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Abstract We prove a dynamical localization in the nonlinear Schrodinger equation with a
random potential for times of the order of O(872), where B is the strength of the nonlinear-

1ty.
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1 Introduction

We consider the problem of a dynamical localization of waves in a Nonlinear Schrodinger
Equation (NLSE) with a random potential term:

19 = (=0 + Vo) ¥ + BV Y, (1.1)

where ¥ = ¥ (x,1), x € Z (or R; here we specialize to the discrete case) and {V,},cq is a
collection of random potentials chosen from the set 2, with probability measure u(w). We
assume that localization is known for all the energies of the linear problem, when 8 = 0.
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The NLSE was derived for a variety of physical systems under some approximations.
It was derived in classical optics where i is the electric field by expanding the index of
refraction in powers of the electric field keeping only the leading nonlinear term [1]. For
Bose-Einstein Condensates (BEC), the NLSE is a mean field approximation where the den-
sity 8| |*> approximates the interaction between the atoms. In this field the NLSE is known
as the Gross-Pitaevskii Equation (GPE) [2-7]. Recently, it was rigorously established, for a
large variety of interactions and of physical conditions, that the NLSE (or the GPE) is exact
in the thermodynamic limit [8, 9]. Generalized mean field theories, where several mean-
fields are used, were recently developed [10, 11]. In the absence of randomness (1.1) is
completely integrable. For repulsive nonlinearity (8 > 0) an initially localized wavepacket
spreads, while for attractive nonlinearity (8 < 0) solitons are found in general [12].

It is well known that in 1D in the presence of a random potential and in the absence of
nonlinearity (8 = 0) with probability one all the states are exponentially localized [13-16].
Consequently, diffusion is suppressed and in particular a wavepacket that is initially local-
ized will not spread to infinity. This is the phenomenon of Anderson localization. In 2D it
is known heuristically from the scaling theory of localization [16, 17] that all the states are
localized, while in higher dimensions there is a mobility edge that separates localized and
extended states. This problem is relevant to experiments in nonlinear optics, for example
disordered photonic lattices [18], where Anderson localization was found in presence of
nonlinear effects as well as experiments on BECs in disordered optical lattices [19-25].
The interplay between disorder and nonlinear effects leads to new interesting physics
[23, 24, 26-30]. In spite of the extensive research, many fundamental problems are still
open, and, in particular, it is not clear whether in one dimension (1D) Anderson localization
can survive the effects of nonlinearities. This will be studied here.

A natural question is whether a wave packet that is initially localized in space will indef-
initely spread for dynamics controlled by (1.1). A simple argument indicates that spreading
will be suppressed by randomness. If unlimited spreading takes place the amplitude of the
wave function will decay since the L? norm is conserved. Consequently, the nonlinear term
will become negligible and Anderson localization will take place as result of randomness.
A different argument for localization is given in [31]. Contrary to these arguments, it is
claimed that for the kicked-rotor and the Anderson model a nonlinear term leads to delocal-
ization if it is strong enough [32, 33]. It is predicted in that work that there is a critical value
of B that separates the occurrence of localized and extended states. In the delocalized regime
sub-diffusion is found. In a different work [34] sub-diffusion was reported for all values of
B, but with a different power of the time dependence (compared with [32]). The work of
[31], presents results of extensive numerical calculation and heuristic arguments that shed
light on this problem. It was also argued that nonlinearity may enhance discrete breathers
[29]. In conclusion, it is not clear what is the long time behavior of a wave packet that is ini-
tially localized, if both nonlinearity and disorder are present. This is the main motivation for
the present work. Since heuristic arguments and numerical simulations produce conflicting
results, rigorous statements are required for further progress.

More precisely, the question of dynamical localization can be rigorously formulated as
follows: assume the initial state is ¥ (x, 0) = up(x), x € Z; for any 0 < ¢ < 1, prove that
with probability 1 — ¢ (on the space of the potentials)

sup [e®Fpr (x, 1) < M, < 00 (1.2)

X,t

for some a > 0.
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Rigorous results on dynamical localization for the linear case are well known [35-39].
However, the nonlinear problem turns out to be very difficult to handle, even numerically.
Consider the case of small 8 (the only case we study in this work). There are two possible
mechanisms for destruction of the localization due to nonlinearity.

One way of spreading is to spread into many random places with increasing number of
them. In that case, due to conservation of the normalization of the solution, the solution
becomes small (for simplicity, assume x € Z. If x € R, we need to have uniform continuity
as well). But then, the nonlinear term becomes less and less important and we expect the
linear theory to take over and lead to localization. While this argument sounds plausible
there is no proof along this lines.

The second way of spreading is in a few fixed number of spikes that hop randomly to
infinity. In this case, the nonlinear term is always relevant. It is this (possible) process that
makes the proof of localization in the nonlinear case so elusive. It also precludes a quick
numerical analysis of the problem: it may take exponentially long time to see the hoping.

Rigorous results in this direction are of preliminary nature: In [40] it was shown that dy-
namical localization holds for the linear problem perturbed by a periodic in time and expo-
nentially localized in space small linear perturbation. In [41] the above result was extended
to a quasiperiodic in time perturbation. Such perturbations mimic the nonlinear term:

2
W= | cju;(xets’ (1.3)
J
where u; are the eigenfunctions of the linear problem with energies E;.
Furthermore, it can be shown that NLSE has stationary solutions
EYg = (=0 + Vo) Ve + BlYel Ve (1.4)

which are exponentially localized for almost all E with a localization length that is identical
to the one of the linear problem [42—45].

In this work we prove that for times of order O (872) the solution remains exponentially
localized. The argument we use seems to generalize to arbitrary order in B~! as will be
explained later. We construct the solution as a series in the eigenfunctions of the linear
problem. Standard perturbation theory for the coefficients does not apply: we encounter
small divisor problems and secular terms (formally infinite).

Removing the secular terms requires the renormalization of the original linear Hamil-
tonian that is used to generate the expansion through its eigenfunctions. Small divisor terms
are estimated by inspiration from the work and methods of Aizenman-Molchanov [46]. The
nonlinear terms which are then controlled by a bootstrap argument, utilizing at this point the
smallness of 8.

We use only the fact that the eigenstates of the linear problem are localized, therefore
our results hold in many situations for dimensions higher than one in the presence of strong
disorder.

2 Organization of the Perturbation Theory
2.1 The Perturbation Expansion
Our goal is to analyze the nonlinear Schrédinger equation

0y = Hoyr + Bly I*y, 2.1)
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where Hj is the linear part with a disordered potential, which on the lattice takes the form
of

HOlZ’n = _‘](WVH—I + lbn—l) + é&n Wn- (22)

We assume throughout the paper that H, satisfies the conditions for localization and the
conditions of [46]. For almost all the realizations, @, of the disordered potential, all the
eigenstates of Hy, u,,, are exponentially localized and have an envelope of the form of

|t (X)| < D, cemlemrI—ml 2.3)

where ¢ > 0, x,, is the localization center defined by the point where u,,(x) has its maxi-
mum, y is the inverse of the localization length, £ = y~!, and D,, . is a constant dependent
on ¢ and the realization of the disordered potential [50, 51] (better estimates were proven
recently in [52, 53]). It is of importance that D, . does not depend on the energy of the state.
In the present work, only realizations @, where

|D, |l <D <00 (2.4)

are considered. This is satisfied for a set of order 1 — ¢, as can be easily verified by a
contradiction argument.

We exclude this way also the realizations where functions with more than one center of
localization are found at large distances. This is the reason that our results hold for a set of
measure 1 — ¢ of the potentials.

Our goal is to introduce an indexing scheme which follows the localization center of the
eigenstates, u,,. For each point i € Z on the lattice, we label the eigenfunctions with the
localization center at i, and ordered by energy. Of course, as we move from i toi + 1 we do
not recount the eigenfunctions already present in the previous count. We start with i = 0 and
go back and forward in i to +00. The crucial fact to us is that the number of eigenfunctions
for each i point is uniformly bounded in i. Consequently, if the eigenfunctions index is 7,
we have that

clil <Inf < c'li] (2.5)

for some 0 < ¢ < ¢’ < 0o. Numerically one observes that ¢ ~ ¢’ ~ 1, hence the localization
center, x,, of the nth eigenfunction is of the order n

n<x,<n. (2.6)

The fact that the number of eigenfunctions localized at any point (say i = 0) is finite follows
from the results of Nakano [54]. Another way to see that is to note that it follows from
a complete localization. Complete localization implies that in a box of size M around the
origin all eigenfunctions with x,, = 0 satisfy

D (DI = 1 —e(M) .7

lil<M

with e(M) = O(e~™). The dimension of the space of functions which are completely lo-
calized inside M is M, spanned by uy, ..., uy. So, suppose there is another independent
eigenfunction ¢ satisfying

SN WP z1—eM), (Wluj)=0, j=1.....M. 2.8)

ljl<M
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Then
M

D W ¥rlug) + (A = xa)¥rluj)} = 2.9)

j=1

where x, is the projection operator on the box M. But {)u;} span the space of functions
inside M, hence

> -eM))(1—¢) (2.10)

M
Z Ol )

for & small. Therefore (2.9) 1mp11es

M
Z((l —xm)¥luj)| = A —eM)(1 —e). (2.11)
j=1
But by the construction of the box
M
DU = ¥ luj)| < cMe™™ < (1—e(M)) (2.12)

for M large results in a contradiction.
The wavefunctions can than be expanded using the eigenstates of Hj as

Y= cue My (x). (2.13)

For the nonlinear equation the dependence of the expansion coefficient, ¢, (¢), is found
by inserting this expansion into (2.1), resulting in

10,y cme™ M uy (x) = Ho Y eme™ 1y (x)
m m

2
B cme™ iy (x)
m

Multiplying by u, (x) and integrating gives:

> emye T s Uy, (x). (2.14)
m3

ihea =P ) Ve Cupepye! Bt En B, (2.15)

my,my,m3

mymyms3

where V, is an overlap integral

Ve = / 3 -y ()it () ty ()l (). (2.16)

mymyms

In the discrete case [ dx is understood as > . By definition V,, is symmetric with

respect to interchange of any two indices. Additionally, since the u,(x) are exponentially
mlm';mg

localized around x,,, V, is not negligible only when the interval,

dm = max[x,, X, ] — min[x,, x,, 1, 2.17)
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is of the order of the localization length, around x,,,
|Vnm1m2m3 | < Dj) ges(‘xn“H-’le |+‘xm2 |+|Xm3 ) / dx - e—y(\x—Xn\Hx—XmI |+|X_Xrl12 H"x_xm:; b}

(VE

< Dj} 869(‘)(71 H'lxml |+‘xm2 |+|Xm3 De_ (|xn —Xm [+1xn —Xmy |+1xn —Xmgy )

X /dx . 6_5/(‘X_Xn|+|x_xm1 [+1x—=xmy [+x—=Xms3 )
< Vsse/eg(hn H"xml H"xmz H"Xm_; ‘)e_ % (v =) (|xn —Xm [+1xn —Xmy [+1xn —Xm3 b} (2 18)
=V, . .
Here we used the triangle inequality

(I = x|+ 1x = 2, ) + (I = X[+ 12 = Xy [) + (X — 20| + X = 25 )
= X = Xy | 4 X0 = Xy | 4 X0 — X | (2.19)

to obtain the second line. Our objective is to develop a perturbation expansion of the c,, (¢)
in powers of 8 and to calculate them order by order in 8. The resulting expansion is

ea®) =0+ Be + e+ 4 VTNV 4 gV (2.20)

n

where the expansion is till order (N — 1) and c(’) is the remainder of the expansion. We will
assume the initial condition

et = O) = 0. (221)

The equations for the two leading orders are presented in what follows.
The leading order is

9 =8,. (2.22)

The equation for the first order is

atC“) = Z Vm1m2m3c*(0)c(0)c(0) I(En+Em1 *Emz Em3)t ivnoooei(En*EO)f (223)

my~m3
miy,my,m3

and its solution is

1— ei(En_EO)t
eV = vooo(iE 3 ) (2.24)
n — &0

The resulting equation for the second order is

atcy(LZ) = — Z lem2m3c*(l) y(p?)C(O) l(En+Em] Emz*Em3)f
my,mpy,m3
=20 Y mmamser Ol o0)f EntEm ~Emy =Emy)t (2.25)
my,my,m3

Substitution of the lower orders yields

—i(Em—

) o0 y000| (1—¢ BN i Ent En—2Eo)
e = —i E Vmry |:< )e’ nTEm 20
n ~ n m Em _ EO
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| — i En—Eo)
+ 2 el(En_Em)t
Em - EO

VmOOvOOO ) ) . .
= — M[(El(En‘*'Em_ZEO)t _ el(En—Eo)t) + z(el(En—Em)t _ el(En—E())f)]
Em - EO
VmOOvOOO ) ) )
S éz rg [ez(Ey,+Em —2Ep)t __ 3et(E,,—E0)t + Zel(E"_E”')t]. (226)
m — L0

We notice that divergence of this expansion may result from three major problems: the
secular terms problem, the entropy problem (i.e., factorial proliferation of terms), and the
small denominators problem. In the present work, the entropy problem is irrelevant since
only the lowest order is studied.

2.2 Elimination of Secular Terms
We first show how to derive the equations for ¢, (t) where the secular terms are eliminated.

Proposition 2.1 7o each order in B, ¥ (x,t) can be expanded as

Y0 =Y cn(t)e i, (x) (227)

with
E,=E” +BE" +pE +-- (2.28)
and E© are the eigenvalues of Hy, in such a way that there are no secular terms to any

given order.

Here we first develop the general scheme for the elimination of the secular terms and
then demonstrate the construction of E, when the ¢, (¢) are calculated to the second order
in B (see (2.44, 2.45)).

Inserting the expansion into (2.1) yields

P
iZ[atcm - iEy,nCm]eilEmtum(x)
m
ol
= ZES))c,nef’Emtum(x)
m

i(E, —E! —EI )t
+B D chyemCme I T (Y, ()t (). (2.29)

mimayms

Multiplication by u, (x) and integration gives

idc, = (EY —Epea+B Y V") cpyepye’ O EmTEm I (2.30)
mymayms
where the V,"'""™ are given by (2.16). Following (2.20) we expand c, in orders of S,
namely,
en=c+ BV 4+ 2P ..., (2.31)
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resulting in the following equation for the Nth order

N—=1IN—=1-r N=1-r—s
(N) _ (N=s) .(s5) mymom (r)* (Y) (l)
laC ZEII Cn + Z an o n11 mz m;
myimyms r=0 s=0 1=0
: ’ ’ ’
¢! EntEmy =~ Emy =En )t (2.32)

This equation gives each order in terms of the lower ones, with the initial condition of
cO () = §,9. It is important to notice, that indeed for all the ¢ on the RHS, r < N. Secular
terms are created when there are time independent terms in the RHS of the equation above.
We eliminate those terms by using the first two terms in the first summation on the RHS. We
make use of the fact that ¢ = §, and ¢V can be easily determined (see (2.35, 2.38)), and
used to calculate £} and E/;" that eliminate the secular terms in the equation for c{V,
that is

(N) (0) (N=1) (1) (N) (N=1) VOOO
E, +E, =E"8,0+E, (1—6n0)—,, (2.33)

(E, — Ep)
where only the time-independent part of cfll) was used. In other words, we choose E(¥ )
and E, (N Y 50 that the time-independent terms on the RHS of (2.32) are eliminated. E(()N)
will ehmmate all secular terms with n =0, and EN =Y will eliminate all secular terms with
n # 0. In the following, we will demonstrate this procedure for the first two orders, and

calculate ¢(V.
In the first order of approximation in 8 we obtain
i9,c (1) — _E(l) (0) + Z lemzmzc*(o) (O)C(O)e’(E11+E1nl —Epy —Ep )t

mz m3
mymams3

—ED8,0+ VWi E—EYT (2.34)
For n = 0 the equation produces a secular term

i8,ct) = —E 4 v

(2.35)
eV =it (B — v,
Setting
EM =v™ (2.36)
will eliminate this secular term and gives
! =0. (2.37)
For n # 0 there are no secular terms in this order, therefore finally
ey = (1~ a,l())v,?“(—l ~ et(ﬂ%”) (2.38)
(E, — Ep)

In the second order approximation in 8 we have

i,¢? = —EDc) — EQc® + 3 v @009 4260l

mz m3 m mz m3
mymym3
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X l(El/l+Elnl E”’lz ﬂl:;)t

. ! ! ’ . ’ ’
— CE@80 = Ve + 3 Ve Bt E 0B Er ). (2.30)

mi
For n = 0 it takes the form

copl sl !
iatc(()Z)=—E(()Z)+ZV0m'00(C:;(ll)el(E"’l EO)t—i—ZC,(nll)el(EO Em])t).

m

Substitution of (2.35) yields

m100 000
ca (2) _ (2) le Eyy —EQtN i(Ep —EQ)
idcy’ = + E “E —L[(1 - 1 Ye' Em
my#0 ml

+2(1— o Eny —E(’))r)ei(E(’)—E,;,] "

vy o
E(z) 4 Z 2*1/ (' Em ~E 4 0o/ Ey—Em )t _3) (2.40)
my#£0 En, =

and the secular term could be removed by setting

mlOOV()O()
EP=-3) 2 ™ (2.41)
>
my#0 En,
For n # 0 we have
1 — ol EnEQt
iatcilz) _ E(l)‘/’000< - :
(En - Eo)
00 ¢ (1) i (B} +Epy —2Eg)t () i (B, —Ep )t
+ZVH'"‘ (cp, € 10T 4+ 2¢,, e 1)
mi
1 — i (En—Ept
— _E’(II)VnOOO( - -
(E, — Eg)
L A o
+ Z E’ (I EntEy m2E)T 4 9l En ) 31 (Ey Bty (2.42)
mzo Em = Eo

We notice that the second term in the sum produces secular terms for m; = n. Those terms
could be removed by setting
1) 17000 001,000
_EVV, 2V,7V
(E, —Ey) B, —E

n#0

(2.43)
ELM =2vr0 p£o.

To conclude, in the calculation of ¢, up to the second order in B the perturbed energies,
required to remove the secular terms, are
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852 S. Fishman et al.

v 000)2
E,=EY +BV,Q2 = 8,0) =360 Y —— — (2.44)
m£0 m] 0
and the corresponding correction to ¢'? is
nx]OO 000
Vn ol ! sopl ol
Zml#o En, Ell I(Eml Eot + 2€I(E0 Eml)t), n=0,
m100
@) _ ) 2vy00y0 g gy 2V VI e
i9,ct Shpe ¢ 0 Z,n1¢0n We 1 (2.45)
leﬂovrg(;o z(E +E! —2E/t i(E,—ENt
+Zm1¢0 E/ 7E/ ml 07— 3e! %0 ), n 750

Note that in the calculation of c, to higher orders in 8, a term of the order B2 will be
generated for n % 0. Terms with increasing complexity are generated in the cancellation of
higher orders, however, as demonstrated by (2.33), secular terms are removed with the same
¢ and ¢V which are presented in (2.22, 2.38).

In the next section, the simple case where the perturbation expansion is truncated at the
zeroth order will be studied; and it will be shown that for short times of order ,3’2 the
remainder of the perturbation expansion is bounded. Moreover, the remainder is of the order
of e77Inl,

3 Bounding the Expansion

To prove dynamical localization on the time interval of order O (872), we need to show that
forallt <T = O(B87?) the c,(t) satisfy the following bound

supsup |c, ()e?™!| < C < oo. 3.1

n t<T

In fact, one expects the a to be close to the inverse localization length of the linear
problem. In the preceding section the terms of the perturbation expansion were examined.
‘We now have to show that the remainder term, cf[), can be controlled. Since it is a difficult
task for arbitrary N and ¢, at the first stage, we will obtain a bound on the remainder, c,(f), for

the order zero solution, ¢? = §,9. In particular, we will show that it remains exponentially
bounded in n, namely,

lc| < Me= =l 3.2)

at least for t < O(B72). Therefore in this section we will limit ourselves to the expansion of
order 8, namely,

Cn = 8u0 + B, E =E,+BE", (3.3)

where ¢, E® are the remainders of the expansions (2.20) and (2.28).

In other words, we start from an eigenstate of the linear problem (8 = 0) which is local-
ized near x,, = 0 and try to bound the correction c(') resulting from the nonlinearity of the
system.

The equation for ¢ is

la,c(’) — E(()r)(s ,BE(’) (r)+V000 i(Ep—EQ)t
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+'Bzvmloo(c(r)* z(E,l+E,’n1 2E0)1+26(r) i(Ep Eml)t)

my

+ﬂ2 Z Vm1m20(2C(r)* (r) l(E +Em] En12 Eg)t +C(V) (V)el(E;z+E Eml mz)f)

ni n12
mp,my
E|+E| E), —E5, )t
+ B0 D vl o) ! Ert B =By =)t (3.4)
mjp,my,ms3

3.1 A Bound of the Linear Part

In this section we bound the linear part of the equation for 8%t < O(1), and in order to
achieve this we integrate by parts, keeping terms of order O(82). In the following section it
will be shown that the nonlinear terms of order 82 and B> (3.4) do not affect this result. For
n # 0 the linear part is

S /
iarC,(,r) — _,3 E'('r)cr(lr) + VnOOOel(EnfEO)l
+ﬂZan]00( (r)* l(E”+Em1 ZEO)t +2C’(’:l)ei(En7Eml)f)
mj
- , e I gt
— ‘/n()o()el(En—Eo)t 4 ﬁZVHmIOOCx])*el(E”+Em1 2E)t
my

2By VOl Fr (3.5)

mi#n

We set E,S’) = 2Vn”00 to eliminate the secular term with m; = n. Then the terms depending
on ¢” and ¢{”* on the RHS of the above equation could be integrated by parts. To simplify
the calculation we denote

:—lﬁ/ dSZVmIOO (r)* ’(En+Em| 2E())A

my

(3.6)
—1,3/ dsZZV’”‘OO () gt (En =) )5
my#n
So that
t
DO =h+hL—i / VIO EEY gy, (3.7)
0
Integrating by parts I; and substituting (3.5), assuming ¢ (t = 0) = 0, one finds
m]OO (,)*el(E +E —2E6)t
'BZ (E), + E;, —2E)
Vm]OO
i(E,+E,, —2E})s (r)s*
“ﬁf LT e, e 68

my
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854 S. Fishman et al.

Substitution of (3.5) leads to

m100

I = K1+lﬂ/ dszmefw,’,w 2E0)sV12(])0 i(E)y ~Ep)s
0

my
Vm|00

+l,3 / dsZWe

myp 2E0)

X <E V,;"lzoocggef’w'/nl+E/ﬂz*256)x>
mp

Vm|00

i(E)+E,, —2E})s
+lﬂ dSZme 1 0

x < Z 2Vm200 '(72* i(E, my mz)s>’ (39)

myF#m|

i(E,+E,

my

—2E6)s

where

n1100 (,)* z(E,H»E,/nI 2E6)I

=— Em, . 3.10
ﬂz (E, + E;, —2Ep) G109

After some manipulations it reduces to

ol En—Ept _

3)>
(E;l — E()) o (E,Q + E;,,l — 2E(’))

m 100,000
Va V. X

11=K1+ﬂ<

m 100 VmgOOC(r)

2 nmi i(EZ—E;, )s
+ipB / ds Z —(E/ TE 2Eo)e 2

2Vm100Vm200c(r)* o ’ /
2 my i(E,+E,, —2E))s
+z;3[ds SN M T BB, 2R G.11)
L 2 & v E, 25y
Similarly for I,
mIOO (r) Ji(Ep—Ep )t m100
Cmi € ! 2V, i(EL—EL, )
=op Y 5y / DIy L L
my#n n m ;En
2Vm]00 , ,
m17én ”
m 00 , , ,
—lﬂ/ ds & )e’(E”fE"’l)‘Y(ZVn’l"fOO f,f;*e'(E'"WEmz 2Eo)f>
my ;én ” my
' 2" mEp (E, )
— n l n TRA "’7200 (V) Ly, m s
03 2 (v
0 my#n - N my moy#mi
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ei(E,'ifE('))t 1 ZVnmIOOVﬂ?OO
£y e

(E’/‘ - E(,)) my#n (E’,’ - E’/”l)
: D A VA
.02 1 my i(E,+E, —2E))s
—ip [ s YD P T
0 mi#n my n mi
o 4y OymBen
S [las 3 e G.12)
0 n mi

miy#n,my#m1

with

2Vnm10065;f ei(E,/l—E,/nl )1t

K, =— 3.13
2 '8 Z (E/ —E ) ( )
my#n n mi
Next, we have:
Lemma 3.1 Assume |c,(l’) (t)|e*¥n! < M, uniformly in n, for all t < T. Then
L < MBS + ’L S3+ Mp*t Ss,
(En - EO)
(3.14)
b= MIBIS: + | 0|5y + MBS,
- (E, — Eg)

where S; are small divisor sums, defined bellow (3.17) .

Proof The bounds on those integrals are

V"I]OOC(’)*ei(E;‘+E;”1 —2E)t ei(Er/I*E(/))’ _1 Vnm100 VVS(I)O

(E, — E}) HZ (E, + E}, —2E))

nmy

|| <

— " mi
’3; (E, + E}, —2E) +’ﬂ

¢ m100y,mz00 ()
/ ds Z Va Vi Cmy ei(E,’I—E,’nz)s
o (E} +E,, —2Ep)

mp,m mp

+p2

2Vnm100 Vm200 (r)*

t
c )
my m (E/ +E! —2El)s
ds E E — 2 T Emy TR0
/0 (E), —i—E,’n] —2E))

my moy#m

+p2

m100 (r)x
Vi e

n
(E, + E}, —2E})

m

leOO V()()()

2
+‘ / 4 7
(En_EO)

<181

n my
2 (E, + E}, —2E)

m

m 100 Vr;nlzooc(,) 2Vm100 vaOOC(r)*

n m n mi m
o) ok NN o)
m%;z (E, + E}, —2E)) ;mgl (E, + E}, —2E)
Vnmlooe_mx,,,1 [ 28 V;mOO 17000
<MIBIY |, e R e ==
m (En+Em|_2EO) (En_EO) m (En+Em]_2EO)
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g Y Yy )

my,my my myF#my
S3 + MB?t Ss. (3.15)

leOOVmZOO 7a|xm2‘

n mi
(E, + E|, —2E})

m

m100y,my00 —
2V 1 lez a\rmz\

(E, + E;, —2E)

=M|BIS +

’ B
(E}, — Ep)
Where at the last step we have used the hypotheses that

eV < Me@lnl, (3.16)
for some a > 0, M < oco. This hypothesis will be verified self-consistently latter by a boot-

strap argument, and it will be shown that one can take, a = y — ¢, where ¢ is arbitrarily
small. Additionally, to simplify the calculation we have defined

Vnmlooe—ap(ml | 2Vnmlooe—a|xml |
S = T A S = Z = = |
n+Em _2E0) (En_Em)
mi#n 1
Z m100V000 s Z 2Vm100V'£l)(])()
(E, +E,, —2Ep)/| A E e

leoovmoo —alxm, | G.17)

n

00 00 _—
2V’;nl ‘/7;1"12 e alxmz\

Ss= >

22

my,my (E, + E’,"l 2E0) my mo#my (E’,' + E’/n - 2E6)
4VnmlOOVnm200 —alxmy | ZVI;nlOO m200 *d\sz\
S = 22
(E, — E, (E, —E},)
myF#n,moF#m) n my#n my
Similarly for I,
zvaOOe,mm” 2ﬂ ZVnmIOOV,SOO
LI <MIBIY |~ = [
(E/—FE ) (E' — E)) (E/—FE )
my#n n my n 07 M 0 n m
4VnmlOOVlszO —almy| ZVJnIOOV,:anOO —almy|
DY 22 o
(E/_E/ (E' —E’)
my#£n,my#£m| n my#n my n mi
= M|B|S: + ‘i Sy + MpB*t Se (3.18)
(E, — Ep)

O

We would like to prove that I; , are uniformly bounded for ¢ satisfying 8%t < O(1). For
this purpose, as will be shown below, it will be sufficient to bound only S; ,. It will enable
to bound all other sums.

In order to use Aizenman-Molchanov (A-M) type of estimate [46], we rewrite the sums
(3.17) using integrals over the Green’s function. The key observation is (3.19). The Green’s
function could be written as

&1 (x) & ()
Ge(x,y)=Y —————.
£ Y ~ E—E
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Multiplication by ¢, (x) ¢Z (x) ¢ (y) and integrating produces

[[dx¢, (x) 95 (x) dy QOIS dyr () b ()]
E—E]

/ dxdyd, (¥)¢5 () Ge (X, ) () =)
!

_Jdxgn () G5 () G () VO
B E—E),  E-E,’

(3.19)

We outline the estimate of a bound for the Green’s function that will be useful in order
to produce a bound on sums of the form (3.17). The detailed derivation will be presented
elsewhere [47].

From the Furstenberg theorem [48] combined with [38, 39], using the continuity of the
Lyapunov exponent as a function of energy [49] one finds that with probability 1 — ¢ all the
eigenfunctions fall of exponentially

dp ~e?EN forn>n (3.20)

where ¢ is a decreasing function of 7. For each n we have excluded bad realizations where
(3.20) does not hold.
Consider a combination of eigenenergies

f = chEk~
k

The Feynman-Hellman theorem implies
af ,
5 =2 cloi )P (3:21)
€ 3

For j > 7 this derivative is dominated by one term of the order of ¢z, (j) ~ eV EDll ag
one can see from (3.20). The average (| f|~*). where the bad realizations are excluded is
bounded. In order to show this, the integral involved in the calculations of the average is
transformed to variables so that f is one of them. The Jacobian is estimated with the help
of (3.21).

The A-M estimate [46] for the Green’s function of the Anderson model is

(IGE (x,y)I') < Fexp(—clx —y|) with F,c>0 (3.22)

where 0 < s < 1. We use this estimate in the present paper by replacing the energy E by a
combination of eigenenergies. Assuming localization one can show that the bound is satis-
fied also for this case if the average is over the set of realizations of measure 1 — &, where
a specific set of “badly” behaved realizations, defined above (3.20), was eliminated. The
Green’s function satisfies

|$n (I |Pn (y)l‘r.

Ge (e, PP <) :
n |E_En|

Using the Holder inequality for each term in the sum one finds

1/q

1
<|GE<x,y>|f>sZ(|¢n(x)|’"|¢,,(y>|f”)””<m> : (3.23)

n
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forq,p>1land 1l/q+1/p=1.1f (E — E,) =), cx Ex the term

1

is bounded if 0 < sq < 1 and (.), is an average which does not include the bad realizations
of the potentials. Because of exponential localization [48—51]

> (190 @17 1 (DIP)7 < F) e, (3.25)

n

with 0 < ¢ < s -ming y (E). The parameter ¢ can be made arbitrarily close to 1, therefore
in our case (3.22) holds for 0 < s < 1 — 5 with n arbitrarily small. If the energies E; are
replaced by the E ; which are obtained from E; by removing the secular terms (2.33), then
(3.22) also holds for sufficiently small 8. Hence the Green’s function with E replaced by
some combination of the energies £ ; that will be denoted by Gg) satisfies the A-M bound

(|69 @ n[) < Fexpclx—=3D. Fie>0, (3.26)

for 0 < s < 1 — n with n arbitrarily small.

The energies E, are indexed by their centers of localization (see discussion that follows
(2.4)). When the parameters of the model, such as the diagonal energies, vary the energies
change continuously. The effects of such variations were taken into account in the above
discussion. The results of the above discussion can be generalized to a situation where there
is a finite number of discontinuities of the energies as a function of the potentials. This is
done by dividing the integration domain into regions where continuity holds. Unfortunately,
we cannot assure that these discontinuities are not found on arbitrarily small energy scales
for all realizations of the random potential. There may be realizations for which “double-
humped” states are found with centers of localization that are typically very far from each
other. For such situations avoiding-crossings occur and produce a discontinuity in the energy
with a gap which is exponentially small in the distance between the “humps”. The measure
of such realizations, ¢, decreases with the distance between the "humps" (see (2.4)). In this
work we consider only realizations for which the energy is a piecewise continuous function
of the potentials on some scale, that is determined by &, and (3.26) holds.

Proposition 3.2 Foralln>0,0<b<y,0<s <1,

VmOO
Pr =
E — Em

Proof The RHS of (3.19) can be bounded by

> Coef(yfn)lx;llefblx,nl) <K.e " 1xnl (3.27)

‘ f dxdyd, ()¢5 (1) Gy’ (x.y) b (y)‘
< [ axdy 16, 1165 0[G4 . )] i )
Gy (x.)

< Diyges(‘x”‘ﬂx”")/-dxdy . eV (Ix=xnl+ly—xm|+2]x) , (3.28)
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where we have used the bound (2.3), for a.e. (w, E) . We rewrite
b
lx = xul + 1y — x| + 2 x| = (Ix — x| + |x]) + ;(Iy—xml +x =yl +Ix)

b b
+<1——)(Iy—xmlJrlxl)——lx—yl, (3.29)
Y Y
and using the triangle inequality on the RHS for 0 < b < y,
b b b
X = xu| + 1y = Xl +20x] = X0 | + — x| — —lx —y[+ {1 — = )Ix]. (3.30)
14 Y 14
This yields
! f dxdy$, ()¢5 (0)GY (x, y>¢m<y)|

< Di,ge_(y_s)‘x”‘e_(b_s)‘x’"l/dxdy . e_(y_b)lxleblx_y”G(El)(x, V). (3.31)

We define
Loy = Di.e/dxdy e VTP GO (1 ), (3.32)

which satisfies

UIaml®) < <Dis;g (/ dxdy - e*(yfb)lxlebleyl|G(El)(x, y)l)s>
S/(Dife|Gg)(x»)’)|s)€_(y_b)s‘x‘ebsl'x_y‘dydx
< (F(Diis))]/zf”G(El)(x’ y)|2s)'/Ze*(yfb)s\x\ebs'lxﬂ'ldydx
< (F(Dfi‘fg))1/2/67”"7”'ef(”fh)‘Y Wlebsx=Ylgydy = K, < 00, (3.33)

where (3.22) was used in the last step and it was assumed that s < % The number b is
in the interval 0 < b < min(y, 57). For the realizations we study, (2.4) holds and therefore
(sze), K. < oo.That implies

Pr(IAM > e'ﬂxn|) < Ke_’”‘xn" (334)
where K, is a constant, which was defined in (3.33) and n > 0. Using the relation (3.19) and

(3.31) we obtain
Pr(

m00
n

E_Em

> Coe—(y—n)\xnle—b\xm\) < Kae_“‘x”l. (3.35)
O
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Therefore the probabilistic bound on an element of S is

Vm]OO *a‘xm||
Pr (‘m > Coe~ (y=m)lxn| *(a+h)\xm||> < Keef’”l““”', (3.36)
— <o

1
which means that

Pr(S; > Dy V" "hnly < K el (3.37)
Similarly for S,
Pr(S, > Dye”Vhuly < g, 775 bl (3.38)

Using the fact that
m00 4 e(xnl+lxmD =y (Jx—=xp | +|x —xm | +2]x])
\V," | <D, e /dxe
4 —(y—e—&)(xnl+|xmD) —&' (|x—=xn |+ 1x—xm | +2|x)
<D, e i Xm /dxe n "

< Voe_(}/_g_s/)(‘xn|+|Xm|) (339)

we can bound the second term in (3.15) by

m]00 Vooo

2
2
(E;, — Epy)

:’(E’ Ep) ‘Z(E/JFE/ —2E)

2‘367(}/7575’”)(”\ VOOO —(y—e—&")|xm, |
<W - - - - — . (3.40)
(E, — Ep) (E, +E,, —2E)
In order to bound the prefactor before the above sum we write
1
- eh _
(E, — E}) /dXdyfi)n(x)GEé(x»y)tbn()’)—10, (3.41)
and now using A-M estimates
(Il') < D / dxdye”7* (RN (GR ) = K] <00, (342)
Therefore using (3.22)
e V1xnl ,
Pr ]Oe—y\xn\ = > e~ r—n ")lxn <Kle™ slanl (3.43)
(E, — Ep) ‘

Using the results of (3.43) and (3.37) and the fact, that if a;a, > b, b, at least one of the
a; is larger than one of the b;, we get

Pr(‘ 72'3
(E, — Ep)

S5 > 'BD36—(V—ﬁ)I1n\> < 2I€5€_ﬁs‘xnl, (3.44)
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where K, = max(K,, K 1) and 7 = min(#, n) and Dj is a constant. Similarly for the second
term in (3.18)
Pr(

The sums Ss ¢ are bounded by

SSEZ

m

2%
(E, — Ey)

Sy > IBD4e*(V*ﬁ)I~rn\> < kae*ﬁx Ixnl (3.45)

‘/,:nlooFe—(V_Eﬂxml‘
(E, + E|, —2E))

my

Zvnm]OOFe_(V_S)‘Xmll
+ 4 ’ !
| (E, + E,, —2Ey)

mi

)

(3.46)
4ymO0 g o=y =e)lxm, | 270 o=y =e)lam |
56 = E, —E ‘ E, —E ‘
my#n ( n ml) my#n ( n- ’"1)
since, using (3.39)
Z | Vm200|e_a|xm2‘ < Voe_(y_s)lxml | Z e_(%"'a)lxmz‘ < Fe—(V—S)\Xml |'
my — =
my mp
Therefore using the same considerations which were used to bound S; » we get
Pr(Ss¢ > Ds,oe_(y_")‘x”‘) < ng_””""‘. (3.47)
The bound on each of the sums satisfies
Pr(S; > Die” VW) < K, el withi € {1,..., 6} (3.48)
Finally,
Pr(|I; + Lle” " > C;M|B| + C1|Bl + C3MB*t) < 6K el
and therefore the solution of the linear part
(r) v, i(Ep—Eg)
i L e LR D IS ARy 3.49
c, E;—Eé(e )+ L+ 1 ( )
satisfies:
Proposition 3.3
Pr(jc e PPl = Co 4 (C\ M + Cy)|Bl + C:MB*1) < TR.e 1, (3.50)

where Cy is defined in (3.35) and 0 <n < y.
3.2 The Bootstrap Argument

We now complete the estimates by controlling the nonlinear terms. Equation (3.4) can be
integrated for n # 0 to take the form of

D =J 4+ h+ I+ A (3.51)
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where J; is the integral of the linear part, namely, the RHS of (3.5), while J, and J; are the
integrals of the terms of order 82 and B3, respectively. Substitution of the terms of order
and B2 of (3.4) would add to I, and I, a contribution, AJ;, which will be estimated latter
(see (3.61)).

Proposition 3.4

|| <3FM?B2te= okl
(3.52)
| 5] < FsM3 B39l

Proof Using the hypothesis (3.16) one finds

[l <387 ) 1Vl llemy| <3MPB7 Y [Vmm0lemebom D (3 53)

my,my my,my

and

my mz m;

|J5] < ﬁ3t Z |Vm1mzm3||c(r)* ") < M3lg ¢ Z |V mimams | g=a(my [+1my 1y )
= n .
my,my,m3 my,my,m3

(3.54)
To bound the sums we use (2.3),

A~(2) — Z |Vm1m20|e—a(\XmI [+1xmy 1)
n

my,my

<D4 /dx E eg(‘ln|+|xml‘+|xmz|) =y (Ix|+]x—xp | +|x— lmlH"x szD _“(‘lml|+|xm2‘)

my,my

2
— D4 es‘xn‘ /dx e*y(lexul‘HX‘) (Zefyl-’cfxmle*(a*‘s)lxm‘) (3 55)
w,& .

m

and since y > (a — ¢),

Ze*ﬂ)ﬁfxm\e*(ﬂ*f)‘xm‘ < F_‘e*(a*??)‘ﬂ, (356)

m

which gives
AZ? < FD? ge—<y—e>|xn|/dx o~ 2a=e)lx|
= Fy(w,y,a,)e” vkl (3.57)

For the other sum,

AC(3) — E | vmumams |e*a(\x’n1 [F+1Xmy 1+ 1xm3 )
n

my,mj,m3

3
D4 eem\/dx efyle)cn\(Zefyle)rm\ef(a%)\)rmo (3.58)

IA
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taking y < 3(a — ¢),
AE,(,3) < F/(a), v.a, E)es\m /dx e~ V=l p=3(a—e)lx|

— Fl(0,y,a, ) /dx o7 =l +lxD ,—(Bla—e)=p)lx|
< B,y a,e)e” 77l (3.59)
The resulting bounds prove the proposition. 0

From (3.8) and (3.12) it is clear that

mlOO
(BMPAE) + B MPAG))

my

"+ E, —2E)

+BtY

my#n

m100
3y, (3.60)
( E, —E,)

m1 m

’(ﬁ M?AGD 4+ B3MPAC

Using the inequalities (3.57) and (3.59) we obtain

m100
+VE’—12E/) (B> M Fe==lmi| 1 g3 M3 Fyo=0r=lim Iy
0
m100
+BtY E/i‘(ﬂ M2 Fye==9lmi| 4 g3 g3 Fye=(r=olm |y
mi#n ( m
< M’Bt(Fy+ BMF3)(S) + $)). 3.61)

Since S, are bounded |A J;| is also bounded with the same probability.
The above results give:

Proposition 3.5 With probability of the order 1 — Ce™ 1| and for realizations, where (2.4)
is satisfied:

M =supc ™l < Co+ Cy|B| + |BICIM + C3MB*t + FM*B*t + F3M°B3t.

By subtracting |8|C; M from both sides of the inequality and dividing by (1 — |8|C;) we
obtain

1
M < W[CO + Co|Bl + CsMB*t + (FM* Pt + FsM°B1)], (3.62)
- 1

and renaming the constants produces
M < Go+ G\ MB*t + G,M*B*t + G3 M 81, (3.63)

where G; are constants.
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Setting M (t = 0) = G we check if M (¢) can reach 2G, i.e., whether there is a time, #,
such that M (#y) = 2Gy. Inserting into the inequality we have

2Gy < Go + G1B°19(2Go) + (G2(2Go)* Bty + G3(2Go)’ B1). (3.64)

For, t <1,
Bt - 2G4+ 4G,Go +8BG3G2) < 1 (3.65)

holds, if ﬂzto is small enough, therefore (3.64) cannot be satisfied, hence, by continuity,
M(t) < 2Gy. This proves the hypothesis (3.16) with a =y — 7, taking 7 > ¢ and ¢, 7
arbitrarily small, for 8%t < O(1).
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