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We study the region of complete localization in a class of random operators which in-
cludes random Schrédinger operators with Anderson-type potentials and classical wave
operators in random media, as well as the Anderson tight-binding model. We establish
new characterizations or criteria for this region of complete localization, given either
by the decay of eigenfunction correlations or by the decay of Fermi projections. (These
are necessary and sufficient conditions for the random operator to exhibit complete
localization in this energy region.) Using the first type of characterization we prove that
in the region of complete localization the random operator has eigenvalues with finite
multiplicity.

1. INTRODUCTION

We study localization in a class of random operators which includes
random Schrodinger operators with Anderson-type potentials and classical
wave operators in random media, as well as the Anderson tight-binding
model. For these operators localization is obtained either by a multiscale
analysis, 7+10:13716.22.23,25-30,33,35,36.,40,41,43,44.46.48.53,54.56) o1 in certain cases, by
the fractional moment method.(!-24:3-47:37) In addition to pure point spectrum with
exponentially localized eigenfunctions, localization proved by a either a multiscale
analysis or the fractional moment method always include other properties such as
dynamical localization.(1::3:17:32.33)

In ref.®? we proved a converse to the multiscale analysis: the region of
dynamical localization coincides with the region where the multiscale analysis
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(and the fractional moment method, when applicable) can be performed. We
also gave a large list of characterizations of this region of localization, that is,
necessary and sufficient conditions to be satisfied by the random operator in this
energy region for a multiscale analysis to be performed at these energies (Ref.¢”,
Theorem 4.2). This region of localization is the analogue for random operators of
the region of complete analyticity for classical spin systems?%2!)_ For this reason
we call it the region of complete localization. (Note that the spectral region of
complete localization is called the strong insulator region in ref.”) and the region
of complete localization is called the region of dynamical localization in ref.®9).)

In this article we establish two new consequences of the multiscale analysis
that are also characterizations of the region of complete localization, given either
by the decay of eigenfunction correlations or by the decay of Fermi projections.
Using the characterization by the decay of eigenfunction correlations we prove
that in the region of complete localization the random operator has eigenvalues
with finite multiplicity.

In the one-dimensional case the multiplicity of eigenvalues is easily seen to be
always less than or equal to 2. But for d > 1 this had only been previously known
for in two cases. The first is the Anderson tight-binding model with bounded
density for the probability distribution of the single site potential, which has
simple eigenvalues in the region of localization®3? The second is its continuum
analogue, Anderson-type Hamiltonians in the continuum with bounded density
for the probability distribution of the strength of single site potential, for which
the finite multiplicity of eigenvalues in the region of localization is known(!®.
(Although Simon’s original proof for the Anderson model®? does not shed light
on the continuum, the recent proof by Klein and Molchanov indicates that these
Anderson-type Hamiltonians in the continuum should have simple eigenvalues in
the region of localization. The missing ingredient is a continuous analogue of
Minami’s estimate.*%)

Our proof of finite multiplicity of eigenvalues only requires the conditions
for the multiscale analysis, so it applies in great generality. It neither requires
probability distributions with bounded densities, nor the unique continuation prop-
erty for eigenfunctions, both requirements for the Combes and Hislop result(!®).
In particular, our result applies to random Landau Hamiltonians(14:3%:3%:36) and
to classical wave operators (e.g., acoustic and Maxwell operators) in random
media(27,28,43)

We first characterize the region of complete localization by the decay of the
expectation of eigenfunction correlations (Theorem 1). We call this characteriza-
tion the strong form of “Summable Uniform Decay of Eigenfunction Correlations”
(SUDEC). SUDEC has also an almost-sure version which is essentially equivalent
to the SULE (“Semi Uniformly Localized Eigenfunctions™) property introduced
in ref. 1819 This almost-sure SUDEC is a modification of the WULE (“Weakly
Uniformly Localized Eigenfunctions™) property in ref.®!. (See also ref.®> for
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related properties.) But although SUDEC has a strong form (i.e., in expectation),
SULE does not by its very definition.

Recently detailed almost-sure properties of localization like SULE or
SUDEC, which go beyond exponential localization or almost-sure dynamical
localization, turned out to be crucial in the analysis of the quantum Hall effect.
In ref.®», SULE is used to prove the equivalence between edge and bulk
conductance in quantum Hall systems whenever the Fermi energy falls into a
region of localized states. In refs. (! 12 SUDEC is used to regularize the edge
conductance in the region of localized states and get its quantization to the desired
value. In ref.®®), SUDEC is the main ingredient for a new and quite transparent
proof of the constancy of the bulk conductance if the Fermi energy lies in a region
of localized states.

It is well known that in the region of complete localization the random
operator has pure point spectrum with exponentially decaying eigenfunctions.
(29,23, 41) The SULE property is also known with exponentially decaying eigenfunc-
tions. 233 Theorem 1 yields easily an almost-sure SUDEC (and SULE)
with sub-exponentially decaying eigenfunctions. Combining the proof of ref.!
Theorem(! with the argument in refs. 334D, we obtain a form of SUDEC with
exponentially decaying eigenfunctions (Theorem 2). (See ref.®*® for more on
SUDEC and SULE.)

We conclude with a characterization of the region of complete localization
by the decay of the expectation of the operator kernel of Fermi projections (The-
orem 3), a crucial ingredient in linear response theory and in explanations of the
quantum Hall effect. - 6939

The derivation of SUDEC and of the decay of Fermi projections from the
multiscale analysis is based on the methods developed in ref.®? and, in the case of
the Fermi projections, the sub-exponential kernel decay for Gevrey-like functions
of generalized Schrodinger operators given in ref.®). That they characterize the
region of complete localization relies on the converse to the multiscale analysis,
the fact that slow transport implies that a multiscale analysis can be performed @7

This article is organized as follows: We introduce random operators, state
our assumptions, and define the region of complete localization in Section 2
We state our results in Section 3 Theorem 1 and its corollaries are proved in
Section 4 Theorem 2 is proved in Section 5 The proof of Theorem 3 is given in
Section 6

Notation: We set (x) := /1 + |x|2 for x € R?. By A;(x) we denote the
open cube (or box) Az (x) in R (or Z9), centered at x € Z? with side of length
L > 0; we write x, ; for its characteristic function, and set x, := xy.1. Given
an open interval / C R, we denote by C°(/) the class of real valued infinitely
differentiable functions on R with compact support contained in 7, with C2° (1)
being the subclass of nonnegative functions. The Hilbert-Schmidt norm of an
operator 4 is written as || 4|2, .., [| 4|3 = tr A*4. Cyp., K. .., etc., will always
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denote some finite constant depending only on a, b, . . .. (We omit the dependence
on the dimension d in final results.)

2. RANDOM OPERATORS AND THE REGION OF COMPLETE
LOCALIZATION

In this article a random operator is a 7-ergodic measurable map H,, from
a probability space (2, F,P) (with expectation E) to generalized Schrodinger
operators on the Hilbert space H, where either H = L*(R?, dx;C") or H =
02(Z4; C"). Generalized Schrodinger operators are a class of semibounded second
order partial differential operators of Mathematical Physics, which includes the
Schrodinger operator, the magnetic Schrodinger operator, and the classical wave
operators, eg., the acoustic operator and the Maxwell operator. (See ref.®¥ for a
precise definition and 4! for examples.) We assume that H,, satisfies the standard
conditions for a generalized Schrodinger operator with constants uniform in .

Measurability of H,, means that the mappings w — f(H,) are weakly (and
hence strongly) measurable for all bounded Borel measurable functions f on R.
H, is Z“-ergodic if there exists a group representation of Z¢ by an ergodic family
{t); y e 7%} of measure preserving transformations on (§2, F, P) such that we
have the covariance given by

UWH, UG = Hyw forally e 24, @.1)

where U(y) is the unitary operator given by translation: (U(y)f)(x) = f(x —
). (Note that for Landau Hamiltonians translations are replaced by magnetic
translations.) It follows that there exists a nonrandom set X such that o (H,) =
% with probability one, where o(A4) denotes the spectrum of the operator A.
In addition, the decomposition of o(H,) into pure point spectrum, absolutely
continuous spectrum, and singular continuous spectrum is also the same with
probability one. (E.g., refs. 034 )

We assume that the random operator H,, satisfies the hypotheses of %3 37) in
an open energy interval I. These were called assumptions or properties SGEE,
SLI, EDL IAD, NE, and W in refs. 33:3% 3741 _(Although the results in ref.®”) are
written for random Schrodinger operators, they hold without change for general-
ized Schrodinger operators as long as these hypotheses are satisfied.) Although
we assume a polynomial Wegner estimate as in ref.(”), our results are still valid
if we only have a sub-exponential Wegner estimate, with the caveat that one must
substitute sub-exponential moments for polynomial moments (see ref.®” Remark
2.3). In particular, our results apply to Anderson or Anderson-type Hamiltonians
without the requirement of a bounded density for the probability distribution of
the single site potential.

Property SGEE guarantees the existence of a generalized eigenfunction ex-
pansion in the strong sense. We assume that H,, satisfies the stronger trace estimate
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ref.33) Eq. (2.36), as in ref.®”). (Note that for classical wave operators we always
project to the orthogonal complement of the kernel of H,, see refs. 334243 )
For some fixed « > % (which will be generally omitted from the notation) we let
T, denote the operator on H given by multiplication by the function (x — a)*,
a € Z%, with T := T,. Since (a + b) < +/2{a)(b), we have

IT T, < 22 (b — a)*. (2.2)

The domain of T, D(T), equipped with the norm ||¢|l+ = ||T¢||, is a Hilbert
space, denoted by H. . The Hilbert space H_ is defined as the completion of H
in the norm ||/ ||— = || 7~ "y|. By construction, H, C H C H_, and the natural
injections 24 : Hy — Hand:_ : H — H_ are continuous with dense range. The
operators 7'y : Hy — Hand7_ : H — H_,definedby 7'y = T1y ,and 7 =1_T
on D(T), are unitary. We define the random spectral measure

to(B) i=t{T ' Py, T} = 1T Py o3, (2.3)

where B C R is a Borel set and Py, = xz(H,,). It follows from©®?, Eq. (2.36)
that for P-a.e. w we have

Ho(B) = nu(BNX) < Kpns, 24

where K := Kpny is independent of w, increasing in B N X, and Kz < oo if
B N ¥ is bounded. Using the covariance (2.1), for P-a.e. w and all a € Z¢ we have

LawB) = 1T, Poolls = 1T P rcarwlls = Reeaw(B) < Kp.  (2.5)

We have a generalized eigenfunction expansion for H,: For P-a.e. w there exists
a we-locally integrable function P,(A): R — 71(H., H_), the Banach space of
bounded operators 4: H, — H_ with T=' AT " trace class, such that

tr{T-'P, (T} =1 for p,-ae. A, (2.6)
and, for all Borel sets B with B N ¥ bounded,

L Py(B)y = fB P () dito(h), 2.7)

where the integral is the Bochner integral of 77(H.., H_)-valued functions. More-
over, if ¢ € H,, then P,(1)p € H_ is a generalized eigenfunction of H, with
generalized eigenvalue A (i.e., an eigenfunction of the closure of H, in H_ with
eigenvalue A) for p,-a.e A. (See ref.*?), Section 3, for details.)

The multiscale analysis requires the notion of a finite volume operator, a
“restriction" H, . ; of H, to the cube (or box) A (x), centered at x € Z¢ with
side of length L € 2N (assumed here for convenience; we may take L € LN fora
suitable L1 as in ref.?), where the “randomness based outside the cube A (x)"
is not taken into account. We assume the existence of appropriate finite volume
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operators H, . | for x € 7 with L € 2N satisfying properties SLI, EDI, IAD, NE,
and W in the open interval I. (See the discussion in ref.**), Section 4.)

The region of complete localization EgL for the random operator H, in
the open interval I is defined as the set of energies E € I where we have the
conclusions of the bootstrap multiscale analysis, i.e., as the set of E € 7 for
which there exists some open interval / C Z, with E € I, such that given any
{,0<¢ <1,and o, | <a < ¢!, there is a length scale Ly € 6N and a mass

m > 0,soifweset Ly =[L{len, k=0,1,..., we have

PR (m, Ly, I, x, )} 1 =" 2.8)
forallk =0,1,...,and x, y € Z¢ with |x — y| > L + o, where
Rm,L,I,x,y)= 2.9)
{w; for every E’ € I either A (x) or Ay (y)is (w, m, E')-regular} .

Here [K]¢n = max{L € 6N; L < K} (we work with scales in 6N for conve-
nience); p > 0 is given in Assumption IAD, if dist(A.(x), Ap/(x")) > o, then
events based in Az (x) and A;/(x") are independent. Given E € R, x € Z¢ and
L € 6N, we say that the box A, (x) is (w, m, E)-regular for a given m > 0 if
E ¢ 0(Hyx ) and

L
Ty Rox L (E)Xy L]l < €72, (2.10)

where R,, ;.1 (E) = (H,... — E) ' and T, ; denotes the charateristic function of
the “belt" A, _1(x)\Az_3(x). (See refs.(3 4D). We will take H = L?>(R?, dx; C"),
but the arguments can be easily modified for H = ¢*(Z¢;C").)

By construction E%L is an open set. It can be defined in many ways, we gave
the most convenient definition for our purposes. (We refer to ref.®”, Theorem 4.2)

for the equivalent properties that characterize ES". The spectral region of complete

localization in Z, EgL N X, is called the “strong insulator region" in ref.*”).) Note
that E% is the set of energies in Z where we can perform the bootstrap multiscale
analysis. (If the conditions for the fractional moment method are satisfied in Z, E%L
coincides with the set of energies in Z where the fractional moment method can
be performed.) By our definition spectral gaps are (trivially) intervals of complete

localization.

3. THEOREMS AND COROLLARIES

In this article we provide two new characterizations of the region of complete
localization. The first characterizes the region of complete localization by the
decay of the expectation of generalized eigenfunction correlations, the second by
the expectation of decay of Fermi projections.
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We start with generalized eigenfunctions. Given A € R and a € Z¢ we set

IXaPoll () 0

—1
Wio(@) = iz, 1T POl 3.1)

0 otherwise,

W, »(a) is a measurable function of (A, w) for each a € 74 with
Woo(@) = () = (1+4). (3.2)

Our first characterization is given in the following theorem.

Theorem 1. Let I be a bounded open interval with I C T.If I C E%, then for
all ¢ €]0, 1[ we have

E { ||Wx,w(X)Wx,w(y)HLx(,,%m)} <Cree ™ forallx,y e Z4. (33)
Conversely, if (3.3) holds for some ¢ €]0, 1], then [ C EgL.

Note that the converse will still hold if we only have fast enough polynomial
decay in (3.3).

Remark 1. We may replace the denominator | T, ' Py ,¢| in (3.1) by
Ou(¢) := inf {(b—a)* | T, Proo|}.
beZ?

Since Ou(¢) < | T, Pr.owt

, this slightly improves (3.3).

Corollary 1. H,, has pure point spectrum in the open set EgL for P-ae. w,
with the corresponding eigenfunctions decaying faster than any sub-exponential.
Moreover, we have (with P, ,, := Pj).)

E (| 0(D €5 Pro) g g ] = €1 < 0. (3.4)

and hence for P-a.e. w the eigenvalues of H, in E% are of finite multiplicity.

It is well known that /,, has pure point spectrum in ES~ with exponentially

decaying eigenfunctions. Our point is that pure point spectrum follows directly
from (3.3), also yielding sub-exponentially decaying eigenfunctions. The estimate
(3.4) is new, and it immediately implies that for [P-a.e. w the random operator H,,

has only eigenvalues with finite multiplicity in E%.
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If H, has pure point spectrum we might as well work with eigenfunctions,
not generalized eigenfunctions. Given A € R and a € Z¢ we set

aP w .
||;(71;, ol it Py, £ 0,
W, ola) = Pf:;‘;o 17a Pro®ll (3.5)
0 otherwise,
and
aPrw .
M i£P,, 40,
Zrw@) = 1Ta" Prol2 (3.6)
0 otherwise.

W, o(a) and Z;_,(a) are measurable functions of (A, w) for each a € Z?. They are
covariant, that is,

Yio(@) = YVirpola+b) forallbeZ, with Y =WorY=2. (3.7)

It follows from (2.7) that i_P; ,, + = P,(A)pu({A}). Since P; , # 0 if and
only if e ({A}) # 0, we have W), o,(a) = W, (@) if 1,({1}) # Oand W) (a) = 0
otherwise. Combining this fact with the definition of the Hilbert-Schmidt norm
and (3.2) we get

Zy.o(@) < Wy o(@) < Wi (@) < (14 9)7 . (3.8)

Remark 2. H, has pure point spectrum in an open interval / if and only if for
P-a.e. w we have W, _,(a) = W, ,(a) forall a € Z¢ and p,-a.e. » € I.

Thus we have the following corollary to Theorem 1.

Corollary 2.  Let I be a bounded open interval with ICcT.IfIcC E%L, H, has
pure point spectrum in I for P-a.e. w and for all ¢ €10, 1[ and x, y € 7 we have

E { H Z)L,w(x)Z)\,w(y)|iLoc(1,de()L))} = C[.i e*\xfylf , (39)

E { “ W/\,w(x)W/\,w(y)“Lw(l,dum(,\))} =Cig e (3.10)

Conversely, if H, has pure point spectrum in P for -a.e. w, and either (3.9) or
(3.10) holds for some ¢ €]0, 1], we have I C E%L.

We now turn to almost sure consequences of Theorem 1.

Corollary 3. Let I be be a bounded open interval with I C Eg]‘. The following
holds for P-a.e. w: H, has pure point spectrum in I with finite multiplicity, so let
{E..0lnen be an enumeration of the (distinct) eigenvalues of H,, in I, with v, ,
being the (finite) multiplicity of the eigenvalue E, ,,. Then:
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(i) Summable Uniform Decay of Eigenfunction Correlations (SUDEC): For each
¢ €]0, 1[ and ¢ > 0 we have

1@l < Creeol T OIIT il ()4 e T, (3.11)

_ _ d+e dte  _|y_y,
IOVl < Creeoll T OINIT W) T ()5 e H 1, (312)

forallg,y e Ran Pg, ., n €N, andx,y € 7.
(i) Semi Uniformly Localized Eigenfunctions (SULE): There exist centers of

localization {y, w}nen for the eigenfunctions such that for each ¢ €]0, 1[ and
e > 0 we have

1Bl < Creewll T Gl (yno) @ e el (3.13)
forall¢ e Ran Pg, . n €N, andx € 7. Moreover, we have
Niw:= Y nw=<Crol? forallL>1. (3.14)
neN;|ynol<L

(iii) SUDEC and SULE for complete orthonormal sets: For each n € N let
{Dn,j.w}jel1 2,...v,0) De an orthonormal basis for the eigenspace Ran Pg,  ,, so
{Dn,j.wlneN, jef1,2,....v,,) IS @ complete orthonormal set of eigenfunctions of H,
with energy in 1. Then for each ¢ €]0, 1[ and ¢ > 0 we have

1Bl Xy B joll < Creseon/@niaon/Gn oo (9) €T (3.15)
1 bni. ol X0l < Crceion/@mion/@njtx) T ()3 e (3.16)
1ol < Cre.eon/@n o (Vno) T e omalt, (3.17)
forallm e N i,je{l,2,...,v,0}, andx,y € 72 where
Ui = 1T u i’ neN,jel{l,2,..., 00k (3.18)
> njo=to({Ero}) foralln €N, (3.19)
JE{1.2,.svn 0}
Yo tnje= Y teEnw)) = po(D). (3.20)
n,eN,je(l1,2,....,05.0) neN

Remark 3. The statements (i) and (ii) are essentially equivalent, and imply finite
multiplicity for eigenvalues, while (iii) does not, see ref.®*®. Note that in (ii) eigen-
functions associated to the same eigenvalue have the same center of localization.
It is easy to see that (3.11) implies (3.12), the reverse implication also being true
up to a change in the constant — both forms of SUDEC are useful.

If I is a bounded open interval with 7 C E%L, it is known that that for [P-a.e.
o the operator H, has pure point spectrum in / with exponentially decaying
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eigenfunctions.?> 2> 4D The SULE property is also known with exponential
decay. 233 Combining the proof of ref.®"), Theorem 1.5, with the argument
in refs.?3 4D we also obtain SUDEC with exponential decay for P-a.e. w.

Theorem 2. Let I be be a bounded open interval with I C E%L. Forallp € H,
and ) € I set o) ¢ = | T~"P, (L)@ ||%. The following holds for P-a.e. w and ji,-
a.e. . € I: For all ¢ > 0 there exists me = my, > 0 such that for all , € H
we have

1P (M)l Xy P (M)l

< Cleo/Te@y ellog ()" J(log {(yN)'** o —me|x—y]| (3.21)

for all x,y € Z4. In particular, it follows that H,, has pure point spectrum in I
with exponentially decaying eigenfunctions.

Unlike Theorem 1, Theorem 2 does not give a characterization of the region
of complete localization. But it still implies that H, has only eigenvalues with
finite multiplicity in 7.G®

Compared to the rather short and transparent proof of (3.12), the proof of
(3.21) is quite technical and involved — an extra motivation for deriving (3.12).

We now turn to the characterization in terms of the decay of Fermi projections.
We set P,E,E) ‘= P|_cc, £],0, the Fermi projection corresponding to the Fermi energy
E.

Th_eorem 3. Let I and I, be bounded open intervalf with T C LclC E%L.
IfI C E% Let I be be a bounded open interval with I C . If I C EgL, then for
all ¢ €10, 1] we have

E {sup 5 P %y ||§} < Cree™™° forallx,y e 27, (3.22)
Eel

Conversely, if (3.22) holds for some ¢ €]0, 1, then I C ES.

Again,the converse will still hold if we only have fast enough polynomial
decay in (3.22). Its proof explicitly uses that slow enough transport (weaker than
dynamical localization) implies that a multiscale analysis can be performed. The
estimate (3.22) is known to hold for the Anderson model on the lattice with
exponential decay, using the estimate given by the fractional moment method.®

4. SUMMABLE UNIFORM DECAY OF EIGENFUNCTION
CORRELATIONS

In this section we prove Theorem 1 and its corollaries.
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Proof of Theorem 1: Since / C E", givenany ¢,0 < ¢ < l,and o, 1 < <
¢~!, thereisalengthscale Ly € 6Nandamassm > 0,soifweset L, = [L3 6N,
k=0,1,..., we have (2.8) forall k=0, 1, ..., andx,yeZd with |x — y| >
Ly +o.

Let I C E% be a bounded interval with 7 C Z. Note that the quantity
wa,w(x)wx,w()’)”m(, diu) is measurable in @ since the L norm on sets
of finite measure is the limit of the L” norms as p — oo. (It is actually covariant
in view of the way P,(1) is constructed (see ref.*?, Eq. (46)), and the fact that
the measures (., and pt(4)» are equivalent.)

Lemma 1. Letw € R(m, L, I, x,y) (defined in (2.9)). Then

||Wk,w(x)w)»,a)(y) || Lo(1,dpe () < C[,meim% . (41)

Proof: Let w € R(m, L, I,x,y). Then for any X € [, either Ay (x) or Ay (y)
is (m, \)-regular for H,, say A;(x). Given ¢ € H,, P,(A)¢p is a generalized
eigenfunction of H, with eigenvalue A (perhaps the trivial eigenfunction 0), so it
follows from the EDI®, (2.15), using x, = Xx.t X that

I XxPoM)PIl < VrliTx, 2 R, L (M) X, L3115, 2 ITx, L P (D)l (4.2)
Since Ay (x) is (m, A)-regular, we have that
- / L
X PoMll < Pre™" 7 Ty 1 Po(M)ll < Cr e " FIT Po(MBl, (43)
since
ITs. . Po(Mll < CaL (N N T Pu(M)@ ]l (4.4)

Thus, using the bound (3.2) for the term in y, we get (4.1). |

IfI C E%L, givenany ¢,0 < ¢ < l,anda, | < a < ¢!, there is a length
scale Lo € 6N and a mass m > 0, so if we set Ly = [L{]en, K =0,1,..., we
have (2.8) forallk =0, 1,...,andx, y € 74 with x —y| > Ly +o.

Thus given x, y € Z% and k such that Ly, +¢0 > |x — y| > Ly + o, it fol-
lows from (4.1) that

L
E { ”W)\,w(x)wk,w(y)||Loc(1,duw()\)) 5 R(ma Lk, [7 X, J’)} = Cl,meimTk . (45)

On the complementary set we use the bound (3.2) for both terms, obtaining

E{|WioltWo o) gy i@ # RO Lis Lx, )} (46)

< CyPlw ¢ Rm, Ly, I, x,y)} < Cge k.
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Since Lyt +0 > |x — y| > Ly + o, the estimate (3.3) now follows with g in-
stead of ¢. Since ¢ €]0, 1[ and 1 < o < ¢! are otherwise arbitrary, (3.3) holds
with any ¢ €]0, 1.

To prove the converse, we use the following lemma.

Lemma 2. For P-a.e. w we have
2
[Py |5 < Calx)* () Wi ()W o(3) (4.7)

forallx,y € 74, 0 e R

Proof: Let {1, },en be an orthonormal basis for H. We have

”Xwa()‘-)Xy Hz = Z ”Xwa()‘-)wan H2
neN

< [WooP Y |7 Pu(xy | (4.8)

neN
= WP |77 Puin s
< Ca(x)* (1) *[W; o)

where we used (2.6) and (2.2).
Since ”Xwa()‘)Xy “2 = ||XwaO‘)Xx

,» the lemma follows. O

So now assume (3.3) holds for some ¢ €]0, 1[. By B; = B;(R) we denote the
collection of real-valued Borel functions f of a real variable with sup, . | /(¢)| <
1. Using the generalized eigenfunction expansion (2.7), Lemma 2, and (2.4), we
get

sup || xx f(Hy) Pu(I)xoll, < sup / |/ X Po(R) xoll; dpte (1) (4.9)
feB feB JI

< fl 1 Po(D ol dize (1)

. 1
< CHx)K; Hwkqw(x)Wx,w(O)”Léoc(l,duw(/\))'

Thus it follows from (3.3) that

E | sup ||xxf(Hw)Pw(l>xO||§} < CiCre K3 x) ¥ e < ) &2, (4.10)
feB
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and hence for all x, y € Z¢ we have

E { sup | X f (Ho) Po(Dxy ||§} =E { sup [ xx—y S (Ho) Pl D) X0 ||§}
feB, SfeB
<) el 4.11)

It now follows from ref.®”), Theorem 4.2 that / C ES- m

Proof of Corollary 1: Let us consider a bounded interval / with / C ES". It

follows from (4.16) that for any ¢ € H and p,-a.e. 1 € I we have

1 PuMD I 1 Pu(Mp < 2°Crewe™ T () (1) lIg 12

< Creao®e o)} (4.12)
for all x, y € Z¢, where we used a consequence of (2.2), namely
17, Pu()pll < 2% (@)  [Pu(BIl < 22 (@) [1$]]- - (4.13)

In particular, if P,(1)¢ # 0 we can pick xo € Z¢ such that x,,P,( )¢ # 0, and
thus

13 Po(l < Cred.ol XxPo()p I 12 (xo)* e 2= for all y € 7.
(4.14)
It follows that P, (A)¢ € H, and hence p,,-a.e. A € [ is an eigenvalue of H,,. Thus
H,, has pure point spectrum in /, with the corresponding eigenfunctions decaying
faster than any sub-exponential by (4.14). (See, e.g., ref.#?.)
In fact, these eigenvalues have finite multiplicity, a consequence of the esti-
mate (3.4), which is proved as follows: Using (2.5) and (3.8), we have

Rl (r Pry) = [T P 3 (15 Pro)
2

<Ci Y 7 [Prols | Prol
x,yeZd

< CaK} ) () (Z0.0(0) 210

x,yEZd

< CiKT Y ) 2 w(0) 200 (),

x,yeZ’l

(4.15)

and hence (3.4) follows from Remark 2 and (3.8) (or from (3.9)). |
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Lemma 3. Let I be a bounded interval with I C EgL. Then for all & €]0, 1],
p > 1, and P-a.e. ® we have

> O [WaoWao)]' | = Crepo <00 (416)
x,y€eZd L (1,dpe(2))

Proof: It follows from (3.3) and (3.2) that for any £ €]0, 1] and p > 1 we have

x—yl —2K
EL D @) W o OWi o) |t egrgunin < Crep < 00, (417)
x,yezd

and hence (4.16) follows. O
In fact Lemma 3 holds for any p > 0 by modifying the proof of Theorem 1.

Proof of Corollary 2: Since when H, has pure point spectrum in / for P-
a.e. w the estimate (3.10) is the same as (3.3), the corollary with (3.10) follows
immediately from Theorem 1. The estimate (3.9) follows immediately from from
(3.10) in view of (3.8). To prove the converse from (3.9), note that if ., ({A}) # 0,
we have, using (2.2) and (2.6),

H XxPa)()L)Xy H] = Mw({)h})_l
= I‘Lw({)‘})_l “Xx Pl,w ”2 ”XVVP)\.,U)”Z
= (DT Pro|, [T Proll, Z20(¥) Z0.0()

< Cy(x) ()" Zw(¥) Zsw(¥)-

Thus, if H, has pure point spectrum in /, (4.11) follows from (3.9), and hence
I C ES* by®? Theorem 4.2. O

| Xx Pro Xy “1

(4.18)

Proof of Corollary 3: Pure point spectrum almost surely in / with eigenval-
ues of finite multiplicity follows from Corollary 1. It follows from Lemma 3
that for all £ €]0,1[, p > 1, x,y € Z%, ¢, ¥ €RanPg,, ,, n € N, and i, j €
{1,2,..., vy} wWe have

Y Il < [(We, o We, o] 1T ST, 1]

= 2 I SINT W [ Crepo ) e ] (419)

2(p+Dx 1

_ _ Ly
< ol T INT i) ™7 e T,

where we used (2.2).
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The SUDEC estimate (3.11) for given ¢ > 0 and ¢ €]0, 1[ follows from
(4.19) by working with ¢ < k < k£, choosing p > 1 such thatd + ¢ = 2(”;1)",
and taking £ = #

To prove the SULE-like estimate (3.13), for each n € N we take a nonzero

eigenfunction ¢ € Ran Pg, , ,,, and pick y,.., € Z¢ (not unique) such that
Xy, ¥ Il = max || x, ¥/ (4.20)
yezd

Since for all @ € Z¢ and ¢ € H we have

17,7617 =D lx 7, 611 <max||xy¢>n Sl T,

yezd yezd
4.21)
=max [,¢1° 3l T™I7 = Cimax el
yezd ye
we get
1T ) < Callxy,, ¥l foralla e Z¢. (4.22)

It now follows from (4.19), taking v as in (4.20), y = y,.«, using (4.22),
and choosing p and & as above, that for all x € Z9, ¥ € Ran Pg, o, and i€
{1,2,..., vy} we have

bl < C7'CF e I Bl ) 5 el (4.23)

which is just (3.13).

SUDEC and SULE for the complete orthonormal set {¢,, j o }neN, je(1,2,....v, 0}
of eigenfunctions of H, with energy in / follows. Note that the equalities (3.19)
and (3.20) follow immediately from (2.3).

To prove (3.14), note that it follows from (3.17) that

2
| Xt saimi®njio|
) 2d+e —lx=ynol
= Cl,;,s,w(yn,w> ¢ +‘O)O[n,j,w Z e !
x€Z4,|x=yu.0|R

_1pt

< Clreone) @ ay j e < 3 (4.24)
if we take
1
R=R,;w=>2 {log (ZC; e w<yn,w>2(d+£)a"vj~w)} - (4.25)
Given L > 1, we set

1

_ 2Ad+e),  \1E
Ry = 2{log (2C] ., (L"), ;) ) < Cfp, (log L), (4.26)

SLw—L+2RLwSC}U5gw
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Note that if |y, < L we have || XO,SL,“,(pn,j,w”z% for all j € {1,2,..., V).
Thus, using (2.1) and (2.5), we get

1 2 2
INNS Y XesBnel® = lX0s., Proll3
neN,je{l,2,....,vp.0}
2 2
< Y IPoli= Y. IxePrrawli (427
aeZiNAs,  (0) a€ZiNAsg, , (0)

<Ci Y teeap) < CuSY K1 < CrecwKiL?,
a€ZinAg, (0)

which yields (3.14). O

5. SUDEC WITH EXPONENTIAL DECAY

In this section we prove Theorem 2.
Proof of Theorem 2: Let us fix ¢ > 0. Since / C ES", we can pick ¢ €]0, 1[
and « €]1, ¢7![ and such that @ < (1 4 )¢ and there is a length scale L, € 6N
and a mass m =m, > 0, so if we set Ly =[L]en, £ =0,1,..., we have
(2.8)forallk =0,1,...,andx, y € Z with |x — y| > Ly + 0. We fix p €]3, I[

and b > }’:ﬁ > 1. As in ref.*D Proof of Theorem 6.4, we pick p e]%, %[ and

2p
b > % > 1, and for each xg € Z? and k = 0, 1, - - - define the discrete annuli

Akr1(x0) = { A, (¥0) \ Azr, (x0)} N Z7, 3.
At =[A 24, GO\ A 2 0} N2 (5:2)
We consider the event

Fp = N () ROm. Li Ix.p) (5.3)

YeZd, log (N=(mLy)*0 XA Q)

with R(m, L, I, x,y) given in (2.9). It follows from (2.8) that Y ;~, P(Ff) <
00, so that the Borel-Cantelli Lemma applies and yields an almost-surely finite
ki(w), such that for all k > ky(w), if E € I and log (y) < (mLs) """, either
A, (y)is (w, m, E)-regular or Ay, (x)is (w, m, E)-regular for all x € A(y). For
convenience we require kj(w) > 1.

Using (ref.*), Lemma 6.2) we conclude that for all y € Z?, P-a.e. w, and
Ue-a.e. & € I, there exists a finite ky = k»(y, w, A) such that for all k > &k, we
have that Az, (y) is (w, m, A)-singular, and moreover Ay, () is (w, m, A)-regular
unless ky(w, y, A) = 0.
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For each y € Z“ we define k3 := k3(y) by

14+e)7! 146)"!
(mLi)"™ <log(y) < (mLi)"™ (5.4)
when possible, with k3(y) = —1 otherwise.
We now set
ki = ki(®, y, 1) = max{ki(w), k3(»), ka(w, y, 1) + 1}; (5.5)

note that 1 < k. (w, y, A) < oo for P-a.e. w, and p,-a.e. A € 7.

Let ¢, ¢ € Hy be given. Then for P-a.e. w, and p,-a.e. A € Z, if k > k,
the box Az, (y) is (w, m, A)-singular and thus Ay, (x) is (w, m, A)-regular for
all x € Ag11(y). It follows, as in (ref.¥), Proof of Theorem 6.4), that for all
x € Agy1(y) we have

X PoGY || < Cam (Y IT ™ P (MY [l 7, (5.6)
where m, = Wm €]0, m[. It remains to consider the case when x €
A%Lk* ()N Z4If k, = max{k(w), k3(»)} > ka(w, y, 1), we use (3.2) and, if
k* = k3(y)a (54)7 gettlng

X Po)W || < Call T P (M) [ e e ot (5.7)

_ [ Catr TRy et e ik, = ()
Calx) IT PG [l e ifk, = k(@)

Estimating || x, P, (A)¢]l by (3.2), we get the bound
P (MY Nl Xy P ()l

< Cd,u)(x>K <y)2K /—a)\,qﬁak,l# e(log(y))hreefm/‘xfyl7 (58)

withm' = m,. Ifk, = kxy(w, y, A) + 1 > max{k(w), k3(»)}, we must have k, > 1
and hence Ay, (v) is (w, m, A)-regular. Using (4.3) and (2.2), we get

1P < Catn (W) IT ™ P (lle™ 7. (5.9)

Ifx e A%Lkz (y) N Z?, we may bound the term in x by (3.2) and get (5.8) with

r _ (1=2p)m
- 4

m and another constant C, ,,. Since x € A% Lo )N 7%, we cannot
2Ly,

have x ¢ A T )N 7% by our choice of b and p. Thus the only remaining
+2p “h2t

case is when x € 4; ,,(»), where 4} ,,(») is defined as in (5.2) but with 2p

substituted for p. If all boxes Ay, (x") with |x" — x| < p|lx — y| are (w, m, 1)-

regular, the argument in (ref.®”, Proof of Theorem 6.4) still applies, and hence

we also get (5.6) and (5.8) with with m’ = m . If not, there exists x’ € Ap1(v)
with [x" — x| < plx — | such that A, (x') is (w, m, A)-singular. Clearly, x’ €
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Aj,+1(v) if and only if y € Ay, (x’). In addition, since k3(y) < ky(w, y, 1) we
have k3(x") < ka(w, y, ) + 1, as

(14¢)™!

log (x') < %log2—|—log (») + log (bLi,+1) < (mLyys1) (5.10)

Thus, as k, > ki(w), we can apply the argument leading to (5.6) in the annulus
Ap,+1(x"), obtaining

1Pl < Cam(x VI T7 P, (M)Ple™ (5.11)
< Cly O NT P (M)l I mPmebr], (5.12)

where we used |x" — x| < p|lx — y|and |x" — y||x — y| — |x' = x|(1 — p)|x — y|.
Estimating || xP,(A)¥ || by (3.2), we get the bound

1) POV 1 Po@I < Cao () (1) Sr gty e ! (5.13)

with m’ = p(1 — p)m,,.
The thorem is proved. O

6. DECAY OF THE FERMI PROJECTION

In this section we prove Theorem 3.

l:roof of Theorem 3: Let / and /; be bounded open intervals with Ichc
I; ¢ EF". It follows from (ref.®®, Theorem 3.8) that for all ¢ €]0, 1[ we have

E { sup || x« f(Ho)Po(1) Xy ||§} <Chce ™ forallx,yez?. (6.1
feB

We write I = (o, 8), and fix § = %dist(], aly) > 0. Given ¢ €]0, I[, we
choose ¢’ €]¢, 1[. Since H, is semibounded, we can choose y > —oo such
that ¥ C]y, oo[. We pick a L!'-Gevrey function g of class cl on ]y, oo[,
such that 0 <g<1l,g=1on]—o00,0 —4&] and g=0 on |8+ §, oo[. (See
ref.®, Definition 1.1); such a function always exists.) For all £ € I we have
PS? = g(Hy) + f5(Hy), where f5(t) = Xj-so.5)(t) — g(t) € By, with fp(H,) =
fe(H,)P,(I). Using (ref.®), Theorem 1.4), for P-a.e. w we have

|xeg(Ho)xy | < CozoreCece™ 1" forall x, y € Z7. (6.2)

On the other hand, it follows from (ref.*3 Eq. (2.36)) and the covariance (2.1) that
for P-a.e. w

P<C, forallx,y ez,
63)

1
I xcg(Ho) x|, < xeg(Ho) x| xy&(Hu)xy
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Since ||A||§ < || 4]l ||4]l; for any operator 4, we get

| xxg(Hu)xy ”2 <Cerre “Coce T forallx, y e 79 (6.4)

The estimate (3.22) for all ¢ €]0, 1[ now follows from (6.1) and (6.4).
To prove the converse, let us suppose (3.22) holds for some ¢ €]0, 1[.) Let
X € C° (). By the spectral theorem,

e Mo x(H,) = / e "EX(E)P,(dE) = — / (e x(E)) PEAE
= — f (e X(E)) PPUE. (6.5)
1
Thus for all n > 0 we have
[wie x|, < cx+o [ |0 g 66
1

and hence

{H fenitth X(H,)xo )2}

2
< Ci(1+t)2ua:{{/ ’(xﬁp;f)x()”zdz«:} } (6.7)
1

<Ci( +t)2|1|/E
I

) 2
@) P %o Hz} dE < Cxepps(1+17,

where we used (3.22) to get the last inequality. It follows that

Mn, X, T) = / e TE { e te e Ho }
< Clho (14T, (6.8)
hence
1iTnl)ior<1)f %M(n, X, T)<oo foralla >2andn > 0. (6.9)
It now follows from (ref.®”), Theorem 2.11) that / ¢ ES". ]
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