Chapter 4

General Principles

In this chapter, we initiate the investigation of large deviation principles
(LDPs) for families of measures on general spaces. As will be obvious in
subsequent chapters, the objects on which the LDP is sought may vary
considerably. Hence, it is necessary to undertake a study of the LDP in an
abstract setting. We shall focus our attention on the abstract statement of
the LDP as presented in Section 1.2 and give conditions for the existence of
such a principle and various approaches for the identification of the resulting
rate function.

Since this chapter deals with different approaches to the LDP, some of
its sections are independent of the others. A rough structure of it is as
follows. In Section 4.1, extensions of the basic properties of the LDP are
provided. In particular, relations between the topological structure of the
space, the existence of certain limits, and the existence and uniqueness of
the LDP are explored. Section 4.2 describes how to move around the LDP
from one space to another. Thus, under appropriate conditions, the LDP
can be proved in a simple situation and then effortlessly transferred to a
more complex one. Of course, one should not be misled by the word effort-
lessly: Tt often occurs in applications that much of the technical work to
be done is checking that the conditions for such a transformation are sat-
isfied! Sections 4.3 and 4.4 investigate the relation between the LDP and
the computation of exponential integrals. Although in some applications
the computation of the exponential integrals is a goal in itself, it is more
often the case that such computations are an intermediate step in deriving
the LDP. Such a situation has already been described, though implicitly,
in the treatment of the Chebycheff upper bound in Section 2.2. This line of
thought is tackled again in Section 4.5.1, in the case where X is a topolog-
ical vector space, such that the Fenchel-Legendre transform is well-defined
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116 4. GENERAL PRINCIPLES

and an upper bound may be derived based on it. Section 4.5.2 complements
this approach by providing the tools that will enable us to exploit convexity,
again in the case of topological vector spaces, to derive the lower bound.
The attentive reader may have already suspected that such an attack on the
LDP is possible when he followed the arguments of Section 2.3. Section 4.6
is somewhat independent of the rest of the chapter. Its goal is to show
that the LDP is preserved under projective limits. Although at first sight
this may not look useful for applications, it will become clear to the patient
reader that this approach is quite general and may lead from finite dimen-
sional computations to the LDP in abstract spaces. Finally, Section 4.7
draws attention to the similarity between the LDP and weak convergence
in metric spaces.

Since this chapter deals with the LDP in abstract spaces, some topolog-
ical and analytical preliminaries are in order. The reader may find Appen-
dices B and C helpful reminders of a particular definition or theorem.

The convention that B contains the Borel o-field By is used through-
out this chapter, except in Lemma 4.1.5, Theorem 4.2.1, Exercise 4.2.9,
Exercise 4.2.32, and Section 4.6.

4.1 Existence of an LDP and Related
Properties

If a set X is given the coarse topology {0, X'}, the only information implied
by the LDP is that inf,cy I(z) = 0, and many rate functions satisfy this
requirement. To avoid such trivialities, we must put some constraint on the
topology of the set X. Recall that a topological space is Hausdorff if, for
every pair of distinct points = and y, there exist disjoint neighborhoods of
z and y. The natural condition that prevails throughout this book is that,
in addition to being Hausdorff, X is a reqular space as defined next.

Definition 4.1.1 A Hausdorff topological space X is reqular if, for any
closed set F C X and any point x € F, there exist disjoint open subsets G
and Go such that F C G1 and x € G>.

In the rest of the book, the term regular will mean Hausdorff and regular.
The following observations regarding regular spaces are of crucial impor-
tance here:

(a) For any neighborhood G of z € X, there exists a neighborhood A of z
such that A C G.

(b) Every metric space is regular. Moreover, if a real topological vector
space is Hausdorff, then it is regular. All examples of an LDP considered
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in this book are either for metric spaces, or for Hausdorff real topological
vector spaces.
(¢) A lower semicontinuous function f satisfies, at every point z,

fle) = sup inf  f(y) . (4.1.2)
{G neighborhood of «} v€G

Therefore, for any x € X and any § > 0, one may find a neighborhood
G = G(z,0) of z, such that inf cq f(y) > (f(z) —I)A1/d. Let A= A(x,0)
be a neighborhood of = such that A C G. (Such a set exists by property
(a).) One then has

(4.1.3)

Sell

inf f(y) > inf f(y) = (f(z) =) A
yeA yeG
The sets G = G(z, ) frequently appear in the proofs of large deviations
statements and properties. Observe that in a metric space, G(z,J) may be
taken as a ball centered at z and having a small enough radius.

4.1.1 Properties of the LDP

The first desirable consequence of the assumption that X is a regular topo-
logical space is the uniqueness of the rate function associated with the LDP.

Lemma 4.1.4 A family of probability measures {uc} on a regular topolog-
ical space can have at most one rate function associated with its LDP.

Proof: Suppose there exist two rate functions I1(-) and I5(-), both asso-
ciated with the LDP for {u.}. Without loss of generality, assume that for
some xg € X, I1(z9) > I2(zp). Fix 6 > 0 and consider the open set A for
which zg € A, while inf, 7 I1(y) > (I1(zo) — ) A 1/6. Such a set exists by
(4.1.3). Tt follows by the LDP for {u.} that

— inf I;(y) > limsupelog p(A) > liminf elog pu.(A) > — inf Ir(y).
yEZ e—0 e—0 yeA

Therefore,

. . 1
Is(xg) > inf Ir(y) > inf I (y) > (I1(xo) — ) A =.
yeA yEA 1)
Since ¢ is arbitrary, this contradicts the assumption that I1(x¢) > I2(zo).

O

Remarks:
(a) Tt is evident from the proof that if X is a locally compact space (e.g.,
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X = ]Rd)7 the rate function is unique as soon as a weak LDP holds. As
shown in Exercise 4.1.30, if X" is a Polish space, then also the rate function
is unique as soon as a weak LDP holds.

(b) The uniqueness of the rate function does not depend on the Hausdorff
part of the definition of regular spaces. However, the rate function assigns
the same value to any two points of X" that are not separated. (See Exercise
4.1.9.) Thus, in terms of the LDP, such points are indistinguishable.

As shown in the next lemma, the LDP is preserved under suitable inclu-
sions. Hence, in applications, one may first prove an LDP in a space that
possesses additional structure (for example, a topological vector space), and
then use this lemma to deduce the LDP in the subspace of interest.

Lemma 4.1.5 Let £ be a measurable subset of X such that u.(E) =1 for
all € > 0. Suppose that € is equipped with the topology induced by X.

(a) If € is a closed subset of X and {p.} satisfies the LDP in £ with rate
function I, then {u.} satisfies the LDP in X with rate function I' such that
I'=Toné& and I' = 00 on E°.

(b) If {ue} satisfies the LDP in X with rate function I and Dy C &, then
the same LDP holds in E. In particular, if £ is a closed subset of X, then
Dr C € and hence the LDP holds in £.

Proof: In the topology induced on £ by X, the open sets are the sets
of the form G N E with G C X open. Similarly, the closed sets in this
topology are the sets of the form F N E with FF C X closed. Furthermore,
pe(T) = p(T'NE) for any I' € B.

(a) Suppose that an LDP holds in £, which is a closed subset of X'. Extend
the rate function I to be a lower semicontinuous function on X by setting
I(xz) = oo for any = € £°. Thus, inf e I(x) = infyepne I(z) for any I' C X
and the large deviations lower (upper) bound holds.

(b) Suppose that an LDP holds in X. If £ is closed, then D; C £ by the
large deviations lower bound (since . (€¢) = 0 for all € > 0 and £€ is open).
Now, Dy C & implies that inf,cr I(z) = inf erne I(z) for any I' C X and
the large deviations lower (upper) bound holds for all measurable subsets
of £. Further, since the level sets W;(«) are closed subsets of £, the rate
function I remains lower semicontinuous when restricted to £. O

Remarks:

(a) The preceding lemma also holds for the weak LDP, since compact subsets
of £ are just the compact subsets of A contained in £. Similarly, under the
assumptions of the lemma, I is a good rate function on X iff it is a good
rate function when restricted to £.

(b) Lemma 4.1.5 holds without any change in the proof even when By ¢ B.

The following is an important property of good rate functions.
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Lemma 4.1.6 Let I be a good rate function.
(a) Let {Fs}s>o be a nested family of closed sets, i.e., Fs C Fs if 6 < §'.
Define Fy = Ng=oFs. Then

inf [ =1i inf [ .
Jnf I(y) = lim inf I(y)

(b) Suppose (X,d) is a metric space. Then, for any set A,

inf I(y) = lim inf I(y), 4.1.7
inf (y) = lim inf I(y) (4.1.7)

where
APy d(y, A) = Inf d(y, 2) < 6} (4.1.8)

denotes the closed blowup of A.
Proof: (a) Since Fy C Fj for all § > 0, it suffices to prove that for all > 0,

A
=1 inf I(y) > inf I(y) — 7.
y=lim - nf I(y) > inf I(y) —n
This inequality holds trivially when v = co. If v < o0, fix n > 0 and let
a =y+1n. The sets FsN¥(a), d > 0, are non-empty, nested, and compact.
Consequently,

FoN¥1(a) = QOFéﬂ‘I’I(Oé)

is also non-empty, and the proof of part (a) is thus completed.
(b) Note that d(-, A) is a continuous function and hence { A%} 5 are nested,
closed sets. Moreover,

NA ={y: d(y,A)=0}=4. O

6>0

Exercise 4.1.9 Suppose that for any closed subset F' of X and any point
x ¢ F, there exist two disjoint open sets G; and G2 such that FF C G; and
x € Go. Prove that if I(z) # I(y) for some lower semicontinuous function I,
then there exist disjoint neighborhoods of x and y.

Exercise 4.1.10 [[LyS87], Lemma 2.6. See also [Puk91], Theorem (P).]

Let {p,} be a sequence of probability measures on a Polish space X'.

(a) Show that {u,} is exponentially tight if for every az < co and every n > 0,
there exist m € Z, and x1,...,2, € X such that for all n,

(G <7
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Hint: Observe that for every sequence {my} and any xgk) € X, the set
N2y U B o 1/ IS pre-compact.

(b) Suppose that {u,} satisfies the large deviations upper bound with a good
rate function. Show that for every countable dense subset of X, e.g., {z;},
every 1 > 0, every o < 0o, and every m large enough,

1 m c
lim sup — log,un({U me,} ) < —-a.
n i=1

n—oo

Hint: Use Lemma 4.1.6.
(c) Deduce that if {p,,} satisfies the large deviations upper bound with a good
rate function, then {u,} is exponentially tight.

Remark: When a non-countable family of measures {u,e > 0} satisfies
the large deviations upper bound in a Polish space with a good rate function,
the preceding yields the exponential tightness of every sequence {y., }, where
€, — 0 as n — oo. As far as large deviations results are concerned, this is
indistinguishable from exponential tightness of the whole family.

4.1.2 The Existence of an LDP

The following theorem introduces a general, indirect approach for establish-
ing the existence of a weak LDP.

Theorem 4.1.11 Let A be a base of the topology of X. For every A € A,
define

LA2 —lim inf €log j1c(4) (4.1.12)
and A
I(z)= sup L4 . (4.1.13)
{AcA: z€ A}

Suppose that for all x € X,

I(x)=  sup —limsup elog pc(A) | . (4.1.14)
{AcA: zcA} e—0

Then . satisfies the weak LDP with the rate function I(x).

Remarks:

(a) Observe that condition (4.1.14) holds when the limits lim._.¢ €log p.(A)
exist for all A € A (with —oo as a possible value).

(b) When X is a locally convex, Hausdorff topological vector space, the base
A is often chosen to be the collection of open, convex sets. For concrete
examples, see Sections 6.1 and 6.3.
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Proof: Since A is a base for the topology of X', for any open set G and any
point x € G there exists an A € A such that z € A C G. Therefore, by
definition,

lim iélf elog pe(G) > lim iélf elogue(A) = —La > —I(z).

As seen in Section 1.2, this is just one of the alternative statements of the
large deviations lower bound.

Clearly, I(z) is a nonnegative function. Moreover, if I(x) > «, then
L4 > « for some A € A such that x € A. Therefore, I(y) > L4 > « for
every y € A. Hence, the sets {z : I(x) > a} are open, and consequently T
is a rate function.

Note that the lower bound and the fact that I is a rate function do
not depend on (4.1.14). This condition is used in the proof of the upper
bound. Fix § > 0 and a compact F' C X. Let I’ be the §-rate function,
i.e., I°(x)2min{I(z) — 6,1/6}. Then, (4.1.14) implies that for every x € F,
there exists a set A, € A (which may depend on ¢) such that z € A, and

—limsup elog e (Az) > I°(x).

e—0

Since F' is compact, one can extract from the open cover U cpA, of F a
finite cover of F' by the sets A,,,..., A, . Thus,

pe(F) < Zﬂe(Awi) :

and consequently,

limsup elogu.(F) < max limsup elogpu.(A4,,)

e—0 i=1,....m €—0
< - in I°(z;) < — inf I°(z).
S i Pl s - R he
The proof of the upper bound for compact sets is completed by considering
the limit as § — 0. ]

Theorem 4.1.11 is extended in the following lemma, which concerns the
LDP of a family of probability measures {fe o} that is indexed by an addi-
tional parameter o. For a concrete application, see Section 6.3, where o is
the initial state of a Markov chain.

Lemma 4.1.15 Let p., be a family of probability measures on X, indezed
by o, whose range is the set . Let A be a base for the topology of X. For
each A € A, define

A .
La=— llgilélf elog{;relfZ ,uw,(A)} . (4.1.16)
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Let
I(x)= sup La.
{A€A: z€ A}
If for every x € X,
I(x)=  sup { —limsup elog [sup Me,a(A)]} ) (4.1.17)
{AcA: zc A} e—0 oEY

then, for each o € X, the measures p. , satisfy a weak LDP with the (same)
rate function I(-).

Proof: The proof parallels that of Theorem 4.1.11. (See Exercise 4.1.29.) [

It is aesthetically pleasing to know that the following partial converse of
Theorem 4.1.11 holds.

Theorem 4.1.18 Suppose that {1} satisfies the LDP in a regular topolog-
ical space X with rate function I. Then, for any base A of the topology of
X, and for any x € X,

I(x) = sup {— liminf €log ue(A) }
{AcA: z€ A} €
= sup { limsup elog p.(A) } . (4.1.19)
{AcA: zc A} e—0

Remark: As shown in Exercise 4.1.30, for a Polish space X suffices to
assume in Theorem 4.1.18 that {p.} satisfies the weak LDP. Consequently,
by Theorem 4.1.11, in this context (4.1.19) is equivalent to the weak LDP.

Proof: Fix ¢ € X and let

l(x)=  sup inf I(y). (4.1.20)
{AcA: zc A} yeA

Suppose that I(z) > ¢(x). Then, in particular, {(x) < co and = € ¥ (a)"
for some o > £(z). Since ¥ () is an open set and A is a base for the
topology of the regular space X, there exists a set A € A such that x € A
and A C U;(a)®. Therefore, inf, 5 I(y) > «, which contradicts (4.1.20).
We conclude that ¢(x) > I(x). The large deviations lower bound implies

I(z) >  sup {—liminf elog ue(A)} ,
{A€A: z€A} =0

while the large deviations upper bound implies that for all A € A,

—liminf eloguc(A) > —limsup elog u.(A) > inf I(y).
e—0 e—0 yEZ
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These two inequalities yield (4.1.19), since ¢(z) > I(z). O

The characterization of the rate function in Theorem 4.1.11 and Lemma
4.1.15 involves the supremum over a large collection of sets. Hence, it does
not yield a convenient explicit formula. As shown in Section 4.5.2, if X
is a Hausdorff topological vector space, this rate function can sometimes
be identified with the Fenchel-Legendre transform of a limiting logarithmic
moment generating function. This approach requires an a priori proof that
the rate function is convexr. The following lemma improves on Theorem
4.1.11 by giving a sufficient condition for the convexity of the rate function.
Throughout, for any sets A1, Ay € X,

A1+ As o

5 x: x=(x1+x2)/2, 21 € A, 29 € A} .

Lemma 4.1.21 Let A be a base for a Hausdorff topological vector space X,
such that in addition to condition (4.1.14), for every Ay, Ay € A,

(Al + Ay

lim sup € log pe 5

e—0

Then the rate function I of (4.1.13), which governs the weak LDP associated
with {p.}, is convex.

) > —% (La, +La,) - (4.1.22)

Proof: It suffices to show that the condition (4.1.22) yields the convexity
of the rate function I of (4.1.13). To this end, fix x1, 22 € X and § > 0. Let
x = (21 + 12)/2 and let I° denote the d-rate function. Then, by (4.1.14),
there exists an A € A such that x € A and — limsup,_, €log pe(A) > I°(x).
The pair (x1, z2) belongs to the set {(y1,y2) : (y1 +y2)/2 € A}, which is an
open subset of X x X. Therefore, there exist open sets A1 C X and A, C X
with 27 € A; and x2 € As such that (4; + A2)/2 C A. Furthermore, since
A is a base for the topology of X', one may take A; and A, in A. Thus, our
assumptions imply that

—I%(z) > limsupeloguc(A)

e—0
A+ A 1
> limsup elog p. (%) > ) (La, +La,) -
e—0

Since x1 € Ay and x5 € As, it follows that

1 1 1 1 1 1
§I(x1)+§f(x2) Z §£A1+§£A2 ZI(;(SC):I(S <2$1+2$2> .

Considering the limit ¢ \, 0, one obtains

1 1 1 1
§I(£E1)+§I((E2)>I(§$1+§[IJ2> .
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By iterating, this inequality can be extended to any x of the form (k/2™)x1+
(1—k/2™)xo with k,n € Z . The definition of a topological vector space and
the lower semicontinuity of I imply that I(8xz1 + (1 — 8)z2) : [0,1] — [0, 0]
is a lower semicontinuous function of 3. Hence, the preceding inequality
holds for all convex combinations of x1,x and the proof of the lemma is
complete. O

When combined with exponential tightness, Theorem 4.1.11 implies the
following large deviations analog of Prohorov’s theorem (Theorem D.9).

Lemma 4.1.23 Suppose the topological space X has a countable base. For
any family of probability measures {p.}, there exists a sequence €, — 0 such
that {fie, } satisfies the weak LDP in X. If {uc} is an exponentially tight
family of probability measures, then {u., } also satisfies the LDP with a good
rate function.

Proof: Fix a countable base A for the topology of X and a sequence €, — 0.
By Tychonoff’s theorem (Theorem B.3), the product topology makes ) =
[0,1]* into a compact metrizable space. Since ) is sequentially compact
(Theorem B.2) and ()¢ : A — [0,1] is in Y for each € > 0, the sequence
te, (-) has a convergent subsequence in ). Hence, passing to the latter
subsequence, denoted €y, the limits limy_, o, €5 10g fie, (A) exist for all A € A
(with —oo as a possible value). In particular, condition (4.1.14) holds and
by Theorem 4.1.11, {u., : k € Z,} satisfies the weak LDP. Applying
Lemma 1.2.18, the LDP with a good rate function follows when {u.} is
an exponentially tight family of probability measures. O

The next lemma applies for tight Borel probability measures . on metric
spaces. In this context, it allows replacement of the assumed LDP in either
Lemma 4.1.4 or Theorem 4.1.18 by a weak LDP (see Exercise 4.1.30).

Lemma 4.1.24 Suppose {u.} is a family of tight (Borel) probability mea-
sures on a metric space (X,d), such that the upper bound (1.2.12) holds for
all compact sets and some rate function I(-). Then, for any base A of the
topology of X, and for any z € X,

I(z) < sup {—limsup elog e (A) } . (4.1.25)
{AcA: zcA} e—0

Proof: We argue by contradiction, fixing a base A of the metric topology
and z € X for which (4.1.25) fails. For any m € Z,, there exists some
A € Asuch that x € A C B, ,,,-1. Hence, for some § > 0 and any m € Z_,

limsup elog te(By 1) > —1°(z) = —min{I(z) — §,1/6} ,

e—0
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implying that for some ¢, — 0,
fie,,(Bym—r) > e '@/ ym e 7, . (4.1.26)

Recall that the probability measures p.  are regular (by Theorem C.5),
hence in (4.1.26) we may replace each open set B, ,,-1 by some closed
subset F,,. With each p., assumed tight, we may further replace the
closed sets F,,, by compact subsets K,,, C Iy, C B, ,,—1 such that

frey (Kp) > e '@/ yme z2, . (4.1.27)

Note that the sets K} = {z} Up>, K, are also compact. Indeed, in any
open covering of K/ there is an open set GG, such that z € G, and hence
Um>moEm C Bx’mo—l C G, for some m, € Z,, whereas the compact set
Ume K, is contained in the union of some G;, ¢ = 1,..., M, from this
cover. In view of (4.1.27), the upper bound (1.2.12) yields for K C B, -1
that,

— inf I(y)>— inf I(y) > limsupelogpe(K* 4.1.28
e (y) = It (y) = i sup € 0g pe(K;) ( )
> limsup ey, log e, (Kpn) > —1°(x) .

By lower semicontinuity, lim, . infyep  , I(y) = I(z) > I°(x), in con-
tradiction with (4.1.28). Necessarily, (4.1.25) holds for any z € X and any
base A. U

Exercise 4.1.29 Prove Lemma 4.1.15 using the following steps.

(a) Check that the large deviations lower bound (for each o € ¥) and the lower
semicontinuity of I may be proved exactly as done in Theorem 4.1.11.

(b) Fix o € X and prove the large deviations upper bound for compact sets.

Exercise 4.1.30 Suppose a family of tight (Borel) probability measures {u.}
satisfies the weak LDP in a metric space (X, d) with rate function I(-).

(a) Combine Lemma 4.1.24 with the large deviations lower bound to conclude
that (4.1.19) holds for any base A of the topology of X and any = € X.

(b) Conclude that in this context the rate function I(-) associated with the
weak LDP is unique.

Exercise 4.1.31 Suppose X; € R, d > 2, with |X;] < C and Y; €
[m, M] for some 0 < m < M,C < oo, are such that n=! 3" | (X;,Y;) satisfy
the LDP in IR? with a good rate function J(z,y). Let 7. = inf{n: 31 | Vi >
¢~ '}. Show that (¢ 37, X;, (er.)~") satisfies the LDP in IR? with good rate
function y~1J (2y,y).

Hint: A convenient way to handle the move from the random variables
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nt S (X5, Y5) to (e300, X, (eme)™ 1) is in looking at small balls in IR?
and applying the characterization of the weak LDP as in Theorem 4.1.11.

Remark: Such transformations appear, for example, in the study of regen-
erative (or renewal) processes [KucC91, Jia94, PuW97], and of multifractal
formalism [Rei95, Zoh96].

Exercise 4.1.32 Suppose the topological space X has a countable base.
Show that for any rate function I(-) such that inf, I(x) = 0, the LDP with
rate function I(-) holds for some family of probability measures {u.} on X
Hint: For A a countable base for the topology of & and each A € A,
let ©4m € A be such that I(xa,) — infyeal(z) as m — oo. Let
Y = {yr : k € Z,} denote the countable set Ugc 4 Uy Tam. Check that
infyeq I(x) = infreyng I(x) for any open set G C X, and try the probability
measures ji. such that p.({yx}) = c-texp(—k — I(yx)/€) for yx € Y and
ce = Yo exp(—k — I(yk)/e).

4.2 Transformations of LDPs

This section is devoted to transformations that preserve the LDP, although,
possibly, changing the rate function. Once the LDP with a good rate func-
tion is established for p., the basic contraction principle yields the LDP for
feo f~1, where f is any continuous map. The inverse contraction principle
deals with f which is the inverse of a continuous bijection, and this is a use-
ful tool for strengthening the topology under which the LDP holds. These
two transformations are presented in Section 4.2.1. Section 4.2.2 is devoted
to exponentially good approximations and their implications; for example,
it is shown that when two families of measures defined on the same prob-
ability space are exponentially equivalent, then one can infer the LDP for
one family from the other. A direct consequence is Theorem 4.2.23, which
extends the contraction principle to “approximately continuous” maps.

4.2.1 Contraction Principles

The LDP is preserved under continuous mappings, as the following elemen-
tary theorem shows.

Theorem 4.2.1 (Contraction principle) Let X and Y be Hausdorff
topological spaces and f : X — Y a continuous function. Consider a good
rate function I : X — [0, 00].

(a) For each y € ), define

I')2inf{I(z): ze X, y=f(a)}. (4.2.2)
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Then I' is a good rate function on Y, where as usual the infimum over the
empty set is taken as co.

(b) If I controls the LDP associated with a family of probability measures
{pe} on X, then I' controls the LDP associated with the family of probability
measures {jco f~1} on Y.

Proof: (a) Clearly, I’ is nonnegative. Since I is a good rate function, for
all y € f(X) the infimum in the definition of I’ is obtained at some point
of X. Thus, the level sets of I, Up/(a)2{y: I'(y) < a}, are

V(o) ={f(z): I(z) <a}=f(V(a)),

where U(«) are the corresponding level sets of I. As Ur(a) C X are
compact, so are the sets ¥ (a) C V.
(b) The definition of I’ implies that for any A C ),

inf I'(y) = inf I(x). 423
Jnf I'y) = jof 1@ (4.2.3)

Since f is continuous, the set f~!(A) is an open (closed) subset of X for
any open (closed) A C Y. Therefore, the LDP for u. o f=1 follows as a
consequence of the LDP for . and (4.2.3). ]

Remarks:

(a) This theorem holds even when By € B, since for any (measurable) set
A C Y, both f~1(A) C f~1(A) and f~1(A4°) C (f~1(A))°.

(b) Note that the upper and lower bounds implied by part (b) of Theorem
4.2.1 hold even when I is not a good rate function. However, if I is not
a good rate function, it may happen that I’ is not a rate function, as the
example X =Y =1R, I(x) =0, and f(z) = e” demonstrates.

(¢) Theorem 4.2.1 holds as long as f is continuous at every x € Dr; namely,
for every z € Dy and every neighborhood G of f(x) € ), there exists
a neighborhood A of z such that A C f~}(G). This suggests that the
contraction principle may be further extended to cover a certain class of
“approximately continuous” maps. Such an extension will be pursued in
Theorem 4.2.23.

We remind the reader that in what follows, it is always assumed that
Bx C B, and therefore open sets are always measurable. The following
theorem shows that in the presence of exponential tightness, the contraction
principle can be made to work in the reverse direction. This property is
extremely useful for strengthening large deviations results from a coarse
topology to a finer one.

Theorem 4.2.4 (Inverse contraction principle) Let X and Y be Haus-
dorff topological spaces. Suppose that g : Y — X is a continuous bijection,
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and that {v.} is an exponentially tight family of probability measures on ).
If {v. o g7} satisfies the LDP with the rate function I : X — [0,00], then
{ve} satisfies the LDP with the good rate function I'(\)21(g(-)).

Remarks:

(a) In view of Lemma 4.1.5, it suffices for g to be a continuous injection, for
then the exponential tightness of {v.} implies that D; C g()) even if the
latter is not a closed subset of X.

(b) The requirement that By C B is relaxed in Exercise 4.2.9.

Proof: Note first that for every a < oo, by the continuity of g, the level
set {y: I'(y) < a} = g7 1(¥r(a)) is closed. Moreover, I’ > 0, and hence
I' is a rate function. Next, because {v.} is an exponentially tight family,
it suffices to prove a weak LDP with the rate function I’(-). Starting with
the upper bound, fix an arbitrary compact set K C ) and apply the large
deviations upper bound for v, o g=! on the compact set g(K) to obtain

limsup elogv(K) = limsup elog[v. o g ' (g(K))]
e—0 e—0
< — inf I(z)=— inf I'(y),
= el T TS

which is the specified upper bound for v,.

To prove the large deviations lower bound, fix y € Y with I'(y) =
I(g(y)) = a < oo, and a neighborhood G of y. Since {v.} is exponentially
tight, there exists a compact set K, C ) such that

limsup elogv.(K;) < —a. (4.2.5)
e—0
Because g is a bijection, K¢ = g7 0 g(K¢) and g(KS) = g(K4)¢. By the
continuity of g, the set g(K,) is compact, and consequently g(K,)¢ is an
open set. Thus, the large deviations lower bound for the measures {v.og~'}
results in
— inf I(2) <liminf elogr (K¢) < —a.
Lt 1(@) < limipt elogr.(K)

Recall that I(g(y)) = «, and thus by the preceding inequality it must be
that y € K,. Since g is a continuous bijection, it is a homeomorphism
between the compact sets K, and g(K,). Therefore, the set g(GNK,) is a
neighborhood of g(y) in the induced topology on g(K,) C X. Hence, there
exists a neighborhood G’ of ¢(y) in X such that

G Cg(GNKy)Ug(Ka)=9g(GUKE)

where the last equality holds because ¢ is a bijection. Consequently, for

every € > 0,
Ve(G) + Ve(KG) > ve o g_l(Gl) )
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and by the large deviations lower bound for {v. o g7},

max{limiélf elogv.(G), limsup elogv (K§)}

e—0

> lim inf elog{v. o g7 (G')}
> —I(g(y) =—-I'(y)-
Since I'(y) = a, it follows by combining this inequality and (4.2.5) that

limiélf elogv(G) > —I'(y).

The proof is complete, since the preceding holds for every y € J and every
neighborhood G of y. U]

Corollary 4.2.6 Let {u.} be an exponentially tight family of probability
measures on X equipped with the topology T1. If {uc} satisfies an LDP with
respect to a Hausdorff topology 7o on X that is coarser than T1, then the
same LDP holds with respect to the topology T1.

Proof: The proof follows from Theorem 4.2.4 by using as g the natural
embedding of (X, 1) onto (X, 72), which is continuous because 7 is finer
than 5. Note that, since g is continuous, the measures p. are well-defined
as Borel measures on (X, 72). O

Exercise 4.2.7 Suppose that X' is a separable regular space, and that for all
e > 0, (X, Y.) is distributed according to the product measure u. X v. on
Bx x Bx (namely, X, is independent of Y.). Assume that {yu.} satisfies the
LDP with the good rate function Ix(-), while v, satisfies the LDP with the
good rate function Iy (-), and both {u.} and {v.} are exponentially tight.
Prove that for any continuous F': X x X — ), the family of laws induced on
Y by Z. = F(X.,Y,) satisfies the LDP with the good rate function

a2 {(z,y):2=F (z,9)} x(@) + Iy (y) ( )

Hint: Recall that By X By = By xx by Theorem D.4. To establish the LDP
for pe X ve, apply Theorems 4.1.11 and 4.1.18.

Exercise 4.2.9 (a) Prove that Theorem 4.2.4 holds even when the exponen-
tially tight {v, : € > 0} are not Borel measures on ), provided {v.og~' : ¢ > 0}
are Borel probability measures on X.

(b) Show that in particular, Corollary 4.2.6 holds as soon as B contains the
Borel o-field of (X, 72) and all compact subsets of (X, 7).
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4.2.2 Exponential Approximations

In order to extend the contraction principle beyond the continuous case, it
is obvious that one should consider approximations by continuous functions.
It is beneficial to consider a somewhat wider question, namely, when the
LDP for a family of laws {fi.} can be deduced from the LDP for a fam-
ily {gc}. The application to approximate contractions follows from these
general results.

Definition 4.2.10 Let (Y, d) be a metric space. The probability measures
{1e} and {iic} on Y are called exponentially equivalent if there exist probabil-
ity spaces {(2, Be, P.)} and two families of Y-valued random variables {Z.}
and {Z:} with joint laws {P.} and marginals {pc} and {fic}, respectively,
such that the following condition is satisfied:

For each & > 0, the set {w: (Z., Z.) € Ts} is B, measurable, and

limsup elog P.(Ts) = —o0, (4.2.11)
e—0
where
A -
Ls={(g,y) : d(g,y) >0} CY x V. (4.2.12)
Remarks:

(a) The random variables {Z.} and {Z.} in Definition 4.2.10 are called ez-
ponentially equivalent.

(b) Tt is relatively easy to check that the measurability requirement is satis-
fied whenever ) is a separable space, or whenever the laws { P.} are induced
by separable real-valued stochastic processes and d is the supremum norm.

As far as the LDP is concerned, exponentially equivalent measures are
indistinguishable, as the following theorem attests.

Theorem 4.2.13 If an LDP with a good rate function I(-) holds for the
probability measures { e}, which are exponentially equivalent to {fic}, then

the same LDP holds for {fic}.

Proof: This theorem is a consequence of the forthcoming Theorem 4.2.16.
To avoid repetitions, a direct proof is omitted. Ul

As pointed out in the beginning of this section, an important goal in
considering exponential equivalence is the treatment of approximations. To
this end, the notion of exponential equivalence is replaced by the notion of
exponential approximation, as follows.



4.2 TRANSFORMATIONS OF LDPs 131

Definition 4.2.14 Let Y and Ty be as in Definition 4.2.10. For each e > 0
and allm € Z ., let (Q, Be, Pe ) be a probability space, and let the Y-valued
random variables ZE and Ze ., be distributed according to the joint law P
with marginals fic and pe m, respectively. {Ze} are called exponentially
good approzimations of {Z.} if, for every § > 0, the set {w : (Ze, Zem) €
Ts} is B measurable and

lim limsupelog P, ,,(T's) = —oco. (4.2.15)
m—oo  €—0

Similarly, the measures {pem} are exponentially good approximations of
{iie} if one can construct probability spaces {(, B, Pe )} as above.

It should be obvious that Definition 4.2.14 reduces to Definition 4.2.10 if
the laws P ,, do not depend on m.

The main (highly technical) result of this section is the following relation
between the LDPs of exponentially good approximations.

Theorem 4.2.16 Suppose that for every m, the family of measures {fte m }
satisfies the LDP with rate function I, () and that {pem} are exponentially
good approzimations of {fic}. Then

(a) {fic} satisfies a weak LDP with the rate function

I(y)ésupliminf inf I,,(2), (4.2.17)
§>0 M—oo ZEBy’g

where By 5 denotes the ball {z : d(y, z) < d}.
(b) If I(+) is a good rate function and for every closed set F,

inf I(y) <limsup inf L, (y) , (4.2.18)
yeF m—oo yeF

then the full LDP holds for {ji.} with rate function I.

Remarks:

(a) The sets I's may be replaced by sets f‘gym such that the sets {w :
(ZE, Zem) € f‘(;,m} differ from B. measurable sets by P. ., null sets, and
fg,m satisfy both (4.2.15) and T's C f57m.

(b) If the rate functions I,,(-) are independent of m, and are good rate
functions, then by Theorem 4.2.16, {/i.} satisfies the LDP with I(-) = I,,,(-).
In particular, Theorem 4.2.13 is a direct consequence of Theorem 4.2.16.

Proof: (a) Throughout, let {Z, ,,,} be the exponentially good approxima-

tions of {Z.}, having the joint laws {P.,,} with marginals {sc,,} and
{1c}, respectively, and let T's be as defined in (4.2.12). The weak LDP is
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obtained by applying Theorem 4.1.11 for the base {By,s}yey,s>0 of (V,d).
Specifically, it suffices to show that

I(y) = —inf limsup elog fic(Bys) = — inf liminf elog fic(Bys). (4.2.19)
§>0 e—0 §>0  e—0

To this end, fix 6 > 0, y € Y. Note that for every m € Z, and every € > 0,
{Zeim € Bys} C{Zc € Byos} U{(Ze, Zeyn) €T5} .
Hence, by the union of events bound,
pem(By,s) < fie(By,25) + Pem(T's) -
By the large deviations lower bounds for {fem },

o < Timi
261%55 Im('z) = lllgl_}gleIOgﬂe,m(By,é)

< lim iglf elog [fic(By,25) + Pem(L's)] (4.2.20)

IA

lim i(r)lf elog fic(By.2s) V limsup elog P, ,,, (T's) .
€E— e—0
Because {jie,m } are exponentially good approximations of {fi},

limi(I)lfelog fie(By,25) > limsup{— inf Im(z)} .

m— oo zZE€By, s

Repeating the derivation leading to (4.2.20) with the roles of Z, ,, and Z.
reversed yields

lim sup €log fie(By,5) < liminf{— inf Im(z)} .

e—0 m—00 2€By 25

Since By 25 C By 35, (4.2.19) follows by considering the infimum over § >
0 in the preceding two inequalities (recall the definition (4.2.17) of I(-)).
Moreover, this argument also implies that

I(y) = suplimsup inf I,,(z) =suplimsup inf I,,(2).
6>0 m—oo zEBy s 0>0 m—oo 2€By s

(b) Fix § > 0 and a closed set F' C ). Observe that for m = 1,2, ..., and
for all € > 0,

(Z. € F} C{Zcn € FOYU{(Ze, Zeon) €15},
where F° = {z : d(z,F) < 6} is the closed blowup of F. Thus, the large

deviations upper bounds for {. .} imply that for every m,

limsup elog jic(F) < limsup €elog pic . (F°) Vlimsup €log P. ,,,(T')
e—0

e—0 e—0

< [~ inf I,,(y)] Vlimsup elog P ,,(Ts) .
yeF? e—0



4.2 TRANSFORMATIONS OF LDPs 133

Hence, as {Z. ,,} are exponentially good approximations of {Z,}, consider-
ing m — oo, it follows that

limsup elog fic(F) < —limsup inf I,(y) < — inf I(y),
e—0 m—oo YyEF? ycF?
where the second inequality is just our condition (4.2.18) for the closed set
F9. Taking § — 0, Lemma 4.1.6 yields the large deviations upper bound
and completes the proof of the full LDP . O

It should be obvious that the results on exponential approximations
imply results on approximate contractions. We now present two such results.
The first is related to Theorem 4.2.13 and considers approximations that
are € dependent. The second allows one to consider approximations that
depend on an auxiliary parameter.

Corollary 4.2.21 Suppose f : X — Y is a continuous map from a Haus-
dorff topological space X to the metric space (¥, d) and that {uc} satisfy the
LDP with the good rate function I : X — [0,00]. Suppose further that for
all e > 0, fo: X — Y are measurable maps such that for all 6 > 0, the set
[.s2{x € X : d(f(z), f(z)) > 0} is measurable, and

limsup elog pe(Te5) = —00 . (4.2.22)
e—0
Then the LDP with the good rate function I'(:) of (4.2.2) holds for the
measures pic o fo 1 on Y.

Proof: The contraction principle (Theorem 4.2.1) yields the desired LDP
for {pe o f~1}. By (4.2.22), these measures are exponentially equivalent to
{pe o f71}, and the corollary follows from Theorem 4.2.13. O

A special case of Theorem 4.2.16 is the following extension of the con-
traction principle to maps that are not continuous, but that can be approx-
imated well by continuous maps.

Theorem 4.2.23 Let {p.} be a family of probability measures that satisfies
the LDP with a good rate function I on a Hausdorff topological space X,
and form =1,2,..., let fp, : X — Y be continuous functions, with (¥,d) a
metric space. Assume there exists a measurable map f : X — Y such that
for every a < o0,

limsup  sup d(fm(x), f(x))=0. (4.2.24)

m—oo {z:l(z)<a}

Then any family of probability measures {fic} for which {uc o f,1} are ex-
ponentially good approximations satisfies the LDP in Y with the good rate

function I'(y) = inf{I(x) : y = f(z)}.
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Remarks:
(a) The condition (4.2.24) implies that for every o < oo, the function f
is continuous on the level set ¥U;(a) = {x : I(x) < a}. Suppose that in
addition,

lim inf  I(z)=o0. (4.2.25)

m—oo  zeWi(m)°

Then the LDP for .o f~! follows as a direct consequence of Theorem 4.2.23
by considering a sequence f,,, of continuous extensions of f from ¥;(m) to
X. (Such a sequence exists whenever X is a completely regular space.) That
(4.2.25) need not hold true, even when X = IR, may be seen by considering
the following example. It is easy to check that pe = (950 + dqcy)/2 satisfies
the LDP on IR with the good rate function I(0) = 0 and I(z) = oo,z # 0.
On the other hand, the closure of the complement of any level set is the
whole real line. If one now considers the function f : IR — IR such that
f(0) =0 and f(z) = 1,2 # 0, then u. o f~! does not satisfy the LDP with
the rate function I'(y) = inf{I(z) : z € R, y = f(x)}, i.e., I'(0) = 0 and
I'(y) = o0,y #0.

(b) Suppose for each m € Z,, the family of measures {y. ,} satisfies the
LDP on Y with the good rate function I,,,(-) of (4.2.26), where the continu-
ous functions f,, : Dy — Y and the measurable function f : Dy — ) satisfy
condition (4.2.24). Then any {fi.} for which {u. »} are exponentially good
approximations satisfies the LDP in Y with good rate function I’(-). This
easy adaptation of the proof of Theorem 4.2.23 is left for the reader.

Proof: By assumption, the functions f,, : X — ) are continuous. Hence,
by the contraction principle (Theorem 4.2.1), for each m € Z,, the family
of measures {p. o f,,1} satisfies the LDP on ) with the good rate function

In(y)=inf{I(z): € X, y=fn(z)}. (4.2.26)

Recall that the condition (4.2.24) implies that f is continuous on each
level set U;(«). Therefore, I’ is a good rate function on ) with level sets
f(¥;(«)) (while the corresponding level set of I,,, is f, (¥ ;(a))).

Fix a closed set F' and for any m € Z,, let

A
m= inf I,, = inf I(x).
Ym= Inf (y) e X (z)

Assume first that v2 lim inf,,, _oc Y < 00, and pass to a subsequence of m’s
such that 7, — « and sup,,, ¥m = @ < co. Since I(+) is a good rate function
and f, 1(F) are closed sets, there exist x,, € X such that f,,(x,,) € F and
I(zm) = Ym < a. Now, the uniform convergence assumption of (4.2.24)
implies that f(z,,) € F?° for every § > 0 and all m large enough. Therefore,

infycps I'(y) < I'(f(xm)) < I(Tm) = vm for all m large enough. Hence,
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for all § > 0,

inf I'(y) <liminf inf I,,(y).

y€F5 m—oo yeF
(Note that this inequality trivially holds when v = co.) Taking § — 0, it
follows from Lemma 4.1.6 that for every closed set F',

inf I'(y) <liminf inf I, (y) . (4.2.27)

yeF m—oo yeF

In particular, this inequality implies that _(4.2.18) holds for the good rate
function I’(-). Moreover, considering F' = B, 5, and taking 6 — 0, it follows
from Lemma 4.1.6 that

A

I'(y) =sup inf [I'(z) <supliminf inf I,,(2)
6>0 2€By 5 §>0 M0 zE€Bys

I(y) -

Note that I(-) is the rate function defined in Theorem 4.2.16, and conse-
quently the proof is complete as soon as we show that I(y) < I’(y) for all
y € Y. To this end, assume with no loss of generality that I'(y) = a < co.
Then, y € f(¥;()), ie., there exists © € Ur(a) such that f(z) = y.
Note that ym = fi(x) € fim(¥r(a)), and consequently I, (ym) < « for all
m € Z,. The condition (4.2.24) then implies that d(y, ¥ ) — 0, and hence
I(y) < liminf,, oo Im(ym) < @, as required. O

Exercise 4.2.28 [Based on [DV75a]] Let ¥ = {1,---,r}, and let Y; be
a X-valued continuous time Markov process with irreducible generator A =
{a(%,4)}. In this exercise, you derive the LDP for the empirical measures

1/e
LZ(i):e/ Li(Yy)dt, i=1,...,r.
0
(a) Define

m
. €
= — E L 1,...77".
m m

Show that {L¥,} are exponentially good approximations of {LY}.
Hint: Note that

) . € [ total number of jumpsin | 4 €
y _JY < =__

L0 - L) < 5 { oo eryer Simesn L 2 C
and N, is stochastically dominated by a Poisson(c/¢) random variable for some
constant ¢ < o0.

(b) Note that LY, is the empirical measure of a Y-valued, discrete time Markov

A/m

process with irreducible transition probability matrix e Using Theorem
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3.1.6 and Exercise 3.1.11, show that for every m, Lzm satisfies the LDP with
the good rate function

I (q) = m sup i%‘ log {(uj} :

w0 = eA/mu)j

where ¢ € M (Z).
(c) Applying Theorem 4.2.16, prove that {L¥} satisfies the LDP with the good

rate function
—~  (Au);
I(q) = sup{f q-—}.
W =sm{-20

Hint: Check that for all ¢ € M;(X),I(q) > In(q), and that for each fixed

u>0, In(q) > =3, qu — < for some c(u) < oo.

(d) Assume that A is symmetric and check that then

) == 3" Vaali,i) v
ij=1

Exercise 4.2.29 Suppose that for every m, the family of measures {uc m}
satisfies the LDP with good rate function I,,,(-) and that {y. ,} are exponen-
tially good approximations of {fi.}.
(a) Show that if (), d) is a Polish space, then {fi., } is exponentially tight for
any €, — 0. Hence, by part (a) of Theorem 4.2.16, {/i.} satisfies the LDP
with the good rate function I(-) of (4.2.17).
Hint: See Exercise 4.1.10.
(b) Let Y = {1/m,m € Z} with the metric d(-,-) induced on ) by IR and
Y-valued random variables Yy, such that P(Y,, = 1 for every m) = 1/2, and
P(Y,, = 1/m for every m) = 1/2. Check that Z,,,2Y,, are exponentially
good approximations of ZfﬁY[l/é] (e < 1), which for any fixed m € Z, satisfy
the LDP in ) with the good rate function I,,,(y) =0 fory =1, y = 1/m, and
I, (y) = oo otherwise. Check that in this case, the good rate function I(-)
of (4.2.17) is such that I(y) = oo for every y # 1 and in particular, the large
deviations upper bound fails for {Z, # 1} and this rate function.

Remark: This example shows that when (), d) is not a Polish space one can
not dispense of condition (4.2.18) in Theorem 4.2.16.

Exercise 4.2.30 For any § > 0 and probability measures v, ;1 on the metric
space (), d) let

A
ps (v, p)=sup{v(A) — p(A%) : A€ By}.
(a) Show that if {f .} are exponentially good approximations of {fic} then

lim limsup elog ps(tte,m, fle) = —00 . (4.2.31)

m—oo  _,0
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(b) Show that if (¥, d) is a Polish space and (4.2.31) holds for any § > 0, then
{lte,m} are exponentially good approximations of {/ic}.

Hint: Recall the following consequence of [Str65, Theorem 11]. For any open
set I' C V2 and any Borel probability measures v, i on the Polish space (), d)
there exists a Borel probability measure P on J? with marginals p, v such that

P(T) = sup{v(G)—u({y : Iy € G, such that (§,y) €T°}) : G C Yopen}.

Conclude that P ,,(T's/) < ps(tte.m, fte) for any m, e >0, and &' > & > 0.

Exercise 4.2.32 Prove Theorem 4.2.13, assuming that {x.} are Borel prob-
ability measures, but {/i.} are not necessarily such.

4.3 Varadhan’s Integral Lemma

Throughout this section, {Z.} is a family of random variables taking val-
ues in the regular topological space X, and {u.} denotes the probability
measures associated with {Z.}. The next theorem could actually be used
as a starting point for developing the large deviations paradigm. It is a
very useful tool in many applications of large deviations. For example, the
asymptotics of the partition function in statistical mechanics can be derived
using this theorem.

Theorem 4.3.1 (Varadhan) Suppose that {u.} satisfies the LDP with a
good rate function I : X — [0,00], and let ¢ : X — TR be any continuous
function. Assume further either the tail condition

lim limsup elog E/ [e¢(z‘)/€ 1{¢>(Z5)2M}} = —00, (4.3.2)

M—oo 0

or the following moment condition for some v > 1,

limsup elog E [BW(ZJ/&} <00, (4.3.3)
e—0
Then

lim elog E |:e¢(Ze)/€] = sup {¢(z) — I(z)}.
e—0 TEX

Remark: This theorem is the natural extension of Laplace’s method to
infinite dimensional spaces. Indeed, let X = IR and assume for the mo-
ment that the density of u. with respect to Lebesgue’s measure is such that
dpe/dx ~ e~ 1®)/¢ Then

/e¢(r)/eue(dx)%/ (O@) @) /e gy
R R
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Assume that I(-) and ¢(-) are twice differentiable, with (¢(z)—I(z)) concave
and possessing a unique global maximum at some T. Then

(z —7)°

T (6(@) — T@) o=

¢(z) — I(x) = ¢(x) — I(T) +

where £ € [T, z]. Therefore,

/e¢(x>/me(d:c)ze(d)@—f@)ﬁ/ e~ B@)@=)%/2 ;.
R R

where B(-) > 0. The content of Laplace’s method (and of Theorem 4.3.1)
is that on a logarithmic scale the rightmost integral may be ignored.

Theorem 4.3.1 is a direct consequence of the following three lemmas.

Lemma 4.3.4 If ¢ : X — IR is lower semicontinuous and the large devia-
tions lower bound holds with I : X — [0, 00|, then

liminf elog B [ecﬁ(Ze)/E} > sup {¢(z) — I(z)} . (4.3.5)
€ TEX

Lemma 4.3.6 If¢: X — IR is an upper semicontinuous function for which
the tail condition (4.5.2) holds, and the large deviations upper bound holds
with the good rate function I : X — [0, 00], then

limsup €log E [ewzs)/e} < sup {¢(z) — I(z)}. (4.3.7)

e—0 reX

Lemma 4.3.8 Condition (4.5.3) implies the tail condition (4.3.2).

Proof of Lemma 4.3.4: Fix z € X and § > 0. Since ¢(-) is lower
semicontinuous, it follows that there exists a neighborhood G of = such that

infyeq ¢(y) > o(x) — 6. Hence,

lim iglf elog E [ed)(Zg)/e}

Y

ligliéqf elogE [e¢(Z€)/€1{Z€eG}}

v

inf ¢(y) +liminf elog ue(G) -

By the large deviations lower bound and the choice of G,

Inf ¢(y) + liminf elog ue(G) > inf, o(y) — Jnf 1 (y) = o(x) = I(x) = 6.

The inequality (4.3.5) now follows, since 6 > 0 and = € X are arbitrary. [

Proof of Lemma 4.3.6: Consider first a function ¢ bounded above, i.e.,
sup,cx ¢(x) < M < oo. For such functions, the tail condition (4.3.2)



4.3 VARADHAN’S INTEGRAL LEMMA 139

holds trivially. Fix a < co and § > 0, and let ¥;(a) = {z : I(z) < o}
denote the compact level set of the good rate function I. Since I(-) is lower
semicontinuous, ¢(-) is upper semicontinuous, and X is a regular topological
space, for every x € U(«), there exists a neighborhood A, of x such that

inf I(y)>I(x) =6 , sup o(y) <é@)+6.  (43.9)
yEA, yEA,

From the open cover U, ey, (o) As of the compact set W (a), one can extract
a finite cover of ¥r(a), e.g., UN | A,.. Therefore,

X z M N ¢
ZE[eas( g>/e1{Z€eAzi}} +oe /Eue((‘UlAwi) )
i=1 =

N
< Ze(¢(ri)+6)/eﬂe(Azi

i=1

IN

E [€¢<zg>/e]

)4 Moy ((;L_VJlAIi)C>

where the last inequality follows by (4.3.9). Applying the large deviations
upper bound to the sets A, i = 1,..., N and (UY;A4,,)° C (), one
obtains (again, in view of (4.3.9)),

limsup elog E [e¢(ze)/6}

e—0
N : .
= max{r?:alx{qﬁ(lri) o yé% ) 3. M - yE(UﬁlvflfAmi)” I(y)}
< max {m:]gxf({gzﬁ(xl) — I(x) +25},M—a}
< max{sup{¢(:z:) —I(m)}7M—a}+2(5.

zeX

Thus, for any ¢(-) bounded above, the lemma follows by taking the limits
6 — 0 and a — .

To treat the general case, set ¢pr(z) = ¢(x) A M < ¢(x), and use the
preceding to show that for every M < oo,

limsup elog B [e‘ﬁ(zf)/e}
e—0

< sup {¢(z) — I(x)} Vlimsup elog E |e?(Z)/¢ Lig(zoy>my| -
TEX e—0

The tail condition (4.3.2) completes the proof of the lemma by taking the
limit M — oo. ]

Proof of Lemma 4.3.8: For ¢ > 0, define X2 exp((¢(Z:) — M)/e), and
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let v > 1 be the constant given in the moment condition (4.3.3). Then
MIE [ | = B[X xen]
< E[(X)] = e~ YM/ep [eW(Ze)/e} )
Therefore,

limsup elog E [e‘b(ZE)/E 1{¢(Z€)2M}:|

e—0

< —(y=1)M + limsup elogE [ev(‘ﬁ(zi)/ﬁ} .
e—0

The right side of this inequality is finite by the moment condition (4.3.3).

In the limit M — oo, it yields the tail condition (4.3.2). ([

Exercise 4.3.10 Let ¢ : X — [—00, 00| be an upper semicontinuous function,
and let I(-) be a good rate function. Prove that in any closed set F' C X on
which ¢ is bounded above, there exists a point xg such that

d(z0) — I(z0) = sup {p(z) — I(x)} .

zel
Exercise 4.3.11 [From [DeuS89b]|, Exercise 2.1.24]. Assume that {u.} sat-
isfies the LDP with good rate function I(-) and that the tail condition (4.3.2)
holds for the continuous function ¢ : X — IR. Show that

liminf elog (/ e¢(x)/€du€) > sup {¢(x) — I(x)}, VG open,
=0 G e

limsup elog (/ e‘b(””)/edpe) <sup {¢(z) —I(z)}, VF closed.
e—0 F zeF

Exercise 4.3.12 The purpose of this exercise is to demonstrate that some
tail condition like (4.3.2) is necessary for Lemma 4.3.6 to hold. In particular,
this lemma may not hold for linear functions.

Consider a family of real valued random variables {Z.}, where P(Z. = 0) =
1-2pe, P(Zc = —m.) = pe, and P(Z. = m¢) = p..
(a) Prove that if
lim elog pe = —oo,

then the laws of {Z.} are exponentially tight, and moreover they satisfy the
LDP with the convex, good rate function

0 z=0
I(x):{

oo otherwise.
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(b) Let m¢ = —elog p. and define

A(\) = lim elog E (eAZe/ﬁ) .

0 A<1
A(A):{

oo otherwise,

Prove that

and its Fenchel-Legendre transform is A*(x) = |z|.
(c) Observe that A(\) # sup,er {Ax — I(x)}, and A*(-) # I(-).

4.4 Bryc’s Inverse Varadhan Lemma

As will be seen in Section 4.5, in the setting of topological vector spaces,
linear functionals play an important role in establishing the LDP, partic-
ularly when convexity is involved. Note, however, that Varadhan’s lemma
applies to nonlinear functions as well. It is the goal of this section to de-
rive the inverse of Varadhan’s lemma. Specifically, let {u.} be a family of
probability measures on a topological space X. For each Borel measurable
function f : X — IR, define

Afé lir% € log/ eF @/ (dr) (4.4.1)
€— X

provided the limit exists. For example, when X is a vector space, then
the {As} for continuous linear functionals (i.e., for f € X*) are just the
values of the logarithmic moment generating function defined in Section
4.5. The main result of this section is that the LDP is a consequence of
exponential tightness and the existence of the limits (4.4.1) for every f € G,
for appropriate families of functions G. This result is used in Section 6.4,
where the smoothness assumptions of the Gértner—Ellis theorem (Theorem
2.3.6) are replaced by mixing assumptions en route to the LDP for the
empirical measures of Markov chains.

Throughout this section, it is assumed that X is a completely regular
topological space, i.e., X is Hausdorff, and for any closed set F* C X and
any point x ¢ F, there exists a continuous function f : X — [0, 1] such that
f(z) =1and f(y) =0 for all y € F. It is also not hard to verify that such
a space is regular and that both metric spaces and Hausdorff topological
vector spaces are completely regular.

The class of all bounded, real valued continuous functions on X is de-
noted throughout by Cy(X).
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Theorem 4.4.2 (Bryc) Suppose that the family {u.} is exponentially ti-
ght and that the limit Ay in (4.4.1) exists for every f € Cyp(X). Then {u.}
satisfies the LDP with the good rate function

I(z) = sup {f(x)—As}. (4.4.3)
FECH(X)

Furthermore, for every f € Cyp(X),

Ay = sup ((x) ~ I(x)} . (4.4.4)

Remark: In the case where X is a topological vector space, it is tempting
to compare (4.4.3) and (4.4.4) with the Fenchel-Legendre transform pair
A() and A*(-) of Section 4.5. Note, however, that here the rate function
I(x) need not be convex.

Proof: Since Ay = 0, it follows that I(-) > 0. Moreover, I(z) is lower
semicontinuous, since it is the supremum of continuous functions. Due
to the exponential tightness of {u.}, the LDP asserted follows once the
weak LDP (with rate function I(+)) is proved. Moreover, by an application
of Varadhan’s lemma (Theorem 4.3.1), the identity (4.4.4) then holds. It
remains, therefore, only to prove the weak LDP, which is a consequence of
the following two lemmas.

Lemma 4.4.5 (Upper bound) If Ay exists for each f € Cy(X), then, for
every compact I' C X,

lim sup elog 1 (T') < — inf I(x) .
e—0 zel’

Lemma 4.4.6 (Lower bound) If Ay exists for each f € Cy(X), then, for
every open G C X and each x € G,

limiglfelog pe(G) > —I(z) .

Proof of Lemma 4.4.5: The proof is almost identical to the proof of part
(b) of Theorem 4.5.3, substituting f(x) for (A, z). To avoid repetition, the
details are omitted. O

Proof of Lemma 4.4.6: Fix x € X and a neighborhood G of z. Since X
is a completely regular topological space, there exists a continuous function
f: X —[0,1], such that f(z) =1 and f(y) =0 for all y € G°. For m > 0,
define f,,(-)2m(f(-) — 1). Then

/X efm(z)/elee(dx) < e_m/eﬂe(Gc) + ue(G) < e—m/e + MG(G) :
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Since f, € Cp(X) and f,,(z) = 0, it now follows that
max{ lim iglf elog u.(G), —m'}

Z lim iglfelog/ efm (:E)/C:LLG (dx) = AfWL

X
= —[fm(@) = Ag,] > — sup {f(z)—As}=—-I(z),
fECb(X)
and the lower bound follows by letting m — oo. Ul

This proof works because indicators on open sets are approximated well
enough by bounded continuous functions. It is clear, however, that not all
of Cp(X) is needed for that purpose. The following definition is the tool for
relaxing the assumptions of Theorem 4.4.2.

Definition 4.4.7 A class G of continuous, real valued functions on a topo-
logical space X is said to be well-separating if:

(1) G contains the constant functions.

(2) G is closed under finite pointwise minima, i.e., g1,92 € G = g1Aga € G.
(8) G separates points of X, i.e., given two points x,y € X with x # y, and
a,b € R, there exists a function g € G such that g(x) = a and g(y) = b.

Remark: It is easy to check that if G is well-separating, so is G+, the class
of all bounded above functions in G.

When X is a vector space, a particularly useful class of well-separating
functions exists.

Lemma 4.4.8 Let X be a locally convex, Hausdorff topological vector space.
Then the class G of all continuous, bounded above, concave functions on X
s well-separating.

Proof: Let X* denote the topological dual of X, and let Go={A(x) + ¢ :
A € X* ¢ € R}. Note that Gy contains the constant functions, and by
the Hahn—Banach theorem, Gy separates points of X. Since Gy consists of
continuous, concave functions, it follows that the class of all continuous,
concave functions separates points. Moreover, as the pointwise minimum
of concave, continuous functions is concave and continuous, this class of
functions is well-separating. Finally, by the earlier remark, it suffices to
consider only the bounded above, continuous, concave functions. ]

The following lemma, whose proof is deferred to the end of the sec-
tion, states the specific approximation property of well-separating classes
of functions that allows their use instead of Cy(X). It will be used in the
proof of Theorem 4.4.10.
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Lemma 4.4.9 Let G be a well-separating class of functions on X. Then
for any compact set T C X, any f € Cy(T'), and any § > 0, there exists an
integer d < oo and functions g1,...,9q4 € G such that

sup |f (x) — miax g;(z)] < 6
zel i=1

and

sup g;(x) < sup f(z) < o0
reX zel

Theorem 4.4.10 Let {uc} be an exponentially tight family of probability
measures on a completely reqular topological space X, and suppose G is a
well-separating class of functions on X. If Ay exists for each g € G, then
Ay exists for each f € Cy(X). Consequently, all the conclusions of Theorem
4.4.2 hold.

Proof: Fix a bounded continuous function f(x) with |f(x)| < M. Since the
family {u.} is exponentially tight, there exists a compact set T such that

for all € small enough,
,Ue(FC) < e—BM/e )

Fix § > 0 and let ¢g1,...,94 € G, d < oo be as in Lemma 4.4.9, with
h(z)2max?_, g;(z). Then, for every e > 0,

d
d
max e9i@/ey (dx } _/ @)/ ‘i g /eg’(m)/E (dz) .
=1 {/X pelde) x Py )

Hence, by the assumption of the theorem, the limit

e—0

Ap = lim elog/ eh@/ey (dx)
X

exists, and Aj, = max?_; A,,. Moreover, by Lemma 4.4.9, h(x) < M for all
x € X, and h(z) > (f(z) — ) —(M + ) for all z € I". Consequently, for
all € small enough,
eh(x)/eue(dm) < e—21\/[/e
FC

and

/eh(w)/euc(dx) > e~ (M+9)/e (1) > %e—(M-i-é)/e.

r

Hence, for any § < M,

Ay = lir%elog/ M@/ (da) .
€E— T
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Since sup,er | f(z) — h(z)| <0,

limsupelog/ef(m)/e,ue(dx) < 6+limsupelog/eh(”)/e,ue(dx)
r r

e—0 e—0
=0+A, = 6+1lm iglfelog/ eh@/e (dx)
€E— T

< 26 +lim iglfelog/ ef @/ (dx).
€E— T

Thus, taking § — 0, it follows that

e—0

lim elog/ef(x)/ﬁue(dx)
r

exists. This limit equals Ay, since, for all € small enough,

/ @/ (d) < e=2M/e / I @y (dz) > L e=M/e. 0
¢ T

1
2
Proof of Lemma 4.4.9: Fix I' C X compact, f € Cy(T") and 6 > 0. Let
z,y € I with  # y. Since G separates points in I', there is a function
9z,y(-) € G such that g, ,(z) = f(z) and g, ,(y) = f(y). Because each of

the functions f(-) — gs4(-) is continuous, one may find for each y € T' a
neighborhood U, of y such that

uienli {f(u) = guy(w)} = 0.

The neighborhoods {U,} form a cover of I'; hence, I' may be covered by

a finite collection Uy,,...,U,, of such neighborhoods. For every x € T,
define
9:(-) = gz,yl(') N gx’yz(') AREERA gm’ym(') €g.
Then
inf {/(u) ~ g.(u)} > 5. (4.4.11)
ue

Recall now that, for all ¢, g, ,, () = f(z) and hence g;(x) = f(x). Since
each of the functions f(-) — g.(+) is continuous, one may find a finite cover
Vi,..., Vg of I and functions g,,,..., gz, € G such that

sup {£(0) ~ 9., ()} <3 (44.12)

By the two preceding inequalities,

d
sup |f(v) — max g, (v)| <.
vel i=1
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To complete the proof, observe that the constant M2 sup,cr f(z) belongs
to G, and hence so does g;(-) = gz, (-) A M, while for all v € T,

[F(0) = mix gi(v)| < |f(v) — mlax g, (0)] O

The following variant of Theorem 4.4.2 dispenses with the exponential
tightness of {u.}, assuming instead that (4.4.4) holds for some good rate
function I(-). See Section 6.6 for an application of this result.

Theorem 4.4.13 Let I(-) be a good rate function. A family of probability
measures { .} satisfies the LDP in X with the rate function I(-) if and only
if the limit Ay in (4.4.1) exists for every f € Cy(X) and satisfies (4.4.4).

Proof: Suppose first that {u.} satisfies the LDP in X with the good rate
function I(-). Then, by Varadhan’s Lemma (Theorem 4.3.1), the limit A
in (4.4.1) exists for every f € Cy(X) and satisfies (4.4.4).

Conversely, suppose that the limit A; in (4.4.1) exists for every f €
Cy(X) and satisfies (4.4.4) for some good rate function I(-). The rela-
tion (4.4.4) implies that Ay — f(z) > —I(z) for any x € X and any
f € Cy(X). Therefore, by Lemma 4.4.6, the existence of Ay implies that
{p} satisfies the large deviations lower bound, with the good rate function
I(-). Turning to prove the complementary upper bound, it suffices to con-
sider closed sets F' C X for which inf,ep I(x) > 0. Fix such a set and
§ > 0 small enough so that a2inf,er I?(x) € (0,00) for the d-rate func-
tion I°(-) = min{I(-) — 6, +}. With Ag = 0, the relation (4.4.4) implies
that Ur(a) is non-empty. Since F' and Uj(«) are disjoint subsets of the
completely regular topological space X, for any y € Ur(a) there exists a
continuous function f, : X — [0,1] such that f,(y) = 1 and f,(z) = 0
for all z € F. The neighborhoods U,2{z : f,(z) > 1/2} form a cover
of Ur(a); hence, the compact set Ur(a) may be covered by a finite col-
lection Uy, ,...,U,, of such neighborhoods. For any m € Z,, the non-
negative function hy,(-)22m max?_; f,, () is continuous and bounded, with
hm(z) = 0 for all z € F and hy,(y) > m for all y € Ur(a). Therefore,
by (4.4.4),

limsupelogu.(F) < limsupelog / e m@/ey (dx)
X

e—0 e—0

= Ay, = —wlgéfv{hm(x) +I(z)}.

Note that h,,(z) + I(z) > m for any = € U (), whereas h,,(z) + I(z) > «
for any x ¢ ¥;(«). Consequently, taking m > «,

limsup elog i (F) < —av .
e—0
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Since ¢ > 0 is arbitrarily small, the large deviations upper bound holds (see

(1.2.11)). O

Exercise 4.4.14 Let {u.} be an exponentially tight family of probability mea-
sures on a completely regular topological space X. Let G be a well-separating
class of real valued, continuous functions on X, and let G denote the functions
in G that are bounded above.

(a) Suppose that A, exists for all g € GT. For g ¢ G, define

A, = liminfelog/ ed @/ ey (dx) .
‘ e—0 X

Let I(x) = sup,eg+19(z) — Ay} and show that

I(x) = sup{g(x) — Ag}.
g€eg
Hint: Observe that for every ¢ € G and every constant M < oo, both
g(x) NM € Gt and Agap < Ay
(b) Note that G is well-separating, and hence {y.} satisfies the LDP with the
good rate function
I(x) = sup {f(z)—As}.
FECH(X)
Prove that I(-) = I(-).
Hint: Varadhan's lemma applies to every g € G. Consequently, I(z) > I(z).
Fix x € X and f € Cy(X). Following the proof of Theorem 4.4.10 with the
compact set I' enlarged to ensure that x € T", show that
d

flx) — Ay < sup sup {m‘:iixgi(:t) - maxAgi} =I(z).
d<oco g;€G+ i=1 =1

(c) To derive the converse of Theorem 4.4.10, suppose now that {x.} satisfies
the LDP with rate function I(-). Use Varadhan's lemma to deduce that A,
exists for all g € G1, and consequently by parts (a) and (b) of this exercise,

I(z) = sup{g(x) — Ag}.
g€eg

Exercise 4.4.15 Suppose the topological space X has a countable base. Let
G be a class of continuous, bounded above, real valued functions on X such
that for any good rate function J(-),

J(y) < sup inf {g(y) —g(x)+J(z)}. (4.4.16)

geG TEX

(a) Suppose the family of probability measures {u.} satisfies the LDP in X
with a good rate function I(-). Then, by Varadhan's Lemma, A, exists for
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g € G and is given by (4.4.4). Show that I(-) = I(-)2 supyegig() — Ag}.

(b) Suppose {u.} is an exponentially tight family of probability measures, such
that A4 exists for any g € G. Show that {u.} satisfies the LDP in X’ with the
good rate function I(-).

Hint: By Lemma 4.1.23 for any sequence ¢,, — 0, there exists a subsequence
n(k) — oo such that {u,,, } satisfies the LDP with a good rate function. Use
part (a) to show that this good rate function is independent of ¢,, — 0.

(c) Show that (4.4.16) holds if for any compactset K C X,y ¢ K and o, § > 0,
there exists g € G such that sup,cy g(z) < g(y) + 9 and sup,cx g(z) <
9(y) — o

Hint: Consider g € G corresponding to K = V¥ ;(«), « / J(y) and 6 — 0.
(d) Use part (c) to verify that (4.4.16) holds for G = Cy(X) and X’ a completely
regular topological space, thus providing an alternative proof of Theorem 4.4.2
under somewhat stronger conditions.

Hint: See the construction of h,,(-) in Theorem 4.4.13.

Exercise 4.4.17 Complete the proof of Lemma 4.4.5.

4.5 LDP in Topological Vector Spaces

In Section 2.3, it was shown that when a limiting logarithmic moment gen-
erating function exists for a family of IR%-valued random variables, then its
Fenchel-Legendre transform is the natural candidate rate function for the
LDP associated with these variables. The goal of this section is to extend
this result to topological vector spaces. As will be seen, convexity plays a
major role as soon as the linear structure is introduced. For this reason,
after the upper bound is established for all compact sets in Section 4.5.1,
Section 4.5.2 turns to the study of some generalities involving the convex
duality of A and A*. These convexity considerations play an essential role
in applications. Finally, Section 4.5.3 is devoted to a direct derivation of a
weak version of the Gartner—Ellis theorem in an abstract setup (Theorem
4.5.20), and to a Banach space variant of it.

Throughout this section, X is a Hausdorff (real) topological vector space.
Recall that such spaces are regular, so the results of Sections 4.1 and 4.3
apply. The dual space of X', namely, the space of all continuous linear func-
tionals on X, is denoted throughout by X*. Let Z. be a family of random
variables taking values in X, and let u. € M;(X) denote the probability
measure associated with Z.. By analogy with the IRY case presented in Sec-
tion 2.3, the logarithmic moment generating function A, : X* — (—o0, o]
is defined to be

Ay (X)) =logE {e“’z")} = 1og/ APy (dr), Ne X,
X
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where for x € X and A € X*, (A, z) denotes the value of A(z) € R.
Let

A(A)élimsup eAy, (%) , (4.5.1)
e—0

using the notation A(\) whenever the limit exists. In most of the examples

considered in Chapter 2, when e\, (-/€) converges pointwise to A(-) for

X =IR" and an LDP holds for {si.}, the rate function associated with this

LDP is the Fenchel-Legendre transform of A(-). In the current setup, the

Fenchel-Legendre transform of a function f : X* — [—o00, 00] is defined as

F(@)2 sup {\x) — N}, z€eX. (4.5.2)

rexX+*

Thus, A* denotes the Fenchel-Legendre transform of A, and A* denotes
that of A when the latter exists for all A € X'*.

4.5.1 A General Upper Bound

As in the R? case, A* plays a prominent role in the LDP bounds.

Theorem 4.5.3 -
(a) A() of (4.5.1) is convex on X* and A*(-) is a convex rate function.
(b) For any compact set T C X,

lim sup elog 11 (T") < — 1I€1§ A*(x). (4.5.4)
e—0 z

Remarks:

(a) In Theorem 2.3.6, which corresponds to X = IR?, it was assumed, for
the purpose of establishing exponential tightness, that 0 € D{. In the
abstract setup considered here, the exponential tightness does not follow
from this assumption, and therefore must be handled on a case-by-case
basis. (See, however, [deA85a] for a criterion for exponential tightness which
is applicable in a variety of situations.)

(b) Note that any bound of the form A(\) < K(A) for all A\ € X* implies
that the Fenchel-Legendre transform K*(-) may be substituted for A*(-) in
(4.5.4). This is useful in situations in which A()) is easy to bound but hard
to compute.

(¢) The inequality (4.5.4) may serve as the upper bound related to a weak
LDP. Thus, when {u.} is an exponentially tight family of measures, (4.5.4)
extends to all closed sets. If in addition, the large deviations lower bound
is also satisfied with A*(-), then this is a good rate function that controls
the large deviations of the family {u.}.

<
m
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Proof: (a) The proof is similar to the proof of these properties in the spe-
cial case X = IR?, which is presented in the context of the Gartner-Ellis
theorem.

Using the linearity of (A/€) and applying Hélder’s inequality, one shows
that the functions A,_(\/e) are convex. Thus, A(-) = limsup,_, €A, (-/€),
is also a convex function. Since A, (0) = 0 for all € > 0, it follows that
A(0) = 0. Consequently, A*(-) is a nonnegative function. Since the supre-
mum of a family of continuous functions is lower semicontinuous, the lower
semicontinuity of A*(-) follows from the continuity of gx(z) = (A, ) — A(\)
for every A € X*. The convexity of A*() is a direct consequence of its
definition via (4.5.2).

(b) The proof of the upper bound (4.5.4) is a repeat of the relevant part
of the proof of Theorem 2.2.30. In particular, fix a compact set I' C X
and a 6 > 0. Let I’ be the é-rate function associated with A*, i.e.,
I’(x)2min{A*(z) — §,1/8}. Then, for any = € T, there exists a \, € X*
such that

Aar ) — A(Ag) > I (z) .

Since A; is a continuous functional, there exists a neighborhood of x, de-
noted A, such that

Jof (e, y) = (Aay 1)} = 4.

For any 8 € X", by Chebycheff’s inequality,

e(As) < B [e070-0) exp (— it {0,0) - <97x>}) |

Substituting § = A\, /e yields
Az
€10g Me(Ax) < o — </\:C7 'T> - eAus - .
€

A finite cover, UN | A,,, can be extracted from the open cover UyerA, of
the compact set I'. Therefore, by the union of events bound,

Az,
elogp.(T) <elogN +§ — minN {()\xi,xﬁ — €A, <_Z>} .
7 €

=1,...,

Thus, by (4.5.1) and the choice of A,
limsupelogu.(I') < §— rlninN{<)\zi,mi> — A}
e—0 i=1,...,
< 00— min I°(x).

i=1,...,N
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Moreover, x; € I' for each i, yielding the inequality

limsup elog pe(I') < 6 — inf I°(z).
e—0 xzel

The proof of the theorem is complete by taking § — 0. ]

Exercise 4.5.5 An upper bound, valid for all ¢, is developed in this exercise.
This bound may be made specific in various situations (c.f. Exercise 6.2.19).
(a) Let X be a Hausdorff topological vector space and V' C X a compact,
convex set. Prove that for any € > 0,

pe(V) < exp (—% inf A:(x)) : (4.5.6)

n:w = swp {ono - e, (2)]

Hint: Recall the following version of the min—maz theorem ([Sio58], Theorem

4.2"). Let f(x,\) be concave in X\ and convex and lower semicontinuous in .
Then

where

sup inf f(z,A) = inf sup f(z, ).

AeX* zeV €V AeX*
To prove (4.5.6), first use Chebycheff’s inequality and then apply the min—-max
theorem to the function

f(@,2) = [\ z) — eAy (M e)].

(b) Suppose that £ is a convex metric subspace of X' (in a metric compatible
with the induced topology). Assume that all balls in £ are convex, pre-compact
subsets of X'. Show that for every measurable set A € &,

1
(A) < inf Ad —— inf A7 , 4.5.7
we) < ot { mapye (<1 e 22 ) | (45.7)
where A° is the closed & blowup of A, and m(A, §) denotes the metric entropy
of A, i.e., the minimal number of balls of radius § needed to cover A.

4.5.2 Convexity Considerations

The implications of the existence of an LDP with a convex rate function to
the structure of A and A* are explored here. Building on Varadhan’s lemma
and Theorem 4.5.3, it is first shown that when the quantities €A, (\/€)
are uniformly bounded (in €) and an LDP holds with a good convex rate
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function, then €A, (-/€) converges pointwise to A(-) and the rate function
equals A*(+). Consequently, the assumptions of Lemma 4.1.21 together with
the exponential tightness of {u.} and the uniform boundedness mentioned
earlier, suffice to establish the LDP with rate function A*(-). Alternatively,
if the relation (4.5.15) between I and A* holds, then A*(-) controls a weak
LDP even when A(\) = oo for some A and {u} are not exponentially tight.
This statement is the key to Cramér’s theorem at its most general.

Before proceeding with the attempt to identify the rate function of the
LDP as A*(-), note that while A*(:) is always convex by Theorem 4.5.3,
the rate function may well be non-convex. For example, such a situation
may occur when contractions using non-convex functions are considered.
However, it may be expected that I(-) is identical to A*(-) when I() is
convex.

An instrumental tool in the identification of I as A* is the following
duality property of the Fenchel-Legendre transform, whose proof is deferred
to the end of this section.

Lemma 4.5.8 (Duality lemma) Let X be a locally convexr Hausdorff top-
ological vector space. Let f : X — (—o0, o0] be a lower semicontinuous,
convex function, and define

9(A) = sup {(A, z) — f(z)}.

zeX

Then f(-) is the Fenchel-Legendre transform of g(-), i.e.,

f(x) = sup {(A;z) —g(N)}. (4.5.9)
N

Remark: This lemma has the following geometric interpretation. For every
hyperplane defined by A, g(A) is the largest amount one may push up the
tangent before it hits f(-) and becomes a tangent hyperplane. The duality
lemma states the “obvious result” that to reconstruct f(-), one only needs
to find the tangent at x and “push it down” by g(A). (See Fig. 4.5.2.)

The first application of the duality lemma is in the following theorem,
where convex rate functions are identified as A*(-).

Theorem 4.5.10 Let X be a locally convex Hausdorff topological vector
space. Assume that pe satisfies the LDP with a good rate function I. Sup-
pose in addition that

A(/\)élimsup €N, (Ne) <oo, VAeX™. (4.5.11)

e—0
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£(x)

/

-g(k)’*f

\
\ X
<Ax>=c

Figure 4.5.1: Duality lemma.
£(x) Ag.x>-g(Ag)= cg

/

Ay x>-g(Ag)=cy

<

Apx>-g(Ag)=c,

Figure 4.5.2: Duality reconstruction. ¢; = f(x;) and x; is the point of
tangency of the line with slope A; to the graph of f(-).

(a) For each A € X*, the limit A(\) = 151(1) e\, (N e) exists, is finite, and

satisfies
AN = 21612 {Nz)y—I(z)}. (4.5.12)

(b) If I is convez, then it is the Fenchel-Legendre transform of A, namely,
v, D
I(z) = A" ()= sup {{\,z) — A(N)}.
Aex+

(c¢) If I is not convex, then A* is the affine regularization of I, i.e., A*(-) <
I(-), and for any convez rate function f, f(-) < I(-) implies f(-) < A*(-).
(See Fig. 4.5.5.)

Remark: The weak® topology on X* makes the functions (A, z) — I(z)
continuous in A for all z € X. By part (a), A(-) is lower semicontinuous
with respect to this topology, which explains why lower semicontinuity of
A(") is necessary in Rockafellar’s lemma (Lemma 2.3.12).

Proof: (a) Fix A € X* and v > 1. By assumption, A(y)\) < oo, and
Varadhan’s lemma (Theorem 4.3.1) applies for the continuous function
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Figure 4.5.3: A* as affine regularization of 1.

A X — IR. Thus, A(XA) = limc,o €A, (A/e) exists, and satisfies the
identity (4.5.12). By the assumption (4.5.11), A(-) < oo everywhere. Since
A(0) = 0 and A(+) is convex by part (a) of Theorem 4.5.3, it also holds that
A(X) > —oo everywhere.

(b) This is a direct consequence of the duality lemma (Lemma 4.5.8), ap-
plied to the lower semicontinuous, convex function I.

(¢) The proof of this part of the theorem is left as Exercise 4.5.18. U

Corollary 4.5.13 Suppose that both condition (4.5.11) and the assump-
tions of Lemma 4.1.21 hold for the family {uc}, which is exponentially tight.
Then {pc} satisfies in X the LDP with the good, convex rate function A*.

Proof: By Lemma 4.1.21, {u.} satisfies a weak LDP with a convex rate
function. As {u.} is exponentially tight, it is deduced that it satisfies the
full LDP with a convex, good rate function. The corollary then follows from
parts (a) and (b) of Theorem 4.5.10. U

Theorem 4.5.10 is not applicable when A(-) exists but is infinite at some
A € X*, and moreover, it requires the full LDP with a convex, good rate
function. As seen in the case of Cramér’s theorem in IR, these conditions
are not necessary. The following theorem replaces the finiteness conditions
on A by an appropriate inequality on open half-spaces. Of course, there is
a price to pay: The resulting A* may not be a good rate function and only
the weak LDP is proved.

Theorem 4.5.14 Suppose that {u.} satisfies a weak LDP with a con-
vex rate function I(-), and that X is a locally convex, Hausdorff topo-
logical vector space. Assume that for each N € X*, the limits A\(t) =
lime .o €Ay, (t)\/€) exist as extended real numbers, and that Ax(t) is a lower
semicontinuous function of ¢ € R. Let A5(-) be the Fenchel-Legendre
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transform of Ax(+), i.e.,

A’;(z)éggﬂg{ezfm(m}.

If for every A € X* and every a € R,

inf ~I(z) < if A3(2) 4.5.15
(O a0y 1) < 1L AL(E) (4.5.15)

then I(-) = A*(-), and consequently, A* controls a weak LDP associated
with {pe}.

Proof: Fix A € X*. By the inequality (4.5.15),

sup{(A, ) — I(2)} = sup sup  {(\x) - I(2)}

TeEX a€lR {z:((\,z)—a)>0}
> sup4a— inf I(x 4.5.16
- aEII;{{ {z:({X,z)—a)>0} ( )} ( )
> sup {a— ianf\(z)} = sup {zfAj(z)}
a€R z>a z€R

Note that Ay(-) is convex with A»(0) = 0 and is assumed lower semicontin-
uous. Therefore, it can not attain the value —oo. Hence, by applying the
duality lemma (Lemma 4.5.8) to Ay : IR — (—00, 00}, it follows that

Ax(1) = f‘éﬁi{z —AX(2)}-

Combining this identity with (4.5.16) yields

sup {\z) = I(x)} > A\(1) = A(N).

The opposite inequality follows by applying Lemma 4.3.4 to the continuous
linear functional A € X*. Thus, the identity (4.5.12) holds for all A € X*,
and the proof of the theorem is completed by applying the duality lemma
(Lemma 4.5.8) to the convex rate function I. O

Proof of Lemma 4.5.8: Consider the sets X x IR and X* x IR. Each of
these can be made into a locally convex, Hausdorff topological vector space
in the obvious way. If f is identically oo, then g is identically —co and the
lemma trivially holds. Assume otherwise and define

E = {(z,a) e X xR: f(z) <a},
& = {(\p) e X" xR:g()) <5}

Note that for any (A, 3) € £* and any = € X,
fle) = (\ax)-B.
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Therefore, it also holds that

f@)> sup {(A,z) - B} = sup {{(A\,z) —g(N)}.
(\.B)ee€ AEX*

It thus suffices to show that for any (z,a) € € (i.e., f(x) > ), there exists
a (A, B) € £* such that
Nz)y—0 > a, (4.5.17)

in order to complete the proof of the lemma.

Since f is a lower semicontinuous function, the set & is closed (alter-
natively, the set £¢ is open). Indeed, whenever f(z) > -, there exists a
neighborhood V' of  such that inf,cv f(y) > v, and thus £¢ contains a
neighborhood of (z,7). Moreover, since f(-) is convex and not identically
00, the set £ is a non-empty convex subset of X x IR.

Fix (z,a) ¢ €. The product space X x IR is locally convex and therefore,
by the Hahn—-Banach theorem (Theorem B.6), there exists a hyperplane in
X x IR that strictly separates the non-empty, closed, and convex set £ and
the point (z, «) in its complement. Hence, as the topological dual of X x IR
is X* x IR, for some p € X*, p € R, and v € IR,

sup {(1,y) — p€} < < (w,w) — pa.
(y,§) €€

In particular, since f is not identically oo, it follows that p > 0, for otherwise
a contradiction results when £ — oco. Moreover, by considering (y,§) =
(z, f(x)), the preceding inequality implies that p > 0 whenever f(z) < co.

Suppose first that p > 0. Then, (4.5.17) holds for the point (u/p, v/p)-
This point must be in £*, for otherwise there exists a yg € X such that
(1, y0) — pf(yo) > ~, contradicting the previous construction of the sepa-
rating hyperplane (since (yo, f(yo)) € £). In particular, since f(z) < oo for
some z € X it follows that £* is non-empty.

Now suppose that p = 0 so that

sup  {{u,y) =~} <0,
{y:f(y)<o0}

while (u, ) — v > 0. Consider the points

()\6,55)é (%4—)\0,%4‘50) , Y¥0>0,

where (Ao, Bp) is an arbitrary point in £*. Then, for all y € X,

({1 y) =) + (Ao, ) — Bo) < f(y)-

(Ns,y) — Bs = %
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Therefore, (A\g, 3s5) € £* for any § > 0. Moreover,

1
li — B5) = lim { = - - - .
By (As,2) = 95) = T { S0 =) + (o) = )} = o0
Thus, for any o < 0o, there exists 6 > 0 small enough so that (A5, z) — s >
a. This completes the proof of (4.5.17) and of Lemma 4.5.8. Ol

Exercise 4.5.18 Prove part (c) of Theorem 4.5.10.

Exercise 4.5.19 Consider the setup of Exercise 4.2.7, except that now X = )
is a locally convex, separable, Hausdorff topological vector space. Let Z, =
X +Y..

(a) Prove that if Ix and Iy are convex, then so is .

(b) Deduce that if in addition, the condition (4.5.11) holds for both p.—the
laws of X, and v.—the laws of Y, then Iy is the Fenchel-Legendre transform
of Ax() + Ay()

4.5.3 Abstract Gartner—Ellis Theorem

Having seen a general upper bound in Section 4.5.1, we turn next to suffi-
cient conditions for the existence of a complementary lower bound. To this
end, recall that a point z € X is called an exposed point of A* if there exists
an exposing hyperplane A € X* such that

Nx) — A (z) > (\2) —A*(2), Vz#x.

An exposed point of A* is, in convex analysis parlance, an exposed point of
the epigraph of A*. For a geometrical interpretation, see Fig. 2.3.2.

Theorem 4.5.20 (Baldi) Suppose that {uc} are exponentially tight prob-
ability measures on X .
(a) For every closed set F' C X,

limsup elog p(F) < — inf A*(z).
e—0 zeF

(b) Let F be the set of exposed points of A* with an exposing hyperplane \
for which

A B

AN = lil'I(l) e, (—) exists and A(y\) < oo for some > 1. (4.5.21)
€e— €

Then, for every open set G C X,

. . > . e )
hIEIl}élelOg pe(G) > xe%lg}'A (x)
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(c) If for every open set G,

inf A*(xz) = inf A* 4.5.292
panf (A (2) = inf A%(2) , (4.5.22)

then {uc} satisfies the LDP with the good rate function A*.

Proof: (a) The upper bound is a consequence of Theorem 4.5.3 and the
assumed exponential tightness.

(b) If A(\) = —oo for some A € X*, then A*(-) = oo and the large deviations
lower bound trivially holds. So, without loss of generality, it is assumed
throughout that A : X* — (—00,00]. Fix an open set G, an exposed point
y € GNF, and § > 0 arbitrarily small. Let n be an exposing hyperplane
for A* at y such that (4.5.21) holds. The proof is now a repeat of the proof
of (2.3.13). Indeed, by the continuity of 7, there exists an open subset of G,
denoted Bjs, such that y € Bs and

sup {(n,z —y)} <9.
2€Bs

Observe that A(n) < oo in view of (4.5.21). Hence, by (4.5.1), A, (n/€) <
oo for all € small enough. Thus, for all ¢ > 0 small enough, define the
probability measures fi. via

dfte
dpte

(z) = exp [<g,z> — A, (Q)} . (4.5.23)

€

Using this definition,

elog pic(Bs) = €Ay,

—
a3

) —(n,y) +¢€ log/EB5 exp <<g,y - z>) fic(dz)

z

> €Ay, (—) —(n,y) — 6+ € log fi.(Bs).

a3

Therefore, by (4.5.21),

lim iélfé log ue(G) > %in(l] lim iélfé log fte(Bs) (4.5.24)
2 A(n) = (n,y) + lim lim inf elog ic (Bs)
2

—A*(y) + %in(l) lim i(I)lf elog fic(Bs) -

Recall that {u.} are exponentially tight, so for each a < oo, there exists a
compact set K, such that

limsup elog o (K§) < —ar.

e—0



4.5 LDP IN ToPOLOGICAL VECTOR SPACES 159

If for all § > 0 and all o < oo,

limsup € log fic(Bs N K,) <0, (4.5.25)

e—0

and for all « large enough,

limsup e log fic(KS) <0, (4.5.26)

e—0

then fi.(Bs) — 1 when € — 0 and part (b) of the theorem follows by (4.5.24),
since y € G N F is arbitrary.

To establish (4.5.25), let A;_(-) denote the logarithmic moment gener-
ating function associated with the law fi.. By the definition (4.5.23), for
every 6 € X",

Hence, by (4.5.1) and (4.5.21),

e—0

/N\(H)élimsup eNj, (g) =A@ +n)—An) .

Let A* denote the Fenchel-Legendre transform of A. It follows that for all
ze X,

A (2) = A*(2) + A(n) — (n,2) > A*(2) = A*(y) — (0,2 — y) .

Since 7 is an exposing hyperplane for A* at gy, this inequality implies that
A*(z) > 0 for all z # y. Theorem 4.5.3, applied to the measures fi. and the
compact sets B§ N K, now yields

. ~ c < _ : A *
hrenjélp € log fi.(Bs N Ky) < zeé?rfwKa A" (z) <0,

where the strict inequality follows because A*() is a lower semicontinuous
function and y € Bs.

Turning now to establish (4.5.26), consider the open half-spaces
Hy={z€X: (n,z) —p<0}.

By Chebycheft’s inequality, for any g > 0,

elogfic(Hp) = elog/ fie(dz)
{z:(n,2)=p}

elog UX exp (@) ﬂe(d'z)] —Bp

= GAI_]E (@) —ﬁp.

IN
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Hence, ~
li log ic(HS) < inf {A - .
imsupe og fie( p)_égo{ (Bn) — Br}
Due to condition (4.5.21), A(3n) < oo for some 3 > 0, implying that for
large enough p,
limsup elog fic(H,) < 0.

e—0

Now, for every « and every p > 0,

lim sup elog fic (K¢ N H),)

e—0

:limsupelog/KCHH exp [<g,z> — Ay, (g)] e (dz)
SNH,

e—0

<p—An) —a.

Finally, (4.5.26) follows by combining the two preceding inequalities.
(c) Starting with (4.5.22), the LDP is established by combining parts (a)
and (b). U

In the following corollary, the smoothness of A(-) yields the identity
(4.5.22) for exponentially tight probability measures on a Banach space,
resulting in the LDP. Its proof is based on a theorem of Brgnsted and
Rockafellar whose proof is not reproduced here. Recall that a function
f X" — R is Gateaux differentiable if, for every A\, 0 € X*, the function
F(X+¢0) is differentiable with respect to t at t = 0.

Corollary 4.5.27 Let {uc} be exponentially tight probability measures on
the Banach space X. Suppose that A(-) = lim._.g €A, (-/€) is finite valued,
Gateaur differentiable, and lower semicontinuous in X* with respect to the
weak® topology. Then {u.} satisfies the LDP with the good rate function
A*.

Remark: For a somewhat stronger version, see Corollary 4.6.14.

Proof: By Baldi’s theorem (Theorem 4.5.20), it suffices to show that for
any x € D+, there exists a sequence of exposed points x such that x; — x
and A*(zy) — A*(x). Let A € OA*(z) iff

A z) — A(x) = :‘1615{@, z) = A (2)},

and define
dom OA*E{z : I\ € OA* (2)} .

Note that it may be assumed that the convex, lower semicontinuous
function A* : X — [0,00] is proper (i.e., Da~ is not empty). Therefore,
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by the Brgnsted—Rockafellar theorem (see [BrR65], Theorem 2), for every
x € Dp«, there exists a sequence x, — x such that x, € domdA* and

A*(z) — A*(x).

It is therefore enough to prove that when A is Gateaux differentiable
and weak™ lower semicontinuous, any point in dom JA* is also an exposed
point. To this end, fix € domdA* and A € OA*(x). Observe that X* when
equipped with the weak™ topology is a locally convex, Hausdorff topological
vector space with X being its topological dual. Hence, it follows by apply-
ing the duality lemma (Lemma 4.5.8) for the convex, lower semicontinuous
function A : X* — IR that

A = sup{(A,2) — A*(2)} = (A,z) — A*(a) .

zEX

Therefore, for any ¢t > 0, and any 6 € X'*,
1
0,z) < g[A(A +t0) — A(N)].
Thus, by the Gateaux differentiability of A, it follows that
(6,2) < lim ~[A(\ + t6) — A\ 2DA()
A NT N '

Moreover, DA(#) = —DA(—6), and consequently (8,2) = DA() for all
0 € X*. Similarly, if there exists y € X' , y # x, such that

A a) =A% (z) = (A y) = A (y)

then, by exactly the same argument, (6,y) = DA(0) for all § € X*. Since
(0, —y) =0 for all # € X*, it follows that x = y. Hence, x is an exposed
point and the proof is complete. Ul

4.6 Large Deviations for Projective Limits

In this section, we develop a method of lifting a collection of LDPs in
“small” spaces into the LDP in the “large” space X', which is their projec-
tive limit. (See definition below.) The motivation for such an approach is
as follows. Suppose we are interested in proving the LDP associated with
a sequence of random variables X7, X, ... in some abstract space X. The
identification of X* (if X' is a topological vector space) and the computa-
tion of the Fenchel-Legendre transform of the moment generating function
may involve the solution of variational problems in an infinite dimensional
setting. Moreover, proving exponential tightness in X, the main tool of get-
ting at the upper bound, may be a difficult task. On the other hand, the
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evaluation of the limiting logarithmic moment generating function involves
probabilistic computations at the level of real-valued random variables, al-
beit an infinite number of such computations. It is often relatively easy
to derive the LDP for every finite collection of these real-valued random
variables. Hence, it is reasonable to inquire if this implies that the laws of
the original, X-valued random variables satisfy the LDP.

An affirmative result is derived shortly in a somewhat abstract setting
that will serve us well in diverse situations. The idea is to identify X with
the projective limit of a family of spaces {JY;};jes with the hope that the
LDP for any given family {u.} of probability measures on X follows as the
consequence of the fact that the LDP holds for any of the projections of p
to {Vj}jer

To make the program described precise, we first review a few standard
topological definitions. Let (J,<) be a partially ordered, right-filtering
set. (The latter notion means that for any 4,j in J, there exists k € J
such that both ¢ < k and j < k.) Note that J need not be countable.
A projective system (Y}, pij)i<jes consists of Hausdorff topological spaces
{Y;}jes and continuous maps p;; : Y; — Y; such that p;x = pij o pjk
whenever ¢ < j < k ({pj;}jes are the appropriate identity maps). The
projective limit of this system, denoted by & = limY;, is the subset of
the topological product space Y =[] jes Vi, consisting of all the elements
X = (y;)jes for which y; = p;;(y;) whenever i < j, equipped with the
topology induced by ). Projective limits of closed subsets F; C ), are
defined analogously and denoted F' = lim F;. The canonical projections of
X, which are the restrictions p; : X — )); of the coordinate maps from Y
to Y;, are continuous. Some properties of projective limits are recalled in
Appendix B.

The following theorem yields the LDP in X as a consequence of the
LDPs associated with {u. o pj_l, € > 0}. In order to have a specific example
in mind, think of X as the space of all maps f : [0,1] — IR such that
f(0) = 0, equipped with the topology of pointwise convergence. Then
pj : X — IR” is the projection of functions onto their values at the time
instances 0 < t; < to < --- < tg < 1, with the partial ordering induced on
the set J = U2 {(t1,...,ta) : 0 < t1 <3 < --- < tg < 1} by inclusions.
For details of this construction, see Section 5.1.

Theorem 4.6.1 (Dawson—Gértner) Let {u.} be a family of probability
measures on X, such that for any j € J the Borel probability measures
fe op;l on Y; satisfy the LDP with the good rate function I;(-). Then {u.}
satisfies the LDP with the good rate function

I(x) = sup {Lipix)}, xe&i. (4.6.2)



4.6 LARGE DEVIATIONS FOR PROJECTIVE LIMITS 163

Remark: Throughout this section, we drop the blanket assumption that
By C B. This is natural in view of the fact that the set J need not be
countable. It is worthwhile to note that B is required to contain all sets
pj_l(Bj), where Bj; € By, .

Proof: Clearly, I(x) is nonnegative. For any « € [0,00) and j € J, let
Uy, (a) denote the compact level set of I, i.e., ¥y (a)={y; : I;(y;) < a}.
Recall that for any ¢ < j € J, pi; : V; — ), is a continuous map and
[he © p[l = (e o p{l) o p;jl. Hence, by the contraction principle (Theorem
4.2.1), I;(y;) = inf, I;(y;), or alternatively, Wy, (a) = pi;(¥r,(a)).

Therefore,

—1
Py (Vi)

Ui(a) =X0 ] ¥, (a) = lim¥; (a), (4.6.3)
jeJ

and I(x) is a good rate function, since by Tychonoff’s theorem (Theorem
B.3), the projective limit of compact subsets of Y;, j € J, is a compact
subset of X.

In order to prove the large deviations lower bound, it suffices to show
that for every measurable set A C X and each x € A°, there exists a j € J
such that

lim inf elog e(A) = —I;(p;(x)) -

Since the collection {p}l(Uj) : Uj C Yj is open} is a base of the topology
of X, there exists some j € J and an open set U; C ); such that x €
pj_l(Uj) C A°. Thus, by the large deviations lower bound for {u. opj_l},

lim iglfelog ue(A) > lim iglfelog(,u6 opj_l(Uj) )
> — inf Ii(y) = —1;(p;(x))

yeU;

as desired.

Considering the large deviations upper bound, fix a measurable set A C
X and let A;2p;j(A). Then, A; = p;;(A;) for any i < j, implying that
pij(A;) C A; (since p;; are continuous). Hence, A C Jim A;. To prove the
converse inclusion, fix x € (4)°. Since (A)¢ is an open subset of X, there
exists some j € J and an open set U; C ), such that x € pj_l(Uj) C (A)e.
Consequently, for this value of j, p;(x) € U; C Af, implying that p;(x) ¢
A_j. Hence,

A= ]imA4;. (4.6.4)

Combining this identity with (4.6.3), it follows that for every a < oo,

AN (a) = lim (A; N (a) .
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Fix o < inf 5 I(z), for which AN¥r(a) = (0. Then, by Theorem B.4,
AN ¥y, (a) =0 for some j € J. Therefore, as A C pj_l(A_j), by the LDP
upper bound associated with the Borel measures {y. o pj_l}7

lim sup € log p1.(A) < lim sup € log p1c © pj_l (45) < —a.
e—0 e—0

This inequality holds for every measurable A and o < oo such that AN
Ur(a) = 0. Consequently, it yields the LDP upper bound for {pu.}. O

The following lemma is often useful for simplifying the formula (4.6.2)
of the Dawson—Gértner rate function.

Lemma 4.6.5 If I(-) is a good rate function on X such that
Liy)=inf{Ix): xe X, y=p;x)}, (4.6.6)
for anyy € Y;, j € J, then the identity (4.6.2) holds.

Proof: Fix a € [0, 00) and let A denote the compact level set ¥;(«). Since
p;j : X — Y; is continuous for any j € J, by (4.6.6) A;2V; () = p,(A)
is a compact subset of };. With A; = p;;(4;) for any ¢ < j, the set
{x :sup;c; I;(pj(x)) < a} is the projective limit of the closed sets A;, and
as such it is merely the closed set A = ¥;(«) (see (4.6.4)). The identity
(4.6.2) follows since « € [0, 00) is arbitrary. O

The preceding theorem is particularly suitable for situations involving
topological vector spaces that satisfy the following assumptions.

Assumption 4.6.7 Let W be an infinite dimensional real vector space,
and W' its algebraic dual, i.e., the space of all linear functionals \ +—
(N ) : W — TR. The topological (vector) space X consists of W' equipped
with the WW-topology, i.e., the weakest topology such that for each A € W,
the linear functional x — (A, x) : X — IR is continuous.

Remark: The W-topology of W makes W into the topological dual of X,
ie, W=X~".

For any d € Z, and Ay,...,A\q € W, define the projection px,,. x, :
X — IRd by p)\l,...,)\d(x) = (<>\13‘T>5 <>\2,’I}>, ey <)\dax>> .

Assumption 4.6.8 Let (X, B, p1c) be probability spaces such that:
(a) X satisfies Assumption 4.6.7.
(b) For any X\ € W and any Borel set B in R, p,'(B) € B.

Remark: Note that if {u.} are Borel measures, then Assumption 4.6.8
reduces to Assumption 4.6.7.
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Theorem 4.6.9 Let Assumption 4.6.8 hold. Further assume that for every
d € Z, and every \,..., g € W, the measures {ji. Op;im’)\d,e > 0}
satisfy the LDP with the good rate function In, . x,(-). Then {uc} satisfies
the LDP in X, with the good rate function

I(x) = sup sup Iy oo (g, 2), (e, ), .o, (Mas ) . (4.6.10)
dEZy M1y NgEW

Remark: In most applications, one is interested in obtaining an LDP on £
that is a non-closed subset of X'. Hence, the relatively effortless projective
limit approach is then followed by an application specific check that Dy C
&, as needed for Lemma 4.1.5. For example, in the study of empirical
measures on a Polish space ¥, it is known a priori that p.(M;(X)) =1 for
all € > 0, where M;(X) is the space of Borel probability measures on X,
equipped with the B(X)-topology, and B(X) = {f : ¥ — IR, f bounded,
Borel measurable}. Identifying each v € M;(X) with the linear functional
f— fz fdv, Vf € B(Y), it follows that M;(X) is homeomorphic to £ C X,
where here X' denotes the algebraic dual of B(X) equipped with the B(X)-
topology. Thus, X satisfies Assumption 4.6.7, and £ is not a closed subset
of X. It is worthwhile to note that in this setup, p. is not necessarily a
Borel probability measure.

Proof: Let V be the system of all finite dimensional linear subspaces
of W, equipped with the partial ordering defined by inclusion. To each
V €V, attach its (finite dimensional) algebraic dual V' equipped with the
V-topology. The latter are clearly Hausdorff topological spaces. For any
V C U and any linear functional f : U — IR, let pyy(f) : V — R be
the restriction of f on the subspace V. The projections py., : U — V'
thus defined are continuous, and compatible with the inclusion ordering of
V. Let X be the projective limit of the system (V’,p,.). Consider the
map = — & = (py(z)) € X, where for each V € V, py(z) € V' is the
linear functional A — (A, z), YA € V. This map is a bijection between
W' and X, since the consistency conditions in the definition of X imply
that any ¥ € X is determined by its values on the one-dimensional lin-
ear subspaces of W, and any such collection of values determines a point
in X. By Assumption 4.6.7, X consists of the vector space W' equipped
with the W-topology that is generated by the sets {z : [(\,z) — p| < ¢}
for A € W,p € R,§ > 0. It is not hard to check that the image of these
sets under the map x — I generates the projective topology of X. Con-
sequently, this map is a homeomorphism between X and X. Hence, if for
every V € V, {pe o pyt, e > 0} satisfies the LDP in V’/ with the good rate
function I (-), then by Theorem 4.6.1, {1} satisfies the LDP in X with the
good rate function supy <y, Iy (pv (+)).
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Fix d € Z, and V € V, a d-dimensional linear subspace of W. Let
A1, ..., Ag be any algebraic base of V. Observe that the map f — (f(\1),
.., f(Aq)) is a homeomorphism between V’ and IR? under which the image
of pu(x) € V' is pa, . ay(2) = (A, 2), ..., (A, 2)) € R Consequently, by
our assumptions, the family of Borel probability measures {ju. op; !, e > 0}
satisfies the LDP in V', and moreover, Iy (pyv(x)) = In,,.. 2, (((A1,2),...,
(Mg, x))). The proof is complete, as the preceding holds for every V € V,
while because of the contraction principle (Theorem 4.2.1), there is no need
to consider only linearly independent Ag, ..., Ay in (4.6.10). ]

When using Theorem 4.6.9, either the convexity of I, . x,(-) or the
existence and smoothness of the limiting logarithmic moment generating
function A(:) are relied upon in order to identify the good rate function
of (4.6.10) with A*(-), in a manner similar to that encountered in Section
4.5.2. This is spelled out in the following corollary.

Corollary 4.6.11 Let Assumption 4.6.8 hold.
(a) Suppose that for each X € W, the limit

A(X) = lim elog / eEil()"wue(da}) (4.6.12)
x

e—0

exists as an extended real number, and moreover that for any d € Z, and
any A, ..., g € W, the function

d
g((t1,.. .,td))éA(Z tiA\) : RY — (=00, o]

1s essentially smooth, lower semicontinuous, and finite in some neighborhood
of 0.
Then {p} satisfies the LDP in (X, B) with the convex, good rate function

A (z) = )?:5\; {(Az) =AM} (4.6.13)

(b) Alternatively, if for any Ai,..., g € W, there exists a compact set
K c R such that erpxll,...,xd (K) =1, and moreover {uwp}ll’m’)\d,e > 0}
satisfies the LDP with a convex rate function, then A : W — IR euxists, is
finite everywhere, and {u.} satisfies the LDP in (X,B) with the convez,

good rate function A*(-) as defined in (4.6.13).

Remark: Since X satisfies Assumption 4.6.7, the only continuous linear
functionals on X are of the form x — (A, z), where A € W. Consequently,
X* may be identified with W, and A*(-) is the Fenchel-Legendre transform
of A(-) as defined in Section 4.5.
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Proof: (a) Fix d € Z, and \y,..., g € W. Note that the limiting loga-
rithmic moment generating function associated with {p. o pxll’w Ayt € > 0}
is g((t1,...,tq)). Hence, by our assumptions, the Gartner—Ellis theorem
(Theorem 2.3.6) implies that these measures satisfy the LDP in IR? with
the good rate function Iy, ., =g": RY — [0, o], where

,,,,,

I)\l ----- )\d((<)‘17x>7<)‘27x>7”~7<)‘dax>))
d d

= sup { ti<)\i,x>—A(Zti)\i>}.

t17-~~7tdeIR i=
Consequently, for every z € X,

I>\1 ----- )\d((<>\17x>7 <)\2,£C>, ) <)‘d7‘r>)) < A*(ZL') = fg}I/)V I)\(<>‘a (E>) .

Since the preceding holds for every Aj,...,A\g € W, the LDP of {u.} with
the good rate function A*(-) is a direct consequence of Theorem 4.6.9.

(b) Fix d € Z, and \y,..., g € W. Since p, o pgllw’)\d are supported on
a compact set K, they satisfy the boundedness condition (4.5.11). Hence,
by our assumptions, Theorem 4.5.10 applies. It then follows that the limit-
ing moment generating function g(-) associated with {u. o p;117___7 A € > 0}
exists, and the LDP for these probability measures is controlled by g*(-).
With I, ., = ¢* for any A1,...,Aq € W, the proof is completed as in
part (a). O

The following corollary of the projective limit approach is a somewhat
stronger version of Corollary 4.5.27.

Corollary 4.6.14 Let {u.} be an exponentially tight family of Borel prob-
ability measures on the locally convex Hausdorff topological vector space &.
Suppose A(-) = lime_g €A, (-/€) is finite valued and Gateauz differentiable.
Then {pc} satisfies the LDP in € with the convex, good rate function A*.

Proof: Let W be the topological dual of £. Suppose first that W is an
infinite dimensional vector space, and define X according to Assumption
4.6.7. Let i : £ — X denote the map x — i(x), where i(z) is the linear func-
tional A — (A, z), YA € W. Since £ is a locally convex topological vector
space, by the Hahn—Banach theorem, W is separating. Therefore, & when
equipped with the weak topology is Hausdorff, and ¢ is a homeomorphism
between this topological space and i(€) C X. Consequently, {u o i~t}
are Borel probability measures on X' such that p oi71(i(€)) = 1 for all
€ > 0. All the conditions in part (a) of Corollary 4.6.11 hold for {u.oi~1},
since we assumed that A : W — IR exists, and is a finite valued, Gateaux
differentiable function. Hence, {y, o i~} satisfies the LDP in X with the
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convex, good rate function A*(-). Recall that ¢ : &€ — X is a continuous
injection with respect to the weak topology on £, and hence it is also con-
tinuous with respect to the original topology on £. Now, the exponential
tightness of {u.}, Theorem 4.2.4, and the remark following it, imply that
{u} satisfies the LDP in £ with the good rate function A*(-).

We now turn to settle the (trivial) case where W is a d-dimensional
vector space for some d < co. Observe that then & is of the same dimension
as W. The finite dimensional topological vector space X can be represented
as IR?. Hence, our assumptions about the function A(-) imply the LDP in
X associated with {u. o i~'} by a direct application of the Gértner—Ellis
theorem (Theorem 2.3.6). The LDP (in &) associated with {u.} follows
exactly as in the infinite dimensional case. Ul

Exercise 4.6.15 Suppose that all the conditions of Corollary 4.6.14 hold ex-
cept for the exponential tightness of {u.}. Prove that {u.} satisfies a weak
LDP with respect to the weak topology on &, with the rate function A*(-)
defined in (4.6.13).

Hint: Follow the proof of the corollary and observe that the LDP of {.0i~'}
in X still holds. Note that if K C £ is weakly compact, then i(K) C i(€) is a
compact subset of X.

4.7 The LDP and Weak Convergence in
Metric Spaces

Throughout this section (X, d) is a metric space and all probability measures
are Borel. For 6 > 0, let

A‘s’oé{y : d(y,A)éZirelg d(y,z) < 0} (4.7.1)

denote the open blowups of A (compare with (4.1.8)), with A= = ((A¢)%°)¢
a closed set (possibly empty). The proof of the next lemma which summa-
rizes immediate relations between these sets is left as Exercise 4.7.18.

Lemma 4.7.2 Foranyd >0, n>0and T C X

(a) (0=%)%° C T C (T%°)~9,

(b) T=0+m c (T=8)=" qnd (D%0)ne c TE+me,

(c) G0 increases to G for any open set G and F%° decreases to F for any
closed set F'.



4.7 LDP AND WEAK CONVERGENCE 169

Let Q(X) denote the collection of set functions v : By — [0,1] such
that:

(a) v(0) = 0.

(b) v(I') =inf{v(G) : T' C G open} for any I' € By.
(c) v(U2 ;) < 302 v(Iy) for any T'; € By.

(d) ¥(@) = lims_v(G~°) for any open set G C X.

Condition (b) implies the monotonicity property v(A) < v(B) whenever
ACB.

The following important subset of Q(X) represents the rate functions.

Definition 4.7.3 A set function v : By — [0, 1] is called a sup-measure if
v(I') = supyer v({y}) for any T' € Bx and v({y}) is an upper semicontinu-
ous function of y € X. With a sup-measure v uniquely characterized by the

rate function I(y) = —logv({y}), we adopt the notation v = e~ 1.

The next lemma explains why Q(X) is useful for exploring similarities
between the LDP and the well known theory of weak convergence of prob-
ability measures.

Lemma 4.7.4 Q(X) contains all sup-measures and all set functions of the
form pc for u a probability measure on X and € € (0,1].

Proof: Conditions (a) and (c) trivially hold for any sup-measure. Since
any point y in an open set G is also in G~? for some § = §(y) > 0, all sup-
measures satisfy condition (d). For (b), let v({y}) = e I¥. Fix I' € By
and G(z,0) as in (4.1.3), such that

v({a}) = e U@ > =iy IW) = sup  v({y}).
yeG(z,0)

Tt follows that for the open set Gs = UzerG(z, ),

u(T) = ¥ supv({a}) > sup v({y}) = v(Gs) .
zel yEGs

Taking § — 0, we have condition (b) holding for an arbitrary I € By.

Turning to the second part of the lemma, note that conditions (a)—(d)
hold when v is a probability measure. Suppose next that v(-) = f(u(-))
for a probability measure p and f € Cy([0,1]) non-decreasing such that
f(0)=0and f(p+¢q) < f(p)+ f(g) for 0 < p <1—¢q < 1. By induction,
f(Zlepi) < Zle f(p;) for all k € Z, and non-negative p; such that
Zlepi < 1. The continuity of f(-) at 0 extends this property to k =
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00. Therefore, condition (c) holds for v by the subadditivity of p and
monotonicity of f(-). The set function v inherits conditions (b) and (d)
from p by the continuity and monotonicity of f(-). Similarly, it inherits
condition (a) because f(0) = 0. In particular, this applies to f(p) = p¢ for
all € € (0,1]. U]

The next definition of convergence in Q(X) coincides by the Portman-
teau theorem with weak convergence when restricted to probability mea-
sures v, vy (see Theorem D.10 for X' Polish).

Definition 4.7.5 v, — vy in Q(X) if for any closed set F C X

limsup v (F) < vo(F) , (4.7.6)

e—0

and for any open set G C X,

limiglf v(G) > 1vy(G) . (4.7.7)

€E—

For probability measures v,y the two conditions (4.7.6) and (4.7.7) are
equivalent. However, this is not the case in general. For example, if v5(-) =0
(an element of Q(X)), then (4.7.7) holds for any v. but (4.7.6) fails unless
ve(X) — 0.

For a family of probability measures {u.}, the convergence of v, = u¢
to a sup-measure vy = e~ ! is exactly the LDP statement (compare (4.7.6)
and (4.7.7) with (1.2.12) and (1.2.13), respectively).

With this in mind, we next extend the definition of tightness and uniform
tightness from M;(X) to Q(X) in such a way that a sup-measure v = e~ is
tight if and only if the corresponding rate function is good, and exponential
tightness of {u.} is essentially the same as uniform tightness of the set
functions {uc}.

Definition 4.7.8 A set function v € Q(X) is tight if for each n > 0,
there exists a compact set K, C X such that v(Ky) < n. A collection
{ve} € Q(X) is uniformly tight if the set K, may be chosen independently

of €.
The following lemma provides a useful consequence of tightness in Q(X).

Lemma 4.7.9 If v € Q(X) is tight, then for any I' € By,

v(T) = lim v(I'%°) . (4.7.10)

6—0
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Remark: For sup-measures this is merely part (b) of Lemma 4.1.6.

Proof: Fix a non-empty set I' € By, n > 0 and a compact set K = K, for
which v(K;) < n. For any open set G C & such that I' C G, either K C G
or else the non-empty compact set K NG° and the closed set I' are disjoint,
with inf,egnge d(z,T) > 0. In both cases, I'° N K = fd’o NK C G for
some § > 0, and by properties (b), (c) and monotonicity of set functions in

Q(X),

v(T) =inf{v(G):T C G open} > }in%) (1% N K)
> lim v(I%°) —n>v@) -n.
The limit as n — 0 yields (4.7.10). U

For v,v € Q(X), let

p(7, V)éinf{é >0:0(F) (F%°) 46 V¥ F C X closed,
7(G)>v(G%) =5 VG C Xopen}  (4.7.11)

When p(+,) is restricted to M7 (X) x M;(X), it coincides with the Lévy
metric (see Theorem D.8). Indeed, in this special case, if § > 0 is such that
P(F) < v(F%°) 4§ for a closed set F' C X, then 7(G) > v((F%°)°) — 6 =
v(G=?) — 6 for the open set G = F°.

The next theorem shows that in analogy with the theory of weak con-

vergence, (Q(X), p) is a metric space for which convergence to a tight limit
point is characterized by Definition 4.7.5.

<v
>v

Theorem 4.7.12
(a) p(-,-) is a metric on Q(X).
(b) For vy tight, p(ve, o) — 0 if and only if ve — vy in Q(X).

Remarks:

(a) By Theorem 4.7.12, the Borel probability measures { .} satisfy the LDP
in (X, d) with good rate function I(-) if and only if p(u¢,e~1) — 0.

(b) In general, one can not dispense of tightness of vy = e~! when relating
the p(ve, o) convergence to the LDP. Indeed, with uq a probability measure
on IR such that du; /dz = C/(1+ |z|?) it is easy to check that ju.(-)2u;(-/€)
satisfies the LDP in IR with rate function I(-) = 0 while considering the
open sets G, = (x,00) for z — 0o we see that p(u,e~!) =1 for all € > 0.
(c) By part (a) of Lemma 4.7.2, F C G~ for the open set G = F%° and
F%° c @ for the closed set F = G~9. Therefore, the monotonicity of the
set functions o, v € Q(X), results with

p(,v) =if{6 >0:  #(F)<v(F*°) 44 and (4.7.13)
V(F) < o(F%°) +6 VYF CX closed}.
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Proof: (a) The alternative definition (4.7.13) of p shows that it is a non-
negative, symmetric function, such that p(v,v) = 0 (by the monotonicity
of set functions in Q(X)). If p(7,v) = 0, then by (4.7.11), for any open set
GCAX,
7(G) > limsup[r(G~?) — 6] = v(G)
6—0

(see property (d) of set functions in Q(X)). Since p is symmetric, by same
reasoning also v(G) > P(G), so that 7(G) = v(G) for every open set G C X.
Thus, by property (b) of set functions in Q(X') we conclude that 7 = v.

Fix 7,v,w € Q(X) and § > p(7,w), n > p(w,v). Then, by (4.7.11) and
part (b) of Lemma 4.7.2, for any closed set F C X,

D(F) < w(F%°) + 6 < v((F&°)10) + 640 < p(FCOFD0) 415419

By symmetry of p we can reverse the roles of 7 and v, hence concluding by
(4.7.13) that p(?,v) < 6 4+ n. Taking § — p(¥,w) and n — p(w,v) we have
the triangle inequality p(7,v) < p(7,w) + p(w, v).

(b) Suppose p(ve,vp) — 0 for tight vy € Q(X). By (4.7.11), for any open
set G C X,

limiélf v.(G) > %ir%(l/o(G_é) —9) =1(G) ,
yielding the lower bound (4.7.7). Similarly, by (4.7.11) and Lemma 4.7.9,
for any closed set F' C X

limsup v (F) < %irr(l) vo(F%°) = 1y(F) .
e—0 -

Thus, the upper bound (4.7.6) holds for any closed set F' C X and so
Ve — 1.

Suppose now that v — vy for tight vy € Q(X). Fixn > 0 and a compact
set K = K, such that vy(K°) < n. Extract a finite cover of K by open
balls of radius 7/2, each centered in K. Let {I';;4 =0,..., M} be the finite
collection of all unions of elements of this cover, with I'y O K denoting the
union of all the elements of the cover. Since v(T'§) < n, by (4.7.6) also
v.(T'§) < n for some €y > 0 and all € < eg. For any closed set ' C X there
exists an ¢ € {0, ..., M} such that

(FNTy) CT; C F21° (4.7.14)

(take for I'; the union of those elements of the cover that intersect F'NTy).
Thus, for € < €y, by monotonicity and subadditivity of v., vy and by the
choice of K,

Ve(F) < VE(F N FO) + VE(F(C)) < Oini}if{yf(fi) — l/o(fz)} + Vo(F21770) + .
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With eg, M, and {T';} independent of F, since v, — 1y, it thus follows that

limsup sup (Ve (F) — vo(F?"°)) <. (4.7.15)
=0 F closed

For an open set G C X, let F' = G~2" and note that (4.7.14) still holds
with I'; replacing I';. Hence, reverse the roles of vy and v, to get for all
€ § €0,

w(G) < max (10(T) ~ v(To)} + v ((G2)1) 4. (47.16)

Recall that (G=27)27° C G by Lemma 4.7.2. Hence, by (4.7.7), (4.7.16),
and monotonicity of v,

limsup sup (vo(G2") — v (G)) < 7. (4.7.17)
e—0 G open

Combining (4.7.15) and (4.7.17), we see that p(ve,vp) < 27 for all € small
enough. Taking 7 — 0, we conclude that p(v,, 1) — 0. ]

Exercise 4.7.18 Prove Lemma 4.7.2.

4.8 Historical Notes and References

A statement of the LDP in a general setup appears in various places, c.f.
[Var66, FW84, St84, Var84]. As mentioned in the historical notes referring
to Chapter 2, various forms of this principle in specific applications have
appeared earlier. The motivation for Theorem 4.1.11 and Lemma 4.1.21
comes from the analysis of [Rue67] and [Lan73].

Exercise 4.1.10 is taken from [LyS87]. Its converse, Lemma 4.1.23, is
proved in [Puk91]. In that paper and in its follow-up [Puk94a], Pukhalskii
derives many other parallels between exponential convergence in the form
of large deviations and weak convergence. Our exposition of Lemma 4.1.23
follows that of [deA97a]. Other useful criteria for exponential tightness
exist; see, for example, Theorem 3.1 in [deA85a].

The contraction principle was used by Donsker and Varadhan [DV76]
in their treatment of Markov chains empirical measures. Statements of
approximate contraction principles play a predominant role in Azencott’s
study of the large deviations for sample paths of diffusion processes [Aze80)].
A general approximate contraction principle appears also in [DeuS89b].
The concept of exponentially good approximation is closely related to the
comparison principle of [BxJ88, BxJ96]. In particular, the latter motivates
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Exercises 4.2.29 and 4.2.30. For the extension of most of the results of
Section 4.2.2 to Y a completely regular topological space, see [EicS96]. Fi-
nally, the inverse contraction principle in the form of Theorem 4.2.4 and
Corollary 4.2.6 is taken from [Io91a].

The original version of Varadhan’s lemma appears in [Var66]. As men-
tioned in the text, this lemma is related to Laplace’s method in an abstract
setting. See [Mal82] for a simple application in IR'. For more on this
method and its refinements, see the historical notes of Chapters 5 and 6.
The inverse to Varadhan’s lemma stated here is a modification of [Bry90],
which also proves a version of Theorem 4.4.10.

The form of the upper bound presented in Section 4.5.1 dates back (for
the empirical mean of real valued i.i.d. random variables) to Cramér and
Chernoff. The bound of Theorem 4.5.3 appears in [G&r77] under additional
restrictions, which are removed by Stroock [St84] and de Acosta [deA85al.
A general procedure for extending the upper bound from compact sets
to closed sets without an exponential tightness condition is described in
[DeuS89b], Chapter 5.1. For another version geared towards weak topolo-
gies see [deA90]. Exercise 4.5.5 and the specific computation in Exercise
6.2.19 are motivated by the derivation in [ZK95].

Convex analysis played a prominent role in the derivation of the LDP. As
seen in Chapter 2, convex analysis methods had already made their en-
trance in R, They were systematically used by Lanford and Ruelle in their
treatment of thermodynamical limits via sub-additivity, and later applied
in the derivation of Sanov’s theorem (c.f. the historical notes of Chap-
ter 6). Indeed, the statements here build on [DeuS89b] with an eye to the
weak LDP presented by Bahadur and Zabell [BaZ79]. The extension of the
Gértner—Ellis theorem to the general setup of Section 4.5.3 borrows mainly
from [Bal88] (who proved implicitly Theorem 4.5.20) and [Io91b]. For other
variants of Corollaries 4.5.27 and 4.6.14, see also [Kif90a, deA94c, OBS96].

The projective limits approach to large deviations was formalized by
Dawson and Gértner in [DaG87], and was used in the context of obtaining
the LDP for the empirical process by Ellis [ElI88] and by Deuschel and
Stroock [DeuS89b]. It is a powerful tool for proving large deviations state-
ments, as demonstrated in Section 5.1 (when combined with the inverse
contraction principle) and in Section 6.4. The identification Lemma 4.6.5
is taken from [deA97al], where certain variants and generalizations of The-
orem 4.6.1 are also provided. See also [deA94c] for their applications.

Our exposition of Section 4.7 is taken from [Jia95] as is Exercise 4.1.32.
In [OBV91, OBV95, OBr96], O’Brien and Vervaat provide a comprehen-
sive abstract unified treatment of weak convergence and of large deviation
theory, a small part of which inspired Lemma 4.1.24 and its consequences.
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