Victor Chulaevsky

Efficient localization bounds
in a continuous N-particle Anderson model
with long-range interaction

Abstract We establish strong dynamical and exponential spectral localization for
a class of multi-particle Anderson models in a Euclidean space with an alloy-type
random potential and a sub-exponentially decaying interaction of infinite range.
For the first time in the mathematical literature, the uniform decay bounds on the
eigenfunction correlators at low energies are proved, in the multi-particle con-
tinuous configuration space, in the (symmetrized) norm-distance and not in the
Hausdorff distance.

1 Introduction
1.1 The model

We study a multi-particle Anderson model in R¢ with an infinite range interac-
tion and subject to an external random potential of the so-called alloy type. The

Hamiltonian H (: HY) (w)) is a random Schrédinger operator of the form
1
H:fEA +U(x) 4+ V(w;x) (1)

acting in L ((R9)N). To stress the dependence on the number of particles, N > 1,
while omitting a less important parameter d (= the dimension of the 1-particle
configuration space), we denote & =R?, % =74 — R?, and

V.= R, V.= 2" o ®R)Y, N> 1.

The points X = (x1,...,xy) € Z " represent the positions of N distinguishable
quantum particles evolving simultaneously in the physical space R¢. In {1, A
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stands for the Laplacian in (R?)" (or, equivalently, in R¥¢). The interaction en-
ergy operator U acts as multiplication by a function x — U(x). Finally, the poten-
tial energy V(w;x) (unrelated to the inter-particle interaction) is the operator of
multiplication by a function

x—=V(x;0)+-+ V(i 0), 2)
where x € R? - V (x; ) is a random external potential assumed to be of the form

Vo) =) Y(o)ek—a). 3)

ac?

Here and below ¥, a € 2, are IID (independent and identically distributed) real
random variables on some probability space (2, 5,P) and ¢ : RY — R is usually
referred to as a scatterer (or “bump’) function.

More precise assumptions will be specified below.

1.2 The motivation and comparison with the existing results

The single-particle localization theory, describing non-interacting quantum parti-
cles evolving in a random environment, was initiated by P. W. Anderson in his
seminal paper [1]. The first rigorous mathematical results on random Anderson-
type Hamiltonians were obtained by Goldsheid et al. [35] (in R!), by Kunz and
Souillard [41] (in Z), and then in multi-dimensional lattice models by Frohlich et
al. [28L129], with the help of the Multi-Scale Analysis (MSA). The approach from
the works [28129] was reformulated in a series of works by von Dreifus [25],
Spencer [47] and von Dreifus and Klein [26]]. An alternative approach (FMM =
Fractional Moment Method) was proposed by Aizenman and Molchanov [2]], for
the lattice models; the original technique was later substantially generalized in a
series of deep works bearing a distinctive mark of Michael Aizenman’s enthusi-
asm; cf., e.g., [3L445].

Martinelli and Holden [43]] extended the MSA to the continuous models, i.e.,
to the random Hamiltonians in L?(RY).

In all the above mentioned papers, as well as in a number of other physical
and mathematical works, the quantum particles were considered non-interacting;
in the physical context, this is of course a conscious approximation, made already
by Anderson [1]] who did not hide his concerns about the possible effects of the
interaction on the localization phenomena.

An outburst of new results, both in theoretical and mathematical physics, oc-
curred in 2005-2008 (cf. [8], [36], [19,20,21,6]; some preprints appeared earlier).
As usual, the physical works provided stronger statements, viz. the stability of
localization phenomena under sufficiently weak interaction in physically realistic
systems, with N ~ p|A| particles in a bounded but macroscopically large domain
A CR?. We stress that A is indeed of finite, albeit possibly large size. It goes with-
out saying that for all imaginable applications the size of A is bounded by (or is of
order of) that of our little planet, and not actually infinite. The first mathematical
works considered a fixed number N > 1 of particles in an infinite configuration
space: in Z< (cf. [19,20,211/6]), and later in R? (cf. [18], 40, [31]).



While it does not come as a big surprise that only a finite, and fixed, number
of particles were allowed in the first attempts to build rigorous theory of Anderson
localization in systems with nontrivial interaction, it is more surprising that the
results on complete spectral and strong dynamical localization proved in [2116]
required the configuration space to be actually infinite. More precisely, localiza-
tion (viz. uniform bounds on the eigenfunction correlators, or the rate of spread of
an initially localized wavepacket y under the Hamiltonian dynamics e M) could
not be established in arbitrarily large yet bounded domains A of the physical con-
figuration space.

We would like to stress that the issue addressed in the present paper is not
a mere technicality or an abstract matter (replacing one strange-looking pseudo-
metric — the Hausdorff distance — with another, the symmetrized norm-distance).
The main problem manifests itself already in a 3-particle model describing inter-
acting quantum particles in an arbitrarily large but finite interval A = [0,L] C R
(the nature of the problem does not depend upon the dimension of the physical,
single-particle space). Consider the best possible situation for the scaling analy-
sis (MPMSA or MPFMM): let the inter-particle interaction potential be compactly
supported, and the marginal distribution of disorder be Lipschitz-continuous. Tech-
nically speaking, for a lattice model (in Z') we mean that the random potential
V(x; ®) has IID (independent and identically distributed) values, and the random
variables V (x; @) have bounded probability density. In the continuous alloy model
(cf. (3)), the same assumption is made for the IID scatterers” amplitudes ¥ (a; ®).
The main, quite natural question is:

”Can one prove the complete N-particle Anderson localization in a large bounded
domain A, for the energies in an interval I C R where it is to be expected ?”

For the lattice model with a bounded potential, one can take / = R, or a suffi-
ciently large bounded interval, since the entire spectrum of the (bounded) random
Hamiltonian is bounded. In the continuous model, the single-particle localization
in dimension d > 1 can be proved with existing techniques only in a bounded in-
terval I near the bottom of the spectrum. The fact that Anderson localization is
complete in one dimension does not imply that the same must be true for N > 2
particles, since the N-particle Hamiltonian acts in the space of functions of N vari-
ables.

The first papers [21,16] on N-particle localization did not answer the above
question, except for the particular case N = 2, and neither did some subsequent
works (cf., e.g., [18L22/31]]). What has been proved for N > 3 can be explained
in simple terms as follows (we keep the language of the one-dimensional model).
Consider an arbitrarily large interval [—R, R]. There exists a sufficiently large in-
terval [—L(R),L(R)] D [—R, R] such that the N-particle quantum states “essentially
concentrated” in [—R, R] are exponentially localized. However, one could not rule
out existence of N-particle states “essentially supported” simultaneously by the
zones near —L(R) and near +L(R). Such hypothetical states might be de-localized
over the distance comparable to the size of the entire sample of the disordered
media [—L,L], although the results of [21l[6] evidenced that delocalization in a
“central” zone [—R, R] was impossible.

Naturally, the above hypothetical situation is hardly compatible with the con-
ventional notion of an electrical isolator: if the current can pass from one extremity



of a wire to another, the wire in question qualifies as a conductor, no matter how
good an isolator it might be in the middle.

For the discrete systems, the first positive answer to the above question was re-
cently given in [23]] (see a preliminary version in the preprint arXiv:math-ph/1404.3978).
The present paper extends the techniques of [23] to the interacting models in R¢.
This extension is not automatic and, sadly, not as complete as one would expect.
Some technical aspects of the eigenvalue concentration estimation compel us to
restrict the localization analysis to a particular class of alloys — with the “flat tiling”
condition.

The special role of the number of particles N = 2 is explained by an elementary
geometrical fact: the Hausdorff distance in the 2-particle configuration space is
equivalent to the symmetrized norm-distance, but this is no longer true for N > 3.

All this is quite opposite to the usual situation where a finite-volume analysis
is only a prelude for a rigorous study of an object inspiring mathematicians — an
actually infinite system. If the results of [211/6] (or their continuous-space counter-
parts [18}/40,31]]) were to be applied to the physical models, they would be valid
only if our Universe were found to be infinite (and more or less uniformly dis-
ordered). Otherwise, one could not be able to rule out some tunneling processes
which might result in a transfer of particles over large distances, comparable to
the size of the entire system.

On the technical level, the bottleneck of prior rigorous results on the N-particle
localization (starting with N = 3) is the eigenvalue concentration (EVC) estimate,
which is analogous to, but more sophisticated than, its well-known counterpart
going back to Wegner [50]]. Below we show that it is rather to be qualified as an
eigenvalue comparison estimate for stochastically strongly correlated pairs of lo-
cal Hamiltonians. Despite significant differences between the techniques of [21]
and [6]], both approaches faced essentially the same problem, and both gave rise
to the decay bounds on the eigenfunctions (EFs) and eigenfunction correlators
(EFCs) expressed in terms of the so-called Hausdorff distance but not the (sym-
metrized) norm-distance.

Now we turn to the goals and results of the present work.

Following the approach to the multi-particle EVC bounds presented originally
in [11,13]] and recently extended in [16], we aim to improve the EVC estimate
required for the multi-particle MSA (MPMSA) and thus achieve more efficient
N-particle localization bounds for N > 3 particles in a Euclidean space R d>1.
The estimate in question is an optimized variant of its analog proved in [23]; see
the comments in Sect. 2] after Theorem 21

The main novelty of the present work is two-fold:

4 We give the first rigorous proof (for N > 3) of uniform decay (which we
show to be at least sub-exponential) of the eigenfunction correlators with respect
to the symmetrized norm-distance for a multi-particle alloy model in R? or in any
bounded regular sub-domain thereof. In accordance with the above discussion,
the phenomenon of Anderson localization is thus firmly established in disordered
systems with a fixed number of quantum particles in a physically realistic geomet-
rical setting. For the moment, this result is proved for a particular class of alloy
potentials, which we call flat tiling alloys.



¢ For the first time, we prove exponential decay of the eigenfunctions in an N-
particle alloy model in R¢ with sub-exponential decay of interaction. Prior results
by Fauser and Warzel [31]] imply only a sub-exponential decay of eigenfunctions
in such a model.

Compared to the work by Klein and Nguyen [40]], who made a significant
step in the scaling analysis of the continuous interactive multi-particle Anderson
models, the main improvement is relaxing the condition of finite-range for the

interaction potential to a fractional-exponential decay r — e”g, with § > 0 which
can be arbitrarily small.

It is to be emphasized that the recent result by Fauser and Warzel [31]] on ex-
ponential decay of the EFCs, for exponentially decaying interactions, remains the
strongest one among those proved in terms of Hausdorf{f distance in a continuous
space, hence in an actually infinite configuration space. Due to some well-known
limitations of the Multi-Scale Analysis (single- or multi-particle), proofs of ex-
ponential strong dynamical localization are still beyond the MSA’s reach. On the
other hand, recall that the technique developed by Klein and Nguyen [40], based
on the Quntitative Unique Continuation Principle (QUCP) (cf. [37]), made unnec-
essary the complete covering condition for the alloy potential, used both in [18§]]
and [31]. This makes the class of N-particle alloy models studied in [40] the most
general one, at the time of writing these lines.

It seems appropriate to attract the readers’ attention to an interesting fact: while
one of the most striking differences between the MSA and the FMM in the single-
particle localization theory, is that the latter employs a “mono-scale” technology,
appreciated both by mathematicians and physicists, in the realm of multi-particle
systems both approaches — MSA and FMM - finally settle on the common ground
of multi-scale geometrical induction.

Except for the new EVC bounds, crucial for the localization in the symmetrized
norm-distance, the main strategy of the proofs in the present paper is a streamlined
and improved variant of the MPMSA from [18], with important elements of the
techniques developed in Refs. [32,1341/39./40]. To be more precise, we do not actu-
ally make a bootstrap, but rather carry out two logically independent scaling anal-
yses, analogous (but not identical) to two of the four phases of the bootstrap MSA.
This simplification has however some drawbacks. Below we comment, where ap-
propriate, on the important advantages of the full-fledged bootstrap analysis. The
task of performing such analysis is beyond the scope of the present paper, but in
the light of a recent preprint [[17], we plan to prove in a forthcoming work that the
rate of decay of the EFCs in the N-particle alloy models in R¢ with exponentially
decaying interaction admits exponential scaling limit:

— in the symmetrized norm-distance, under the assumption of flat tiling (cf. (8));
— in the Hausdorff distance, for a larger class of models including those studied
by Klein and Nguyen [40].

1.3 Structure of the paper

After establishing the EVC bounds in Section [2} the bulk of technical work is
carried out in Sections [3H4] where the fixed-energy scaling analysis is performed.



The latter prepares the ground for the energy interval (a.k.a. variable-energy) MSA
estimates derived in a “soft” way from their fixed-energy counterparts which are
substantially simpler to obtain. Such a derivation is presented in Section [5} where
we deviate from the strategy of Ref. [40]. The derivation of strong dynamical
localization from the energy-interval estimates is obtained by another “soft” and
fairly general method, developed by Germinet and Klein [32,/33L34] in the context
of the single-particle Anderson models and adapted to the interactive models by
Klein and Nguyen [39.140].

As the matter of fact, the fixed-energy stage of the MPMSA is based on the
EVC bound of the form (I3)) which operates with a single given cube in the N-
particle configurations space, and here we do not make any improvement com-
pared to Ref. [40]. The eigenvalue comparison bounds given in [40, Corollary
2.3] and in Theorem 4} on the contrary, are essentially shaped by the type of met-

ric measuring the distance between two cubes A(LN) (x) and A(LN) (y) where the
Hamiltonians H , (v, ) (w) and H AN (w) are considered, along with their spec-
L

tra. Ref. [40] considers the pairs of cubes separated in the Hausdorff distance
(as do, in fact, Refs. [21.118]]), and this is why the two-volume EVC bound in
[40] is indeed a mere corollary of the one-volume, Wegner-type estimate from
[40, Theorem 2.2]. We prove the crucial EV comparison estimate for the pairs of
cubes of size L with centers x and y separated in the symmetrizecﬂ norm-distance:
dg(x,y) > 4NL. This requires, for the moment, some restrictive conditions upon
the type of the scatterers forming the alloy and the regularity of the probability
distributions of the scatterers’ amplitudes.

On the bright side, the energy-interval scaling analysis can be conducted for
the (symmetrized) norm-distant pairs of cubes, thus making the last stage of deriva-
tion of localization results much closer to that used in the conventional, single-
particle theory.

In particular, the proof of exponential decay of localized eigenfunctions is
obtained with a minor modification of the method going back to the works [26,
29

Summarizing, we focus mainly on the fixed-energy multi-scale analysis of
operators in finite cubes, aiming to obtain more efficient energy-interval bounds
referring to the symmetrized norm-distance. Such bounds are much more relevant
for the physical applications than their analogs in the infinitely extended configu-
ration space.

The reader may notice that a considerable part of the text is devoted to the
proof of genuine exponential decay of the localized eigenfunctions, no matter how
small is the decay exponent { > 0 of the interaction potential. The paper could
have been made almost twice shorter if the detailed, if not boring, proofs of a
number of auxiliary results in this part of the paper were replaced by short cross-
references like “In the same way as in the proof of sub-exponential decay of the
EF correlators, ...”.

! It is necessary to use the symmetrized and not the conventional norm-distance. Indeed, any
symmetry generated by permutation of the coordinates 7 : A(LN) (x) = AEN) (y) gives rise to
unitarily equivalent operators, hence identical spectra, due to the m-invariance of the potential

energy.



1.4 Basic geometric objects and notations

Throughout this paper, we will keep fixed an integer N* > 2 and work in Eu-
clidean spaces of the form (]Rd)N >~ RN 1 < N < N*, and use a shorter notation
ZN = (RY)N. A configuration of N > 1 distinguishable particles in R is iden-
tified with a vector x = (x1,...,xy) € (R?)V, where x; is the position of the j-th
particle. More generally, boldface notations are reserved for “multi-particle” ob-
jects (Hamiltonians, resolvents, cubes, etc.).

All Euclidean spaces will be endowed with the max-norm denoted by | - |, but
occasionally we use the Euclidean norm |- |,. We will work with Nd-dimensional
cubes of integer edge length centered at lattice points u € 2V := (Z4)N — (RN =
Z N and with edges parallel to the co-ordinate axes.

The open cube of edge length 2L+ 1 centered at u is denoted by A (u); in the
max-norm it represents the open ball of radius L+ % centered at u:

Afw)={xeZ": |x—u|<L+1}. )

By a slight abuse of terminology, we will say for brevity that Ay (u) has radius L.
The lattice counterpart for Ay (u) is denoted by By (u):

B (u) = A (W)NZY, ue2V.

We endow the lattice 2V with the graph structure: (x,y) is an edge iff |x —y|, = 1.
We also consider “cells” — closed cubes of diameter 1 centered at the lattice
points u € ZV:
Clu)={yeZ": |[y—ul <3}

The union of all cells C(u), u € & N covers the entire Euclidean space & N,
Moreover, for any u € 2V, denoting by A the closure of a set A C 2™V, we have

Arw)= J Cly).

y€BL (u)

The cells are not necessarily pairwise disjoint, but their overlaps always have zero
Lebesgue measure. Next, given a cube Az (u), we denote by A" (u) the (inner)
1-neighborhood of its boundary: A" (u) := {x €A : [u—x| > L— 1}, while for
the associated lattice cube Bz (u) = A7 (u) N 2N, we define its (internal) boundary
d " Bi(u) :={y €B.(u): Ju—y| =L} in such a way that

Ay c | C(©x). (5)

xedB (u)

The diameters in our formulae are relative to the max-norm; the cardinality of
various sets A (usually finite) will be denoted by |A|. In an N-particle system, we
have

diam Ay (u) = 2L+ 1,diam By (u) = 2L, [B(u)| = 2L+ 1)¥ < (3L)N,

To indicate, where necessary, the value of N, we write A(LN) (u) and B(LN) (u).



The indicator function of a set A is denoted in general by 14, but for the indi-
cators of the cells we use a shorter notation, Yx := 1¢(x)-

We write Ay(x) € Ar(y) to indicate that Ay(x) C Ar_2(y).

Integer intervals [a,b] NZ, with a,b € Z, will be denoted, as usual, by [[a, b]].
Given an integer N € [[1,N*]], we define the (full) projection IT: (xj,...,xy) —
{x1,...,xn}. Also, given a non-empty index subset # = (ji,...,j,) C [[1,N]],
we define the partial _# -projectionI1  : N — Z " by I1 yx = (xj,,...,X},).

1.5 Symmetrized norm-distance and the Hausdorff metric

A norm-distance in the N-particle configuration space is not well-adapted to the
decay estimates of the eigenfunctions and of their correlators. Indeed, if the in-
teraction potential U is permutation-symmetric (and the external random potential
is always so), then the entire Hamiltonian H®) commutes with the symmetric
group Sy acting by permutations of the particle positions. Thus the Hilbert space
L*(ZN) can be decomposed into the direct sum of H)-invariant subspaces, in-
cluding that of the symmetric functions taking identical values along any orbit of
the symmetry group Sy. The points of such orbits can be arbitrarily distant from
each other, which makes impossible any uniform decay bound.

More to the point, the physical systems are composed of indistinguishable
particles, so in the framework of Bose—Einstein or Fermi—Dirac quantum statistics,
the permutations of the particle positions give rise to equivalent configurations.

For these reasons, the symmetrized norm-distance in the N-particle configura-
tion space is much more natural, even in a situation where, as in the present paper,
the particles are considered distinguishable. Its formal definition is as follows:

a§") (x.) := min [(x) ~y].

where the elements of the symmetric group © € Gy act on x = (xq,...,xy) by
permutations of the coordinates x;.

Recall also the definition of the Hausdorff distance d » between two subsets
X,Y of an abstract metric space (.#,d(-)):

dr(X,Y) =max | sup d(x,Y), sup d(y,X) }
xeX yey

This notion does not apply directly to the configurations x € Z; however, an
important characteristics of x = (x,...,xy) is its projection IIx = {x;,...,xy}. In
the case of indistinguishable Fermi-particles, I1x is the configuration. Hence one
can extend formally d » = d(,N) to the pairs of configurations, keeping the same
notation and setting d_# (x,y) := d ¢ (I1x, I1y).

It was realized in the works [6/21] that it was simpler to obtain the decay
bounds on the Green functions, eigenfunctions and eigenfunction correlators with
respect to the Hausdorff distance d - than in terms of the symmetrized norm-
distance.



The following simple example illustrates the difference between déN) and d(ﬂ),

for N >3. WithN=3,d =1,leta=(0,0,R) and b= (0,R,R), R > 0. Then for
any L > 0,d (AL (a), AL (b)) — oo as |R| — oo, but d) (AL (a), AL (b)) = 0.

In physical terms, b is obtained from a by transferrin one of the particles
from O to a distant location R. If one has to study localization in the finite domain
[0,R], then the tunneling between the configurations like a and b can (or might)
ruin the decay of EFs and EFCs over the distances comparable with the size of the
domain.

Such a situation is impossible for N = 2, since df}iﬂ)( ,+) is equivalent to d(sz) (-,)-

1.6 Interaction potential

We assume the following:
(U) U is generated by a 2-body potential U®) : R, — R, viz.

Ux) = Y UP(xi-x)),

1<i<j<N

where
e

0<UP(r) <Cye™, (6)

for some § > 0, Cy € (0,0).
It does not make much sense to consider separately § > 1, for the key parame-
ters measuring the decay of the EFCs depend in fact upon the quantity min(1, §).

1.7 External random potential

We assume the following conditions to be fulfilled.
(V) The external random potential is of alloy type,

Vixw)=Y 7(a0)p.(x—a), (7

ac?

where 7 : 2 x  — R is an IID random field on the lattice 2 = Z% — R,
The scatterer (a.k.a. bump) functions ¢, > 0 have the following property which
we call flat tiling: diamsupp @, < r; < oo and, for some Cy € (0,4-0),

Z @a(x —a) = Cy (up to a subset of zero Lebesgue measure). ®)
ac?

The common marginal probability distribution of the IID scatterers’ ampli-
tudes ¥'(-; ) is a convolution U = U * Uy, where U, is an arbitrary probabil-
ity measure with the support containing the point 0 and contained in R, and
U1 admits a probability density py, which is compactly supported, with supp py

2 For N > 3, such a transfer process can be ”partial”, i.e., leaving at least one particle at each
of the two distant loci 0 and R, while for N = 2 a similar transfer must be complete” in one of
the two directions.
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=[0,¢v], cy >0, and py is strictly positive, bounded and has bounded derivative
in the open interval (0,cy ):

0<ps <py(t) <p* < oo,

Py(1) < C* < +oo. ®

Vit e (0,cv) {

Probably, the most natural example is where ¢ = lxl/z(o), sothatY ,c o @(a) =

1 Lebesgue-a.e. Such a form of alloy was considered by Kotani and Simon [42]], in
the single-particle setting. However, flat tiling is achieved also with ¢ = IX[/Z(O)’

N> /7> 1. As to the scatterers’ amplitudes, one can simply take the uniform prob-
ability distribution Unif([0, 1]), where ¢y = C* = p, = p* = 1. This corresponds
to the convolution pt = i * U of the uniform distribution y; = Unif([0, 1]) with
the delta-measure Uy = .

Observe that the marginal distribution of the random potential can have an
unbounded support. The lower unboundedness of the potential may of course
pose a problem for the self-adjointness of the Hamiltonian H(®) in the entire
Euclidean space, and even if the left-tail probabilities P{¥ (x; @) < ¢} rapidly de-
cay as t — —oo, a number of analytical arguments in our proofs would require
some modifications. On the other hand, the upper unboundedness of the random
amplitudes ¥ (x; @) is fairly harmless. For example, L, can be an exponential dis-
tribution.

The positivity of the random potential and the condition that supp, > 0
(hence, supp it > 0) are assumed merely to simplify the description of the almost
sure spectrum of the random operator H(®); cf. Section below.

Note also that the admissible probability distributions ¢ may have probability
density vanishing at the edges of the support; for example, one can take the n-th
convolution power of the uniform distribution Unif([0, 1]), for any n > 2, with
density p(t) = O(¢"~ 1) near the lower edge 0 of its support.

The assumptions (9) are used in the proof of the crucial EVC bound (cf.
Lemma [2), based on the property of the random field ¥(-,®) which we call
strong regularity of the conditional mean ((SRCM); cf. (12))). As was pointed out
in our earlier paper [[13l], a Gaussian distribution features a particularly strong
form of the property (SRCM), but, again, we do not allow here for the Gaussian
marginal distributions, for it would require a number of analytical adaptations to
the lower-unbounded potentials. Such adaptations would not be required in the
context of discrete N-particle Anderson models, where the kinetic energy opera-
tor is bounded.

For brevity, we assume Cy = 1; this is inessential for the validity of the main
results.

1.8 The almost sure (a.s.) spectrum

The exact location of the almost sure spectrum X (H%,N) of the N-particle Hamil-

tonian HY (@) in the entire Euclidean space R? can be easily determined with the
help of the classical Weyl criterion. The flat tiling alloy is a particular case of a
more general one studied by Klein and Nguyen, and the only point which prevents
us from quoting their result (cf. [40} Proposition A.1]) is that they considered an



interaction of finite range. A careful reading of the proof given in [40] evidences
that this is a pure formality, for their argument, based on Weyl’s criterion, nat-
urally extends to interaction potentials decaying at infinity. For an interaction of
finite range, there are arbitrarily large cubes in the N-particle configuration space
where the interaction vanishes and all scatterers’ amplitudes are as close to 0 as
one pleases, so the respective finite-cube spectrum is close to that of the Laplacian.
For a decaying infinite-range interaction, the interaction energy on such cubes is
not vanishing, but can be made close to 0. With these considerations in mind, we
come to the following characterization of the a.s. spectrum.

Proposition 1 Under the assumptions (V) and (U), E(H{;%N(a))) = [0, +o0) with
probability 1.

1.9 Main result

Recall that we denote by § the decay exponent of the interaction potential (cf. (6)).

Theorem 1 Assume the conditions (V) and (U), and fix an integer N* > 2. There
exist E* >0, k = k({,N*) € (0,8), v > 0, m > 0 with the following properties.
(A) Denote I* = [0,E*]. For all N € [1,N*] and some nonrandom constant C,
for all x,y € ZN with R := ds(x,y) > 1, and for any regular domain A C &N
(bounded or not) such that A O A (x) UAg > (y)

E [ sup |1y - (HOY) e 1, } < CeVUsxw)”, (10)
teR

Here Py (HE‘N)) is the spectral projection on I" for the operator HE\N) (o).

(B) With probability one, all eigenfunctions W j(®) of H(w) with eigenvalues
Ej(w) € I'" decay exponentially fast at infinity: for each W j(®) there exists an
integer r;(@) such that for all x € ZN with x| > r;(®)

) < e, (1

Remark 1 The main mechanism responsible for the onset of localization at low
energies is of course the Lifshitz tails phenomenon. It allows one to establish
localization for any nonzero amplitude of the random potential. However, intro-
ducing explicitly the disorder amplitude g in the random potential, i.e., replacing
V(-; o) by gV (-; @) in the definition of the Hamiltonian H(®), one can prove lo-
calization in the energy interval I; = [0, E;] with E; — 4o and with the decay
rate of the eigenfunctions m, — +oc0 as g — +oo.

Remark 2 1t is easy to see that the constant v > 0 in the bound can be made
equal to 1, and even arbitrarily large, by choosing a slightly smaller value k' €
(0,%) and a suitable constant C = C(, V). Indeed, VR* = (VR*"¥)R¥, so for
large R = ds(x,y) the product in the parentheses becomes bigger than any fixed
v/ > 0, while for smaller R the required bound can be absorbed in a large pre-factor
C. This quantity is much less pertinent than the exponent m in (TI)). As usual, the
MSA allows us to prove exponential decay only for the EFs, but not for the EFCs.
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2 EVC bounds
2.1 Strong regularity of the conditional mean (SRCM)

The key property of the probability distribution of the random scatterers in the flat
tiling model, resulting in efficient EVC bounds and ultimately, in norm-bounds
on the decay of EFCs, established in [[16]], can be formulated for a random ﬁelcﬂ
V. Z xQ — R on a countable set 2 and relative to some probability space
(2,3,P). Formally speaking, it does not presume independence or any explicit
decay of correlations of 7.

Let be given a finite set Q C Z. Introduce the sample, or empirical, mean
&o(w) := Q|7 Lrcp ¥ (x; @) of a finite sample {¥ (x;-),x € O}, and the fluctu-
ations relative to the sample mean: 1,(®) = ¥ (x; @) — &p(), x € O . Denote
by Fo the sigma-algebra generated by all the fluctuations {n,, x € Q} and by all

values {¥ (y;-),y € £\ 0}

(SRCM): Given a random field V' : & x  — R on a countable set %, there exist
C,A € (0,+o0) such that for any finite subset Q C %, any §o-measurable random
variable U(-) and all s € (0, 1], the following bound holds:

P {&o(0) € [u(@),u(0)+s]|Fo} <ClOI"s. (12)

Theorem 2 (Cf. [16]) Under the assumption (V), the IID random field ¥ : % x
Q — R satisfies the property (SRCM).

For the reader’s convenience, we summarize the proof in Appendix [D] Note
that Ref. [23]] used a weaker analog of the bound @]), with the RHS of the form
C|QJ*s® with 8 € (0, 1); the latter is insufficient for applications to the continuous
N-particle models.

2.2 EVC bounds for the flat tiling alloy model

We start with the one-volume EVC bound, which is quite similar in form to the
celebrated Wegner estimate [S0]. The flat tiling alloy model is a particular case of
a more general one, studied by Klein and Nguyen [40], so we can simply quote
their result.

In fact, both Theorem [3] and Theorem [] can be proved with the help of the
condition (SRCM), but this would result in a less optimal volume dependence in
Theorem 3] than in [40, Theorem 2.2].

Theorem 3 (Cf. [40, Theorem 2.2]) Fix an interval I* = [0,E*], E* > 0, and let
Z,{TL = Z,{TL(CO) be the random spectrum X(Hy, (x)(@)) NI*. Then for all E € I",
one has

P{dist[z,{fL,E] < s} < C\(N,E*, py)[Ms. (13)

3 Recall that in our paper, ¥ is not the potential but the family of the random scatterers’
amplitudes, labeled by the discrete lattice 2 C RY.
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The estimate suffices for the fixed-energy analysiﬂ but the derivation
of dynamical and spectral localization requires an EVC bound for pairs of local
Hamiltonians (two-volume bound).

It is to be emphasized that we cannot apply the two-volume EVC bound from
[40, Corollary 2.3], since this would only lead to the localization bounds relative
to the Hausdorff distance. In contrast, the EVC bound from Theorem [Z_f], despite
its ostensibly non-optimal volume dependence, suits much better the main goal
of the present paper: the proof of localization with bounds in the symmetrized
norm-distance.

Theorem 4 Under the assumptions (V) and (U), for any fixed N,d, E* and the
PDF Fy of the random scatterers, there exist some Cy,A € (0,+o0) such that for
any pair of 4NL-distant cubes AL (X), AL(y) the following bound holds:

Vs € (0,1] P{quszz;l]gs};gchés. (14)

It is this EVC estimate which makes possible the present work. Its proof relies
on the following elements.

Definition 1 A cube AgN) (x) C (RY)N is weakly separated (or weakly Q-separated)
from A,EN) (y) iff there exists a bounded subset Q C R4, of diameter R < 2NL,
and the index subsets 71, _#> C [[1,N]] such that |_#| > |_#| (possibly, with
fz = @) and
(M4 ALX)UIT 5, AL(y)) SO,
(H/ICAL(X) UszcAL(y)) no=g.

A pair of cubes (AL (x),AL(y)) is weakly separated if at least one of the cubes is
weakly separated from the other.

(15)

In physical terms, the weak Q-separation of Ay (x) from Ay (y) means that
there are more particles in Q from the configurations u € Az(x) than from the
configurations v € Af(y). This renders the EVs of Hy . (x) more sensitive to the
fluctuations of the random potential in Q than the EVs of Hy, (y). Yet, one can still

have dg;i) (AL(x),AL(y)) =0, which makes impossible any stricto sensu stochas-

tic decoupling of the random operators Hy, (x)(®) and Hy, (y)(®). This explains
the choice of the term “weak” [separation]. In simpler terms, it is possible to
have a situation where Ay (x) and A (y) are weakly separated, but every random
value of the potential V(z; @) affecting Hy, () (@) (hence its spectrum) affects
also Hy, (y) () along with its spectrum, and vice versa. Note that previous works,
starting with [19121] (cf. also recent papers [39,40]) used a substantially stronger
condition of ”separation” — in the Hausdorff distance (as did in a different manner
also Aizenman and Warzel [6] and recently Fauser and Warzel [31])).

Remark 3 The crucial difference between the two notions of “’separation” is that
the Hausdorff-separation implies the existence of a sub-sample of the random po-
tential, generating some sub-sigma-algebra §x y ; such that conditioning on Fxy..

4 Notice that fast decay of the GFs implies a.s. absence of a.c. spectrum at low energies,
thanks to a result by Martinelli and Scoppola [44] easily adapted to multi-particle Hamiltonians.
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renders one of the random Hamiltonians Hy, () (@), Hy, (y) (@) non-random, while
the other one still has a non-degenerate probability distribution sufficient for a suit-
able Wegner-type estimateﬂ In the latter sitution, one has therefore a convenient
stochastic decoupling, which may or may not be available for the cubes which
are only “weakly” separated, no matter how far apart they are in the symmetrized
norm-distance. We stress again that the main improvement is brought up by the
property (SRCM); without it, the notion of weak separation would be of no use.
On the other hand, as was already said, (SRCM) is granted for the Gaussian scat-
terers’ amplitudes, due to an elementary property of the empiric (sample) mean
of Gaussian samples, usually taught in undergraduate courses of statistics, so only
its extension to more general distributions requires a proof.

Lemma 1 Any pair of N-particle cubes AéN) (x), AéN) (y) with dg(x,y) > 4NL is
weakly separated.

The proof is quite elementary and can be found in Ref. [11].
Now the assertion of Theorem [ stems directly from the following result.

Lemma2 Let V' : & x Q2 — R be an IID random field satisfying the condition
(SRCM). Consider two weakly separated N-particle cubes AL (X), AL(y) and the
random operators Hy () (@), Hp, (y)(®). Then the following bound holds true

for their spectra XL, 2; 1

Vs>0 P{dlst(z,ﬁ < s} < ClAL(x)||AL(y)| As.

Proof Let Q be a set satisfying the conditions for some #i, 7> C [[1,N]]
with |_#1| =: n1 > ny :=|_#>|. Consider the sample mean & = &y of ¥ over Q
and the fluctuations {7, x € Q}. Owing to the flat tilingﬂ condition on the shape of
the scatterers, the operators Hy, (x) (@), Hy, (y)(®) can be represented as follows:

Hy, () =mé(0)1+A(w),
Hy, ) (@) = mé(0)1+B(0),

where the operators A(®) and B(w) are §p-measurable. Specifically, let ¢ =

(LN 71, 75 =[[1,N]]\ %, and
A(0)=-A+Up 5+ ), Viio)+ ) ny(e),

(16)

je gt €N
B(w)=-A +UBL(y) + Z V(yj;w) + Z nyj(a)).
j€Ss J€S

Then follows from the identities
V(xj;w) &(w )+nx, ) J€/1,

3 A nice analysis performed by Klein and Nguyen [40] shows that the Wegner estimate for
the pairs of Hausdorff-separated cubes does not even require the complete covering condition
for the scatterer functions.

6 This is the only instance where the flat tiling is crucial for the two-volume EVC estimate.
The assumption C, = 1 made in Sect. allows us to avoid this extra factor in the rest of the
proof.




since H(fl BL(X),H(]ZBL()’) co, |/1| =ny, |/2| =n.

Let {A1,..., Ay} and {fy,. ..,y } be the sets of eigenvalues of Hg, () and
of Hg, (y)) in the interval I*, counting multiplicity. Owing to positivity of the in-
teraction energy, it follows (deterministically) from Weyl’s law that M" < ¢|By(x)]
and M" < ¢|B.(y)|. By (16), these eigenvalues can be represented as follows:

2i(0) = m&(0) + 2% (o), (o) =mné(0)+u" (o), (17)

(0)

where the random variables ki(o) () and p;” (@) are Fo-measurable. Therefore,

(@) — (@) = (m —m)é(0) + (4" (0) - 1\ (), (18)

with n :=n| —ny > 1, by assumption. Denote

A

Is(ij)(w) = [Ql'j —1y,6;; +14], 9,'}'((1)) = A i y Isi=—<s.

S
S|

The random intervals Is(ij ) are §p-measurable (i.e., rendered nonrandom by con-

ditioning on §p), so we can apply (SRCM) and obtain

M/ M//

P{dist(z ) <sp< Y Y P{E el ()}
1

i=1j=
< [BL(x)|- [BL(y)|CL%s,

19)

where the value of the constant ¢ can be made explicit with the help of from Weyl’s
law; it is irrelevant for the rest of our analysis. O
The two-volume EVC estimate is thus established.
It is readily seen that a more traditional, one-volume EVC bound can be proved
with an analogous (indeed, simpler) argument.

Remark 4 For further use (cf. Sect. , note that, conditional on §g, the (con-
ditional) probability distribution of Hp, (y) (o) is supported by the one-parameter
family of operators {rn;1+ A, r € R} (we omit the argument ® in A(®) to stress
that it is rendered non-random by the conditioning), and the probability measure
on the real line R > ¢ is the conditional distribution of the sample mean & = &y,
given §p. This operator family is obviously commutative, thus admits common
eigenfunctions. As a result, the resolvent operators, depending upon a single ran-
dom parameter & (), have the form

Gp,(x) (E;6(0)) = Gp,(x)(E —m§(0);0). (20)

A similar representation holds true for Gg, (y) (E; & (@)):

Gp,(y) (E:6(0)) = Gp,(y) (E —m&(0);0). 1)
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3 First scaling analysis. Sub-exponential decay of the GFs

With N* > 2 fixed, we shall prove, as in Ref. [40], localization bounds for every
energy E in an energy interval [* = [0, E*] with E* > 0 determined by the param-
eters of the model, first of all by the common marginal PDF Fy of the random
scatterers’ amplitudes and by the global amplitude g > 0 (cf. (I))). Specifically,
for any given PDF Fy satisfying (V), we can guarantee that our bounds, implying
exponential spectral and sub-exponential dynamical localization, hold true in an
interval I = I*(Fy,g) of positive length; the smaller is g > 0, the smaller must be
E*=E*(g).

Conversely, the larger is the amplitude g in (I), the larger is E*(g) (with a
fixed Fy). In fact, the latter is essentially determined by the initial length scale
(ILS) bound. The starting point for the scaling analysis is, as usual, a Lifshitz
tails estimate. Furthermore, for a fixed PDF Fy and g > 0 large enough, the large
deviations estimate can be replaced with a much simpler probabilistic argument,
going back to [26] and proving the ILS bound for any continuous Fy and g > 1.
See the discussion in Sect.[3.3]

As was said, we consider the finite-volume analysis as more relevant for ap-
plications to physical models; keeping this in mind, note that the spectrum of
H%)(a)) is of course random, with the ground state energy E(gm (A, o) strictly

positive with probability 1, but, clearly, E\" (A, ®) — 0 in probability, as A R,

Therefore, localization bounds established even in a tiny interval [0, E*], 0 < E* <
1, make sense for all A large enough.

3.1 Dominated decay of the GFs

The main technical tool used here is the Geometric Resolvent Inequality (some-
times considered as an analog of the Simon-Lieb inequality), well-known in the
single-particle theory and applicable to the multi-particle Anderson Hamiltoni-
ans as well, for the structure of the potential is irrelevant for this general analytic
result.

Proposition 2 (Cf. [49, Lemma 2.5.4]) Let be given two cubes A = Ay(u) €
A’ = AL(V). There is a real number CSR! depending upon dist(A,dA"), such that
for any measurable sets A C Ay j3(u) and BC A"\ A,

115GA (E)14l < CON[15G o1 (E)Lpou| - [ 1400 Gp (E)1a]- (22)

The boundary layer A°" was defined in Sect. (T.4). Introduce a notation that
will be often used below:

1GA, @ = 1A G, w) X (23)

(here A symbolizes the decay from the center to the boundary of a cube). It is of
course slightly abusive, for the symbol A should have been labeled by the param-
eters of the cube, but its meaning will always be clear from the context.

In this section, we work with the length scales L; = LoY k Ly, Y e N, Y > 1,
k>0.
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Corollary 1 Consider the embedded cubes A = Ap, (X) € A= Ar,, (u). LetB=
ANZ, B= ANZ. For any cell C(y) C Xom, one has

1G5 2]l < C |Gl 125651 p0u (24)
and consequently (cf. (3)),

Gzl < X CIGA]" 265l
z2€JB (25)
A
S CLYGal|” max [l1yG |

with C' = C'(N,d,CORY).

An ideal situation for the localization analysis in a cube Az, (x), in the course
of the scaling step Ly ~~ Ly 1, is where all sub-cubes Az, (v) C Ar,, (x) have the
property HGALk ) (E) HA < 1, but it is well-known, both in the single- and multi-
particle MSA (cf., e.g., [26L32L121139//40.22]) that presence of a limited number
of "unsuitable” cubes is relatively harmless — under certain additional conditions
which can be informally described as ”absence of abnormally strong resonances”.
Formal statements (cf. Appendix [A) and their applications to the scaling analysis
require some notions introduced in Definition 2] below.

As usual, we call a generalized eigenfunction with (generalized) eigenvalue £
of the operator H any polynomially bounded solution to the equation HY = EW.

In the next statement, we assume the conditions (V) and (U) to be fulfilled,
but the assertions are well-known to remain valid for a much larger class of
Schrodinger operators; cf., e.g., [45/461/48.1321[7138139,/40].

Proposition 3 (Cf. [49, Lemma 3.3.2]) For spectrally a.e. E € X(H) there exists
a generalized eigenfunction W, with eigenvalue E. Furthermore,

121 < [[Ga ) (B 11 g ) 11 (26)

3.2 Induction hypothesis

Introduce the following definitions.
Definition 2 Let be given real numbers m > 0, 6 € (0,1], E and integers k >
0, N> 1. A cube A(L[Z) (u), as well as its lattice counterpart B(L[Z) (u), is called
(E, 8,m)-non-singular ((E, §,m)-NS) iff
g8
CRBLYY (|G, < (B[ <. 27)

(N)
Lyt

(N)
Lit1

(u), as well as B; "/ (u), is called (E, B)-non-resonant ((E, )-NR) iff

B
dist(Zy ., . E) > 2e 1. (28)
AEM (u) and BgN) (u) are called E-CNR iff for all integers ¢ € [Ly, L1 — Ly — 2],

B
dist(Zyy, E) > 2e Fer1, (29)
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Here (31)"“ is a crude upper bound on the cardinality |0 ~By (x)|. Introducing
combinatorial factors in the LHS of the bounds like is not traditional, but it
allows us to replace the sums appearing in the applications of the GRI with max-
ima, which better suits the technique of “radial descent” presented in Appendix
[Al

The goal of the scale induction is to prove recursively the following property
for some interval / C R:

S(N,k,I): Given integers N* > 2, Ly > 1, Y > 2, the integer sequence {L; :=
LoY/, j >0}, the real numbers m* > 0, v* > 0 and the finite sequences

my = m* (14 4Ly PN =1y, =2y (2N 1 <n < NF,

the following property is fulfilled forall 1 <n <N, L € [Ly,Ly.1) and E € I
p{Agﬂ (x) is (E, &, my)-S } <e il (30)

In fact, it will be convenient to choose the interval / N-dependent (cf. the table

G3).

3.3 Initial length scale estimate

The assumption of non-negativity of the interaction greatly simplifies the EVC
analysis in the continuous multi-particle models near the bottom of the spectrum,
if the disorder amplitude g is not supposed to be large; it is not required in the
strong disorder regime (g > 1). The key observation here is that any non-negative
interaction can only move the EVs up, thus resulting automatically in stronger ILS
estimates (in any interval of the form (—oo, E*]) for the interactive model at hand
than with the interaction switched off.

We cannot apply directly the ILS estimate from [18, Lemma 3.1], for the lat-
ter provides only a power-law decay of the probability of unwanted events, while
we need an input for the sub-exponential MSA inductimﬂ However, a direct in-
spection of the proof of [49, Theorem 2.2.3], on which [18, Lemma 3.1] is based,
shows that, given any integer N* > 2, for any 0 < y < 1/2 and € > 0 there exist
Ly>0,m,Vv,E{ € (0,+00) such that for all 1 <N < N* and all energies E € [0, Ey],
with

Ey:=2"W-"DE* N=1,.. N* (31)

one hasE]

1-y—¢

Ly
P{llAgom><x)GAL<x><E>xx|| >e s } <e vt 7

7 This is the price to pay for skipping the first phases of the bootstrap in our simplified scheme.

8 The proof of Theorem 2.2.3 in [49] is based on a very strong probabilistic (large devia-
tions) estimate, but the final conclusion (see the last line of the multi-line equation on p.48) is
volontarily made substantially weaker, to merely suit the requirements of the MSA scheme with
power-law decay of unwanted probabilities.



or, equivalently,
1—y—2¢

7(mLe/2)LI+% —(VLE?)L 2
Py o Gy (Bl > <e

In other words, without any assumption on the (nonzero) amplitude of the random
potential, the (E, d,m)-NS property with any fixed é € (0,3/4) can be proved to
hold in a cube of size Ly with probability < e VL for some Kk > 0; here 3/4 is

obtained as 1%’ with y = 1/2. For example, with y="7/18, € = 1/18 we obtain

1 (L2 (L LA
{11y G o (BNl > & 008" | < vt

where mo(Lo), Vo(Lo) — +oo as Lo — —oo. In particular, we can assume, with or
without the strong disorder hypothesis (g > 1), that

i > 5NY, V > 55NY, (32)

where the integer ¥ > 1 defines the length scale sequence L; = LoY* figuring in
the induction hypothesis S(N, k,I*). These estimates will be required in Sect.
(cf. (64)).

The bootstrap strategy ultimately results in stronger estimates stemming from
weaker initial assumptions, but deriving such estimates requires one to go through
the bootstrap steps, which takes a bit longer than a more straightforward approach
summarized, e.g., in the book [49].

In the strong disorder regime, where g > 1, the ILS estimate, with 6 = 1
and Eg,m* = mg — +o0 as as g — oo, can be easily proved without resorting
to the large deviations theory serving as the base for the Lifshitz tails argument.
Indeed, for g large, with high probability all the scatterers’ amplitudes affecting
the random potential in a given cube Ay, (x) are large, so the potential energy
> C(g) > 1, thus the entire interval [0,C(g)/2] is deep inside the classically for-
bidden energy zone. The required exponential decay of the Green functions can
be derived from the Combes—Thomas estimate [24,/10]; in fact, it follows from
more robust mechanisms providing stronger decay bounds in the classically for-
bidden "under-barrier” zone (cf., e.g., [30]]), well-known from standard courses of
quantum mechanics.

Summarising, we come to the following

Proposition 4 Fix any integer N* > 2. Under the assumptions (V) and (U), there
exists some K > 0 with the following property: for any g > 0, m* > 0,v* > 0 there
exists an integer Ly = L(g,m*,v*,N*) and an interval I; = [0, E;] with E; >0
such that S(N, O,I;,‘) holds true for all E € I;,‘, 1 <N <N*and Ly > L. Moreover,
E; — +ooas g — +oo.

3.4 Analytic scaling step

Definition 3 A cube Ag\:) (u) is called weakly interactive (WT) if
diamITu = m;x |ui —u;j| > 3NLy,
i#]

and strongly interactive (SI), otherwise.
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Observe that the properties WI/SI are permutation-invariant, so that both the
norm-distance and its symmetrized counterpart dg can be used in the next defini-
tion.

Definition 4 A cube A(L]Z) (x), k >0, is called (E,5,my)-bad if it contains ei-

+1
ther a weakly interactive (E, §,my)-S cube of radius Ly or a pair of 9NL-distant,

(E,8,my)-S, strongly interactive cubes of radius L;. Otherwise, it is called (E, 8, my)-
good.

Allowing for at most one bad SI cube ultimately gives rise to the sub-exponential
decay bounds with some (possibly small) exponent k¥ > 0. To achieve a better
bound, one has to resort to a more elaborate scheme; this is what we are com-
pelled to do in the course of the second scaling analysis, while here we use a
slightly simpler procedure.

In Section[d] we will work with exponentially decaying Green functions; this
corresponds to 0 = 1; for brevity, we will write there (E,m)-S instead of (E, 1,m)-
S.

For the reader’s convenience, we summarize in the table below the assump-
tions on the key parameters used in the scale induction with L; = LyY*, k > 0.

0<k<B<8<min[{,3] | ¥>max [30N*, 12ﬁ} L s0 1y1-28 >3

E;\(/ _ 2—N+l Eik vy = 3y* (2YzK)N*,N
* * * * -4 N*—N
I, =[0,Ef, I<N<N my =m* (1+4L,°F)

(33)

Remark 5 As was explained in Sect.[3.3] without any assumption on the amplitude
g > 0 of the random potential, the exponent § can be chosen arbitrarily close to
(but smaller than) 3/4 at the initial scale Ly; the induction requires that § < .
Taking g large enough, one can achieve 6 = 1 at the scale Ly, but the restriction
0 < { due to the long-range interaction remains in force.

In Theorem|[T] we claim that spectral and dynamical localization hold in a non-
trivial interval I* = [0, E*], for the sake of brevity, but in the course of the induction
in the number of particles N, it is convenient to actually prove localization for the
N-particle systems in the energy intervals Iy, where I D --- D I},.. The particular
form of the threshold Ey; = 2N+l g | is not crucial for the proof, but we need that
Ey_,—Ey>0.

The pivot of the deterministic component of the scaling analysis is the follow-
ing result, various forms of which are well-known in the single-particle theory.

Lemma 3 Fix two integers k > 0 and N € [[1,N*]], and suppose that a cube
AW (x) is (E,8,my)-good and (E, B)-CNR. If Ly is large enough, then A (x)

Ly Ly

is (E,8,my)-NS.

For completeness, we sketch the proof in Appendix |Af it requires some pre-
liminary results (cf. Lemmas [I2]and [T3).
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3.5 Probabilistic scaling step
3.5.1 Weakly interactive (WI) cubes

Recall that we introduced in Sect. [I.4]the full projection IT and the partial projec-
tions IT », with _# C [[1,N]].

Lemma 4 For any weakly interactive cube A,(i’) (w) there is a factorization A(L]Z) (u) =
AL () x AL () with

dist(TIA Y (u'), TIAY (u")) > L. (34)

Proof Assuming diam (ITu) > 3NLy, let us show that the projection HAg]Zk) /2(“)
is not a connected subset of R?. Assume otherwise; then for any partition of the
particle index set, _# LI _#° = [[1,N]], denoting u’ = I yu, v’ = I yeu, we have
d(Iu’,TTn") < 2- 3# = 3L, hence diam ITu < (N —1) - 3L < 3NL, contrary to
our hypothesis.

Thus we have d(ITA g'ilk)/z(u’) ,TIA g'z;)/z(u”)) > 0, for some partition (_#, _#°),

SO
d (HA(LZ)(U’),HA(LZ )(u")> S L+ i =1,

as asserted. O
We will assume that one such factorization is associated with each WI cube
(even if it is not unique), and call it the canonical one. For the Hamiltonian in

a WI cube we have the following algebraic representation: with A’ = A(le/) (u'),
A" =AY W),
H=H"+U, 4
O (35)
:HA/®1(n )+1(n)®HA// +UA/,A”
where, due to the assumption (U), the interaction U ALA" between the components
in A’ and A” obeys
¢
[Upr a7l < CuN(N —1)e . (36)
It is the next statement which allows us to treat the interactions of infinite
range. Its proof, provided in Appendix [B] is based on Lemma [14] extending [18|
Lemma 4.1], [21, Lemma 3] to the sub-exponentially decaying interaction poten-
tials in RY.
Lemma 5 Assume the property S(N — 1,k,I*). If Ly is large enough, then for any
WI cube Ag:) (u)

]P {A(LIZ> (ll) iS (E7 57mN)'S} S eingLl’erl (37)
and therefore,

1 K
P{A(LIQI (u) contains a WI (E,8,my)-S ball of radius Lk} < Z<3"’1\’L1<+I. (38)
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3.5.2 Strongly interactive (SI) cubes

Recall that we denoted by r; the diameter of the support of the scatterer functions.

Lemma 6 If two SI cubes A(LN> (x), A(LN) (y) are ONL-distant and L > 2r}, then

AN, (x)NTAY, (v) =2 (39)

and, consequently, the random operators H , ) () are indepen-

(@) H

A(LM )

dent.
Proof By definition, for any SI cubes AEN) (x), AEN) (y) we have
ma,Xd(xivxj) <3NL, maXd(ylay]) <3NL,
17.1 "j
and it follows from the assumption d(x,y) > 9NL that for some /', j' € {1,...,N}

one has d(xy,yy) > 9NL, thus for all i,j € {1,...,N} we have by the triangle
inequality

d(x;,y;) = d(xy,yj) —d(xr,x) —d(yjr,yj) > ONL—2-3NL > 2NL+2ry.

Therefore,
dist (TTA 4, (x),TTA 41, (y)) > 2(N = 1)L >0,

SO HA(LIYF)rl (x)N HA(L}i)rl

random potential affecting the operators H (v
L+rg

(y) = @. This implies independence of the samples of the
(x)((l)) and HA(N) (y)(w). O

L+ry

3.5.3 The probabilistic scale induction

Theorem 5 Suppose that S(N,0,1*) holds true, and for all k > 0, one has
1 x
P{ AL, (u) is (E, B)-CNR } < Ze*VNL,(7

forsome x < B < 8. If Ly is large enough, then S(N,k,I*) holds true for all k > 0.

Proof Ttsuffices to derive S(N,k+ 1,1*) from S(N, k,I*). By Lemma ifAz,,, (u)
is (E,8,my)-S, then it is either (E, §,my)-bad or not (E,3)-CNR. Let

Pi:=P{ A (u)is (E,8,my)-S}, i=kk+1,
Sk+1:=P{ A, (u) contains a WI, (E,§,my)-S cube of radius L } ,

Qus1:=P{ A, (u)isnot (E,B)-CNR } < %e*"NLl’f (40)

(the last inequality is assumed, but its validity actually follows from Theorem [3).
Further, an (E,d,my)-bad cube Ay, (u) must contain either a WI, (E,d,my)-S

cube of radius L; (with probability Sg,; < }Te*VNLI’fH by Lemma , or at least
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one pair of 9NL-distant cubes Az, (v;), i = 1,2, which are SI and (E,§,my)-
S. By virtue of Lemma |6, the random operators HALA, (v) (@), Hyp ” (v,) (@) are

independent, thus such a pair inside Az, , (u) exists with probability

_ K 1 _ K
S CL/%IXL]IP% S e 2VNLk +ClInLyy S Ze VNL](’

provided Ly (hence every Ly, k > 0) is large enough. Therefore,

Prst < CLYTPE+Siit + Qitt
< le—VNLK + le—VNLK + le—VNLK < e—VNL;f.
4 4
O
This marks the end of the fixed-energy analysis of the Green functions with
the length scales L; = Y*Ly and sub-exponential decay bounds.

4 Second scaling analysis. Exponential decay of the GFs
4.1 Induction hypothesis

Sub-exponential decay of the localized eigenfunctions can be derived from the
results of the first scaling analysis with the length scales L; = Y*Lo, viz. from
the fractional-exponential decay of the EF correlators. This would correspond to
the general strategy of [31] where the sub-exponentially decaying interactions are
considered, except for the fact that we establish the EFC decay in the symmetrized
norm-distance and not in the Hausdorff distance. This is the reverse of the medal
in the Fractional Moment Method: the decay analysis of the eigenfunctions is logi-
cally subordinate to that of the EF correlators. The Multi-Scale Analysis, however,
is free of such a logical dependence.

In order to prove a genuine exponential decay of the EFs, which is the subject
of this section, we have to replace the induction hypothesis S(N,k,I*) with the
following one:

S(N,k,I*): Given integers N* > 3, Lo > 1, o > 2, the integer sequence {L; :=
(Lo)""/7 J > 0}, the real numbers E* = 2m* > 0, P* > 0 and the sequences

E} =2my, :=2"""E*| P(n,k) :=2P*2a)V" ", 1 <n < N¥,
the following property is fulfilled forall 1 <n < N:
VEEeI =[0,E] IP’{Ag'() (x) is (E,my)-S } <r "0 41)

Recall that (E,my)-S is a shortcut for (E,1,my)-S. Observe also that the
power-law decay exponent P(n,k) depends not only upon n (and deteriorates as n
grows) but also upon &, and grows exponentially fast as k — +oo. The latter is due
to some hidden resources of the von Dreifus—Klein method [26] which remained
unexploited for a long time; they have been revealed in [12] (cf. [12, Theorem
D, [14] (cf. [12| Theorem 8]), and some other works. As we shall see, virtually
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the same argument as in [26]] allows one to prove exponential decay of the EFs in
finite cubes (and ultimately in the entire lattice) with probability approaching 1 at
rate faster than any power la

Indeed, it is not difficult to see that the decay of the RHS in (@T)) is equivalent
to e=¢'"'""“Lk with ¢ > 0; it is faster than any power law L — L.

We summarize in the table below the assumptions on the key parameters and
relations between them made in this section.

7>max (7', 1) N> a>27
1
O<B<min<§,4) K+1>4a
¢ (42)
Ej =2 Nt my = LE, 2B =m* > 1,/
P(N,k) = 2kP* (2a)N" N P* > 4N*da
For further use, observe that
VN=1,...,N* P(N)>P*>max (4Nd,2Nda). (43)

4.2 Initial length scale (ILS) estimate

The next statement is a straightforward adaptation of Proposition [] to the case
where the decay exponent (for the GFs) 6 = 1. As in Section it is obtained
with the help of the large deviations estimates for arbitrarily small g > 0, or by
substantially simpler arguments for g > 1; in the latter case, one can obtain m* =
ny — oo as g — +oo.

Proposition 5 Under the assumption (V) and (U), there exists an interval I =
[0,E*], with E* > 0, an integer Ly and a real number m* > Lal/z such that

S(N,0,I*) holds true for all 1 <N < N*.

Once the ILS estimates are established in the interval I*, it is convenient to
proceed with the scale induction for N-particle systems in the individual inter-
vals I}, = [0,E¥], with Ej, = 2~NT1E} (cf. (@2)). This provides stronger bounds
for the subsystems of an N-particle systems, and allows to rule out — with hight
probability — the W1 singular cubes in the course of the scale induction.

9 A further development of the simple observation made in [12] gives rise to a reformulation
of the bootstrap MSA, initially developed by Germinet and Klein [32], where the EF correla-
tors admit an explicitly described asymptotically exponential decay bound; see the manuscript
arXiv:math-ph//1503.02529.
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4.3 Analytic scaling step

We assume that the main parameters satisfy the conditions listed in the table (@2)),
without repeating it every time again. In particular, this concerns the exponent T
in the following definition, replacing in this section its counterpart from Section
[3] and the integer K in Definition [6]

Definition 5 A cube A(LN) (u) is called weakly interactive (WT) if

diamITu = max |uj —uj| > 3NLT,
i#]
and strongly interactive (SI), otherwise.

Definition 6 A cube A'") (x) is called (E,my, K)-bad if it contains

Lyt
o cither a weakly interactive (E,my)-S cube of radius Ly, or
e a collection of K + 1 (or more) pairwise INL;-distant, (E,my)-S, strongly in-
teractive cubes of radius L.
Otherwise, it is called (E,my, K)-good.

The next (deterministic) statement is a standard result of the Multi-Scale Anal-
ysis, essentially gong back to the work [26] and later adapted to the continuous
Anderson models. The nature of the potential, in particular, the presence of a non-
trivial interaction, is irrelevant for the proof.

Below we assume that the readers have familiarized themselves with the ar-
guments presented in Appendix [A] where an analog of Lemma [7] (Lemma [3) is
proved.

Lemma 7 Suppose that a cube A]ka+1 (u) is (E,my,K)-good and (E,3)-CNR . If
Lo is large enough, then AY () is (E,my)-NS.

Proof Set A :A]ka“(u), B=BY (u) :AZH,I(U)OQFN, B=AVnZV,

Lip1—1

and fixy € 9~ B. Consider the function fy :B— R, defined by

N
fyize Gy (Bl
By assumption, there is a collection of balls BLZ(“j) CA,1<j<K, with0<

K' <K, such that any ball B;, (v) with v.e B\ UjilBgNLZ (u;) is (E,my)-NS. Fix
such a collection. Denote .Z,(u) ={z € & : |z—u| =r}, r > 0 and set:

= {X € BLHI,kal(u) : -iﬂd(u,x) (l.l) ﬂUgilBgNLz(u]') 7é @}

(here . stands for singular”). Then any ball Bz, (v) C B with ve B\ .” is
(E,my)-NS, and . is covered by a family of at most K annuli with center u
and total width < K(2-9NL] +1) < 19NKL}, for Ly large enough. By Lemma
fy is (Lg, ¢,-#")-dominated in B, in the sense of Definition [7} with

—Ing=my(1+L, " *)L,—LF

k+1
= myly (L * =20 = Loy (1431, 17),

N 7 Nd
—In(CypLy)
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where the last inequality follows from the assumptions aff < 1/4 and my > m* >
Lal/z listed in (42)). By Lemma we obtain, denoting M(fy, B) := max,cg fy(z),

T T
(Lk+l—l)719NKLk—l Lk+1—20NKLk

fy(w) <gq H M(fy,B)<q % M(fy,B).

Thus with o > 27, B < 1/4, my > L(;l/z > L,Zl/z, and Ly is large enough, we have

T
Lyy 1 —20NKLF

—Infy(u) > —In <e—"’N(1+%L21/8)Lk> T el

,1+l ﬁ
_ L 1—-20NKL o L
> my (1 + %Lk 1/8> Ly - e L Lad ) n]:vl

~1/8 -1/2 —1+3+}
= myLi {(1+411Lk / ) (1_Lk+{ >_Lk+1 ’ 4}
> Lyyymy (1 +2L—1/8) > y(my, L)Lt +1n (Co NI ).

Therefore, Ay (x) is (E,my)-NS. Note that we have here the same value of m*
figuring in my = m* (1 +3L(;1+B WN e, m* > Lgl/z. This completes the proof.
O

4.4 Probabilistic scaling step
4.4.1 Weakly interactive cubes

In this subsection, we make use of the flexibility of the Multi-Scale Analysis which
allows one to trade the decay rate of the probabilistic estimates (making them
weaker than in Section (3 for the decay rate of the GFs, making them stronger —
exponential. The reader can see that the key point is the analysis of the WI cubes,
or, in simpler terms, of N-particle systems decomposed into a union of 2 (or more)
distant subsystems.

Lemma 8 For any weakly interactive cube A(L]Z) (w) there is a factorization Ag) (u) =
A(LZ/)(u’) X AZ{,) (u") such that

dist(TIA ") (u'), TIA Y (u")) > L. (44)

The proof repeats almost verbatim that of Lemmaf] so we omit it.

We will assume that one such factorization is associated with each WI cube
(even if it is not unique), and call it the canonical one. For the Hamiltonian in

a WI cube, we have the following algebraic representation: with A’ = AZ,) (u'),
A=Al

H= Hrli +UA’,A” = HA’ ® l(nﬂ) + l(n/) ®HA// +UA/,A” 45)
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where, due to the assumption (U),

14
[Uprpnll < Ce™™, with ©¢ > 1 by @2). (46)

Remark 6 1t is the possibility to make the product 7§ > 1 (by choosing 7 > 1/{)
which results in the exponential decay of the EFs.

Lemma 9 Assume the property S(N — 1,k). If Ly is large enough, then for any WI
N
cube A<Lk) (u) 3
. —3 P(N k+1
P{A(L]Z)(u) is (E,mN)-S} < PP 47)

and therefore,

1 _
P {AZ\QI (u) contains a WI (E,my)-S ball of radius Lk} < ZL" PINKHL)  (48)

See the proof in Appendix

4.4.2 Strongly interactive cubes

Lemma 10 [f rwo SI cubes AEN) (x), AEN) (y) are 9NL'-distant and L > 2r), then

nAY, (x) NMALY, (v) = 2, (49)

and consequently, the random operators H AM are independent.

L X )
The proof is similar to that of Lemma [6} notice that T > 1 (cf. (42)).

and HAEM

4.4.3 The scale induction

Theorem 6 Suppose that E(N,O,I;(,) holds true for some N € [[1,N*]], and for all
k >0, one has

1
VE€ly ]P{ ALkH(“) is (E,)-CNR } < ZLiP(N’kJrl).

If Ly is large enough, then S(N, k,I3;) holds true for all k > 0.

Proof Tt suffices to infer S(N, k+ 1,1y) from §(N,k,l;f,). By Lemma ifAz,,, (u)
is (E,my)-S, then either it is not (E, B)-CNR , or it is (E,my, K)-bad. Let
P :=P{ A (u)is (E,my)-S}, i=kk+1,
Sk+1:=P{ A, (u) contains a WI, (E,my)-S cube of radius Ly } ,
1
Qui1:=P{ Az, (u)isnot (E,B)-CNR } < ZL’P(""‘“) (50)

(the last inequality is assumed, but its validity actually follows from Theorem
3). Further, by Lemma if a cube Az, (u) is (E,)-CNR and (E,my,K)-bad,
then it must contain either a weakly interactive (E,my)-S cube of radius L; (with
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probability S;,1 < %L,:fl("’kH), by Lemma , or at least K + 1 pairwise ONL;-

distant cubes Ay, (v;), i =1,...,K+1, which are (E,my)-S and SI. By Lemma
the random operators H, 1 ) (w) are independent, thus the latter event occurs
with probability

(K+D)NdpK+1 ~&+) [a ' P R-Na) 1 opivgy 1 —p(Vk+1)
Pk+ < CLk+1 < ZLkH - Z k+1 ’

(51

under the conditions P(N,k) > 2Nda, K + 1 > 4o given in the table (42)). There-

fore,

<CL,

K+1)Nd
Pip1 < CL,iJ ) PE 4 Sppt + Okt

< % L-POuk1) % 1Pkt L Ly Pty o Pk

O

Remark 7 Now we can explain the choice of the parameters 7, and K. First,
7 > ¢~ is required to assess the WI cubes. Next, & > 27 is required for the
analytic scaling step (see the proof of Lemma([7). Finally, we need K + 1 > 4« for
the bound (51)), thus allowing for a large number of singular SI cubes (the smaller
£ > 0, the larger must be the integer K).

5 Derivation of spectral and dynamical localization

The main strategy in this section is similar to that in [23]]; however, in the continu-
ous alloy model, one needs a sharper ’two-volume” EV comparison estimate than
in the lattice model considered in [23]] (see Theorem [).

5.1 From a fixed energy to an energy interval

Introduce the following notation which will be used in this section:
Fx(E)=Fx(E):= ma G .
M(E) =Fup(E) = max 26,02
Theorem 7 Fix L > 1, a pair of N-particle cubes A (x), AL(y), and a bounded
interval I C R. Assume that the following bound holds true for some ar,qp > 0:
VE el max P{F,(E)>ay} <gqr.
ze{x,y}

Assume also that the EVC bound of the form holds true for the pair Ar(x),
AL(Y). Then for any b > 0, one has

P{3E €1: min(Fx(E),Fy(E)) >ar} <2|I|b~" g, +C"L*b. (52)

Consequently, under the assumptions (U) and (V), the bound (52) holds true in the
interval I = Iy, for any pair of 4NLy-distant cubes of radius Ly, owing to Theorem
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Proof Introduce the events .}, , := {@: mes{E € I: Fx(E) > a} >b},z € {x,y}.
By the Chebychev inequalityEG] combined with the Fubini theorem, we have for
ze{xy}

P{%.} <b 'E [/II{FZ(E)>a} dE} =b! /IE [ Lk, (£)>a) | dE

(53)
=p! /IP’{FZ(E) >a} dE < b '|qp.
1

For any @ ¢ ., := .}, x U %}y, each of the two random sets
&la,0):={E €l: F,(E,0) > a}, z € {x,y},

has Lebesgue measure bounded by b. The norm of the resolvent is a continuous
function of the energy E, on the complement to the spectrum, and the latter is
discrete for any finite volume Hamiltonian, thus the set {E € Int(I) : F,(E,®) €
(a,+e0)} is decomposed into open sub-intervalsE]; the same is true for Fy. There-
fore,

Ela,0) = UK Ji YK [0l <b, K' < oo,

(54)
Ela,0) =UKL gy YN0 0y j1 < b, K7 < oo,
and (again for ® ¢ .%}, omitted from notation for brevity)
P{3E €1: min[Fx(E),Fy(E)| >a} <P{&(a)Né&(a) # 2}
K/ K" (55)
<y ZP{JX,mJy, #a}.
i=1j=

Before assessing the terms in the above RHS, we make the following observations.

The intervals Jx; =: (E;, EJ;) and Jy ; = t(Ey E ;) may or may not be di-
rectly related to the EVs of the operators Hg, (x), HBL( ) they are not necessarily
adjacent to these EVs. In any case, we do not make such a claim, and some nu-
merical calculations evidence that, depending on the value of a > 0, the intervals
like Jx; can indeed be separated from the closest respective EVs. Therefore, we
cannot apply Wegner-type estimates to bound the probabilities in the RHS of (53).

Instead of the Wegner-type bounds, we adapt an argument from [14} Sect. 6]
and use the identities (20)—(21) established in Sect.[2.2] (cf. Remark ) for weakly
QO-separated cubes B (x) and B (y):

Gg,(x) (E;§(0)) = Gp, (x) (E —m§(@);0),
G, (y) (E;6(0)) = G, (y) (E =6 (0);0).

10 Apparently, such kind of arguments in the energy-disorder space R x Q were first used in
localization theory by Martinelli and Scoppola [44], and later by Bourgain and Kenig [9]] and
Elgart et al. [27].

' We believe that actually K’,K” < oo in (54), but this is not crucial for (nor used in) the
proof.

(56)
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Equations (56) result in the following identities for the quantities E)i-(a)) and
Eyfj(w), which, conditional on §p, also depend upon a single random parame-

ter &(): R R
Eg;(0) = Eg; —m&(0), Eyj(0) = Ey; —mé(w),

where E,, E;E ; are §g-measurable. Therefore,

E;t] *E;i = (n1 —m)& (@) + i,

with §p-measurable ; ; and integers ny > na, hence ny —n; > 1. Denote & ; :=
|Jx.il, €y.,i := |Jy,i|, then for each pair (i, j) we haveE] by virtue of Theorem

P{JiNJy; # 2} <P{E—wj| < |ni —mo| exi+ &)}

(57)
S CLA (EX,i + 6y7i) )

thus

K/ K//
P{3E €1: min [Fx(E),Fy(E)] >a} <CL*Y Y (exi+&y,) <CL* 2.
i=1 j=1

O
The strategy of the above proof evidences that instead of the usual eigen-
value concentration bounds, extending the celebrated Wegner estimate [S0], we
are compelled to use eigenvalue comparison bounds for the pairs of local Hamil-
tonians which can be stochastically correlated in a very strong way. At the moment
of writing these lines, this is one of the most problematic points in the decay anal-
ysis of the Green functions and eigenfunctions of N-particle models, relative to
the (symmetrized) norm-distance. The partial solution to this technical problem
proposed in the present paper (cf. also [[23]]) requires rather restrictive hypotheses
on the regularity of the probability distribution of the external random potential
(both in the discrete and the continuous models) and the flat tiling condition on the
scatterer functions (in the continuous model). Neither of these restrictive assump-
tions is required for the proof of localization relative to the Hausdorff distance, as
evidence the works by Klein and Nguyen [39,40].
In the next statement, the exponent § € (0, 1) is the same as in the fixed-energy
analysis carried out in Section [3).

Corollary 2 Under the assumptions of Theorem forall N € [2,N*| there exists
an interval I, = [0, Ex;] with EY, > 0 such that, if Lo or k > 0 is large enough, then,
for some C"" A’ v* € (0, +0)

2 I* 7VNL;§
IE”{ sup min [FX(E),Fy(E)} > emNLf} < L

E€l};

r_ 1 K
: K + C///LA e 2 VN Ly
e~ 2 WL (58)

S e—V*L;(( .

12 For this argument, we need the RHS on to be linear in €. This explains why the analog
of the EVC bound used in [23] (cf. [23, Theorem 2.2]), providing the RHS of the form
CIAs% with 0 < 0 < 1, is insufficient here and had to be improved.
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The counterpart of Corollary [2| building on the results of the scaling analysis
from Section ) (cf. @I)) is as follows.

Corollary 3 Under the assumptions of Theorem forall N € [2,N*] there exists
an interval Iy, = [0, EX] with Ey; > 0 such that, if Lo or k > 0 is large enough, then,
for some C" A c,c’, " € (0,+o)

: —myL, 2|II§|L];2C g ny —c'-2k
P< sup min [Fx(E),Fy(E)] >e "V § < — +C"L,
E€l}, L;“? (59)
< L;C//'Zk,

5.2 Decay of the EF correlators

The derivation of the strong dynamical localization from the energy-interval bounds
given in Corollary [2|can be obtained in the same way as in the works by Klein and
Nguyen [39,40], where N-particle models were studied, with the help of the tech-
niques developed earlier by Germinet and Klein [32/[331/34].

Proposition 6 Given a positive integer L, assume that the following bound holds
true for a pair of disjoint balls A (x),AL(y) C ZN and some positive functions
u,h:

P{3E € R: min[Fx(E),Fy(E)] > u(L)} <h(L). (60)

Then for some C = C(N,d),A = A(N,d) € (0,+c0) and any regular connected
domain A D AL(X) UAL(y) one has

E |sup ||1xP (Ha)e ™A1y | < CL*(u(L) +h(L)). 61)
teR

The proof of similar implications in [39,40] (cf. [40, Corollary 1.7], [39,
Corollary 1.7] ) uses a deterministic power-law bound on the growth rate of the
generalized eigenfunctions of a Schrodinger operator in R¥¢, with bounded po-
tential; see [32, Lemma 2.5]. The details can be found in [39, Proof of Theorem
4.4], [32, Proof of Theorem 3.8]. The finiteness of the range of interaction is not
important here.

If A is bounded and H, has compact resolvent, then the a priori bounds on the
generalized eigenfunctions become unnecessary, and the proof easily stems from
the Bessel inequality. See, e.g., the proof of [14, Theorem 7] where a discrete
single-particle model was considered.

In the present paper, the situation with the derivation of strong dynamical lo-
calization is simpler than in [18/39,40] and virtually the same as in the single-
particle systems, since we prove the energy-interval MSA bounds for the norm-
distant and not only Hausdorff-distant pairs of cubes.

For these reasons, and for brevity, we omit the proof of Proposition @

Now assertion (A) of Theorem [I]for bounded domains follows from
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Theorem 8 Given v > 0, 3 g, = g.(v) € (0,00) and C, = C,(v) € (0,00) such
that, for g > g.(v), and 1 <N < N*,V x,y € & and a bounded domain A C N
with A D Agyy(X) UAR)(y), R:=ds(x,y),

Y;Ly =K sup ||1XP1(HA)eiitHA 1yH < C*ef‘}(dS(XvY» (62)
teR

Proof Without loss of generality, it suffices to prove the assertion for the pairs of
points with R := ds(x,y) > 4NLy. Indeed, an EFC correlator is always bounded
by 1, so for the pairs x,y with ds(x,y) < 4NLj the required decay bound can be
absorbed in a sufficiently large constant Ci.

Moreover, it suffices to establish (62)) only for R large enough; again, the bound
for a finite number of remaining values of R can be achieved by taking C, large
enough.

Fix two points X,y € 2 with R := ds(x,y) and let L = |R/(4N)|. Notice that
for R > 20N and N > 1, one has L > R/(5N). Consider a subset A C 2", which

can be the entire £ or a bounded domain such that B<LN) (x)U B(LN) (y) CA.
We have L > R/(5N). By Corollary 2] combined with Proposition [6]

_omy 5§ W e . ;
Ly <de M te TENE R < 4e= SN R 4 o= 50WR", (63)

Given an arbitrary v > 0, choose a sufficiently large Ly, so that the initial length
scale estimate S(N, 0) is fulfilled with my > 5Nv, vy > 55Nv. Then we obtain

Yiy < Se7VR" = 5e7 V(s (64)

This completes the proof of Theorem [§] ]

Virtually the same argument, combined with the Shnol-Simon type estimates
(cf. [32,391140]) provides a similar result for unbounded domains A. We stress
that we consider the finite domain estimates much more important for physical
applications.

5.3 Exponential decay of eigenfunctions

In the next statement, we keep the same notations for the Hamiltonian and the
cubes as before, but it can be easily seen that the result applies to a much larger
class of Schrodinger operators in a Euclidean space RP, D > 1, with bounded mea-
surable random potential RP 5 x+— W (x; ®). In our case, D = Nd, x is replaced
by x, and W (x; @) by V(x;®) + U(x). The constant a figuring in Lemma|[L1]can
be set to 4N, owing to Theorem [ The main argument is not new. Thanks to the
bound (63)) established for all pairs of cubes which are al;-distant in the norm-
distance, and not in the Hausdorff distance (cf. [[18,/40]]) the structure of the proof
is so close to the one employed in a number of papers on the single-particle MSA,
that it could have been safely omitted. We give it below precisely for illustrating
the power of the norm-distance bounds.

Another reason why we give a detailed proof is that Lemma|[T1] along with the
decay analysis of the GFs given in Section 4| provides an important complement
to the results by Fauser and Warzel [31]: we show that the EFs of the N-particle
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model at hand, with an infinite-range interaction decaying at a sub-exponential

rate r — e_C’C, with arbitrarily small { > 0, decay exponentially fast at infinity.

Such a result is possible due to the logical independence of the decay analysis of
the EFs, in the course of the MPMSA, while in the MPFMM, it is subordinate to
the decay analysis of the eigenfunction correlators.

The reader familiar with Ref. [26] can see that choosing the origin 0 € (R?)Y
(which is invariant under all permutations of coordinates) as the reference point in
the proof effectively puts the symmetrized and non-symmetrized, genuine norm-
distance on equal footage.

Lemma 11 Consider the random Hamiltonian H(®) and assume that for some
a € (0,400) and an interval I* C R, for any k > 0 and any pair of aLy-distant
cubes A, (X), A, (y), the following probabilistic bound holds true:

P{3IEeI": Ay (x)and Ay, (y)are (E,my)-S} <L, (65)

where limy p; = +oo. Then with probability one, every nontrivial polynomially
bounded solution ¥ to the equation H(@)¥ = EW¥ with E € I* decays exponen-
tially fast at infinity, with the decay exponent > m* > 0. Specifically, for some
r(¥) € (0,+o0) and all x € ZN with |x| > r(¥), one has

x| <e ™ . (66)

Proof Fix a polynomially bounded solution ¥ with ||¥|| > 0; then there exists
X € ZN such that ||xg¥|| > 0. Fix such a point X.

Furthermore, there exists an integer ko > 0 such that for all k > kg, A L (ﬁ) is
(E,my)-S. Assume otherwise, then there are arbitrarily large cubes Ay, (X) such
that

" G o —myLy
i )
[P < CiLe — 0
Lk—>°°

which contradicts our assumption that || x| > 0.
We fix ko and work only with k > ko. Denote Ay := Ayr,,,(0)\ Az, (0) and
introduce the events of the form

Tk(A):={3E €I": A contains two aNL;-distant (E,my)-S cubes of radius Ly },

where A C ZV. By the assumed property (63)),

P {‘%‘(AZLkH (0))} < |A2Lk+2(0)|2L;p’< < CL}:Pk+P*2Nda2
< C/L,;pk/z.

The last RHS is summable in k > kg, so by the Borel-Cantelli lemma, there is a
subset Q C Q with P{ Q% = 1 such that for any @ € Q there exists ki > ko such
that for all k > ki, the event (A2, ., (0)) does not occur. Since Ay C Aoy, ,(0),
and for all k > ky > ko, the cube Ay, (0) is (E,my)-S, all cubes Az, (y) C A (with
k > ki) are (E,my)-NS.

Fix ® € 2. Now the argument becomes deterministic.

Fix any x with [x| > aNLy,, and let k = k(|x|) € N be such that [x| € (2L1,2Li2].
Consider the cube Ay _qny, (X) C Ay. It follows from the choice of k; (< k) that
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all cubes of radius L inside Ay _qyyz, (x) are (E,my)-NS. Therefore, by Proposi-
tion[3} using the (E,my)-NS property of all cubes of radius Ly inside A |y _qyz, (X)
and taking into account that [x| > Ly = L}, we obtain:

—In||xx¥|| = y(mn,L)(|X| —aNL;) — C3InLy
> my(1+ L %)X (1—aNLL=% = CL; *In L)
> mylx| (144, 7%) (1= CNLY) - Gsince > 2)
> my x| > m*|x|.
In other words, there exists r(¥) < oo such that for all x € Z°V with |x| > r(¥),
] < e, (67)

Proof of assertion (B) of Theorem [I| By Proposition [3| for spectrally a.e. E €
R there exists a generalized eigenfunction ¥ with generalized eigenvalue E. By
Lemma every generalized eigenfunction ¥ with eigenvalue in I* is square-
summable, hence the spectrum of H(®) in I* is pure point, and there is a countable
family of L2-eigenfunctions ¥ ;(®) of H(®) with eigenvalues in I*. Now the claim
follows from (67)). O

Appendix A Proof of Lemma 3|

In this section, we consider abstract finite connected graphs ¢, without cyclic
edges (x,x), endowed with the graph distance d = dg; recall that dg/(x,y) is the
length of the shortest path from x to y over the graph’s edges. Given a function
f:9 — R and a subset A C ¢4, we denote M(f,A) := maxyea f(x). The gen-
eral results will be used in the situation where & C 2V, with the graph structure
inherited from the lattice 2°V.

Note that we abandon here the boldface notations, relative to the multi-particle
model at hand, since we operate in this section with fairly general graphs.

Denote by By (u) the ball {x € 4 : d(u,x) < L}, and by .Z,.(u) the spherical
layer {x € 4 : d(u,x) = L}. Whenever ¥ is a subgraph of a larger graph (e.g., of
Ny, the inclusion & D By (u) might become ambiguous; for the purposes of the
main application of Lemma[I2] the following convention suffices : by saying that
% D Br(u), we also mean that there really are some points x € ¢ at distance L
from u. Alternatively, one can restrict the analysis to the finite subgraphs ¥ c 2V
and denote By (u) = {x € 2V : d(u,x) < L}.

Introduce the following notions.

Definition 7 (1) Let be given two integers L > ¢ > 1, a real number g € (0, 1),
a finite connected graph ¢4 O B (u), and a function f : Bp(u) — R,. A point
x € By _¢(u) is called (¢,g)-regular for the function f if

f(x) <gM(f,By(x)). (68)

The set of all regular points for f is denoted by Z%.
(2) A spherical layer %, (u) is called regular if .£(u) C %5.
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(3) For x € By _4(u), set

() = min{r > d(u,x) : £, C %y}, if thereis 2, C %y with r > d(u,x),
T oo, otherwise,

and Ry (x) = r(x) + 2.
(4) Given a subset . C By (u), the function f is called (¢,q,.#)-dominated in
By (u) if B(u) \ -7 C %y, and for any x € By_¢(u) with R¢(x) < oo, one has

f(x) <gM(f,Bg, () (1))

The key feature of the (¢,q,.”)-dominated functions is the following result,
which is a variant of [22, Theorem 2.4.1] and [14, Lemma 9], obviously inspired
by Lemma 4.1 from the work by von Dreifus and Klein [26), ].

Lemma 12 Let a function f:94 — Ry be (¢,q,.)-dominated in a ball B =
Br(u), with L> £ > 1, g € (0,1). Assume that the set . is covered by a union <
of concentric annuli </; := By, (u) \ B4;—1 (1) wit@ bj<aji1—2(sothe consec-
utive annuli are disjoint and non-adjacent) and w(</) :=Y.j(bj—a;j+1) <L—/.
Then

F) < g7 M(f,BL(w)).

Proof It follows from the hypothesis that

L—w() - {L—w(d)
¢ - 14

J—:nJrl,nZO.

Define recursively a finite sequence of integers {r, > r,—1 > --- > ro}:

rm=max[r<L—{: 4HNS =2,

. (69)
rj:max[rgrj+1—€: ZOY:Q], j=n—1,...,0.

It is convenient to introduce also, formally, r,,+| = L, although the regularity prop-
erty does not apply to the points in .Z), | = .Z}. Note that one can indeed construct
recursively in (69) n + 1 integers r; > 0, since L —w(%/) — (n+1)¢ > 0, and we

have
n

L—ry= Z(rHl —rj)) < (n+1)l+w(),
j=0
sorg>L—w(&/) —(n+1)¢> 0. Note that the non-adjacency of the annuli .<7;_1,
<f; implies that there is 7; € [bj_1,a; — 1]. (We assumed the non-adjacency since
it can always be achieved by merging adjacent annuli.)
Introduce the non-decreasing non-negative function

F:r—M(f,B,(u), re{0,1,...,L}.

13 Note that w(«) := ¥ ;(b; —aj+ 1) is not the geometrical width of the annulus <7, but

rather the cardinality of the radial section across it. Example: Z! 5% = [0,7], u = 0, </ contains
a single annulus with a; = 1, by = 2. Here w(</) = 2, while the radial section across the annulus
(coinciding with the annulus, in this 1-dimensional example) has length 1.
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Forall 0 < j <n, one has r; + ¢ < L, and .,iﬂrj is regular by construction, so

F(ra) =M(f,By, (1)) < gM(f,By,10(u)) < gM(f,B),
and for all 0 < j < n—1, similarly,

F(rj) = M(f7Brj(u)> < qM(f7Brj+l(u)) < qF(rj+l)'
Now the induction in j =n,...,0 proves the claim:

f(u) SM(f,Byy(u)) = F(ro) < ¢"T'M(f,B)

L-w() L—w(o)—

< gl s B) < 4 M B,

O

The relevance of the notion of dominated decay is explained by the next result

following immediately from the GRI, by a two-fold application thereof; the main
idea of such an argument is well-known and goes back to [26, Lemma 4.2].

Lemma 13 Suppose that for some integer L > £ > 1 and u € (RY)N the cube
Ap(u) is (E,B)-CNR. Let A" D Apy1(u), y € A"\ AL(u). Consider the lattice
cubes By (u) C By (u), and the function f :By(u) — R given by

£ 1% [1,G (BN

Let . C Bp_¢(u) be a (possibly empty) set such that any cube By(x) C By _s(u)\
S is (E,0,m)-NS. If0< B <6 <1and

mt® >20P > [P +1n[B.(u)|,
then f is (¢,q,.%)-dominated in By (w), with

q= e*’"@, m :=m—27LF >0,

One can see that the definition of the “norm” } . H}L in Eqn. (23) is indeed
well-adapted to the dominated decay bounds; all combinatorial factors are hidden
in the factor ¢ < 1, where they are suppressed by the small values of the respective
Green functions between the center and the boundary of the cube involved.

Now Lemma [3] can be proved essentially in the same way as [22, Theorem
2.4.1], with the help of Lemma([I2] The role of the graph ¢ is played, of course,
by the scatterers’ lattice 2V labeling the centers of the unit cells. Technically, the
length step ¢+ 1 used in [22] becomes here ¢ (cf. Lemma [I3)), due to the form of
the GRI typical for the continuous models.

Proof of Lemma |3, Let A = AN (u,L; ). By hypothesis, either A contains
no (E,8,my)-S ball of radius Ly, or there is a ball BV (w,L;) C B such that
any ball BN (v,L;) with v € B\ BWY)(w,9NL,) is (E,8,my)-NS. Bearing in
mind Lemma denote by . the union of all spherical layers .Z,(u) such that

Z,(w)NBW)(w,9NLy) # @. It follows from the relation 8 < & (cf. (33)) that, for
Ly or my large enough,

my — 2L 5L > my (1 - 2m;,1L,j5+ﬁY2ﬁ) > 3my > 0. (70)
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Thus, by Lemmal 3| the function f:x € B +— }G( (u,x; E)| is (Lg,q,-7)-dominated

3
in B, in the sense of Deﬁnmonl 7L withg <e —mwif
Applying Lemma([I2] we can write, with the convention —In0 = oo, that

—Inf(x) > —1n{eLﬁ exp {—&ZNL;E. (L_(2'9NIZ<+ l)Lk—Lk} }
k

3 (Y —20N)
6, 2. ") B
>L mN4 726 L

thus by virtue of the conditions listed in the table (33) (viz. Y1720 >3, my > 1,
B < 8,Y >30N* > 30N), one obtains by a straightforward calculation that

—Inf(x) > 2myL? > myL? +In(3VLNY),
provided L is large enough. a

Appendix B Proof of Lemma 5]

We will need the following result.
Lemma 14 Fix 3,0 € (0,1], m* > 1, E € R and an integer k > 0. Consider a W1
cube A(L]Z) () with the canonical factorization A]EIZ) (u)=A"xA" = A(L’;)(u') X

Ag':/>(u/’). Let E € I, and suppose that Ag) (u) is (E,B)-NR and fulfills the fol-
lowing two conditions:

VA e Zp I(HX’,/)) A" is (E—A',8,my)-NS, (71)
VA" € Zpr (H%)) A is (E—A",8,mu)NS. (72)

If Ly is large enough then B(LIZ) (u) is (E,8,my)-NS.

Proof The operator H,» (as well as H,/) has compact resolvent, so E,, 1 +oco as
a — oo, Recall that we assume the EVs of the operators appearing in our argu-
ments to be numbered in increasing order, counting multiplicity; without loss of

generality, we can also assume that a =0, 1,.... We have the following identities:
Ga,, (u ZP s ®Gpn(E~ E.) (73)
= ZG A (E—E)) Py, (74)

where Py stand for the rank-one spectral projections onto the respective EFs .
By the second resolvent identity, for any energy E which is not in the spectra

of H} = ( ) ®1+1@H ,,> or Hy, we have for their resolvents, G (E) and
GA(E), that GA = Gm GmUA 7A//GA, thus

%y Gxyll < H?CyGniXXH + ||XmeUGXX||
<ty G xxll + U4 A7 HIGR N GA -
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We start with the last term in the RHS. Since A is weakly interactive, we have
by inequality (36) (cf. also Lemma[d), with 8 < ¢ and large Lo,

¢ B
HUA/,A//” < Ce_Lk < C_Lk .

The assumed (E, B)-NR property gives |G, || < %eLﬁ, since dist(E, X, ) > 2e .
The min-max principle implies for the spectrum ZIT of HF{

dist(E,Z}) > 2e7 — Uy pof =, (75)
) ”GX I < e’ . Hence with & <, Ly <L< Ly =YL and Ly large enough,

B 1 _ 5
[UA a7 IIGAIIIGA |l < Ce™ Lol < Zemam?,

.[;

It remains to assess the GF of the non-interacting Hamiltonian. If y = (y',y") €
8‘A<LIZ) (u), then either |y’ —u’| = Ly, in which case we shall use (74), or |y” —

u”| = Ly, and then we use instead the representation (73)). For brevity, we consider
in detail only the former case. Denote

d=d)=max{a: E,<E}}

(here’ <N —1,s0 E}, > Ey_;) and let 3n = Ey_| — Ey (> 0). First, leta > d/,
and consider the eigenvalue of the form A’ = E/. By construction of d’, for any
E € I}y = [0, Ey] we have (cf. @2))

E-AM=E-E,<Ey—E, <Ey—Ey_,=—Ey=-2my,

thus dist(E,A") > 2m},. Therefore, applying the Combes-Thomas estimate (cf.
[241/49]) combined with Weyl’s law, we obtain that, for Ly large enough,

1o 1" § .
Y [Py @G (E—E|" <C"n ' Y L (Eut 2myy+ ) e vt
a>a j=0

< 1e_%mNLa.

It also follows from Weyl’s law that card{a : E!! < E, +2m},} < LS.
Further, for any A" = E; € X+, with a < a(n), we have by assumption

HGA//<E 7E[/1)H)\ < eme—lLa < e*2mNL5.

Therefore,

Y llnPy, cGarE-ENg < (X + > )( @ Gpr(E~E,))
a a<a(n) a>a(n)

1

3 S
SL? e72mNL _’_ZefmeL S mNL )

l\-)\'—‘

(76)
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Similarly, for y € 9~By, (u) with |y” —u"| = Ly, we obtain with the identity (73)
" '/ I 3 myL®
Y |G (B~ E) @ Py || < 5 3mt”. -
a

Taking the sum over all y € 0By, (u), falling into one of the two categories (76)—

, we obtain
G, w (E)HA < Const [Ne3mvL® < e’”’NLa,

for L large enough; this proves the claim. a

Proof of Lemma Denote by . the event in the LHS of (37). Let A = A W) (u, L)
and consider the canonical factorization A = A’ x A”. We have

P{s} <P{ Aisnot (E,B)-NR} 78
+P{Ais(E,B)-NRand (E,5,my)-S }. (78)

B K
By Theorem the first term in the RHS is bounded by e te < %67%‘/"’ Lei1 since
K < B, so we focus on the second summand in the RHS of (78).

LetX =X (Hgl,v )N, 2 =x (Hgf:l)) NI, and consider the events

S ={w:31 €X', B"is (E—1',5,my) — NS},
" ={o:3IN" 5" Bis (E—A",8,my)—NS},

forall E € I}, . Since A is WI, we have that [IA’ NTIA” = &, hence H,» () is
independent of the sigma-algebra §’ generated by the random scatterers affecting
A’, while H, /(o) is §'-measurable, and so are all the EVs A’ € X',

Further, by non-negativity of H', if E < Ey,_,, then E — A’ < E},_, for all
Aex.

Replacing the quantity E — A’, rendered nonrandom by conditioning on §’,
with a new nonrandom parameter E’, we have, by inductionon 1 <n <N —1, and
with v,» > vy_1,

P{s'} =E[P{S|F"}] < i sup P{A"is (E',m)-S}

'<Ey_
. (79)
< |A//|efvnuL}f < |A//|e*2VNL1’f < geingL}f.
Similarly,
1 3 K
Pl o < —e— WL 80
{7} < 3 (80)

Collecting (78)—-(80), the assertion follows.
For the second assertion (38), it suffices to apply a polynomial bound on the

number of cubes of size L; with centers on the lattice 2 in a cube of radius
Lyy1. O
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Appendix C Proof of Lemma 9]

The main argument in this section is very close to that in Appendix [B| but several
key elements here are different, e.g., the definition of the lengths scales, the notion
of a WI cube, and most importantly, the quantitative form of the probabilistic
bound for singular cubes, as well as the relations between the key parameters.
This is why we need a separate proof for an analog of Lemmal9]

Lemma 15 Fix § € (0,1], m* > 1 and E € I}, Suppose that a W1 cube A(L}Z) (u)
with the canonical factorization A,{IZ) (u) = Agl:)(u’) X A(L':,) W) =A"xA" is
(E,B)-NR and satisfies the following two conditions:

vwel,j/mz(HX’,')) A" is (E—A',my)-NS, 81)
V)L”el}mZ(H%’)) A’ is (E— A", my)-NS. (82)

If Ly is large enough then Ag:) (u) is (E,my)-NS.
Proof Let B= AN 2N, We start as in Lemma [14| and make use of the identities
(T1)—(72). Applying again the second resolvent identity, G4 = G} — Gy Uy’ 7G4,
we obtain fory € 0~ B

[2:Gxull < 12yG" x| + | 2y G" UG 2u|
<ty G" 2ull + [Upr o7 HIGA N IGALl-

Consider the last term in the RHS. Since A is weakly interactive, we have by
inequality (#6)) (cf. also Lemma[3)), with 7{ > 1 by @2),

(14 ~
||UA’,A”|| < CCiCLk < 67MLk,
where m > 0 can be made arbitrarily large{ﬂ provided L is large enough. Below
we assume that m > 2my.
. B .
The assumed (E, B)-NR property gives |G, || < %eLk, since dist(E,X,) >

B . . i i
2e L, thus by the min-max principle for the spectrum 23 of HYY
. ni 1B 1B
dist(E,Z}) > 2e % —[[Uyr pn|| > e, (83)
: B ~
so |GY || < e Finally, with m > 3my,

: py B 1
[Up arNIGENIGAI < Ce a2 < Z e,

14 Making 7 large is not necessary in the context of the Lifshitz tails analysis, with the random
potential of small amplitude, but it becomes useful for the proof of localization in the strong
disorder regime.
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It remains to assess the GF of H". If y = (y',y") € 9B, then either |y —u/| =
Ly, in which case we shall use (74), or |y’ —u”| = Ly, and then we use instead the
representation (73)). For brevity, we consider in detail only the former case.

Let 4n = Ey_, —Ey = Ej (cf. @2), ¢’ = d'(n') = max{a: E, < E}. By
the Weyl law, card{a : E! < E},+4n} < LS, for some C = C(d,N) < +oo. The
Combes-Thomas estimate (cf. [24,49]) implies that

/ . 1
Y, [Py @Gu(E-E)|" < ZLC o430+ )G < e,
a>a(n)
By assumption, for all a < o/,

HGA”(E —E;) |)\ < e—mN—lLk < e_szLk.

Recalling 3n = 2(E},_, — Ej;) = 2E}; = 3mj};, we conclude that

Y 0Py @G (E —Eg)xy| < ( Y + ) )pr;@)GA”(E—EZJ)
a

a<a(n) a>a(n) (84)
SLg/ef2mNLk+%efgm}i,Lk <e” szLk
Similarly,
_3
Y [ 2Gar (E — E) @ Py || < e 3mvts. .
a

Taking the sum over all y € d~ B, falling into one of the two categories (84)—(83),
we obtain for L large enough

HGALk(U) (E)HA < Consth(Vde—%mNLk < e ke

which proves the claim. a

Proof of Lemma@ Denote by . the event in the LHS of @7). Let A = AN (u, L)
and consider the canonical factorization A = A’ x A”. We have

P{~} <P{Aisnot (E,B)-NR}+P{ Ais (E,B)-NR and (E,my)-S}.
(86)
: . 1B
By Theoreml 3} the first term in the RHS of (86) is bounded by e “*+1, so we focus
on the second summand.
Let X = Z(H( >) nr,x"= Z(HX,,)) NI, and consider the events
S ={w:3IN X', A" is (E—1',my)—NS},
S = {ﬂ) AN e 2//7 Ais (E —l”,mn//) —NS}

Notice that, although the spectra X', X" C I* are random, their cardinalities are
bounded by those for the respective Laplacians, with the potential energy V + U
switched off, owing to the positivity of the latter. These cardinalities are polyno-
mially bounded in L, by the Weyl law.
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Since A is WI, we have that TIA’ NTIA” = &, hence H, (@) is independent
of the sigma-algebra §’' generated by the random scatterers affecting A’, while
H, (o) is §'-measurable, and so are all the EVs A’ € X'.

Further, by non-negativity of H', if E < Ey,_,, then E — A’ < E},_, for all
AMex.

Replacing the quantity £ — A’, rendered nonrandom by conditioning on §’,
with a new nonrandom parameter E/ < E*, we have by inductionin 1 <n <N —1

P{s"} =E[P{S|F"}] < sup P{A"is (E',m)-S}
E'<E*

(8;)
_ _ _ 1 -1
< C| A //‘ lk P(N—1) < C/ Lk 4aP(N k)+Nd < [k 4Pl (N.k)+Nda '

Using the definition of P(N, k) in (42)), we have
4P(N k) = 4-2P*(2a)N N = 2P(N,k+1),

SO

1
4P(N,k) —Ndo ' =2P(N,k+1) — 5Nd > %P(N,k—i— 1),

since P(N,k+1) > P* > 4Nd (cf. (#2)). Thus

1 —3PWk+1)

P{s"} < ngH (88)

and, similarly,
3
IP’{&’”} S %Lk_jp(va). (89)

Collecting ([86)—(89), the assertion follows.

For the second assertion (38), it suffices to apply a polynomial bound CLY f |

on the number of cubes of size L; with centers on the lattice 2V in a cube of
radius Ly . O

Appendix D  Proof of Theorem 2]

In this section, N does not denote the number of particles.

We begin with a simple auxiliary result on IID random variables Xi,..., Xy
with uniform distribution Unif([0,¢]), £ > 0. As in Sect. 2.1} we denote by & the
sample mean and by 1; = X; — £ the fluctuations relative to . The sample space
is identified with the cube [0, £]" where we consider the Lebesgue sigma-algebra
of measurable subsets and the normalized (viz. probability) Lebesgue measure P.
Further, introduce the sigma-algebra §;, generated by the fluctuations or, equiva-
lently, by the variables ¥; = n; — Ny = X; — Xy, 1| <i < N — 1. Fixing the values
of all ¥;, we obtain a segment .2 (Y). It may have zero length, in which case we
endow it with the trivial probability measure; otherwise P induces on 2" (Y) the
conditional measure with constant density relative to the Lebesgue measure inher-
ited from the ambient space RY; here 2" (Y) C R" are considered as Riemannian
sub-manifolds of RV
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Let X, = min; X;, X* = max; X;. The difference X* — X, is constant on each ele-
ment X (Y), and the length [(Y) of the segment 2" (Y) satisfies [(Y) = ¢ —X.(X) +
X*(X). 2X; 7(y) Can serve as a normalized
length parameter on 2 (Y).

Lemma 16 Assume that the IID random variables X; are uniformly distributed in
the interval [0,£). Then for all t € (0,¢/2] one has

P{I(Y) <t} < N2

Proof Given a segment 2 (Y) and a point X € 2 (Y), one can move all X; in X
down, without leaving .2 (Y), as long as X, > 0. Similarly, one can move all X; in
X up and remain in 2 (Y), as long as X* > 0. For 7 € [0,¢/2], ({ — X; < t) implies
(X; > 1), thus denoting A;; (1) = {X; <1} N{{—X; <1}, we have A;(t) = @, for
any i. Therefore,

{X s max[X,(X), (- X*(X)] <t} | JAi;(0)
i#]
Since X; are IID and admit the density bounded by ¢!, for all i # j we have
P{A;(1)} =P{X; <t} -P{l—X; <t} <2,
thus
P{I(Y) <1} =P{N'(t-X"+X.) <1}

<§IE”{ SN2 L < NE
i#]

(90)

O
It is convenient now to denote by 2 (Y) the affine line in RY containing
Z (Y), and identify it with R when necessary.

Theorem 9 Let be given IID random variables X, ..., Xy with X; ~ Unif([0, £])

and a measurable function A : Y — A(Y). In each interval 2°(Y) C Z(Y)=R,
introduce the sub-interval I;(Y) = [A(Y),A(Y) +s]NZ(Y). For any s € (0,1],
P{&(w) € (Y)} <3N0 1. 1)

Proof The function & cannot serve as a length parameter on 2" (Y), since its gra-
dient (N -1...N _1) has Euclidean norm N~'/2, so it is convenient to introduce
a rescaled sample mean & = /N and rescaled intervals I(Y) = [A(Y),A(Y) +
V/Ns| of length |I5| = v/N|I|; here A(Y) := vVNA(Y).
Set [(@) := | Z(Y)|, then we have
Pie ek} =P{Ecin}=E[P{Ecl(n)]|}]
—]E[l[( {&el )|3,,H+1E[1[( {‘ﬁelg )|gnH

<P{(@) < VNs} +E 14 P {E €m0} ]
92)
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where, by virtue of (90),

P{i(@) <sVN} <NE2(sVN)? = NP2, 93)
yielding
P{l(w) < 2
A0 <R} 22 o
s>0 52 ¢
The second summand in the RHS of (92)) can be assessed as follows:
- \ﬁ \F =
E[1B{Eckm)[§n}] <B| 1. 570 | = aF(r).
95)
Using integration by parts for the Stiltjes integral and (94), we obtain
LN (YN VN
/ r_ldF[(r): F(r) —|—/ r_zF[(r)dr
svVN r IsVN svVN (96)

1 Fi(r) 1 (JN-N> 2N
< ——+/0/Nsu < + < .
WNTET TN e ‘
Collecting (93)), (93), (96) and taking into account that s/¢ < 1, the assertion fol-

lows:
N N 2N/

3N3
E — S

P{Eecl(n)} < — sN'/2 < 97)

O

Theorem 10 Assume that the common probability distribution of the IID random
variables V;, j=1,...,N, with PDF Fy, satisfies the following conditions:

(i) the probability distribution is absolutely continuous, and one has
dFy (v) = p(v)dv, suppp = [a,a+{'); (98)

(ii) the probability density p(-) has bounded logarithmic derivative on (a,a +
:
|(I0p) 1y aren ||, < Cp < oo (99)

Then there exists a constant C = C(Fy,{') < oo such that for any s € (0,N~2) and
any §yn-measurable random variable A, setting I,(®) := [A(®),A(®) +s], one
has the following bound.:

P{&v(o) € I(®)} < CNs. (100)

Proof Without loss of generality, it suffices to prove the claim for supp p IJO 1],
which we assume below. Introduce a partition of the sample space [0, 1] 1nt0
the cubes Ji, induced by the decomposition [0, 1] = UgJi: Jx = Ji; X -+ X Jiys
k = (ky,...,ky), where J, = [ak,ak +N‘1], a=((k—-1N"k=1,... ,N. Next,
introduce in Ji:

— the uniform probability distribution @k, i.e., the normalized measure with con-
stant density px w.r.t. the Lebesgue measure;
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— the probability distribution @k induced by P, conditional on {X € Jx}, i.e., the
normalized measure on Jx with density

p(x) =7 'p(x), Z = A (y)dy.

Letk = (ki,...,ky) and ay = (ay,,...,ax, ). By (O9), Inp(x) is well-defined in Ji
and satisfies

N
[ Inp(x) — Inp(ak)| < ; |Inp(xi) —Inp(ay,)| < NC,N~' = 0(1),

thus x) x)
p(x —1 _ Pk(X
vxel =0(1), soC <= =C,
< plag OV b
and for any event <7, we have
Py {«/} < ConstPy {<}. (101)

The measure Py has constant density on J, thus Theorem@applies, with £ =N"1,
and it follows from (T01)) and that

P{E L)}t =} P{IRJE[Pu{E € L(n)|3n}]

keK
<supPy{& € I,(n)} < C(Fy)N?s.
k

O
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