AN INTRODUCTION TO THE
MATHEMATICS OF ANDERSON LOCALIZATION

GUNTER STOLZ

ABSTRACT. We give a widely self-contained introduction to the mathematical
theory of the Anderson model. After defining the Anderson model and deter-
mining its almost sure spectrum, we prove localization properties of the model.
Here we discuss spectral as well as dynamical localization and provide proofs
based on the fractional moments (or Aizenman-Molchanov) method.

We also discuss, in less self-contained form, the extension of the fractional
moment method to the continuum Anderson model. Finally, we mention major
open problems.

These notes are based on several lecture series which the author gave at
the Kochi School on Random Schrédinger Operators, November 26-28, 2009,
the Arizona School of Analysis and Applications, March 15-19, 2010 and the
Summer School on Mathematical Physics, Sogang University, July 20-23, 2010.

1. INTRODUCTION

In 1958 the physicist P. W. Anderson introduced the model which is now named
after him to explain the quantum mechanical effects of disorder, as present in mate-
rials such as alloys and amorphous media [9]. The most famous phenomena which
arise in the context of this model are Anderson localization, i.e. the suppression of
electron transport due to disorder, and the Anderson transition in three-dimensional
disordered media which predicts the existence of a mobility edge separating energy
regions of localized states from an extended states region. Anderson localization
has important consequences throughout physics, in theory and experiment. Ander-
son’s work, and that of N. F. Mott and J. H. van Vleck, won the 1977 physics Nobel
prize “for their fundamental theoretical investigations of the electronic structure of
magnetic and disordered systems”?.

Mathematically rigorous studies of the Anderson Model and other models of
random operators started in the 1970s, with the first proof of Anderson localization
for a related one-dimensional model provided by I. Goldsheid, S. Molchanov and
L. Pastur in 1977 [23], followed several years later by a proof of localization for the
actual Anderson model by H. Kunz and B. Souillard [29], also initially for dimension
one. Since then the study of random operators has become an important field of
mathematical physics, which has led to a tremendous amount of research activity
and many mathematical results.

While the Anderson transition and extended states are still an open mathemat-
ical challenge, by now a good rigorous understanding of Anderson localization has
been achieved. Several powerful methods have been found to prove Anderson local-
ization. Important differences exist between one-dimensional and multi-dimensional
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models, where different physical mechanisms are responsible for localization effects.
In these notes we will focus on methods which allow to prove Anderson localization
in arbitrary dimension. Two such methods are available: The method of multiscale
analaysis (MSA) developed in 1983 by Frohlich and Spencer [20], and the fractional
moments method (FMM) introduced by Aizenman and Molchanov in 1993 [5].

MSA has produced results in situations which are out of reach for an approach
through the FMM, see Section 9.1 for some related discussion. However, the FMM
is mathematically more elementary, in particular for the case of the classical dis-
crete Anderson model which will be our main focus here. Also, under suitable
assumptions, the FMM allows to prove stronger results on dynamical localization
than can be obtained by MSA. Therefore, in these lectures, after an introduction to
the Anderson model and its basic spectral properties, we will discuss how to prove
Anderson localization based on the FMM.

After more than 50 years of physical research and more than 30 years of math-
ematical work a vast literature with results on Anderson localization and, more
generally, the physics of disordered quantum mechanical systems, is available. In
these introductory lectures we ignore most of the literature as it can not be our goal
to provide a comprehensive survey, not even of the mathematical research which
has been done. Some book length presentations, or parts of such, which provide
very good further reading and many more references are [18, 14, 34, 43, 27].

It is assumed below that the reader is familiar with measure and integration
theory as presented in [37], with basic probabilistic concepts such as independence,
and with the foundations of the theory of linear operators in Hilbert spaces, up to
the spectral theorem for self-adjoint operators and consequences such as spectral
types (absolutely continuous, singular continuous and pure point spectrum) and the
abstract solution of the time-dependent Schrodinger equation via Stone’s theorem,
e.g. [46] or [35]. Otherwise, we have tried to keep these notes mostly self-contained.
For much of the first seven sections we provide full proofs.

We do not aim at the most general known results, but rather want to demonstrate
that simple and natural mathematical ideas can be used to rigorously establish
Anderson localization. Many further developments of the ideas discussed here can
be found in the literature. The references provided below can serve as a starting
point for further reading. An ideal source for continued reading and learning the
state of the art of much what is discussed here will be the upcoming book [8] by
M. Aizenman and S. Warzel.

In Section 2 we introduce the Anderson model and, as a warm-up, prove its first
important property, namely that its spectrum is almost surely deterministic. The
rest of these notes exclusively deals with the phenomenon of Anderson localization.
Section 3 introduces the concepts of spectral localization and dynamical localization,
followed by a discussion of what is known on the physics level of rigor.

In Sections 4 and 5 we prove localization in the large disorder regime of the
Anderson model. This is done via the fractional moments method, by first proving
in Section 4 that fractional moments of Green’s function decay exponentially, and by
then showing in Section 5 that this implies dynamical as well as spectral localization.
In these sections we use methods which were developed in some of the first papers
on the fractional moments method, e.g. [5] and [24]. In particular, these methods
work directly for the Anderson model in infinite volume.
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Subsequently, other methods were introduced in the literature, e.g. [1] or [6],
which use finite volume restrictions of the Anderson model. A central concept
here are so-called eigenfunction correlators. These methods have proven to be very
powerful in further-reaching work, for example in dealing with the continuum An-
derson model or multi-particle Anderson models. Thus we introduce this approach
in Section 6 and Appendix A and show how they yield an alternative proof of
localization.

Section 7 discusses the second main regime in which multi-dimensional localiza-
tion has been established rigorously, the band edge regime. Among the new ideas
needed here are the phenomenon of Lifshits tails of the integrated density of states
near spectral edges and a geometric decoupling method to control correlations in
Green’s function. Parts of this section have the character of an outline, referring
to the literature for some of the results used.

Entirely written in form of an outline is Section 8, in which we discuss the ex-
tension of the FMM to continuum Anderson models, as accomplished in [2] and
[12]. This requires considerable technical effort and we merely point out the diffi-
culties which had to be overcome and mention some of the tools which allowed to
accomplish this.

The Anderson model and, more generally, the quantum mechanics of disordered
media, provides many difficult future challenges for mathematicians. We discuss
some of them in our concluding Section 9.

Acknowledgement: The author’s knowledge of random operators and, in par-
ticular, of the Anderson model has benefitted from many other mathematicians,
through their works as well as through personal contact. We apologize for not be-
ing able to properly give credit for the origins of all of these benefits. But we need
and want to make an exception for the contributions of Michael Aizenman, who
was the driving force in the development of the fractional moments method and has
influenced the author’s way of thinking about random operators in multiple ways.
Much of what we have to say here is based on ideas of Michael and his collaborators.
In particular, special thanks are due to Michael and Simone Warzel for letting the
author use some preliminary material from [8] in Section 6 and Appendix A below.

Finally, the author would like to thank the organizers of the Kochi School on
Random Schrédinger Operators, the Arizona School of Analysis and Applications
and the Summer School on Mathematical Physics at Sogang University for their
invitations. Without these opportunities to lecture on the material covered here
these notes would never have been written.

2. THE ANDERSON MODEL

2.1. The Discrete Laplacian. Below we will introduce the Anderson model as a
discrete Schrodinger operator, acting, for dimension d > 1, on the Hilbert space

(2% ={u:2¢ - C: Z lu(n)|? < oo},

nezd

with inner product (u,v) =) u(n)v(n).
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The usual negative Laplacian —A = —37.9%/0%z; is replaced by its discrete
analogue hg, which acts on u € ¢£2(Z%) by

(1) (how)(n)=— > uln+k), nez’
kezd, |k|=1

where |k| = |ki| + ... + |kq| is the graph distance on Z?. More appropriately, a
finite difference approximation of —A would be given by ho 4+ 2d, but we neglect the
mathematically trivial shift by 2d (which should still be kept in mind for physical
interpretations). In physics, the Hamiltonian hy (or its negative) often arises more
directly, i.e. not as a discretization of a differential operator, in the form of a “next
neighbor hopping Hamiltonian”.

Just as the continuum Laplacian, the discrete Laplacian is unitarily equivalent
to a multiplication operator via Fourier transform. Here we consider the Fourier
transform

F: L2([0,2m)%) — (*(2%),

which is the unitary operator given by

(Fg)(n) = (2m)~4/2 / g(z)e="™ de,

[0,27)d

with inverse
(F'u)(x) =Lim. (2m)~%2 > u(n)e™™.
n€ZA,n|<N
Here x-n = z1n; + ... 2404 and Li.m. denotes the limit N — oo in ¢?(Z%).
A calculation shows that
d
FlhoF = -2 Z cos(x;),

j=1
where the right-hand side is understood as a multiplication operator on L2([0, 27)%)
in the variable x = (z1,...,zq). The function g(z) = —23_; cos(z;) is real-valued
and bounded. Thus hg is bounded and self-adjoint (which also can be checked
directly from the definition (1) without use of the Fourier transform). The range
of g gives the spectrum of hyg,

2) o(ho) = [~2d, 2d).

With a bit more effort one can show that inverse images of Lebesgue-nullsets in
R under the function g are Lebesgue-nullsets in R?. Thus the spectrum of hq is
purely absolutely continuous.

Another similarity of hg with the continuum Laplacian is that is has plane waves
as generalized eigenfunctions. To see this, let = € [0,27)? and set

(3) bz(n) = €™,
While ¢, & (2(Z4), hg acts on it via (1) as

(hooz)(n) = = emthe

|k|=1

d
=3 2cos(a;) | duln)
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Thus ¢, is a bounded generalized eigenfunction of hy to the spectral value
=23, cos(z;).

2.2. The Anderson Model. Let w = (wy,),cz¢ be a set of independent, identically
distributed (i.i.d.) real-valued random variables indexed by n € Z¢. Recall that
this means the following, where we denote probabilities by PP:

e The (w,) are identically distributed, i.e. there exists a Borel probability
measure 4 on R such that, for all n € Z¢ and Borel sets A C R,

P(w, € A) = p(A).

e The (w,) are independent. Thus, for each finite subset {ny,...,n,} of Z¢
and arbitrary Borel sets Ay,..., Ay C R,

¢
P(wnl S A17 ceey Wy S A@) = Hp(wnj S A])

It is sometimes useful to think of a concrete way in which i.i.d. random variables
can be realized as measurable functions on a probability space (2,.4,P). The
standard construction is the infinite product space

(Q’ A, ]P) = ® (R, Bg, ,u),
nezd
with A4 and P denoting the o-algebra and measure generated by the pre-measure
induced by p on the Borel cylinder sets in 2 = RZ’. This is consistent with the
notation w = (wy),cz¢ as the components w, of w € Q are now ii.d. random
variables on  with common distribution pu.

It is also convenient to work on a complete probability space (€2, A, P), which in
the above realization is achieved by completing the product algebra A under P, for
which the same notation will be kept.

The Anderson Model is a random Hamiltonian h,, on ¢?(Z%), defined for w € Q
by

(4) (hou)(n) = (hou)(n) + wau(n), n € Z%

Introducing the random potential V,, : Z* — R by V,(n) = w,, we may also

write
hy = ho + V5.

Note here that h,, is not a single operator, but rather an operator-valued function
on a probability space. It’s operator theoretic properties will generally depend on
w. Our goal will typically be that a certain property of h,, holds almost surely or
with probability one, meaning that it holds for w € )y, a measurable subset of (2
with P(Qg) = 1. It lies within the nature of random operator theory that the most
interesting properties will only hold almost surely rather than for all w € Q.

One may think of the Anderson model h, as the Hamiltonian governing the
quantum mechanical motion of a single electron in a discretized alloy-type random
medium. In this view the random potential V,,(n) = w,, n € Z?, represents a
solid formed by nuclei located at the sites n of the lattice Z¢ and carrying random
electrical charges w,,. Assuming that h,, is self-adjoint, the dynamics of the electron
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is given through the unitary group e~*"« defined via the spectral theorem, which
provides the solution (t) = e~ "« of the time-dependent Schrédinger equation
ho(t) = i)' (t), ¥(0) = ¢g. The possible energies of the electron are given by the
spectrum o(h,,) of the Anderson Hamiltonian h,,.

In the above discussion we have assumed self-adjointness of the Hamiltonian,
which is the first mathematical fact to be checked. This is particularly easy for
discrete Schrodinger operators such as h, because the discrete Laplacian hq is
bounded and self-adjoint.

Theorem 1. For every w € de, the operator h,, is self-adjoint on

D(V,,) ={u e 2(Z%) : Y |wnu(n)[* < oo},

the domain of the mazimal multiplication operator by the potential V,,.

Proof. Self-adjointness of the maximal multiplication operator by a real-valued
function is a standard fact. Perturbation of the self-adjoint maximal multiplication
operator V,, by the bounded self-adjoint operator h( preserves self-adjointness with
same domain. O

If we assume, as will be done later, that the distribution p of the w,, has bounded
support, i.e. that

suppp:={t eR: u((t —¢e,t +¢)) > 0for all € > 0}

is bounded in R, then the potential V,, is bounded and therefore defines a bounded
multiplication operator. Thus h,, is a bounded self-adjoint operator on £?(Z%) as
well. On the other hand, if supp p is unbounded, then it is not hard to see that V,,
and thus h,,, is almost surely unbounded.

2.3. The spectrum of the Anderson model. Our next goal is to determine
the spectrum of h,. It follows as a consequence of the general theory of so-called
ergodic operators (e.g. [14]), of which the Anderson model is a special case, that
o(hy) is almost surely deterministic, i.e. there exists a closed subset ¥ of R such
that

o(hy,) =% almost surely.

Rather than proving this within the general theory of ergodic operators we will
give a direct proof of the following result, which explicitly describes the almost sure
spectrum of the Anderson model:

Theorem 2. The spectrum of the Anderson model is almost surely given by
(5) o(hw) = o(ho) + supp pu.

Here the sum of two subsets A and B of R is defined by A+ B:={a+b:a €
A,b € B}. In particular, this means that the almost sure spectrum of h,, is a union
of intervals, namely of translates of [—2d,2d] by the points in supp p. If supp p
doesn’t have large gaps, then the almost sure spectrum of h,, is a single interval.

Proof. We begin with the easy part of the proof, namely that
(6) o(hw) C [~2d,2d] + supp
almost surely.

We first argue that o(V,,) = {wy, : n € Z¢} C supp pu almost surely. In fact, as
p(supp ) = 1, for fixed n € Z%, w, € suppp holds almost surely, i.e. on a set
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2, C Q with P(2,,) = 1. The countable intersection 2’ of the €2,, also has measure
one and for w € Q' we have o(V,,) C supp p as supp u is closed.

By a general fact from spectral theory, easily proven using a Neumann series
argument, a bounded self-adjoint perturbation B does not shift the spectrum of a
self-adjoint operator A by more than ||B||, i.e. 0(A+ B) C o(A) + [ B, || Bll]-
Thus (6) holds for w € Q' by (2).

The proof of

(7) [—2d,2d] + supp p C o(hy,)

with probability one is more involved and falls into a probabilistic part and a
spectral theoretic part.
For the probabilistic part, start with fixed ¢ € suppp, € > 0 and N € N and let

Qi Ne = {w € Q : There exists a cube Ay C Z% of side length N such that
lwn, —t| <eforallneAy}.

As t € supp pt, we have p := p((t —e,t +¢)) > 0. Thus, for each fixed cube A of
side length N in Z9, the probability that |w, —t| < e for all n € A is PN > 0. We
can cover Z% by infinitely many disjoint cubes of side length N, where these events
are independent. It follows that P(Q; v ) = 1.

Next, let 4o := NyenQ ne. Thus P(Q; ) = 1 and we will prove the following
below: For each w € Q. and a € [—2d, 2d] it holds that

(8) [a+t—e,a+t+elNo(hy,) #0.

Assuming that (8) is true, we proceed as follows: Define €2 := Mgen$2; 1 /¢, such
that P(£2¢) = 1. For w € Q; we have by (8) that, for all a € [-2d, 2d],

(a—i—t—%,a—l—t—&—%)ﬂo(hw)#@

forall ¢ € N. As o(h,,) is closed, this implies that a+t € o(h,,) for all a € [—2d, 2d],
and thus [—2d,2d] +t C o(hy).

For one last argument involving countable intersections of full measure sets, let
B be a countable subset of supp p which is dense in supp i and let Qg := Ny ;.
Then P(Qg) = 1 and for w € Qg we have [-2d,2d] + B C o(h,,). Using again that
o(hy) is closed completes the proof of (7).

We still need to show (8), which is the spectral-theoretic part of the proof. Let
w € Q.. Thus, by assumption, for each N € N there exists a cube Ay of side
length N such that |w, —t| < e for all n € Ay.

To a € [-2d,2d] pick x = (z1,...,2q) such that a = =23, cos(z;) and consider
the corresponding generalized eigenfunction ¢, from (3). Then ¢y := xa, ¢ has
finite support and, in particular, lies in £2(Z%). We claim that

(b= (et )]
©) FHNC T B

To find a norm bound for (hy, — (a+1t))¥n = (ho —a)XAx Pz + (Vi —E) XAy Pz, WE
first note that by assumption ||(V, —t)xay ¢z| < €l|¥n]|]. Moreover, as (hg—a)¢p, =
0, it follows that ((ho — a)xay®z)(n) is non-zero only for n close to the boundary
of An, where its values are bounded by a constant independent of N. Thus

(ke — (a +))Yn]l < ONUD2 4 ey
On the other hand we have ||¢x| = N%2. This proves (9).
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We conclude by a standard argument: If h, — (a + t) is invertible, then, by (9),

1 1
(= @+ 0) 71 = 2.

This implies (8) by using the fact that for general self-adjoint operators A it holds
that

1

14 -271 = G oy

3. LOCALIZATION PROPERTIES

We will be interested in localization properties of the Anderson model, which
can be described either by spectral properties or by dynamical properties of the
Hamiltonian.

To be more precise, let I C R be an open interval. We say that h, exhibits
spectral localization in I if h,, almost surely has pure point spectrum in I, i.e.
I does not contain any continuous spectrum of h,,, and its eigenfunctions to all
eigenvalues in I decay exponentially.

If I is a non-trivial interval contained in the almost sure spectrum of h,,, which
is a union of intervals, then spectral localization in I necessarily means that the
spectrum consists of a dense set of eigenvalues (whose closure fills all of I). This
phenomenon is very different and much more subtle than the appearance of dis-
crete isolated eigenvalues, which is the classical situation encountered in atomic
or molecular hamiltonians. In fact, the possibility of dense pure point spectrum
historically can be considered as the biggest mathematical surprise provided by the
investigation of the Anderson model.

On the other hand, we say that h,, exhibits dynamical localization in I if there
exist constants C' < oo and 1 > 0 such that

(10) E (sup [(ej, e‘“hwxl(hw)ekH) < CeHli=hl,
teR

for all j, k € Z%. Here {€;}jeza is the canonical orthonormal basis in Z¢, e; (k) = 6,5,
and E(-) denotes the expectation with respect to the probability measure P, meaning
E(X) = [, X dP for random variables X on Q. Both, e~""~ as well as x(h,), are
defined via the functional calculus for self-adjoint operators. By x; we denote the
characteristic function of I, so that x(h) is the spectral projection for h, onto I.

Dynamical localization in the form (10) is a strong form of asserting that so-
lutions of the time-dependent Schrédinger equation h,1(t) = i0:1)(t) are staying
localized in space, uniformly for all times, and thus shows the absence of quantum
transport. Let us illustrate this by showing that dynamical localization implies that
all moments of the position operator are bounded in time, i.e. for all p > 0 and all
finitely supported 1 € £2(Z%),

(11) sup ||| X[Pe™ " x 1 (hy )| < 0o almost surely,
teR
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where the position operator | X| is defined by (| X|¢)(n) = |n|¢(n). To see how (11)
follows from (10), assume that (k) = 0 for |k| > R. Then

—i —i 2
X Pe= " xr(ha)0* = > [(ej | X [Pe ™ xr(ho))|
J

2

= Z|‘7|2p Z <6j,€7itthI(hw)ek>1/}(k)

|kI<R

SN UP (eg e e xs (e 1117,

J kISR

IA

where the last step used the Cauchy-Schwarz inequality. We can drop the square
from |{e;, e~ " x (hy)ex)|? (as this number is bounded by 1) and then take expec-
tations to get

B (sup X7 ) )

< 53 PE (sltes e i) 1ol

J |kI<R
< CY D LilPre M)
J |kI<R
< ©0Q.

This implies the almost sure statement in (11) (with square at the norm and there-
fore also without).

Dynamical localization is not only the physically more interesting statement
than spectral localization (as physicists usually have little patience and limited
appreciation for spectral theory), it is also the mathematically stronger property:
We will show later that dynamical localization in I implies spectral localization in
1.

Let us discuss situations in which localization, spectral or dynamical, is expected
physically. For this it will help to introduce an additional disorder parameter A > 0
in the Anderson model and define

(12) hox = ho + AV,

with V,,(n) = w,, as above. Formally, this fits into the same framework as (4), using
the re-scaled distribution

(13) P(wn € B) = jia(B) := u(B/N)

of the i.i.d. random variables Aw,. The distribution u) is spread out over larger
supports for larger A, corresponding to a wider range of possible random charges
in an alloy-type medium. Thus A >> 1 is the case of large disorder and A << 1
represents small disorder.

Physicists know all of the following;:

In dimension d = 1 the entire spectrum of h,,  is localized for any value of the
disorder A > 0.

In dimension d > 2 the entire spectrum is localized at large disorder, i.e. for
A>> 1



10 GUNTER STOLZ

For small disorder A different behavior arises in dimensions d = 2 and d = 3. For
d = 2 one still has localization of the entire spectrum, but possibly in a weaker form
than for d = 1, e.g. a small amount (or weak type) of quantum transport might
be possible. On the other hand, in dimension d = 3 one observes the Anderson
transition. There are localized regions near the band edges of the almost sure
spectrum, separated by mobility edges from a region of extended states in the center
of the spectrum. Extended states are interpreted as the existence of quantum
transport in the sense that the moments (11) should be infinite for sufficiently
large p. The physical expectation for d = 3 is that this starts at p = 1/2, which
corresponds to the presence of diffusive motion.

Mathematically, localization has been proven for three different regimes: (i)
for all energies and arbitrary disorder in d = 1, (ii) in any dimension and for all
energies at sufficiently large disorder, and (iii) near band edges of the spectrum in
any dimension and for arbitrary disorder.

The mechanisms which cause localization in the Anderson model are fundamen-
tally different for the one-dimensional and multi-dimensional case, which is also
reflected in the mathematical methods which have been used to prove this. In
d = 1 strong tools from the theory of one-dimensional dynamical systems are avail-
able, in particular results on the asymptotics of products of independent random
variables which allow to prove positivity of Lyapunov exponents. Large parts of the
books [14] and [34] are devoted to the presentation of the one-dimensional theory.
A complete presentation of the Kunz-Souillard proof of localization for the one-
dimensional Anderson model can be found in [18]. For a somewhat later survey of
results on one-dimensional localization see [44].

As discussed in the introduction, we will focus here on methods which allow to
prove multi-dimensional localization and, among the two methods which have been
shown to accomplish this, focus on the fractional moments method. Using this
method we will give a detailed proof of large disorder localization and also explain
how it works to show band edge localization, in each case in arbitrary dimension.

We will not discuss localization proofs via multiscale analysis. Excellent intro-
ductions to this method can be found in [27] and [43], while the state of the art of
what can be obtained from Frohlich-Spencer-type multiscale analysis is presented in
[21] and the review [28]. We also mention the recent powerful extension of the ideas
behind multiscale analysis in [13], which allow to prove localization for continuum
Anderson models (see Section 8) with discretely distributed random couplings, a
result which is beyond what can be obtained by the fractional moments method.

4. LOCALIZATION AT LARGE DISORDER

Consider the Anderson model (12) at disorder A > 0 and in any dimension d > 1.

Throughout the rest of these notes we will work with a stronger assumption
on the distribution g of the random parameters w,, namely that p is absolutely
continuous with density p,

(14) w(B) = / p(v)dv for B C RBorel, pe LF(R),
B

i.e. p is bounded and has compact support. In particular, this means that the
Anderson hamiltonian h,, ) is a bounded self-adjoint operator in £2(Z%).
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Introduce the Green function as the matrix-elements of the resolvent of Ay, x,
(15) Gua(w,y;2) = (€, (hwx — Z)716y>-

Our first goal is to prove

Theorem 3 ([5]). Let 0 < s < 1. Then there exists Ao > 0 such that for X > Ao
there are C' < oo and p > 0 with

(16) E (|Gun(z,y:2)|*) < Cerlev]
uniformly in x,y € Z¢ and z € C\ R.

It is the appearance of fractional moments of the form E(]-|°), 0 < s < 1, in
the above theorem which prompted the name “fractional moments method” for
the circle of ideas which we want to present here. The method is also frequently
called the “Aizenman-Molchanov method”, as Aizenman and Molchanov did not
only realize that results such as Theorem 3 hold, but that they imply spectral and
dynamical localization. These implications will be discussed in the next section.

The following proof of Theorem 3 closely follows the original ideas from [5]. We
start with two lemmas, an a-priori bound on the fractional moments of Green’s
function and a decoupling lemma, which contain central ideas behind the method
and, in increasing degree of sophistication, have been used in all subsequent devel-
opments of the method.

Lemma 4.1 (A priori bound). There exists a constant C; = Ci(s,p) < oo such
that

(17) Epy(|Gun(z,y;2)|°) < C1A™°
forallz,y € Z¢, = € C\ R, and X > 0.

Here
By = [ [ oontion) dos ol d,

is the conditional expectation with (wu)uezd\{%y} fixed. After averaging over w,
and w, the bound in (17) does not depend on the remaining random parameters.
Thus we get also that

E(|Gux(z,y;2)°) < C1AT°.

Proof. We first prove (17) for the case x = y, which demonstrates the simplicity
of the fundamental idea underlying the FMM. For fixed z € Z%, write w = (&, w,)
where @ is short for (wu)yeza {z3- With P, := (es, -)es, the orthogonal projection
onto the span of e,, we can separate the w, and @ dependence of h,, ) as

hw,k = h&z,)\ + wapem~
The resolvent identity yields
(18) (hw)\ — 2)71 = (h@,,)\ - Z)71 — /\wx(h@7)\ - Z)ilpem (hw,)\ - 2)71.

Taking matrix-elements we conclude for the corresponding diagonal Green functions
that

(19) Gu(z,z;2) = G a(x, 75 2) — AwyGo A (x, 75 2) Gy A (T, 75 2)
or

1 .
(20) Gw,)\(xal'; Z) = m with a = [PNCEIOR
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Note that the latter is well-defined since one can easily check the Herglotz property
Im G a(z,z;2)/Im 2z > 0 of the Green function.

The important fact is that a is a complex number which does not depend on w.
Thus, writing E,(...) := [ ... p(ws) dw,, we find that

Hp/\”SOO / dwy < Clp,s)

(21) Ee(|Goa(z, z;2)]7) <

b

suppp |5 Fwal> 7 A

with C(p, s) independent of A and «a, and thus independent of @, z and .

The proof of (17) for x # y is based on the same idea, replacing the rank-
one-perturbation arguments above with rank-two-perturbation arguments. Write
w = (0, wg,wy), P =P, + P, and

h%)\ = h@’,\ + )\(UIP% + )\wyPe

Using the resolvent identity similar to above one arrives at

(22) P(hyx—2)"1P = <A+ A ( “‘(’)“‘ u?y ))_1,

where

A= (P(hyr—2)"'P)7",
both to be read as identities for 2x 2-matrices in the range of P. This is a special case
of the Krein formula which characterizes the resolvents of finite-rank perturbations
of general self adjoint operators. For the matrix A one can check that ImA =
7(A—A*) <0ifImz>0and ImA > 0 if Imz < 0. It is also independent of w,

and w,,.
Using that G, \(z,y; 2) is one of the matrix-elements of P(h,,  —2) " P, we find

S(CAEENIN
— (H( (%0 ) |
sEL LG ()

where [—r, 7] is an interval containing supp p. In the double integral we change
variables to

IN

Em,y(|Gw,)\(I7 Y; Z)|8)

dw dw,y,

u=-(wg+wy), v= —wy),

2

which gives a Jacobian factor of 2. As (wg,wy

we arrive at the bound
_18
—v 0
(324 (% 0)-w)

Ez,y(|Gw )\(.13 Y; Z)‘s)
4r||p||mc( o)

2
ey
)\.s

1
5 (We
) 2

[—r,r]? implies (u,v) € [—r,7]

du dv

<
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That the latter bound is uniform in x, y and z as well as in the random parameters
(Wu)uezd\{a,yy follows from the fact that the matrix

1 —v 0
_XA + ( 0 w )
has either positive or negative imaginary part and the following general result:
For every s € (0,1) and r > 0 there exists C(r, s) < oo such that

(23) / I(B = ul)~2|* du < C(r, s)
for all 2 x 2-matrices B such that either ImB > 0 or Im B < 0.

Let us reproduce an elementary proof of this fact, e.g. Lemma 4.1 in [25], starting
with the observation that, by Schur’s Theorem, B may be assumed upper triangular.
We also may assume without loss that Im B > 0.

Thus
_f bir big
(24) B‘( 0 by )
and
1 _ b1z
(25) (B-uh = P TR ),
bao—u

The bound (23) follows if we can establish a corresponding fractional integral bound
for the absolute value of each entry of (25) separately. For the diagonal entries this
is obvious.

We bound the upper right entry of (25) by

b2 |b12|
(b11 — u)(baz — u) Tm ((b11 — u)(b22 — u))|
1
(26) - ‘ulmb11+lmb22 _ Im(biias2) |’
[b12] [b12]

The positive matrix

1
Im B — IH} bir 3012
—5;012 Imbay

has positive determinant, i.e. det Im B = Im by1Im bay — |b12|?/4. We thus get

’Imbu 1 Tmbgy |2 2Tm byyTm boy 21
bi2 |b12|? -2

The latter allows to conclude the required integral bound for (26).

The other result needed for the proof of Theorem 3 is

Lemma 4.2 (Decoupling Lemma). For a compactly supported and bounded density
function p as above there exists a constant Co < oo such that

—Lo(v)dv
f [o—B] P( ) .

27 — Y =
&) [0 (o) do

uniformly in n, 3 € C.
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This can be understood as a consequence of the following two facts: (i) The two
integrals on the left hand side of (27) are continuous functions of  and 5. As both
of them neither vanish nor diverge, the same is true for the ratio of the integrals.
(ii) As |3| and || become large, the left hand side of (27) has finite limits. This
combines to give a uniform bound in 8 and 7. The details are left as an exercise,
or can be found in [24].

We are now prepared to complete the proof of Theorem 3:

Proof. Given the a-priori bound from Lemma 4.1 we may assume y # z. Then

(28) 0 = (emey)
(€x, (hw,/\ - Z)_l(hw,/\ - Z)ey>
= <ew,(hw’>\—z)_1(— Z eu+()\wy—z)ey)>

w:|lu—y|=1

= - Z Gw,)\(xvu; Z) + ()\Wy - Z)Gw,/\(xvy; Z)

w:lu—y|=1

Note that Gy, x(x,y; z) is the upper left entry of the matrix on the left hand side
of the Krein formula (22). Explicitly inverting the right hand side of (22) we find

that
o

Awy — 3’

where a and § do not depend on w, (and it will not matter that they depend on

Gw,)\(x7 Y3 Z) =

A). Using Lemma 4.2, the bound (>, |an|) <>, lan]® and (28) we find
(29) I L I o (e )
y \wy
< SE(er 230
- f Bl 1G5
< f:u:u_zy_lEﬂGw,,\(x,u;z)P).

If none of the lattice sites u are equal to x, then the argument can be iterated. For
given z and y one can iterate |« —y| times, in each step picking up a factor 2dCs/\®
after a maximum is taken over the 2d terms in the sums over next neighbors. This
results in a bound

sup E(|G, a(z, u; 2)|°).
u€Za

L (2dC\
E(|Gu (e, y:2)|") < ( Af)

For the last term we use the a-priori bound Cy /\* provided by Lemma 4.1. We get
the exponential decay in (16) for A > X¢ if we choose A such that 2dCy/\§ < 1.
|

We conclude this section by remarking that the exponential decay bound found
in Theorem 3 also holds for finite volume restrictions of the Anderson Hamiltonian.
More precisely, let L € N and A := [-L,L]?NZ%. By hﬁ”‘)\ and Gﬁf)\ we denote
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the restriction of hy, » to £2(Ar) as well as its Green function. By the same proof
as above one finds that, for A > g,

(30) E(|GAA (z,y;2)]%) < Celevl,

W,
where the constants C' < co and g > 0 are now also uniform in L.

Moreover, in the finite volume case the bound (30) is uniform in z € C, allowing
for real energy. The reason for this is that the operators hﬁLA are finite-dimensional
and that any given real number F is almost surely not one of their eigenvalues, which
implicitly follows from the above proof. In the finite volume case this also holds
for the a-priori bound in Lemma 4.1. This explains why such bounds play a role in
the FMM similar to the role played by Wegner estimates in localization proofs via
MSA. They demonstrate that eigenvalues are sensitive to the disorder parameters.
A good way to think of the main idea behind the FMM is that eigenvalues are
singularities of the resolvent which move linearly under the random parameters.
Thus the Green function can be made integrable by taking fractional moments.

5. FROM FRACTIONAL MOMENT BOUNDS TO LOCALIZATION

We will now discuss methods which show that exponential decay of fractional
moments of Green’s function as shown in Theorem 3 implies spectral as well as
dynamical localization. For the sake of stating a general result of this form we
will absorb the disorder parameter into the random parameters w, (re-scaling their
distribution as in (13)). Thus we consider the Anderson Hamiltonian in its original
form (4) with single-site distribution u satisfying (14).

From now on we will generally leave the dependence of various quantities on the
random variable w implicit and write h = h,,, G = G, etc.

Our goal is to prove

Theorem 4. Let I C R be an open bounded interval. If there exist s € (0,1),
C < oo and p > 0 such that

(31) E(|G(z,y; E +ie)[*) < Cetlov

uniformly in E € I and € > 0, then dynamical localization in the form (10) holds
on the interval I.

As a first consequence, by Theorem 3 this implies that at sufficiently large dis-
order A the Anderson model is dynamically localized in the entire spectrum. In
Section 7 below, we will also use the criterion provided by Theorem 4 to prove
band edge localization.

The most direct way to conclude spectral localization, i.e. pure point spectrum
with exponentially decaying eigenfunctions, from bounds such as (31) is by the
Simon-Wolff method. It was developed in [42] to serve a similar purpose in the
context of multiscale analysis, where it showed that the Green function bounds
established in [20] indeed imply spectral localization. A short argument, showing
that the Simon-Wolff criterion also can be combined with (31) to show spectral
localization, is provided in [5].

Here we will instead discuss the proof of Theorem 4, i.e. focus on how (31)
implies dynamical localization. We have two reasons for doing so: First, dynamical
localization is the physically more relevant property. Second, as we will show at
the end of this section, dynamical localization implies spectral localization with a
straightforward argument using the RAGE theorem.
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There are two substantially different arguments which prove Theorem 4. In this
section we will present a modification of an argument provided by Graf in [24].
This version of the argument has recently also been used in [25] to prove dynamical
localization for the so-called unitary Anderson model.

The second method, via the use of eigenfunction correlators, will be discussed in
the next section.

Graf’s argument starts with the realization that fractional moments of Green’s
functions of the Anderson model can be used to bound the second moment of
Green’s function as long as a small factor (the imaginary part of the energy) is
introduced to control the singularities of Green’s function at real energy.

Proposition 5.1. For every s € (0,1) there exists a constant C; < oo only de-
pending on s and p such that

(32) [Im 2| B, (|G (2, 93 2)|%) < CLEL(|G(z,y; 2)[)
for all z € C\ R and z,y € Z2.
Here E, denotes averaging over w, as in the proof of Lemma 4.1. Integrating

over the remaining variables, we see that (32) also holds with E, replaced by E.
Our proof follows the proof of Lemma 3 in [24] almost line by line.

Proof. As in the proof of Lemma 4.1 write w = (&, w, ). Keep & fixed and consider
the Hamiltonian

h(a) = h(&),ww+a) = hw + OtPem

obtained by “wiggling the potential at z”. Its Green function will be denoted by
G, Similar to (18) to (20) we find

(hy —2)7t = (B — 2)" 4 a(hy, — 2) " P, (K™ — 2)71,

and
Go(7,y;2)
(a) . — y I
(53) Goyiz) = oA lE)
B 1 CGulz,y;2)
C a+Gu(z,m )t Gu(z,mz)

For the special case z = y and @ = —Re G, (z,x;2) " we get from (33) that

1

& 1
‘ImG(x,:U;z)_l B ‘G( )(Jc,x;z)‘ =

= |[Imz|’

i.e. ImG(z,x;2)" | > [Imz|. Inserting this into (33) gives

2 < |ImGw($7x;Z)_1| . |Gw(x7y§z)|2

34 I 2| G (z, y; '
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On the other hand, we can bound the same expression by

(35) [Im 2[| G (z, y; 2)[> < |Imz| Z |G (z,4/; 2)|?
y’GZd
[T z|(eg, (R(®) —2)"H(R(®) — 2)"le,)

(A1) —2)7" = (Al —2)"Ne,)

|Im 2 |{e, P

= |[ImGY(z,z; 2)

(
Im G, (z, x; 2)
la+ Gy (z,;2) 127
where the last step used (33) with z =y.

For t > 0 one has min(1,t?) < t*. Using this to interpolate between (34) and
(35) we get

Im Gy (w,7;2) 7Y |Gul@,y;2))°
I (@) (3, )2 < G (@7 ATENEEITE
(36) ‘mZHG (xay’ Z)l — |a+Gw(x’x’2)71|2 |Gw(m7‘rvz)|8

We will now use the following “re-sampling trick”, which has the effect of creating
an additional random variable (here «) to average over. For a non-negative Borel
function f on R,

(37) [ [ s+ ot + a) dacplo)

= [ [ #en+ @lpleos + () doy da
[ [ rwnplenpte, - a) doy da
= [ santen ([ ptos - aaa) a,

[ Hwnption) des,

where the integration order was interchanged in the first and third steps and trans-
lation invariance of Lebesgue measure was used in the second.
Choose f(wg) = |G (o w,) (@, y; 2)|?, then (37) and (36) yield

(38) [Im 2|Es (|G (2,5 2)|%)
[Im z|E, (/ G (2, 2) 2 p(we + ) da>

L o\—1 |Gw(x,y;z)|5/ p(ww—ka)
E, <|ImGw(9€7$72’) | Gw(x,x;z)\s |Cv ¥ Gw(m,x;z)*1|2 da | .

IN

We now use Lemma 5.2 below with w = G, (z,z;2)~! to conclude
I 2|E, (|G (@, 25 2)*) < CEo(|Gu(2,y: 2)[%)
with a constant C' < oo which only depends on supp p, but not on z, y and z. 0O

In the above proof we have used



18 GUNTER STOLZ
Lemma 5.2. There exists a constant C' = C(p) < oo such that

| Emw] - [w]® / |“’l+0‘ <c

uniformly in w € C and w, € supp p.

Proof. Using |w|® < |a|® + |o + w|®, we need two estimates:

(i)

jof*plr +a) :
] [ L2 e < ol ol + )
< wllenllollo + NP N)]10).
(i)
p(wx+oz) . s
] [ 2202 o < min( s Ol )
< Clolli

We now complete the proof of Theorem 4:

Proof. Consider the mixed spectral measures ji; , of h, the complex Borel measures
defined by

(39) fay(B) = €z, xB(h)ey)

for Borel sets B C R. The total variation | | of ps , is a regular bounded Borel
measure which can be characterized by

B = s | a0 dun,0)
g : R — C Borel
lgl <1

sup [(ex, g(h)xB(h)ey)],

(40) |Mx7y

e.g. [37]. The particular choice g;(x) = e~ in (40) shows that

(41) by (1) > sup (e, e xr(h)ey)].

Therefore Theorem 4 will follow from a corresponding exponential decay bound for
(|10, ().

As T is an open bounded interval, it follows from Lusin’s Theorem ([37]) that one
can replace Borel functions in (40) by continuous functions with compact support
in I,

(42) ey (D)= sup  [(ex,g(h)ey)l.
g€ C.(I)
lgl <1

Next we use the following version of Stone’s formula: Let H be self-adjoint in
the Hilbert space H, ¢,v € H, f : R — C bounded and continuous, and a,b € R
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with a < b. then

(43) S SOy (H) + X1a iy (H))9)

b
= lim / FEYW, (H — E — i) (H — E + i)~ '¢) dE.
e=0+m J,
While Stone’s formula for the relation between the resolvent and the spectral reso-
lution of a self-adjoint operator is a classical fact, we take its version given by (43)
from the recent [45], where a detailed proof is provided.
For g € C.(I) this gives

(e, g(h)e,) = lim E/g(E)<eI, (h—E —ie) " (h— E + i) 'e,) dE,
e—0+ 7 I
which we can use to estimate the expected value of (42) by
E(lpta,y|(1))
.. 9 LN N
< E ggégf;/l S lew (h— B —ie) e (e, (h — B +i2)"le,)| dE
z€74
< nminfl/z (E(el{es, (h— E —ie)tes) )2
- e—0+ 7T I P ’
(E(el(es, (h — E +ie)te,)[?) "/ dE,

where, in this order, Fatou, Fubini and Cauchy-Schwarz (on E) have been used.
Now Proposition 5.1 can be applied, allowing to bound further by

IN

e—0+

timint = [ S TG, B +6)[) 2 (E(G . B — ie)) /2 dE

IN

CiO| N~ —plo—sl/2,—uls—yl/2
- ;6 e .

In the last step the assumption of Theorem 4 was used (which also applies to
|G(z,y; E —i¢)| = |G(y, z; E + i¢)|). The elementary bound, based on the triangle
inequality,

e Hle=zl/2g—nlz=yl/2 < gmpla—zl/do—plr—y|/4o—plz—yl/4

and another use of Cauchy-Schwarz (on the z-summation) complete the proof of
Theorem 4.
d

It deserves mentioning here that we have actually proven a stronger result than
dynamical localization in the form (10). The above proof shows that for an open
interval I on which (31) holds there are constants C' < co and p > 0 such that
(44)  E(lpay|(D) =E(  sup  [(ea, g(h)x1(R)ey)]) < Cem#loY

g : R — CBorel
lgl <1
for all z,y € Z? An interesting special case is ¢ = 1, where (44) establishes
exponential decay of correlations in the spectral projection x;(h). Consequences
of this for the conductivity of an electron gas in response to an electric field have
been discussed in [4]. Another consequence is mentioned at the end of this section.
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Next we show that dynamical localization implies pure point spectrum via the
RAGE-Theorem. The underlying idea is very simple: The RAGE-Theorem char-
acterizes states in the continuous spectral subspace as scattering states (in time-
mean). Dynamical localization excludes scattering states and thus continuous spec-
trum.

Proposition 5.3. Suppose that dynamical localization in the form (10) holds in
an open interval I. Then h, almost surely has pure point spectrum in I.

Proof. For a discrete Schrédinger operator h = hg+V in £2(Z4) let Puoni(h) be the
projection onto its continuous spectral subspace. Then the RAGE-Theorem, e.g.
[18], says that for every ¢ € £2(Z4),

T
. . dt i

@5) P00l = Jim Jim [ o mye ol

If ) has finite support, say supp ¢ C {|z| < r}, then

Ixgizi=rye” M xrUI? < lIxqeizrye” " xr (W) x (o< 110112
< > Hew e xame)v]?,

2> R, [y|<r
where dropping a square is allowed as ||X{‘I|ZR}e’ithx1(h)x{‘x|§T}|| <1
Taking expectations in (45) implies, after using Fatou and Fubini,

(46)  E(||Pont(ho)x1(ho)¥])?)
< im [ B (e e I
> . x5 X1\w )€y .

R—o0,T—00
lz|>R,[y|<r

By (10) we have E(|(es,e ™ xr(hy)e,)|) < Ce =¥l uniformly in ¢, which
bounds the right hand side of (46) by

< lim C Z e HlE=yl — 0,

R—oc
|z|>R,|y|<r

We conclude that Peont(hw)xr(hw)® = 0 for almost every w and every ¢ of finite
support. The latter are dense in ¢2(Z%) and thus Pe.on¢(he)xr(h,) = 0 almost
surely, meaning that the spectrum in I is pure point.

[l

We note that the above proof of pure point spectrum does not imply exponential
decay of corresponding eigenfunctions. It is shown in [5] how this follows directly
from exponential decay of fractional moments (31), using the Simon-Wolff-method
[42]. It can also be deduced from (44) by considering g(h) = dg(h), E € I, using
the result from [39] that almost surely all eigenvalues of h,, in I are non-degenerate.
For details on this see Section 2.5 of [2], where a corresponding argument for the
continuum Anderson model is provided which also applies to the discrete Anderson
model considered here.

6. FINITE VOLUME METHODS: EIGENFUNCTION CORRELATORS

A somewhat different method to deduce dynamical localization from exponential
decay bounds on fractional moments of Green’s function originates from [1] and pro-
ceeds via the use of what has become known as eigenfunction correlators. The latter
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are also used in similar form in proofs of dynamical localization via multiscale anal-
ysis, see [43] or [28] and references therein. The eigenfunction correlator approach
can be seen as using and upgrading some of the ideas in the Simon-Wolff method
[42] to conclude dynamical localization. As opposed to the arguments in Section 5,
the approach via eigenfunction correlators mostly works with restrictions of the
Anderson model to finite volume. This has considerable technical advantages, all
operators involved have discrete spectrum and, as described at the end of Section 4,
one can study the Green function at real energy.

The eigenfunction correlator method has proven very robust under generaliza-
tions, for example in the extension to continuum Anderson models which we will
discuss in Section 8. While in our context this approach merely provides a different
proof of Theorem 4 above, the method is sufficiently important to be presented in
some detail here.

We consider the mixed spectral measures p, , of h introduced above in (39) as
well as their total variation |, ,| given by (40).

An important feature of the approach via eigenfunction correlators is that bounds
for infinite volume quantities will be proven by first proving corresponding bounds in
finite volume, with constants which can be chosen uniform in the volume. Thus we
will work throughout this section with the restriction hAL of h,, to A, = [~L, L]*N
7% and its Green function GAr.

Proposition 6.1. Let 0 < s < 1 and I an open bounded interval. Then there exists
C =C(s,p,d) < oo such that

1
2—s

) B(uel0) = Climint ([ B(GY (s B ap )

Results of this form were first used in implicit form in [1] and later stated more
explicitly in [6]. The exact statement given here as well as its proof below and in
Appendix A follow notes provided to us in private communication by M. Aizenman
and S. Warzel. They used similar results also in [7].

Based on (41), we see that Proposition 6.1 may be applied to provide a proof of
dynamical localization in I in situations where it can be shown that

(48) E(|GL (2, y: B)|*) < Cem ey

with constants which are uniform in L and E € I. In fact, dynamical localization
follows under the somewhat weaker assumption that the energy average over I of
the fractional moments of Green’s function is exponentially decaying. However, in
all our applications we have uniform pointwise bounds available. For example, as
discussed at the end of Section 4, a bound of the form (48) holds on the entire
spectrum for sufficiently large disorder, thus providing a second proof of dynamical
localization in this regime.

Proof of Proposition 6.1. We start by reducing the claim (47) to properties of finite-
volume spectral measures. We again use the characterization (42) of |us,,(I)| for
open bounded intervals I. Strong resolvent convergence of h' to h implies for
continuous g of compact support that (e,, g(h*%)e,) — (es, g(h)e,) and thus, by
(42),

(49) g |(1) < Tyninf sup [{eo, g(h")ey)|.
gl=



22 GUNTER STOLZ

Here the regularity assumption on g can be dropped since h™* has discrete spec-
trum.

Let hZ be the restriction of ** to the reducing subspace H, for h*% generated
by e, and let P, be the orthogonal projection onto H,. Then e, is a cyclic vector
for hZ and all eigenvalues E of h% are simple. Thus we may label the corresponding
normalized eigenvectors by ¥%. We use the notation ¥4 also for L @0 in £2(AL) =
Hy & Hy

By expanding into eigenvectors we get

few g(W el = [lew g(hE)Poey)|
= | X aB)en bl ke

EcIno(hl)
< > Ws@)|vE®)
EeIno(hl)
= Qr(z,y; 1),
and, in particular,

sup |(eq, g(h**)ey)| < Qr(@,y; ).
lgl<1

The latter will be referred to as eigenfunction correlators. Using Fatou’s lemma we
conclude from (49) that

(50) E|pay|(1)) < lim inf B(Qr (2, y; 1))-

In order to establish a relation to the fractional moments of Green’s function we
will also introduce fractional eigenfunction correlators through

(51) Qulayilr)= Y WE@P g

EcIno(hl)
for 0 < r < 2, noting that Qp(z,y;I) = Qr(x,y; I,1). We claim that for 0 < s < 1,
(52) EQL(x,y; 1) < (EQL(x,y; I,5))==.
To see this, interpolate s < 1 < 2 via 1 = % + % with the conjugate exponents
p=2—sand q = f:i Applying Hélder to expectation as well as to summation

yields
1—s
EQw(w,y: 1, 1) < (EQr(x,y:1,9)) 7+ (EQu (5 1,2)) 7
This implies (52) after observing that Qr(2,y;1,2) = X perno ey [¥E®)? < 1.
We will now be able to relate the fractional eigenfunction correlators to fractional

moments of Green’s function by showing that there exists a constant C' = C(s, p, d)
such that

(53) EQy(z,y:1,5) < C / E(|GM: (x, y; E)|*) dE.

This, combined with (50) and (52), implies (47).

In the proof of (53) we will use the fractional eigenfunction correlators
Qrv(z,y;1,s) which are defined as in (51), but with the summation being over
the eigenvalues and eigenfunctions of hZ +vP, . Note that, as e, is a cyclic vector
for hE, hE + v P, is the same as the restriction of h*% +vP,, to H, and that e, is
a cyclic vector for this operator for all values of v € R. This makes Proposition A.2
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in Appendix A applicable to our situation, which we will now use to finish the proof
of Proposition 6.1 by 1nvok1ng a resampling argument.

For this note that [ 2 = a‘s
a € R. Thus there exists a constant C' = C(s, p) < oo such that

p(a)
f Ju— a|5

Writing w = (&, w, ) and denoting the expectation over & by E we get

(55) E(Q%(w,y;1,5) = B / Q) (,y; I, 8) p(wy) duy

/ (/ Q(w %) (z y§1>3)|udwj|s> p(u) du.

After the change of variable w, — v := w, — u we see that the inner inte-
(@, u) dv

gral is equal to fQL M R THY ) Tl By Proposition A.2 this coincides with

du is continuous and non-vanishing as a function of

(54) < C forall a € R.

IN

fI|G(®’H)(x,y, E)|* dE. Inserting into (55) we arrive at
BQiyl9) < CB [ [16Y, @nrE)
= CE/|G3L(x,y;E)\SdE.
I

7. LirsHITS TAILS AND BAND EDGE LOCALIZATION

7.1. Band edge localization. So far the only regime in which we have proven
localization is the case of large disorder A >> 1 in (12). In this section we consider
the Anderson model in its original form (4), i.e. at fixed disorder. Our goal is a
proof of localization at energies near the bottom of the spectrum. The arguments
involved can be easily modified to show the same near the upper spectral edge.

For notational convenience we will assume that the density p of the distribution
of the w, satisfies supp p = [0, Wnaz]. We also write Ey = —2d, which according to
Theorem 2 becomes the bottom of the almost sure spectrum

Y= [EO7 2d + wmaac]

of hy,.
Our localization proof will again proceed via showing exponential decay of the
fractional moments of Green’s function:

Theorem 5. For every s € (0,1) there exist >0, >0 and C < oo such that
(56) E(|Gu(x,y; E +i€)|*) < CeH=—vl
for all x,y € 74, E € [Ey, Eo + 6) and € > 0.

As discussed at the end of Section 4, our methods again yield a bound on the
finite volume Green function as in (30), uniform in the volume and in E € [Ey, Ey+
4], allowing for e = 0. Thus we can conclude spectral and dynamical localization
at the bottom of the spectrum from either of the methods discussed in Sections 5
of 6, working in infinite volume or in finite volume.
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Compared to the case of large disorder, we face essentially two new difficulties,
which are illustrated by the shortcomings of Lemmas 4.1 and 4.2. The a-priori
bound from Lemma 4.1 is still valid and will be used. But, as the disorder A is fixed,
we can not hope that the a-priori bound also provides a “smallness mechanism”,
which can be used to iteratively prove exponential decay. We will again proceed by
iteration, but a different mechanism will be needed to get it started. Also, it will
turn out that we need a different decoupling argument. Lemma 4.2, which was used
in this context in the proof of Theorem 3, is too case-specific and will not work for
the geometric situations which we will encounter here.

7.2. Lifshits tails. Physically, the new smallness mechanism is provided by the
fact that the bottom of the spectrum Fy = inf ¥ is a fluctuation boundary. This
means that finite volume restrictions of h,, rarely have eigenvalues close to 0. To
make this precise, as before let h3¢ be the restriction of h, to ¢2(Ar), Ay =
[-L, LN 7z

Lemma 7.1. For every 8 € (0,1) there are n > 0 and C < oo such that

_pLBd/?

(57) P(inf o (W) < Eg + L™P) < C L%
for all L € N.

To illustrate why this means that small eigenvalues are rare, let us assume that
the |[Az| = (2L + 1)? eigenvalues of hL are uniformly distributed in ¥. Then the
smallest eigenvalue should be no larger than C'/L%. But by (57) this is extremely
rare for large L. In fact, the methods used to prove (57) can also be used to prove
that the integrated density of states N(E) of h,, satisfies Lifshits-tail asymptotics
near the bottom of the spectrum:

(58) N(E) < CemlE=Bol ™%,

which is much “thinner” near Fy than the corresponding IDS Ny(E) = C|E — Fy|%/?
of the Laplacian hy.

For detailed proofs of Lemma 7.1 as well as (58) we refer to [27] or [43], with
the latter working in the setting of the continuum Anderson model (but applicable
to the discrete model as well). Here we only briefly outline the reasons behind
Lemma 7.1. By the variational principle

(59)  info(hg" — Eo) inf ((hi* — Eo)e, ¥)

llell=1
= ”;r”lil (((hf)\L — Ep)p, o) + Z wz|<ﬂ(1)|2>

1EAL

Note that both terms on the right hand side of (59), the kinetic and potential
energy, are non-negative. In order to find a low lying eigenvalue, they both need
to be small. By reasons of the uncertainty principle, small kinetic energy requires
that ¢ is approximately constant, (i) ~ C' = |A|7'/2, to be normalized. For such
¢ the potential energy is approximately ;.\ wi/|Az|, which by the central limit
theorem with large probability is close to the expected value E(wg) > 0. The event
Y wi/|AL] < L7P < E(wp) is a large deviation and has probability exponentially
small in |Ag].

The weakest part of the above heuristics is the reference to the uncertainty
principle. Slightly different ways to make this rigorous are provided in [27] and
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[43], both requiring arguments which control the separation of the second lowest
eigenvalue from the lowest eigenvalue. The proof provided in [27] (going back to
work from the 1980s) uses Temple’s inequality in this context, while [43] uses an
argument based on analytic perturbation theory.

In the context of proving Theorem 5, Lemma 7.1 provides a first step, a so-called
initial length estimate:

Lemma 7.2 (Initial Length Estimate). For every s € (0,1) there exist C < oo and
n > 0 such that

(60) E(|GAE (2, y; E + ie)|*) < CLAe ="

forall LEN, z, y € A, with |z —y| > L/2, E € [Ey, Eg + $L72/(2)] and € > 0.

Proof. Let 3 € (0,1) and, motivated by Lemma 7.1, define the “good” and “bad”

sets as Q¢ 1= {w : inf o (kA2 — Ey) < L7} and Qp := Q%. Then

(61)

E(|G e (2, y; E +i€)|*) = E(|G (z, y; E + i€)|*xag ) + E(|G M (2, y; E +i€)|*xa,)-
Pick p > 1 sufficiently small such that sp < 1 and let ¢ be conjugate to p,

% + % = 1. Holder applied to the second term on the right hand side of (61) gives

< (B(GM (z,y; B+ o)) /" P(Qp) 1
< oLyt

)

(62) E(|G (2, y; E +i€)*xap)

where we have used the a-priori bound from Lemma 4.1 as well as the probability
bound from Lemma 7.1. The first term on the right hand side of (61) concerns
the event where E has distance at least %L‘ﬂ from the bottom of the spectrum,
which allows to conclude exponential decay of |GAE (z,y; E + i€)| in |z — y| from a

Combes-Thomas estimate (see e.g. [27]), giving

(63) E(|GM (2, y; B + i) |*xag) < CLPsemsile—vl/L”
< COLPsemLl'™”

for constants n > 0, 71 > 0 and C < oo.
The choice 8 = 2/(2 + d) leads to equal exponents in (62) and (63), which
combine to give (60). O

7.3. Geometric decoupling. We will eventually fix L = Lg, choosing Ly such
that the right hand side of (60) is sufficiently small (how small still to be deter-
mined). After making this choice we will pick § = %Laz/(d+2), thus determining
the interval [Ey, Fy + 6] in which Theorem 5 establishes localization. In order to
derive the exponential decay bound (56) from this we have to develop a decoupling
method which will allow to proceed iteratively, splitting the path from x to y into
segments of length L.

The description of this so-called geometric decoupling method will fill the remain-
der of this section. Our argument will closely follow a construction introduced in
[6].

In addition to h2%, consider h327 the restriction of h, to £2(A$), where A =
Zd \ AL~ Let

h(P = ndr @ nbE.
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This means that
(64) hy = A + 1",

where T(X) is the operator containing the “hopping terms” introduced by the dis-
crete Laplacian between sites of Ay and Af. We write G&L)(z) = (hff‘) —2z)~ L
More precisely, the matrix-elements of T%) are

-1, if (u,u’) el
(L) N — ) ) L,
(65) T (u,u') { 0. else,

where T'y, is the boundary of A, defined as the set of pairs (u,w’) with |u —u'| =1
and u € A, v € A§, or vice versa.

We now perform a double decoupling of the resolvent G, = G, (z) by using the
resolvent equation for (64) twice, first at L and then at L + 1:

(66) G, = G _ghrhg,
= G —ghrB g+l L gbp) g rEHDGEFD,
Equations of this form are often referred to as geometric resolvent identities.
By translation invariance it suffices to prove (56) for x = 0. If |y| > L + 2,

then the first two terms on the right hand side of (66) do not contribute to the
matrix-element G, (0,y; z) and thus

Gw (07 Y; Z) = <eO7 GE)L)T(L)GLUT(LJFI)G&L+1)€y>
= 2 > G0, w5 2)Go(u v 2) G (0 s 2).
(uw,u’)elr (v,v)el 41
For s € (0,1) we get
(67)  E(lG.(0,y;2)[7)

< > E (IGSL (0,3 2) Gl (', 03 2) G (o, y; Z)|S> :
(u,u’) e T'g,
(’U,’UI> (S FL+1

Here we have replaced G&L) by GAr as 0 and u are both in Ap. Similarly, GL(ULH)

was replaced by GAM+1. For fixed (u,u) and (v, v’) consider the corresponding term
on the right hand side of (67) and note that the first and last of the three factors
are independent of w,s and w,. Thus, in taking the expectation we may integrate
over w, s and w, first and use Lemma 4.1 to conclude

(68) E (|G (0,1 2)Gu (', 05 2)GL (o) ;)

(69) < CE (G (0,u 2)1°|GaH (v 3 2))°)

(70) CE(IGA (0,15 2)|*)E( G (v, s 2)[*).

In the last step we have used that the remaining two factors in (69) are stochastically
independent. Now let 2 = E + ie with E € [Ey, Eg + 1L7%2+d]. Then we may
estimate the first factor in (70) by the bound obtained in Lemma 7.2 and, after
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inserting into (67), find

(T1)  E(Gu(0,y:2)*) < CL* e 5™ (G (g 2))).
[[v|co=L+2

We want to use (71) as the first step in an iteration. The second step

would consist in finding a bound for E(|G£L+l(v',y; 2)|® similar to the bound for
E(|G.,(0,y; 2)|*) given by (71), with v" serving as the new origin. A problem arises
from the fact that the underlying domain is not any longer Z¢, but A$ 41- lterating
this would result in more and more complex geometries and we would be faced with
the problem to check if all the constants involved in the estimates leading to (71)
can be chosen uniform in those geometries.

An elegant way around this is the following result of [6], see Lemma 2.3 there,

(L+1)

which allows to bound the depleted Green function G in terms of the full

Green function G,:
Lemma 7.3. There exists a constant C = C(s, p) < 0o such that

E(IG (0,5 2)1°) SE(IGu (v, y:2)") +C Y E(Gu(u,y;2)[°).
oo =L+

The proof of this starts from the geometric resolvent identity G&LH) =G, +
GETUTEADG,. In the resulting Green function expansion over (u,uv') € T
crucial use is made of the bound

E(IGIV (43 2)°|Gu (v 35 2)|*) < CE(|Gu (W3 2)[*).

The proof of this uses another special case of the Krein formula similar to (22) (but

this time tracking the dependence on all four variables w,, wy, w, and wy) and

a decoupling argument similar to Lemma 4.2 (but for functions of two variables

which are linear separately in each variable). For the details we refer to [6].
Lemma 7.3 combines with (71) to yield

(72)  E(|Gu(0,y;2)|°) < CLYe """ qup  E(|Gu(ur,y: 2)|%)

luilloo <L+2

for some constant C' < oo. With that constant we fix L = Ly such that p :=
d/(d —
C’Lgde*"Lom " < 1. We also choose § := iL, 2/@+) now. For E € [Eo, Eo + 9]
we can use (72) to start an iteration,
E(IGu(u,y;2))) <p  sup  E(|Gu(u2,y;2)[%),
lluzlloo <2(Lo+2)

and so forth. This iteration can be carried out approximately |y|/Lo times before
the chains uy, usg, ... may reach y. After this number of steps we use the a-priori
bound from Lemma 4.1 to bound the last fractional moment in the chain. We have
proven Theorem 5 with exponential decay rate p = |log p|/Lg.

8. THE CONTINUUM ANDERSON MODEL

It took somewhat more than a decade to find a generalization of the fractional
moment method to continuum Anderson models. Our goal in this section is to
explain why this took so long and how it was eventually done. Here our presentation
will be less self-contained than in previous sections. We will outline the new ideas
which were needed and refer to the literature for details.
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The main difficulty is that the rather elementary arguments from rank-one and
rank-two perturbation theory, which worked so well for the discrete Anderson
model, fall far short of applying in the continuum. In the latter, each single site
potential is a perturbation of infinite rank, which at best has certain compactness
properties relative to the Laplacian. To make the central ideas behind the frac-
tional moment method work in this setting required a much deeper understanding
of some of the operator-theoretic aspects involved. Here we will follow the works [2]
and [12], where these questions were settled. Earlier work in [26] extended certain
aspects of the fractional moment method to continuum models, but still relied on
finite-rank perturbation arguments by, for example, considering continuum models
with random point interactions.

For our presentation here we choose to work with the deterministic background
operator

(73) Hy=-A+V,

in L2(R%), where Vj is a real-valued, Z%-periodic potential in L>(R%). Let Ey :=
inf o(Hp) denote its spectral minimum.
A continuum Anderson-type model is then given by

(74) H, = Hy— Z wnUp,
neze

where w = (wp)peze is an array of i.i.d. random variables with bounded density p
such that supp p = [0, wimaz]-

The single-site potentials U, (x) = U(z—n) are translates of a non-negative bump
function U characterized by the existence of 0 < 171 <79 < oo and 0 < ¢; < ¢y < 0
such that

(75) cX{lel<ri} S U < CaX{ja|<ra}-
The spectrum of H,, is almost surely deterministic,
o(H,) =% as.,

and
El = inf Y = inf O'(H() — Wmazx Z U’ﬂ)

is characterized by choosing all couplings maximal and thus, due to our sign-
convention, the potential minimal. It can be shown under the assumption (75)
that the spectral minimum is strictly decreased by the random potential: E; < Ej.
We will use the notation X, = xa,(n), where A4 (n) refers to the unit cube in R4
centered at n € Z4.
The following theorem is a special case of a result in [12]. Similar results were
first obtained in [2], where a “covering condition” of the form

(76) U>cxo, ¢>0,
was required for the single-site potential.

Theorem 6. Letd <3 and 0 < s < % Then there exist 6 > 0, > 0 and C < oo
such that

(77) E(”Xk(Hw - F - ie)_1X£||s) < Ce—ulk—ﬂ
for all E € [Ey, By + 4], € >0 and k,¢ € 7.
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In Theorem 6 we use the norm of the localized resolvent x(H,, — E — ie) 1y,
(sometimes called a “smeared Green function”) as a continuum analogue of the
discrete Green function G(z,y; E + i€). This has also been found to be the correct
object to consider in continuum extensions of multiscale analysis.

Without going into the details here (which for the continuum case can be done
similar to what was described in Section 6, see [2]), we state that exponential decay
of fractional moments of the smeared Green function, as established in (77), implies
spectral and dynamical localization:

Corollary 8.1. Under the assumptions of Theorem 6 the following holds:

(a) For almost every w, H, has pure point spectrum in [Ey, E1 + ] with expo-
nentially decaying eigenfunctions.

(b) There are constants 1 > 0 and C < 0o such that

(78) E <Sup Ixkg(Ho) X (B, 54 +4] (Hw)XE> < Cenlk

lgl<1
for all k,¢ € Z2, with the supremum taken over Borel functions g : R — C.

The overall approach to proving Theorem 6 is similar to the proof of Theorem 5
in the previous section. The main steps are:

(i) A priori-bound: It can be shown that to every Es € (F1, Eg) and 0 < s < 1
there exists C' < oo such that

(79) E(l[xx(Ho — B —ie)"'xe]") < C

uniformly in E € [Ey, E»], e >0 and k, ¢ € Z.

Note here that, as opposed to the discrete case Lemma 4.1, the a-priori bound
is only shown for energies below the spectrum of the unperturbed operator Hy.
This is a consequence of not requiring the covering condition (76) for the single-site
potential. If a covering condition holds, then it was shown in [2] that the bound
(79) holds at all energies, with a constant C' on the right which grows polynomially
in E.

(ii) Lifshits tails: The bottom FE; of the almost sure spectrum is again a
fluctuation boundary and close analogues to Lemmas 7.1 and 7.2 as well as Lifshits
tail asymptotics (58) of the IDS hold in the continuum, see e.g. [43] and [2]. As in
the discrete case, this provides the start of an iterative procedure for the proof of
exponential decay in (77).

(iii) Geometric decoupling: The geometric decoupling procedure described
at the end of Section 7 can be carried out similarly in the continuum. Additional
technical difficulties arise mostly due to the fact that the required geometric re-
solvent identities (compare (66)) are less straightforward in the continuum. One
consequence of this is the restriction of Theorem 6 to s < 1/3, which is due to the
need of an additional three-factor Holder bound used in the decoupling procedure.
Also, elementary decoupling bounds such as Lemma 4.2 have to be replaced by a
more systematic construction involving resampling of the random variables w,, near
the surfaces at which the decoupling is carried out. For details in the setting of
Theorem 6 see [12].
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The only one of the above three points which we want to address in some more
detail is the a-priori bound (79), as the existence of such a bound can be seen as
the crucial test for the possibility of using the fractional moment method in the
continuum.

For simplicity, we only consider the “diagonal” case k = £ = 0 here and will
assume the covering condition (76). We will discuss reasons why we could hope
that
(80) supE(|U(H, — E —ie)"'U||*) < oo

e>0
for energies near inf ¥. Under the covering condition, this implies the same result
with U replaced by xg.

When trying to implement ideas similar to the ones used in the proof of
Lemma 4.1, we are faced with having to find an analogue to the Krein formula.
It turns out that this is done by the identities known from Birman-Schwinger the-
ory. Write

w=(®,wp), H,=H;—woU.

Then, at least formally, it is easy to derive by the resolvent identity that

(81) U'Y?(H, — 2)"'U"? = (Aps — wol) ™!

in L?(supp U), with the Birman-Schwinger operator
-1
(82) Aps = (Ul/z(H@ - z)*1U1/2) .

It can be justified that the inverses in (82) and (81) exist and that Apg is
maximally dissipative. Here an operator A is called maximally dissipative if it
is dissipative, i.e. Im{(¢, Ap) > 0 for all ¢ in its domain, and it has no proper
dissipative extension. This can also be characterized by the fact that {e?4},5¢ is
a contraction semigroup.

The identity (81) looks promising since the right hand side separates the de-
pendence on wqy from the dependence on @. Indeed, if the bound (23) could be
generalized from dissipative 2 X 2-matrices to general maximally dissipative opera-
tors B, then it would immediately give us (80). While (23) extends to dissipative
N x N-matrices, the bound C(r, s) on the right will become N-dependent and di-
verge for N — o0, as is seen by choosing B to be a diagonal matrix with entries
1,..., N. Thus it is not possible to directly extend (23) to the Hilbert space setting.

However, the extension to the Hilbert space setting becomes possible if additional
Hilbert-Schmidt multipliers are introduced. This is most naturally stated in terms
of a closely related weak-L!'-bound:

Theorem 7. Let Hy and H; be separable Hilbert spaces, let A be mazimally dissi-
pative in Hg, and let M : Hy — H1 be a Hilbert-Schmidt operator. Then
(a) the boundary value

M(A—v+i0)"'M* = lim M (A - v+ ie) "t M*
exists in Hilbert-Schmidt norm for almost every v € R,
(b) there exists a constant C' < oo (independent of A and M) such that

C||M|?
(83) HveR: HM(A—U—&—iO)*lM*”HS>t}|§w

for allt > 0.
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In (83) | - | denotes Lebesgue measure and || - | zs the Hilbert-Schmidt norm.

Part (a) is well known in mathematical physics and has been frequently used in
scattering theory. Less well known is part (b), which describes the value-distribution
of the boundary values guaranteed to exist by (a). This was proven in [33] (see also
an appendix in [2] for a reproduction of the proof), based on the weak-L!-property
of the Hilbert transform of Hilbert space-valued functions, the latter being a quite
classical result in harmonic analysis.

The weak-L'-bound (83) can be turned into the fractional moment bound

(34) JIM (A =05 i0) A o) do < Cls, )M s,
where the constant C(s, p) can be chosen uniform for all Hilbert-Schmidt operators
M and maximally dissipative A. This is done by the standard layer-cake integration

argument: If F(v) := [|[M(A — v +1i0)"1M*| gs, then

/ FOPpw)de < ol /Supp Fo)[* do

A

- ||p|\oo/0 v € suppp: [F(v)]* > 1} dt.

By (83) the integrand is bounded by min{C, C||M||%¢/t"/*}, where C' = [supp p|.
Splitting the integral at the ¢-value where C' = C||M||%,4/t'/* leads to (84).
When trying to use (84) for a proof of (80) we see from (81) that

(85) U(H, —2)"'U = UY?(Apg — woI)"1UY/2.

This leaves us with one more problem to deal with: The multiplication operator
U'Y? in L?(R?) is not Hilbert-Schmidt. In fact, multiplication operators with non-
vanishing functions in the continuum are never compact.

The key to solving this last problem is that U'/? is relatively Hilbert-Schmidt
with respect to —A (meaning that U/?(—A41)~! is Hilbert-Schmidt), at least for
d < 3, see e.g. [38]. Arguments as typical in relative perturbation theory allow to
split the left hand side of (85) into a sum of terms, some of which trivially satisfy
a fractional moment bound, while others include additional multipliers which lead
to the Hilbert-Schmidt property required in (84). These arguments only work at
energies below the spectrum of the unperturbed operator Hy, which is the reason
for the corresponding assumption which we made when stating (79).

For further details on these relative perturbation arguments as well as on the
“off-diagonal” case k # £ in (79) we refer to [12] and conclude our sketch of the
proof of Theorem 6 here.

9. OPEN PROBLEMS AND DIRECTIONS FOR FUTURE WORK

To conclude this introduction into the theory of Anderson localization, we men-
tion some open problems and discuss some wide open issues which mathematicians
need to understand better in the future. Here we will not restrict ourselves to
further developments of the fractional moment method, but will address broader
aspects of the quantum mechanical description of disordered media. We will be
relatively brief here and note that a more complete and more detailed recent dis-
cussion of open problems in this field can be found in [10]. In particular, we do not
attempt here to give complete references to related works.
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9.1. Singular distributions. Consider the discrete and continuous Anderson
models h, and H,, but allow for singular distributions of the random coupling
parameters w;, i € Z%. The most extreme case would be the case of independent
Bernoulli variables, i.e. P(w; = a) = p, P(w; = b) = 1—p. This models the physically
interesting case of a two-component alloy. Both, the fractional moments method
and the Frohlich-Spencer multiscale analysis, fail to provide localization proofs in
this situation. The reason for this is that both methods to a large extend use local
averaging arguments in the random parameters, as demonstrated very clearly by
the proof of Lemma 4.1 above. While it is possible to deal with Holder-continuous
distributions, the Bernoulli case it out of reach for the traditional approaches.
However, Bourgain and Kenig [13] have shown

Theorem 8. Consider the continuum Anderson model H,, defined by (73) and
(74) with Vo = 0 and independent Bernoulli random variables (w;). Then H,, is
spectrally localized near Ey = inf X.

Their proof is based on a substantial enhancement of the multiscale analysis
approach and, in particular, a deeper understanding of the underlying averaging
mechanisms (such as the role of the so-called Wegner estimates). It has also been
shown in [3] how the argument provided in [13] can be used to handle (w;) with
arbitrary non-trivial distribution.

However, somewhat surprisingly, the same question remains open for the discrete
Anderson model (4) with Bernoulli distributed random couplings. The technical
reason for this is that [13] uses subtle unique continuation properties of the eigen-
functions of Schrodinger operators which are not available for lattice models.

More generally, one can easily imagine various other models of random operators
where the random parameters naturally have discrete distribution and where the
available mathematical methods fail to prove localization. One such model would
be discrete Laplacians on random subgraphs of the edges of Z. An open question
is to decide if in the supercritical percolation regime, where the graph has a unique
infinite component, the Laplacian has localized spectrum. For a recent survey on
these models see [32]

9.2. Extended states. Every list of open problems in random operator theory
needs to mention the somewhat embarrassing fact that mathematicians are still
far from understanding the physically conjectured extended states regime in the
three-dimensional Anderson model.

A proof of the existence of continuous (or absolutely continuous) spectrum or of
diffusive solutions to the time-dependent Schrodinger equation for this model would
be an important break-through. Here we would like to mention another way to
characterize the Anderson transition from localized to extended states, namely the
level statistics conjecture. In fact, this is how physicists can numerically distinguish
the two regimes, which provides the most important evidence for the correctness of
the physical heuristics explaining the transition.

According to the level statistics conjecture it is possible to distinguish the lo-
calized and delocalized regimes by considering the statistical distribution of the
eigenvalues (viewed as point processes) of finite volume restrictions of the Ander-
son model. Localized states should be characterized by Poisson statistics of the
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eigenvalues, while in spectral regions with extended states the finite volume eigen-
values should show GOE statistics. The latter it a special kind of level repulsion
observed for Gaussian orthogonal ensembles in random matrix theory.

In the spectral regimes where mathematicians can establish localization, it has
also been verified that the finite volume eigenvalues are Poisson distributed, see
[31], [30], [17] and [22]. However, regarding GOE statistics in the Anderson model,
as little is known as for other possible characterizations of extended states.

As discussed in the lectures by L. Erdos at this School [19], GOE statistics is
a rather universal phenomenon observed in large classes of random matrices, e.g.
so-called Wigner random matrices. The most apparent difference between Wigner
matrices and the Anderson model is that for the latter randomness is restricted
to the diagonal matrix-elements while in Wigner matrices all entries are random.
Understanding the transition between Anderson models and random matrices, for
example by considering random band matrices with an increasing amount of off-
diagonal random entries, could provide important insights into the localization-
delocalization transition in the Anderson model.

9.3. Electron-electron interactions and many-body systems. The Anderson
models discussed above are one-electron models, which ignore interactions between
electrons (as well as interactions between nuclei, which are considered as affixed to
the lattice sites). Quite recently, Anderson-type models for a fixed number N of
interacting electrons in a random background have been shown to have localization
properties. Chulaevsky and Suhov [15, 16] have done this by an extension of mul-
tiscale analysis, while [7] povides similar results based on the fractional moments
approach.

Let us give one example of a result which can be obtained by both approaches,
where we do not try to state the most general result. An N-particle discrete
Anderson-type model can be defined as

N

(Vo) x) = Y by + (U@) + A ws,)d(@),
yily—z|=1 j=1

where ¢ € (2(ZN?), z = (x1,...,2x) € ZN? and y € ZV9. As above, the (wy)ezq

are i.i.d. random variables with bounded, compactly supported density. Assume,

for simplicity, that U(x) is a two-particle interaction term of finite range,

U(z) = Z ®(z; —xr), supp® finite.
1<j<k<N

Then localization holds for large disorder:

Theorem 9. If )\ is sufficiently large, then hSJN) 18 spectrally and dynamically
localized at all energies.

Note that a version of dynamical localization suitable for N-particle systems has
to be used here, see [7].

While such results provide important mathematical progress, condensed matter
physicists will object to the above model because it keeps the number of electrons
fixed. The physically correct system to look at would be a model with positive
electron density. For example, one could consider the restriction of h) to 02 (AN,
where AY = Ay x ... x Ap, and study its properties if N goes to infinity together
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with the volume, i.e. N ~ L? — 0o. This is mathematically wide open. It is not
even clear how the concepts of localization and extended states should be defined
in this setting, with spectral theoretic terms most likely not being the correct
language any more. Instead dynamical descriptions will have to be used. One
particularly interesting question, which is still challenging even to physicists, is if
electron interaction enhances or reduces localization effects. It has been argued in
the physics literature that such effects could be crucial to understand localization
for two-dimensional disordered systems, the critical case.

APPENDIX A. Basic RANK-ONE PERTURBATION THEORY

Here we first provide some facts from rank-one perturbation theory. They can
be considered as finite-dimensional, elementary versions of some of the much more
profound insights behind Simon-Wolff theory, e.g. [42] or Chapter 11 to 13 of [40].
Then we establish a general relation between fractional moments of Green’s function
and eigenfunction correlators, which was used in Section 6 above.

Let H be a finite-dimensional Hilbert space, dimH = N, hg a self-adjoint oper-
ator in H, and ¢ a normalized cyclic vector for hg. By P = (yp, )¢ we denote the
orthogonal projection onto span{¢}. Consider the family of rank-one perturbations

hy :=ho+vP, veR,
of hg. Then ¢ is a cyclic vector for all h,. All h, have simple eigenvalues, which
we label as
Eqi(v) < E3(v) <...< Enx(v).
Also consider the self-adjoint operator
hoo := PhoP on D(hs) = {p}+.

Application of the Gram-Schmidt procedure to ¢, Ap, A%p, ... shows that Ap —
(p, Ap)p is a cyclic vector for hy,. In particular, ho, has simple eigenvalues which
we label as

El(OO) < EQ(OO) < ... < ENfl(OO).

In the following we will also use the notation Fy(o0) := —o0, En(00) := 0.

Lemma A.1. (i) For every k € {1,...,N}, Ex(v) is analytic and strictly increas-
ing as a function of v € R.
(#i) For every v € R, the eigenvalues of h, and hs are intertwined as
(86) El(U) < El(OO) < EQ(U) < E2(OO) < ... < EN_l(U) < EN_l(OO) < EN(U).
(iii) For every k € {1,..., N},
lim Ej(v) = Ex—1(c0), lim Ey(v) = Ex(c0).

Proof. (i) Let 1, (v) denote normalized eigenvectors of h, to Ex(v), k =1,...,N.
That ¢ is a cyclic vector for h, means that (¢¥x(v),p) # 0 for all k € {1,...,N}.
By analytic perturbation theory, the functions Ej(v) are analytic with

(87) Ej(v) = (¥ (v), Pyi(v)) = [(¢r(v), @) [* # 0.
(ii) We will prove this by the variational characterization of eigenvalues of h,
and hoo, e.g. Theorem XIII.2 in [36], which says that for k € {1,..., N},

(88) E(v)=  swp inf (f,hof)
VCH fevt
dimV=k—1 |fl=1
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and for k € {1,...,N — 1},

Ve {ett ge vVt
dimV =k—1 lal=1

Note that in the infimum in (88) the orthogonal complement V=1 is taken with
respect to H, while V+ in (89) is taken with respect to {¢}+. By definition of hu,
and h, we also have that

(90) (fihoof) = (f hof) forall fe{p}t.
We first show that
Ei(v) < Ex(oco) forall ke {l,...,N}.

This is trivial for k = N. For k < N—1, let V be a subspace of H with dim V' = k—1.
Then V+ N {p}+ is a subspace of {¢}* of dimension at least N — k. Thus it is
the orthogonal complement of a subspace W of {p}+ of dimension at most k = 1.
Therefore, by (89) and (90),

fewt fevinipt
IFlr=1 Fr=1
= inf (f,hof).
fevt
Fr=1
As this holds for every subspace V' of H with dim V' = k — 1, (88) implies Ej(c0) >

Ek(’U)
Next we will show that
Ej(c0) < Epq1(v) forall k € {0,...,N —1},
which is trivial for k = 0. Let k& > 1 and V C {g}t with~dimf/ =k —1. Then
V := span{p} ® V C ‘H with dimV = k and V+ = {0} ® V+. Thus, by (88) and
(90),
Brn() > inf (fhf) = inf (g, hoog).
fev gev
Fr=1 llgll =1
As V C {@}* with dimV = k — 1 was arbitrary, (89) implies Ej1(v) > Eg(c0).
Strictness of all inequalities in (86) now is a consequence of (i).
(iii) Here we use the following general fact, which can be proven using Schur
complementation (see e.g. [11] for a description of this method): For the self-adjoint

2 x 2-block matrix
A B
B* D )’

let E ¢ o(D), then

i A+vI-EI B \ ' [0 0
oo B D—EI “\o0o D-ED )
Applying this to the 2 x 2-block representation of hg in span{y} @ {¢}+ shows that
(hy — EI)™Y - 0® (hoo — ET)™! as [v| — oo for every E ¢ o(hs).
Using that for self-adjoint operators A,

1

(A-ED7Y| = Tist(B, o(A)
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we conclude that for every E € o(hs) there exists a function E(v) such that
E(v) € o(hy) for all v and lim,_,o E(v) = E. If E = Ey(oc0) for k =1,...,N —
1, it follows from the results of (i) and (ii) that E(v) = Eg(v) for v sufficiently
large, i.e. limy,_,o Fx(v) = Eg(00). Similarly, it follows that lim,_, o Ex11(v) =
Ej(00). E1(v) —» —o0 as v — —oo and Ex(v) — oo as v — oo follows easily by
minimizing/maximizing the quadratic form of h,,.

O

To given x € H, s € (0,1) and open interval I C R we consider the fractional
eigenfunction correlators

(91) Qulw i Ls) = Y [(Wr(0), )P [ (), )|
k:Er(v)el
Proposition A.2. The fractional eigenfunction correlators satisfy the identity
v b k) I S S
(92) [ XIS b~ [ (ho - By 01 a

[vl®

Proof. As ¢ is cyclic for h, and thus (5 (v), ) # 0 for all k, we can rewrite (91)
as

(93) Qv(%x; I S) = Z Ek

k:Ey(v)el

where we have also used (87). Observe that
(ho = B (0))¢k(v) = (hy — Ex(v) = vP)x(v) = —v{p, Pr(v))p.

Thus, using that Ejy(v) & o(hg) for all v # 0,

(Wr(v),x) = {(ho = Bx(0)¥r(v), (ho = Ex(v))™'x)

= —v((v), 9){p, (ho — Er(v))"x).
This allows to further rewrite (93) as
(o) DAL S Bl (o - Bo) W
|1} k:Ey(v)ED

This will allow to prove (92) by integration. Here we may assume that I C
(Ex—1(00), Ex(00)) for a fixed k € {1,...,N} (from which the general case fol-
lows easily). In this case (94) says that

Qu(p:x; 1, 9) _{ B ()[(#, (ho = Ex(v)) "), if Ex(v) €1,
v 1 0, else.

Integration yields

Qv X 5 -
¥, X - / EL (), (ho — Bg(v))~'x)|* dv
Ek(v)EI

O

= /\907 ho — ") dE,

which used the substitution v — E = Fj(v). O
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We conclude by noting that it is possible to prove a result corresponding to
Proposition A.2 without assuming that the Hilbert space is finite-dimensional, as
long as the spectral measure for hg corresponding to x is purely singular and bound-
ary values (g, (hg — E —i0)~!x) of Green’s function are used. A corresponding
streamlining of Aizenman’s original arguments in [1] has been provided by Simon
in [41] for the unitary models considered there and will be presented for the self-
adjoint setting in [8].

(1]
2]
(3]

[4]
(5]
[6]
7
(8]
(9

(10]

(11]
(12]
(13]
14]
(15]
[16]
(17]

18]

(19]

20]

REFERENCES

M. Aizenman, Localization at weak disorder: some elementary bounds, Rev. Math. Phys., 6
(1994), 1163-1182

M. Aizenman, A. Elgart, S. Naboko, J. Schenker and G. Stolz, Moment analysis for localiza-
tion in random Schrédinger operators, Invent. math., 163 (2006), 343-413

M. Aizenman, F. Germinet, A. Klein and S. Warzel, On Bernoulli Decompositions for Random
Variables, Concentration Bounds, and Spectral Localization, Probab. Theory Related Fields
143 (2009), 219-238

M. Aizenman and G. M. Graf, Localization bounds for an electron gas, J. Phys. A: Math.
Gen. 31 (1998), 6783-6806

M. Aizenman and S. Molchanov, Localization at large disorder and at extreme energies: an
elementary derivation, Comm. Math. Phys. 157 (1993), 245-278

M. Aizenman, J. Schenker, R. Friedrich and D. Hundertmark, Finite volume fractional mo-
ment criteria for Anderson localization, Comm. Math. Phys. 224 (2001), 219-253

M. Aizenman and S. Warzel, Localization bounds for multiparticle systems, Comm. Math.
Phys. 290 (2009), 903-934

M. Aizenman and S. Warzel, Quantum Dynamics with Disorder; a Mathematical Introduc-
tion, Lecture Notes, in preparation

P. W. Anderson, Absence of dissusion in certain random lattices, Phys. Rev. 109 (1958),
1492-1505

J. Bellissard, P. D. Hislop, A. Klein and G. Stolz, Random Schrédinger operators: universal
localization, correlations and interactions, Report on a Workshop held at Banff International
Research Station from April 19 to 24, 2009, available at

www.birs.ca/workshops/2009/09w5116 /report09w5116.pdf

J. Bellissard, P. D. Hislop and G. Stolz, Correlation estimates in the Anderson model. J.
Stat. Phys. 129 (2007), 649-662

A. Boutet de Monvel, S. Naboko, P. Stollmann and G. Stolz, Localization near fluctuation
boundaries via fractional moments and applications, J. d’Analyse Math. 100 (2006), 83-116
J. Bourgain and C. Kenig, On localization in the continuous Anderson-Bernoulli model in
higher dimension, Invent. Math. 161 (2005), 389426

R. Carmona and J. Lacroix, Spectral theory of random Schrédinger operators, Probability
Theory and its Applications, Birkhauser, Boston, 1990

V. Chulaevsky and Y. Suhov, Wegner bounds for a two-particle tight binding model, Comm.
Math. Phys. 283 (2008), 479489

V. Chulaevsky and Y. Suhov, Multi-particle Anderson localisation: induction on the number
of particles, Math. Phys. Anal. Geom. 12 (2009), 117-139

J.-M. Combes, F. Germinet and A. Klein, Poisson Statistics for Eigenvalues of Continuum
Random Schrédinger Operators, Anal. PDE 3 (2010), 49-80

H. L. Cycon, R. G. Froese, W. Kirsch and B. Simon, Schréodinger Operators with Application
to Quantum Mechanics and Global Geometry, Texts and Monographs in Physics Springer,
Berlin, 1987

L. Erdos, Universality of Wigner Random Matrices: a Survey or Recent Results, Lectures
held at the Arizona School of Analysis with Applications, March 15 to 19, 2010, available at
http://www.mathphys.org/AZschool/material /AZ10-erdos.pdf

J. Frohlich and T. Spencer, Absence of diffusion in the Anderson tight binding model for
large disorder or low energy, Comm. Math. Phys. 88 (1983), 151-184



38

GUNTER STOLZ

[21] F. Germinet and A. Klein, Bootstrap multiscale analysis and localization in random media,

Comm. Math. Phys. 222 (2001), 415-448

[22] F. Germinet and F. Klopp, Spectral statistics for random Schrdinger operators in the localized

regime, Preprint 2010, arXiv:1011.1832

[23] I. Ya. Goldsheid, S. A. Molchanov and L. Pastur, A random homogeneous Schrédinger oper-

ator has a pure point spectrum, (Russian) Funkcional. Anal. i Prilozen. 11 (1977), 96.

[24] G. M. Graf, Anderson localization and the space-time characteristic of continuum states, J.

Stat. Phys. 75 (1994), 337-346

[25] E. Hamza, A. Joye, G. Stolz, Dynamical localization for unitary Anderson models, Math.

Phys. Anal. Geom. 12 (2009), 381-444

[26] P. D. Hislop, W. Kirsch and M. Krishna, Spectral and dynamical properties of random models

with nonlocal and singular interactions. Math. Nachr. 278 (2005), 627-664

[27] W. Kirsch, An invitation to random Schrdinger operators. With an appendix by Frédéric

Klopp, Panor. Synthéses 25, Random Schrodinger operators, 1-119, Soc. Math. France,
Paris, 2008

[28] A. Klein, Multiscale analysis and localization of random operators, Panor. Synthéses 25,

Random Schrdinger operators, 121-159, Soc. Math. France, Paris, 2008

[29] H. Kunz and B. Souillard, Sur le spectre des opérateurs aux différences finies aléatoires,

Comm. Math. Phys. 78 (1980/81), 201-246

[30] N. Minami, Local fluctuation of the spectrum of a multidimensional Anderson tight binding

model, Comm. Math. Phys. 177 (1996), 709-725

[31] S. A. Molchanov, The local structure of the spectrum of the one-dimensional Schrédinger

operator, Comm. Math. Phys. 78 (1980/81), 429-446

[32] P. Miiller and P. Stollmann, Percolation Hamiltonians, Preprint 2010, arXiv:1002.5000
[33] S. N. Naboko, The structure of singularities of operator functions with a positive imaginary

part, Funkts. Anal. Prilozh. 25 (1991), 1-13, 96

[34] L. Pastur and A. Figotin, Spectra of Random and Almost-Periodic Operators, Springer,

Berlin-Heidelberg-New York, 1992

[35] M. Reed and B. Simon, Methods of modern mathematical physics. I. Functional analysis,

2nd Edition, Academic Press, New York, 1980

[36] M. Reed and B. Simon, Methods of modern mathematical physics. IV. Analysis of operators,

Academic Press, New York-London, 1978

[37] W. Rudin, Real and Complex Analysis, 3rd Edition, McGraw-Hill, Boston, 1987

[38] B. Simon, Schrédinger semigroups, Bull. Am. Math. Soc., 7 (1982), 447-526

[39] B. Simon, Cyclic vectors in the Anderson model, Rev. Math. Phys. 6 (1994), 1183-1185
[40] B. Simon, Trace ideals and their applications, 2nd Edition, Mathematical Surveys and Mono-

graphs, 120, American Mathematical Society, Providence, RI, 2005

[41] B. Simon, Aizenman’s theorem for orthogonal polynomials on the unit circle, Const. Approz.

42]
[43]
[44]
[45]

[46]

AL

23 (2006), 229-240

B. Simon and T. Wolff, Singular continuous spectra under rank one perturbations and local-
ization for random Hamiltonians, Commun. Pure Appl. Math. 39 (1986), 75-90

P. Stollmann, Caught by disorder: bound states in random media, Progress in Mathematical
Physics 20, Birkh&user, Boston, 2001

G. Stolz, Strategies in localization proofs for one-dimensional random Schrédinger operators,
Proc. Indian Acad. Sci. (Math. Sci.) 112 (2002), 229-243

M. Tautenhahn, Localization criteria for Anderson models on locally finite graphs, Preprint
2010, arXiv:1008.4503

J. Weidmann, Linear operators in Hilbert spaces, Graduate Texts in Mathematics, 68,
Springer-Verlag, New York-Berlin, 1980

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF ALABAMA AT BIRMINGHAM, BIRMINGHAM,
35294, USA
E-mail address: stolz@math.uab.edu



