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LOCALIZATION FOR DISCRETE ONE DIMENSIONAL
RANDOM WORD MODELS

DAVID DAMANIK, ROBERT SIMS, AND GUNTER STOLZ

ABSTRACT. We consider Schrédinger operators in £2(Z) whose potentials are
obtained by randomly concatenating words from an underlying set W accord-
ing to some probability measure v on WW. Our assumptions allow us to consider
models with local correlations, such as the random dimer model or, more gener-
ally, random polymer models. We prove spectral localization and, away from a
finite set of exceptional energies, dynamical localization for such models. These
results are obtained by employing scattering theoretic methods together with
Furstenberg’s theorem to verify the necessary input to perform a multiscale
analysis.

1. INTRODUCTION

We study one-dimensional discrete random Schrédinger operators H,,, where the
potential is constructed by a random concatenation of finite words, that is, vectors
in R/, 1 < j < m. Our main goal is to extend known results on localization (spectral
and dynamical) for the Anderson model and the so-called random dimer model to
this more general class of random operators. The only requirement will be that at
least two words w; € R and wy, € R used in the construction do not commute
in the sense that (w1, ws) and (w2, w;) are different vectors in R/ ¥72 which avoids
periodicity of the random potential.

Generalizing known results for the Anderson model (see [3] and [16] for the most
general case of an arbitrary non-trivial distribution of the coupling constant), it
will be shown that H, almost surely has pure point spectrum with exponentially
decaying eigenfunctions. However, as opposed to the Anderson model, for our
models the Lyapunov exponent may vanish on a finite set of exceptional energies.
That this is possible was first observed by physicists in the example of the dimer
model. Tt turns out that a proof of dynamical localization requires the exclusion
of this set of energies. More precisely, we will exclude a somewhat larger, but still
finite, set of energies, at which Furstenberg’s theorem is not applicable.

In the case of the random dimer model, where an explicit analysis of the transfer
matrices allows for an exact determination of the exceptional set, these results
were proven by de Bievre and Germinet [1]. To get finiteness of the exceptional
set in our less explicit situation we employ tools from scattering theory (reflection
and transmission coefficients) and a basic fact from inverse spectral theory (that
reflection coefficients for non-trivial scattering cannot vanish identically). These
methods were developed in our previous work [6] to prove localization for continuum
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Anderson-type models with singular distributions of the couplings, particularly for
the Bernoulli case. We adapt these methods to the present situation and use them
to prove positivity of the Lyapunov exponent away from the exceptional set. One
can then follow the methods used in [3]: After deducing Hoélder continuity of the
Lyapunov exponent and the integrated density of states, one obtains a Wegner
bound and an initial length scale estimate. The latter are the ingredients for a
multiscale analysis, which yields the localization results.

In [11] it is shown for a subset of our models (random polymers constructed from
two words) that a generic type of the appearing critical energies indeed leads to a
breakdown of dynamical localization. In these cases, one actually gets superdiffu-
sive transport. The results of [1] and [11] showed that the random dimer model
provides an example of almost sure co-existence of spectral localization with dy-
namical delocalization. Here we generalize [1], thus allowing one to construct many
other examples of this type. We note that some of these examples will give rise to
non-generic types of exceptional energies, where the dynamical properties are not
yet known and might well be different from the behavior obtained in [11].

One may also look at these models from the point of view of “subword com-
plexity” of the potential—especially in the case where the potentials take on only
finitely many values. This point of view has been discussed, for example, in [5, 7].
The subword complexity function p : N — N of a given potential V (taking finitely
many values) is defined as follows: For every n € N, p(n) is given by the number
of distinct subwords of length n of V, where V is regarded as an infinite word.
It is easy to see that for randomly generated models, the complexity function is a
non-random quantity, that is, it is the same function for a full measure set of poten-
tials. This complexity measure is popular in many disciplines since it discriminates
nicely between periodic potentials, aperiodic potentials with long-range order, and
random potentials. For example, a potential has a bounded complexity function p
if and only if it is periodic and, on the other extremal end, (Bernoulli-type) An-
derson models have maximal word complexity (since, almost surely, every possible
word occurs). Heuristically, a reduction of complexity should correspond to a trend
from localization to delocalization. Finite length (larger than 1) of the building
blocks in random word models introduces some local correlation into the potential
and thus reduces complexity compared to the Anderson model. While the trend to
delocalization is not apparent on the spectral level, it shows through the result of
[11] on the dynamical level.

In Section 2 we define random word models, discuss some special cases, and state
our main results. Section 3 provides a formula which relates the Lyapunov exponent
of H, to the Lyapunov exponent of products of independent unimodular matrices
(the word transfer matrices), thus making Furstenberg’s theorem applicable to our
model. Sections 4 to 6 express the exceptional set of energies in scattering theo-
retic terms, show its finiteness, and prove positivity of the Lyapunov exponent away
from the exceptional set. Here we closely follow arguments from [6]. The combi-
natorial Lemma 6.1 allows us to apply a fact from inverse spectral theory (which
enters through Lemma 5.2: Potentials can be reconstructed from m-functions). In
Section 7 we briefly indicate the main steps in the remaining proof of localization,
which follows the method from [3] with minimal changes. Due to the varying length
of words, the dynamical system underlying our random operators is a generalization
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of the two-sided shift in infinite product spaces. We include a detailed proof of the
ergodicity properties of this dynamical system in an appendix.
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2. MODELS AND RESULTS

In this section we will present the models we consider and outline the results
we obtain for them. Basically, we will study discrete Schrédinger operators in one
dimension whose potentials are obtained by randomly concatenating blocks from
an underlying set of words. To do so, we will fix a set of words and a probability
measure on this set. This probability space will then lead to a random family
of discrete Schrodinger operators which will be the object of study in subsequent
sections.

To begin, we define the fundamental set of words from which we will construct our
operators. Fix two parameters: m € N, the maximum word length, and K € (0, 00),
the maximum component value of any given word. More explicitly, let

W= U Wi,
=1
where W; = [-K,K)'. For j = 1,...,m let v; be finite Borel measures on W;.
Assume that the v; are normalized such that Z;”:l vj(W;) = 1. We have then that
v, the direct sum of the v;, defined by v(U) = 37", v;(Uj), for U = Jj_, U; with
U; C W;, is a probability measure on W.
We must further assume a non-triviality condition on the space (W,v); essen-

tially, it must contain two elements which “do not commute”:

For i = 0,1, there exist w; € W,, both in supp(v),

such that the two vectors:

(NC) § (wo(1),wo(2),---,wo(jo), w1(1),wi(2),...,w1(j1)) and

(wl (1),’[1)1 (2)7 ) U)l(jl), ’LU()(].),UJ(](Q), s ,’LU()(j()))
are distinct.

Here supp(v) is the topological support of v (where W carries the direct sum
topology of the topologies on Wj).

If w € W belongs to W;, we say that w has length j and write |w| = j. Denote
the expectation of |w| by

(L) =Y jr(W)).
7j=1

Moreover, set
QO = WZ, take PQ = ®I/
Z

on the g-algebra generated by the cylinder sets in {2y, and

Q=] cQ x{1,...,m}, where Q; = {w € Qg : [wo| =5} x {1,2,...,5}.
7j=1
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We also define a probability measure P on Q as follows: For any Py-measurable
A C Qg such that there is 1 < j < m with |wo| = j for every w € A, we let for
1<k<j,
Po(A)

(L)
This determines P uniquely on the o-algebra in {2 generated by sets of the type

A x {k}, see the Appendix for details. Finally, we define shifts Ty : Qo — Qp and
T:0— Qby

(2.1) P(Ax {k}) =

(Tow)n = Wn+1
and

_ (w,k+1) ifk < |wol
(2.2) T(w, k) = { (Tow, 1) if k = |wol.

It is well known that (g, Tp) is ergodic (e.g., [15, p. 49]). It can also be shown that
(Q,T) is ergodic. More precisely, we have the following

Proposition 2.1. Let J := {j : v(W;) > 0}.
(a) If J is relatively prime, then (2, T) is strongly mizing.
(b) If J is not relatively prime, then (2, T) is ergodic, but not weakly mizing.

As this result seems to be of some interest in its own right, and we could not
find it in the literature, we include a detailed proof in the appendix. A special case
of Proposition 2.1 (see example (v) below) was used in [11] without proof. If all the
words have equal length, then the proof is simple and reduces to a discrete version
of the suspension procedure described by Kirsch for continuum random operators
in [13].

We define a family of discrete Schrodinger operators as follows. For (w, k) € 9,
we consider the operator

(Hw,pyu)(n) =u(n+ 1) +u(n — 1) + Vi, 1) (n)u(n)
in £2(Z), where the potential V(, y) results from the concatenation of
e, Wo1,Wo,W1,W2, - - .

such that the origin, n = 0, coincides with the k-th position in wy. The operator
H, ) is Z-ergodic, that is, V{,, 1)(n) is P-measurable for every n, and

Hrry =UHg U ',

where U is the shift on ¢(2(7Z).

We note here that the reason for having to use the probability space Q rather
than the more trivial product space €)g is the fact that words have varying length. In
essence, sequences in ) have the additional property that the position of their zeroth
component has also been “randomized” relative to the origin. If all words have the
same length, that is, v(W,) = 1 for some £, then in all our considerations we can
directly work with Qg, (always choose V,,(0) = wo(1) and get Hp,, = U.H,U, ',
where Uy is the shift by £). In this case (NC) holds whenever W contains at least
two words.

Let us discuss a few examples that can be studied within this framework:
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(i) Standard Anderson model. If we set m = 1, we get Q@ = Qq, P = Py, and
the potentials are just given by independent, identically distributed random
variables. This is the one-dimensional Anderson model whose localization
properties have been studied in many papers, most generally for arbitrary
non-trivial distribution by Carmona et al. [3] and Shubin et al. [16].

(ii) Generalized Anderson model. One can generalize this model by taking
again a sequence of independent, identically distributed random variables
with distribution supported in A C [-U,U] and using them as random
coupling constants of a fixed single site potential. That is, the potential is
of the form

Vo(n) = qr(w)f(n - ko),

KEZL

where the single site potential f : Z — R is supported on {0,...,¢ —
1}. In our notation, this means that W = {Aw : A € A}, where w =
(F(O)s..., (£~ 1)) € RE.

(iii) Discrete displacement model. Fix integers 0 < m < £ and f : Z — R
supported in {0,...,m — 1}. Set

Vo(n) =" f(n — Kt — di(w)),

ke

with discrete i.i.d. random variables dj, taking values in {0, ...,{—m}. This
corresponds to W = {woq, ..., wi_m} C R with wy = (£(0),..., f(m —
1),0,...,0), ..., we— = (0,...,0, f(0),..., f(m — 1)) and v({w;}) =

P(dy, = j). (NC) holds whenever f # 0.

(iv) Random dimer model. A special case of the class of examples in (ii) is given
by the random dimer model, where one sets £ = 2, f = x{o,1}- This model
has been studied by de Biévre and Germinet in [1]. These authors were
particularly interested in the Bernoulli case, that is, they considered the
case W = {(\,A), (=X, —=A)} for A > 0. This set clearly satisfies (NC).

(v) Random polymer model. Building on [1], Jitomirskaya et al. [11] studied
random polymer models, where one considers random concatenations of
two words. Thus, #(WV) = 2. Rather than studying localization properties
for this model, these authors focused on proving non-trivial lower bounds
on transport in the presence of so-called critical energies, that is, energies at
which the transfer matrices associated with the two words are both elliptic
and commute. This may very well happen even if (NC) holds, for example
at the energies £ = ) in the dimer model if A < 1.

Our goal is to prove, in the general context introduced above, spectral localiza-
tion at all energies and dynamical localization away from a finite set of exceptional
energies. This recovers known results for the examples in (i) and (iv) (cf. [1, 3, 16])
and, more importantly, establishes new results for the examples in (ii), (iii) and (v).
Namely, assuming the non-triviality condition (NC), we will prove the following pair
of theorems:

Theorem 2.2 (Exponential Localization). For P-almost every (w,k) € Q, the
operator H,, ) has pure point spectrum and all eigenfunctions decay exponentially
at £oo.
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Theorem 2.3 (Strong Dynamical Localization). There exists a finite set M C R
such that for every compact interval I C R\ M, and every finitely supported ¢ €
0%(Z), and every p > 0,

(2.3) E{sup |||X|pe_itHP1(H)¢||} < 00,
>0
where Py is the spectral projection onto 1.

These theorems will be proven by adapting the scattering theoretic approach to
localization developed in [6] to the discrete setting. More precisely, we will show
that, away from a finite set of energies, one can apply Furstenberg’s theorem to
yield positivity of the Lyapunov exponent and subsequently establish the necessary
ingredients to start a multiscale analysis. It is by now well known that the above
theorems “follow from” multiscale analysis.

Let us briefly compare the results stated above with those found in [11], for the
models in (v). While we have to exclude certain other types of exceptional energies
as well, the critical energies studied in [11] are a special case of the energies included
in the set M. Thus the results in [11] show that in Theorem 2.3 the restriction to
an interval I outside M is generally necessary. Also, by Theorem 2.2 every two-
word random polymer model with at least one critical energy in the sense of [11]
provides an example of a random Schrédinger operator with almost sure coexistence
of exponential localization and superdiffusive transport.

As becomes clear from the methods used in this work, in particular Furstenberg’s
theorem, the number of exceptional energies decreases if the set of words, that is,
the support of the measure v, increases. One might conjecture that for suitably
rich word spaces there are no exceptional energies. The following example shows
that non-discreteness or even connectedness of supp v is not sufficient to guarantee
this: Choose W = {Aw : A € A} as in example (ii) above with w = (=1,0,1). At
E = 0 this yields the word transfer matrix (see Section 3)

mow, = (7).

independent of A\. This implies that the Lyapunov exponent vanishes at 0 for any
choice of A.

3. THE LyApuNnOov EXPONENT

In this section we discuss the Lyapunov exponent, which is a quantity that
measures the growth of transfer matrix norms. This growth is also related to
growth /decay properties of generalized eigenfunctions associated with the operators
H, ). Due to the structure of the underlying word space, it is of some technical
advantage to define two families of transfer matrices and two Lyapunov exponents.
We shall, however, show that these two quantities are essentially the same.

Let us first work in the abstract setting of random products of unimodular ma-
trices. Given w = (w(1),w(2),...,w(j)) € W and z € C, we define

M(w,z) = T(w(j),z) x - x T(w(1),2),

T(a,2) = ( 21 ‘(1))

where for a € R,
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For every z € C, there is a number v¢(2) € [0,00), called the Lyapunov exponent
(of the family of random products of matrices M (w, z), w € W) such that we have

(34)  ~o(z) = lim —In[|[M(wx,2) X --- x M{wr, 2)|| for Po-a.e. w € Qo.
Nosoco N

Let us now turn to the transfer matrices associated with the operators H, ).
If (w,k) € Q, we define

M(w,k)(naz) = T(Vv(w,k) (n)az) X X T(Ww,k)(1)7z)

with the T-matrices from above. Then, for every z € C, there is a number v(z) €
[0,00), called the Lyapunov exponent (associated with the operator family) such
that we have

.1
(3.5) v(z) = T}eréo . In||M k) (n, 2)|| for P-ae. (w,k) € Q.

The main purpose of this section is to show that «y is a fixed multiple of vy:

Proposition 3.1. We have for every z € C,

(3.6) Y0(2) = (L)y(2)-

Proof. Let Qg be the full measure set of those w € Q such that (3.4) holds and
also

k
%Zm (L) as k — oo,
=1

For w € €, it is easily seen that

.1 Yo(z
Jim | (n, ) = 2015
Since )
P{(w,l):weﬁo}= m >0,
we conclude from (3.5) that (3.6) holds. O

4. FLOQUET SOLUTIONS ASSOCIATED WITH A PERIODIC POTENTIAL

In this and the following section we use various facts about algebraic functions,
in particular that they have only finitely many roots. We refer to [14] for their
general theory.

Let Vper : Z — R be p-periodic, that is, Vyer(n + p) = Vper(n) for every n € Z.
We start by collecting some facts from Floquet theory for the periodic operator
Hp := A + Vyer, where (Au)(n) =u(n + 1) + u(n —1). For any z € C, let un(-,2)
and up(-, z) denote the solutions of

(4.7) w(n +1) +un — 1) + Voer(n)u(n) = zu(n)

with un(0) = up(1) = 1 and un(1) = up(0) = 0. The transfer matrix of (4.7)
from 1 to p is the matrix
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)= (“0EE LD O AL ) TG 2) % X T, 2),

which is unimodular with polynomial entries in z. The eigenvalues of go(z) are the
roots of

(4.8) p* = D(2)p+1=0,
that is,

(4.9) pulz) =

where D(z) = Tr[go(z)]. As roots of (4.8), the functions py are algebraic with
singularities at points with D(z) = £2.

The spectrum of Hy, o(Hy), consists of a finite number of bands which are given
by the set of real energies A for which |D(A)| < 2. Let (a, b) be a stability interval
of Hp, that is, a maximal interval such that |[D(\)| < 2 for every A € (a,b). For
real A € (a,b), one has that

Ip+(N)| =1, and p_(A) = p3 (V). Let

S:={2€C:2=A+1in where a <A <b and n€R}

be the vertical strip in the complex plane containing (a, b). For z = A+in € S, one
has that the following are equivalent:

() lp£(z) =1, (i) n=0, (iii) D(2) € (-2,2).
The implications (ii) = (iii) and (iii) = (i) are clear. To see that (i) = (ii), assume
that (i) is true for some z = X\ + in, where n # 0. As both p1 have modulus 1,
all solutions of (4.7) are bounded. By Weyl’s alternative, however, if n # 0, then
there exists a solution in £2 near +oc, the Weyl solution, while all other solutions
are unbounded. This is a contradiction.

The arguments above imply that py have analytic continuations to all of S.
These continuations remain algebraic and the only possible singularities occur at
a and b. In addition, as p4(2)p—(z) = det go(z) = 1, we have by continuity of | - |
that exactly one of p; and p_ satisfies |[p(z)| < 1 in the upper half-plane. Without
loss of generality, let us denote by py the eigenvalue for which |p4 (X + in)| < 1 for
all n > 0 and A € (a,b). This corresponds to choosing a branch of the square root
in (4.9). Then, p_ satisfies |[p_ (A +in)| > 1 for all n > 0 and X € (a,b). Since we
also have |p+(A\)| =1 for A € (a,b), it follows from the Schwarz reflection principle
(apply a fractional linear transformation) that |p4(A+in)| > 1 and |p_ (A+in)| < 1
for all n < 0 and X € (a,b).

For z € S, let v+ (2) be the eigenvectors of go(z) corresponding to pi(z) with
the second component normalized to be one, that is,

(4.10) val2) = ( Cil(z) )
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One may easily calculate that

p£(z) —up(p+1,2)
un(p+1,2)

Here the denominator cannot vanish for z € S: Suppose that un(p+1, z) = 0. Then
z is an eigenvalue of the finite Jacobi matrix with diagonal (Vper(2), ..., Vper(D))
and off-diagonal elements 1. Thus z and the solutions up(-, z) and un (-, z) are real.
It follows from 1 = det go(2) = up(p + 1, 2)un(p, z) that Trgo(2) =up(p+ 1,2) +
up(p +1,2)~1 > 2. Therefore 7 is either an endpoint of a stability interval or in a
gap of Hy.

Thus, vy are analytic in S. In particular, as un(p+1,-)~! is a rational function
with at most a pole at a and b, we have that ¢4, and therefore vy as well, are
algebraic functions with, at worst, singularities at a and b. Let ¢4(-,2) be the
Floquet solutions of (4.7), that is, the solutions satisfying

(4.11) cx(z) =

P+ (17 z) —
(4.12) ( 6.(0.2) ) = v4(2).
We first note that ¢ (-, \+in) € £2 near +o0 if n > 0, and ¢+ (-, A\+in) € £2 near
Foo if n < 0. Thus in this setting, the Floquet solutions are the Weyl solutions.
Secondly, for fixed n, ¢ (n,-) are algebraic functions, which are analytic in S with,

at most, singularities at @ and b arising from the singularities in the initial conditions
vy. Lastly, {¢4+(-,2),¢_(-,2)} are a fundamental system of (4.7) for every z € S,

as py(z) # p—(z) on S.
5. SCATTERING WITH RESPECT TO A PERIODIC BACKGROUND

Let Vper be a p-periodic potential. We will insert a local perturbation. That is,

given real numbers Wy, ..., W,,, we define a potential V' by
Voer(n) ifn<0
Vin) = W, ifl<n<m

Voer(n—m) ifn>m+1.

Consider the operator H = A +V in £(Z). Take z € S, where S is as above, and
let uy be the solution of

(5.13) u(n +1)+u(n —1) + V(n)u(n) = zu(n)

satisfying uy(n) = ¢4(n) for negative n. Since V(n) and Ve (n) coincide for
n < 0, we get that uy(n) = ¢4 (n) for n < 1. Moreover, to the right of the
perturbation, the solution uy can be written as a linear combination of ¢4 (-—m+p)
and ¢_ (-—m-+p), and this identity holds then for n > m since V(n) = Vper(n—m+p)
for n > m + 1. In other words, there are numbers a(z) and b(z) such that

_ b1 (n,2) forn <1
(5.14) uy(n,2) = { a(z)p+(n —m+p,2) +b(z)p_(n —m+p,z) forn>m.
Since ¢4 are linearly independent for z € S, this defines a(z) and b(z) uniquely.

The numbers t(z) = 1/a(z) and r(z) = b(z)/a(z) are discrete analogues of the
classical transmission and reflection coeflicients, at least if Ve = 0. In particular,
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vanishing of b is equivalent to vanishing of the reflection coefficient. Thus b and u4
take on the role of a (modified) reflection coefficient and Jost solution relative to
the periodic background V., respectively.

Since for A € (a, b), we know ¢_(n,\) = ¢4 (n, A) from (4.10), (4.11), and (4.12),
by taking u_ to be the solution of (5.13) with u_(n,A) = ¢_(n,A) forn < 1, we
get that for n > m,

(5.15) u_(n,A) = a(A)p_(n —m+p,\) + b(A)g4(n —m + p, A).

Using constancy of the non-zero Wronskian ¢4 (n + 1)¢_(n) — ¢_(n + 1)¢4(n), we
arrive at the familiar relation

(5.16) laW? = bV =1,
for X € (a,b), corresponding to |r|? + [t|* = 1.

Proposition 5.1. a(-) and b(-), defined on S as above, are algebraic functions with
singularities only possible at the boundaries of stability intervals.

Proof. Recall that u, is the solution of (5.13) with

(e3)=(502 ) ==e:

Thus (uy (m +1,2),uy (m, 2))" is algebraic in S with singularities only possible at
a and b, that is, the boundaries of the stability interval. As was determined before,
the same is true for both (¢4 (p+1,2), ¢+ (p,2))". By the definition of a(z) and
b(z), we have

a(z) \ _ [ o+(p+1,2) é_(p+1,2) -t ur(m+1,2)
(5.17) (M@)‘(Emm b (p,2) )('me )

and so we are done. O
Lemma 5.2. If b(\) =0 for all A € (a,b), then V = Vje.

Proof. Suppose that b(A) = 0 for all X € (a,b), and hence all z € S by analyticity.
We know then that for every A € (a,b) and n > 0, the Jost solution u, (n, A + in)
is a(A + in)¢4(n — m + p, A +in) (for all n > m), that is, uy is exponentially
decaying in this region of the upper half-plane. Thus uy is the Weyl solution for
the perturbed equation (5.13). We may therefore calculate the Weyl-Titchmarsh
m-function, my, for (5.13) on the half-line [1, ),

my(A+in) =

= my,,(A+in),

where the latter is the m-function of (4.7) on [1,00) (which is the same as the m-
function of (5.13) on [m+1, 00)). As the m-functions are analytic in the entire upper
half-plane, we conclude that my (z) = my,_ (z) for all z € C*. Thus, by standard

per
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results from inverse spectral theory (see, e.g., [17]), we conclude that V = Vjer on
[1,00). Since they coincide on (—o0,0] by definition, we get V' = Vjer. O

Thus, if we restrict our attention to the case V' # V,er, we know that {\ € (a,b) :
b(A) = 0} is finite.

Now we consider a gap. Take a such that —oc0o < @ < a < b and (a,a) is a
maximal, non-trivial gap in the spectrum of Hy (if a = inf 0(Hyp), then o = —00).
We note that there is also a gap (b, 00) where b = sup(c(Hp)). The analysis of this
gap is identical to the case @ = —oo below, excepting that we analytically continue
to the right rather than the left. Consider the following split strip:

S'i={z=A+in:a<A<bneR}\[ab).
For i = 1,2, let p;(z) be the branches of (4.8) with |p1(2)| <1 and |p2(2)| > 1 for
all z € S, which are well defined since [a, b) is excluded. We first note that p; = p;
on the upper half of S, but p; = p_ on the lower half of S. Secondly, as before, it
can be seen that p; are algebraic in S’. They have, at most, singularities at «, a,
and b, and therefore they may be continued analytically across (a,b). In particular,
pi is the analytic continuation of p;, where i,j € {1,2} with 7 # j.

For z € S', choose eigenvectors v;(z) = (c;(2),1)! of go(z) corresponding
to pi(z), analogously to (4.10). Taking ¢; to be the solutions of (4.7) with
(9:i(1,2),$:(0,2))t = vi(2) for 2 € S, we see again that ¢;(-,2) (resp., ¢2(-,2))
is in 2 near +oo (resp., —00), that is, they are the Weyl solutions. Set u; to be
the Jost solutions of (5.13) satisfying

_ (Zsi(naz) TLS 1
(5.18)  wi(n,z) = { ai(2)¢i(n —m +p,z) + bi(2)¢j(n —m+p,z) n>m

for z € S’ and the same 4,j convention used above. As in (5.17) above, one sees
that a1 (2) and by(2) are algebraic in S’. In fact, in the upper half Sy of S, they
coincide with a(z) and b(z), since for z € S, we have that vy (2) and v1(2) coincide.
Thus a1 (2) and by (2) are analytic continuations of the restrictions of a(z) and b(z)
to Sy. Similarly, it is seen that a2(z) and be(2) are analytic continuations of the
restrictions of a(z) and b(z) to the lower half S_ of S. Thus, a1(z), b1(2), a2(2),
and by (2) are algebraic and have, at most, singularities at «, a, and b. In particular,
when V' # Vjer, they cannot vanish identically, and hence the set

(5.19) (A€ (a,b) - ar (Wb (Nas(Wba(N) = 0}

is finite, even in the case a = —o0.

6. FURSTENBERG’S THEOREM AND POSITIVITY OF THE LYAPUNOV EXPONENT

To prove positivity of 79()) for A € R, away from a finite set, we will investigate
properties of the transfer matrices. We assumed in (NC) that there are two words
wp, wy in supp(v) which do not commute, and we will therefore work with the
following pair of transfer matrices: the “free” matrix

9o(A) = M(wo, A),
corresponding to the periodic problem (4.7) and the matrix
91(A) = M (w1, )
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describing the local perturbation, corresponding to the perturbed difference equa-
tion (5.13). In correspondence with the previous sections, we take Hp to be the
operator with p-periodic potential Ve, where p = |wp|, such that Vyer(n) = wo(n),
1 < n < p, and H to be the operator generated by the perturbed potential V
results from Ve by inserting the m numbers Wy,..., W,,, where m = |w;| and
W, = wi(n), 1 <n < m. Of course, this convention is arbitrary and the roles of
the two transfer matrices could be interchanged.

Lemma 6.1. Assume that (NC) holds with non-commuting words wg,w;. Then,
we have for the potentials Vier, V' defined above,

(6.20) Voer £ V.

Proof. Assume that (6.20) fails. Then, we get that wo is a power, that is, there is
some v, which itself is not a power, and some s > 2 in N such that wg = v® =vv...v.
We have then that

(6.21) WIVVY ... = VUV . ..

by considering the restrictions of Vper and V' to N as one-sided infinte words. If the
length of w; is not an integer multiple of the length of v, we can again argue that
v must be a power, and hence get a contradiction. Thus, the length of w; is an
integer multiple of the length of v. By inspection of (6.21), this implies that wy,
too, is a power of v. Thus w; = v® and hence we get a contradiction to (NC) since
wowy = v = wywy. O

Set G(A) to be the closed subgroup of SL(2,R) generated by {M(w,A) : w €
supp(v)}. Let P(R?) be the projective space, that is, the set of the directions in
R? and ¥ be the direction of v € R? \ {0}. Note that SL(2,R) acts on P(R?) by
gu = gu. We say that G C SL(2,R) is strongly irreducible if and only if there is no
finite G-invariant set in P(IR?).

It follows from Furstenberg’s theorem [2] that vo()\) > 0 if G(A) is non-compact
and strongly irreducible.

The main result of this section is the following:

Theorem 6.2. Assume that (NC) holds. Then there exists a finite set M C R, such
that G(A) is non-compact and strongly irreducible for oll X € R\ M. In particular,
Y(A) >0 for all A e R\ M.

Proof. The proof of Theorem 6.2 is analogous to the proof of Theorem 2.3 in [6] so
we only sketch the argument briefly.

When non-compact, it is known that the group G is strongly irreducible if and
only if for each ¥ € P(R?),

(6.22) #{gv: g€ G} > 3;

see [2]. Note that both non-compactness of G(\) and (6.22) are properties which are
preserved if the set of underlying words is enlarged. Thus one can assume without
loss of generality that G()) is generated by go(\) and g1 (A).

By an analysis which is almost identical to the one in [6], non-compactness and
(6.22) can be shown away from the roots of b (finitely many in each of the finitely
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many stability intervals), the roots of D (one per stability interval), the endpoints
of stability intervals, and the set in (5.19); and hence away from a finite set.

For X in a gap, non-compactness follows since go() has an eigenvalue of modulus
larger than 1. The set (5.19) is avoided to verify (6.22).

If X is in a stability interval, then the crucial link to scattering coefficients is
given by the fact that G()\) is conjugate to the group G/()\) generated by the two
matrices

o in [ Refa(A) +b(N)] Tm[a()) + b(\)]
Go(A) = ( _eine cose ) » 5(0) = ( Tmfa(y) - b()] Refa()) - b0V )

where w = w(A\) € (0,7) such that p;()\) = e; see [6, Lemma 2.4]. This allows
for a very explicit analysis of the group G(\) in terms of a()), b(\) and w. From
b(A) # 0 one can conclude non-compactness, and D(\) # 0 means w # 7/2,
implying (6.22). We refer to [6] for details. O

7. PROOF OF LOCALIZATION VIA MULTISCALE ANALYSIS

The proofs of Theorems 2.2 and 2.3 involve the technical machinery of multiscale
analysis, including the verification of the necessary ingredients which are known to
make this whole apparatus work. Still, given the results which were established
in the previous sections, we can conclude with a brief sketch of the remaining
arguments. This is due to the fact that, from here on, the strategy which was
developed by Carmona et al. [3] for the special case of the Anderson model can
also be followed for the more general random word models studied here. The main
point is that one has to stay away from the finite set of exceptional energies.

First of all, for energy intervals in which positivity of v can be established through
Furstenberg’s theorem, that is, where the group G()\) is non-compact and strongly
irreducible, an analysis of the A-dependence can be performed which yields Hélder
continuity of 7y, and thus . Details on this, which other than smooth dependence
of the transfer matrices on A uses only general facts from the theory of products of
independent SL(2, R)-matrices, can be found in [3] and [4]; see also [6], where it is
shown that this analysis also applies to continuum models.

Through the well known connection of v and the integrated density of states
(IDS) of ergodic discrete Schrédinger operators provided by the Thouless formula,
one then obtains Holder continuity of the IDS.

Combined with the positivity of «y, the latter is the basis for proving a Wegner
estimate as well as an initial length scale estimate, both away from exceptional en-
ergies, suitable for starting the multiscale analysis. The details of this are straight-
forward extensions of the arguments provided in [3] for the Anderson model.

That multiscale analysis, given Wegner and initial length scale estimates, proves
exponential localization as claimed in Theorem 2.2, has been known since the 1980’s
and is stated in [3] together with all the fundamental references. Improved ver-
sions, which show that strong dynamical localization as in Theorem 2.3 is obtained
through multiscale analysis, were recently provided in [8] and [10]. While these
papers are written for continuum operators, they both note that their results apply
to lattice models as well.



14 D. DAMANIK, R. SIMS, AND G. STOLZ

APPENDIX

The aim of this appendix is to prove Proposition 2.1. We will start by pro-
viding a semi-algebra which generates the P-measurable sets and justifying that
P is uniquely determined by (2.1). We will then check that T, given by (2.2), is
measure-preserving and show the asserted ergodicity properties by working on the
semi-algebra; see Theorems 1.1 and 1.17 of [18]. The semi-algebra we construct con-
sists of suitable cylinder sets. With these explicit sets we are able to demonstrate
that the main idea of the classical proof of ergodicity of shifts, namely that two
given cylinder sets become independent if their non-trivial components are shifted
into disjoint regions, still holds. Due to the varying word length, the details of this
argument become more cumbersome, which is our reason for including them here.

Let B; denote the Borel sets in W;, j = 1,...,m, and B the Borel sets in W
(i.e., the v-measurable sets). The set of all measurable cylinders of the form

—(n+1) —1 n 0o
(Al) H W x H Az'XA\()XHAz'X H W,
i=—o00 i=—n =1 i=n+1

where n € N, Ay € B;, and A; € B, for 1 < |i| < n, is a semi-algebra in {w € Qo :
|wo| = j}; denote it by S;. Here the ~ symbol denotes the zero position in W%. It
follows that

(A.2) S:=J {8 x {1},...,8; x {j}}
j=1
is a semi-algebra in Q = ], ©;, where Q; = {w € Qo : |wo| = j} x {1,...,j}.
We define a function P : § — Rt by P(A x {k}) = Po(A)/(L) whenever A € S;,
and 1 < k < j. Pis countably additive since Py is countably additive and

(A.3) ii?((ﬁ Wijx§W>x{k}>=1_

i=—00

Thus P can be uniquely extended to a probability measure P on the o-algebra F
in © generated by S. By construction, we have that P(A x {k}) = Po(A)/(L) for
every Pg-measurable A C {w € Q¢ : |wo| =7} and 1 < k < j. Define T : Q — Q by
(2.2).

Lemma A.1. T is a measure-preserving bijection.

Proof. T is a bijection with

i o (w,k—1) if k> 1
(A4) T (w; k) - { (To_lw, |U)_1|) ifk=1.

To prove that T' is measure-preserving it suffices to show that P(T-1M) = P(M)
foral M € S. Let M = Ax {k}, A€ S;,1<k <j. Thus P(M) =Po(4)/(L).

It k > 1, then T—'M = A x {k — 1} and P(T—'M) = P(M).

If k =1, represent A in the form (A.1) and decompose

AL =J¢Cj CieB;.

j=1
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Then, T~ (A x {1}) = U=, (A; x {j}), where

n+1

HWx HAGCxHAleW

i=—00 i=—n+1 i=n+2

Since Py is additive and T is measure-preserving, we get

_Po (4)
(L)

concluding the proof. |

P(T7H (A x{1}) =Y P(A; x {j}) =

j=1 j=1

=P(Ax {1}),

Proof of Proposition 2.1. (a) We assume that J is relatively prime. In order to
show that 7' is strongly mixing, we need to prove that

(A.5)  Jim B(T™(4,ka) 0 (B, kn)) = B(A ka) - BB, kp) = —=—7s3——

Here (A,k4) C Q and (B, kp) C Q are arbitrary sets of the form

A:---xWxC,nx---x(j'ox---anxWx---,

(A.6) Pl
B=---xWxXxD_,x---XDgx---XDpxWx---

where n € N, C; € By;, Dj € By,, j = —n,...,n, 1 < ks < ap,and 1 < kg < bo.
The sets (A,k4) with A as in (A.6) are also a generating semi-algebra S for F
(take finite disjoint unions to get S). Thus strong mixing follows from (A.5) and
[18, Theorem 1.17 (iii)].

In order to calculate the left-hand side of (A.5), we will have to write T—¢(A, k4)
as a disjoint union of sets (C, k) with C of type (A.1). This is simple for £ =
bo+a_1+---+a_, — 1, where

(A7) T (A, ka) = (4o,1),
and
(AS) AO="'XWX67HX"'XCnXWX"'.

For £ > £y, we have T~ *(A, ka) = T—(“~%) (A, 1). Splitting sufficiently many of the
W-factors in (A.8) into their disjoint components W;, we see that 7 (¢—%0)(44,1)
is a disjoint union of sets of the form (A(j1,---,j.), k) where

(A9) AQr, - sf) = X WX W), X o+ X W, X Cpy X -+ X Cp X WX -+ .

We only need to determine the (A(ji,...,J,),k) in T—¢—4)(4y,1) with k = kp,
since otherwise the intersection with (B,kp) is empty. Comparing (A.8) and
(A.9) and counting the length of the words shows that (A(ji,..-,4r),kB) C
T—(t=to)( Ay, 1) if and only if » and ji,...,j, are such that

(AlO) kp <ji <m, 1<jo,...,Jr <m, j1+...+jr,-=k5+(£—£0)—1.
This shows that
(All) TﬁE(AJkA) N (BakB) = U(A(]la ) er) N BJkB)J
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where the disjoint union is taken over all r, j1, ..., j. as in (A.10). If £ is sufficiently
large, then we have for all the sets on the right-hand side of (A.11), that
A(Jry--yjr)NB=+--xWxD_, x---xD_; X (ijl) X
X (D NOWj, ) X Wi p X oo X W xC_py X oo X Oy x WX -

Hence,

&Po (U(A(jl’ ~esdr) 0 B)) N

= 757 Lo (B G x W s Wy oo x Wy, x W x-o)) - Bo(A).

P (T “(A,ka) N (B,kg)) =

Taking into account further that
Bﬂ(---xWx)//le Xooo X Wi xWx..)#0
only if (bg,.-.,bsn) = (J1,---,Jn+1), in which case

P, <Bﬁ(--- X W X Wy, % o x Wy, oy x W x )) = Py(B),
we conclude
1
(A12)  P(I(A k)N (B ks) = 755 D Vs -~ ¥, - Po(A)Po(B),

where the sum runs over 1 < jpi9,...,0r <Myjnta+...+jr =€ — L4 p. Here we
have set L4, :=4y+bo + ...+ b, +1—kp and v; :== v(W;). Thus, after an index
shift, (A.5) becomes equivalent to
1 1

(A.13) lim 3 Vjy c eV, = e = e

‘ : U

—00 1Sj17___,jssm, ( ) E]:l] V]

jl +...+ js =4

Since E;nzl v; = 1 and J is relatively prime, this is exactly the result proven in
Lemma A.2 (a) below. This finishes the proof of part (a).
(b) If J is not relatively prime, then by Lemma A.2 (b) below, the left-hand side
of (A.13) converges to (L)~! in Cesaro mean. Our previous arguments then yield
that

dllg.lo_zﬂn A kA (B,k‘B)) Z]P(AJkA) ']P(BakB)J
for all (A,k4) and (B, kg) in S. By [18, Theorem 1.17 (i)] this implies ergodicity
of T.

To complete the proof of part (b), it remains to check that in the latter case,
T is not weakly mixing. To this end, note that by the non-triviality condition
(NC) there exist j € {1,...,m} and C' € B; such that 0 < v;(C) < 1. Choose
A= xWxCxW-- that is, Ax {1} € S. If £ is not a multiple of the greatest
common divisor D > 1 of J, then by considerations as above one sees that

P(T74A4,1)N(4,1) =
Since P(4,1) = uj(C) /(L), this implies that

2 1 (v(C) ?
hrgg;f Z|]P’ ~(A4,1)N(4,1)) - P(4,1) |2§< ) > 0.

=1
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Thus T is not weakly mixing; see [18, Theorem 1.17 (ii)]. O

In the above we have used a combinatorial lemma, which we state and prove
below. Let m € N be fixed. For any £ € N, let the set of unordered partitions, or
compositions, of £ by natural numbers less than or equal to m be denoted by

P(l,m) := {(jl,...,js)e{l,...,m}s: s € N and erze}7

r=1
and set js := (J1,-..,Js) € P(£,m).

Lemma A.2. Forj=1,...,m, suppose 0 < v; <1 are given with 27:1 v; = 1.
(@) If J := {j : v; > 0} is relatively prime, then

1
(A.14) lim Z Vj, "Vjy * oo Vj, = =m———-
% epit,m) 2j=1d i

(b) If J is not relatively prime, then

d
1 1
A.15 lim =Y ) VeV, =
( ) dl{{olod VJI V]Z V.]s Z;n:l.]yj

=1 js€P(€,m)
Proof. For each £ € N, define
(Alﬁ) A[ = Z I/j1 - I/j2 ..t l/]'s,
Js€EP(f,m)

and for any z € C with |z] < 1, set
(A.17) b(2) := ZAgze.
=1

Clearly,

00
— . ) s
—E E Vjy “Vjy * e v - Vj 2
£=1 j.eP(£,m)
m

o0 m
— . : L D e1d
—E E E Vjy " Vjy * o nnr Vj, z2er=107
s=1j1=1  js=1

8
o0 m

2 | 2 n

s=1 =
B Zm v;2d
1- Z] 2y

Take Ap := 0 and consider

$(2) == (1 = 2)$(2).
It is clear that both ¢ and ¢ are analytic in |z| < 1.
Observe that the set J := {j : v; > 0} is relatively prime if and only if the
equation ) 77", ;27 = 1 has exactly one solution (2 = 1) on the unit circle.
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We may conclude that if J is relatively prime, then ¢ is analytic in a neighbor-
hood of {z € C: |z| <1}, and

lim A, = p(1) = —1
{—o00

Z;n:1 jvi
This completes the proof of (a).

If the set J is not relatively prime, then let D be the greatest common divisor
of J, that is, suppose each j € J can be written as j = Dk;, and let K := {k; : j =
ij € J}

Rescale the v; as follows: for each 1 < j < m, define
_ { 0 ifj¢kK

Vi= Vpj lf_]EK
Note that the set J := {j : 7; > 0} is relatively prime by construction. Taking
.[lg:: Z 17]'1'17]'2'...'17]'5,

is€P(£,m)
one sees that ,
0 if5¢N
A, = ) D
¢ { 4; itL=j€N
Thus
d
lim = = lim —
el ZAZ dlggo Z Ap;
jEN:Dj<d
Letting m = d/D, we have that
d m
1 1 1 ~ 1
lim = Ay= — lim — A= =,
d—oo d e:zl D mSocom ot J Zj:l J-v;
which completes our proof. |
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