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LARGE DEVIATIONS FOR NONSTATIONARY ARRAYS
AND SEQUENCES!

J. R. BAXTER, N. C. JAIN AND T. O. SEPPALAINEN

1. Introduction

In the present paper we shall prove several results which apply to empirical
distributions and empirical processes for nonstationary sequences of random
variables. Our first result, Theorem 5.1, which deals with triangular arrays,
will be derived from a theorem of Kifer [8], which gives a criterion for the
large deviation principle to hold. Kifer’s result is stated below in a general
form as Theorem 3.5. A geometrical proof of Theorem 3.5 is given in [4].
Theorem 5.1 applies in particular to arrays of independent variables, as is
pointed out in Corollary 5.4. Another criterion for the large deviation
principle to hold is given in Theorem 6.5, which is a generalization of a result
proved in [4]. Applications of Theorem 6.5 are given in Corollaries 7.1 and
8.1. Corollary 8.1 implies a large deviation result in the nonstationary
hypermixing case, Theorem 9.13. In Section 10 it is shown that the results of
this paper can be applied to the case of an independent sequence whose
distributions are quasi-regular, in particular when the distributions are gener-
ated by a stationary random process.

A compactification argument will be used in the proofs of Theorems 5.1
and Corollaries 7.1 and 8.1. This step uses some simple compactification
results from [4], which are stated in Proposition 4.1 and Proposition 4.9.

2. The LDP

Throughout this paper, for any o-algebra &, we let #(F), #,(F), and
A () denote the space of all bounded signed measures on %, the space of
all bounded nonnegative measures on &, and the space of all probability
measures on %, respectively. By a scaling sequence (r(n)) we will mean a
sequence of positive integers such that r(n) — « as n — »,. We will begin by
stating the large deviation principle in a suitable form.
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DEeriniTION 2.1 (LARGE DEvVIATION PRINCIPLE.) Let (Y, &) be any mea-
surable space. Let 9 be any Hausdorff topology on Y. Let (u,) be a
sequence in .#,(#) and let (r(n)) be a scaling sequence. Let I: Y — [0, «] be
a lower semicontinuous function. We will say that the large deviation princi-
ple holds for the sequences (u,),(r(n)), with rate function I, using the
topology .7, if for any set A € & with closure A and interior 4°,

. 1

limsup —=log u,(A) < — inf I(y), 2.2
msup - log 1, (4) <~ inf 1(y) (22)
o 1 .

h;rygf e log n,(A) = yléljol(y). (2.3)

Condition (2.2) is called the upper bound, and condition (2.3) is called the
lower bound. By definition, a rate function in this paper is always lower
semicontinuous. If it happens that {I < ¢} is a compact set for all ¢ € R, then
we will say that I is a good rate function. If the scaling sequence is not
mentioned, we take it by default to be the sequence r(n) = n.

We will use abstract spaces and topologies in our work, essentially because
our method involves a compactification of the original space under considera-
tion. In concrete examples we must then show that our topology agrees with
the standard one. For example, if our original space is the space of probabil-
ity measures on a Polish space, the topology we use on the compactification
should induce a topology on the original space that is consistent with the
Prohorov metric. The next proposition shows that for applications we need
only check that our abstract topology is at least as fine as the standard
topology, because a finer topology cannot give a weaker result. Indeed we
may obtain a stronger result in this way, but that is not the main motivation
of this approach.

ProrosiTiON 2.4. Let (Y,#) be a measurable space. Let I, 9, be
Hausdorff topologies on Y such that I, C  and for every V € I and every
y € Vthere exists a set U € ZN I, such that'y € U and the closure U of U is
a subset of V. Let (u,) be a sequence in #(%) and let (r(n)) be a scaling
sequence. Suppose that the large deviation principle holds for the sequences
(r,), (r(n)), using the topology , with good rate function J. Then J is lower
semicontinuous with respect to I, and J is the unique rate function such that
the large deviation principle holds for the sequences (w,), (r(n)), using the
topology 7.

The proposition is a straightforward consequence of the definitions, so the
proof is omitted.
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3. The Pressure

We will now recall some terminology and basic results from [4]. Our results
will always involve a locally convex topological space in some way, so we fix
the notations for this space in the next statement, which describes our
general setting. This setting is similar to that used in [1]. For other results
using topological vector spaces see [2].

SETTING 3.1. Assume that a real vector space Y, and a convex subset of Y,
called Y, are given. Let a linear space L of linear functionals on Y, be given,
which separates the points of Y,. Let F, be the weakest topology with respect
to which every functional in L is continuous. Let &, = a(L). Let 7={ANY:
Ae T}, Z={ANY: A L)

We note that with the topology 77, Y; becomes a locally convex linear
topological space, and its dual is simply L. Also, if it happens that there is a
countable collection L, of functionals in L such that any functional in L can
be approximated uniformly on Y by members of L, then 7 is metrizable,
and &= o(9).

When working with the setting of Setting 3.1, we will usually be given a
sequence (u,) in #(#) and a scaling sequence (r(n)). In this case, for any
¢ € L, we will define

1

77} = 1i r(n)

P(e) = limsup s log [e"™* dp.,, (32)
P(p) = limin — log [¢"™* dy,. (33)
- n—o r(n) "

When &= £ on L we will say (following the terminology of [8]) that the
pressure exists, and we will define the pressure & to be the common value of
& and £. As in the statement of the large deviation principle, if the scaling
sequence (r(n)) is not mentioned, we will take it by default to be r(n) = n.
When & exists, we will define the Legendre transform J by

J(y) = sup{e(y) — P(¢): ¢ € L}. (3-4)

An illustration of these general definitions is given in Setting 4.7.
An appropriate form of Kifer’s theorem for our purposes is the following

(cf. [4D.

THEOREM 3.5. Let the assumptions of Setting 3.1 hold, and let Y be
compact. Let a sequence (w,) in .#(F) and a scaling sequence (r(n)) be
given. Suppose that = P = P. Let J be defined by (3.4). Then J = © on
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Y, — Y, and for each ¢ € L,

P(¢) = sup{e(y) —J(y):y €Y}. (3.6)

Suppose that for each ¢ € L, there is a unique x € Y such that
e(x) —=J(x) =sup{e(y) —=J(y):y €Y}, 3.7

or, equivalently, suppose that for each ¢ € L there is a unique x € Y such
that x is tangent to & at ¢. Then the large deviation principle holds for the
sequences (u,), (r(n)), with rate function J, using the topology Z.

For references to earlier results involving the pressure functional, see [8].

4. Compactification

Theorem 3.5 is stated for a compact space Y. This suggests that we should
examine the extent to which a noncompact space can be compactified by
adding ideal elements, so that a large deviation result on the compactification
can be inherited by the original space. The next result is straightforward. It is
proved in [4] as part of Theorem 1.21 of that paper.

ProrosiTioN 4.1. Let (Y, &) be any measurable space. Let I be any
Hausdorff topology on Y, such that for every point y € Y and every V€
withy €V, thereexistsaset U € I NG withy €Uand UCV. Let Y, bea
subset of Y, let Zy={ANYy: A€ F}, and let Ty={ANY,; A€ T}
Let a sequence (v,) in #(¥,) and a scaling sequence (r(n)) be given. Let p,
be the measure on & obtained from v, by setting

1n(A) = v, (A NYy) (4.2)

for every A € &. Suppose that the large deviation principle holds for the
sequences (u.,), (r(n)), using the topology 7, with good rate function I. If

I=wonY-Y,, (4.3)

then the large deviation principle holds for the sequences (v,), (r(n)), using the
topology 9, with good rate function I,, where I, is the restriction of I to Y.

In applying Proposition 4.1 it is natural to consider when Equation (4.3)
will hold. First we consider the notion of exponential tightness.

DeriNiTION 4.4, Let (Y, &) be any measurable space. Let J be any
Hausdorff topology on Y. Let (u,) be a sequence in .#,(#) and let (r(n)) be
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a scaling sequence. We will say that exponential tightness holds for the
sequences (u,), (r(n)), using the topology 7, if for any real number c, there
exists a compact set K such that

lim sup r(%) log n,(K¢) < —c. (4.5)

n—o

The next proposition is immediate from the definitions.

ProvrosiTION 4.6. Under the assumptions of Proposition 4.1, if exponential
tightness holds for the sequences (v,), (r(n)), using the topology 9, onY,, then
condition (4.3) holds, and the large deviation principle holds for the sequence
(v,), (r(n)), using the topology I, with good rate function I,.

A slightly less trivial condition can also be given. First we shall formally
describe our basic setting for results concerning occupation measures.

SETTING 4.7. Let (¥, D) be a measurable space, and W be a vector space
of bounded 9-measurable functions on VY, containing the constant functions,
such that (W) = 9. We consider the uniform closure V of W as a Banach
space with the supremum norm, and let Y, denote the dual space. For each
fE W, let ¢; be the functional on Y, defined by ¢:(y) = y(f), and let L be
the space of such functionals. Let , be the topology on Y, induced by L.
Then L is the dual of the linear topological space (Y,, 7). Let Y be the set of
all members of Y, which are positive and have norm 1. Then the assumptions of
Setting 3.1 hold, if we define &,, 7, and & as in Setting 3.1. The topology I~
coincides with the weak*-topology on Y, so the space (Y, 9") is compact by
Alaoglu’s Theorem. We identify a signed measure in #(2D) with the corre-
sponding functional in Y,. In this sense we regard #(2) as a subset Y, of Y.
Let

%={AOY0:AEZ}, f0={AnY0:AEC¢1}.

For brevity, we will often identify a function f € W _with the functional
¢; € L which it induces. For example, we will often write P(¢;) as P(f), and
so on. If vy is a measure in #(D), the notations ¢ (y), y(f), and [fdy will
all have the same meaning.

This setting is the natural specialization of Setting 3.1 to the case of
occupation measures. A similar setting is considered in [1].

The space Y, of Setting 4.7 is the space of interest in most of the results of
this paper. We introduce the more abstract space Y as a convenient compact-
ification of Y,
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Remark 4.8. When ¥ is a Polish space, it is easy to see that we may

choose W to be the span of a countable set of bounded continuous functions,
such that 7 is the topology induced by the Prohorov metric.

The next result gives a sufficient condition for Equation (4.3) to hold. It has
a straightforward proof, given in [4].

ProrosiTiON 4.9. In Setting 4.7, assume that the uniform closure V of W is

a lattice, that is, closed under finite sup and inf. Let (v,) be a sequence of
measures in #(Z,) and let (r(n)) be a scaling sequence. Assume that

P =P =P holds in Setting 4.7, and that in addition
P(f,) N0 forall f, € Wsuch that f, \ 0 pointwise. (4.10)

In this case we have
J=wonY —-Y,,
where we define J as usual by (3.4).
Condition 4.10 will hold, for example, if there is a probability measure p, a

continuous function G, on R, and a continuous function G, defined on an
interval containing the range of G,, such that

P(f) < G [G.(£) do] (4.11)
for all f € W. In applications we will consider cases where

P(f) ¢, logfecZ'f' dp + c;. (4.12)

5. Alarge deviation theorem for arrays
We now can state our first large deviation result.

TueoreM 5.1. Let (¥, ) be a measurable space, and let (r(n)) be a
sequence of positive integers with r(n) — «© as n — «. For each n, assume that

&, i=1,..., r(n), W-valued random variables, are defined on the same
probability space (Q,,, &,, P,), and let

Sy =8+t 0y .

Let W be an algebra of bounded measurable functions on ¥ which contains the
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constant functions, such that c(W) = 9. Let the notations of Setting 4.7 hold,
in particular the definition of the topology Z,. Then S, /r(n) is a random
variable taking values in the measurable space Y, = #(2D), with o-algebra &,.
Let v, denote the distribution of S, /r(n).

Assume that the pressure & exists on W. Let V denote the uniform closure of
W. For every f € V, and every positive integer n, let

fIn]=fe& + -+ +fo &l
Then

1
r(n)

P(¢p) = P(f) = lim —— log E,e/"

for each f € V, where E, denotes expectation with respect to the probability
measure P,. Define J by (3.4). Let J,, be the restriction of J to Y,
Assume either that exponential tightness holds for the sequences (v,), (r(n)),
using the topology 7, or else that (4.10) holds. Then J, is a good rate function.
For every f € V, and every positive integer n, let

3 ef["]Pn
n E,eft"’

and let E! denote the corresponding expectation. For any square-integrable
random variable n on Q,, let Varf(n) denote the variance of m using the
probability measure P!. For f,g € W, and real t, let

b(t) = Sl'.:p r(ln) Var/*'®(g[n]). (52)

For all f, g € W, assume that b is a locally bounded function of t. Then the
sequences (v,), (r(n)) satisfy the large deviation principle with rate function J,
using the topology .

We will prove Theorem 5.1 shortly. First we note:

Remark 5.3. Since by Proposition 4.1 a finer topology gives a stronger
result, the strongest conclusion of the theorem holds when W is as large as
possible, namely when W is the space of all bounded measurable functions
on V. However, the hypotheses may be easier to check when W is smaller,
for example when W is the span of a countable set of functions.
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Proof of Theorem 5.1. Fix f,g € W. Let u(t) = F(f + tg) for any real ¢.
By Hoélder’s Inequality, u is convex. For every real ¢, let

1
u,(t) = ) log E, e+ &),

Condition (5.2) implies that there is a constant ¢, such that
u,(t) <c,
for all n and all + € (-1, 1). Consider any real numbers ¢, t,, t5, ¢, with
—1<t;<t,<0<t;<t,<1,
we see easily that

Un(ts) —un(ts)  u,(tp) — u,(t)

S C4(t4 - tl)’

Letting n — o and allowing ¢, and ¢; to approach the origin shows that the
function u is differentiable at 0. Of course the same proof shows that u is
differentiable everywhere.

Let (u,) be defined by (4.2). We will show that the sequences (u,,), (r(n))
satisfy the large deviation principle with rate J, using the topology < on Y.
Indeed, let x € Y, such that (3.7) holds, with ¢ = ¢. For any real number ¢,
let & = f + tg. By the definition of J we have

x(h) —J(x) < P(h).
By (3.7) we have

x(f) —J(x) = 2(f).

Thus for all real ¢,
P(f+1) - P(f) 2x(8).

It follows immediately that x(g) is equal to the derivative of u at 0, and so x
is unique. We can then use Theorem 3.5 to conclude that the large deviation
principle holds for (u,). If exponential tightness holds, then (4.3) holds, by
Proposition 4.6. Otherwise, since (4.10) holds, it follows from Proposition 4.9
that (4.3) holds. Thus Theorem 4.1 implies that the large deviation principle
also holds for (»,), so the theorem is proved.

A useful consequence of Theorem 5.1 is the following.
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CoroLLARY 5.4. Suppose that the random variables ¢7, . .., £, form an
independent sequence for each n. Let p} be the distribution of the random
variable . Suppose the pressure

r(n)
1
. f (l
9 (f) nlmml r(n) jgl 108fe dp,

exists for each f € W.
Suppose that there is a probability measure p on (¥, 2), and a real number
¢ such that for each f € W,

r(n)

lim sup 7(—1’3;; [£do} < cs[If1dp. (5.5)

n—o

Let v,, Jo, 9, be defined as in Theorem 5.1. Then the large deviation
principle holds for the sequences (v,), (r(n)), with rate function J,,, using the
topology J,,.

Proof. In this case we see using the concavity of the log function that
(4.10) holds. Condition (5.2) is automatically satisfied, since the functions
g € W are assumed to be bounded.

Remark 5.6. Let us take ¥ to be a Polish space, and let W denote the
space of bounded continuous functions on V. If we consider Corollary 5.4 in
the special case that p} = p” for all j = 1,..., r(n), then the existence of the
pressure is equivalent to the convergence of [fdp” for all f € W. In this case
p" converges weakly as n — o, to a limit p. The large deviation principle in
this situation was proved by different methods as Theorem 3 in [3].

6. A convexity property

Let (Y, #) be any measurable space. Let Z be any Hausdorff topology on
Y, such that for every point y €Y and every V€ I with y € V, there
exists a set U € I N & with y € U and U C V. Let (u,) be a sequence in
#(#) and let (r(n)) be a scaling sequence. For any U € 9 N &, define

K(U) = limsup-r(l—n)log p.(0), (6.1)

K(V) = lim; ior:f;zln—) log ,(U). (62)
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For any point y €Y, let

k(y) =inf[K(U):Ue In L,y e U}, (6.3)
k(y) = inf{(K(U):Ue N #,yeU). (6.4)

We will call k¥ and « the upper and lower size functions for the sequences
(n,,), (r(n)).

The next theorem is a generalization of a result in [4].

THEOREM 6.5. Under the assumptions of Setting 3.1, let Y be compact. Let
# be a general index set. For each i € #, suppose that a sequence (u') in
H(£) and a scaling sequence (r'(n)) are given. Suppose that all the sequences
(1h), (r'(n)) induce the same pressure P. Let J be defined by (3.4). Then J = o
onY, — Y, and (3.6) holds.

For each i € #, let k', k' be the upper and lower size functions for the
sequences ('), (r'(n)). Let

ko = inf k'
ie f
Suppose that —k, is convex. Then for each i € 7, the large deviation principle
holds for the sequence ('), (r'(n)), with rate function J.

Proof. The proof is almost the same as that given in [4] for the special
case in which # consists of a single point. First we note that J = » on
Y; =Y and (3.6) hold by the usual formula for the inverse Legendre
transform, or by a standard direct argument (cf. [4], proof of Theorem 10.1 of
that paper). Also, as a simple consequence of the definitions of the upper
and lower size functions we have

J< -k < —k'< -k

elsewhere on Y, for each i € # (cf. [4], Lemma 2.14).

Let i € .# be fixed. We consider a typical affine function which is below J.
That is, let ¢ €L, and let ¢ be a real number, such that ¢ +c <J
everywhere on Y. Let g=¢ + c. Let 4 ={g =J}. Suppose that A4 is
nonempty (notice that, by compactness, if 4 is empty we can increase ¢ until
A is nonempty). Then A is convex since J — g is convex, and A is compact
since J — g is lower semicontinuous and 4 ={J/ —g <0}. Let x be an
extreme point of 4. By Theorem 4.8 and Lemma 4.9 of [4], we know that
J(x) = —k'(x). Since i was arbitrary, we have shown that J(x) = —k,(x). It
follows that

eEL,ceR,p+tc=sJeop€EL,cER,¢+c=< —k
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Since both functions J and —«, are convex and lower semicontinuous, they
are equal. Thus we have shown that for each i € .7,

J=—-k'= —k'

Since Y is compact, it is then a standard argument to verify that the large
deviation theorem holds for each i, so the theorem is proved.

7. Empirical distributions

CoroLLArY 7.1. Let (V,2) be a measurable space, and let ¢,, n =
1,2,..., be a sequence of W-valued random variables defined on a probability
space (Q), &, P). For nonnegative integer i and every positive integer n, let

Sn(i) = 65.‘..+1 +o +6€<i+1)n’

Let W be an algebra of bounded measurable functions on ¥ which contains the
constant functions, such that (W) = 9. Let all the notations of Setting 4.7
hold. Then S,(i)/n is a random variable taking values in the measurable space
Y, = #(2D), with o-algebra F,. Let v\ denote the distribution of S,(i)/n.

Assume that for each sequence (v}), the pressure &P exists and does not
depend on i. Define J by (3.4). Let J, be the restriction of J to Y,,.

Assume either that exponential tightness holds for the sequence (v2), or that
(4.10) holds. Then J, is a good rate function on Y.

Assume that for every nonnegative integer i, and every x,y € Y,

K2i+1
£ 2(y ) (12)

k(%) 2 EZigx) +

where X = x/2 +y/2. ‘
Then for each i, the large deviation principle holds for the sequence (v,), with
rate function J,,, using the topology 7.

Proof. Let # denote the set of nonnegative integers i. Define the
sequences (u},) by

u(A) = vi(A N Yy) (73)

for all A € #£. The conditions of Theorem 6.5 are easily seen to be satisfied,
so the large deviation principle holds for each sequence (u’,).

We can pass from the large deviation principle on Y to the large deviation
principle on Y, just as in the proof of Theorem 5.1, so the corollary is
proved.
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We can apply this corollary to get a result for the empirical distributions of
an independent sequence, much as in Corollary 5.4 above. Incidentally, it is a
straightforward matter to show that in the independent case, if the pressure
P, exists for the sequence (?), then the pressure &, also exists for every
sequence (v.), and has the same value for all i. Indeed, if p; denotes the
distribution of ¢;, we have

1 n(i+1) ; i 1 ni ;
e Z logfe dp,—————;l—g, ogfe dp;

=|b—\

n
Z IOg/efdpm'+k’
and the statement follows.

8. Empirical processes

We can also obtain a process level result from Theorem 6.5, which we now
state.

CorOLLARY 8.1. Let (X, %) be a measurable subset of a Polish space,
together with its Borel o-algebra. Let m,, n=1,2,..., be an X-valued
sequence of random variables defined on a sample space (Q, &, P). Define
V=XXXX...,.9=HFXHBX....Let D, be the o-algebra generated by
the first k coordinates on V. For each positive integer n, let

gn = (nn’nn+l"“)‘

For each positive integer n and each nonnegative integer i, let
Sa(i) = 6§m+1 o +8§(i+1)n’

For each positive integer k, let W, be an algebra of bounded functions on ¥
such that a(W,) = 9, and W, contains the constant functions. Suppose that
W, € Wy, and let W be the union of the spaces W,. Let the notations of
Setting 4.7 hold. Then S,(i)/n is a random variable taking values in the
measurable space Y, = .# (D), with a-algebra . Let v} be the distribution of
S,(i)/n.

Assume that the pressure P exists for each sequence (v\) and is the same for
all i. Define J by (3.4). Let J, be the restriction of J to Y,,.
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Assume either that exponential tightness holds for the sequence (v?) or that
for each positive integer k

P(f,) N0 forall f, € W, such that f, ~ 0 pointwise. (8.2)

Then J, is a good rate function on 'Y,

Assume that for every nonnegative integer i, and every x,y € Y, condition
(7.2) holds.

Then for each i, the large deviation principle holds for the sequence (v\), with
rate function J,, using the topology 7.

Proof. It follows at once from the theorem that the large deviation
principle holds for each sequence (u',), with rate J, where (u',) is defined by
(7.3). If exponential tightness holds we use Proposition 4.6 as usual. Other-
wise, we will follow the argument in [4], Section 4. Let x € Y such that J(x)
is finite. By Proposition 4.9 there exists a probability measure y, on Z, such
that

[fave=x(f)

for all f e W,. Kolmogorov’s theorem then ensures that there is a single
probability measure y on 2 which agrees with all the y,. Thus x = y € Y,

It follows that J = « on Y — Y, and the corollary follows from Proposition
4.1.

9. The hypermixing case

Corollary 8.1 is phrased in a rather abstract form. To give a special case
more explicitly, we may assume that the process is hypermixing, in the sense
of the theorem of Chiyonobu and Kusuoka [5], but without assuming that it is
stationary. We will follow the notation of [6] in what follows. A process will
be said to be hypermixing if conditions (H-1) and (H-2) of Section 5.4 of [6]
hold. We will recall these conditions shortly. First we state some notations.
For any nonnegtive integers j, k with j < k, we define the &[j, k] to be the
o-algebra generated by 7;,...,n,, and we let &, = FI0, n].

For any positive integer /, and any functions F,,..., F, on Q, we will say
that the functions F,,...,F, are [-separated if there exist nonnegative
integers j(m), k(m),m = 1,...,n, with j(m) < k(m) for m =1, ..., n, such
that each of the intervals [ j(m), k(m)] is separated by a gap of at least / from
the other intervals, and such that each function F,, is Fj(m), k(m)]-mea-
surable.
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We assume that there is a nonnegative integer /,, and three functions

o, B: (Ig,®) = [1,%) and y: (o, ) = [0,1]

such that
llim a(l) =1, (9.3)
limsup I(B(l) — 1) < o, (9.4)
>
and
llim v(l) =0. (9.5)

Condition (H-1) in [6] will now be stated. All L? spaces will be with respect
to (Q, &, P).

AssumptioN 9.6 (H-1). For any n > 2, let Fy,...,F, be bounded I-sep-
arated functions on ). Then for all | > 1,

n
|F,...E,lli < nl | F,ollacay-
me

Condition (H-2) in [6] is as follows.

AssuMmpTION 9.7 (H-2). For any bounded l-separated functions F and G on
Q,

l [(F- F‘)de| < y()IFlls0Gllsy,

where F denotes [F dP.

Lemma 9.8.  Condition (H-2) implies (7.2).

Proof. This is essentially the proof of Lemma 5.4.22 in [6], but for the
convenience of the reader, we will sketch the argument. Let U € 9N £,
such that X € U. Let ¢ > 0 and f,,..., f, € W be such that if

G={Z:zeY,|z(f,) —%(f)| <e,r=1,...,5}

then G c U. We may assume that |f,| < 1 everywhere, for r = 1,...,s. Fix i,
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and let
A—';l = {Sn(l)/n = G}

For each n, let m = m(n) be the greatest integer less than or equal to n/2.
It is easy to see that the quantity f,o£,,,,q + *** +f,°&pnuep Can be
obtained from the quantity fo &, + *+ +f°§,;.1, by adding at most i
terms and subtracting at most i + 1 terms. Hence

|frobomivs + " oo bomarry = Fobmiv1 — 0 —fobpusn| <20+ 1.

It follows that if n > (4i + 2)/¢ we have A, D A,, where

“i‘n = {lfr°§2mi+1 + oo +fr°§2mi+2m - mx(f,) - my(fr)l

<me, r=1,...,s},
and m = m(n)._
In this case 4, > B,, N C,,, where
Bm = {lfr°§2mi+1 + o +fr°§2mi+m - mx(fr)' < me/2, r= 1,...,S},
Cn= {lfr°§(2i+1)m+1 + o 4o Egmivam — my(f,)]
<me/2,r= 1,...,s}.
Let k be a positive integer such that every function f, is Z,-measurable.

Suppose that 7 is large enough that m(n)e /32 > k. Then we can choose, for
each n, an integer | = I(n) with

m(n)e

e <I(n) < (”)‘3, k+1(n)<m(”)’°'

For such n we have B, D B, > ﬁm, where
= {lfr°§2mi+1 + o +fr°§2mi+m—k—l - mx(fr)l <m€/4’ r= 1,...,S},
B\m = {‘fr°£2mi+l + o +fr°§2mi+m - mx(f,)| < m8/8’ r= 1,...,S}.

Clearly

hmmfl log P(B,) = k¥(x), Iiminf% log P(C,) = k**1(y). (9.9)
m-—o

m —> oo

If either k?(x) = — or k?*!(y) = — then (7.2) obviously holds. Thus we
may assume without loss of generality that there is some real number R such
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that
P(B,) >e™®, P(C,) >emR (9.10)
for all m.
We consider n such that m(n)e/32 > max(k,l,) and n > (4i + 2)/e,
where [, is defined prior to (9.3). Then I(n) > I, and we can use Assumption

9.7 to conclude that

P(B, 1 C,) 2 P(B,)P(C,) = v(1)(P(B,)P(C.) ™"

Thus
P(B, N C,) = P(B,)P(C,)(1 - y()1),
where

‘o (P(Em)P(Cm))_1+1/ﬂ(1).

Because of (9.10), (9.4), and the fact that [ > me /32, we see easily that ¢ is
bounded in ». It follows that for large n,

P(B,nC,) = 3P(B,)P(C,).

We then can use the definition of K(U) and (9.9) to conclude that
K(U) = 36%(x) + 3£¥*1().

Taking the infimum on U proves the lemma.

If the process is stationary, Condition (H-1) easily implies that the pressure
exists (cf. the proof of Lemma 5.4.13 in [6]). However since we do not assume
that the process is stationary, we will make a separate assumption that the
pressure exists.

AssumPTION 9.11.  The pressure P, exists for the single sequence (v?).

Lemma 9.12.  Assumption (9.11), together with Assumption (H-2), imply
that the pressure &, exists for every sequence (v}), and that &, is the same for

all i.

Proof. This is a messier version of the argument sketched in Section 7.
Consider a function f € W,. Suppose that |f| < ¢ everywhere. Let ¢ > 0 be
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given. For each n such that ne > 1 and n > 2k, choose ! = I(n) such that
ne <lIl(n) <2ne, l(n) +k<n.

Consider n such that ne > 1, n > 2k, and ne > I, where [, is defined prior
to (9.3). Let f(j) = f o £;. We have

fef(l)+ wHfE+D) gp > fef(1)+ w +f(ni=k=D)=(k+De+f(ni+ D+ - +f(ni+1) gp
Also, by (H-2),
fef(1)+ w Hf(ni=k=D+f(ri+ D+ - +f(nG+1) gp
> fef(l)+ o +f(ni—k—1) deef(m'+1)+ “ Hf(G+D) gp y(I)v,

where

1/8()
v = ( f eBOXSW+ = +f(ni-k=D) gp f PO+ D+ - +f(n(i+1) dp)

Since
f B+ - +f(ni=k=1) gp < f efO+ = +fni=k=D gp gnic(Bh=1)

feB(l)(f(m'+1)+ = i+ 1) gp < fef(ni+1)+ o f(n(i+1)) dPem:(B(l)—l),

we see that we have

f efD+ = +f(ni+1) gp
> e—-(k+l)c/ef(1)+ e +f(ni—k=1) deef(ni+1)+ R+ gp(1 — y(1)1),

where the quantity ¢ is seen to be bounded in n because of (9.4) and the fact
that / > ne /8. Thus for large n we have

e—2(k+l)c

f S+ - +f(rG+1) gp > f efO+ = +f(ni) gp f e i+ o +f(nG+1) gp.
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The definition of &, then shows that

Py(f) = —4ec + limsup % logfef"""'lyr A+ gp,

n-—o0

A very similar argument shows that
Py(f) < dec + lim inf% logfef(””l)* A+ gp,
n—o

so we see that Z(f) exists and is equal to Z(f), proving the lemma.

THeOREM 9.13. (i) Suppose that Assumptions 9.7 and 9.11 hold. Let
P = P,, and let ] be defined by (3.4), and let J, be the restriction of J to Y. If
exponential tightness holds for the sequence (v,‘,’), using the topology 7, then
the large deviation principle holds for every sequence (v}), with rate function J,,
using the topology 7.

(i) If X is a compact metric space, and if the functions in W are continuous
with respect to the product topology on ¥, then Y =Y, and in particular
exponential tightness holds.

(iii) If Assumptions 9.7, 9.11 and 8.2 hold, then the conclusion of (i) holds.

(iv) Assumption 8.2 will hold if Assumption 9.6 holds and if for each k there
exists a bounded measure B, on 9, such that for every f € W,

limsup% Y [fo&dP < [If1dp,. (9.14)
j=1

n—o

Proof. Most of the statements in this theorem follow easily from Corol-
lary 8.1, or from the definitions. Only the final statement needs to be
checked. We can easily see from Assumption 9.6 and (9.14) that for any
positive integers k and /, with / > /,, and for any function f € W,

1
P(f) < FOICED) logfe"‘(’x"”)fdﬂk.

(This is essentially Lemma 5.4.13 in [6].) Condition (8.2) then follows at once.

10. Independent sequences

We will next take a closer look at a particular case of hypermixing
processes, namely independent sequences. We will use the notation of
Sections 8 and 9 and apply the results of those sections. This gives a new
proof of a large deviation theorem obtained in [10]. We shall then identify
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the rate function as a generalized specific entropy, using the argument in [10].
It is convenient to consider the case in which the sample space () is equal to
the canonical product sample space ¥, and so the product o-algebras 9,
and %, coincide. We will use # exclusively here. For the sake of clarity we
take X to be a Polish space, rather than just a Borel subset of a Polish space.
Then ¥ is also a Polish space with the usual product metric. The second-
countability of the topology guarantees that % coincides with the Borel
o-algebra of W. Let m; be the jth coordinate variable, so that &, is
generated by 7,,...,m,. Let 8 denote the shift on the sequence space ¥, so
that

mj°0 =11

Let p = (pj) be a sequence of Borel probability measures on X. Define the
product measure P? on the product space ¥ by

PP=p ®p,®p, ® -

Then (n,) is a sequence of independent, X-valued random variables with
distributions p,,, defined on the sample space (¥, &, P?). Define ¢, as in
Section 8 by

gn = (nn’nn+1"“)'

In the present case ¢, is the identity map, and ¢, = "~ ! for n > 1. The aim
of this section is to describe the position-level and process-level large
deviations of the process (n,) under P*.

The space .#,(#) of Borel probability measures on X is also a Polish
space under the weak topology generated by the bounded continuous func-
tions on X. Let us write I' = .#(#) X #(#) X --- for the corresponding
sequence space. Let &¥ be the Borel o-algebra of I'. The shift map on I’ is
denoted by T and defined by

T(p1>P25P35---) = (P2, P3,P4s--)-

Clearly
[foe dP? = ffdPT",

for any bounded measurable function f on V.
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It will be useful to consider the empirical processes on I', which are maps
R, from T into #(5¥) defined by

1 n—1
Rn(p) = ; 8Tkp.
k=0

Following the terminology of [9], let us call an element p of I' quasi-regular
if R,(p) converges in the weak topology of .#(-#). Denote the limit
measure by m,. The set of quasi-regular elements is a shift-invariant Borel
subset of I', and on this set, p — T, is a shift-invariant, Borel measurable
map with values in the set of shift-invariant probability measures on I'. The
large deviation behavior of sequences (n,) under P? turns out to be espe-
cially clear when P? comes from a quasi-regular p. This provides a large class
of examples of nonstationary sequences for which the large deviation princi-
ple holds.

For the process level result, let S,(i) be defined as in Corollary 8.1. We
choose W, to be the collection of bounded, continuous, &,-measurable

functions on ¥. The union W of the W, generates the weak topology on
H(F).

TueoreM 10.1. Let p be a quasi-regular sequence and f € W. Then the
pressure PP defined by

g?ip(f) = nh_rfi% logfef"‘fm‘*fl* f o bnirty JPP

exists for all i, and has a common value, independent of i, which we denote by
PP(f). The limit

.1 cEid e 4o
lim = [log [efé1+ = +1*6n dPYa (dy) (10.2)
exists and is equal to P*(f). Define J°(Q) for any Q € #(F ) by
1(Q) = sup{ [1dQ - P*(£): f  W}.
Then the large deviation principle holds for the sequence

o)

of distributions on #(F), with rate J°, using the weak topology on #(F).
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Proof. By independence, the hypermixing assumptions (H-1) and (H-2) of
Section 9 are trivially satisfied. In view of parts (i), (iii), and (iv) of Theorem
9.13, we only need to verify the existence of the pressure F§(f) for f € W,
and Condition (9.14).

Condition (9.14) is immediate, for by the quasi-regularity of p,

lim }:jf & dpP? = lim - 2 ffdPT”’—f[ffdPV] (dy).
(10.3)

Here we used the fact that, for f € W, the function

o~ [ faPr

is bounded and continuous on T'.

To show the existence of the pressure, fix a function f € W and an integer
r such that f is F-measurable. Let ¢ be the supremum norm of f. Let m,n
be any positive integers with m > r and n > 2m. For fixed m, let k = k(n)
be the largest positive integer k such that (k + 1)m < n. Let f(j) denote
foé.Lletg=f(D)+ -+ +f(m—r).Let gl)=go¢.Fixat withl<t<
m. It is easy to see that the quantity g(¢) + g(t + m) + --- +g(t + (k —
1)m) is obtained from the quantity f(1) + - - - +f(n) by subtracting at most
kr + 2m terms. Hence

fQQ) + -+ +f(n) = —krc — 2mc +g(t) + g(t + m)
+ - +g(t+ (k- 1)m).

For fixed ¢, the functions g(¢ + Im) depend on disjoint sets of coordinates
for distinct values of /, and hence they are independent under P”. After
taking exponentials, integrating, and then taking logs, we have

k(n)—1

logfef“)'* “HMape > —k(n)rc — 2mc + Y, logfe‘(’“m) dpe.
=0
Hence, averaging over t = 1,...,m,
1 k(n)m
log [/ O+ +/™) gPe > —k(n)rc — 2me + 5= Y. log[es dPe.
j=1

Dividing by n, noting that k(n)/n — 1/m as n — «, and using the quasi-
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regularity of p, we obtain
rc 1
PUf) 2 =7 + 7 [Fu-r dm,,
where, for any y € I and any positive integer m,
F,(y) = logfef 1% = *1*én dpv. (10.4)

In a very similar way we also have

- rc 1
PE(f) < 5 + 77 [Fucr dm,,

and the theorem follows.

The next question to address is the identification of the rate function J*.
Fix a quasi-regular element p of I', and a shift-invariant probability Q on V.
For positive integers n, define

K?(Q) =s dag - | |lo fdPV] dy): eWn},
£0) = sup{ [10 - [ [1oe [ e ap|m(av): 1
and then let
1
k"(Q) = sup TK2(Q).
n
LemMma 10.5. With p and Q as above, we have
k"(Q) = lim ~K2(Q).
n—o

Proof. Llet fe W, and g€ W,. Then f and go6™ are independent
under every measure P” for y €I, and f + g o6™ is an element of W, ,,.
Using the shift-invariance of Q and m,, we get

Ko@) = [(f + 50 dQ = [ [iog ] o1+ dp |, ()
= { [fdo - [r [log fwef dP’]wp(dy)}

+ { Jgdo - jr [log fwegdPV]qrp(dy)}.
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Since f and g were arbitrary, we get the superadditivity property

K5 .(Q) 2 KA (Q) + Ki(Q),
which implies the conclusion of the lemma.

THEOREM 10.6. Let p be a quasi-regular element of T'. The rate J° is given
by

J°(Q) = {k”(Q) if Q is shift-invariant ;

0o otherwise .

Proof. That the rate is identically infinite off the shift-invariant measures
follows easily from the observation that &??(g — g°6) =0 for any g € W.
The precise argument can be found in [4] or [6].

For the remainder of the proof, fix a shift-invariant probability Q on V.
Let f € W,, so that the function fo&, + -+ +fo§, isanelementof W, ..
Recalling the definition (10.4) of F,,, and using the shift-invariance of Q, we
have

Kf.(Q) = m [fdQ — [F(v)m(dy).

Dividing by m and letting m 1« gives, by Theorem 10.1 and Lemma 10.5,
that

ko(Q) = [fdQ — #*(f).

Since r and f € W, were arbitrary, this shows that k°(Q) > J*(Q).
Let us again consider any f € W,. By Holder’s inequality and the indepen-
dence structure of P?, we have

1 mr 1 mr
o logf exp(k‘élfo fk) dP? < — kz=-:1 log/e’fdPTkP,
from which, by quasi-regularity, we see that

Po(f) < %f[logfe’fdPV]wp(dy).
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From the definition of J we then get
1
Q) = [fdQ - - [ [1og / e'fdP*]wp(dv)

= -}{fpfdQ - f[logfe'fdP"]wp(dy)}.

Since f € W, was arbitrary, we get

7%(Q) = TK2(0),

and letting r vary gives JP(Q) > k”(Q). This completes the proof of the
theorem.

Example 10.7. Let p be a probability measure on X, and let o =
(p,p, p,...) be the corresponding constant sequence. It is clear that k°(Q)
reduces to the familiar specific relative entropy A(Q|P°) against the i.i.d.
measure

7=p®p®p® -
in case 7, = §,. Any p = (py, p,, p3, . . .) satisfying

llmp] =D,

jo oo

in the weak topology of .#,(#), is an example of a quasi-regular p such that
m, = 8,. (For a detailed account of specific relative entropy, see [6].)

Consider a model where the sequence (p;) of distributions is generated by
a stationary, .#,(#)-valued stochastic process. Let V' be the distribution of
this process on I', so that we can think of the process as given by the
coordinate projections p — p; under the shift-invariant probability V. By the
ergodic theorem, the set of quasi-regular elements is of V-measure 1, and in
fact the stochastic kernel 7 gives the ergodic decomposition of V: For any
Borel subset 4 of T,

V(4) = [m,(A4)V(dp).

We may then conclude that the large deviation principle holds for V-almost
every p, with rate J*.
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A fundamental property of the ergodic decomposition kernel is that a
shift-invariant probability measure V is ergodic if and only if

VipeTl:im, =V})=1

(For a proof, see [9] or [7].) For an ergodic V, the set {p €T: =, =V} is
called the quasi-ergodic set of V. Pick any p in this set, and then define

k* if Q is shift-invariant;
]V( Q) = { (Q) Q ;
00 otherwise.
These remarks suffice to make the following theorem an immediate corollary
of Theorem 10.6.

THeoReM 10.8. Let V be a shift-invariant, ergodic probability measure on
I. For V-almost all p € T, the large deviation principle holds for the sequence

)
of distributions on M (F), with rate JV.

This and other related results for processes with nonstationary or randomly
generated distributions can be found in [10] and [11]. Once the existence of
the pressure has been established, there are a number of ways to complete
the proof of a large deviation principle. Instead of using convexity and
compactness as is done here, [10] proves the upper bound for Theorem 10.8
by an explicit verification of exponential tightness, and the lower bound by a
Shannon-McMillan-type argument. These results extend also to independent
variables indexed by an arbitrary lattice Z¢, and to Markov chains with
randomly generated transition probabilities.

Let us now proceed to the corresponding position-level result. The random
measures of interest are now the .#;(#)-valued empirical distributions

1 n
L"(i) = ﬁ Z 8111n+j'
Jj=1

Let W be the space of bounded continuous functions on X.

TueoreM 10.9. Let p € T be such that the empirical distributions
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converge in the weak topology of #(A#(H)), as n — », to some Borel
probability measure 7, on #(%#). Define K*: .#(#) — [0, ] by

K*(q) =s dq — lo fd]°dr: eEW}.
(a) up{ff g f»‘ﬁ(@[ gf ¢ dr|m; (dr): f }
Then, for all i, the large deviation principle holds for the sequence

(PPL,(i) € -})
of distributions on #(#), with rate K*.

The proof is similar but easier than the one given above for the process
level result, so we shall omit it. The requirement that the occupation
measures

n

>3,

j=1

NI

converge is genuinely weaker than quasi-regularity. To give an easy example,
construct p by repeating two sequences (a, a, 8, 8) and («, 8, @, B) in such a
way that the relative frequency of the pair (a, @) does not converge. This
violates quasi-regularity, but the relative frequencies of @« and B each
converge to 1/2, so

o = 5(8, + 8).

Since Theorem 10.9 thus holds for a wider class of p’s than Theorem 10.1, we
cannot deduce the former from the latter by the usual contraction mapping,
or push-forward, principle.

In case 7, is a point mass §,, the functional K* reduces to relative
entropy against p. The above remarks and Theorem 10.8 about randomly
generated sequences extend in an obvious way to position level. It is interest-
ing to note that the position-level rate of the randomly generated sequence
depends on the background measure V' only through the marginal distribu-
tion of p,.
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