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Large Deviations for Probabilistic Cellular
Automata II

A. Eizenberg' and Y. Kifer?
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We obtain an upper large deviations bound which shows that for some models
of probabilistic cellular automata (which are far away from the product case)
the lower large deviation bound derived in Eizenberg and Kifer J Stat. Phys.
108: 1255-1280 (2002) is sharp, and so the corresponding large deviations phe-
nomena cannot be described via the traditional Donsker—Varadhan form of the
action functional. For models which are close to the product case we derive
approximate large deviations bounds using the Donsker—Varadhan functional
for the product case.
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1. INTRODUCTION

Let X,, t e Z*, be a time homogeneous Markov chain with a compact
metric phase space I'. Denote by M (I') the set of the probability Borel
measures defined on I'" equipped with the weak topology. Consider the
sequence of occupational measures

T-1
1
cT=FZS(Xt), TeZ, (1.1)
=0

where § (x) is the unit measure concentrated at a point x €. Due to the
well-known results of Donsker and Varadhan (7-9), under certain con-
ditions the asymptotic behavior of the occupational measures ¢y obeys
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the large deviations principle with the action functional I : M (") — [0, o0]
defined for any ve M(T") by the formula

I(v)=—inf {/ log <M> v (dx): feul} , (1.2)
r f(x)

where U is the set of positive continuous functions defined on I'. More
precisely, if the Markov chain X; is a Feller processes, then for any closed
with respect to the week topology subset K of M (T'),

In P, K .
lim sup w <—inf I(v) (1.3)
T—00 T vek

uniformly with respect to x € ' (see, for instance, ref. 8). Moreover, it is
known that under some additional conditions, such as, for instance, the
existence of continuous densities for transition probabilities of correspond-
ing Markov chains or, more generally, certain uniformity conditions for-
mulated in ref. 10, or irreducibility conditions formulated in refs. 1 and 2,
the following lower large deviations bound:

In P, .
liminf BB UTEUY S e T (1.4)
T—00 T veU

holds true for any open with respect to the weak topology subset
U of M(I') and for each x e ' (see also refs. 6, 10 and 16). Note
that under the Ilatter conditions, the lower and upper bounds have
the same rate functionals so they are optimal for the corresponding
class of processes, and, moreover, they are uniform with respect to x €
I, or at least independent of the initial distribution of the Markov
chain.

However, as it was pointed out in ref. 14, such assumptions, fre-
quently, are not satisfied for a large class of Markov chains, usually called
probabilistic cellular automata (PCA), arising, for instance, as models
describing large system of automata or some interacting particle systems
(see, e.g., the earlier works on PCA such as refs. 19 and 20, as well, as
later papers: refs. 4, 5, 17 and 18). Moreover, we have conjectured in ref.
14, that for some natural examples of PCA the uniform lower bounds (1.4)
given by the Donsker—Varadhan action functional are not valid, while
the upper bounds (1.3) are not optimal (although they are surely valid),
and they can be improved by means of some alternative action functional
depending on the initial distribution of the Markov chain. Our conjecture
was supported only by some preliminary example (see Example 2 on page
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1272 of ref. 14), where the Markov chain has an unique invariant mea-
sure and the Donsker—Varadhan lower estimates failed only due to certain
degenerations.

Still, suggesting in ref. 14 the possibility of large deviations of a non
Donsker—Varadhan type we kept in mind, mainly, situations where the
Markov chain has more than one invariant measure. In such situations
the following legitimate question arises. Let po and u; be two different
ergodic invariant measures of the corresponding PCA and U(u) is some
neighborhood of w such that wo¢ U (1), then due to the ergodic theorem

Tlgnw Puof¢reU(uy) } =0, (1.5)

where P, is the probability distribution in the path space of the Markov
chain X; with the initial distribution pg. We find it interesting to estimate
the rate of convergence of P,,{¢r € U(u1)} to zero, in view of the fact that
the Donsker—Varadhan type upper bound (1.3) becomes useless in this situ-
ation, since /(v) =0 for any invariant measure v of the Markov chain (see,
for instance, ref. 8). This question is quite natural in the dynamical systems
setup (which can be viewed as very degenerate Markov processes) where
often there exist a lot of ergodic invariant measures (see ref. 16). In Section
2 we will formulate some general assumptions on Markov chains such that
the rate of convergence of P, {¢7r €U(u1)} to zero is exponential and it
depends on the initial distribution and formulate there our general results
describing this phenomena. We will apply these results to PCA in Section 3
postponing their proof till Section 5. In Section 4 we provide a specific class
of non-trivial examples of PCA (introduced by Wasserstein in ref. 20 for a
different purpose), where lower bounds of the Donsker—Varadhan type are
not valid. Moreover, we will show that for this model the lower bound of
ref. 14 together with the upper bound derived here give the optimal large
deviations estimates. On the other hand, in Section 6 we will describe a
class of PCA, which includes, in particular, the direct product of finite Mar-
kov chains, where the large deviations can be fully described by means of
the Donsker—Varadhan action functional defined in (1.2). Finally, in Section
7 we will obtain approximate large deviation estimates for Markov chains
which are small perturbations of the product Markov chain considered in
Section 6.

2. THE MAIN RESULTS: THE GENERAL CASE

All the results of the present paper are derived under the following
basic assumption:
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A0. The process X;, t €Z™, is a time homogeneous Markov chain on
a phase space(I’, %), where I" is a compact metric space, and % is the
Borel o-algebra of T'.

However, to obtain our upper large deviations bounds we should confine
ourselves to the Markov chains possessing the following special property:

Al. There exist a measure o€ M(I") invariant with respect to the Mar-
kov chain X, and a sequence of finite open partitions A of I' such that
uo(A) >0 for each Ae Ay, k>1, and for each £ >0 one can choose a
sequence of positive integers 7 (k, €), k > | satisfying the following conditions:

.tk e)
lim =
k— 00 k

1

and for any integer n, k> 1, and for any sequence f; : ' >R, 0<i <n, of
A -measurable functions,

Ey, l_[ fi (Xitwe) | <A+9)" l_[ Eu fi

0<i<n 0<in

Remark 2.1. In Section 3 we will describe a class of PCA for which
these assumptions hold true.

As it was pointed out in section, the purpose of this paper is to
obtain certain large deviation estimates for the occupational measures ¢r
of the Markov chain X, by means of the family of action functionals S,,:
M () — [0, oo] introduced in ref. 14, where p is the corresponding initial
distribution of X, . For readers’ convenience we will provide the indepen-
dent definition of S, here.

Recall (see ref. 11, Section 2.3), that for any two measures wi, Uy €
M () and each finite Borel partition A={Q1, Q», ..., Q,} of T the rela-
tive entropy of the partition A with measure (1 with respect to p, is defined
by the formula

w1 (Qi)

2.1
w2 (Qi) @D

Hyy iy (A) =" p1(Q;) In

i=1

provided p1(Q;) =0 whenever ©y(Q;)=0, and setting Hy, ., (A) =00, oth-
erwise . Now we can define

. 1
Suz(ﬂl)th sup — Hy i, (A ) 2.2)
k— 00 k

for any w1, uo e M(I).
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Remark 2.2. Observe, that our definition, generally speaking, dep-
ends on the choice of the sequence of partitions A ;. We will return to the
discussion of this important point later in this section.

The most general upper large deviations bound of the present paper
is the following result whose proof will be given in Section 5.

Proposition 2.1. Suppose that a Markov chain X; and a measure
wo € M(I') satisfy the assumptions A0 and Al. Then for each ue M(T)
such that S,,(u) <oo and each >0 there exists an open neighborhood
U(u, ¢) of u such that

In P,
Jim sup n Py {¢rel(u, e}

m s T <= (S () —¢).

Moreover, if S,,(n) =00, then for each N >0 there exists an open neigh-
borhood U (i, N) of u such that

In Py{¢relw, N} _

lim sup <—N.

T—o00 T

Note. Let us emphasize the fact that p is an arbitrary probability Borel
measure, not necessarily invariant with respect to the Markov chain.

Corollary 2.2. Suppose that a Markov chain X, and a measure ug €
M (T) satisfy the assumptions A0 and Al. Then for any closed with respect
to the weak topology subset K of M (I"),

In P K
lim sup 2 T €K} g ) 2.3)
T—00 T vek
Proof. The statement follows from Proposition 2.1 in the standard
way using the compactness argument. |[i

Remark 2.3. 1In order to show that the estimates provided by Prop-
osition 2.1 and Corollary 2.2 have any significance, we must demonstrate
some example of a Markov chain X; and of measures g, € M(I') such
that S,,(u) > I (), while this Markov chain and the initial distribution wg
satisfy the assumptions A0 and Al. More specifically, as indicated in Sec-
tion 1, our upper bounds could be especially useful when w is an invariant
measure with respect to the Markov chain X,, since in this case 7 (u)=0,
and, therefore, the Donsker—Varadhan type upper bounds are ineffective.
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Therefore, we have to provide examples, where w is an invariant measure
with respect to X,, while S,,(u) >0. In Section 3 we exhibit a natural
class of PCA, where this happens to be true. Yet, the most accomplished
results are achieved when u is an ergodic measure of the Markov chain
X,, since in this case we can apply our lower bounds provided in ref. 14.

Recall, that in ref. 14 we derived our lower bounds for a rather gen-
eral class of Markov chains assuming the following conditions:

H1. There exists a sequence of finite open partitions Ay of T', k> 1,
such that Ay <A, for each k>1, and maxsep, diamA — 0 as k — oo (
in particular %8 is the minimal o -algebra generated by partitions Ay, k>
1);

H2. For any k>1, xel', Be Ay,

P (x,B):=P, (X;€B)>0. 2.4)
H3. For any k>1, Ae Ay, BeA,,,, x,y€B,
P(x,A)=P(y,A). (2.5)

Under this general framework we proved the following lower bound
closely related to the subject of the present paper.

Proposition 2.3. Suppose that a Markov chain X, satisfies the con-
dition A0 and the conditions HI-H3. Let u be an ergodic invariant mea-
sure with respect to the chain X,. Then for any initial distribution g and
for any open with respect to the weak topology neighborhood U of u we
have

Puo{ér €Uy Zexp(—(S,, () +8)T)
provided T > T (3).
Proof. 'This is, actually, Corollary 3.2 of ref. 14. |

Remark 2.4. It was pointed out in ref. 14 that traditional PCA
models considered, for instance, in refs. 4, 5, 15 and 18, satisfy our condi-
tions H1-H3 (and, clearly, the condition A0).

Remark 2.5. As we have observed in Remark 2.2, the value of
the functional S,,() depends, generally speaking, on the choice of the
sequence A (while this sequence, clearly, could be chosen in a more than
one way). Therefore, in order to provide the large deviations estimates
of Propositions 2.1 and 2.2 in their strongest version, one should try to
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pick up the partitions A in such a way, that the both propositions hold
simultaneously, bridging the gap between the upper and the lower bounds.
Keeping in mind this observation, we will formulate our main result.

Introduce some metric on M(I') generating the weak topology. Let
Us(n) be the ball of radius § >0 (with respect to this metric) centered at
nweM(r).

Theorem 1. (the large deviations principle for the ergodic mea-
sures). Suppose that a Markov chain X;, a measure uo€ M(I"), and a
sequence of finite open partitions Ay of I', k > 1, satisfy the conditions
A0, A1 and H1-H3. Let u be an ergodic invariant measure with respect
to the chain X;. Then

In P U, In P U,
lim limsup — woler €UsQu} o oo 10 Puglér €Us(u) }
=0 Tooo T 8—0 T—o0 T

= — Syuo(1).

Proof. The statement follows immediately from Propositions 2.1 and
23. 1

3. APPLICATIONS TO PCA

In this section we will apply our general results to some traditional
PCA models. In order to make the present paper more self-contained,
recall the general model of PCA considered in Section 4 of ref. 14, where
we followed the approach of refs. 4, 5, 15 and 18. Namely, let K be a finite
set. Set F:sz for some d > 1. For any ® C ®; cZ let mp : K®1 > K®
be the natural projection. For any ¢ € K® set

Ap (@) ={y el mo(y) =0} (3.1

Clearly, for any finite ® C Z¢ the subsets {A¢ (¢) : ¢ € K®} form a finite
partition of I". Moreover, the family of sets Ag (¢) for all possible ® and
@€ K® serves as a sub-base for the standard product discrete topology on
" metrizable in the usual way. Namely, for any z=(z1,..., zq) €7 intro-
duce the norm ||§|| =max|;<q |zi|. Then the product topology on I is
induced by the metric

p(y. =3 25 @,y @), v.yer (3.2)

ze74
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where 5(si,s2) =0 if s; = s, p(s1,s2) =1 otherwise, for any si,sy € K
(considering a configuration y € I' as a function y : Z¢ — K). It is well
known that T equipped with the metric p is a compact. We assume that a
I'-valued Markov chain X;, t € Z™", satisfies the following conditions:

C1. For any ze€Z“ a finite neighborhood N(z) C Z% of z is defined
together with a local transition kernel PZ: KN®@ x K — (0,1). More pre-
cisely, for any ne K¥N®@ a probability distribution PZ(n, -) is defined on K.
Recall that the elements of N(z) are called the neighbors of z ez;

C2. The transition probability kernel P(-,-) of X; has the following
property: for each x eI" , each finite ® C Z¢, and each g € K®,

P(x, Ao (9) =[] P2(rn () (). (D). (33)

zed

C3. There exists an integer no>1 such that for each z e74,
N(g)g[g'eZdzug—g’”gno}. (3.4

Remark 3.1. Notice, that the condition C1 includes, in particular,
the fact that P(n, z) >0 for any ne KN@, 5 € K. Clearly, this fact,
together with C2 yields P(x, Ag (¢)) >0 for any x €I, each finite & C Z¢,
and every g e K®.

Remark 3.2. It has been shown in ref. 14 that PCA model satisfying
the conditions C1-C3 automatically satisfies the conditions A0 and H1-
H3 formulated in Section 2 of the present paper provided the sequence of
partitions Ay is properly chosen, which can be done in a natural way. Now
we are going to show that one can choose the sequence Ay, k> 1, in such
a way that the assumptions AO and Al are satisfied, provided the condi-
tion C3 is replaced by some more restrictive condition C4 (see below in
this section). However, as we have pointed out in Remark 2.5, in order
to obtain the optimal value of the functional S,,, (u2), that is, to meet the
conditions of our Theorem 1, one should choose the sequence Ay, k>1,
in such a way that the assumptions AQ and Al are satisfied simultancously
with HI-H3. We are going to show that such a choice is possible for some
classes of PCA. Still, we will have to choose our sequence of partitions in
a slightly more complicated way, than in ref. 14.

Since our main purpose is to illustrate some concrete application of
our general results, we will restrict our consideration to the case when
d=1, that is, ' = K%. Consequently, we should adapt our notations to this
case.
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Notations. For y € ', z € Z denote by y, the z coordinate of y.
For any given a < b € Z denote [a, b]={z€Z:a<z<b} and T =
Kla-bl - then Ta,b] is the natural projection from T' to T4 ). Simi-
larly, if [a, b] C[a1, b1] where a1 < by € Z, we will denote by n[, 5 the
natural projection from TI'[4 p,] to I'[q, 5. More precisely, for each y =
(cors V21,70, V1> - ) €T O Y =Vay s Vay 415 -+ » Vby) €Ly, ] ONE has

Ta,6](V)=(Ya»Ya+1s---» Vb)-

For the sake of simplicity, we will also use the notation m, =, 4. Finally,
similarly to (3.1), we will use the notations

A, ) (@ ={y €T 74 51 () =0} (3.5)

for any given ¢ €'y, 5], a < beZ and

Ag(s)={yel:m, (y)=s)

for any given s€ K , a €Z.

Remark 3.3. Let B be the Borel o-algebra of I'. Clearly, the family
of sets A[,, p) (@) for all possible ¢ €', ), a < beZ generates B.

The main condition of this section is

C4. The phase space I'= K%, that is d =1. Moreover, there exists an
integer ng>1 such that for each z€Z,

N@)=[z+1, z+ng]. (3.6)

Remark 3.4. Observe, that the condition C4 yields C3. A sim-
ple class of PCA satisfying the conditions C1, C2 and C4, with K =
{0,1}, no =1, was introduced by Wasserstein in ref. 20 for a different
purpose. Later, it was pointed out by Follmer in ref. 15, that, in some
cases, Wasserstein’s example permits infinitely many invariant measures.
This example plays an important role in this paper and it will be described
in details in the next section 4.

Now we reformulate the conditions C1, C2 and C4 in the form more
suitable for our purpose. Let d=1, K ={s1, $2,..., Sm,}, then C1, actually,
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means that for any z€Z, ne KN@ we are given a finite sequence of num-
bers P*(n, s;;) >0, 1 <m <myg, such that Zl<m<m0 P*(n, s;»)=1. More-
over, by C2 and C4, one has

P(y, A, 5) @) = Py {70, 5) (X1) =0}

[T P (7t c4ng - @) 3.7)

z€la, b]

for any y €T, ¢ = (¢a,0a41,---> 9b) € T4, 5], a, b € Z. In particular,
when a =b, the formula (3.7) takes the form

P, {ma (X1)=s}=P" (ﬂ[a+l,a+n0]()/)a S) (3.8)

for any y €', se K.

Remark 3.5. Due to Remark 3.3, the Markov chain X, is, actually,
completely defined by the formula (3.7), and, moreover, this formula is
equivalent to the conditions C1, C2 and C4.

Notice, that by (3.7), for all a, beZ, for each ¢ €T'[4, 5], 1 €T [at1, b4n] »
and for any y,y € A[a+l,b+no] m,

P(y, Aa,n) () =P (7, Aja,5 (9)), (3.9)

which enables us to introduce the notation

P(n, Ala, 5] (©))=P(y, A4, 5] (@) (3.10)

for each n€Tla41,b4ny) » Provided y € Ajgi1, p4ng) (1)-

The main purpose of this section is to show that the Markov chain
X, satisfying the conditions C1, C2 and C4 automatically satisfies the con-
ditions of Section 2 (provided the corresponding sequence of partitions is
properly chosen), which will allow us to reformulate our general results
for the specific situation described in the present section. However, first
we should prove some auxiliary result concerning our chain X,, which is,
actually, a generalization of the formula (3.9).

Proposition 3.1. Let X; be a Markov chain satisfying the condi-
tions C1, C2 and C4. Let a, beZ, t€ZT, and ¢ €T4 b1+ 1€ Dlatr, b+ing] »-
Then for any v,y € Apatr, b+1no1 (M),

Py {mia, ) (X0) =0} = Py {0, 51 (X) =0} . (3.11)
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Proof. For t=1 the formula (3.11) coincides with (3.9). Now we can
complete the proof by induction in r € Z". Indeed, suppose that the state-
ment is true for some 7€ ZTand for any a', b’ €Z, each ¢ €[y}, NE
Ula'41,b'+1no) and every y .,y € Aja'4+, b'+1no) (). Then for any given a, b e

Zy © € T1a,b]> M € Tlag141, bang+tng) and all y .,y € Afapi4s, b+(141)ne] (M)
by the Markov property and the notation (3.10) we obtain, setting

a =a+1, b =b+ng, that

Py {74, 6) (Xi41) = 0}
= Y Py { Tt bing) (X)) =0} P(@, Al ) (9)

w/er[aJrl. b+ng]

= Z Py ATas1, b1no) (X)) =¢"} P( @', Al b1 (9))

9" €l a1, b1ng]

=Py {7051 (Xir1) =9} 1

Remark 3.6. Due to the last assertion, we can introduce the follow-
ing convenient notation :

Pl o, 1) =P, {11451 (X)) =9} (3.12)

prOVided Yy € A[a+[, b+t ng) (77) ’ where Y e F[a,b] » N E F[a+t,b+tn0] >, a, be Z>
and reZt.

Proposition 3.1 yields that in order to meet the condition Al, it is
enough to pick up an invariant measure g€ M(I') such that it is y-mix-
ing (see ref. 3), or, more precisely, it satisfies the following conditions: for
any a <beZ, ¢ €'y p),

1o (Afa, 51 (9)) >0 (3.13)

and for each & >0 there exists an integer m(e) >0 large enough such that
if @1, &, are finite subsets of Z, dist(®;, ®») > m(e), and ;e K% ¢ €
K®2 then

o (Ag, (91) NAg, (¢2))

—1|<e. (3.14)
wo (Ao, (¢1)) mo( Ao, (92))

Notation. Denote by My,;(T") the set of all the measures e M(T)
invariant with respect to the Markov chain X, and satisfying the condi-
tions (3.13) and (3.14).
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Remark 3.7. Note, that we are talking above about space ¥ -mixing
though we are interested about large deviations of the Markov chain X,
in time. Observe, also that if the Markov chain X, satisfies the conditions
C1, C2 and C4 and u e M(I')is invariant with respect to X;, then by (3.7)
for any a < beZ, ¢ €Ty p)

1o (Afa, b (9))
= Y 0 (At b ) P(0, Apa) (9)

M€ a1, b4n]

> min  P(1n, App (@) Za) >0,
ner[a+l,b+n0]

where «g = minner&“ g <z <b s€K P?(n, s). Therefore, the condition

(3.13) is automatically satisfied. Moreover, one can easily verify that the
similar fact is true when C4 is replaced by C3, even when d > 0.

Now we are going to establish the following important property of
measures belonging to the class My, (T").

Proposition 3.2. Let X; be a Markov chain satisfying the condi-
tions C1-C3 ( with d=1). Then each measure u e My,;(I') is ergodic with
respect to X;.

Proof. Let ' =Ty UT,, where I'1, ", are two nonempty disjoint
Borel measurable subsets of I' invariant with respect to the kernel P(-, ),
e, for each yel';,i=1, 2,

P(y,Ti)=1. (3.15)

Our goal is to prove that for each u € My,;(I") either u(I'y) =0 or
w(I1) =1. We will divide the proof into three steps.

Step 1. Choose some y =(...,y_1,%0, ¥1,.---)€'1 and let ne€ T be
such that , = y, for each integer index z provided | z | > N for some N >0. We
claim that n € T'y. Indeed, for each cylindrical subset of the form A[_,, (@),
and by C2 and C3 for any given ¢ € I'[_,; u;, m > N + ny,

PO Amm @) _ P* (N (). ¢2)
P(nA[—m,m] (®) ce[—m. m] PZ(TL’N(Z)(Y]), (pz)

_ 1—[ PZ(”N(Z)(V)a §0Z)
Pi(n (1), ¢2)

z€[-N—ng, N+ ngp]

since 7y (;)(y)=nn(z(n), provided |z|> N + no.
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Therefore,

]\_]1 < P(y, Al—m,m] (¢)) <
P(nA[—m,m] (9))

Cy, (3.16)
where

—N—no, N+ng] £,¢'eN (2),sek P2 (L, s)

( PZ(C, S) >2N+2n0+1
Cy = max

z€[

Since the estimate (3.16) holds for each cylindrical subset A[_,, ) (¢) such
that ¢ €[y, mjand m > N + ng, and since these subsets generate the Borel
o-algebra B of I, it follows that:

P A
P(nA)

for each A €% . In particular,

P r
];lg (y7 2)<CN,
P(n,Ty)

which together with (3.15) yields P(n, I';)=0, and, therefore, using (3.15)
again, ne I'y. ~

Step 2. For a given n >0 denote by*B, the sub-c-algebra of B gen-
erated by the family of functions 7; (-), [z|>n+1. Let m >0, and let p €
L{—m,m]- We claim that for each £ >0 and for each K € B, (),

p (A=, m] (@) ) (K) (1 —¢)
gM(A[—m,m] (@)NK)
S (A=m,m) (@))r(K) (1+¢), (3.17)

where m(e) has been defined in (3.14). Clearly, it is enough to prove
(3.17) for each set K € B, of the form K = Apyqme), ) D) N
Al—b,—m—m(e)] (§2), where b > m + m(e), and & € Ttmee).p) &2 €
b, —m—m))- However, for such sets the claim follows immediately
from (3.14). ~

Step 3. Now we will show that I'j € B, for each n > 0. Indeed,
for a given n >0 fix some ¢y € I'l_,,jand define a function F : ' —
A[_pn n] (@) in the following way: for each y €T let n=F(y ) be the unique
N € A[_n nj (@o) such that n, =m, (y) for each integer index z provided
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|z| >n+1. Clearly, Fis a %n-measurable map, since its value is com-
pletely defined by the values of the functions 7; (), [z| >n + 1. There-
fore, for each A € B we have F~1(A) € % However, by the definition
of F, and according to the conclusmn of Step 1, y € 'y if and only if
F(y)e 1N A, ». Thus, F~ L)) =Ty, and, therefore, I'; € % Fur-
thermore, by (3.17), for each m >0, any ¢ €I'[_,, ), and every ¢ >0 we
have

M(A[—m,m] (@)Hu(ry) (1 —e)
< 1 (Afmm,m (@ N )
S (Amm,m) (@)(T1) (I +¢).

However, since we can chose ¢ > 0 arbitrary small, this inequality yields,
for each m >0 and each ¢ €[ s

w (A=, m) (@) (T1) = (Ap—pm, m) (@) N 1),

which, actually, means that for each m the event I'} is independent of
the algebra generated by the partition A[_,, ) (®), ¢ €[[_p, n). Hence, I'y
is independent of the o-algebra generated by all cylinder sets to which
it itself belongs, and so (1) = (u(I'1))? which sais that u(I'j) =1 or
=0. 1

Remark 3.8. In Section 4 we will demonstrate an important class
of examples where the set My;(I') is not empty. It is plausible that
My,;(T') #¢ also in a more general situation.

Conjecture. Let X, be a Markov chain satisfying the conditions Cl,
C2 and C4. Then the set My,;(I')is not empty.

Now we are going to derive some properties of measures from
My (I') assuming that C1, C2 and C4 are satisfied, which will later enable
us to use the results of Section 2.

Proposition 3.3. Let X, be a Markov chain satisfying the condi-
tions C1, C2 and C4, and let upe My,;. Let a< beZ , £ >0, and denote
te=b—a +m(e), where m(e) has been introduced in (3.14). Then for each
integer ¢ > a , each integer n > 1, and any sequence ¢g, ¢1,..., ¢p—1 €
Lia, b1 900 €la, el
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P | () {mtaor (Xiw) =0} (V{710 e (X ) =0}

0<i<n—1

<(1+8)" 1o (Afa, ] (¢n)) H 1o (Afa, b1 (@) (3.18)
0<i<n—1

Proof. Since g is an invariant measure of the Markov chain X;, we
have, using the notation (3.12),

1o (Apa, 51 (@)
= Py {0, 0] (X)) =0}

= /; Py {m1a,01 (X) =@} no(dy )

> 10 (Astbreng 1) PP 0.0y (3.19)

M€ ate, b+ing)

for any a, beZ, for each t € Z* and for every p €[4 p).

Next, observe, that by the condition (3.14), for each & >0 and for
any givena| < b <ap < by € Z, satisfying ay — b; > m(e) and any ¢, €
Llay, 11+ 92 € Ulay, by}

1o (Afay, 5,1 (@1 N Alay, 5,1 (02) <A +8) o (Afay, 5,1 (@1)) 10 (Alay, by] (92)).
(3.20)

Now we will prove the proposition by induction in n > 1. First, we dem-
onstrate the proof for n=1. In this case by (3.11) and the Markov prop-
erty the left part of (3.18) takes the form

Py, ({ﬂ[a,b] (Xo)
=po} (V{10 e1 (X0 ) =01} )

=/ Py {na.c1(Xi. ) =1} no(dy)
Ala,b)(90)

= Z 120 (Ara b1 (90) N Afate,, cten] (1))

ner[a-Hg‘ c+tg "0]

XP[a’C](TL (p5t€) (321)

for any given @p € I'[4,5], ¢1 € ['[4,c] (Where we use the notation (3.12)).
However, since a +t, — b = m(g), we have, by (3.20), that for any 5 €
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Ulatie, e+ nols

10 (Afa b1(90) N Afats,, cengl (1))
<480 (Ara b1 (90)) 110 (Afatse. cteng] (1)) - (3.22)

Therefore, by (3.21), (3.22) and (3.19),

Puo (70,01 (X0) =90} (Va1 (Xe ) =01 })
<+ (Ajapi(90))
X Z 10 (Afatt,, cteng) (1)) PEV(n, @1, 1)

ner[a+[€.£+f€ ”0]

=+e)uo (Aras1(90)) 1o (Apa, e (@1))

proving the proposition for the case n=1 .

Now, suppose that the proposition is true for some n > 1, for each inte-
ger ¢ > a and for any sequence ¢, ¢|...., ¢, | €l p] ¢, €la, ] Let
cza(celZ), and let @y, @1,..., 2 €4, b]> Ont1 €[4, ], then by (3.11)
and the Markov property

Py ﬂ {7001 (Xir, ) =01} ﬂ (a1 (X (s, ) =01}

0<isn
= Y A (Wm0 st (X2 = 1)
ner[a+le,c+ls "O]
x Py, o1, te), (3.23)

where we set, for a given sequence ¢g, ¢1,..., ¢, €a,5] »

Alyp1(@0s o= [ {mae(Xin) =0}
0<i<n

Next, for each given 1 €T [44s,, 41,1, define the set

T, o) =1{ = (ﬁa s ﬁa—H s ﬁchtgno)eF[a,c+t€n0]:(ﬁa N1
= @n, (ﬁa+t5 yeee s ﬁC—I—lgn()): n}9

which is not empty since a+t, > b+ 1.
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Now, assuming that the proposition is true for a given n>1 and for
each integer ¢’ > a, we can write setting ¢’ =c+ f, ng,

Py (Al 00+ 0) O {01 (Xr, ) = 1})

= Y Pu| [ {men(Xie) =0} 0 {70 crtng) (Xni ) =71}

el (m, on) 0<i<n—1

<U+e" > w0 (Aernn) (D) [T 1o (Ararr(00)

nelrm, on) 0<ign—1

=(+8)" ] ro(Araer(@)) o (A0 (0n) 0 Afass, et mo) (1)) -
0<i<n—1
(3.24)

However, using again the definition of 7, together with the formula (3.20),
it follows:

Mno (A[a, b] (gn)N A[a-i—tg , ¢t ng) (n ))
< +¢)po (A[a,b] (on )) Mo (A[a+t5 , e+t ng) (n )) . (3.25)

Bringing together the formulas (3.23)-(3.25), and, finally, using (3.19),
we obtain

Puo | () {masr (Xin ) =i (V{7101 (X (nt1y, ) = @ni1 |

0<i<n
< +8)" o (Aa by (9n)) H o (Afa, b1 (9i))

0<i<n—1
X Z Mo (A[a+tg,c+t£n0] (77)) P[a’c](ﬁ, Ontl-te)
ner[a+ta.c‘+f€ "0]

=(1+8)”+1M0(A[a,c]((ﬂn+1)) H o (Afa, 1 (i)
0<isn

completing the proof. ||

Observe that, for technical reasons, the last proposition is formulated
in a slightly more general way, than it is really needed. It is more conve-
nient for our purpose to reformulate this proposition in the following final
form.
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Corollary 3.4. let a< beZ , ¢ >0, and denote t, = b —a +
m(e), where m(e) has been introduced in (3.14). Denote by B, 5] the
o-algebra generated by the partition {A[a, p (@) : @ el b]}. Then for each
integer n > 1, and for any sequence f; : I' = R, 0<i <n, of B, ,}-mea-
surable random variables,

Ew | [T £ (Xin) | <a+e" TT Enfi

0<i<n 0<isn

Proof. Setting c=» in the last proposition, we obtain for each inte-
ger n> 1, and any sequence ¢g, @1,..., @5 €[a,p],

Puo | () (s (Xin )=} | <A+ [ wo(Aw.e(@)). (3.26)
0<i<n 0<i<n

which yields the assertion of the corollary. ||

Next, in order to meet the conditions of Section 2, one should intro-
duce a proper sequence of partitions. Namely, choose Ag, k> 1, to be
the partition of I' generated by the sets A[_g )« (¢) for all possible ¢ €
Ti—0 (k)i (With A[s ) (@) and T, p] introduced at the beginning of this
section) and let

lim =22 . (3.27)

Now we can formulate the main result of this section.

Theorem 2. Let X, be a Markov chain satisfying the conditions C1,
C2 and C4, and let upe My, . Let Ay, k>1, be the sequence of partitions
of T" introduced above. Then

(a) The conditions A0 and Al are satisfied. Moreover, for any closed
with respect to the weak topology subset W of M ('),

InP w
limsup—n o 67 €W}

<—inf § . 3.28
T —00 T UISW MO(U) ( )
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(b) Suppose, in addition, that np =1, and limy_,» Q (k) = oo, then
the conditions H1-H3 are also satisfied. Moreover, let u be an ergodic
measure with respect to the Markov chain X;, and let Us(u) be the ball
of radius § >0 (with respect to some metric on M (I") corresponding to the
weak topology) centered at we M(I'). Then

lim limsup — nolsr €UsQu} oo e 10 Pugllr €Us(u) )
=0 T-co T 50 T—o00 T

= — S, (w). (3.29)

Proof. (a) Clearly, I' = K% is a compact space with respect to the
standard product topology which can be introduced by the metric (3.2)
which for d =1 has the form

p(y.y) =) 27950, v)) (3.30)

Z€Z

for any y,y’ €T, where p(si,s2) =0 if s; =55, and p(sq, s2) =1 otherwise.
Thus, A0 is trivially satisfied. Next, substituting a=—Q (k), b=k in Cor-
ollary 3.4, and setting t(k, e)=b—a+m(e) =k + Q (k) +m(e) for each
given ¢ >0 (where Q (k)satisfies (3.27)), we obtain for all integers n, k >
1, and for any sequence f; : I' >R, 0<i <n of Aj-measurable functions
the following formula:

Ew| [T £ (Xiswo) | <0+0" ] Eufi-

0<i<n 0<i<n

which together with the fact that limy_oot(k, €)/k =1 yields Al. Now
(3.28) follows by Corollary 2.2.

(b) If limg_, o Q (k) =00, then by (3.30), the sequence of partitions
Ay, k>1, satisfies the condition H1. On the other hand, if ng=1, the for-
mula (3.9) yields H3. By Remark 3.1, the condition H2 is also satisfied.
We can apply, therefore, Theorem 1, obtaining (3.29). |

4. THE MAIN EXAMPLE

Next, we are going to describe a specific example of the situation
when the lower bounds of the Donsker—Varadhan type cannot hold true.
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We adapt for this purpose an example introduced by Wasserstein and, lat-
ter, considered by Follmer for different purposes (see also Remark 3.5).
Suppose that we are given a sequence of real numbers %< p: <1, where z €
Z, then we can define the local transition kernels P* for any z€Z, s,s'€
{0, 1} by

Pz if s=y,

1—p, otherwise. @1

Pi(s, s) = {

Define a Markov chain X; evolving on a phase space I'={0, 1}Z with
the transition probability kernel P (-, -) given by the formula

P(y. Alo)@) =Py {ma ) XD =9¢}= [] P*(yer1.9:) (42)

z€la, b]

for any y €T, ¢ = (¢a,®a+1,--->9p) €4 b]» a, beZ. Clearly, the con-
ditions C1, C2 and C4 are satisfied with ny =1, and, moreover, the for-
mula (4.2) is a particular case of (3.7).

The simplest particular case of measures from My, (I") are the product
invariant measures of X,;. More precisely, recall, that u e M(T) is called a

product measure if for any ¢ = (¢4, 0a41,...,90p) €l b, a < beZ,
(A s @)= ] niA: @)} 4.3)
z€la, b]

Denote by M;(I") the set of all the product measures e M(I") invariant
with respect to the Markov chain X;. The family M;(I") was described in
ref. 15 in the following way. Let 0 <r < 1. Denote for any z€Z, s €{0, 1},

+(r— . ifs=1,

Di(s)=
d, if s=0,

—(r—-

D= D=
Nl— B|—

where d, = ]—11»2Z (2p; —1). Obviously, Di(s) # 0. Introduce the product
measure v, € M (') by the formula

v (A @)= [] Di(eo) (4.4)

z€la, b]

for any Y = ((pas(pa+l7-" 7(pb)er‘[a,b], a, bEZ
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It is easy to verify by a direct computation that each measure defined
by (4.4) belongs to the set M,;(I"), and, moreover, M,;(T") consists of all
the measures v, , 0<r <1.

Assume that

d=[]@pi-1>0 4.5)
i=0

and let 0<rp #r1 <1, then our condition (4.5) yields vy, # v,,. In particu-
lar, it means that the transitional kernel (4.2) has infinitely many invariant
measures. Now, as in Section 3, choose A, k> 1, to be the partition of T'
generated by the sets A[_g )« (@) for all possible ¢ € '[_g (k).k], Where

. B 0k
Jim, (k) =eo. - Jim == =0 49

(say, O (k)= [Vk] for each integer k>1). The main result of this section
is the following.

Proposition 4.1. Let X; be the Markov chain defined by (4.2) such
that the condition (4.5) is satisfied, Ak, k> 1, be the sequence of partitions
of I' introduced in the previous paragraph, and e M,;(I'). Then

(a) the conditions A0, Al, and H1-H3 are satisfied,

(b) The class M,;(I") consists of all the measures of the form v,,
0<r <1, defined in (4.4). Moreover, let wo =y, 1 =v, € Mp;(T") for
some 0<rg, r; <1 such that rg #r;, 0<rg <1, then

1—
Syo(u1)=riIn (r—1>+(1—r1)ln < r1> > 0.
ro 1—rg

(For the special cases ri =1 or r; =0, we set, as usual, 0In0=0, and if
ro =1 or ro =0, ro #ry, then S, (u1)=00.)

Proof.

(a) This follows immediately from Theorem 2.

(b) Clearly, for each k>1 we can write

Hl’-l”MO(Ak):EMIGl/-lsMO,k’ 4.7)
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where the measurable function G, o« : I' = [0, 00] is given by the for-
mula

w1 (A—o k), (@)
o (A[—0 (k). 1 (®))

Gy k() =In

provided y € A[_g (k),x (¢), for each ¢ €T'[_g k), 4, While Hy, 0 (Ag)is
defined in Section 2. Therefore, by (4.4),

vn (A= ). (@) _ [0 <<k O, (v2)

Gy k(y) = In

v (Ao .1 @) Tl p<eck DR (v2)
= > &M+ Y. gy, (4.8)
1<z<k -0 (k)<z<0

where the functions g; : I' — [0, oo] are defined by the formula g,(y)=
In ( Df, (yz)/DfO(yZ)) for any y €', z €Z. Thus, by (4.7), (4.8) and the
definition of DX(s) we have for any k>1,

Hyy g (A ) = Z Epu 8. + Z Ep 8
1<z<k -0 (k)<z<0

|
=
3
+
——
|
_I_
N
=
|
N —
N———"
S
N——"
5
——
S L )
+ | +
|
~ ~
<o —
| |
D= [ N—
— [ —
S| S
SN——

where

we 2 (3o

—-0(k)<z<0
1 1
+<1 < 1>d>ln z—rl—z)dz
-~ rl__ Z -, N 9
2 2 %—(ro—%) d;

which is well defined and finite for any 0<rg, r1 <1, since 0 <d; < 1for
each ze€Z.
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Recall that d, = ]_[1»2z (2p; —1) for each integer z € Z, and, there-
fore, there exists a finite limit d_o = lim,—._~ d;. Moreover, clearly,
0<d_s < 1. Therefore, there exists a finite limit

1 R — 1 1 d |
koo Q) KT (§+<”_5> ‘“) !

lim

= | Nol—

which together with (3.27) yields

1
lim - Re=0. 4.11)

k— 00

Since the assumption (4.5) immediately yields lim,_, o d; =1, we derive by
(2.2), (4.10) and (4.11), that

lim S H, (A= () =y (20
kin;ok wallug WOK) =TT ro nm l—r() =0

provided 0 <ryp <1. Clearly, by Jensen inequality, S,,(x1) >0, since rp #
r1. Finally, if ro =1 or rg =0, then the condition rg #r; yields

.1 o1
o g (Ag) = i g (Age) = 00 |

Now we can reformulate Corollary 2.2 for our case.

Corollary 4.2. Let X, be the Markov chain defined by (4.2) such
that the condition (4.5) is satisfied, and 9 € M;(I"). For any closed with
respect to the week topology subset K of M ('),

In P K
limsup—n wo U1 €K}

< —inf . 4.12
msup = inf Sua(® @12

Proof. This is a particular case of Theorem 2(a). |

Moreover, we actually can formulate the large deviations principle
for measures from M,;(I"), proving that the lower bounds of Donsker—
Varadhan type do not hold in this case.
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Corollary 4.3. Let (4.5) holds true and g # o € Mp;(I'). Then

lim lim sup n Py lér € S(M)}zlim liminf > ol r € Us(1) )
50 T oo T §—>0 T—oo T

= — Sy (1) <0

where Us(u) is the ball of radius § >0 (with respect to some metric on
M (T") corresponding to the weak topology) centered at uwe M(T").

Proof. The assertion follows from Theorem 2 and Proposition 4.1. I

5. PROOF OF PROPOSITION 2.1

In order to prove Proposition 2.1 we need the following result.

Proposition 5.1. Suppose that a Markov chain X; and a measure
wo € M (') satisfy the conditions AQ and Al. Then for any integer 7,k >
1, for each ¢ >0 and for any A ;-measurable function f : ' — (0, co) such
that E,,f =1,

T+1

t(kyg)ln(l4—s)x

Eo| T] 777 (x,) | <M(F) exp(

0<j<T

where M( f) =max,er f (y)and z(k, ) was introduced in Al.

Proof. We can write T =nt(k,e)—1+r, where n=[(T + 1)/t (k, ¢)],
r<t(k,e). Since M(f)>1 we have

Ep, l_[ £l (Xj)) SM(f)Ey ( l_[ £ ik (Xj)) .

0<j<T 0 j<nt(k,e)—1
(5.1)

Next, for each 0< m <t(k,¢) —1 introduce the random variable

Dm = l_[ f 1/1t.e) (th(k,£)+m) .
0<jsn—1
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Then, by Jensen’s inequality,

Ey, H fl/t(k’g) (XJ)

0<j<nt(k,e)—1

= Ey, [[ D=

o<m<t(k,e)—1

=E, |exp TS| Z t(k,e) In Dy,
’ 0<m<t(k,e)—1
1
< Ey, m Z exp (t(k, &) In D)
’ 0<m< t(k,e)—1
1
= Epy D). 5.2
l(k, 8) Z Mo~ m ( )

o<m< t(k,e)—1

But, for each 0 < m <t(k,e) — 1, combining the definition of D,,with the
condition Al ( in particular, using the fact that g is an invariant measure
of the Markov chain X,), we have

k
EuDp? = Epg | ] F (Xjiterim)
0< j<n-1

=Eq| [] f(Xjweo)

0 j<n—1
<U+e)" (B f) = +e)". (5.3)

Now (5.1)~(5.3) yield the required inequality. i

Next, we can complete the proof of Proposition 2.1. Let uge M(I")
be a measure satisfying the conditions A0 and Al. For each ue M(I")
and each integer k >1 define the Aji-measurable function G, : T —-R U
{—o0} by the formula

n(A)
mo(A)

Gu(y)=In

provided y € A, A € Ag.
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Observe that in our case we can rewrite the definition (2.1) in the
form

Hypo (A ) = (G i) (5.4

Observe, that G, ¢ is not, in general, a continuous function (more pre-
cisely, it can take the value —oo, since u (A) can vanish for some A € Ag).
For this reason, we have to define a somewhat more complicated functions
G ks : T =R (for each given § > 0) by the formula

(5.5)

S o(A)+(1=8) (A
Gﬂ,k,a(y)=1n< to(A) 4 (1 —8) pu( ))

o (A)

provided y € A, A € Ai. Clearly, G, « 5 is continuous since the partition
A is open. Since the logarithmic function is concave we have for each
yel,

Guks(y)=20-=8)G, k(y) (5.6)

and, therefore, by (5.4),

(G k,8) = (1 =8) Hyjuo(Ax) (5.7

for each § > 0.
Observe, that if S, (u) =0 the statement of Proposition 2.1 is obvi-
ous. Consider the case

0<8y(u) <o0.

In this case, by (2.2) and the assumption Al, for each given ¢ >0 we can
choose k=k(e, u)>1 large enough such that

7y it (B0 > Sua@0) = 2 (5.8)

and so setting 8 = 8(e, ) =(e/4S,,(n)) in (5.7), we obtain

& &
T 5"k > (1= (S =7)>Suw—3. 9
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Now, for each ¢ >0 we are able to define an open (with respect to the
weak topology) neighborhood U (i, ¢) of ue M(I") by the formula

UQL8)={Ueﬁlﬁﬁ:v(GMjﬁ)>u(GMjﬁ)—Z}. (5.10)

(Here, and till the end of this section, k=k(e, u) and § = &(e, w).)

In order to show that the neighborhoods U (u, ¢) are appropriate for
Proposition 2.1, consider Aj-measurable functions f. : I' — (0, c0) given
by the formula f; =exp(G, k). By (1.1) and the definition of f,, for
each integer T >0,

ex( " ))
p (k,4)T w.k, 8

ZG/L](5 )
,4)

_ I] fﬁ”“%)(xj). (5.11)
0<j<T—1

On the other hand, one can verify directly that E, f. = 1. Since all the
conditions of Proposition 5.1 are satisfied, we obtain by (5.11) that for

each integer T > 1,
X ( )
E eXp| ——==¢ G
o t( ’ ) T ok, 8

_1_
=Ey, 1_[ ff[(k.Z) (Xj)
0<,<T-1

T+
<M(fe)eXp( e )1 n(l+= )) (5.12)
4

where M( f;)=max,cr f: (y) and ¢ is replaced by &/4.
Since #(k, £/4) > 1, then using (5.9), (5.10), (5.12) and the Chebyshev
inequality we obtain that for each integer 7 > 1,

Pu{lrelU(n, &)}

~t{on (77 Gus0)) o0 (75 (1Gs =) ) |
= Ly \XP 1k, %)CT w. k,8) | >€Xp (k. %) MGk, 8 4>
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r 3e

< Py, {ex (t(k 5 {r(Guk, 5)) > exp (T (SMO(/’L) — Z))}
r 3e

S Epy (exp( 1k, 4)§T(GM k, 6))) exp (—T <SM0(M) - Z))
T+1 3

gM(fs)“P( (k+ ) In(1+ - ) (SMO(/’H)_ZE)>~

Therefore,

In P eU (u,
lim sup ol (. &) < =S (1) +¢
T—o00 T

proving the proposition for the case 0 < S,,(u) < co. The case S,,(n) =
oo can be proved by, essentially, the same argument with obvious modifi-
cations.

6. PCA WITH DONSKER-VARADHAN’S LARGE DEVIATIONS
ESTIMATES

The phenomenon described in Section 5 is not a general feature of
PCA, and we will consider in this section some simple class of PCA’s for
which the lower bounds of the Donsker—Varadhan type hold true, that is
the corresponding upper estimates are optimal. Consider, first of all, the
following general setup, somewhat similar to assumptions of ref. 14. Let
X; be a Markov chain satisfying the conditions A0, H1 and H2 of Sec-
tion 2 together with the following condition

H3* For any k>1, A, Be Ay, x, yEB,

P((x, A)=P (y, A),

where the sequence of finite open partitions Ay of I', k > 1, was intro-
duced in HI1.

The main example. Let X, be a Markov chain on I'=K Zd, d>1 sat-
isfying the conditions C1 and C2 of Section 3. Introduce the set of cubes:

d(k)={ ez || <k}, k=1, (6.1)

z| =maxi<;<alzi| for each z=(z1,...,zq4) €Z,% and replace
C3 by the following condition:
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C3* There exists n1 >0 such that
N(z) SP(k)

for any ze ®(k), k>nj.
Define the following sequence of partitions:

Ak ={Ad(k4n) (9): o€ KOETWY k> (6.2)

using the notations introduced at the beginning of Section 3. Obviously,
the conditions C1, C2 and C3* imply A0, H1, H2 and H3*. In order to
provide a more specific illustration of the condition C3*, we would like
to indicate the following two particular cases satisfying this condition:

(@) The direct product case. Let N(z) =z for each ze€Z?, that is, each
site could be considered separately, and, due to C2, the Markov chain X;
could be considered as a direct product of Markov chains with a phase
space K defined at each site. Clearly, C3* is satisfied with n; =0.

(b) The “inside oriented” case. Let d = 1, and there exists n; >0 such
that N(z)=[z—ny, z] for each z>0, and N(z)=[z, z+n;] for each z <0.
In this case, the notation (6.1) takes the form ®(k)=[—k, k], and, more-
over, N(z) C ®(k) for each z € ®(k), k > n;. Therefore, C3* is satisfied.
Observe, that this case is, in some sense, opposite to the case considered
in Section 3 under the condition C3.

Next, we return to our general setup. Let X; satisfy the assump-
tions A0, H1, H2 and H3*. Our main objective is to obtain the lower
large deviations bounds for (1.1), since the upper bounds follow by gen-
eral Donsker and Varadhan results presented in ref. 8. However, it turns
out that in this case it is easier to begin with a study of the large devi-
ations on the level of pairs of empirical measures, since it enables us to
use standard properties of the relative entropy, combining them with some
well established large deviations results. We will need the following addi-
tional notations.

Notations. Let M(I" x ") be the set of all Borel probability measures
defined on ' x I'. Next, for any T € Z" we will define the empirical pair
measure W : Q— M (' x ") by the formula

T-1

Wr=—>"8(X. Xip1), (6.3)
t=0
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where § (x, y) is the unit measure concentrated at a point (x,y)el xT.
For each ve M(I" xI') the left and right marginal measures vy, vg e M (I')
are defined by vp(A)=v (AxT) and vr(A)=v (I x A). Next, we will
introduce the set of the measures with symmetrical marginal distributions
Mg ={ve M@ xT) :vL=vr}. Furthermore, for each ve M(I' x I') we
define v e M(I' xI') by the formula

vP (B x A):/ P(x, A)vy(dx). (6.4)
B

Let D (v]|v?) be the divergence of v with respect to v (see ref. 11), which
is also known as the relative entropy or the Kullback-Leibler information
in different applications. More precisely, we will use the following defini-
tion of the divergence: if v« v’, then

D(v| UP)=/ o In pva=/ In pdv, (6.5)
I'<I’ I'<I’

where pis the Radon—Nikodym derivative of v with respect to vF, and
D (v | vP) =00, otherwise. Observe, that the assumption H2 implies the
condition v« v?.

Next, introduce the finite Borel partition A;y of I' x I' consisting of all
sets of the form A x B, A, Be A;. We will consider also the divergences of
v with respect to v restricted to the algebra generated by the partitions

Ag. Namely, define

Dk(vnvP):f oI pedv? =H, |, (Ap), (6.6)

I'xT’

where pis the Radon—Nikodym derivative of v with respect to v’ restricted
to the algebra generated by the partitions A; and the relative entropy on
the right hand side of (6.6) was defined by (2.1). Furthermore, applying
Corollary 5.2.3 of ref. 11 together with the assumption H1, one has, for
each ve M xI)

klim Dy (v|vDy=sup Dy (v | vP)=D (v vP). (6.7)
—00

k>l

Remark 6.1. The definition (6.5) of the divergence is equivalent to
another definition given in ref. 11, formula (5.2.10) and Lemma 5.2.3.
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Remark 6.2. For a more comprehensive discussion of large devia-
tions for the empirical pair measure, and, more generally, for the multi-
variate empirical measures and their connection to the relative entropy, see
Ellis!? and references there (observe that our notation v corresponds to
the notation w; ® w of ref. 14 provided wiis the left marginal of v e
M (T xT)). Some facts concerning the empirical pair measure for PCA are
provided in Section 2 of ref. 14.

The main result of this section is the following theorem.

Theorem 3. (a) For any open with respect to the week topology
W MT xT) and for any xeT,

In P, {7 e W} S

liminf > —inf{I~(v): ve W},

T—o0 T

where the functional IN(-) is defined by IN(v):D(v | vP) if ve Mg, and
I (v) =00, otherwise.

(b) For any open with respect to the week topology U C M(I") and
for any x €T,

In P, {¢r €U} S

lim inf >—inf{I(w):nelU},

T— 00 T

where I(u) was defined by the formula (1.2).

In order to prepare some background for the proof of this theorem, as
well as for Section 7, we will review some known results and introduce
some auxiliary notations.

Auxiliary Markov chains. Due to H3*, for each k > 1 and for any
A, Be Ay, we can define transition probabilities Py( B, A) by the formula

P.(B, A)=P (x, A),

provided x € B. For each k>1 we can introduce the natural map Gy :I" —
Ar such that Gi(x)=A € Ag, provided x € A. Next, for each £k >1 we
can define an auxiliary Markov chain Y,k =Gy (X;), teZ™, with the phase
space Ag,such that

P {Y,"H:A ’Y,":B }:Pk(B, A)



876 Eizenberg and Kifer

for any A, B € Ay, t € Z*. Clearly, for each integer m > 1 and for each
sequence of sets Ag, Ay,..., A, € Ag,

m

P (X1 €A1 ..., Xp€An}= P, {Y{‘:Al, ,Yszm}

provided x € Ag. For each Markov chain Y,k define the sequence of the pair
empirical measures

= s(vfovly,), Tezt, (6.8)

where § (A, B) is the unit measure on the finite set Ay x A; concentrated
on (A,B) € Ay x Ay. In other words, for each g: Ay x Ay — R and for
each TeZ*,

T-1

‘1’§(g)=%2g(sz, Y,+1) (6.9)

t=0

Clearly, there exists a natural one-to-one correspondence between the
sets Ay and Ay x Ap.Furthermore, observe, that for each k> 1 and for
each Ag- measurable function f: ' x I' >R there exists exactly one func-
tion f Ax x Ay — R such that f (x, y)_f(Gk(x) Gy(y)), and, more-
over, for each T eZ™,

V() =wr( ). (6.10)

Large deviations for the pair empirical measure of Markov chain with
a finite state space. For the convenience of the reader, we will recall some
well known results on large deviations of finite Markov chains (see, for
instance, Chapter 3 of ref. 10 or Theorem 1.4 of ref. 12). Let ¥; be a
Markov chain on a finite state space A, and let 7 (i, j) >0 be the cor-
responding transition probabilities, that is, 7 (i, j) = P{Y1=j|Yy=i} for
each i, j € A. Introduce, similarly to (6.4), the sequence of the pair empir-
ical measures

T-1
Ur=—>"8(Y.Yy), TeZ', (6.11)
t=0
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where § (i, j) is the unit measure on the finite set A x A concentrated on
(i,j) e AxA. Let M(A x A) be the family of all probability measures
defined on the finite set A x A. For each ne M(A x A) let n, nR €M (A)
be the left and right marginal measures, respectively. Then, for any open
with respect to the weak topology subset W of M (A xA) and for each

I€EA,

. Inp {CI;T S W} .
liminf ————=>—inf L, (), (6.12)
T—00 T new

where Ir: M (A x A)— [0, oo] is defined by

n (. Jj)

_ 6.13
nL(m (@, j) (13

L= n(,j) log

for each ne M(A x A) with np =nRr, where the sum is taken over all the
pairs (i, j) € A x A such that np (i) #0 (as usual, we set 0 log0=0). If,
on the other hand, ne M(A x A) is such that np #nr, we set I (1) =o0.
Similarly, for any closed with respect to the weak topology subset G of
M (A x A) and for each i € A,

. In P; {‘-NIJT € 6} .
limsup——— < —inf I (n). (6.14)
T—o00 T neG

Now we are in a position to prove the main results of this section.

Proof of Theorem 3. (a) We will divide the proof of the statement
(a) into two steps.

Step 1. Let k>1. By H2, P,(B, A)>0 for any A, Be Ay, k> 1,
that is, the chains Yf are irreducible Markov chains with finite state
spaces. Introduce the notation M’§ ={neM (A x Ay) : nL=nr}. Then, by
(6.12) and (6.13), for any open with respect to the weak topology subset
W of M (Ay) and for each A € Ay,

In Py {Wkew
fming PPAYIEWE e e (6.15)
T—o0 T neﬁ/

where ¥ (n) is defined for each 7 GM§ by

n(A, B)

e (6.16)
nL(A) Pr(A, B)

=Y n(A, B)log
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where the sum is taken over all the pairs (A, B) € Ay x Ay such that
ni(A) #0; and I*(n)=o0, otherwise.
Next, for each ve M (I' x I") define vy € M (A x Ag) such that

Dl (A, B)}=v(Ax B) (6.17)

for each A, B € Ag. Let v e Mg, then, clearly,v; € M{;. Moreover, due to
H3*, (6.4) and (6.6),

v(A X B)

Di(vivi)=) v(AxB)log -rmp ms.

(6.18)

where the sum is taken over all sets of the form A x B, A, B € Ay such
that v (A) #0. Thus, due to (6.17); (6.16) and (6.18), it follows by a direct
calculation, that for each ve Mg,

@) =Dy (v vF). (6.19)
Therefore, by (6.7), for each v e Mg,
I*G <D v)=TW). (6.20)

Step 2. Let WS M(I" xI') be an open set with respect to the week
topology. Suppose that inf {/ (v/ ): v € W} < o0, otherwise there is nothing
to prove. For a given & >0 choose ve W such that

7(v) <inf{7(v’): VvV eW)—e. (6.21)
For any k> 1, 8> 0 define a neighborhood W,f of v by

wp = [ (VeM@xT):[v (BxA) —v(BxA)|<8p).
B,AeAy

In view of Assumption HI1, it is clear that we can choose k large enough
and B >0 small enough such that

Wo:=Ww/ cw. (6.22)
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Introduce the set WO C M (A x Ay) in the following way:

[ neM (Axx Ap):In(B, A)—v(Bx A)|<B).
B,AeAy

Substituting the indicators of sets B x A€ Ax in place of f in (6.10),
we see that Wy € Wy if and only if ) lIJk € Wo. Moreover, obviously, due to
the definition of vy in (6.17), Vi € Wo. Therefore for any xeT', T >0, by
(6.15), (6.20)—(6.22),

. InP {YreW}
liminf ——M——

T—o00 T
>1iminfw
i s T
InP, {Wkew,
—liminf w (V7 }>— inf 1% ()
T—o0 T neWy

>—Ik@)>—-Tw)=—(inf(T(V): vV eW}—¢).

Since & >0 can be chosen arbitrary small, this inequality completes the
prove of the statement (a).

(b) Using our notations, we will rewrite Definition (2.4) of ref. 8 in the
form

7(v)=—inf{10g/ f(x, y)vP(dx, dy)
I'xI’

_/;,Ing(x7 Y)V(d)ﬁ dY)ifeuﬁ,

where ve M(I' xT") and U, is the set of positive continuous functions on
I'. Next, according to the formula (2.21) of ref. 8, for each ue M (I'),

I(p) =Uienﬁgﬂ (), (6.23)

where M, =MsN ML, ME={veM ([ xT):v.=pu}.
On the other hand, using Lemma 2.1 of ref. 7 it follows that 7 (v) =
D (v vP) for each ve M(I" xI'), and, therefore, for each v € Mg,

T=TW), (6.24)
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where. T(v) was defined in the statement (a). Now, taking into account
that 7 (v)=o0 if v ¢ Mg, together with (6.23) and (6.24), we have that for
each ueM (I,

I(w)= inf T(),

veMM

where M[; was defined just after (6.23). Finally, the assertion (b) fol-
lows from the assertion (a) by the contraction principle (see, for instance,
ref. 10).

7. APPROXIMATE LARGE DEVIATIONS FOR PCA

In this section we will discuss a perturbative form of large deviations.
Namely, instead of a single process, we will consider a family of Markov
chains X7, 0 <& < ¢, such that all the Markov chains satisfy the condition
A0 with the same phase space I, assuming, in addition, the following gen-
eral condition.

H4 There exists a Markov chain X, satisfying the assumptions A0,
H1, H2 and H3*, and constants Cy, C; >0 such that for any k>1, A€
Ap,xel, 0 <e<egg,

P {X1€ AH(1-C1e) < P [ X5 € A} <Py {X1€ A} (1+Cre)Sk.

Example. Without loss of generality, assume that K ={1, 2,...,mq}.
For each 0 <e<¢gp let X7 be a PCA satisfying the conditions C1, C2 and
C3 with d=1 (i.e, '=K?,) and with N(z) =[z—ng, z+no] for each z€Z
and for some integer no > 0. Furthermore, assume that for each z €Z the
local probability kernel P%¢: KNG x K — (0,1) is defined for each 5 e
KN@ and for each je K by

. &
PZ’g(n,])z(l—g)pn0j+2m : : p’llj’
0<|l]<mg

where (p;j, 1 <i, j <mp) is a given probability matrix with positive
entries. Observe that by C2, for any given y eT", 9 e[y 11, k>0,

P, {X{ €At (o)}
=P*(y, A=k, (9)).
= [T P (v, 0. .1

ze[—k, k]
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Introduce the sequence of partitions
Ak ={Al—k.1 (@): p € KITHH]

for each integer k>0, where Ay, ) (¢) was defined in Section 3. Then the
processes X7 can be considered as a perturbation of the product Markov
chain X, defined on the same phase space with the transition probabilities
defined by the formula

P {X1€A ki (0)}
=P(y, Al-k.k1 (@)
= [[ pee (7.2)

z€[—k, k]

Clearly, X, satisfies the conditions A0, H1, H2 and H3* with respect to
the sequence of partitions Ag( actually, it is the “direct product” case
described in the main example of Section 6). Moreover, since p; ; >0, 1<
i, j <mg it is clear that the condition H4 holds true due to (7.1) and
(7.2). We conjecture that when ¢ is small enough the large deviations of
the empirical measure of X{ can be described precisely by the Donsker—
Varadhan rate functional for X; which would improve approximate large
deviations bounds derived below in this section which use the rate func-
tional for X;.

Let us return to the general case of Markov chains X7, satisfying the con-
dition H4. Similarly to (1.1) and (6.3), for each 0 <& < ¢y introduce the
sequence of the occupational measures

T-1

;;=_Za(xf), TeZ",
t=0

where 8 (x) is the unit measure concentrated at a point x € I', and the
sequence of the empirical pair measures

T-1

Za (X¢, Xi11), TEZT,
=0

1
V==

where § (x, y) is the unit measure concentrated at a point (x,y)el xT.
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The main result of this section is the following.

Theorem 4. (a) Let G be a subset of M (I' xT') closed with respect
to the weak topology, such that inf {7/ (v): ve G} <oo. Then for any § >0
there exists €1(8) >0, such that for each 0 <e<e(§) and for any y €T,

_ InpP, {VeeG} . -~
limsup———————= < —inf{7I (v):veG}+3$,

T—o0 T
where the functional T (-) was defined for the process X; in Theorem 3 of
Section 6.

(b) Let W be a subset of M (I' xI') open with respect to the weak
topology. Then for any & >0 there exists 5(8) >0, such that for each 0 <
£<&(8) and for any y €T,

In P, {WE
1iminfw

>—inf (T (v): -
Im ini T >—inf{I(v):veW}-§,

where the functional T (-) was defined for the process X, in Theorem 3 of
Section 6.

Remark 7.1. If inf {7 (v): ve G} =00, we can formulate the state-
ment in the following way. For any N >0 there exists £;(N) >0, such that
for each 0 <e<¢g(N) and for every y €T,

In P, {W5 €G]} -

X

lim sup
T— 00 T

The proof is, basically, the same.

Remark 7.2. Theorem 4 gives approximate large deviations for X7
using the rate functional for the unperturbed process X, itself since we
cannot prove the precise large deviations estimates for X; with its own
rate functional (though we conjecture that this can be done). Still, these
approximate large deviations bounds are also useful provided § is much
smaller than inf {I (v): ve W} and ¢ is sufficiently small.

In order to prove Theorem 4.1 we will need some auxiliary results.
First of all, similarly to the Section 6, for each k> 1 we can introduce
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the natural map Gy :I' — Ay such that Gy(x)= A € Ak, provided x €
A. Next, for each k> 1,0 <& <gy we can define the processes Y,k’g =
Gr(X7), t € Z*, with the sample space ) = A%Jr. For any k, n>1 let
Ty be the algebra of subsets of 2, generated by the events of the form
[Y{”:Al, ,Y,f’ezAn}, where Ay,...,A, €Ay. Clearly, for any k, n>
1, each initial condition y € I', and every 0 <& < gy, the process X;
induces a probability measure ij’k on Borel o-algebra of Q in the natu-
ral way. Namely, let n>1, and

A:ink"E:Al, ...,Y,f*szAn}eT“, (1.3)
where Aq,...,A, € Ay, then we can define
Pk = P Yo =an vt = A,
= P, {X{e€Al, ... . X;€A,}. (7.4)

On the other hand, since the process X; satisfies the condition H3* of Sec-
tion 6, for each k>1 and for any A, Be€ Ay, we can define the transition
probabilities Py( B, A) by the formula

P.(B, A)=P,{X,€ A}, (7.5)

provided x € B. Therefore, for any k, n> 1, and for each initial condition
Ag € Ap,we can introduce a new independent of & measure Pfo on the

Borel o-algebra of Q= A,? in the following way:

Pi A= [ PCAn-t. Aw) (7.6)

1<m<n

for each event A of the form (7.3). Clearly, the process Ytk’€ is a Mar-
kov chain on a phase space Apwith respect to the family of measures Pko,
Ap € Ak, defined on the sample space ;. More precisely,

k k, k,
PAO{Y,+f=A ‘Yt ¢_p }:Pk(B, A)
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for any A, Be Ay, t€Z™. Similarly to (6.8) , for each k>1, 0 <& <5y we
define the sequence of the pair empirical measures on the finite set Ay x
Ay by

T-1

5(1/,’“8, Y“), TeZ", 71.7)

k,e
\pT - t+1
t=0

N -

where 8 (A, B) is the unit measure concentrated on (A, B) € Ar X Ag.
Observe, that according to the definition of Y,k’g, for any (A, B) € A x
Ay,

WA (A, B))=W5(AXB). (7.8)

Furthermore , we can apply to this Markov chain the estimates (6.12) and
(6.14) of Section 6, and to obtain the lower bound (similarly to the esti-
mate (6.15)),

in Py fwic e W)

. . > _ . k )
hT“i}C{lof T > ;gva 1% (n) (7.9)

for any open with respect to the weak topology subset W of M (Ag x Ap),
and the upper bound

In PIL(‘O {\p?’feé}

lim sup <—inf I* () (7.10)
T—o00 T neG

for any open with respect to the weak topology subset G of M (Ag x Ag),
where 1% (n) was defined in (6.16). However, in order to apply these esti-
mates to the measures P}f*k, we will need the following.

Proposition 7.1. For any k, n>1, 0 <e<egp, Ag€ Ak, y €Ay, and
for each event AeTY,

Py (A) (1= C1e)M" < PEF (A KPS (A) (14 Cre) 0t
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Proof. It is enough to prove the assertion for each Ae X} of the
form (7.3). By (7.4)

PoX(A) = P, [X{€Ar,... . XE€A,).

Therefore, the statement can be easily proved by induction with respect to
n>1, applying the Markov property, then the assumption H4 and, finally,
(7.5) together with (7.6). |

The next result, is the main step in the proof of Theorem 4 (a).

Proposition 7.2. (a) For each v € Mg such that T(v) <00, any y €
'and every § > 0 there exist an open neighborhood U (v,8) of v and
£(v, §) >0 small enough such that for any 0 <e<e(v,$),

. In P, {¥7 €U (v, 8)}
lim sup
T—o00 T

<~(Tw-3)
<—(Iw)—=).
2
(b) For each v e Mg such that T(v) = o0, every y €I’ and any N >
0 there exists an open neighborhood U (v, N) of v and &(v, N) >0 small
enough such that for any 0 <e<e(v, N),

In P, {W7

lim sup
T—o0 T

(¢) For any ve M (' xI') such that v¢ Mg there exist an open with
respect to the week topology neighborhood U (v) of v and an integer T (v)
large enough such that

P, {¥5eUW)} =0 (7.11)
foreach T > T(v), yel', 0 <e<eg.

Proof. (a) By the definition, T (v)=D (v v"). Therefore, according
to (6.7) , for each o >0 we can fix an integer kK = k(v, @) large enough
such that

0o>Di (v|[vD)y>T(w)—a, (7.12)

where Dy (v || v") has been defined in (6.5).
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Similarly to (6.17), for the chosen k = k(v, a) define vy € M (Ag x Ag)
such that

Y {(A, B)}=v(AxB)

for each A, B € Ay, and consider an auxiliary set Wkﬂ C M (Ar X Ay)
defined by

Wl= () eM(rcxAp): In{(B, A}=Ti((B, A)} |<p).
B,AcAy

Next, by (6.19),

"Gy =D (vv"). (7.13)
Furthermore, by (6.16), the functional 7*(5) can be considered as a con-
tinuous function of the variables n{(B, A)}, A, B € Ay, provided n e M’S‘
(see the proof of Theorem 3 in Section 6), while 7*(n) =oco for n ¢ M.

Therefore, by (7.13), the definition of Wkﬁ and by (7.12) we can choose 8=
B(v, a) >0 small enough, such that

") > 1" —a=D; (W |[vF) —a>T (1) =2« (7.14)

for each ne Wkﬂ .
Next, for the chosen k=k(v, @), B=p8(v, «) define a neighborhood
W,f of v by

wp = ﬂ {(VeM@TxT): |V (BxA) —v(BxA)|<pB}
B,AeAy

Due to (7.8), W4 € Wf if and only if \I—'?’s € Wkﬂ . Therefore, by the defini-
tion of the measure P)f‘k ,

P (W5 e W) )= PoR(WE S e WP,

which, together with Proposition 7.1 and with the fact that {Wf e Wkﬁ }e
Tk”, yields for any 7 >1, 0 <e<¢gp, that

P, (W5 e W Y < PE (W5 € W1+ Cpe)ok T, (7.15)
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provided y € Ag, Ag € Ay (since the choice of k and B is independent of
T and ¢). On the other hand, by (7.10) and (7.14),

n P fwhc e Wl
T

lim sup
T—o00

<— inf I <—T W)=2a). (7.16)
neif

Now, the statement follows immediately from (7.15) and (7.16), setting o =
8/8 and U (v, 8) =W/
(b) In this case

lim Dy (v||vF)=00.
k—o00

Therefore, in place of (7.12), we can fix an integer k = k(v, M) large
enough such that

Di (v|[vP)y >M +1. (7.17)

Now the proof proceeds just as in the previous case.
(c) See Proposition 2.1 of ref. 14. |

Proof of Theorem 4. (a) Let y €T" and denote
ly=inf(T(v) : veG).

By Proposition 7.2, for each ve G and 6§ >0 we can pick up an open
neighborhood Uy (v, §) of v and a number g¢(v, §) >0 small enough such
that for each 0 <& <egp(v, §) there exists T(v, &, §) >0 such that

P {W5 €Uy (v, )} <exp(—(Ig—8) T) (7.18)

provided T >T (v, ¢, §). Since G is a compact, we can find a finite collec-
tion of measures v;, 1 <i <!, such that

1
kK c|JUo i, 8,

i=l
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(where [ depends on § > 0). Therefore, for a given § >0 and for each 0 <
e<e(8)=minjg;gs eo(v;, 8),

1
P W5 €GI< Y P (W5 el (i, )} <L exp(—(lg—8)T)  (7.19)

i=1
provided T >max;<;<; T(vi, &, 8), and so,

InP, {V:eG
lim sup M <—p—96).
T—o0 T
(b) The proof of the lower bound is completely similar to the proof of
Theorem 3 (a) of Section 6, replacing the auxiliary processes \IJ'; by \D?’g,
and applying Proposition 7.1 in the final step of the proof.

Corollary 7.3. (a) Let V be a subset of M (I") closed with respect to
the week topology, such that inf,cy I (v) <oco. Then for any § >0 there
exists &3(8) >0, such that for each 0 <& <¢e3(8) and for each y €T,

In P, {¢5€V
lim sup M <—inf I (v)+6.
T—00 T veV
(b) Let U be a subset of M (I') open with respect to the week topol-
ogy. Then for any 8 > 0 there exists &3(8) >0, such that for each 0 <& <
£3(8) and for each y €T,

lnPy {¢r eU} S

lim inf >—inf{I(uw): uelU}-34,

T—o0 T

where 7 (i) has been defined for the process X; by the formula (1.2).

Proof. The proof is completely similar to the contraction principle
(see ref. 10). |1
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