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1. Introduction

This paper surveys the use of certain large deviation type (LDT) estimates for
dynamical systems in the study of continuity properties of the Lyapunov exponents
of linear cocycles. A fully detailed version of this work will appear in the research
monograph [17], see also [14, 13, 15, 16].

A linear cocycle is the dynamical system underlying a skew-product map acting
on a vector bundle. The base dynamics is given by an ergodic transformation, while
the action on the fiber is given by a matrix valued function with a certain regularity.
Lyapunov exponents are quantities that measure the average exponential growth
of the iterates of the cocycle along the fibers (see [1]).
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Two classes of general linear cocycles have been extensively studied so far: the
class of random cocycles, where the base dynamics is a Bernoulli shift, and the class
of quasi-periodic cocycles, where the base dynamics is a torus translation.

We study here the continuity properties of the Lyapunov exponents for a gen-
eral class of linear cocycles over a fixed base dynamics. We identify the cocycle with
the matrix valued function that determines its fiber action. Continuity is meant as
a function of the cocycle. Our method applies to both random and quasi-periodic
cocycles and it gives quantitative results, i.e. a modulus of continuity under appro-
priate further conditions.

The main assumptions required by the method described in this paper to prove
continuity of the Lyapunov exponents, are the availability of LDT estimates on the
base dynamics for a rich enough class of observables, and the existence of uniform
LDT estimates on the fiber dynamics. Large deviations in classical probabilities or
for multiplicative systems associated to a dynamical system describe the asymptotic
behavior of tail events in terms of a rate function. We require a somewhat different
type of large deviations. Instead of a precise rate, only a good estimate on the
decay of the tail event is needed. However, we require that such estimates hold
for all iterates of the system, after a certain threshold, and that in the case of the
fiber dynamics, this threshold of applicability as well as various other parameters
describing the LDT estimates are stable under small perturbations of the cocycle,
a property we refer to as uniform fiber LDT estimates.

For quasi-periodic models, base LDT estimates are a consequence of the unique
ergodicity of the system, while for the random i.i.d. model, base LDT estimates are
a consequence of the classical Cramér’s theorem.

Uniform fiber LDT estimates for quasi-periodic models were first obtained by J.
Bourgain and M. Goldstein in [8] for Schrédinger cocycles, and used in their study
of spectral properties of discrete quasi-periodic Schrédinger operators. For random
models, fiber LDT estimates follow from the work of E. Le Page [36] (the Bernoulli
case) and P. Bougerol [4] (the Markov case). However, these estimates lack the
uniformity we require in the proof of continuity of the Lyapunov exponents. We
obtain uniform base and fiber LDT estimates for Bernoulli and Markov cocycles by
following a more general and abstract method described in [28].

Kingman’s subadditive ergodic theorem allows us to describe Lyapunov expo-
nents as limits, when the number n of iterates grows, of finite scale Lyapunov
exponents, which are defined as the phase space average of quantities related to the
singular values of the nth iterate of the cocycle.

The mechanism for obtaining quantitative continuity properties of the limit
objects (i.e. the Lyapunov exponents) is a deterministic result called the avalanche
principle which was first established for SL(2, R) matrices by M. Goldstein and W.
Schlag in [23].

Roughly speaking, the avalanche principle (AP) allows us to relate singular
values of a long block (i.e. product) of matrices to certain averages of singular val-
ues of individual components of the block. This holds provided certain geometric
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conditions (which we call “gaps” and “angles” conditions) on the individual com-
ponents are satisfied. The gap condition means that a pattern on the relative sizes
of consecutive singular values holds uniformly for all elements of the block, while
the angle condition ensures that most expanding singular directions of consecutive
elements of the block are not almost orthogonal, hence they are not canceling each
other out.

In order to effectively apply the AP to long blocks made up of iterates of a
cocycle, the geometric conditions need to be satisfied for a large enough set of
phases. This is where the LDT estimates on the fiber action are used, as they turn
estimates on finite scale Lyapunov exponents, which are phase space averages, into
pointwise estimates which hold for a large number of phases, and correspondingly
they imply the geometric conditions of the AP for that large set of phases.

The sharpness of the LDT determines how long a block of matrices in the AP can
be, before running out of phases satisfying the geometric conditions. This argument
is then used repeatedly, in an inductive procedure, where the previous long block
becomes a typical component of the next much larger block, and the LDT estimate
is used again to guarantee the geometric conditions for sufficiently many phases,
and hence the applicability of the AP in the next stage of the induction.

This method of proving continuity of Lyapunov exponents was first introduced
by M. Goldstein and W. Schlag in [23] in the context of quasi-periodic, analytic
Schrodinger cocycles, where the base dynamics is a torus translation by a Diophan-
tine frequency.

Continuity results for Lyapunov exponents of random cocycles satisfying an
irreducibility condition go back to H. Furstenberg, Y. Kifer [21] and E. Le Page
[37]. More recently, continuity results for general random cocycles were obtained
in [3, 39], see also M. Viana’s monograph [51] for a more detailed account of these
results.

To summarize, this paper presents an introduction to some of the methods used
to derive LDT estimates for quasi-periodic and random cocycles, and an abstract
scheme we have developed to prove continuity of Lyapunov exponents of cocycles
satisfying such estimates. This method is versatile enough to apply to both quasi-
periodic models (one or multivariable Diophantine torus translations) and random
models (Bernoulli and Markov systems), and possibly to other base dynamics; it
provides a modulus of continuity (whose strength depends on the sharpness of the
LDT) in the neighborhood of a simple Lyapunov exponent; it is flexible enough to
apply to higher dimensional cocycles; it is general enough to imply and to extend
most already known quantitative continuity results.

This survey is organized as follows. In Sec. 2 we describe and compare differ-
ent types of large deviations for random processes and dynamical systems; given a
linear cocycle, we then introduce our concepts of base and fiber LDT estimates, to
be used in this paper. In Sec. 3, we explain the use of tools from harmonic analysis
(e.g., BMO estimates) and analytic number theory (e.g., Erdos—Turdn inequalities)
in deriving such LDT estimates for quasi-periodic cocycles. In Sec. 4, we explain the
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use of functional analysis tools (e.g., perturbation theory of quasi-compact opera-
tors) in deriving such LDT estimates for random cocycles. Section 5 describes the
abstract continuity theorem of the Lyapunov exponents assuming the availability
of the LDT estimates introduced in Sec. 2 and its applicability to quasi-periodic
and random cocycles; furthermore, we describe the inductive procedure, based on
the avalanche principle, leading to its proof. We conclude the paper by indicating
other possible uses of the LDT estimates.

2. Definitions of LDT Estimates

In probability theory and harmonic analysis there are several inequalities describing
the deviation of a function from its mean. The most basic result of this kind is
Chebyshev’s inequality. We formulate it in its exponential form. For any ¢, A > 0
and any random variable X

P X — E(X)| > )] < e ME[!XECON, (2.1)

A fundamental result in harmonic analysis, concerning functions of bounded
mean oscillation (BMO), is John-Nirenberg’s inequality. Given f € L'(T) let

I fllBmo = SI}PW — (N1,

where the sup is taken over all intervals I C T and (f)r = 7 [, -
Then if ||f||mo < 400, John-Nirenberg’s inequality states that

{z € T:|f — (f)r] > A}| < eV IMllemo, (2.2)

where c is a universal constant.

Let X, X1,X5,... be a real valued random process and denote by S, =
Z;Zol X the corresponding sum process. Tail events of this process correspond
to the deviation of its averages +S,, from their means E(15,).

There are several types of large deviation inequalities describing tail events, such

as Chernoff bounds (see [48]), which we formulate for a random i.i.d. process { X, }:
1

P H—Sn - u' > A] < C'max{e(A*/o%)n =(\/Kjny (2.3)
n

for some universal constants C,c > 0 and where u = E(Xj), 02 = var(Xj) and
K = [[Xol[co-

The asymptotic behavior of tail events forms the subject of the theory of large
deviations (see [43]). A classical result in this theory is the following theorem due
to Cramér.

Theorem 2.1. If the random process {X,} is i.i.d. with mean p = E(Xy) and
finite moment generating function M(t) := E[e!X°] < +oo for all t > 0, then
1 1
lim —logP ||=S, — =—1(e),
T T

where I(e) 1= sup,s o(te — log M (t) + tu) is called the rate function.
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We now give a general formulation of the large deviation principle (see [43]).
Given an increasing sequence of integers {r, } and a lower semi-continuous function
I:R — [0,400), we say that the random process {X,,} satisfies a large deviation
principle with normalizing sequence {r,} and rate function I, if for any closed set
FCR,

1 1
limsup — log P [—Sn € F] < — inf I(x),
n—+oo T'n n zel

and for any open set G C R,

lim inf ilogP {lSn € G} > — inf I(x).
n—+00 Ty n zeG

We note that the large deviation principle holds under the assumptions of The-
orem 2.1 with r, = n and the rate function specified in that theorem. For other
large deviation principles, including Markov processes, see for instance [50].

Given a dynamical system (X, pu,T), any observable £ : X — R determines
the random process X,, = £ o T™. Let (§) = [, &dp be the mean of this random
process, i.e. the space average of the observable, and let S,,§ := Z;Zol £oT7 be the
corresponding sum process, i.e. the usual Birkhoff sums.

There are many results available regarding large deviations for dynamical sys-
tems (see for instance [32, 38, 45, 53]).

Starting with work of H. Furstenberg there has been interest in finding analogues
of the classical limit theorems in probabilities for non-commuting random products.
Let v be a probability measure on the group GL(m,R) of invertible matrices, and
let go, 91, 92, - .. be a matrix valued i.i.d. process with common distribution v. We
use the notation g™ for the product process ¢ = g,_1 ... g190, and refer to this
context as Furstenberg’s setting.

Furstenberg and Kesten (see [20]) proved that the sequence & logl| g™|| con-
verges v-a.s. to the maximal Lyapunov exponent

Ly(v) = lim " logllgllv" (dg),
= JGL(m,R)
where v" stands for the nth convolution power of v.
This convergence statement is the analogue of the law of large numbers for non-
commuting products. The following theorem, due to E. Le Page (see [5, 36]), is the
corresponding large deviation principle.

Theorem 2.2. Let v be a measure in GL(m,R) with finite exponential moment
and such that the semigroup T,, generated by the support of v is strongly irreducible
and contracting. Then there exist constants c,eq > 0 such that for all 0 < € < gq
and v € R™,

1 1
lim —logP H— log||lg™ v| — L1(v)
n

n—-+4oco n

> s] = —I(e),
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with rate function I(g) 1= supg.,c (et —log A(t) +tL1(v)), and where A(t) denotes
the mazimum modulus eigenvalue of a Laplace—Markov family of operators Q¢ asso-
ciated with the distribution v.

A similar result for Markov processes was obtained by P. Bougerol (see [4]).

A more general setting for studying products of matrices is provided by linear
cocycles. Given a base dynamical system (X, u,T) and a measurable function A :
X — Mat(m,R) we call linear cocycle the skew-product map F : X xR™ — X xR™
defined by

F(z,v) = (Tz, A(z)v).
The iterates of this map are given by F™(x,v) = (T"z, A" (2)v), where A" (z) :=
A(T" 'z)... A(Tz)A(z). We will fix the base dynamics T and identify the cocycle
F with the function A defining its fiber action.
A cocycle A is said to be integrable if log™ || A|| € L'(u).
Given an ergodic system (X, u,T) and an integrable cocycle A, by Kingman’s
ergodic theorem the following limits exist for all 1 < j < m, and p-a.e. x € X,

n—-+o0o n—+oo n

1 R
Aj(A) = lim ElogH/\jA(")(x)H = lim — longk(A( )(z)),
k=1

where given g € Mat(m,R), Ajg denotes the jth exterior power of g, and the
numbers s1(g) > s2(g) > -+ > sm(g) > 0 stand for its sorted singular values. The
Lyapunov exponents of the cocycle A can then be characterized by

Li(A) = Aj(A) — A; 1(A) = lim~logs;(A® (x)),

n—-+4oco n

with the convention that Ag(A) = 0. The Lyapunov spectrum of a cocycle A is the
sequence of its Lyapunov exponents

Li(A) > Lo(A) > -+ > Loy(4) > —o0.

We denote by Lgn) (4) = [« Llog||A™)||dp the finite scale Lyapunov exponent
of A, so that by Kingman’s ergodic theorem

Ly(A) = lim_ L™ (4).

We note that Furstenberg’s setting is obtained by choosing the base dynam-
ics (X, u,T) to be a Bernoulli shift, with X = GL(m,R)Y, 1 = N the product
Bernoulli measure, T'(gpn)n>0 = (gn+1)n>0 the shift map, and the fiber action to be
A(gn)nzo = go-

Moreover, the quasi-periodic setting refers to a base dynamics consisting of
an ergodic finite dimensional torus translation and a fiber action which depends
analytically on the base point.

The large deviation principle for sums of scalar, and respectively for products
of matrix valued random processes, are asymptotic results. Our study of continuity
properties of Lyapunov exponents of linear cocycles does not require asymptotic
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statements, but only good upper bounds on the measure of tail events, for the
random processes given by the base and fiber dynamics. We call these bounds large
deviation type (LDT) estimates.

To describe these LDT estimates we introduce the following formalism. From
now on, ¢ : (0,00) — (0,00) will represent functions that describe respectively,
the size of the deviation from the mean and the measure of the deviation set. We
assume that the deviation size functions €(f) are non-increasing. We assume that
the deviation set measure functions ¢(¢) are continuous and strictly decreasing to
0, as t — oco. We use the notation ¢, := ¢(n) and ¢, := ¢(n) for integers n.

Let P be a set of triplets p= (@7 €, 1), where ng is an integer and € and . are
deviation functions. An element p € P is referred to as an LDT parameter.

We now define the base and fiber LDT estimates.

Definition 2.1. An observable £ : X — R satisfies a base-LDT estimate w.r.t. a
space of parameters P if for every € > 0 there is p = p(¢,€) € P, p = (no, €, 1), such
that for all n > ng we have ¢, < € and

i {x €xX '%Snf(ac) - <5>' > en} <. (2.4)

Note that if an observable £ satisfies a large deviation principle with rate function

I(e), then it also satisfies a base-LDT estimate with parameters e(t) = € and ((t) =
eftI(e) .

Definition 2.2. A measurable cocycle A : X — Mat(m,R) satisfies a fiber-LDT
estimate w.r.t. a space of parameters P if for every e > 0 there is p = p(A,¢) € P,
p = (no, & L), such that for all n > ng we have ¢, < e and

1 n
,u{x € X: ‘ElogA(")(x) - Lg )(A)‘ > en} < ln. (2.5)

In Furstenberg’s setting, Theorem 2.2 implies the fiber-LDT estimate with
parameters €(t) = € and 4(t) = e (),

We use LDT estimates to prove continuity of the Lyapunov exponents as func-
tions of the cocycle, where the space of cocycles is endowed with a distance. For this
we need a stronger form of the fiber-LDT, one that is uniform in a neighborhood
of the cocycle, in the sense that estimate (2.5) holds with the same LDT parameter
for all nearby cocycles.

Definition 2.3. A measurable cocycle A satisfies a uniform fiber-LDT if for all
€ > 0 there are § = §(A4,¢) > 0 and p = p(A,€) € P, p = (no, ¢, 1), such that if B is
a measurable cocycle with dist(B, A) < § and if n > ng then €, < € and

1 n
~log|| B™ (x)]| — L (B)

,u{xEX: >6n}<bn.

We remark that Theorem 2.2 does not provide a uniform fiber LDT estimate,
and hence it cannot be employed directly in our scheme for proving continuity of
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Lyapunov exponents. The same remark applies to the Markov case studied in [4].
However, the spectral theory approach developed in these works can be adapted to
derive uniform fiber LDT estimates.

Proving base and fiber (uniform) LDT estimates for quasi-periodic cocycles uses
harmonic analysis and potential theory tools, along with the arithmetic properties
of the torus translation.

3. Deriving LDT for Quasi-Periodic Cocycles

The goal of this section is to describe some of the methods used for deriving LDT
estimates for quasi-periodic models. Central to these methods are the use of the sub-
harmoncity of quantities related to the iterates of the cocycle, and the use of the
arithmetic properties of the frequency defining the base dynamics. We formulate the
main assumptions on the model. We review relevant previous results. We indicate
the main steps in the invertible case by reducing the proof of fiber LDT estimates to
base LDT estimates on subharmonic functions, with parameters depending only on
certain uniform measurements on the observable. We give some hints of the machin-
ery behind the proof of such base LDT estimates by considering a toy model of sub-
harmonic functions. We indicate some of the difficulties and the ways to overcome
them in the non-invertible (but not identically singular) case.

3.1. The model

Let Tx = z + w be the translation on the torus T? = (R/Z)¢, d > 1, by a ratio-
nally independent vector w. This ergodic map defines the base dynamics, and it is
assumed fixed.

Let A :T? — Mat(m,R) be a matrix valued real analytic function, so A(z) has
an extension A(z) to A% = A, x --- x A,., where A, is the annulus {z € C: 1 -7 <
|z| < 1+7r} of width 2r.

The iterates A™ (z) := A(z + (n—1)w) - - A(z +w)A(z) of the cocycle are also
analytic on A

In order to treat occurrences of small denominators, the translation vector will
be assumed to satisfy a generic Diophantine condition:

[k - wl| = (3.1)

|k|d+50
for some t > 0, §p > 0 and for all k& € Z%\{0}, where for any real number z,
||| := mingez |z — K|

For every integer m > 1, let C(T9, Mat(m,R)) be the vector space of matrix
valued analytic functions on A¢, with a continuous extension up to the boundary.
Endowed with the norm || Al := sup,c 4[| A(2)[|, O (T%, Mat(m, R)) is a Banach
space.

In a previous work (see [12]) we studied GL(m, R)-valued analytic cocycles. Here
we will allow our cocycles to have singularities (i.e. points of non-invertibility),

1660010-8



LDT for linear cocycles

as long as they are not identically singular (which in particular ensures that all
Lyapunov exponents are finite).

3.2. Literature review

Fiber LDT estimates for quasi-periodic cocycles were first obtained in the con-
text of studying spectral properties of discrete, one-dimensional, quasi-periodic
Schrodinger operators. These operators, denoted by H(x), act on [?(Z,R) > ¢ =

{¢n}n by
[H(2)]n = —(Wng1 + Pn-1 — 2¢n) + 0(T"3)tn, (3.2)

and describe the Hamiltonian of a quantum particle on the lattice Z.

The term [AvY], := (Ynit1 + Yn—1 — 2t,) defines the discrete Laplacian, while
v(T™x) = v(x 4+ nw) is the potential at site n on the integer lattice. The potential
is defined by a function v : T¢ — R which is assumed analytic.

The associated discrete Schrodinger (i.e. eigenvalue) equation

for the state ¥ = {¢,}, and the energy E is a second order finite differences
equation, which is solved formally by the iterates of the cocycle:

v(iz)+2—-FE -1

AE({L‘) = 1

€ SL(2,R).

The cocycle (or rather the one-parameter family of cocycles indexed by the
energy parameter F € R) Ag(z) is called a quasi-periodic Schrédinger cocycle.
Properties such as uniformity of the LDT estimates, or continuity of the Lyapunov
exponent are understood with respect to this energy parameter. Note that Ag(z) €
SL(2,R) so A(En)(x) € SL(2,R), hence HAgL) ()] > 1 for all n,x, E.

LDT estimates for quasi-periodic Schrédinger cocycles play an important role in
the study of the spectral properties of the corresponding operator (see J. Bourgain’s
monograph [6]) as well as in the study of quantitative positivity and continuity
properties of the Lyapunov exponent (regarded as a function of the energy F) and
of a related physical quantity called the integrated density of states (see for instance
[6, 24]).

The first such estimates were obtained by J. Bourgain and M. Goldstein in [§]
and used to establish pure point spectrum with exponentially decaying eigenfunc-
tions for the operator (3.2) with potential vy(z) = Av(z) and A > 1.

Phrased in the language we have introduced in Sec. 2, the results obtained in [8]
(for both d = 1 ad d > 1) provide fiber LDT estimates with deviation size function
€(t) =t and deviation measure function ¢(t) = e~ for some absolute constants
a,b > 0 and threshold of applicability n > ny depending on the Diophantine con-
dition (3.1), the sup-norm of v(z) and the size of E (which can be taken in a fixed
compact). Therefore, this fiber LDT is uniform in E.

1660010-9



P. Duarte & S. Klein

Later, M. Goldstein and W. Schlag (see [23]) proved sharper fiber LDT estimates
in the one variable case d = 1, assuming a stronger Diophantine condition. Their
result was subsequently improved in [52].

LDT estimates for other related models, but with stronger limitations, were
proven afterwards, see for instance [10, 9, 7, 33, 34].

Uniform fiber LDT estimates for more general, Mat(2, R)-valued cocycles admit-
ting singularities (e.g., points where they are not invertible) were obtained in the
one-frequency torus translation case in [29] (see also references therein). In our
work (see [15, 17]), we obtain uniform fiber LDT estimates for higher dimensional,
Mat(m, R)-valued cocycles with singularities, for both one and several variables
torus translations.

3.3. Main ingredients for proving fiber LDT

We first note that for a continuous observable £, the convergence in Birkhoft’s

ergodic theorem is uniform, hence the base LDT estimate (2.4) holds automatically

with €(t) = €, 1(t) = 0 and ng depending on € and &, but in a very non-explicit way.
We will show how the proof of fiber LDT estimates can be reduced to having

base LDT estimates for a certain class of observables, with the LDT parameters

depending very explicitly on the observable (thus ensuring strong uniformity).
Given A € C¥(T?, Mat(m,R)), if we denote by

n 1 n
ul)(2) = —log| A" (2)]
then the fiber LDT estimate (2.5) can be written as

{z e T : Wl (@) — W) > en}| < tn. (3.3)

a c

We will establish such an estimate with ¢, = n=® and ¢, = e~ ”b, for some
absolute constants a, b, ¢ > 0.
Let d = 1. Since the maps A (z) are holomorphic on A,., the maps uf:) (z) are

subharmonic on A, (a good reference on subharmonic functions is [27]).
d

T

When d > 1, the maps uf:)(z) are pluri subharmonic on AS, i.e. they are sub-
harmonic along any complex line, and in particular, they are subharmonic in each
coordinate.

(Pluri) subharmonicity of the maps uff)(z) associated with the iterates of the
cocycles will play a crucial role in deriving fiber LDT estimates.

Note that these maps always have the trivial upper bound
uff)(z) <log||A||, forall z€ A% neN.

Moreover, if A(z) € SL(2,R), which is the case of the Schrédinger cocycles, then
we also have the trivial lower bound

uff)(z) >0 forall ze A, neN.
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More generally, using Cramer’s formula, GL(m,R)-valued cocycles A(z) have
the uniform bounds

—log||A7Y|, < uff)(z) <log||Al|, forall z€ A% neN.

Therefore, if A € C¥(T?, GL(m,R)), then the maps uff)(z) are pluri subhar-
monic and uniformly bounded on A¢ (the latter will not be the case for singular
cocycles, which we discuss separately in Sec. 3.5).

Of course, not all function sequences u(™ () with a (pluri) subharmonic, uni-
formly bounded extension satisfy an estimate like (3.3).

However, the function sequences uff)(ac) have another crucial feature: they are
almost invariant under the base transformation, in the sense that

n n ].
|uf4 )(x) - uf4 )(Tx)| <~ forallzeT? n>1. (34)
n

This holds provided A(x) € GL(m,R), and can be seen through a simple compu-
tation.
If we apply this almost invariance m = n'~—¢ times, we get

UE:)(JU) - =n"¢ forallzeT? n>1

or

<n~ ¢ for allz € T, n>1.

Therefore, to derive the fiber LDT (3.3), it is enough to prove that
1 n n — —
erﬂl’d:‘gsmu;)(x)—w;)}‘>m “H<e Cmb, (3.5)

for some absolute constants a,b,c > 0.

In other words, it would be enough to prove base LDT estimates for the maps
ui‘")7 but in a way that they apply uniformly for all n > 1 and for any cocycle near
A. Therefore, uniform fiber LDTs follow from base LDT for (pluri) subharmonic
observables, provided the LDT parameters depend only on some measurements on
the observable (such as the width r of its domain and its sup-norm) and on the

base dynamics (which is assumed fixed).

3.4. Estimates on subharmonic functions
The goal here is to show that given a (pluri) subharmonic function u(z) or A,
{z € T : |Spu(z) — nlw)| > n* %Y < e~ (3.6)

for some universal constants a,b,c > 0 and for all n > ng, where ng may only
depend on some uniform measurements on the observable u (and on the Diophantine
condition on w).
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We describe some ideas used to derive (3.6). To warm up, let d = 1 and consider
a very simple (yet relevant) example of a subharmonic function, u(z) = log|z — 1],
whose restriction to T has the form u(x) = log|e(x) — 1|, where we use the notation
e(z) = 2™ We will prove the base-LDT (3.6) for this subharmonic function,
following W. Schlag’s address at the 2003 ICMP in Lisbon (see [46]).

Applying John—Nirerberg’s inequality (2.2) to the function S, u(x), we have

{z €T :|Spu(z) — n(u)}| > n' =9 < e—en' “/lISnulsyo, (3.7)

Therefore, in order to establish (3.6), it would be enough to derive a good upper
bound on the BMO norm of S, u, namely to prove at least that ||.S,ullsmo = o(n)
as n — o0o.

One should note that u(z) = logle(x) — 1] ¢ L°°(T), and in fact this is a
standard example of a BMO function which is not in L°°. Even if our subharmonic
function u(z) were bounded, so that ||SpullL= < n, estimating the BMO-norm by
the L°-norm would only give ||S,ullpmo < n which clearly is not enough for our
purposes.

Lemma 3.1. Let u(z) = logle(z) — 1|. Then
[SnullBpo < n’ (3.8)

for some 0 < 6 < 1 which depends only on the Diophantine condition on w.

Proof. As noted earlier, L* is a proper subset of BMO, with u(z) being a typical
BMO but not L function. However, u is the image of an L* function via a singular
integral operator, the Hilbert transform.

Informally, we could think of the Hilbert transform H of a function on T as being
given by the boundary values of the harmonic conjugate of its harmonic extension
to the unit disk (see Chap. 3 in [41]).

Let

1
{z}—= iz ¢Z
s(x) == 2
0 ifreZ

be the saw-tooth function, where {2} is the fractional part of x.
An elementary calculation that involves computing arg (e(x) — 1) shows that

u(z) =logle(x) — 1| = H(s)(x),

hence, since the Hilbert transform commutes with translations,

Spu(z) = z_: logle(z 4+ jw) — 1| =H z_: s(- + jw) | ().
=0 =0

A deep result in harmonic analysis, due to C. Fefferman, implies that the
Hilbert transform is a bounded operator from L* to BMO (see Chap. 6 in [18]).
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Therefore,

n—1
| SnullBmo = ||H Zs + jw) Z o+ jw) : (3.9)
Jj=0

BMO 7=0 Lo

It turns out that the L*° norm of Z;Zol s(-+jw) has a number theoretical meaning:
it is comparable to the discrepancy of the sequence {jw}. A good reference for the
discussion following below is [40].

The discrepancy of a sequence {z;};jen of points on T measures how well dis-
tributed they are on the torus.

We may define it as

Dafes) = supl#0 < <n =12 € o B)) — (o).

We say that the sequence {z;} is uniformly distributed on the torusif D, {z;} =
o(n) as n — oo. Clearly

n—1
Dn{a;} =sup | > 1o p)(2;) — (8- )
a,3 =0

n—1

= sup Z ]l[O,ﬁ—oz)(xj - a) - (6 - a) )

a,B j=0

where 1;(z) is the indicator function of the interval I.
One can easily verify the following relationship between the indicator function
of an interval and the saw-tooth function s(x):

Ljo,a)(z) = s(z — a) — s(z) + a, (3.10)
valid if « # 0,  # « (mod 1).
Define
n—1
Ap{x;} :=sup Z s(xj —

Using (3.10), one can show that
An{z;} < Dp{z;} < 2A0{x;},

hence A,{z;} can be regarded as another kind of discrepancy.
Recall from (3.9) that

— n—

Sulio S | s+ 50| = sup [5G~ )

=0 e
= A {jw} < Dp{jw}.

This shows that in order to get an estimate on the BMO norm of S,,u, we need an
estimate on the discrepancy of the sequence {jw} en. It is an elementary fact that
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this sequence is uniformly distributed for any irrational w, hence D, {jw} = o(n)
as n — 00.

However, we need a more quantitative estimate, and this is where the Diophan-
tine condition (which describes the irrationality of w quantitatively) comes into
play. We recall the following classical Erdos—Turdn inequality (see [40]): for any
sequence {z;} C T and for any integers n, K we have:

1
< — . .
Dy{z;} K—|— 1 7 E:O (kx;) (3.11)

Apply this inequality to the sequence z; = jw, so the exponential sum in (3.11)
becomes

— — e(knw) —1 1
JXZ:O (kz;) —zz:o e(kjw) = (kw)

hence, using the Diophantine condition on w

— 1
e(kjw)| < < J|1 00,
E;; < =T = Ry S

Erdoés-Turén’s inequality (3.11) then says

Dn{jw} < & +3Zk50 S = +K50+1 <n’

provided we choose K = n'/(%0+2) 50 § = %otl € (0,1). O

This proof contains many of the ingredients necessary to derive the
base LDT estimate (3.6) for subharmonic functions: BMO estimates, John-
Nirerberg’s inequality, a quantitative description of the uniform distribution of the
sequence {jw}.

While general subharmonic functions are more complex, and they require a finer
analysis, the difficult part comes from handling certain sums of functions not unlike
log|z —1]. Indeed, standard examples of subharmonic functions are u(z) = log|f(z)|,
for some holomorphic function f(z). If (3,...,{n are the zeros of the f(z) in a
compact set 2, then on that set f(z) = g(2) - vazl(z — (j), where g(z) is analytic
and free of zeros, hence u(z) = log|g(2)| + Zjvzl log|z — ().

Since g(z) has no zeros on Q, h(z) := log|g(z)| is harmonic. Putting du(¢) =
Zévzl 0z;(¢) to be the sum of the Dirac measures corresponding to the zeros of
f(z), we obtain the following representation of u(z) on §:

u(z) = h(z) + / loglz — C|du(C).

In fact, by the Riesz representation theorem, any subharmonic function wu(z)
has such a representation, for some harmonic function h(z) and some compactly
supported measure p called its Riesz measure.
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Most of the time, due to its smoothness, the harmonic part is harmless, and
the difficult part in obtaining the desired estimates is reduced to the study of the
logarithmic potential [ log|z — ¢|du(C).

We keep d = 1 (i.e. the one variable translation case) for now, and describe
some of the steps in the proof of (3.6) for general subharmonic functions.

We first introduce additional assumptions concerning certain uniform measure-
ments on the function u(z). One number that will stay fixed throughout is the
width 7 of its domain. The other is the “Riesz mass” of u, i.e. the total mass ||u||
of its Riesz measure.

As noted earlier, in the case of Schrodinger, thus SL(2,R)-valued cocycles, the
subharmonic functions ui‘") (z) corresponding to its iterates have the trivial bounds

0< uff)(z) <logl|A||, forall ze€e A,, neN,
and in the case of GL(m,R)-valued cocycles we have the bounds
—logl| 47 < u§{’ (2) < log|| 4]

In any case, there is a constant C(A) < oo, which is stable under perturbations
of the cocycle, such that

sup |uff)(z)| < C(A) forallneN,
z€EA,

hence the maps uff) are uniformly bounded on A, in n and A.

It turns out that the width 7 of the domain of a subharmonic function u(z) and
its sup-norm C over the domain completely determine its Riesz mass.

Subharmonic functions, however, may not be bounded from below, and in fact
they may attain the value —oc. That will be the case with the subharmonic functions
associated to iterates of a cocycle with singularities. A quantitative version of the
Riesz representation theorem due to M. Goldstein and W. Schlag (see [25]) implies
an estimate on the Riesz measure under the weaker conditions:

sup u(z) < C and supu(z) > —C. (3.12)
zEA, zeT
Then ||p|| < S, where § is a constant depending only on r and C.

A crucial ingredient in proving (3.6) for an observable u(z) is having an estimate
on the decay of its Fourier coefficients, one that depends only on some measurements
on u(x), thus applying uniformly to all maps uff)(ac) corresponding to iterates
of the cocycle (or to iterates of nearby cocycles). One should note that general
subharmonic functions lack smoothness, hence such estimates are nontrivial.

Lemma 3.2. Let u(x) be a function on T with a subharmonic extension to A,.
Assume that its Riesz mass is bounded by S. Then its Fourier coefficients have the
decay

(k) < S ﬁ Jor all k # 0. (3.13)

1660010-15



P. Duarte & S. Klein

Proof. We only sketch the proof of this result for the toy model u(z) = log|e(z)—1].
The general case expands upon this simple example and uses the Riesz representa-
tion theorem (see [6, 15] for details). We use again the fact that u = H(s), where
s(z) is the saw-tooth function.

It is easy to see from its definition that the Hilbert transform is related to the
Fourier transform via the identity 77(?)(1@’) = —isign(k)f(k), for all k € Z, k # 0.
Then

— 1

(k)| = [H(s)(B)| = [3(F)| < R

where the last inequality follows from a direct elementary calculation of the Fourier
coefficients of the saw-tooth function. O

Proposition 3.1. Let u(z) be a function on T with a subharmonic extension to
A, Assume that its Riesz mass is bounded by 8. Then for some explicit constants
a,b,c> 0 and for all n > ng, where ng depends only on w, we have:

er']l‘:

Proof. We sketch the argument. Expand u(z) into its Fourier series

u(z) = (u) + > _a(k)e(k).

S ule) — (u)

> Sn“}‘ <e ' (3.14)

k0
Then
1 n—1
-5, - i
- u(x) - ]Z:% u(z + jw)

I
=
+
>
~—
=
2
e
=
S|

)
o~
<
=~
£

k#0 Jj=0
= (u) + Y a(k)e(kz) K, (kw),
k#£0

|[Kn(t)] < min{LL}. (3.15)

We write
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and the goal is to estimate the above in the L2-norm and then to apply Chebyshev’s
inequality. By Parseval,

2

'E&ﬂ_@> = S (k) 2 K (ko) [
L2 k%o
= Y Jak)PIKa k) + D7 Jak)?] K (kw) .
0<|k|<K [k|>K

The sum above was split into two parts, with the splitting point chosen to opti-
mize the sum of the estimates. In the second sum we rely only on the decay (3.13)
of the Fourier coefficients (provided K is large enough), and simply bound the Fejér
kernel by 1. In the first sum, the weakness of the decay of the Fourier coefficients is
compensated by the decay of the Fejér kernel. This is ensured by the Diophantine
condition (3.1) on w, since from (3.15) we have:

1 ‘k|1+50

(Ko (kw)| <

nllkw]| ~ n

In the end, for some constant a > 0, we get the following:
2

1
H—Snu — ()| <8n7¢
n

L2
and by Chebyshev,

< nta/3, (3.16)

{weTﬂ%&muwwm >&lwﬁ

This is an LDT estimate, but of a much weaker form than needed, since the
measure of the exceptional set decays only polynomially in the scale. We need a
way to boost such a weak LDT estimate to a much stronger one, and this is done
again through the use of BMO estimates and John—Nirenberg’s inequality.

The following is a crucial result called the splitting lemma (see [6, 25, 46, 15]
for full details on its proof).

Lemma 3.3. Let u(z) be a function as in Lemma 3.2. Assume that the following
a priori estimate holds:

{zx e T:|u(x) — (u)] > e} < e, (3.17)
where €; < €y. Then
lullBpo S €0+ (8er)'/?.

This lemma is then applied with 1S, u(xz) playing the role of u(z), ¢y := < n—a/3

and €; := n~%/3 hence the assumption (3.17) follows from the weak LDT (3.16)
and it leads to a BMO estimate on %Snu. Applying John-Nirenberg’s inequal-
ity (2.2), we obtain the desired stronger LDT (3.14). O
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Let us briefly discuss the multivariable case. For simplicity, let d = 2. The maps
u%)(zl,zg) are now pluri subharmonic, i.e. subharmonic in each variable (in fact,
along any complex line).

The proof of Proposition 3.1 in the multivariable case follows the same proce-
dure as in the one variable case. However, pluri subharmonic functions do not have
a representation like the one given by Riesz’ theorem for subharmonic functions.
Because of this, proving (3.14) requires a more delicate analysis that involves apply-
ing the technical results (i.e. Lemma 3.2 on the decay of the Fourier coefficients and
Lemma 3.17, the splitting lemma) in each variable.

In order to do that, we need uniform estimates on the Riesz mass of the
restrictions of u(z1, z2) along each horizontal and vertical line. In the Schrodinger,
SL(2,R), or more generally, GL(m, R)-valued cocycles cases, this is automatic, as
the maps u%)(zhzg) to which we need to apply there estimates are uniformly
bounded (in n and A).

We will discuss in the next subsection the singular case, where these bounds do
not hold.

3.5. Singular but non-identically singular case

In this section we discuss proving uniform fiber LDT estimates for analytic cocycles
A T4 — Mat(m, R), with det[A(z)] # 0 (see our preprint [15] and the upcoming
monograph [17] for full details). We refer to these as cocycles with singularities, as
they may have points of non-invertibility, but we assume that they are not identi-
cally singular. In particular, by analyticity, this ensures that the set of singularities
of such a cocycle and of its iterates has zero Lebesgue measure.

As mentioned earlier, uniform fiber LDT estimates for cocycles with singularities
were obtained in [29] in the one variable case (d = 1) and for m = 2.

The issue of singularity is especially delicate in the several variables case. One
obstacle, for instance, is the fact that an analytic function of several variables may
vanish identically along some hyperplanes, while not being globally identically zero.
Related to this, a pluri subharmonic function may be identically —oo along some
hyperplanes, while not being globally —oc.

A crucial tool in our analysis is a result that shows that the obstacle described
above for an analytic function can be removed with an appropriate change of coor-
dinates. Another crucial tool in our analysis is the observation that while the pluri
subharmonic functions corresponding to iterates of a cocycle may have singularities
as described above, these singularities can be captured by certain analytic functions.

Here are more details regarding this approach.

Let A(x) be a cocycle, A(z) be its complex extension to A¢ and denote by
fa(z) := det[A(z)] its determinant, which is an analytic function on AZ,
non-identically zero.

We are going to obtain some bounds on the pluri subharmonic functions ui‘") (2)

assumed

associated with the iterates of the cocycle. The upper bound uff) (z) <log||All» < o0
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is trivial. To obtain an estimate from below, we apply Cramer’s rule: det[M] - I =
M - adj(M) to the matrices M = A(™ (z) and get:

1:[ fa(T'z) -1 = 1:[ det[A(T"2)] - T
i=0 =0
— A(T"_lz) < A(z) - adj(A(z)) - adj(A(T"_lz))
— A(n)(z) adj(A(2)) - - - adj(A(T"_lz)),
Clearly

ladj(A()] < [IA)™ < A" for all 2.

This, together with the trivial upper bound, imply the following;:

n—1
1 ; "
~C+ ;logﬁA(T 2) <ul(z) < O, (3.18)

for some C; = C1(A) ~ |log|LA||r| and for all z € AZ.

In other words, while uff (z) may fail to be bounded from below, and in fact it
may be identically —oo along some hyperplanes, these singularities are captured by
averages of a simpler pluri subharmonic function, log|f4(2)|, where f4(2) is analytic
and fa(z) # 0.

The bounds (3.18) are stable under perturbations, in the sense that if B ~ A,
then C1(B) =~ C1(A) and fp =~ fa.

Let d = 2, for simplicity. Our goal is to ensure that (3.12) hold for the functions

ui‘") (z) (uniformly in » and A) along each horizontal and vertical line, i.e. that:

sup uff)(zl,zg) <(C; and sup UE:)(JH,J?Q) > —(Cy (3.19)

zo €A, z2€T
hold for all z; € A,, all 1 € T, as well as with the roles of the variables inter-
changed.

The second bound in (3.19) is obviously wrong along lines where uff) is identi-
cally —oo.

To circumvent this obstacle, we show that given an analytic function f on AZ
with f # 0, there is a global change of coordinates 2/ = Mz on T¢, given by
some matrix M € SL(d,Z), such that in the new coordinates, f does not vanish
identically along any horizontal or vertical lines. Moreover, this applies uniformly
in a neighborhood of f.

By replacing uff) by uff) oM, faby faoM and w by M~ 'w, we may assume
that in (3.18) the analytic function f4 does not vanish identically along any hori-
zontal or vertical lines, and hence log|f4(z)] is not identically —oo along any such
lines. Using this, but not without more additional effort, we can ensure that (3.19)
hold, and with that, we can proceed as in the previous subsection to obtain an
appropriate base-LDT for pluri subharmonic functions, applicable uniformly to the
maps uff)(z).
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The only ingredient needed to derive the fiber LDT's from such strongly uniform
base LDT estimates, is an almost invariance principle like (3.4). This principle
does not necessarily hold for cocycles with singularities, because when we estimate
|uff) (x) — uff) (T'w)|, we end up having to bound a term of the form log||A~1(x)]|.

An upper bound on [[A~!(x)| is correlated with a lower bound on fa(z) =
det[A(x)]. Therefore, we need to understand quantitatively the set where f4(z) ~ 0,
which means deriving a Lojaziewicz-type inequality.

More precisely, it can be shown (see [23, 33, 34]), that given an analytic function
f on A2 with f # 0, there are constants C' < co and b > 0, depending only on f,
such that for all € > 0 we have:

Hz e T |f(z)] < e} < Ce. (3.20)

In fact, we need a uniform statement, in the sense that as we perturb f, the
constants C' and b do not change significantly. This was shown to hold for d = 1
in [29] and it follows easily from the more general and quantitative approach to
Lojasiewicz inequalities in [33] for d = 1 and [34] for d > 1.

Applying (3.20) to fa, we ensure that det[A(x)] has a good lower bound for
sufficiently many phases x, hence ||A~1(x)|| has a good upper bound for sufficiently
many phases as well. In the end, we obtain an almost invariance principle with a
weaker bound than in (3.4) and valid only outside an exponentially small set of
phases, but that is enough for our needs and it leads to the following theorem.

Theorem 3.1. Given A € C¥(T? Mat(m,R)) with det[A(x)] # 0 and w € T?
Diophantine, there are constants 6 = 6(A) > 0, ng = no(4A,w) € N, ¢ = ¢(A) > 0,
a=a(w) >0 and b=>bw) >0 such that if | B — A, < 3§ and n > ng then

1 n
Hx eT¢: ‘E log| B™ (z)|| — L )(B)‘ > n—a} <e ' (3.21)

In fact, this method leads to more than just a fiber LDT for the top Lyapunov
exponent. The norm of a matrix g € Mat(m,R) is its top singular value s1(g). It
can be shown that (3.21) holds with the norm replaced by any singular value of
B™) (x), thus leading to LDT estimates corresponding to each individual Lyapunov
exponent.

4. Deriving LDT for Random Cocycles

The goal of this section is to provide LDT estimates for random cocycles over
strongly mixing Markov shifts.

4.1. Literature review

We mention briefly some of the origins of this subject.
One is the aforementioned Furstenberg’s work, started with the proof by H.
Furstenberg and H. Kesten of a law of large numbers for random i.i.d. products of
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matrices [20], and later abstracted by Furstenberg to a seminal theory on random
products in semisimple Lie groups [22]. In this context, a first central limit theorem
was proved by V. N. Tutubalin in [49]. Since its origin, the scope of Furstenberg’s
theory has been greatly extended by many contributions (see for instance [44, 26]).

Another source is a central limit theorem of S. V. Nagaev for stationary Markov
chains (see [42]). In his approach Nagaev uses the spectral properties of a quasi-
compact Markov operator acting on some space of bounded measurable functions.
This method was used by E. Le Page to obtain more general central limit theorems,
as well as a large deviation principle, for random i.i.d. products of matrices [36].
Later P. Bougerol extended Le Page’s approach, proving similar results for Markov
type random products of matrices (see [4]).

The book of P. Bougerol and J. Lacroix [5], on random i.i.d. products of matrices,
is an excellent introduction to this subject. More recentely, the book of H. Hennion
and L. Hervé [28] describes a powerful abstract setting where the method of Nagaev
can be applied to derive limit theorems. It contains several applications, including
dynamical systems and linear cocycles, that illustrate the method. In Sec. 4.4 we
specialize the setting in [28] to prove an abstract LDT theorem which is still enough
for our purposes.

4.2. The model

Before stating the base and fiber LDT theorems we need to describe the random
cocycle models to which they apply.
Let ¥ be a compact metric space and JF its Borel o-field.

Definition 4.1. A Markov kernel is a function K : ¥ x F — [0, 1] such that

(1) for every x € ¥, A — K(x,A) is a probability measure in X, also denoted
by Kg,
(2) for every A € F, the function z — K (z, A) is F-measurable.

The iterated Markov kernels are defined recursively, setting

(a) K'=K,
(b) K"t (z, A) = [ K"(y, A)K (x,dy), for all n > 1.

Each power K™ is itself a Markov kernel on (X, ).
A probability measure p on (X, F) is called K -stationary if for all A € F,

p(A) = [ Ko Au(ao).

A set A € F is said to be K-invariant when K(z,A) = 1 for all x € A and
K(x,A) = 0 for all x € X\A. A K-stationary measure p is called ergodic when
there is no K-invariant set A € F such that 0 < u(A) < 1. As usual, ergodic
measures are the extremal points in the convex set of K-stationary measures.
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Definition 4.2. A Markov system is a pair (K, u), where K is a Markov kernel on
(X,%F) and p is a K-stationary probability measure.

Given some initial probability measure p on ¥ there is a canonical construction,
due to Kolmogorov, of a probability space (X,F,P,) and a Markov stochastic
process {e, : X — X},>0 with initial distribution p and transition kernel K, i.e.
forallx € ¥ and A € F,

(1) Puleo € A] = u(A),
(2) Pulen € Alep—1 =z] = K(z, A).

We briefly outline this construction. Elements in ¥ are called states. Set X =
YN as the space of state sequences v = (Tn)nen, with z,, € ¥ for all n € N, and let
F be the product o-field F = FV generated by the F-cylinders, i.e. by the sets of
the form

C(Ao,...,Am) ::{$€X+:Jjj EAj, fOI'OS]Sm},

where Ay, ..., A, € F are measurable sets. The (topological) product space X+
can be made a metric space. The o-field F coincides with the Borel o-field of the
compact space X . The following expression determines a pre-measure

m
PH[C(AO,,Am)] ;:/ / u(dﬂ?Q)HK(l‘j_l,dJ?j)
A Ao i1
over the semi-algebra of F-cylinders. By Carathéodory’s extension theorem this
pre-measure extends to a unique probability measure P, on F. It follows from this
definition that (1) and (2) hold for the sequence of random variables e, : X T — %,
defined by e, (z) := x,, for = (2, )nen. It also follows that the process {ey }n>0 is
stationary w.r.t. (X, F,P,) if and only if i is a K-stationary measure.

Markov systems are probabilistic evolutionary models, but they can also be
studied in dynamical terms. For that we introduce the shift mappings. The one-
sided shift is the map T : XT — X defined by T(2,)n>0 = (Znt1)n>0. The map
T is continuous, and hence F-measurable. The measure P, is preserved by T, i.e.
T.P, = P,, if and only if p is K-stationary. A similar characterization holds on
ergodicity. If ;1 is a K-stationary measure then PP, is ergodic w.r.t. T" if and only if
w is ergodic. The process e, is dynamically generated by the observable e in the
sense that e,, = egoT™", for all n > 0.

The one-sided shift T: X+ — X is not invertible but it admits the two-sided
shift T: X — X defined on X =%% by T(2)nez = (Tni1)nez, as its natural exten-
sion. This means T': X — X is a homeomorphism which makes the following dia-
gram commutative, and factors any other homeomorphism with the same property

X _T, X

ﬂl lw (4.1)

x+ L x+
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The vertical arrows stand for the natural projection m : X — XV 7(z,)nez =
(n)nen. The measure P, on X can be extended to a probability measure, still
denoted P, on X, which is preserved by both T" and =, i.e. T\IP, = P, and 7P, =
IP,,. We shall refer to these two measures, respectively on the spaces X and X, as
the Kolmogorov extensions of the Markov system (K, u). For the sake of notational
simplicity we use the same letter F to denote the o-fields generated by F-cylinders
on both spaces X and X.

Definition 4.3. Given a Markov system (K, ) the measure preserving dynamical
system (T, X, F,P,) is called a Markov shift.

Let (L*°(X),||']lcc) denote the Banach algebra of complex bounded -
measurable functions with the sup-norm || f| o = sup,es | f(x)].

Definition 4.4. (Condition (Al) in [4]) We say that (K, u) is strongly mixing if
there are constants C' > 0 and 0 < p < 1 such that for every f € L®(X), all z €
and n € N,

[ 1wrman - | f(y)u(dy)‘ < O [1f]l.
> >

Remark 4.1. If (K, ) is strongly mixing then p is the unique K-stationary mea-
sure and the Markov shift (T, X, F,P,) is mixing.

Examples of strongly mixing systems arise naturally from Markov kernels satis-
fying the Doeblin condition (see [11]). We say that K satisfies the Doeblin condition
if there is a positive finite measure p on (3,F) and some ¢ > 0 such that for all
reXand A€,

K(x,A)>1—¢e=p(A) >e.
Given A € F, define
L=(A) i= {f € I®(S) : flsa = 0},
which is a closed Banach sub-algebra of (L (%), ||]lo)-

Proposition 4.1. If a Markov kernel K satisfies the Doeblin condition then there
are sets X1, ..., %y, in F and probability measures vy, ...,V on X such that for all
ih,j=1,...,m,

(1) 3;N%; =0 when i # j,

(2) X; is K-forward invariant, i.e. K(x,%;) =1 for x € &,

(3) v; is K-stationary and ergodic with v;(X;) = 4,5,

(4) limp— oo K™ (2, X1U- - -UX,,) = 1, with geometric uniform speed of convergence,
forallx € X,

(5) V(B U---UXy) =1, for every K-stationary probability v.
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Moreover, for every 1 < i < m there is an integer p; € N and measurable sets
Yidses Bip, €F such that

(1) {Zi1,..-,Zip, } is a partition of ¥,
(2) K(.’IJ, Ei,j+1) =1 fOT‘ xr e Ei,j and 1 < ] < pi, with Ei,prﬂ. = Ei,l,
(3) (Xi5, KPi) is strongly mizing for all 1 < j < p;.

Proof. See Sec. V-5 in [11]. |

We now state the two main theorems on LDT estimates.
Let us begin with the base LDT theorem. Recall that X = 2. Consider the
metric d : X x X — [0, 1]

J(J?,J?/) . 27inf{|k:|:k€Z,wk;éw;c}’
for all © = (2p)kez and ' = (x})rez in X. Note that X is not compact for the

topology induced by d, unless ¥ is finite. Given £k € N, a > 0 and f € L*(X)
define

vi(f) = sup{| f(z) = f(y)] : d(z,y) <27},
va(f) = sup{2* vy (f) : k € N},
[flla = [Ifllsc + valf),

Ha(X) = {f € L=(X) : va(f) < +o0}.

The last set, H,(X), is the space of Holder continuous functions with exponent «

w.r.t. the distance d on X. In fact it follows easily from the definition that

e @) = 1)
a(f) z;ﬁg c?(ac,x’)o‘ '

Proposition 4.2. For all 0 < a < 1, (Ho(X),||'||«) is a unital Banach algebra,
and also a lattice.
Proof. See Proposition 5.4 in [17] or Proposition 1.4 in [16]. |
We say that a function f: X — C is future independent if f(xz) = f(y) for any
x,y € X such that z =y for all £ < 0. Define
Ho(X7) :={f € Ho(X) : f is future independent }. (4.2)

Clearly H,(X ™) is a closed sub-algebra of H,(X), and hence a unital Banach
algebra itself.
We can now state the base LDT theorem.

Theorem 4.1. Let (K,u) be a strongly mizing Markov system. Then for any
0 < a <1 and any observable £ € H,(X ™) there are constants C = C(£) > 0,
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k=k(&) >0 and ey = eo(§) > 0 such that for all 0 < e < e, x € X and n € N,
1, 2
P [y 6o ~Bu(e) 2 e[ <0
iz

Moreover, the constants C, k and ey depend only on K and ||£||w, and hence can be
kept constant when K is fized and £ ranges over any bounded set in H, (X 7).

For the fiber LDT estimates we introduce spaces of measurable random cocycles
over a strongly mixing Markov system (K, p1).

Definition 4.5. We define B2 = B2°(K) to be the space of bounded measurable
functions A : ¥ x ¥ — GL(m, R) with bounded inverse A~!. This is a metric space
with the distance

doo(A, B) := ||]A — B|co-
Each A € BY? determines the linear cocycle Fia : X x R™ — X x R™,
Fa(z,v) := (Tz, A(x)v),

where we identify A with the function 4 : X — GL(m,R), A(z) := A(zg, z1), for
all = (zn)nez € X. The iterates of Fu are the maps Fj : X x R — X x R™

Fi(z,v) = (T"x, A™ (z)v),
with A : X — GL(m,R) defined by
A(n) (x) = A(xn_l, J)n) cee A(Z‘l, Z‘Q)A(JZQ, 331).

Let Gr(R™) denote the Grassmann manifold of the Euclidean space R™. An
F-measurable function V' : ¥ — Gr(R™) is said to be an A-invariant family of
linear subspaces when

Axn—1,2,)V(xp—1) = V(x,) for P, -ae zeX.

The ergodicity of (T', X, P,,), or that of (K, 1), implies that the subspaces V' (z) have
constant dimension P,-a.e., which we denoted by dim(V'). We say that this family
is proper if 0 < dim(V') < m. Next we introduce the concept of irreducible cocycle
(see Definition 2.7 in [4]).

Definition 4.6. A cocycle A € B°(K) is said to be irreducible w.r.t. (K, u) if it
admits no measurable proper A-invariant family of linear subspaces.

We prove the following uniform fiber LDT theorem.
Theorem 4.2. Given a Markov system (K, u) and A € B(K) if

(1) (K, p) is strongly mixing,
(2) A is irreducible,
(3) Li(A) > La(A),
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then there exists a neighborhood V of A in B (K) and there are constants C > 0,
k>0 and eg > 0 such that for all0 <e <eg, B€V andn € N,

1
P |2

4.3. Spectral method

log|| B™|| — L1(B)

> e} < Ce ke,

The proofs of Theorems 4.1 and 4.2 follow from the spectral method in [28], which
was originally due to S. V. Nagaev. We sketch the strategy, introducing some needed
concepts.

Let B be a Banach space, and £(B) denote the Banach algebra of bounded
linear operators T': B — B. Given T' € L(B), we denote its spectrum by o(T'), and
its spectral radius by

p(T) = lim [T nf 1T

Definition 4.7. The operator T is called quasi-compact if there is a T-invariant
decomposition B = F @ H such that dim F' < +oo and the spectral radius of T'|g¢
is (strictly) less than the absolute value |A| of any eigenvalue A of T'|p. T is called
quasi-compact and simple when furthermore dim F' = 1. In this case o(T'| ) consists
of a single simple eigenvalue referred to as the maximal eigenvalue of T

Definition 4.8. We call observed Markov system any triple (K, i, §), where (K, u)
is a Markov system and & : ¥ — R is a measurable observable.

Define the sum process S, (§) := Z;-:Ol Eoejon (XT,F).

Let P, denote the probability measure P, := 5. on X+, where §, is the Dirac
measure at a point 2 € X. With this notation we have P, = [, Ppu(dx) for any
probability measure 1 on . The expectations E, and E, refer to the probability
measures P, and P, respectively.

Consider an observed Markov system (K, , £).

The linear operator

@N () = Qxf)(x / F@)K (. dy).

is called a Markov operator. It operates on F-measurable functions on ¥, mapping
LP functions to LP functions, for any 1 < p < co. We shall write @) instead of Q
when the kernel K is fixed.

The linear operator

(Qef)(@) = Qref)(a / FW)eEVK (2, dy),

is called a Laplace—Markov operator. It also operates on F-measurable functions on
>, but the domain of Q¢ depends on the observable &.

Because (K, ) is strongly mixing (see Definition 4.4), the Markov operator Q k
is quasi-compact and simple on L*°(X). In fact these two statements are easily seen
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to be equivalent. Let B C L*°(X) be a Banach space where the Markov operator
Q = Qg : B — B is still quasi-compact, and the Laplace-Markov operator Q¢ :
B — B is bounded. By spectral continuity, if ¢ is small then Qi : B — B is
also quasi-compact and simple. Let 1 denote the constant function, 1(z) = 1. The
operator () has eigenvalue 1 associated to the eigenfunction 1. Thus, for ¢ small
the operator Q¢ has a simple eigenvalue A(t) associated to some eigenfunction
v(t) € B. Under general assumptions, the functions A(¢) and v(t) are analytic in ¢,
with A(0) = 1 and v(0) = 1. We can normalize v(t) so that E,[v(t)] =1 for all ¢.

Assume now that E,[¢] = 0, or otherwise take ¢ = ¢ — E,[¢] instead of €.
A simple calculation shows that E,[e/"&)] = E, [QF¢1] (see Lemma 4.1). Thus
E, (!5 O] = E,[Qp1] ~ E,[Qpv(t)] = A(t)™ (see Proposition 4.7). Another simple
computation shows that ¢(t) := log A(¢) is a non-negative convex function such that
¢(0) = 0 and ¢/(0) = E,[§] = 0. Therefore, choosing h > ¢”(0), by Chebyshev’s
inequality (see (2.1)) we have

P.[S, (&) > nel < e "™ E, [etSn(E)] o o—nlet—c(t)

< g—nlet—22)

— b

where this inequality holds for every ¢ ~ 0. Finally, optimizing ¢ (see the proof of
Theorem 4.3) we get the LDT estimate

PL[Sn(€) > ne] S e~"5%.

The irreducibility assumption is essential to prove Theorem 4.2. The proof
exploits the fact that for irreducible cocycles there is a Banach algebra of measur-
able functions, independent of the cocycle, where the associated Laplace—Markov
operators act as quasi-compact and simple operators (see Sec. 4.6). For reducible
cocycles this fact could be true, and lead to fiber LDT estimates, but only with a
Banach algebra tailored to the cocycle. Hence the same scheme of proof would not
provide the required uniformity.

4.4. Abstract setting

We discuss now a setting, consisting of the assumptions (B1)—(B7) and (A1)-(A4)
below, where an abstract LDT theorem is proved, and from which Theorems 4.1
and 4.2 will be deduced. The context here specializes a more general setting in [28].

Let X be a compact metric space, and X be a set of observed Markov systems
(K, 1, &) over X, endowed with some distance d.

Besides X, this setting consists of a scale of complex Banach algebras (Bq, ||||«)
indexed in a € [0,1], where each B, is a space of bounded measurable functions
on Y. We assume that there exist seminorms v, : B, — [0, +00) such that for all
0<a<l,

(B [[flla = valf) + [Ifllo, for all f € Ba,
(B2) By = L>®(X), and ||-||o is equivalent to |||/,
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(B3) B, is a lattice, i.e. if f € B, then f,|f| € Ba,
(B4) B, is a Banach algebra with unity 1 € B, and v, (1) = 0.

Assume also that this family is a scale of normed spaces in the sense that for all
0<ap <o <ap <1,

(B5) Ba, C Ba, C Bays
(BG) Vayg (f) < Um(f) < Va, (f)7 for all f € Bazv
(BT) Vo (f) < Vao (f) 50 00y (f) 220, for all f € Ba,.

Finally assume there exists an interval [a1, ag] C (0,1] with a; < % such that for
all @ € [a1, ap] the space X satisfies:

(A1) (K, p, =€) € X whenever (K, p, &) € X.

(A2) The Markov operators Qi : B, — B, are uniformly quasi-compact and
simple, i.e. there exist constants C > 0 and 0 < o < 1 such that for all
(K,p,é) € X and f € B,,

1@k f = (f; ) 1]la < Co™||fla-

(A3) The operators Qg .¢ act continuously on the Banach algebras B, uniformly
in (K, pu,€&) € X and z small. More precisely, we assume there are constants
b> 0 and M > 0 such that for all i = 0,1,2, |z| < b and f € B,,

Qr.z¢(f€) € Ba and  [|Qx.2¢(fE)lla < M| fla-

(A4) The family of functions X 3 (K, i, §) — QK ¢, indexed in the disk |z] <, is
Holder equi-continuous in the sense that there exists 0 < 8 < 1 such that for
all |Z| S ba f S BO& and (K17ﬂ1a§1)a (K27ﬂ27£2) S xa

HQK17Z§1f - QK2,ZE2fHOO < MHfHad((Kl,,Ul,gl), (K2a,u2a§2))9'

The interval [a1,ap] will be referred to as the range of the scale of Banach
algebras. The reason to work with this range instead of [0, 1] is twofold: in the fiber
LDT theorem we will need to take cg small enough to have contraction in (A2), but
at the same time «; bounded away from 0 to have uniformity in this contraction.

The necessity of the condition a; < % is explained in Remark 4.2.

The positive constants C, o, M, b and 6 above will be referred to as the setting
constants.

An example of a scale of Banach algebras satisfying (B1)—(B7) is formed by
the spaces of a-Holder continuous functions on ¥ w.r.t. some normalized distance
d : ¥ x X — [0,1]. The norms on these spaces are defined as follows: for all a € (0, 1]

and f € L>®(X), let

) it o) e sy )= 0]
Wl = 0o 1l it o) = g, G0
TFY
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Proposition 4.3. The family of normed spaces
Ho(E) :={f € L7(2) : va(f) < +oo}, a€[0,1]
satisfies (B1)—(B7).

Proof. See for instance [35]. O

Examples of contexts satisfying all assumptions (B1)-(B7) and (A1)-(A4) are
provided by the applications in Secs. 4.5 and 4.6.

Assumption (A1) allows us to reduce deviations below average to deviations
above average, thus shortening proofs.

(A2) is the main assumption: for (K, u,&) € X all Markov operators Qg :
B, — B, are quasi-compact and simple, uniformly in (K, g, ). This will imply
that, possibly decreasing b, all Laplace-Markov operators Qg .¢ : Bo — B, are
also quasi-compact and simple, uniformly in (K, p,&) and |z] < b.

(A3) is a regularity assumption. The operators Qx .¢ act continuously on B,
uniformly in (K, p,€) and |z| < b. Moreover, it implies that Dy 3 2z — Q¢ €
L(B.), is an analytic function.

Finally (A4) implies that the function (K, p,&) — Ak ¢(z) is uniformly Holder
continuous. Here Ak ¢(z) denotes the maximal eigenvalue of Qk .¢.

These facts follow from the propositions stated below.

Assume the scale (Bg, [|||o) is fixed satisfying (B1)—(B7). Given a Markov sys-
tem (K, u), consider the space

XL ={K 1,8 : £ € Ba, [[€]la < L}

of observed Markov systems over (K, ). We will identify X% 1, as a subspace of B,
and endow it with the corresponding norm distance.

Proposition 4.4. Given a Markov system (K, ) and L > 0, if X% | satisfies (A2)
with setting constants (C, o) then for any b > 0 there exists M > 0 such that X% L
satisfies (A1)—(A4) with setting constants C, o, M, b and 6 = 1. Moreover, the map
X% — L(Ba), (K, 1,8) — Qk ¢, is analytic.

Proof. Since B, is a Banach algebra, given £ € B, the multiplication operator
D¢ : Bo — Ba, Def = &f, is uniformly bounded for § € X% ;. Thus, because
Qr,e = Qk 0 Dy, the map Qi « : Ba — L(Ba), § — Qk.¢, is analytic. Condition
(A1) holds trivially, and (A3) follows from the previous considerations. (A3) implies
there exists M > 0 such that for all a3 < a < ap and all f € B,

1Qk flla < M| flla-

A simple computation, using that (Ba,||:|l«) is a Banach algebra, shows that for
all oy <a<ag, f € B, and &,& € Z{?{’L,

1@k f = Qr.eaflla < Me"|&1 = Elallflla-
This implies (A4). m|
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It follows from (A3) that Qx .e € L(Ba), for all z € Dy. In particular, the
function Qk ¢ : Dy — L(Ba), 2 — QK ¢, is well-defined, for every (K, i, §) € X.

Proposition 4.5. The function Qg ¢ : Dy — L(Ba) ts analytic with

L Queself) = Quesel[§) for ] € o,

for all (K, p,&) € X, and an < a < ay.
Proof. See Proposition 5.10 in [17] or Proposition 2.3 in [16]. O

Next proposition focuses on the quasi-compactness and simplicity of @, =
QK ¢, and can be proved using arguments in [36, 4]. See also Proposition 5.11
in [17] or Proposition 2.4 in [16].

Proposition 4.6. Consider a metric space X of observed Markov systems satis-
fying (A1)—(A4) in the range a1, 0] C (0,1] with setting constants C, o, M, b
and 6.

Given € > 0 there exist C', M’ > 0 and 0 < by < b such that the following
statement holds: for all (K,pu,&) € X, z € Dy, and an < o < «p there exist: a
one-dimensional subspace I, = Fg .c C Bq, a hyperplane H, = Hi ¢ C Ba, a
number \(z) = Ak e(z) € C, and a linear map P, = Pi ¢ € L(Ba) such that

1 =F,® H, is a Q.-invariant decomposition,

(1) B

(2) P, is a projection onto E., parallel to H,

(3) QzoP.=P.0Q. = \(2) P,

(4) Q=f = A2)f for all f € E.,

(5) 2+ A(2) is analytic in a neighborhood of Dy, ,
(6)

6) |A(2)|>1—e.

Furthermore, for all f € B,

(M) 1QZf = A=)"Peflla < C'(a +€)"[[flas
®) I1P:flla < C'[[flla
9) [1P-f = Poflla < C"2[[I fla

and for all z € Dy, and (K1, u1,&1), (Ko, pe,&2) € X,
(10) [Aky 60 (2) = Ak (2)] < M'd((K1, i1, 61), (K2, p2,£)) 2.

Remark 4.2. The condition a; < % and the assumption (A4) are only needed to
prove (10).

If the hypothesis of Proposition 4.4 are satisfied, with (A2) holding for one «,
then, except for (10), all conclusions of Proposition 4.6 hold for that particular
a. Since by Proposition 4.4, the mapping { — Q¢ is analytic, it follows that
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& — A(§) = maximal eigenvalue of Qx ¢, is also an analytic function. Hence in this
case there exists M’ > 0 such that for all z € Dy, and &, & € X% s

A& (2) = Axe (2)] < MU[[6 = &lla-
This statement implies (10). Hence

Remark 4.3. If for some 0 < o < 1 the space X% ;, satisfies (A2) with setting con-
stants (C, o) then all conclusions of Proposition 4.6 hold, with a Lipschitz modulus
of continuity in (10).

Let cxe(t) = logAk¢(t), where Ak ¢(t) denotes the maximal eigenvalue of
QK te. Note that Mg ¢(t) > 0 because Qg ¢ is a positive operator for all ¢ € R.
We can now state the abstract LDT theorem.

Theorem 4.3. Let (Ba,||'||a) be a scale of Banach algebras satisfying (B1)—(B7),
and X be a space of observed Markov systems for which assumptions (Al)—(A4)
hold.
Consider (Ko, 10, &0) € X with h > (ck,.¢,)" (0). Then there exist a neighborhood
V of (Ko, 110,&0) € X, C > 0 and €9 > 0 such that for all (K, u,&) €V, 0 < e < go,
r €Y andn €N,
P, [

Remark 4.4. The proof of this theorem shows that conclusion (4.3) holds for any
(K, 1, &) € X such that h > (ck.¢)”(0).

L5.(6) ~ B, (©)

n

>5}<Cki". (4.3)

Corollary 4.1. Assume X ; satisfies (A2).

Given § € X% with h > (ckg,)"(0), there exist a neighborhood V of &y in
X% L C >0 and eg > 0 such that for all £ €V, 0< e <ep, x € X and n € N, the
inequality (4.3) holds.

Proof. Combine Proposition 4.4 with Theorem 4.3. O

Remark 4.5. Averaging in  w.r.t. p the probabilities in Theorem 4.3 we get for
all0 < e < e, (K,u,§) € Vand n € N,

MH%%@—E@ﬂ>4<Ce§¢

In the rest of this section assume that (A1)—(A4) hold for the space X of observed
Markov, and take 0 < by < b according to Proposition 4.6.

Lemma 4.1. For all (K, p,&) € X, neN, z€ Dy, and x € &,

(Qk . 2e)"1)(2) = Ey[e¥5(9)] :/ezsws)dpx.
Q

In particular, for all z € Dy,

E#((QK,zf)nl) = ]E# [ezsn(f)].
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Proof. In fact,
n—1

(@uee)" Vi) = [ e Z1) [T Ky, dayin)

n j=0
= Ezo [ezsﬂ(f)]

and averaging this relation in the variable zy w.r.t. ;1 we derive the second identity.
O

Proposition 4.7. There exist C1 > 0 and a sequence d,, converging geometrically
to 0 such that for all (K, pu, &) € X, t € (—bg,bo), © € X andn € N

llog E, [e!*©)] — nlog Ak.¢(t)| < C1lt] + b,
Proof. See Proposition 5.12 in [17] or Proposition 2.8 in [16]. O

Proof. (of Theorem 4.3) Denote by H(Dy,) the Banach space of analytic functions
on Dy, with a continuous extension to Dy,. By Proposition 4.6(5), A = Ag¢ €
H(Dy,) for all (K,p,&) € X. Since h > (ck.¢)”(0), by Proposition 4.6(10) there
is a neighborhood V of the observed Markov system (Ko, po,&o) € X such that
h > (cke)’(0) for all (K,p,&) € V. Assume E,(§) = 0. Otherwise work with
& =¢—E, (&1, for which E,(¢") = 0. By Proposition 4.7,

Cy|t| + 6n
_|_ -
n

)

1
—logE, [+ 0)] < e e(t)

with 4, decreasing to 0 geometrically. Because h > (cx,¢)”(0), using again the
equi-continuity in Proposition 4.6(10) there exists a small neighborhood (—tg,t),

of t = 0 such that cxe(t) < h7t27 for all [t] < to and (K, u,§) € V. Applying

Chebyshev’s inequality (2.1), for |¢| < to
Po[S4(6) > ne] < ¢~ ME €]

< o—(te—c(®)n+Cilt+5,
< ef(taf%)n+01|t\+6n

Define now
C = 20110 8P >0 0n

Given 0 < € < gg := hto, pick t = 7 € (0,tp). This choice of ¢ minimizes the

function g(t) = e~ (==") Then
52 £ 5
P,[Sn(§) > ne] < e IO <
By (A1), we derive the same conclusion for —¢,

P.[Sn(§) < —ne] =P, [Sn (=€) > ne| < Ce 7",

N =
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Thus, for all (K, u,&) € V,0<e<egand n € N,

Pw[|Sn(§)| > ns] < Cefén. -

4.5. Base LDT estimates

To derive Theorem 4.1 from Theorem 4.3 we specify the data (B, ||'[|«) and X,
and check the validity of the assumptions (B1)—(B7) and (A1)-(A4).

Consider a strongly mixing Markov system (K, 1) on the compact metric space
Y. Let X~ = X% be the space of sequences in ¥ indexed in Z; := {...,—2,—1,0}.
As before, X~ is a compact metric space, and we denote by F its Borel o-field.
The kernel K on ¥ induces another Markov kernel K on X~ defined by

K(...,z_l,mg) ::/E5(...,$_1,m0,m1)K(x07dx1)~

Let P, denote the Kolmogorov extension of (K, ), which is also the unique K-
stationary measure. Theorem 4.3 will be applied to the Markov system (X, K ).

The spaces H, (X ), defined in (4.2), can be regarded as consisting of F-
measurable functions on X . They form the scale of Banach algebras satisfy-
ing (B1)-(B7), where the Markov operators @z act.

As noted before the spaces H, (X) are Banach algebras, as well as lattices, for all
a € [0,1] (see Proposition 4.2). For a = 0, the seminorm vy measures the variation
of f because

vo(f) = sup{|f(x) — f(«')] : z, 2" € X}.

Hence Ho(X) = L*°(X), while the norm |[-]|o is equivalent to ||||~. These con-
siderations show that {3, (X)}ae[o,1) satisfies the assumptions (B1)-(B4). For the
remaining ones, (B5)—(B7), see [35]. Because each H, (X 7) is a sub-algebra (and a
sub-lattice) of H,(X) properties (B1)—~(B7) hold for {H{n(X ~)}acpo,1] as well.

Let X% be the space of observed Markov systems (X, K, &) with & € Ho (X )

and ||€]|a S L. This space is identified as a subspace of H,, (X ), and endowed with
the corresponding norm distance. N
The Markov operator of the kernel K is Qz : L>(X ™) — L*®(X ™),

(ng)( oy, xo) = / f( L, T-1,20, xl)K(.’L'07 d!L‘l)
by
This operator acts continuously on H, (X 7).
Proposition 4.8. For all f € Ho(X ™) and n € N,

(1) (Qz)"flleo < [flloos
(2) va((Qg)"f) < max{2[[(Qg)" flloo: 27" va(f)}-

Proof. See Proposition 5.13 in [17] or Proposition 3.1 in [16]. O
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Next proposition shows that X% | satisfies (A2) with range [, 1] for any given
a1 > 0. The setting constants C' > 0 and 0 < ¢ < 1 depend on the number «;.

Proposition 4.9. If (K, u) is strongly mizing, then given 0 < ay < 1 there are
constants C > 0 and 0 < 0 < 1 such that for all oy < a <1, Qi : Ho(X7) —
Ho(X7) is quasi-compact and simple with spectral constants C and o, i.e. for all
feHa(XT),

Q)" = (f,B)la < Co™[| fla-
Proof. See Proposition 5.14 in [17] or Proposition 3.2 in [16]. |

Proposition 4.4, and the preceding one, imply that .’{(" Satisﬁes all the assump-
tions (A1)—(A4) in the range [, 1], which makes Theorem 4.3 applicable.

Proof. (of Theorem 4.1) Consider 0 < a < 1 and £ € H,(X ). Take oy < o and
let L > [[{[la- Then £ € X% . By Proposition 4.9 the space X%  satisfies (A2)

in the range [aq, 1], and hence by Proposition 4.4, it satisfies all (Al) (A4) in the
same range.

For § > 0 small, the function A : .’{~ —C,¢&— 5\K(§) maximal eigenvalue
of Qk,¢, is well-defined and analytlc The analyt1c1ty follows from Proposition 4.4.
Decreasing § we can assume that A = Ak is bounded. Choose b > 0 small, such
that b L < &, and note that A ¢(z) = A(2€) for all z € Dy. Hence the family of
analytic functions {Ax¢(2)}ecxa o s uniformly bounded over Dy. Shrinking b, the

derivatives Ay . (2) and A ((z) are also bounded. Thus, there exists h > 0 such that
(cxe)”(t) < hforallt € [~b,b] and § € X% . By Theorem 4.3 and Remark 4.4
there are constants ¢y and C > 0 such that for all ¢ € .’{"‘ ,0 < e < eggand all
n €N,

Py (| 2500 - B(e)| 2| < ceiin

Consider the natural (measure preserving) projection 7 : X — X . Since

- H%&(@—Eg(&)'n} _deex %;ﬁ_;:w‘(x»—/xgdm >e

all observables ¢ € %Oii( . satisfy a uniform base-LDT estimate.

The constants 6§, b, h, g and C depend all on L and 5\K7 i,e.on L and K. O

4.6. Fiber LDT estimates

Finally, we use Theorem 4.3 to establish the fiber LDT Theorem 4.2. For that we
specify the data (B, ||-]|«) and X, and check that (B1)—(B7) and (A1)—(A4) hold.
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Consider the space B2 (K) of random cocycles over a Markov system (K, p)
introduced in Definition 4.5. For each cocycle A € B (K) we define a Markov
kernel on ¥ x ¥ x P(R™) by

KA(xayap) ::/Ea(y,z,A(y,z)p)K(y7dz)' (44)

Theorem 4.3 will be applied to the Markov systems (X x X x P(R™), K 4) with
A € BX(K). The observables for which we derive fiber LDT estimates are the
functions 4 : ¥ x X x P(R™) — R defined by

§a(w,y,p) = log||A(z, y)pl|. (4.5)

Next we introduce the scale of Banach algebras satisfying (B1)—(B7). First we
specify a distance on the real projective space P(R™). Let

(9. q) = lp A gl
2l llqll
where each point p € P(R™) is identified with any of its representative vectors
p € R™\{0}. Given 0 < o < 1 and a bounded measurable function f : 3 x ¥ X
P(R™) — C, define

[ flle == va(f) + | flloo> (4.6)
_ |f(z,y,p) = f(z,9,9)|

Let Ho (2 x X xP(R™)) be the space of functions f € L*°(X x ¥ xP(R™)) such that
Vo (f) < 400, i.e. the space of measurable functions which are a-Hdlder continuous
in the last variable. This is an algebra because:

Proposition 4.10. For 0 < a < 1, the function v, is a seminorm on Hy (X X 3 x
P(R™)) such that for f,g € Ho (X x ¥ x P(R™)),

Va(f9) < [ fllocva(g) + lgllocva(f)-

That (o (X x X x P(R™)), ||-]l«) is a unital Banach algebra, as well as a lattice,
can be easily checked. Thus, conditions (B1), (B3) and (B4) follow. For o« = 0, the
seminorm vy measures the variation of f on the projective coordinate

vo(f) = sup{|f(z,y,p) — f(z,y,p")| : x,y € X, p,p" € P(R™)}.

Hence Hp (X x X xP(R™)) = L (X x X x P(R™)), while the norm ||-||o is equivalent
t0 |||loc- This proves (B2). Conditions (B5) and (B6) hold because the projective
metric ¢ takes values in [0, 1]. Finally (B7) follows from the equality

2—a] @170

A B A z2*040 A\ 22—
dor — \doo o ’

which holds for all A >0 and d > 0.
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Let now H, (X x P(R™)) be the subspace of functions f(z,y,p) in H, (X x X x
P(R™)) that do not depend on the first coordinate x. This subspace is clearly
a closed sub-algebra of H, (X x X x P(R™)). Therefore, the family {(H, (X x

P(R™)), || |a) }aco,1] is another scale of Banach sub-algebras satisfying the assump-
tions (B1)—(BT7).

Given a cocycle A € BSO(K), consider the linear transformation Q4 : L™ (X x
Y x PR™)) — L®(X x ¥ x P(R™)) defined by

(@Qaf) (.. p) = / f(y. 2 Aly, 2)p)K (y. dz). (4.8)

This is the Markov operator associated with the kernel (4.4).
We can now introduce the metric space of observed Markov systems

X :={(Ka,pa,£€4): A€ By, Airreducible, L1 (A) > Ly(A)}.
This space is identified with a subspace of BS°, and endowed with the distance

diSt((KA,,uA,fA), (KB,,uB,gg)) = doo(A, B)

Assumption (A1) is clear from the definition of X.

Since (Qaf)(z,y,p) does not depend on the coordinate z, the Markov operator
@ a leaves invariant the subspace of functions f(z,y, p) that are constant in z. Next,
we are going to see that ()4 acts invariantly on the subspace 3, (2 x P(R™)).

Given A € BY(K) and 0 < o < 1, define for all n € N,

The following lemma highlights the importance of this quantity.

(A):= sup E,
reX,p#q

€ [0, +o0]. (4.9)

Lemma 4.2. Given A € BX(K), f € Ho(X x P(R™)) and n € N,
va(QAS) < rg(A)valf)-
Proof. See Lemma 5.5 in [17] or Lemma 3.6 in [16]. |

Lemma 4.3. The sequence {k2(A)}n>0 is sub-multiplicative, i.e.

K TH(A) < KR(A)RL(A)  forn, € N.

(o3

In particular,

lim £7(A)Y™ = inf{s"(4)Y™ :n e N}.

n—-+oo

Proof. See Lemma 5.6 in [17] or Lemma 3.7 in [16]. |

These constants become finite provided « is small enough.

Lemma 4.4. Given A € BX(K) and n €N, for all 0 < o < -
Ka(A) < max{|| A, |47 |oo}-
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Proof. See Lemma 5.7 in [17] or Lemma 3.8 in [16]. O

From the previous lemma, we see that the operator Q4 leaves the subspace
Ho (X x P(R™)) invariant, for all small enough o > 0. To prove that Q4 is quasi-
compact and simple, the hypothesis (2)—(3) in Theorem 4.2 are essential. They are
used in the following lemma.

Lemma 4.5. Given A € BX(K) such that (Ka,pa,€a) € X, for somen € N, all
z €X and p # q in P(R™),

§(AMp, A g)
5(p, q)

Proof. See Lemma 5.9 in [17] or Lemma 3.10 in [16]. O

E. |log < —1.

Proposition 4.11. Given A € B (K) such that (Ka,pua,€a) € X, there exist V,
a neighborhood of A in B9 (K), and there are positive constants 0 < oy < G < ay,
C>0and0 <o <1 such that

va(QBf) < Co™va(f),
forall BeV, a € [a1,ap], [ € Ho(X x P(R™)) and n € N.

Proof. For a fixed cocycle A € B (K ) such that (K a,ua,84) € X, the contraction
statement, w.r.t. the seminorm v, follows from Proposition 4.5. The generalization
of this property to a neighborhood V of A follows from the modulus of continuity

fa(A) = ke (B)] < Cndoo (A, B),

«

where the constant C,, depends on n.
See also Lemma 5.17 in [17] or Proposition 3.11 in [16] for a complete proof.
O

Next proposition implies (A2).

Proposition 4.12. Given A € B (K) such that (Ka,pa,€a) € X, there exist
a neighborhood V of A € B (K), a range 0 < a1 < G < ag < 1 and there
are constants C > 0 and 0 < 0 < 1 such that for all B € V, a € [a1, ] and
f € Ho(X x P(R™)),

HQ%f - <f» /lB>1Hoz < Ca"||flla

where pp denotes the (unique) K p-stationary measure on ¥ x P(R™).

Proof. This proposition follows from the proof of Theorem 3.7 in [4], using the
conclusion of Proposition 4.11. See also Proposition 5.18 in [17] or Proposition 3.12
in [16] for a complete proof. O
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Like the Markov operator ()4, the Laplace-Markov operator (Qa,. of the
observed Markov system (K a,pa,8a),

(Qa-f)(x.p) = / F(, A, 9)p) | A )| K (z, dy),

acts invariantly on the subspaces H, (3 x P(R™)), with small enough o > 0. Choose
0 < a1 < ap <1 according to Proposition 4.11.

Assumption (A3) is automatically satisfied because || Al|o < 0o and ||A71]|o <
oo which imply that £4 € He (EXP(R™)) for all @ > 0. Note that Q4 . = Q40D :¢.,
where D,.¢, denotes the multiplication operator by e*¢«. This is a bounded operator
because H, (X x P(R™)) is a Banach algebra containing the function e*¢e,

Finally the next lemma proves (A4).

Lemma 4.6. Given A,B € B(K) and b > 0, there is a constant Co > 0 such
that for all f € Ho (X2 x P(R™)), and all z € C such that Rez < b,

1Qa=f = QB2 flloo < Cadoo(A, B)*|fla-
Proof. See Lemma 5.10 in [17] or Lemma 3.14 in [16]. O

Proof. (of Theorem 4.2) The space of observed Markov systems X satisfies all
assumptions (A1l)—(A4). Hence, by Theorem 4.3, there exist a neighborhood V of
A € BX(K) and counstants €9, C,h > 0 such that for all B € V, 0 < ¢ < ¢,
(z,p) € 2 x P(R™) and n € N,

-1 £
P || 108 B - La(B, )| 2 | < et

and integrating w.r.t. u we get for all p € P(R™),

M)

£

! _
Py ’EIOgB(”)p—Ll(Bw) >e| <Cemnm,

Choose the canonical basis {e1,...,eq} of R™ and consider the following norm
|I-]|" on Matq(R), |M||" := maxi<;<al/M €;||. Since this norm is equivalent to the
operator norm, for all B €V, p € P(R™) and n € N,

ol < 1BM™| < | B™ = (e,
1B®p] < B < B = max B,
Thus a simple comparison of the deviation sets gives
1 -
P |2 1085 - La(B)| 2 <] S 80
n

forall BeV,0<e<egpandn € N. O
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5. Continuity of Lyapunov Exponents

In this section we describe an abstract, modular approach to proving continuity of
the Lyapunov exponents, which uses an inductive procedure based on the determin-
istic, general avalanche principle. The main advantage of this approach, besides the
fact that it provides quantitative estimates, is its versatility. This approach applies
to quasi-periodic cocycles (one and multivariable torus translations), to random
cocycles (Bernoulli and Markov systems) and to any other types of base dynamics
as long as appropriate LDT estimates are satisfied. Moreover, compared to other
available quantitative continuity results, this approach allows for weaker assump-
tions, e.g., for quasi-periodic models, unlike in [23, 47], we do not have to assume
positivity /simplicity of the Lyapunov exponents, while for the random i.i.d. model,
unlike in [37], we do not have to assume a contraction property.

5.1. Literature review

The problem of continuity of the Lyapunov exponents for analytic, quasi-periodic
cocycles has been widely studied. The works of M. Goldstein and W. Schlag in [23]
and J. Bourgain and S. Jitomirskaya in [9] are classic papers on the subject. They
refer to Schrodinger cocycles, as defined in Sec. 3, and continuity is understood
relative to the energy parameter and/or the frequency.

In [9], the authors prove joint continuity in energy E and frequency w, at all
points (F,w) with w irrational.

In [23], for the one frequency case, assuming a strong Diophantine condition
on the frequency, the authors prove a sharp fiber LDT estimate and establish the
avalanche principle (AP) for SL(2,R) matrices. Based on these ingredients, they
develop an inductive procedure that leads to Holder continuity of the (top) Lya-
punov exponent as a function of the energy F, under the assumption of a positive
lower bound on the Lyapunov exponent. A similar approach is applied to the mul-
tifrequency Diophantine torus translation case, leading to weak-Holder continuity
of the Lyapunov exponent, the weaker modulus of continuity being due to a weaker
version of the fiber LDT estimate available in this case.

Extensions of the ideas and results in [23] to other related models were obtained
in [10, 33, 34].

J. Bourgain proved in [7] joint continuity in energy and frequency for the mul-
tifrequency torus translation model.

A higher dimensional version of the AP, along with a higher dimensional version
of the result in [23], were obtained in [47] for Schrodinger-like cocycles, under the
restrictive assumption that all Lyapunov exponents are simple. It was also indicated
in [47] that this method is in some sense modular, a statement that motivated in
part our recent work being surveyed here.

With motivations that are both intrinsic and related to mathematical physics
problems (e.g., spectral properties of Jacobi-type operators), the study of continuity
properties of the Lyapunov exponents has been extended from Schrédinger cocycles
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to more general ones, including higher dimensional cocycles and/or cocycles with
singularities. Each extension comes with significant technical challenges, requiring
new methods.

C. Marx and S. Jitomirskaya proved joint continuity in energy and frequency
(one frequency case) for Mat(2, C)-valued analytic cocycles (see [30] and references
therein). Using a different approach, A. Avila, S. Jitomirskaya, C. Sadel extended
this result to multidimensional (i.e. Mat(m, C)-valued) analytic cocycles (see [2]).

We note that both results mentioned above ([30, 2]) treating one frequency torus
translations, rely crucially on the convezity of the top Lyapunov exponent of the
complexified cocycle as a function of the imaginary variable, by firstly establishing
continuity eway from the torus. This approach immediately breaks down in the
multifrequency case.

Our work in [12] presents a geometric, conceptual approach to the avalanche
principle, which allows us to generalize it to higher dimensions, namely to blocks of
GL(m,R) matrices, and further (see [14, 17]), to any blocks of non-zero matrices in
Mat(m,R). We use this general AP in [12] to prove Holder (or weak-Holder for mul-
tifrequency translations) continuity of the Lyapunov exponents of GL(m, R)-valued
analytic cocycles in a neighborhood of a cocycle with simple Lyapunov exponents.
Moreover, continuity of all Lyapunov exponents (but without a modulus of conti-
nuity) holds everywhere, regardless of the multiplicity of the Lyapunov exponents.

Our next goal was to handle cocycles with singularities (i.e. not necessarily
GL(m, R)-valued), which, as explained in Sec. 3, is especially delicate in the mul-
tifrequency case. We will explain later in this section how the uniform fiber LDT
in Theorem 3.1 leads to continuity of all Lyapunov exponents and to weak-Hollder
continuity of simple Lyapunov exponents for such cocycles.

While unlike in [30, 2], we do require Diophantine translations, and the fre-
quency is fixed, our method applies equally to translations on the one or the higher
dimensional torus.

At the other end of the type of ergodic behavior of the base dynamics — the
random case, continuity results for linear cocycles over Bernoulli shifts in the generic
case go back to H. Furstenberg and Kifer, see [21].

E. Le Page proved in [37] Holder continuity of the top Lyapunov exponent for
a one-parameter family of cocycles over the Bernoulli shift, under irreducibility
and contraction assumptions, which are assumed to hold uniformly throughout this
family.

Compared with this theorem, our recent results being surveyed here, do not
require any contraction assumption and provide continuity of all exponents (regard-
less of the gaps in the Lyapunov spectrum) and Holder continuity (in the presence
of gaps). The statement is about continuity in the space of irreducible cocycles and
not just for one-parameter families. It is also more general since we address cocycles
over mixing Markov shifts, and not just over the Bernoulli shifts. We are not aware
of any generalization of Le Page’s theorem, on the continuity of the top Lyapunov
exponent, for irreducible cocycles over strongly mixing Markov shifts.
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C. Bocker-Neto and M. Viana [3] proved continuity of the Lyapunov expo-
nents for two-dimensional cocycles over Bernoulli shifts without any irreducibility
assumptions (the result does not provide a modulus of continuity though). A higher
dimensional version of this result was announced by A. Avila, A. Eskin and M.
Viana (see the monograph [51]). An extension of results from [3] to a particular
type of cocycles over Markov systems (particular in the sense that the cocycle still
depends on one coordinate, as in the Bernoulli case) was obtained in [39]. We note,
for the interested reader, that a general one-stop reference for continuity results for
random cocycles is M. Viana’s monograph [51].

5.2. Abstract continuity theorem

Let (X,u,T) be an ergodic system. Before we formulate the abstract continuity
theorem (ACT) of the Lyapunov exponents of a linear cocycle, we need a few more
definitions.

Definition 5.1. A space of measurable cocycles C is any class of matrix valued
functions A : X — Mat(m,R), where m € N is not fixed, such that every A : X —
Mat(m,R) in C has the following properties:

(1) A is measurable.
(2) [IAll' € L (p).
(3) The exterior powers Ay A : X — Mat(rs)(R) are in C, for k < m.

Each subspace C,,, := {A € C|A: X — Mat,,(R)} is a priori endowed with a
distance dist: Cy,, X Cp, — [0, +00) which is at least as fine as the L> distance, i.e.
for all A, B € C,, we have

dist(B, A) > | B — Al| .

We assume a correlation between the distances on each of these subspaces,
namely the map C,,, 2 A +— ALA € C(m) is locally Lipschitz.
k

The functions 2log||A™ (z)|| are integrable, and their integrals are what we
called in Sec. 2 finite scale (top) Lyapunov exponents. We need stronger integrability
assumptions on these functions.

Definition 5.2. A cocycle A € C is called L2-bounded if there is a constant C' < oo,
which we call its L?-bound, such that for all n > 1 we have:

| Froglam o], <c. (5.1)

A cocycle A € C,, is called uniformly L?-bounded, if the above bound holds
uniformly near A.

Given a cocycle A € C and an integer N € N, denote by Fy(A) the algebra
generated by the sets {z € X : [[A™) (2)|| < ¢} or {z € X : |A™) (2)|| > ¢} where
c>0and 0<n<N.
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Let = be a set of measurable functions &£ : X — R, which we call observables.
Let AeC.

Definition 5.3. We say that = and A are compatible if for every integer N € N,
for every set F' € Fy(A) and for every € > 0, there is an observable £ € E such
that:

1p<¢ and / Edp < p(F) + e (5.2)
X

Theorem 5.1. Consider an ergodic system (X, u,T), a space of measurable cocy-

cles C, a set of observables =2, a set of LDT parameters P and assume the following:

(1) = is compatible with every cocycle A € C.

(2) Ewvery observable & € 2 satisfies a base LDT w.r.t. P.

(3) Every A € C with L1(A) > —oo is uniformly L?-bounded.

(4) Bwvery cocycle A € C for which Li(A) > La(A) satisfies a uniform fiber LDT
w.r.t. P.

Then all Lyapunov exponents Ly: Cp, — [—00,00), 1 < k < m, m € N are
continuous functions of the cocycle.

Moreover, given A € C and 1 < k < m, if the Lyapunov exponent Ly(A)
is simple, then locally near A the map Ly has a modulus of continuity w(h) =
[(clog +)]'/2
L= 1(A) corresponding to an LDT parameter in the set P.

for some ¢ = ¢(A) > 0 and for some deviation measure function

5.3. Deriving continuity

We describe the applicability of the ACT to the quasi-periodic and random models,
for which we have already derived LDT estimates in Secs. 3 and 4.

Quasi-periodic models

For every m > 1, let C,, be the set of cocycles A € C¥(T? Mat(m,R)) with
det[A(x)] # 0. Then C,, is an open set in C¥(T%, Mat(m,R)), which we equip
with the induced distance.

Theorem 5.2. For all dimensions m, assuming w Diophantine, the maps Ly :
Cm — R, 1 < k < m are continuous. Moreover, if A € Cp,, is such that Li(A) is
simple, then locally near A the map Ly is weak-Hélder continuous.

Proof. We explain briefly how the assumptions of the ACT are satisfied in this
setting.

Given A € C,, and N € N, note that the sets {z € T¢ : |A™) (z)|| < ¢} or {z €
T : ||JA™ (z)|| > ¢} for some 1 <n < N and ¢ > 0 are closed Jordan measurable,
so the algebra Fy(A) generated by them consists only of Jordan measurable sets.
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Let = := Co(T%) be the set of all continuous observables ¢ : T¢ — R. By the
regularity of the Borel measure, there is an open set U 2 F such that |U| < |F|+e.
By Urysohn’s lemma, there is a continuous function £ € = such that 0 < & < 1,
§Elonfand§EOonUc.Then

1p<¢ and /fdx§|U|§\F|+e,
Td

which shows that = is compatible with every cocycle in C.

The (uniform) L?boundedness follows from (3.18) and the (uniform)
Lojasiewicz inequality (3.20). The latter is used to prove that if f is analytic on
A% and f # 0, then |log|f|||z2 < C(f) < oo, and the bound C(f) is stable under
perturbations.

Finally, base LDT's hold trivially for this model, while uniform fiber LDTs were
established in Theorem 3.1 with deviation functions €(t) = t=% and y(t) = e~
Therefore, all Lyapunov exponents are continuous.

Moreover, defining P to be the set of triplets (ng,€,¢) where ng € N, e(t) =7
and ((t) = e’ with a,b,c > 0, a simple calculation shows that the modulus of
continuity locally near simple Lyapunov exponents is w(h) = e~ cllos(1/ MI" for some
¢,b > 0. We call such a modulus of continuity weak-Holder. |

Random models

Let (K,pu) be a Markov system. Consider the space B9 (K) of random cocycles
A ¥ x ¥ — GL(m,R) introduced in Definition 4.5. A cocycle A € B (K) is
called totally irreducible if all its exterior powers are irreducible. Denote by Z2°(K)
the space of totally irreducible cocycles in B9 (K).

Theorem 5.3. If (K,u) is strongly mizing then all Lyapunov exponents Ly :
IX°(K) — [—00,00), 1 < k < m, are continuous functions of the cocycle. Moreover,
given A € TX(K), if the Lyapunov spectrum of A is simple, then locally near A, all
Lyapunov exponents are Holder continuous functions of the cocycle.

Proof. We are going to apply Theorem 5.1 to the space C,,, = Z5°(K) of totally
irreducible measurable cocycles over the Markov dynamical system (T, X, F,P,).
Consider the space P of LDT parameters p = (ng,¢,1) with ng € N, ¢(t) = ¢ and
L(t) = e, for some constants ¢, ¢ > 0.

The chosen set of observables is the Banach algebra = = H, (X ), for some
a > 0 small enough.

The compatibility condition (1) in Theorem 5.1 is automatic because Z contains
all functions 1p with F' € Fy(A), N € Nand A € BY(K).

The base-LDT assumption (2) for every observable £ € = is a consequence of
Theorem 4.1.

Condition (3) holds because, by the definition of the metric on B (K), every
cocycle in B2 (K) is uniformly L2-bounded.
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Finally, the fiber-LDT assumption (4) follows from Theorem 4.2.
Thus, applying Theorem 5.1, we see that all Lyapunov exponents are continuous
functions on Z>°(K).
A simple computation shows that the modulus of continuity associated to the
choice P (of the space of LDT parameters) is the modulus of Holder continuity.
O

The concept of irreducibility extends to linear cocycles depending on finitely
many symbols, over Markov systems of finite order. There is a standard procedure
to reduce them to cocycles in the previous setting. This reduction corresponds to
redefining the space of symbols to be some product ¥, with large k.

Remark 5.1. Theorem 5.3 (on the continuity of all Lyapunov exponents on the
appropriate space of irreducible cocycles) extends to cocycles depending on finitely
many symbols, and over Markov systems of finite order (see Theorem 5.5 in [17] or
Theorem 4.1 in [16]).

5.4. On the proof of the ACT

We describe the inductive procedure, based on the avalanche principle, which we
use to prove the ACT.

The avalanche principle

Consider a long chain of matrices go, g1, - - -, gn—1 in Mat(m,R). The aim of the AP
is to relate the expansion ||g,—1 - - - g1g0|| of the product g,,—1 - - - g1 90 to the product
lgn—1ll - llg1llllgo|l of the individual expansions ||g;]|.

Given quantities M,, and N,,, with exponential growth M, , N, 2 e
a > 0, we say (in rough terms) that they are almost asymptotic, and write M,, < N,,,
when e~ "¢ < M, /N,, < e"* for some 0 < € < a.

In general it is not true that ||gn—1--- 9190l =< ||gn-1ll - - [|91]l/|g0]], unless some
atypically sharp alignment of the singular directions of the matrices g; occurs.

Given gg,g1 € Mat(m,R) non-zero matrices, let us call expansion rift of go,
g1 the number p(go, g1) = % € [0,1]. This number measures the break of
expansion in the matrix product g;go. More generally, we define the expansion rift
of a chain of matrices go, g1, ..,9n—1 in Mat(m,R) to be the number

(g0, 1 1) = llgn—1---g190]|
Gl Gnt) = .
Hgn71|| gl goll

We call gap ratio of a matrix g € Mat(m,R) the quotient between its largest and
second largest singular values, which can also be expressed as

lgl?
gr(g) := )
A2l
where Aag denotes the second exterior power of g. Note that gr(g) > 1. We will say
that ¢ has a first singular gap when gr(g) > 1.

"¢ where
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With this terminology, the AP says that given any long chain of matrices
90,915 - -+ s gn—1 € Mat(m,R), where the gap ratio of each matrix is large and the
expansion rift of any pair of consecutive matrices is never too small, then the expan-
sion rift of the product behaves multiplicatively, in the (almost asymptotic) sense
that

p(90, 915 - -, gn—1) =< p(90,91)p(91, 92) - - - P(Gn—2, Gn—-1), (5.3)
or, equivalently,

lgn—1---g1g0llllg1]l - - - [|gn—2|
19190 -+ [|gn—19n—2]|
More precisely, the hypotheses of the AP are, for some €,k > 0

= 1.

k<e? gr(g) >kt and p(gj-1,9;) > e for all j. (5.4)

To explain this multiplicative behavior we introduce a geometric quantity,
referred to as the angle between g and ¢’, that will be compared with the expansion

rift p(g,9')-
Consider on P(R™) the projective distance defined by

(w,0)2 _ Jlunwl
lull?lol? flulllvll”

O(t,0) :==4[1—

where u and v are non-zero vectors representing @, 0 € P(R™). The complementary
quantity

[{u, v)

[[llflv]l

a(t, 0) =

will be called (with some abuse of terminology) the angle between the projective
points u, ¥ € P(R™).

Define v(g) € R™ to be the most expanding unit vector of a matrix g €
Mat(m,R), in the sense that ||gv(g)|| = ||g]|. When g has a first singular gap this
vector is unique up to a sign, thus determining a well-defined projective point
v(g) € P(R™), which represents a singular direction of g. If gr(g) > 1, then
gv(g) = 2v(g*), where ¢g* stands for the transpose of g.

Given g, ¢’ € Mat(m,R) with first singular gaps, the angle between g and ¢’ is
the angle between the most expanding directions v(g*) and v(g’), i.e.

a(g,9") == a(v(g%),0(g").

We also set

B(9.9') = Ver(g) 2 ® alg. 9')? ® gr(g') 2, (5.5)
where the symbol & stands for the operation
a®b:=a+0b—ab.

With this operation, [0, 1] is a commutative semigroup.
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Proposition 5.1. Given g,g" € Mat(m,R) with gr(g),er(¢’) > 1,

199l
o9:9) < Jgriiig < P09

Proof. See Proposition 2.18 in [17] or Proposition 2.14 in [14]. O

The following inequality

1 1
alg.q) \/1 T e9)ale. g | er(g)Palg.g)?

shows that if gr(g), gr(¢’) > k= and a(g, ¢') > &, with x < €2, then the expansion
rift p(g, g’) is well approximated by the angle a(g, ¢’). In fact we have in this case

1<

(5.6)

a(g,9") < plg,9') <e"alg,g'). (5.7)

Given a chain of matrices go,g1,...,9n—1 € Mat(m,R), we use the notation
g :=gi_1...go, for any 1 < i < n. From Proposition 5.1, by induction we get

Proposition 5.2. Given a chain go,¢1,--.,9n—1 € Mat(m,R), if all matrices g;
and g9 have first singular gaps then

n—1 —
lgn—1---9190|
a(g™, gi) < . g:)
1-1;[1 ' lgn—1ll -~ llgzllllgoll — 1;[ '

From the assumption (5.4) of the AP and (5.7),

Ol(gifhgi) ~ P(giq,gi) ~ 5(91‘71791‘)-

Thus, to infer (5.3), because of Proposition 5.2, it is enough to check that
alg®, g;) ~ al(gi_1,9:), for all 4. For this, we use a shadowing argument based
on the contracting behavior of the action of the matrices g; on the projective space
P(R™).

Each matrix ¢ € Mat(m,R) induces the following partial mapping ¢,
PR™)\K, — P(R™), @40 := gv, for all & ¢ K,, where K, denotes the projec-
tive subspace determined by the kernel of g.

Proposition 5.3. Given g € Mat(m,R) and ¥ # 4 in P(R™)\K,,
euli)) 1

Proof. Given © € P(R™), let v be one of its unit vector representatives. Since
we have v = «(0,9(g))v(g) + w, with w orthogonal to v(g), it follows that gv =
lglla(?,8(g))v(g) + gw, with gw orthogonal to v(g*). Thus |gv]| > [[g]la(?,8(g)).
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Similarly, given @ # o, if u is one of its unit vector representatives, |gu| >
llglla(i,0(g)). Therefore,

S(pg (), pg(0))  [lgungv| 1

o(a,0) llgullllgvll luAv]
[(h2g)(uAv)] 1
lunol llgllPa(a, 8(g))a(?,8(g))
[A29]] 1

lglI* a(@, v(g))a(d,0(g))
1

~ gr(g)a(@,8(9)a(d,5(9)) -
The previous proposition and the assumption (5.4) imply that each map g, is
a strong contraction in some neighborhood of v(g;) of the following form

Ee(gy) == {0 € P(R™) : a(0,0(g;)) = €}

We have gr(g) = gr(¢g*) and a(g,g’) = a(g’™, g*). Hence the assumption (5.4) on
the chain go,...,gn—1 is also satisfied by the transpose chain g;_,,...,gg. Since
for any matrix g, p4(v(g)) =v(g*) and @4 (0(g*)) = v(g), we infer from (5.4) that
0(g;_1) € ¥=(g;) and v(g;) € Xe(gj_q), forall j =1,...,n—1. The cyclic sequence
of projective points

0(gi 1) - 0(gg) = Blgo) = - 0(gim1) = B(g7 )

is a pseudo-orbit for the sequence of projective mappings associated to the chain
9E sy 98,90, -, 9i1. Because the projective action of the matrix ¢ (g()* =
(gi—1-+-90)(g5 - gr_ ) fixes the point v(g("*), the strong contracting behavior of
these maps implies that the pseudo-orbit above is shadowed by the true orbit
of ©(¢*) under the sequence of maps gz s PagisPaos -+ > Pgi_y - Lherefore
0(g™M*) ~ 0(gF_,), which in turn proves a(g¥, g;) ~ a(gi_1, 9:)-

The sketched argument has other collateral consequences such as the exponential
growth of gr(g(™) and the proximity relations 8(¢(™*) ~ v(g%_,) and v(¢(™) ~
0(go) (see [14, 17]).

We now state the avalanche principle.

Theorem 5.4. There exists a constant ¢ > 0 such that given 0 <e < 1,0 < k <
052 and 9o, 915-- -3 9n-1 € Mat(va)7 Zf

(a) gr(gi) > w1, for 0<i<n—1, and
(b) a(g’i—17gi) 2 g, fOT‘ 1 S 1 S n— 17

then
n—2 n—1 K
togllg™ |+ logllg:l| — > logllgigi-1 | < n .
=1 =1
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Next corollary is a practical reformulation of the AP’s assumptions.

Corollary 5.1. There exists ¢ > 0 such that given 0 < e < 1,0 < k < ce? and
go, 91, - -3 9n—-1 S Mat(m,R)7 Zf

1
(gaps) gr(gi) > - forall0<i<n-1

||gigi71H
ng” ”gi—l H

then the same conclusion holds.

(angles) >e foralll<i<n-—1

The inductive procedure

The proof of the ACT consists of two main steps: the finite scale continuity — which
shows that if the number of iterates of the cocycle is fixed, then the corresponding
finite scale top Lyapunov exponent depends continuously on the cocycle, and the
inductive step — which shows that this behavior does not change significantly as
we increase the scale.

Let us assume that the finite scale continuity is already available (this step is
not too difficult). This means that for any large enough but fixed scale ng, if B ~ A
then

L™ (B) = L™ (4) + o(1). (5.8)

Let n1 > ng be another much larger scale. The goal is to prove something of
the form

L™ @By =L (B)+0 <@> (5.9)
ni

where the implicit constant in O(72) is independent of B, i.e. the estimate is uniform
in a neighborhood of the cocycle A.
Applying (5.9) to both B and A and using (5.8), we would get

L™(B) = L™ (4) + o(1) + O <@)

ni

Continuing this with another scale ny > ny, we would get

L) = 1) o) +0 (%) o (),

ni n2

and so on. As the sequence {ny } of scales increases fast, the sum O(7¢)+O(5L)+- - -
will be negligible, hence in the limit we would get that

L1(B) = L1(A) + o(1),

thus proving continuity of the top Lyapunov exponent. A modulus of continuity in
the limit would follow, amid some loss, from having one at an initial finite scale.
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This procedure will not work exactly as described, because (5.9) is not neces-
sarily true as stated. However, a more complex relation, but having a similar flavor
will hold true.

An estimate in the spirit of (5.9) relates the space average of the function
n% log||B(™") ()| to that of the function nio log|| B(™) (x)]|. For these space averages
to be comparable, it would be enough if the corresponding functions were pointwise
comparable for all but a small set of phases, i.e. that

1 1 n
— log||B™) = —log||B("0) o= 5.10
o og| ()l o~ og| ()] + o) (5.10)

for all x outside a set of small measures.

Assume n, is a multiple of ng, so n1 = nng, n > 1. Fix a phase x € X. Then
B (z), which is a block (i.e. a product) of length n1, can be divided into n blocks,
each of length ng, which we denote by go, g1, ..., 9n—1. Hence

gi = gi(z) = B"™)(T"™2) and ¢ =g,_1-- gigo = B™) ().

Let us assume for a moment that the AP is applicable to these matrices (i.e. for
the given phase z). This will imply that

n—2 n—1
1 1 1
- logllg™ || = - Z log||gi|| + - Z log||gigi—1|| + “error”,
i=1 i=1
hence
1 1 n—2 )
Liog B (@) =~ 3 log| BU (177)|
i=1

n—1

1 . .
+ = "log|| B0 (T ) B0 (T Dm0 g) || + “error”,
n =1

Since B(mo)(Tmoy)B(m0)(y) = BEn0)(y), after diving both sides by ng and
remembering that n, = nngy, we get from the above

n—2
1 1 1 )
—log||BU" (z)]| = == > —log|| BT (T
o og| (@) "2 g og| (T*oz)||

n—1

1 1 .
+22 3" " log||B@0) (T (i=1mo 2| 4 “error”. 5.11
- Z:; T gll ( )i (5.11)

Now let us assume that the AP was in fact applicable for all but a small set of
phases. Hence (5.11) will hold for all = outside a set of small measures. Averaging
in x, using the uniform L2?-boundedness assumption (and skipping some technical-
ities), we conclude that

L"™)(B) = =L (B) + 2L (B) + “error”. (5.12)
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Assuming moreover that the “error” coming from the AP is in this setting
something like O(12), estimate (5.12) is in fact not very unlike (5.9). It relates the
finite scale Lyapunov exponent at scale nq, to its counterparts at scales ng, 2ng. The
scales ng and 2ny have the same order of magnitude, hence we may assume that
the initial finite scale continuity property applies to both of them. The inductive
argument sketched above and based upon (5.9) would work in a similar manner
with (5.12) instead, leading to the continuity of the Lyapunov exponents.

For all of this to work, the assumptions “gaps” and “angles” of the AP (say in
its formulation from Corollary 5.1) should hold for all but a small set of phases .
This is where the fiber LDT estimates and the information carried at the current
scale (i.e. the inductive hypothesis) come into play.

Indeed, by the uniform fiber LDT, if B &~ A, then for all x outside a set of small
measure, the following hold

1 " n

o= log | BT (@) = L™ (B) + o(1),
1 n
o= log| BO(T™x)| = L™ (B) + o(1),

1 " n
5 log B (2)]| = L™ (B) + o(1).
no

If, moreover,
L™ By - L) (B) < n< 1,

which follows from the finite scale continuity and the fact that the initial scale ng
is large enough, then an easy algebraic calculation shows that for all such phases x
we have:

| B@m) (z) S e—2no(n+o(1)).
| Bro) (Tmoz)|[[| Bmo) ()|

This will imply the “angle” condition in the AP.

The “gap” condition is a more delicate issue. This point is made especially
difficult by the fact that we are working with higher dimensional (m > 2), and
possibly not (everywhere) invertible cocycles.

The treatment of this issue is what makes our inductive procedure differ most
from the one in [23]. Moreover, unlike quasi-periodic models, fiber LDT's for random
models are only available in the presence of a gap in the Lyapunov spectrum. This
approach is also the main reason that random models can be treated in the same
inductive scheme and with fewer restrictions than in [37].

The complete details of this argument can be found in [13, 17]. We only mention
here that a key ingredient of the argument is a type of uniform upper semiconti-
nuity property of the top Lyapunov exponent. Such a property was previously
established in [19, 31] for uniquely ergodic systems. Bernoulli or Markov systems
are not uniquely ergodic. We obtain a weaker statement, sufficient for our needs,
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that applies to these models as well. This is where the compatibility condition and
the base large deviation are used, as substitutes for unique ergodicity. Here is the
statement of the “nearly” upper semicontinuity property.

Proposition 5.4. Let A € C,, be a measurable cocycle such that = and A are
compatible and every observable £ € 2 satisfies a base LDT. Assume that Li(A) >
—o0 and that A is L?-bounded. Then for every ¢ > 0, there are § = §(A,€) > 0,
nog = no(A,¢) € N and 1 = (A, €) corresponding to an LDT parameter in P, such
that if B € Cpp, with d(B, A) < §, and if n > ng, then the upper bound

~—

log|| B™ (2)|| < Ly (A) + ¢, (5.13)

S|

holds for all x outside of a set of measure < t,.

6. Further Work

As mentioned before, LDT estimates for Schrédinger cocycles have also been used
to study integer lattice, one-dimensional, quasi-periodic Schrodinger operators, e.g.,
to derive lower bounds on Lyapunov exponents, spectral properties of the operator,
continuity properties of the integrated density of states, estimates on the measure
of the spectrum etc. The availability of such estimates for more general cocycles,
discussed in this survey, makes it likely that similar kinds of problems can be
approached for more general types of discrete quasi-periodic operators, such as
band-lattice Schrodinger operators (which approximate higher dimensional lattice
Schrodinger operators) or Jacobi type operators.

We have work in progress dealing with identically singular cocycles A(x) (i.e.
det[A(z)] = 0) in the multivariable case (the one variable case has been treated in
[2]). The completion of this project will have other immediate consequences, such
as criteria for positivity of Lyapunov exponents and simplicity of the Lyapunov
spectrum for higher dimensional Schrédinger and Jacobi type cocycles. No such
results are currently available in the multivariable case.

Regarding random cocycles, an interesting open problem is proving (uniform)
fiber LDT estimates for reducible cocycles (our current work requires irreducibility).
Moreover, another difficult and interesting open problem is establishing quantita-
tive continuity properties of the Lyapunov exponents in the vicinity of a reducible
cocycle, either through our scheme involving LDTs or through other means.

Finally, it would be interesting to see if our scheme for proving continuity of
Lyapunov exponents is applicable to cocycles over different kinds of base dynamics.
As indicated earlier, base LDT estimates are already available, so the challenge is
to prove uniform fiber LDTs for such models.
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