) - [(B)) = / PV €O A, B)d

for functions f € C¢°. Actually, it holds for more general functions, too. By
Theorem 8.3.3 in [328], it is sufficient to assume f € C*(R) and that f’ is the
Fourier transform of a finite complex measure. One can define the SSF also via the
perturbation determinant from scattering theory

1
—1

T e

£\ 4, B) = — limargdet[1 + (4~ B)(B ~ A —ie) )]

In this case the equality (A.1) is called Krein trace formula. The SSF can be
bounded in terms of the properties of A — B, namely

(A.2) 1€(A, A, B)[l1 < [|A — Bl
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Here J; denotes the ideal of trace class operators and || - || 5, the trace norm. On
the other hand, if A — B is finite rank

(A.3) €A, A, B)||loo < rank(A — B)

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 [60].

To formulate this bound we have to introduce ideals of 'better than trace class’
operators. For a compact operator C' denote by pu,(C),n € N its singular values,
in non-increasing order. If C is trace class, the sum of the singular values is finite
and equals ||C||,. We denote by Js the class of compact operators such that

(A1) €15, = (X (@) < oo

neN

The theory of such operators is classical for § > 1. However, since we want to
interpolate between (A.2) and (A.3), we need to consider operators whose singular
values converge not slower, but faster than a I'-sequence to zero. This leads us to
consider operators such that ||C||;, is finite, for 3 smaller than one. In particular,
all such operators are trace class, which explains why they are sometimes called
super-trace class. It follows that the SSF may be defined for such operators. They
have been studied in [126, 30, 31], while their relevance in the present context was
recognised in [60].

Form these sources we infer the following properties of Jg. Since for any compact
operator A and bounded B the singular values of the products obey

(A.5) pin(AB) <|[|B| pn(A)  and  pn(BA) < [|B|[ pn(A)

the set Jg is an 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 § < 1. More
precisely, in this case we have only

|4+ BIS, < 1AI5, + IBI53,
This property implies that || - [/, is a quasi-norm and that
: _ _nB
dist(A, B) = | A— 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 [60] the following LP-bound on the SSF was proven.

Theorem A.1l. Let p > 1 and A, B be selfadjoint operators whose difference is in
Jg where 3 =1/p. Then the spectral shift function £(-, A, B) is in LP(R) and

(A.6) I€C, A, B) o < |4 - B},

This estimate is sufficient for our purposes. There exists a sharp version proven
by Hundertmark and Simon in [110]. It is used in the result described in Remark
4.2.3.
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Theorem A.2. Let F: [0,00[— [0,00[ be a convez function such that F(0) = 0.
Let A, B be bounded and C' a non-negative compact operator such that for all N € N

(A7) Sl A= Bl < 3 p(©)
n=N n=N
Then

/F(|§(>\,A,B)|)d)\ < /F(|£(>\,C, 0)))dx = Z [F(n) — F(n — 1)] ua(C)

neN

Condition (A.7) is in particular satisfied if |A — B] < C. Of course, to apply
Theorem A.1, we need a criterion for the operators which arise in our situation to
be in Jz for § = 1/p < 1. So, let’s have a closer look at the application of the
theory of the SSF to Schrodinger operators.

Since we are studying Schrodinger operators, we cannot expect to deal with
trace class perturbations. However, the theory extends to operator pairs such that
the difference of a sufficiently high power of their resolvents is trace class. More
precisely, assume that H + u, H is a pair of lower bounded operators such that

(A.8) H+u>Cy,H>Cyand g(H+u)—g(H) € Jy

where g(x) = (x — Cp + 1)~F for some sufficiently large k > 0. Following [60], we
denote g(H + u) — g(H) by Veg. This is the ’effective’ perturbation, although it is
obviously not a multiplication operator. One defines the SSF of the pair H + u, H
as

(A.9) EOVH +u, H) = —€(g(N), g(H +u), g(H)) for A >0
and ¢ = 0 otherwise. This definition of ¢ is independent of the choice of the
exponent k > 0 in g. By Theorem 8.9.1 in [328] the trace formula (A.1) holds if

f € C?(R) and f’ has compact support. This conditions are clearly satisfied by the
switch function p we use in § 4.1 and § 4.2.

The purpose of the theorem we are heading to now is twofold: firstly, to establish
that Veg is in Jg for suitable 8 < 1. Thus, we will be able to apply Theorem A.1.

Secondly, to control the upper bound ||chf||§[3 appearing in (A.6).

It is well known that operators which may be formally written as f(z)g(—iV) are
in the Hilbert-Schmidt class if f, g € L?(R%). The product of such two operators is
trace class. Extending this idea, we want to show for certain operators that they are
in some (super-trace) ideal Jg, § < 1 by writing them as a product of sufficiently
many operators of the type f(z)g(—iV). 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,7=1,...,N be such that |a;(n)[P* is summable, where p; > 0 for all

i=1,...,N,and set L := Ef\il pi Then the pointwise product Hf\il a; is in I"(N)

and
N N
| TTa| < TTlal
i=1 =1

By applying this to the sequence of singular values of compact operators, we obtain
the following
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Lemma A.3. Let A; € Jp,, fori=1,...,N, then Hf\il A; is in J. where } =
SN L and

=1 p;

N N
(A10) |TTA, <ITnad,
i=1 Ti=1

See also [31] Corollary 11.11. The following result is taken from [232], cf. Lemma
11 and its proof. For [ € N we abbreviate A = A;.

Lemma A.4. Let ¢ > d/2,q € 2N, f € L*(R?) and Cy € R be such that Vyer +
V., > Cy for all w. Then the operator product f (H., — Co+ 1)71 is in the ideal J,
and

1Fxa (Hy = Co+ 1) g, < If (A + 1), < Cla) [I£llg

Proof. There exist a bounded extension operator £: W22(A;) — W22(R?) and its
norm is independent of [ € N, cf. Section IV.3.2 in [292]. Thus we have

fxa(HL —Co+ 1)t = fxa(Ho — Co+ 1) (Hy, — Co + 1)E(H, — Co+1)7*

Since £ is an extension operator, ya £ is the identity on W22(A;). By the ideal
property of J, and the boundedness of £ we have

1fxa (HS = Co+ 1),
< | f(Ho = Co+ 1)y, [|(Ho — Co + E(H, — Co + 1)1
< const. ||f(H, — Co + 1>_1||Jq

By the Kato-Simon [151, 277] or diamagnetic inequality we have
(A.11) [f(Ho = Co+1)7 | < f(=A+1)7 |y
for 1 € L?(R%), cf. proof of Theorem 3.3 in [139]. For the 'free’ case we know by

Theorem 4.1 in [278] f(=A + 1)~ € J, and

1 (A + 1), < I FllglRll
where h(z) = (2? +1)~!. The pointwise inequality (A.11) implies by Theorem 2.13
in [278] f(Hy, — Co+1)"! € J,; and
If (Ho = Co+ )7, < I (=A+ 1),
O

Remark A.5. The result remains true if we consider Neumann boundary conditions
instead of Dirichlet ones, and if we include a bounded magnetic vector potential in
the background operator Hy, see Lemma 10 in [232]. This fact relies on the existence
of an appropriate extension operator which takes (magnetic) Sobolev functions on
A to (magnetic) Sobolev functions on R,

The following result establishes that Veg = g(H., +wyu)—g(H. +w_u) is indeed
super-trace class and that its quasi-norm |[Vegl|s, can be bounded independently
of the cube A.

Theorem A.6. Let HH = —A +V and Hy = Hy + u, with %CO < Viu €
Lfoc’unif(Rd), where p is as in (1.1). Denote by H., HL the corresponding Dirichlet
restrictions to the cube A;. Assume

HVHp, unif,loc S Clv and Hu”p, unif,loc S CQ
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and that the support of u is contained in the ball Br(x). For any B > 0 choose
k e N with k > dziﬁ‘l. For g(x) = (x — Co + 1)7F set Vog := g(Hs) — g(H,).

Then Veg € Jg and ||Veg|| 5, is bounded by a constant which is independent of A,
and x and depends on V and u only trough Cy,C1,Cs and R.

Proof. Choose a function f € C°(Bag(z)) such that f =1 on Br(x). An iteration
of the resolvent formula yields

k-1
Vet = = S (Ha — Co + 1)~ ™ w (Hy — Co + 1)~ (m+)
m=0

k—1

(A12) == 3 [A (Ha = Cot 1) S [ (Hy — G+ 1))
m=0

By Lemma 9 and Appendix A in [232] we have the following representation

N v
fUH = Co+ 1) = ] fiy (Hi = Co+1)7'By

i=1 j=1

and analogously for Hy. Here N = N(v) is an integer which depends only on v,
the functions f;; € C2°(Bzg(z)) are linear combinations of derivatives of f, and
B;; are bounded operators with norms independent of . Set

Co.5.8 = Clg) max{|[ Bl || fijlla [ i = 1,... ., N, j = 1,...,v}
where ¢ €]4, 2 4 2] and C(q) are as in Lemma A.4. By the same lemma, the ideal

272
property of Jg and the Hélder inequality (A.10) we have
(A.13)
N v
1/ (Hy = Co+ )75, < T i (Hy = Co+ 1), 1B < NCE,
i=1 j=1
ift=q/v<1. Fort>1,| |, is even a norm and a similar estimate holds. Since

u is infinitesimally bounded with respect to the Laplacian

Ou = max { ufiy (Hy — Co + 1) By I}

is finite. Thus, in analogy to (A.13)
[uf*t (Hy = Co+ 1) 7"y, < NCLCY g

From the preceding we see that (A.12) factorises Vog as a product of bounded
operators and k operators which are in J;. All the involved operator and super-trace
class norms can be bounded independently of A; and z. Using the ideal property
and Holder’s inequality we see that Veg is in J, for all » > ¢/k and ||Vegl| s, is
bounded by a constant which is independent of A; and xz. The way we choose k
and ¢ makes it possible to take r = . ([l

Remark A.7 (Properties and relevance of the SSF). An exposition of the role played
by the SSF in scattering theory can be found in [328]. The SSF has proven useful in
the study of random operators, particularly in problems related to surface models,
e.g. the definition of the density of surface states [483, 49, , ]
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Various of its properties are discussed in the literature: monotonicity and con-
cavity [117, 121, 187], the asymptotic behaviour in the large coupling constant

251,

(1]

[9]
(10]

(11]

266, 252] and semiclassical limit [229], and some other bounds [249, 250, 248].
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