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Abstract

We obtain explicit and optimal Gaussian concentration bounds (GCBs) for stochastic chains
of unbounded memory (SCUMs) on countable alphabets. These stochastic processes are also
known as “chains with complete connections” or “g-measures”. We prove that a GCB holds
when the sum of oscillations of the kernel is less than one, or when the variation of the kernel
is summable, i.e., belongs to £(N). The proof is based on maximal coupling. Our conditions
are optimal in the sense that we exhibit examples of SCUMs that do not have GCB and the
sum of oscillations is strictly larger than one, or the variation belongs to £ 7¢(N) for any ¢ > 0.
These examples are based on the existence of phase transitions. We also extend the validity
of GCB to a class of functions which can depend on infinitely many coordinates. We illustrate
our results by three main applications. First, we derive a Dvoretzky-Kiefer-Wolfowitz type
inequality which gives a uniform control on the fluctuations of the empirical measure. Second,
in the finite-alphabet case, we apply our bounds to obtain an upper bound on the d-distance
between two stationary SCUMs and, as a by-product, we obtain new bounds on the speed of
Markovian approximation in d. Third, we obtain exponential rate of convergence for Birkhoff
sums of a certain class of observables.
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1 Introduction

Stochastic chains with unbounded memory (SCUMs) are a natural generalization of Markov chains.
Their dynamics is provided by a family of probability kernels that describe the probability of
observing a symbol at any time given (possibly) the entire past. Such processes first appeared in
[41], and, since then, have been intensively studied in different fields under different names. In the
literature of stochastic processes [14] coined the name chains with complete connections, while [26]
later called the same objects chains of infinite order. In symbolic dynamical systems, stationary
SCUMs are studied under the name of g-measures [30, 35, 45, 28]. In applied statistics literature,
SCUMs have been used to model various natural phenomena, including some popular stochastic
processes, e.g., categorical time series and binary autoregressive models [38, 31, 19, 44]. SCUMs



are also natural dynamical counterpart of Gibbs measures on the lattice Z in statistical physics
and the family of probability kernels has been called left interval specifications [18]. Different fields
investigated SCUMs using different techniques, making this family of stochastic processes a rich
object to be studied.

One of the main interests in SCUMs comes from the fact that they exhibit different mixing
properties depending on the characteristics of the probability kernels. For instance, kernels with
strong dependence on the past can have two or more shift invariant measures compatible with the
kernel [3, 27, 21, 20, 12, 1]. Weak dependence on the past leads to uniqueness of the compatible
measure. Different uniqueness conditions and the respective mixing properties have been studied
[14, 26, 8, 4, 18, 23, 22].

In the present paper, we investigate the relationship between the characteristics of the proba-
bility kernel and the existence or non-existence of a Gaussian concentration bound (GCB) for the
associated SCUMs. We prove that when the kernel has sum of oscillations less than one, or has
summable variation, the respective SCUM satisfy a GCB. Moreover, we show that both conditions
are tight by exhibiting processes that do not satisfy GCB whenever the oscillation is strictly larger
than one, or the variation belongs to /17¢(N) for any € > 0.

We prove that a reason for the failure of GCB comes from the non-uniqueness of measures that
are compatible with the same kernel. Our proof has an interest in its own by providing a method
to prove that a GCB cannot be satisfied.

Our bounds are explicit and involve constants that are straightforwardly calculated from the
kernels. We apply our inequalities in some important examples. Whenever possible, we make
comparisons with other papers obtaining GCB for non-independent processes in the literature
[36, 42, 34, 33]. Finally, as a simple application of our results, we use the relationship between GCB
and transportation cost inequalities to obtain new bounds for d-distance between SCUMs. As a
corollary, we obtain the speed of Markovian approximation in d-distance for SCUMs, in cases not
covered in [8, 5, 24]. We also prove a Dvoretzky-Kiefer-Wolfowitz type inequality for SCUMs with
summable variation.

Notation and necessary definitions are given in Section 2. Section 3 contains our main results
and in Section 4 we present some consequences of these results. We end the paper with the proofs
of our results in Section 5.

2 Definitions and notation

Let A be a countable set (“alphabet”) endowed with the discrete topology. The alphabet A can be
finite or infinite, if not stated explicitly. We denote by T the shift on A%, that is, (Tw); = wit1,
i € Z. We equip this space with the o- algebra generated by the cylinder sets [a_,41,...,0,-1] =
{we A% :w; = a;,|i| <n—1}, a; € A, n € N. It comprises all Borel sets of AZ.

For i,j € Z such that i < j we write [i,j] = [i,] N Z. Define X~ = Al=>~1l. For i < j, we

indicate the vector (w,...,w;) by writing w]. We also use the convention that if i > j, w/ is the
empty string. For z € X, n > 0, and o € Al®"]| 2 = 20 is a concatenation of the respective
symbols, such that (...,z_1,20,...,2n) = (..., 2_1,00,...,0,). For all S C Z and 0 € A we

define the projection function associated to all indices ¢, € S, i < j, by 7T{ (o) = az . Throughout
the paper z,y, z will denote left-infinite sequences and w and 7 will denote right- (or bi-) infinite
sequences.



2.1 Kernels and SCUMs

To define the measures of interest of this paper, the stochastic chains of unbounded memory, we
first need to define what is a probability kernel.

Definition 2.1 (Probability kernel). For all n € Z, a probability kernel g, is a function g, :
A x Al=een=11 10, 1] such that for all x € Al=een=11 > sca n(slz) = 1. Because we will only
consider shift-invariant kernels, with some abuse of notation, we will always refer to function g
instead of g, regardless of the index set inside the function.

Let us first introduce SCUMs started from a fixed past, which will play an important role in
the present work.

Definition 2.2 (Probability measure started with a fixed past). Forz € X~ and o € A%kl e
define P*® as the probability measure specified by g when started with xo € Al=°%Fl  that is, for all
weAN and alln>k+1

n

P (lwppa) = ] 9(wjleowiiy).
j=k+1

Sometimes we will write Py® when it is not clear from the context to which kernel the measure
corresponds.

Now, we introduce the definition of SCUMs compatible with a kernel, which is similar to the
definition of a Gibbs measure compatible with a specification. We denote by F; the o-algebra
generated by the cylinders with base in the interval [, ]. We use the shorthand notation F = F§,
k > 0.

Definition 2.3 (Probability measure compatible with a kernel). We say that a probability measure
w on A% is compatible with g if, for alln € Z, a € A and p-a.e. x € Al=°0"=11 we have

ullall F2 ) (@) = g(alz).

A stationary stochastic process (X,,)nez, where the random variables take values in A, is chara-
terized by a shift-invariant probability measure p on A%, that is, a measure satisfying poT~! = p.
The canonical process (X, )necz corresponding to a measure p compatible with a kernel is called a
stochastic chains of unbounded memory (SCUM) compatible with g. Equivalently, we say that a
SCUM (X, )nez is compatible with g if it satisfies

Eu[]l{a}(Xn”Xgo_l = z] = g(alz)
for all n, a € A, and p-a.e z € A== where 14y () is the indicator function of the symbol a.

2.2 Regularity assumptions on kernels

We will use two main ways to quantify how the kernel g depends on the past. The first quantity is
the oscillation of g of order 5 > 1 defined by

1 .
Oscj(g) := sup {2 > lglalz) = glalz')| s 2,2" € X7,z = 2, Vk # —J} :

acA



The second quantity is the variation of g of order j > 1 defined by

Var;(g) —sup{ Z\g a|z)|:z,z’eX_,zk:z,g,VkZ—j}.

acA

We also define Varg(g) := sup, ..cx— 3 > aca l9(alz) — g(alz’)|. Note that the usual definition of
oscillation ([27, 18, for instance]) and variation ([26, 30, for instance]) are, respectively,

osc;(g) :==sup{|g(alz) — g(al2’)| :a € A, 2,2" € X7, 2z, = 2}, Vk # —j}
and

var;j(g) :=sup {|g(alz) — g(alz)| :a € A,z,2" € X,z = 2,,Vk > —j}.
When the alphabet is finite the definitions are equivalent since we have var;(g) < Var;(g) <
|A|var;(g) and osc;(g) < Osc;(g) < |Alosc;(g). We use Oscj(g) and Varj(g) as they are more
convenient to state our results when |A| = co. Given a kernel g, the following quantities will play
a central role:

g)=1-— Z Osc;(g) (2.1)

and

.:]8

I(g) == | | (1 = Var;(g))- (2.2)

0

J

Remark 2.1 (Relation with existence/uniqueness criteria of the literature). A natural question
to ask is whether there is a unique shift-invariant measure compatible with a given kernel g. If
A(g) > 0, Theorem 4.6 in [18] states that there is at most one compatible measure, which is therefore
shift-invariant. In the case of finite alphabet, the assumption T'(g) > 0 implies uniqueness of a shift-
invariant compatible measure (see [26, 30] for instance). In the case of countably infinite alphabets,
the conditions for uniqueness of the compatible measure are not based on var;(g) anymore, and it is
not obvious how to compare the assumption I'(g) > 0 with other assumptions of the literature. For
our purpose, we only discuss the conditions of uniqueness and existence when needed in the proofs.

2.3 Gaussian concentration bound
Let n >0 and f: A™"! — R. Define
d;f =sup {}f(wgflawyﬂ) - f(wgflbwﬁl” ca,be Aw e A"H}
for 0 < j < n. We denote by §f the column vector of size n + 1 whose j-th coordinate is d;_1 f.
Also let

oo n

I8£113 = (6:£)% =D (6;)* (2.3)

§=0 §=0
More generally, for p € N and v = (vg,v1,...) with v; € R, define

(oo}
ol = >~ fos?-
j=0

We say that v € P(N) if |jv]|, < +o0.
For f: A* — R p-integrable, we use the notation E,[f] = [ fdu.



Definition 2.4 (Gaussian concentration bound). A probability measure p on A% or on AN is said
to satisfy a Gaussian concentration bound (GCB for short) if there exists a constant C' > 0 such
that, for all integers n > 0 and for all f : A1 — R, we have

E, {ef—]Eu[f]] < eCl3f13 (2.4)

where ||0f||? is defined in (2.3).

A key-point in this definition is that C' does neither depend on n nor on f. Since f is bounded,
this inequality implies that, for all # € R, we have

E, [GB(f*Eu[f})} < CO*185113

and using a standard argument (usually referred to as Chernoff bounding method, see [39]), we
deduce that, for all u > 0,

w1 — Eulfll > u) < 2exp <_A:CLIL<5J“H> . (2.5)

The formulation of Definition 2.4 is made in such a way that we can take a probability measure
with a fixed past as defined above. Also, if we have a shift-invariant probability measure p, then it
is indifferent to work either with A% or AN,

3 Main results and examples

3.1 GOCB under a condition on the oscillation of the kernel

Our first result is a GCB for a probability measure started with a fixed past in the sense of Definition
2.2). The bound is uniform in the past z € X'~.

Theorem 3.1. Let g be a kernel such that A(g) > 0. Then, for alln >0, for all f : A" — R,
and for all 0 € R, we have

sup Epe {emf—Epz[f])} < TR (3.1)
reX

where A(g) is defined in (2.1). As a consequence, for all u > 0, we have

- 2u?
xsegg P(|f —Ep=[f]| > u) < 2exp <A(g)—2||5f||§) . (3.2)

Let us illustrate this theorem with two examples.

Example 3.1 (Binary autogregressive process). Consider a function ¥ : R — (0,1) such that
Y(r) + ¢(—r) =1 and an absolutely summable sequence of real numbers (§;);j>0. Then the kernel
g: {1, +1} x {—1,+1}[=°=1 — (0,1) is defined as

glalz) =¢ | 0 &r_j+a&

J=1



The process generated by this kernel is called a binary auto-regressive process [31]. If ¢ is differ-
entiable, we have that Osc;(g) < 2(supy’)|¢;], hence we have A(g) > 1 —2(sups)) 372, [€;]. For
instance, if (u) = (1 +e %)~ then A(g) > 1 — > &1

Example 3.2 (Poisson regression for count time series). Let A =N and (&;);>0 be a sequence of
non-positive absolutely summable real numbers, and a constant ¢ > 0. For all x € NI=o0=11 et

v(x) = exp ij min{z_;, c}
j=1

For alla € N and x € X, the kernel of a Poisson regression model is defined as [31]

e—'u(ac) U(.’L’)a

g(alz) = o

Applying the mean value theorem to 1 (r) = e~ € /a!, and mazimizing on r € (—oc,0] for each
a € N, we obtain Osc;j(g) <e™ '3 5 21&5]1 = |&|. Therefore, A(g) > 1 — Z;}il 1€
We also have a theorem for stationary SCUMs.

Theorem 3.2. If i is a shift-invariant measure compatible with a kernel g on a finite alphabet such
that A(g) > 0, then inequalities (3.1) and (3.2) hold with p in place of P”, with the same constant.

Remark 3.1. In the preceding theorem, we assume that |A| < oo because, when |A| = oo, the space
A% s no longer compact, so we loose compactness of the space of probability measures on A% on
which we rely in our proof.

3.2 GCB under a condition on the variation of the kernel

We have the analog of Theorem 3.1 under a natural condition on the variation.

Theorem 3.3. Let g be a kernel such that T'(g) > 0. Then, for alln >0, for all f : A"t — R,
and for all 0 € R, we have

sup Epe [e9(f—EPr[f])} < o RO 113
reEX -
where T'(g) is defined in (2.2). As a consequence, for all u > 0, we have

sup P(|f — Ep:[f]] > u) < 2exp <_2u2>
wex- ’ i To)?8/13)

We give a class of examples illustrating this theorem.

Example 3.3 (Convex mixture of Markov chains). Let (A;);>1 be a sequence of non-negative real
numbers such that Zjoil Aj = 1. Let A be a countable set. Define a family of Markov kernels

pH o A x Al=R =1 5 (0,1],k > 0, that is, for allz € X=, 3, ap¥(alz”}) = 1. The kernel for
mizture of Markov chains is defined, for alla € A and x € X, as

glalz) =Y A pP(alzZ)).
j=1



We have Z;’il Var;(g) < Z;’il JA;j. This result is quite general since a large class of kernels,
including all kernels g on finite alphabet with lim; Varj(g) = 0, can be represented as a convex
mizture of Markov chains [29].

The next result complements Theorem 3.3 in the case of stationary SCUMs.

Theorem 3.4. If u is a shift-invariant measure compatible with a kernel g such that T'(g) > 0,
then inequality (2.4) hold with p in place of P*, with the same constant.

3.3 Optimality of the bounds

Here we show that Theorems 3.2 and 3.4 are optimal already for binary alphabets. Theorems 3.5
and 3.6 below give necessary conditions to get GCB for a large class of processes that exhibit phase
transition. Our optimality results are simple consequences of these theorems.

The following result shows that, for kernels satisfying strong regularity conditions, phase tran-
sition is a fundamental barrier for GCB.

Theorem 3.5. Let g be a kernel such that inf,c 4 yex- g(alz) > 0 and lim; Var;(g) = 0. If g has
two (or more) distinct ergodic compatible measures, then they do not satisfy GCB.

[27] proved that, for all € > 0, there are examples of g such that A(g) + € < 0 and exhibit
multiple shift-invariant ergodic compatible measures. Because of Thereom 3.5, this implies that the
shift- invariant ergodic compatible measures do not satisfy GCB. This shows optimality of Theorem
3.2, a fact that we now state as a corollary of Theorem 3.5.

Corollary 3.1. For any € > 0, there is a kernel g on a binary alphabet and a compatible shift-
invariant probability measure p such that Z;‘;l Oscj(g) € (1,14 €] and p does not satisfy GCB.
Moreover, g can be chosen to satisfy lim; Var;(g) = 0 and inf,c 4 zex- g(alz) > 0.

To demonstrate the optimality of Theorem 3.4, we settle the question of GCB for renewal mea-
sures, a particular class of SCUMs. Let (g;j);>0 with ¢; € (0,1). Given z € X, let £(x) = inf{k >
0:2_j_1 =1} and £(...00) = co. We define the renewal kernel g : {0,1} x {0, 1}[=°>>=1 — (0, 1)
by taking g(1]x) = gg). Obviously, if oo = 0 then the degenerate measure dy~ is stationary and
compatible, and trivially satisfies GCB. However, we call renewal measure the stationary measure
p compatible with g satisfying p([a]) > 0 for any a € {0,1}, when it exists. It is not difficult to see
that this measure will actually consists of a sequence of i.i.d. concatenation of blocks of the form
0°1,7 > 1. The probability that the distance between two consecutive 1’s equals n > 1, denoted f,,

18
n—2

foi=Pa0" ) =qo [JU—q), Yn>1vVoex (3.3)

=0

with the convention Hi_:lo = 1. The probability distribution (fy),>1 is usually called inter-arrival
distribution in the literature. Then, the renewal measure exists if and only if the expected distance
between consecutive ones, Y -, nfy, is finite, which is equivalent to

ST -a) <. (3.4)

§>114=0

We have the following result.



Theorem 3.6. The renewal measure satisfies a GCB if, and only if, Y, fnr™ < oo for somer > 1.

Consider now the particular case in which ¢; = j~ for j > 2 with o € (0,1) so that (3.4) is
satisfied and therefore the renewal process exists. A simple calculation shows that in this case f,
is stretched exponential, and therefore, by Theorem 3.6, the renewal process does not satisfy GCB.
Moreover, Var;(g) = g;, therefore lim; Var;(g) = 0 and inf,c - g(alz) > 0 for some a € A. Hence,
if we choose v = (14 ¢€/2)(1+¢€)~! the variation will not be summable, but > 5=y Var, (g)1Fe < oo,
proving that Theorem 3.4 is optimal, a fact that we state as a corollary of Theorem 3.6.

Corollary 3.2. For any € > 0, there is kernel g on a binary alphabet and a compatible shift-
invariant probability measure p such that

o0 o0

X:Varj(g)1+6 < 00, ZVarj(g) =00

j=1 j=1
and p does not satisfy GCB. Moreover, g can be chosen to satisfy inf,cx- g(alz) > 0 for some
a€ A

Remark 3.2. Note that the two kernels used to obtain examples of processes which do not satisfy
GCB exhibit phase transition since for the renewal process, when q; = j~* we have that g = 0 (to
get Varp(g) — 0), in which case the Dirac measure dp is also compatible. However, this kernel does
not fall into the class considered by Theorem 3.5 because it does not satisfy inf,e 4 yex- g(alz) > 0.

Remark 3.3. Kernels satisfying inf,e a4 zex— g(alz) > 0 are said to be “strongly non-null”. If we
restrict to strongly non-null kernels g instead of assuming the slightly weaker condition

inf >0
Jnf g(alz)

for some a € A, then we don’t know if the summable variation condition is tight for the validity of
GCB. Nevertheless, even if we restrict to strongly non-null kernels g, GCB does not hold in general
beyond square summable variation because of Theorem 3.5 and the existence of examples with phase
transition for strongly non-null kernels such that 3 72, Var; ()T < co,e > 0, see [1].

3.4 GCB for a more general class of functions

Denote by C(AN) the set of real-valued continuous functions on AN that we equip with the supremum
norm. We define two of its subspaces, namely the set of bounded continuous functions, denoted
BC(AY), and the set of uniformly continuous functions, denoted UC(AY). As AN is in general not
compact, UC(AY) intersects but does not contain BC(AY), nor does BC(AY) 2 UC(AY). Obviously,
the set of all functions f : A»*! — R, for n = 0,1,... is contained in each of these three spaces.
We have C(AY) = UC(AY) = BC(AY) if and only if AN is compact, which holds if and only if A is
finite. For f € C(AY), let

vary, (f) = sup{|f(w) — f(W)] 1 w; =w},i=0,...,n},n>0.

One can easily check that var,(f) — 0 if and only if f € UC(AY).
We can generalize Theorems 3.1, 3.2, 3.3 and 3.4, thanks to the following abstract result.

Theorem 3.7. If a probability measure p satisfies a Gaussian concentration bound for some con-
stant C > 0 (Definition 2.4), then this bound remains true for all f € UC(AN) NBC(AY) such that
10 f]l2 < 400, with the same constant C.

We refer the reader to Section 4.3 for a natural application of Theorem 3.7.



3.5 Some comparisons with existing results

In the independent case, I'(g) = A(g) = 1, so we recover McDiarmid’s inequality (with the optimal
constant) [39]. In the Markov case I'(g) = 1 —Varg(g) = 1 —Osc1(g) = A(g) and it is the Dobrushin
ergodicity coefficient [13]. In general, I'(g) # A(g) and the conditions are complementary to each
other. Indeed, consider the kernel in Example 3.1 with ¢(u) = 1/(1 + exp(—2u)), & > &; > 0 for
all j >i>1,and & =Y ;o & We have

226 9 21
m@ < Oscj(g) <§ and Aoy Z&c < Var;(g) < ng.
k>j k>j

If & = ¢/j'7¢ with € € (0,1] and small enough ¢ > 0, we have A(g) > 0 but I'(g) = 0. On the
other hand, if & = C//j' ¢ with € € (1,00) and large enough C we have I'(g) > 0, but A(g) < 0.

There are SCUMs that satisfy GCB, but are not covered by our results. Here is an example
using the renewal kernel defined in Section 3.3. For this example, let a € (0,1) and consider the
sequence ¢; = ¢oo + @/j*. For the renewal kernel we have Osc;(g) = Var;(§) = ¢; — ¢oo = /j“.
If ¢goo > 0 we easily find that the inter-arrival distribution defined in (3.3) is exponential, and
therefore, by Theorem 3.6 this renewal process satisfy GCB. However, neither the oscillation nor
the variation are summable, and therefore we have A(g) < 0 and I'(g) = 0.

Marton [36] proved a measure concentration property that is equivalent to a version of Theorem
3.4 in which ||3f||3 is substituted by n||df[|2,. Because ||0f|3 < (n + 1)||df||%,, our result gives
an improvement. For example, consider A = {0,1}, € > 0, and f(z3) = >\ z;/(j + 1)(+e)/2,
In this case, for all n > 0, ||df]|3 < C for some constant C, but n||df||%, = n + 1. Perhaps more
importantly, we offer a different proof. Marton’s proof is based on a transportation cost inequality
together with its tensorization, whereas our proof is based on martingale methods together with
coupling inequalities. Because of the stationarity requirement in [36], we don’t know if we can
obtain Theorem 3.3 using the same method as in [36]. We also note that [25] obtained a version
of Theorem 3.4 for finite alphabets, by a different approach than the one we use here, and with a
suboptimal constant 2/9 instead of 2 as we obtained here.

To conclude, let us mention that [34] proved a GCB for Gibbs random fields satisfying the
two-sided Dobrushin condition. On Z, if a Gibbs specification satisfies the two-sided Dobrushin
condition then it also satisfies A(g) > 0 [17, Theorem 4.20]. Therefore, Theorem 3.2 implies GCB
the result in [34] for one-dimensional Gibbs measures. We do not know whether the converse also
holds.

3.6 Some open problems

There are only few results in the literature giving necessary conditions for the existence of GCB for
dependent process. We think that answers to the following questions could help in the development
of new tools to prove necessary conditions for GCB.

e Is there a SCUM on finite alphabet with a unique compatible stationary measure but which
does not satisfy GCB?

e Is the summable variation condition tight for the GCB to hold among strongly non-null
kernels?

e Do we have GCB when A(g) = 0 and Var;(g) ~ 1/57

10



e What is the rate of concentration for kernels with more than one compatible measure?

4 Applications

In this section we explore some consequences of the results presented above. We show (1) a new
bound on the probability of deviation of the empirical distribution from the stationary distribution,
(2) new bounds for the distance between two processes under the d-distance, (3) an exponential
bound for the rate convergence of Birkhoff sums for SCUMs. For further applications of GCB, the
reader can check [7].

4.1 Dvoretzky-Kiefer-Wolfowitz type inequality

In statistics we are often interested in the empirical distribution: For o € AIMF] and w € AV, let

1 n—k+1
« _ jt+k—1
prp(0,w) = —— g Loy (w7 w).

We will simply write p,, x(c) for the corresponding random variable. To estimate the probability
of deviation from the expected value, it is natural to use Theorem 3.3 to obtain

1 (|pnr(0) = p(o)| > u) < 2exp (—(n — k + 2)0(g)*u?)

where pn, 1(0) = pn.k(0,-) and p(o) := E[pn x(0)] = p([o]). If we want to obtain a uniform bound,
we should upper bound

s = ol 1) = (s a0) = p(o)] > ).

In this case, it is tempting to use a union bound. However, when the cardinality of the set of
symbols is large, we get a bad bound, and when A = N this approach fails. One possible solution
is to concentrate directly the uniform deviation ||pn,kx — plleo, which yields the following result.

Theorem 4.1. Let g be a kernel and u be a shift-invariant measure compatible with g. If T'(g) > 0,
we have, for allu >0 and for alln >0 and 0 < k <mn,

u+ 2k
(n—k+2)'(g)

K (”ﬁn,k —pllos > ) < exp ( —I(g) U2)~ (4.1)

A similar result for £ = 1 was obtained in [32] for Markov chains and hidden Markov models,
but as far as we know, our result is the first of the literature for SCUMs. Because Theorem 4.1
gives uniform control on the empirical distributions, we can use these results to estimate quantities
that can be written as functionals of empirical distribution, e.g., entropy, kernels, and potentials of
the processes.
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4.2 Explicit upper bound for the d-distance, and speed of Markovian
approximation

Given two probability measures p and v on A%, a coupling of ;1 and v is a measure P on A% x AZ
satisfying, for all B € FT°

P(B x A") = u(B) and P(B” x A) = v(B).
Let J,,,, denote the set of couplings of ;+ and v. The d-distance between p and v is then defined as

CZ(/’% V) = ]P’El%f P ({(777(“)) € AZ X AZ * 7o 7é WO}) :

It is natural to ask if given two “close” (in a sense to be made precise below) probability kernels g
and h, whether we can upper bound the d-distance between the respective compatible measures p
and v. The following result gives such a bound.

Theorem 4.2. Let p be a shift-invariant measure compatible with a kernel g such that

inf >0
et g(alr)

and satisfying either the conditions of Theorem 3.2 or of Theorem 3.4. Let also v be a shift-
invariant measure compatible with a kernel h with lim; Var;(h) = 0 and infoe 4 zex- h(alz) > 0.
The d-distance between p and v is bounded by

- 1 /1 h

where C equals A(g) or T'(g) depending on which condition g satisfies.

Remark 4.1. The conditions

inf >0, inf h >0
sedily-dlek) >0, gl Halo)

imply that the alphabet is finite. Although this condition can be weakened, it is the simplest way
to guarantee that |logg| < 00, so that the upper bound on the right hand side of (4.2) remains
meaningful.

In Theorem 4.2 we measure the closeness of h and g by E,, [log %} . [8] proved, without obtaining

an explicit upper bound, that if the variation of kernel g satisfies >, -, H?:T(l —(|A]/2) var;(g)) =

00, for some r > 1, then a small ||g — h||o implies a small d(u,r). As a consequence of Theorem

12



4.2 we have

]El,[log];] /1oghdu—/log(l+hg)d </h 279 g

hals) ~ glale) |
= [ 3 nate gy @

a€A

Z/Z (a]z) — a|x g(alz))? dv(2)

aEA

i ] ] . (hlolz) - g(al))" a2
<o (s > In(als) - olal)])”

zeX—

| A

where inf g := inf,c 4 ;e x- g(a|z). Therefore, Theorem 4.2 yields

2
de) < 5\ 5 (&?Z'h alz) a|z>|> . (4.3)

a€cA

Theorem 4.2 can also be used to upper bound the d-distance between a measure p with kernel
g and a k-step Markov approximation of p, ul¥l,k > 1. Consider that the Markov approximation
has kernel

BaleTy) = glalr5y=8")

for some fixed y € X~. [5, 16] showed that if the kernel g satisfies I'(g) > 0, then there exists
a sequence pl* k> 1 such that d(u, u*) < Cvari(g) where C is some positive constant. Later
[24] extended this result, obtaining, via “coupling from the past” arguments, upper bounds in the
case where > -, [Ty_;(1 — vark(g)) = oo, but their results are not explicit, depending on the tail
distribution of the time for success in the coupling. Such bounds have proved to be a valuable
tool to obtain further properties of the measure p [9, 15, for instance]. Here, if either I'(g) > 0 or
A(g) > 0, using (4.3) we obtain the following result.

Corollary 4.1. For all k > 1 we have

1 1
(K] -
Al 1) < CV 2infg

Varg(g)

where C equals A(g) or I'(g) depending on which condition g satisfies.
Proof. Apply (4.3) with v = pl¥l. O

Remark 4.2. A similar bound was obtained by [16] under the assumption that I'(g) > 0, while
Corollary 4.1 also holds if A(g) > 0. We refer the reader to Subsection 3.5 where an example
satisfying A(g) > 0, but such that I'(g) = 0, is provided, showing that our result is strictly more
general than the one of [16].
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Example 4.1 (Bramson-Kalikow-Friedli model). Let A = {—1,+1}, € € (0,1/2), ()j);>1 be a
sequence of positive real numbers such that Z;’i ; =1, and (m])le be an increasing sequence
of positive odd integers. Let also ¢ : [-1,1] — [e,1 — e] be a monotonically increasing function
satisfying o(—s) + ¢(s) =1 for s € [-1,1]. The Bramson-Kalikow-Friedli model is given by

g(+1lz) = Z/\jgo(n;ix_i) ,rvekX
) i=1

There always exists at least one compatible measure p since the alphabet is finite and Var;(g)
vanishes in j. If p(s) = € + (1 —2e)1z_,(s), we get the original model introduced by Bramson
and Kalikow [3]. They showed that the sequences (A\;);>1 and (m;);j>1 can be chosen so that the
corresponding kernel exhibits multiple compatible shift-invariant measures [3].

For all k > 1, the my,-step Markov approzimation u™*! is defined by the kernel

=1

>k

The sequence of measures pl™ ) k > 1 was used by [21] for their proof of phase transition of the
Bramson-Kalikow model.

Suppose for now that there exists a shift-invariant measure p compatible with g. We can easily
derive a lower bound for d(p, u™*!). Indeed, from the definition of d-distance, we have that

d(pe, ™) > |l (1)) = (1))

By symmetry and uniqueness of u, we have that p([1]) = 1/2. A direct calculation then shows that

plmel (1 >EZ)\ +1/2
i>k

whence

d(p ™) > e 37,
>k

IfT'(g) > 0 or A(g) > 0, Corollary 4.1 allows us to show that this bound is actually of the right
order in k since we have that for all k > 1,

d(p, pl™ 1) < T )\F 3N
>k

Thus, it only remains to give examples of kernels in which I'(g) > 0 or A(g) > 0. First, observe
that, for any function ¢, we have

ZVarj(g) < ij Z i

Jj=1 Jj=1 127

So if Z;’;l m; Y ;s Ai < 00, we have I'(g) > 0 and Varg(g) = 1 — 2e > 0, independently of the
Jfunction ¢. However, if Z;i1 m; Zizj A; = 00 we can still have examples in which A(g) > 0 and

14



use Corollary 4.1. For example, take p(s) := %—i— (% - e) s, which was studied in [20]. In this case,
a simple calculation shows that

ZOscj(g) <(1- 25)2)\]- <1

j>1 i>1
and therefore A(g) > 0, independently of the choice of the sequences (\;j);>1 and (m;);>1.

4.3 Concentration of functions that depend on infinitely many coordi-
nates

A natural application of Theorem 3.7 is the following. For n > 1, let S, ¢ := ¢p+¢poT+---+poT™ !
where ¢ € UC(AY) N BC(AY) and satisfies ||d¢|1 < +o0c. Then we have, for all n > 1 and u > 0,

Sy, 2nu?
b (’ = ‘/¢d“‘ > ”) < 2exp <_C|§ZII%> 44)

where C equals A(g) or I'(g) depending on which condition g satisfies. The proof is as follows.
Taking f = S, ¢, we can check that

10Snoll5 < nlldglli, n > 1. (4.5)

Then we apply (2.5) to get (4.4). To prove (4.5), observe that §;5,¢ < ZZ o 0i+;¢, and apply
Young’s inequality for (discrete) convolutions: if v € ¢P(N) and w € ¢9(N), for some 1 < p < ¢ <
+00, then v+ w € £"(N) where r > 1 satisfies 1 +r~! =p~ ! + ¢~ and |Jv* w|, < ||Jv]p|lw], We
use it with r =2,p = 2,9 =1, vp = I ,,—17(k) and wy, = dyh. Q)

5 Proofs of the results

5.1 Gaussian concentration bound using coupling

All the GCBs obtained in this work are consequences of an abstract GCB proved in [6] for finite
alphabet processes. The point is then to have a good control on a certain “coupling matrix”, which
is what we do hereafter for stochastic chains with unbounded memory. We will state it in a form
more adapted for our purpose.

Initially we write f(of) — E[f(c{)] as a sum of martingale differences. Defining Vi (o) :=
E, [/ 1F)(0) — Eulf|Fet] (@), we have

n n

flog) — = (BulfIFR(0) = EulfIFral(0) = > Vilo).

k=0 k=0

Observe that B, [f|Fx] =3, | flotwiiy)n(wiyyllog), where u(Blog) := u(B N [og])/p([og]) for
all measurable sets B. Now, we will obtain an upper bound on V(o) based on coupling.

INote that we don’t have a convolution defined as usual, but one can readily check that the proof of Young’s
inequality works if we use } ;< u;vjy; instead of Y 7,5 o usvj_g.
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Lemma 5.1. For o0 € Al0=l a b e A, n>1, and j > 0, let u;’a’b be any coupling between
u(-lod ™t a) and p(|ol " b). For all k € [0,n] we have
n—k—1
Vi(o) <orf+ Sup, > v eys # Wirg) Ok fo
a,bec j=1
Proof. Following [6] we have for o € A"*! We have

= Zf(agwlrcl+l) (Wit |00 Zf 5t wy) [Wk”Uk D)

=Y floswii)ulwi]los) (5.1)
- Zf YW allog ™ wor)u(wnllog ™)
< ilelg Z Flogtawpy ) p([wit]lor ™ a)

—mfo o bwi)u(wialloy T o) u(willog ™)

< sup Z flogtawp)u([witllog " a)
e W1
522 Z f(o lbwk-i-l) ([WI?+1”U§_15)~ (5.2)
Wt

Let n; := a and wy, :=b. We have

[f(or ™ anpiir) = floybwiyy)l

i
E

k—1 k
< |f(UiC 1‘% +J77k+g) f("iC ! +j77lc+g+1)|
7=0
n—=k
Okt | Wiy s Aeonss }- (5:3)
§=0
Hence, from (5.2) and (5.3), we have
n - n o,a,br n n
) < sup Z [f(o5 taniy) = flog bwi ) v ([ Wit )

a, bEA

n—=k

o,a,b n n
< sup Z Z Okt i Ly sy Ve (Mg, wigal)
a,b€A ., n i—=0
M1 %kt I=

Uab
<Of+ S;lpA Z Ve (Mot j # Wietg) kg f-
a,be

This ends the proof of the lemma. O

16



At the end of the proof we used the notation [a?,,b7,] := {(w,n) € AZx A : w" =a

m7m

as a natural extension for denoting cylinder sets in A% x A%.

=b}

m777m

Theorem 5.1. For o € Al0®l o bec A, n>1, and k > 1, let I/Z’a’b be any coupling between
u(-lotta) and p(-|lob='b). Also, define

oo

r= Zsip sup sup vy (Mg # Wis)-
j=1 7

Forall0 e R, n>1 and f: A" — R we have

- 0%(1 + r)?
B, [o20] < o (PO ).

As a consequence, we get, for all u > 0,

u2
w(|f —Eulf]]l > u) < 2exp <_(1+f)2||5f|§) .

Proof. Define

Ui(e) = sup 3 f(ot ™ awitsn)nllofillot ™ a) — Bulf|Fir)(o)

and

(0) = inf Z flo 1bwk+1) ([Wk+1]|0k 1b) ;L[f|]:k71](‘7)~

beA
Wrtq

For k,j > 0, let us also define

a,b
Dy gy i=sup sup v “"(Meyj # Weiy)-

o abeA
From Lemma 5.1, we have
n—k n—k
Up — L <o f + Z sup sup v, (77k+j # Wit j) Ok f = Z Dy jeyj Ortj [ -
j=1 ¢ ®beA =0

Now observe that Ly < Vi, < L+ (U, — L), and thus, using Lemma 2.3 of [11] and then proceeding
as in the proof of Theorem 1 of [6] we get for all > 0

E, [eecf—wf])] < o ZUPLE 5 £

and, for all u > 0,

p(lf —EL[f]] = u) <2exp (—QUQ> .
s IDIZ 119113

Using the inequality | D||3 < ||D|1]|D||s < (1 + )2, we conclude the proof of the theorem. O
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5.2 One-step maximal coupling

Here we introduce what is called the one-step maximal coupling. We will assume without loss
of generality that A = {1,...,]A|}, when A is finite, and A = N when A is infinite. We will
define a probability kernel on p: A x A x X~ x X~ — [0,1] as follows. For (s,s’) € A x A and
(z,2') € X~ x X, we put

DY pleda,a’) =Y glelr) A Y gld]a).
c>s d>s' c>s d>s’
Let us denote by P the measure specified by the kernel p. The following equalities
Z Zp(c,d|x,x’) = Zg(c|x) and Z Z ple,djz,x') = Z g(d|z")
c>sd>1 c>s c>1ld>s’ d>s’
imply that P is a coupling of two copies of the process specified by g. It is called one-step maximal
coupling because it maximizes the probability of agreement (diagonal of the coupling) at each step,
given any pair of pasts,
p(s, sz, 2') = g(s|z) A g(s]z’).
In particular, notice that

> ple dw,a’) = 1= g(sl) A g(s]a’) Z\g sla) — g(s|2)|-

c#£d seA SEA

5.3 Bounding the coupling error by oscillation

We have the following important lemma.

Lemma 5.2. Take any x € X~. For all a,b € A, let P*%" be the one-step mazimal coupling
between P*® and P™. Then, for all j > 1, we have

PEsa:b (77j £ wj) < OSC] )+ Z OSC] k(g) P b (e # wr) .

Proof. We want to compute P*%?(n; # w;), which equals
3 P A P A il ),

yifl’z'lifl
Under the maximal coupling we have
o . 1 . .
P20 (n; # willyi ™21 71) < 52 |9(slzayi™") — g(slzbzi ).
seEA
Let yo := a and zp := b. We get for each s € A

i

i— 1
lg(slaayi™) = glslobzi™)| = | 3 glsled ui™) - glslesdyiih)|
=0
i—1
1 i—1
< | (s |37Z0 Y; ) —g(s |33750yj+1)|
=0
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Putting yo := a and zy := b, we have the bound

i—1
1 i— i
5 lglsloay™) = glsleb=™)] £ 7 1y, 42,) Oscis(9):
seEA 7=0
Hence
. ‘ i—1
Po(n Aw) S D B[ 2 ) D Dye,) Oscinj(9)
yi—l Lim1 7=0
1 11
i—1 ‘
= > PPyt 2 )y, e, Oscisji(9)
j=0 y;‘—17zi—1
i—1
= Z P*%([y;, 2;]) Osci—;(g)
J=0y;#z;
i—1
< Osci(g) + D PO (; # wj) Osci—(g)
j=1
which concludes the proof. O

The following result is a straightforward consequence of Lemma 5.2.

Proposition 5.1. For alla,b € A andx € X, let P*% be the one-step mazimal coupling between
P and P™. If A(g) > 0, then, for all n > 1, we have

- 1-A(g)
sup PP (n. £ w;) < ———22.
; a,beA (77] 7 j) A(g)
TEX™

Proof. From Lemma 5.2, we have

j—1
sup P*P (n; # w;) < Oscj(g) + Z Osc;_x(g) sup P™*° (ny # wy). (5.4)
i SR

Define vectors o and 3 such that for i > 1, a; = supapea P¥*° (1; # w;) and B; = Osc;(g). We

TeX
also define a matrix L such that for ¢ > j, L;; = Osc,—;(g) and L;; = 0 otherwise. Hence, from
(5.4) we have

a< La+ .
Therefore,
fally < W2l _ 2y Oto)
L= Ll 1*23':1 Osc;(g)
as we wanted to prove. O
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5.4 Proofs of Theorems 3.1 and 3.2

Proof of Theorem 3.1. In the statement of Theorem 5.1, for ¢ € Al9®l ¢ b e A, n > 1, and
k>1, let VZ’a’b be the one-step maximal coupling between pros e — P’”(~|a’0€_1a) and P*70 b —
P“’(~|J§_1b). In this case, for all x € X, Proposition 5.1 implies that 1+ r < A(g)~!, proving
Theorem 3.1. O

In order to prove Theorem 3.2, we will need the following lemma. Recall that T' denotes the shift
operator defined by (T'x); = x;41 and define the sequence of shifted measures P = P* oT7,5>1
in which P} = P* is the measure compatible with g started from the fixed past x € X'~.

Lemma 5.3. Let g be a kernel such that Varg(g) — 0 as k diverges and fix a past x € X~. Then,
the sequence of measures P}, j > 1 converges, by subsequence, to a measure i which is compatible
with g.

Proof. Let u® be a weak accumulation point of (Pf);, which is a measure on A%, For any n € 7Z,

by the reverse martingale theorem, there exists a set S,, c Al=on=11 of fyll p*-measure for which,
for each a € A
p ()| ) ) —— 1 (al F22D) ), Vo € S,

We will consider this convergence on the smaller set S, N7, where 7, C Al=2.n=11 denotes the
set of y's satisfying u”([y"'~;]) > 0 for any £ > 1. We can prove that u®(7,) = 1 for any n € Z.

Indeed, if we let, for any y € Al=o0n=U m(y) .= inf{¢ > 1: p®([y"~,;]) = 0}, we have

=Y p{yeAlorlimy) =i}) =>" > 1 (lyn=il) = 0.

i>1 21 yn— lm(y 71) i

This means in particular that p*(S, N7,) = 1.

Now, on S, N7, we can write u®([a]|F2~))(y) = p*([y"~,al)/u*([y'~;]). So to conclude the
proof of compatibility of u* with g, it is enough to prove that this ratio converges to g(aly) as ¢
tends to +oo, for any y € S, N 7T,. This is proven below using the facts that PJ converges by
subsequence to p*, and that Varg(g) — 0.

The convergence by subsequence tells us that there exists a subsequence nj,j > 1 such that
P;fj EN u*, where for n; > n —¢,

—1 —t—1,n—1 =1, n—1
Py (lwnia) = > Pt ynTi) glalz="3 " ynm)).
n—~0—1
z

—n

J

On the other hand, recalling the definition of Vary(g),k > 0, observe that

l9(aly) — glalzz"7""yn=)| < Varg(g).
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We now compute
i yn=ea) = lim P ([y5 =g a))

. —— — —— —
= lim > PR Ty TiDglalzn T )
n—~0—1
z .
—3J

< (galy) + Vare(g))lim Y Py ([2"; yn2)])

J anifl
—i

< (g(aly) + Vare(g)) lim P ([y;, 7))
< (g(aly) + Var(9)) u* ([yn—¢1)-

Naturally, we similarly obtain u®([y"~;a]) > (g(aly) — Vare(g))u®([y"~,]). Now using that Var,(g) —

ne
e
0, we obtain that for any y € S,, N T,,

. - (o)
(0l F 7)) = — 2 — g(aly).
1 [y =¢])
This concludes the proof of compatibility of u* with g. O

We are now ready for the proof of Theorem 3.2

Proof of Theorem 3.2. Let P* be the measure of the chain with kernel g starting from a fixed past
x € X7. Let T be the shift operator defined by (Tz); = x;41. We define Pf = P¥ o T3, If g
satisfies A(g) > 0 and |A| < oo, then by Theorem 4.6 of [18] g has a unique compatible measure,
which therefore has to be p. Because A% is compact (recall that we assume A finite for this
theorem), there is a subsequence of Py, j > 1, that converges weakly, and since A(g) > 0 we have
Var;(g) — 0 which, by Lemma 5.3, implies that the limit is a measure compatible with g. Since
the only compatible measure is p, all convergent subsequence converge weakly to p. This means
that the complete sequence, P, j > 1, converges weakly to u, i.e., Eps [h] = E,[h] for all bounded
continuous functions A : A=l — R. Moreover, we have that, for all B € F,,, PF(B) — w(B). For

o€ Alontil et f(0) = f(crg}"). Fix u € R. For all € > 0 there is a jg such that for all j > jg

w1 = Eulfll > ) < P7(1f ~Eulf]l > u) +e
ng(’f—IEpjz[f]’ >u—e)+e
=Pz(|fj—EPz[fj]\ >U—€) te

ol 2(u — €)? ) .
<2ep( ORI

where the last line is a consequence of Theorem 3.1 and because ||df||2 = ||df;ll2. Taking e — 0,
we conclude the proof. O
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5.5 Bounding the coupling error by variation

Fix y,z € A[7°001 Let P¥* be the one-step maximal coupling between measures P¥ and P? with
kernel g. We want to obtain an upper bound P¥># (n; # w;). To achieve this, we will use an auxiliary
process. Given x € X, let £(z) = inf{k > 1:2_; = 1} and ¢(...00) = co. Consider the kernel h
associated with g as h9 : {0,1} x {0,1}[=°=1 — (0,1) where h9(1|z) = gy, and ¢; = Var;(g).
For any = € {0,1}* consider the measure Pl constructed as in Definition 2.2 using h in place
of g. It is the undelayed renewal measure, and will be our auxiliary process. Recall the definition
of the projection functions 77, i < j given in Section 2, and put m; := 7! as the projection on the
single coordinate i.

Lemma 5.4. We have that, for all y,z € Al=°°01 and all j >0,
PV (n; # wj) < Pyl (mj = 1).

Proof. For any n,w in AZ, let 0;(n,w) := 1y, +#w,y for j € Z. By definition, for all j > 0, we have

sup P¥* (O'j =1l ' = 0,00 = 1) < Var;11(9) = ¢j+1-
y,z2€ Al—00.0]

By stochastic domination, we conclude that
P¥* (0 = 1) < Pil(m; = 1)
as we wanted to prove. O

Lemma 5.5. Let y1(g) = Varo(g) and for k > 2, vi(g) := Vari_1(g) Hf:_(?(l — Var;(g)). If P!
be the measure specified by renewal kernel h9 starting with xo = 1 then, for all j > 1, we have the
renewal equation

Pt (1 = )+ Z’yj g) Pt (m, = 1).
Proof. We want to compute (for any i > 2 we denote by 0° the string 00...0 of i consecutive 0)
€T T j—1 ) — T j—1
Pil(mj=1) =P (mj=1,m ' =0+ Y Pl(m=1m,, =0" i =1).

For k > 1, we have that

Py =17 =0 e =1) =P (my = 1m) =0 = 1)
< ] Pimi=orii, =0"" i =1)
i=j—k+1
k—2
= Vary_1(g) [[ (1 — Vari(g)) P (mj—x = 1)
=0

=(g) Pt (mjx = 1)
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where we used the convention H;:lo = 1. Similarly,

ngl(ﬂj = ].,71'{71 = Oj_l) = ")/j(g)

Therefore, we have
Pit(mi =1) < (g +Z’7k (ke = 1).

Using the symmetry between the indices k£ and j — k in the summation, we conclude the proof. [

The next result is a direct consequence of Lemmas 5.4 and 5.5.

Proposition 5.2. For all y,z € Al=01 [et PV% be the one-step mazimal coupling between PY
and P*. IfT(g) = [[;2,(1 — Var;(g)) > 0, then, for alln > 1, we have

~ 1-T
sup By £ wy) < 2oL
=1 y,z€Al—o,0] F(g)

Proof. From Lemma 5.5, we have

Pt (my = 1) = (9) + Y vj-k(9) P (m = 1). (5.5)
k=1

Define vector a such that for j > 1, aj = PP (m; = 1). We also define a matrix L such that for
i>j, Lij = vi—j(g9) and L;; = 0 otherwise. Therefore, from (5.5) we have

a< La+ .
Therefore, _
el < [l _ Z;il Var;_1(g) H;c;?)(l — Varg(g)) (5.6)
1S = = — . .
L=|[Llh 1—=3%2, Var;_1(g) TTi_5(1 — Vark(g))
Because
j—2 j—2 j—1
Var;_1(g) [ [(1 = Varg(g)) = [[ (1 = Vark(g)) = [] (1 = Varx(9)),
k=0 k=0 k=0
we have
oo Jj—2 oo )
> Varj_i(g) [ [ (1 = Vark(g)) = Varg(g) — [J (1 = Varx(g)) < 1= JJ(1 = Vare(g)).
j=1 k=0 k=0 k=1
Therefore, from (5.6), we get
1-T12 Var (g
||a||1 < lo_o[k_O(_ k( ))
Hk:o(l Var(g))
From Lemma 5.4, we have that
sup  PY*(n; #w;) < 7'('] =1),
o1 yreAl=o0] =
which concludes the proof. O
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5.6 Proofs of Theorems 3.3 and 3.4

Proof of Theorem 3.3. We proceed exactly as in the proof of Theorem 3.1, substituting A(g) by
'(g). O

Proof of Theorem 3.4. Let p be a measure compatible with g. Let also o € A%l g be 4, n>1,
and k > 1. Let first define a coupling VZ’a’b between u(-loa'a) and u(-|on—'b). For all z,y € X,
let P7¥7*" he the one-step maximal coupling between P*(-|of~1a) and PY(-|ok~'b). We define

o,a,b ,Y,0,a,b — —
vy () = /X* / ) Pyt (~)p(dx|a§ 1a)u(dy|a§ 1a).
From the definition of the above coupling, we have

o,a,b z,y,0,a,b
sup sup sup vy (1l4j # Wk+;) < sup sup sup sup Py (Mhetj 7 Wh+j)
k o a,b k o ab zy

< sup  PYF(n; £ wj)
y,z2€ Al—00.,0]

where PY* is the one-step maximal coupling between PY and P?. Using Proposition 5.2 and
Theorem 5.1, we conclude that 1+ r < T'(g)~! and GCB holds, as we wanted to show. O

5.7 Proof of Theorem 3.5

We first need to define two properties: the positive divergence property, and the blowing-up prop-
erty.

Definition 5.1. We say that an ergodic measure . on A% satisfies the positive divergence property
if for any ergodic measure v on A” different from p we have
1 v,
liminf ——E,, {log n} >0
no n+l Hn
where pw, = plF, and v, =v|x,.
We now state two propositions that we will use to prove the next theorem.

Proposition 5.3. Let g be a kernel such thatinf,c 4 ,ex- g(alx) > 0 and lim; Var;(g) = 0. Suppose
that there are two distinct ergodic measures p and p compatible with g. Then the positive divergence
property does not hold.

Proof. Let pu be an ergodic measure compatible with a kernel g, and v another ergodic measure
compatible with a kernel h. Assume that lim; Var;(g) = lim; Var;(h) = 0 and inf,c 4 zcx- g(alz) >
0, infye 4 zex- h(alz) > 0. We have

g Tl - g D
B e 22| = oy e i v

:/ 1 Zlog :E[ij}:i?_ ) +log :([io]) l/(dxﬁoo)
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where the last equality uses shift-invariance of the measures. By uniform continuity of g and h we
have

IOg V([:COH‘T:Jl) j—oo IOg h(l‘)
p([zoll2=5) 9(z)
uniformly in z, and therefore
J— v([zo] 30:1-) n—oo h(z)
log — log 5.7
n+1 32:31 ﬂ([moﬂﬁ_;) g(x) (5.7)

uniformly in 2 by Cesaro lemma. By the dominated convergence theorem we conclude that

1 . h
lim E,, [1og ”] —-E, {log ] .
n n+1 ) Mn g

Therefore, if g = h and if there are multiple ergodic measures compatible with g, then there cannot
have the positive divergence property. Indeed, if v is an ergodic measure compatible with g but
different from g, then the r.h.s. of (5.7) is equal to 0, which violates the positive divergence
property. O

For all n > 0, define the normalised Hamming distance between w and o on A"*! by

1 n
dy (0, w) = 1 Z 1 s} - (5.8)
=0

For F C A" and € > 0, (F). denotes the e-blowup of F, that is
(Fye ={o € A" . d,(0,w) < e for some wy € F}.

Definition 5.2. An ergodic measure y has the blowing-up property if given ¢ > 0 there is a § > 0
and ng such that if n > ng then p((F)¢) > 1—e, for any subset F C A" for which p(F) > e~ (19,

We make a slight abuse of notation by writing pu(F') instead of u, (F'), or, stated differently, we
use the same notation for a subset of A”*! and the union of cylinders it generates.

Proposition 5.4. Suppose that p is a probability measure which satisfies GCB with a constant C.
For any n >0 and any F C A" such that u(F) > 0, we have

W(F)) > 1—exp |~ <e—2 W) (5.9)

4C n+1

Clog(u(F)~1)

1 . In particular, p has the blowing-up property.

whenever € > 2

Proof. Let n > 0 and f(wf) = inforep > 1" L{s,u,}- It is obvious that §;f = 1 for i = 0,...,n.
Since p satisfies GCB with a constant C' by assumption, we get from (2.5)

u(f > E,lf] + ) < exp (‘40<Z+1>) Cuso

25



We now derive an upper bound for E,[f]. We use (2.4) with —60f, where § > 0 will be fixed later
on, to get
exp(0E,[f]) E.[exp(—0f)] < exp (CO*(n +1)).

But, by the very definition of f, we have

E,[exp(—0f)] > E,[exp(—0f)1r] = u(F)

Hence, combining the two previous inequalities, taking the logarithm, and dividing out by 6, we
obtain

Eulf] < jnf {C(n +1)0 + %log (u(F)‘l)}

which gives

E,[f] < 2y/C(n+ 1) log(u(F) 7).
To finish the proof of (5.9), observe that u(f > €) = p((F)°).

€

Now, if we fix € > 0 and take F' such that u(F) > exp(—(n + 1)d), for some 6 > 0 to be chosen
later on, subject to the condition € > 2v/C§, we get from (5.9) that, for all n > 0,

w((F)e) > 1—exp <—TT01 (6—2\/@)2> .

We now take § = €2/(4C') which gives

p((Fe) 21 —e
for all n > ng := |4 2log(e~1)]. We thus proved that GCB implies the blowing-up property. [
We are ready to prove the following result, which is of independent interest.

Proof of Theorem 3.5. If inf,c 4 yex- g(alxz) > 0, then the alphabet has to be finite (see Remark
4.1). It is proved in [37] that, for finite alphabet ergodic stationary processes, the blowing-up
property implies the positive divergence property. But by Proposition 5.3, we cannot have the
latter property since we assume that there are at least two ergodic measures compatible with the
kernel. Hence the blowing-up properties does not hold. But then, by Proposition 5.4, we cannot
have GCB. O

5.8 Proof of Theorem 3.6

Recall the definitions of g, the kernel of the renewal measure p, and the distribution f,,,n > 1 of the
distance between consecutive 1’s. In order to prove Theorem 3.6 we will use a well-known relation
between the renewal process and an N-valued Markov chain. Indeed, let F : N¥ — {0, 1} be the
deterministic coordinate-wise function defined by (F (U))i = Tpgj(0:),i € N. We refer the reader
to [40], where in particular it is explained that p = v o F~! where v is the Markov measure with
transition matrix @ given by

Q(m,O)zl—Q(m,m—i—l):Z:mef_, m > 0.
i>m+1J?
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Proof of Theorem 3.6. We start by proving sufficiency. Suppose first that > f,r"™ < oo for some
r > 1. Then the time 7° separating two consecutive 0’s for the Markov measure v has distribution
fn,m > 1, by construction. Therefore, E, o [’/‘TO] < oo for the same r, where E, o denotes the
expectation with respect to the measure of the Markov chain initiated at state 0. Following [40],
this characterizes v as a geometrically ergodic Markov measure (in fact, it is equivalent, see [40,
Theorem 15.1.4]). Using the result of [10], we conclude that v satisfies GCB, and, as a coordinate-
wise image of v, the renewal process p also has GCB. This last step is a consequence of [33, Theorem
7.1].

We now prove necessity. Suppose that u satisfies GCB. Then, for some sufficiently small ¢ > 0,

p([0"FY)) = p ({w: ni 1 ZWi = O})
<u ({w: nilgwi —u([1]) < —“%”})

< e—CTl

On the other hand, by stationarity

a0 = 37 (o) = p(@) S0 N =) Y £

i>n+1 i>n+1 j>1 i>n+1

This means that p([1]) >, fi < e~“" which implies that > f,r" < oo for some r > 1. O

5.9 Proof of Theorem 3.7

Take an arbitrary € AN and for n > 0 define f,(w) = f(winS,). By construction we have
Ilf = falloo < var,(f) — 0. Now, for each ¢, §;(f — fr) goes to 0 when n — oo since for all n > i it
is easy to check that

0i(f = fn) < 2vary(f).

We have the inequality
(0 (f = fa))? < 4(0if)*, Vi,

Therefore, since ||df]|2 < oo by assumption, we can use the dominated convergence theorem (for
the counting measure on the set of nonnegative integers) to get

16Cf = fa)ll2 = 0.

Finally, using GCB for f,,, and the obvious fact that §;(f + g) < §;f + d;g, we get

E, [efflEu[f]} <E, [efvrﬁu[fn]] 2l F=Fallos
< ClIEFnll3 211 f = Fnlloo

< ClFIZ 2NN = Fn) 2 (LIS = Fa)lIE 211f = Fnlloo

where the third inequality follows by writting f, = f, — f + f and expanding (§;(f, — f + f))?.
The result follows by letting n tend to infinity.
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5.10 Proof of Theorem 4.1
Define f = ||pn,x — plloo- For all n > 1, we have ||df||2 = 1, hence, from Theorem 3.1, we have
plllpnge = Pllsc = Eplllons = pllsc] > u) < exp (=2(n — k +2)I(g)*u?) . (5.10)

Therefore, to prove Theorem 4.1, we only need to find a good upper bound for E,[||pn.x — plloc)-
Here, we follow the argument used in [32]. By Jensen’s inequality, and since E,[p, x(0)] = p(o),
we have

Epulllns = ploo))” < Ep[llpns — pll%]

<Ep | 3 (puil0) - pl0))?

a€cA

< Y (Bulpk()?] = pl0)?). (5.11)

ocAlL.k]

We remind that, for all S C Z and o € A%, we define the projection function associated to all
indices i,j € S, j <1, by w;(o) = 0;. For all ¢ € AV we have

E, [ﬁn,k(U)Q]

1 [ n—k+1 2
_ i+k—1
= k2 (Z Loy o )

L =0
1 (k41 n—k+1j—1
_ itk—1 itk—1 j+k—1
=g aE e | 2 Hmem T T A2 ) ) (g o T (Mg o my )
i=0 j=1 =0
p(o) AR "
_ z-‘rk: 1 J+ -1 —
n—k+2+( k-+2 Z ZM - o)
j=1 =0
p(a) n—k+1j5—-1
—_ J+k 1 _ @+k—1 _
n—k—l—2Jr n—k:—i—2 jzl gp a|7rl o)
p(o) Sl ‘
j+k—-1 _ i+k—1 __
< s TR 2 2 A ple) + nlay ™ = ol = o) = o))

28



Now let j* = max{j,i+ k}. For all a € A,

k—1 ik
u(x] T = o|m T = o) — p(o))|
< swp (e = P ) = ) (T = T )t g
G AlLK]
j—i—1 j—i—1 - j—i—1 j—i—1
= sup |u(7r;*_li_k = ﬂg*_li_k(o)\w_i =0)— [L(?T;*_Zi_k = 7'(';*_21»_ (o )\W_k =0)|
GeAlLK]
j—i—1 1 j—i—1 j—i—1
< sup |Pm(ﬂ;*—li—k ﬂ]*—lz k(o)) = Py(ﬂj*—zi—k = ”J*—lz k(9))]
T, yeX ~
1 1
S sup ]Pﬂ’,y(nj* lz k #wj —lz k)
z,yeX ~

j—i—1

< sup > PTY(ne # wi)

T, yeX — l=j*—i—k

where P%¥ is the one-step maximal coupling between P* and PY. Observe that j* —i — k =
max{j — i — k,0}. Coming back to the estimation of E, [, ,(c)?], we have

E,u [ﬁn,k(g)z]

p(o) n—k+1 j—1 i1
< ey
Shktr2 n—k+2 221 Zp (P(U)+ sup Z P (W?’éwe)>

—k k

j i=0 TYEXT pmax{j—i—k,0}
< ‘nif(gl 5 T p(o)? QpE?nk + 2; : :,L_O Lmax;_zk%;ﬂ’o} zilelg_ P%Y (ny # wy))
< nf(71<j‘)4—2 +plo)* + % i: z;gg}?w’y(m # w;)
< p(o)? + 2p(0)k

(n—k+2)'(g)
where we used Proposition 5.2 in the last inequality. Finally, we obtain from (5.11) that

A 2k
Eulllons = plloel <[ o5 5 27

which is the desired bound. Combining this bound with (5.10) and rescaling v in an obvious way,
we finally obtain (4.1).

5.11 Proof of Theorems 4.2

Recall the definition (5.8) of the Hamming distance between w, o € A®"]. The d-distance between
two probability measures ji,,, v, on A0 is

A(pn,v) =inf Y~ dn(0,6)Pp(0,5)

o,0€AnTtL
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where the infimum is taken over all couplings P,, of u, and v,,.
Consider functions f : A"™! — R such that, for j € [0,n], §;f < 1/(n+ 1). Such functions are
1- Lipschitz with respect to the Hamming distance because for all o,n € A™+!

n 1 n B
|f(o) = f(n)] < Z((ij) Lo, 2n,1 < n+l Z]l{f’j#ﬂj} = dn (0, 7).
=0 i

Let g be a kernel and p a compatible measure satisfying the conditions of the theorem. Then,
Theorems 3.2 and 3.4 state that, for such functions, for all 8 € R and n > 0,

-2 1 —1p2
E, {eauﬁa,‘m)} < exp (W) .

The main observation is that this is equivalent, according to [2, Theorem 3.1], to having

- 1 1 Vp,
dn ny Hn S %) 7EV 1 -
(vt C\/Q(HH) " {Ogun}

where p, = p|r, and v, is any probability measure on A"*!. Consider now the measure v
compatible with h as given in the statement of the theorem and let v, be v|z,. We have by
stationarity [43] that

Ci(M, V) = hgln Jn(ﬂna Vn)-

So the proof of the proposition is concluded since we have that (recall the proof of Theorem 3.5
above)

1 v h
lim——E, |log—=|=E, |log—|.

n n n
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