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1 Introduction

Rare event probabilities and large deviations: basic example and definition
in Section 2. Essential tools for large deviations analysis: weak convergence
of probability measures (Section 3) and relative entropy (Section 4). Weak

convergence especially useful in the Dupuis and Ellis [1997] approach — see

lectures!
Table 1: Notation
X a topological space
B(X) o-algebra of Borel sets over X, i.e., smallest o-algebra

containing all open (closed) subsets of X

P(X) space of probability measures on B(X), endowed with
topology of weak convergence of probability measures
M, (X) | space of all bounded Borel measurable functions X — R
C(X) space of all continuous functions X — R

Cy(X) | space of all bounded continuous functions X — R
C.(X) | space of all continuous functions X — R with compact
support

CFE(R?) | space of all continuous functions R? — R with continuous

partial derivatives up to order k

*Preparatory lecture notes for a course on “Representations and weak convergence
methods for the analysis and approximation of rare events” given by Prof. Paul Dupuis,

Brown University, at the Doctoral School in Mathematics, University of Padua, May 2013.



CE(R?) | space of all continuous functions R* — R with compact

support and continuous partial derivatives up to order k
T a subset of R, usually [0, 7] or [0, c0)

C(T: X) | space of all continuous functions T — X

D(T : X) | space of all cadlag functions T — X (i.e., functions con-

tinuous from the right with limits from the left)

A minimum (as binary operator)

Y maximum (as binary operator)

2 Large deviations

A standard textbook on the theory of large deviations is Dembo and Zeitouni
[1998]; also see Ellis [1985], Deuschel and Stroock [1989], Dupuis and Ellis
[1997], den Hollander [2000], and the references therein. A foundational work
in the theory is Varadhan [1966].

2.1 Coin tossing

Consider the following random experiments: Given a number n € N, toss n
coins of the same type and count the number of coins that land heads up.
Denote that (random) number by S,. Then S,/n is the empirical mean,
here equal to the empirical probability, of getting heads. What can be said
about S, /n for n large?

To construct a mathematical model for the coin tossing experiments, let
X1, Xo,... be {0,1}-valued independent and identically distributed (i.i.d.)
random variables defined on some probability space (€2, F,P). Thus each
X; has Bernoulli distribution with parameter p = P(X; = 1). Interpret
Xi(w) = 1 as saying that coin 7 at realization w € Q lands head up. Then
Sn =Y., X;. By the strong / weak law of large numbers (LLN),

S’n n—oo

— — p with probability one / in probability.
n
In particular, by the weak law of large numbers, for all € > 0,
P{S,/n—p>ec} =30.

More can be said about the asymptotic behavior of those deviation proba-

bilities. Observe that S, has binomial distribution with parameters (n,p),



that is,

P{Snzk}:mpm—p)n—k, ke{0,...,n}

By Stirling’s formula, asymptotically for large n,

V2rnnte ™ )n—k
V2rk kke=k\/2n(n—k)(n—k)r—Fke—(n—k) ’

P{S, =k} ~ pP(l—p

Therefore, if kK ~ n -z for some x € (0,1), then

logP {S,, = k} ~ —= (log(27) + log(z) + log(1—z) + log(n))

1—
—nzlog (x) —n(l—a;)log( :z>’
p L—p
hence

TlogP (S, k) = - <xlog (i) s G:;)) |

The expression zlog(7) + (1—x) log(}_fg) gives the relative entropy of the

N

Bernoulli distribution with parameter « w.r.t. the Bernoulli distribution with
parameter p, which is minimal and zero if and only if x = p. The asymptotic

equivalence

1 1-—
nlogP{Sn:k}2—<a:log (;)—i—(l—az)log( :C)), k~nuz,

1—-p

shows that the probabilities of the events {S,,/n —p > e} converge to zero

exponentially fast with rate (up to arbitrary small corrections)

- <(p+5) log <p:€> + (1—p—e) log <1If;€>> ,

which corresponds to x = p + ¢, the rate of slowest convergence.

Events like {S,/n — p > ¢} describe large deviations from the law of
large numbers limit, in contrast to the fluctuations (“normal deviations”)
captured by the central limit theorem, which says here that the distribution

of \/n - (Sy/n — p) is asymptotically Gaussian with mean zero and variance
p(1 = p).



2.2 The large deviation principle

The theory of large deviations will be developed in this course for random
variables taking values in a Polish space. A Polish space is a separable
topological space that is compatible with a complete metric. Examples of

Polish spaces are
e R? with the standard topology,

e any closed subset of R? (or another Polish space) equipped with the
induced topology,

e the space C(T : X) of continuous functions, T C (—o0, 00) an interval,
X a complete and separable metric space, equipped with the topology

of uniform convergence on compact subsets of T,

e the space D(T : X) of cadlag functions, T C (—o00,00) an interval, a
X a complete and separable metric space, equipped with the Skorohod
topology [e.g. Billingsley, 1999, Chapter 3|,

e the space P(X) of probability measures on B(X), X a Polish space,
equipped with the weak convergence topology (cf. Section 3).

Let (€")neny be a family of random variables with values in a Polish
space S. Let I: S — [0,00] be a function with compact sublevel sets, i.e.,
{z € §:I(z) < c} is compact for every ¢ € [0,00). Such a function is lower

semicontinuous and is called a (good) rate function.

Definition 2.1. The sequence ({"),en satisfies the large deviation principle
with rate function I iff for all G € B(S),

1
— inf I(z) < liminf = log P {£"
Jnf I(z) < liminf ~log P {£" € G}

1
<limsup —logP {¢" € G} < — inf I(x).
B n_>oop n & {€ } T zecd(G) ( )
The large deviation principle is a distributional property: Writing P,, for
Law(£™), (£") satisfies the large deviation principle with rate function I if
and only if for all G € B(S),

— inf I(z) < liminfllog P,(G) <lim supl logP,(G) < — inf I(x).

zeG° n—oo M n—soo M zecl(G)



The large deviation principle gives a rough description of the asymptotic
behavior of the probabilities of rare events. For simplicity, consider only I-
continuity sets; aset G € B(S) is called an I-continuity set if inf cqq) () =
infege I(x). For such G,

1
lim —logP {&" =—inf [ =]
Jim —log P {¢" € G} = — inf I(z) (G),
hence

P {¢" € G} = P,(G) = e "(@Fe),

The probability of G w.r.t. the law of £” therefore tends to zero exponentially
fast as n — oo whenever I(G) > 0. Thus, if I(G) > 0, then G is a rare event
(w.r.t. Py, for large n).

Ezample 1 (Coin tossing). The sequence £" = S,,/n, n € N, satisfies the
large deviation principle in § =R (or § = [0, 1]) with rate function
zlog($) + (1—x) log(ﬁ) if x € [0,1],

00 otherwise.

I(z) =

If p € (0,1), then I is finite and continuous on [0, 1], and convex on R.

A concept closely related to the large deviation principle is what is called
Laplace principle. Let (£")nen be a family of S-valued random variables,
P, = Law(¢™).

Definition 2.2. The sequence (£") satisfies the Laplace principle with rate
function I iff for all F' € Cy(S),

lim —% log B [exp (~n - F(€")] = inf {I(z) + F(x)}.

n—oo

In Definition 2.2 it is clearly equivalent to require that for all F' € Cy(S),

nh_}ngo % log/sexp (n-F(x))Py(dz) = itelg {F(z)—I(z)}.

If S = R? and if we took F(z) = -2 (such an F is clearly unbounded), then
on the right-hand side above we would have the Legendre transform of I at
6 € R%. Also notice the analogy with Laplace’s method for asymptotically
evaluating exponential integrals: lim,, %log fol e (@) dy = maXgco,1] f(x)
for all f € C([0, 1]).

Basic results [for instance Dembo and Zeitouni, 1998, Chapter 4]:



1. The (good) rate function of a large deviation principle is uniquely de-

termined.

2. If I is the rate function of a large deviation principle, then inf,cs I(z) =
0 and I(z*) = 0 for some z* € S. If I has a unique minimizer, then the

large deviation principle implies a corresponding law of large numbers.

3. The large deviation principle holds if and only if the Laplace principle

holds, and the (good) rate function is the same.

4. Contraction principle: Let ) be a Polish space and ¢¥: § — )Y be a
measurable function. If ({") satisfies the large deviation principle with
(good) rate function I and if ¢ is continuous on {z € S : I(z) < oo},
then (¢(£")) satisfies the large deviation principle with (good) rate
function J(y) = infyey-1() I(2).

2.3 Large deviations for empirical means

Let X1, X9, ... be R-valued i.i.d. random variables with common distribution
p such that m = [ zu(dz) = E[X;] is finite. As in the case of coin flipping,
set S, = > | X; and consider the asymptotic behavior of Sy, /n, n € N. By
the law of large numbers, S, /n "3 m with probability one.

Let ¢, be the moment generating function of u (or X1, Xo,...), that is,

o) = [ ntdn) =B[0], reR

Theorem 2.1 (Cramér). Suppose that p is such that ¢,(t) is finite for
all t € R. Then (S, /n)nen satisfies the large deviation principle with rate
function I given by
I(x) = sup{t -z —log (¢,(t))}-
teR
The rate function I in Theorem 2.1 is the Legendre transform of log ¢,,,
the logarithmic moment generating function or cumulant generating function

of the common distribution . Two particular cases:

1. Bernoulli distribution: p the Bernoulli distribution on {0, 1} with pa-
rameter p. Then ¢,(t) =1 —p+p-e’ and

I(z) = zlog <x> +(1—2)log G_;) . ze01],

p
I(xz) = oo for x € R\ [0,1], as in Example 1.




2. Normal distribution: p the normal distribution with mean 0 and vari-

ance 02. Then ¢, (t) = 7 **/2 and

Some properties of log ¢,, and the associated rate function I from Theo-
rem 2.1 (hypothesis ¢,(t) < oo for all t € R):

e ¢, isin C®(R : (0,00)),

log ¢, is strictly convex,

I(xz) = oo for x ¢ [essinf X7, esssup X1] = Conv(supp(u)),

e [ is non-negative and convex,

I is strictly convex and infinitly differentiable on (essinf X7, esssup X1),
e I(m)=0,I'(m)=0,and I"(m) =1/ var(u).

Here we give a sketch of the proof of Theorem 2.1; for a complete proof of
Crameér’s theorem under weaker assumptions on ¢, see Section 2.2 in Dembo
and Zeitouni [1998, pp. 26-35].

Proof of Theorem 2.1 (sketch). May assume m = E[X;] = 0. Given z > 0,
consider the probabilities of the events {S,,/n > z}. By Markov’s inequality
and since S, is the sum of i.i.d. random variables with common distribution

w, we have for ¢ > 0,
P{S,>na}=P{e' >} <e "B [e'5] = e (gu(t)".
Since this inequality holds for any ¢ > 0 and log is non-decreasing, we obtain

limsup — log P {Sy/n > 2} < —sup {¢ - & — log(é(£))} -
t>0

n—oo N

By Jensen’s inequality, log ¢,,(t) > t-E[X ] =t-m = 0. Since log ¢,,(0) = 0,
we have I(m) = I(0) =0 and

t-x—log(pu(t)) <t-m—log(pu(t)) <I(m)=0 foreveryt<O.
It follows that

sup {t - & —log(¢,(t))} = sup {t - x — log(d ()} = I(2),
t>0 teR

7



which yields the large deviation upper bound for closed sets of the form
[,00), z > 0. A completely analogous argument gives the upper bound
for closed sets of the form (—oo,z], z < 0. Let G C R be a closed set not
containing zero. Then, thanks to the strict convexity of I and the fact that
I >0 and I(0) = 0, there are zy > 0, x_ < 0 such that G C (—o0,z_| U
[4,00) and infreq I(z) = infre(—ooz_JUfry,00) 1(7). This establishes the
large deviation upper bound.

To obtain the large deviation lower bound, we first consider open sets
of the form (x — §,x + ) for z € (essinf X1, esssup X1), § > 0. Fix such
x, 6. Since ¢, is everywhere finite by hypothesis, thus log ¢,, continuously
differentiable and strictly convex on R, there exists a unique solution t, € R

to the equation

o (ta) _ B [Xie ]

T = (10g¢#)/(tr) = o(ts) = E [et=X1] ’

and
I(z) =ty -« —log ¢p(ts).
Define a probability measure i € P(R) absolutely continuous with respect

to p according to

d,&/ etz'y
“C(y) = exp (ty -y — log du(ts)) = ———.
dﬂ(y) P (to -y —log du(ta)) onlts)
Let Y1,Ys,... be i.i.d. random variables with common distribution [, and

set S, = >, Vi, n € N. Then E[Y;] = x and, for £ > 0,

P{S,/ne(xz—ec,xz+¢)}

/ ®"pu(dy)
2ERMY | zi€(n(z—e)n(z+e)) }

> g~ lte(@—€)Via(zte)) ele iz Vi @ 1(dy)
{zeR™: 21, zi€(n(z—e)n(z+e)) }

_ en.logdm(tr) . e—n(tm(x—a)\/tx(a:—ke)) P {S’n/n e (1‘ —e,x+ E)} ]

Since Y7,Ys,... are i.i.d. with E[Y;] = x, we have S’n/n — x in probability

as n — oo by the weak law of large numbers. It follows that
1
linr_1>inf - logP {Sp/n € (x—c,x+¢e)} >logpu(ts) —ta(x — ) Viz(x+e).
n—oo
Since € > 0 was arbitrary and log ¢, (t;) — tz - © = —I(x), we obtain

liniinfllogP{Sn/n €(x—9d,xz+9)} > —I(z).
n—oo n

8



If G C R is open such that GN(essinf X7, esssup X1) # ), then the preceding
inequality implies that

1
linnligfﬁlogP{Sn/n €eG} > gsclelg —I(z) = —xlIGIEI(x)

O

The parameter t,, in the proof of Theorem 2.1 corresponds to an absolutely
continuous change of measure with exponential density. Under the new
measures, the random variable X; has expected value x instead of zero — the

rare event {S,/n > x} becomes typical!

3 Weak convergence of probability measures

Here we collect some facts about weak convergence of probability measures.
A standard reference on the topic is Billingsley [1968, 1999]; also see Chap-
ter 3 in Ethier and Kurtz [1986] or Chapter 11 in Dudley [2002]. Let X" be
a Polish space. Let B(&X') be the Borel o-algebra over X. Denote by P(X)

the space of probability measures on B(X).

Definition 3.1. A sequence (0,,),en C P(X) is said to converge weakly to
6 € P(X), in symbols 6,, — 0, if

/ F(@)0n(da) "= / F(@)0n(dz) for all f € Cy(X).
X X

Remark 3.1. In the terminology of functional analysis, the weak convergence
of Definition 3.1 would be called weak-* convergence. Denote by Mg, (X)
the space of finite signed measures on B(X). Then Mg, (X) is a Banach
space under the total variation norm (“strong convergence”), and P(X) is a
closed convex subset of Mg, (X) with respect to both the strong and the
weak convergence topology. Moreover, Mg, (X) can be identified with a
subspace of the topological dual Cy(X')* of the Banach space Cy(X) under
the sup norm (if X' is compact, then Mg, (X) = Cy(X)*; in general, Cy(X)
is not reflexive, not even for X = [0,1]). Thus P(X) C Cy(X)*, and the
convergence of Definition 3.1 coincides with the weak-* convergence on the

dual space induced by the original space Cy(X).

Ezample 2 (Dirac measures). Let (x,)neny C X be a convergent sequence
with limit € X. Then the sequence of Dirac measures (9, )neny C P(X)

converges weakly to the Dirac measure J,.



Ezample 3 (Normal distributions). Let (my)nen C R, (62)nen C [0,00)
be convergent sequences with limits m and o2, respectively. Then the se-
quence of normal distributions (N (m,, 02))neny C P(R) converges weakly to
N(m,o?).

Example 4 (Product measures). Suppose (0y,)nen C P(X), (ttn)nen C P(Y)
are weakly convergent sequences with limits 6 and u, respectively, where ) is
Polish, too. Then the sequence of product measures (8, @iy )neny C P(X X))
converges weakly to 0 ® p.

Ezample 5 (Marginals vs. joint distribution). Let X, Y, Z be independent
real-valued random variables defined on some probability space (2, F,P)
such that Law(X) = N(0,1) = Law(Y) (i.e., X, Y have standard nor-
mal distribution), and Z has Rademacher distribution, that is, P(Z =1) =
1/2 = P(Z = —1). Define a sequence (6,,)nen C P(R?) by 6o, = Law(X,Y),
Oon—1 = Law(X,Z - X), n € N. Observe that the random variable Z - X has
standard normal distribution N(0,1). The marginal distributions of (6,)
therefore converge weakly (they are constant and equal to N(0,1)), while
the sequence (6,,) itself does not converge (indeed, the joint distribution of
X and Z- X is not even Gaussian). To prove weak convergence of probability
measures on a product space it is therefore not enough to check convergence
of the marginal distributions. This suffices only in the case of product mea-

sures; cf. Example 4.

The limit of a weakly convergent sequence in P(X) is unique. Weak con-
vergence induces a topology on P(X); under this topology, X’ being a Polish
space, P(X) is a Polish space, too. Let d be a complete metric compatible
with the topology of X; thus (X, d) is a complete and separable metric space.
There are different choices for a complete metric on P(X’) that is compatible
with the topology of weak convergence. Two common choices are the Pro-
horov metric and the bounded Lipschitz metric, respectively. The Prohorov
metric on P(X) is defined by

p(0,v) =inf{e > 0:0(G) < v(G®) + ¢ for all closed G C X'}, (3.1)

where G° = {z € X : d(z,G) < €}. Notice that p is indeed a metric. The
bounded Lipschitz metric on P(X) is defined by

p(0,v) = sup {‘/fdG — /de| : | € Cp(X) such that || f|lpr < 1}, (3.2)

10



where || £[lo, = sup, e | ()] + SUp, ye iy LEHLEL

The following theorem gives a number of equivalent characterizations of
weak convergence.

Theorem 3.1 (“Portemanteau theorem”). Let (6,,)nen C P(X) be a se-

quence of probability measures, and let 6 € P(X). Then the following are
equivalent:

(i) 0, > 6 as n — oo;

(ii) p(0n,0) =3 0 (Prohorov metric);

n—oo

(111) p(0n,0) — 0 (bounded Lipschitz metric);

(w) [ fdb, iy [ fdb for all bounded Lipschitz continuous f: X — R;
(v) liminf,_,~ 0,,(O) > 6(O) for all open O C X;

(vi) limsup,,_,. 0n(G) < 0(G) for all closed G C X;

(vii) limy—yo0 0 (B) = 6(B) for all B € B(X) such that (0B) = 0, where
0B = cl(B) Ncl(B°) denotes the boundary of the Borel set B;

(viii) [ fdon, =y [ fdo for all f € My(X) such that (Us) = 0 where
Up={x € X: f discontinuous at x}.

Proof. For the equivalence of conditions (i), (ii), (iii), and (iv) see Theo-
rem 11.3.3 in Dudley [2002, pp. 395-396].

(i) = (v). Let O C X be open. If f € Cy(X) is such that 0 < f < 1o,
then

hm mf O ( / fdo

since 0,(0) > f for every n € N and [ fdf, — [ fdf as n — oo by (i).
Since O is open, we can find (far)pen € Cp(X) such that 0 < fir < 1o
and far /1o pointwise as M — oo. Then [ fardf 7 6(0) as M — oo by
monotone convergence. It follows that liminf, .~ 6,(0) > 6(O).

(v) < (vi). This follows by taking complements (open/closed sets).

(v), (vi) = (vii). Let B € B(X). Clearly, B° C B C cl(B) and B° open,
cl(B) closed. Therefore by (v), (vi),

0(B°) < liminf 6,(B°) < liminf 6, (B)

n—oo n—oo

< limsup 0, (B) < limsup 6, (cl(B)) < 0(cl(B)).

n—oo n—o0

11



If 6(0B) = 0, then 0(B°) = 0(cl(B)), hence lim,,_,~ 0,(B) = 6(B).

(vii) = (viii). Let f € My(X) be such that 6(Us) = 0, and let A =
{y € R:0(f~{y}) > 0} be the set of atoms of o f~1. Since fo f~!is a
finite measure, A is at most countable. Let € > 0. Then there are N € N,
Yo,---,yn € R\ A such that

Yo < —|[flloc <1 < ... <yn—1 <|fllo <wyn, |yi —vi1] <e.

Fori e {1,...,N} set B; = f"Y{[yi—1,v:)}. Then

0(0B;) < 0(fH{yi1}) +0(f{yi}) + 0{Us} = 0.

Using (vii) we obtain

N N
lim su df, < limsu 0,(B;) - y; = 0(B;) - iga—i—/ de.
Hoop/f n%op; (B) -y ;( )y f
Since ¢ was arbitrary, it follows that limsup,,_, ., [ fdf, < [ fdf. The same
argument applied to —f yields the inequality iminf,, o [ fdf, > [ fd6.

The implication (viii) = (i) is immediate. O

From Definition 3.1 it is clear that weak convergence is preserved under
continuous mappings. The mapping theorem for weak convergence requires
continuity only with probability one with respect to the limit measure; this

should be compared to characterization (vii) in Theorem 3.1.

Theorem 3.2 (Mapping theorem). Let (65,)neny C P(X), 0 € P(X). Let Y
be a second Polish space, and let ¥ : X — Y be a measurable mapping. If
0, — 0 and 0{x € X : ) discontinuous at x} =0, then 1) 0 0, — 1p o 6.

Proof. By part (v) of Theorem 3.1, it is enough to show that for every O C Y
open,

liminf 6, (71(0)) < 0 (¥71(0)).

Let O C Y beopen. Set C = {x € X : 1) continuous at z}. Then »~1(O)NC
is contained in (¢ ~1(0))°, the interior of »~(O). Since (»~1(0))° is open,
6(C) = 1 and 6,, = 6 by hypothesis, it follows from part (v) of Theorem 3.1
that

6 (¢7(0)) =0 (('(0))°) <liminf 6, (¥~"(0))°) < liminf 8, (~1(0)).

O
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The following generalization of Theorem 3.2 is sometimes useful.

Theorem 3.3 (Extended mapping theorem). Let (6,,)neny C P(X), 0 €
P(X). Let Y be a second Polish space, and let 1, n € N, ¢ be a measurable
mappings X — Y. If 0, — 0 and

0{x e X :3(x,) CX such that x,, — x while ¥y (xy,) - Y(x)} =0,
then by, 0 0, — 1) 0 0.

Proof. See Theorem 5.5 in Billingsley [1968, p. 34| or Theorem 4.27 in Kallen-
berg [2001, p. 76]. O

In the following version of Fatou’s lemma the probability measures con-
verge weakly, while the integrand is fixed (the latter condition can be weak-

ened).

Lemma 3.1 (Fatou). Let (0,)nen C P(X), 0 € P(X). Letg: X — (—o0, o0]

be a lower semicontinuous function. If 6, — 6, then

liminf/ gd9n2/ gdo.

Proof. See Theorem A.3.12 in Dupuis and Ellis [1997, p. 307]. O

A sequence (X,,)nen of X-valued random variables (possibly defined on
different probability spaces) is said to converge in distribution to some X-
valued random variable X if the respective laws converge weakly.

There is a version of the dominated convergence theorem in connection
with convergence in distribution for real-valued (or R-valued) random vari-

ables.

Theorem 3.4 (Dominated convergence). Let (X,)nen be a sequence of R-
valued random variables. Suppose that (X,) converges in distribution to X

for some random variable X . If (Xy)nen is uniformly integrable, then

n—oo

E[|X]] < c and E, X, =3 E[X].

Proof. For M € N, the functions = +— —M V (z AM) and z > || A M are in
Cy(R). Since (X,,) converges in distribution to X by hypothesis, this implies

E, [ X, AM] =S E[|X|AM], (3.3a)
E,[-MV (X, AM)] = E[-M V (X A M)]. (3.3b)

13



By hypothesis, (X, )nen is uniformly integrable, that is,

pm_sup n [1Xnl - 1x,2003]

This implies, in particular, that sup, ey Ey, [| Xn|] < 0o. By (3.3a), for M € N
we can choose nys € N such that |Ey,,, [|Xn,, | AM] -E[|X|AM]| <1. It
follows that

sup E[| X| A M]
MeN

< sup { By, (X5, | A M) = B[X| AM] + sup B 1, M
MeN neN

<1+supE, [|X,]|] < .
neN

This shows E[| X |] < oo, that is, X is integrable, since E [|X| A M| 7 E[| X]]

as M — oo by monotone convergence. Now for any n € N, any M € N,

[E[X] - E, [X,]| < [E[-M V(X AM)] — Ey [-M V (X, A M)
+ B [|X] Lyxpan] +En [[Xn] - 1x, 2]
Let € > 0. By the integrability of X and the uniform integrability of (X,,)
one finds M, € N such that

€
E [|X]- 1pxizan] +swp B [IXe] - 1gx0n] < 5.
keN
By (3.3a), we can choose n. = n(M;) such that

IE[-M.V (X ANM)] — E,_ [-M: V (X, AN M,)]| <

| ™

It follows that |E [X] — E,,_[X,._]| < &, which establishes the desired conver-

gence since € was arbitrary. O

Suppose we have a sequence (X, )nen of random variables that converges
in distribution to some random variable X; thus Law(X,) — Law(X).
If the relation (in particular, joint distribution) between the Xi, Xs,... is

irrelevant, one may work with random variables that converge almost surely.

Theorem 3.5 (Skorohod representation). Let (6y,)nen C P(X). If 6, — 6
for some 0 € P(X), then there exists a probability space (0, F,P) carrying
X -valued random variables X, n € N, and X such that PoXn_1 =0, for
everyn € N, PoX™! =0, and X,, = X as n — oo P-almost surely.
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Proof (for X finite). Assume that X = {1,...,N} for some N € N. Set
Q=10,1], F = B([0,1]), and let P be Lebesgue measure on B([0,1]). Set

N

X(w) = k- Ligpckyopichy (@),
k=1
N

Xn(w) = k- Lg, fick}.0nfi<h}) (W)-
k=1

The random variables thus defined have the desired properties since, for ev-
ery k € {1,...,N}, 6,{i < k} — 0{i < k}, 6,{i < k} — 0{i < k} as
n — oo. For a general Polish space X' (actually, completeness not needed)
use countable partitions and approximation argument; cf. the proof of The-
orem 4.30 in Kallenberg [2001, p. 79| or of Theorem 11.7.2 in Dudley [2002,
pp. 415-417]. O

A standard method for proving that a sequence (a,)nen of elements of a
complete metric space S converges to a unique limit a € S is to proceed as
follows. First show that (a,)nen is relatively compact (i.e., cl({a, : n € N})
is compact in §). Then, taking any convergent subsequence (a,;))jen with
limit @, show that @ = a. This establishes a,, — a as n € N. Relative
compactness in P(X) with the topology of weak convergence when X' is

Polish is equivalent to uniform exhaustibility by compact sets or “tightness.”

Definition 3.2. Let I be a non-empty set. A family (6;)ier C P(X) is called
tight (or uniformly tight) if for any € > 0 there is a compact set K. C X
such that

inf 0;(K.) >1—e¢.

il i(Ke)z1-e

Theorem 3.6 (Prohorov). Let I be a non-empty set, and let (0;);c; C P(X),
where X is Polish. Then (0;);cr C P(X) is tight if and only if (0;)icr is

relatively compact in P(X) with respect to the topology of weak convergence.

Proof. See, for instance, Section 1.5 in Billingsley [1999, pp. 57-65]. O

Depending on the structure of the underlying space X', conditions for
tightness or relative compactness can be derived. Let us consider here
the case X = C([0,00),R?) with the topology of uniform convergence on
compact time intervals. With this choice, X is the canonical path space
for (R%valued) continuous processes. Let X be the canonical process on
C([0,00),RY), that is, X (t,w) = w(t) for t > 0, w € C([0,00),RY).
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Theorem 3.7. Let I be a non-empty set, and let (0;)ic; C P(C([0,00), RY)).
Then (0;)icr is relatively compact if and only if the following two conditions
hold:

(i) (0; o (X(0))~1 is tight in P(R?), and
(ii) for every e >0, every T € N there is § > 0 such that

sup 6; ({w e C([0,0),RY) : wr(w,d) > 5}) <eg,
i€l
where wr(w,0) = Sup (o1 t—s|<s [W(t) — w(s)| is the modulus of

continuity of w with size § over the time interval [0, T].

Proof. See, for instance, Theorem 2.7.3 in Billingsley [1999, pp.82-83|; the

extension from a compact time interval to [0, c0) is straightforward.! O

Theorem 3.7 should be compared to the Arzela-Ascoli criterion for rel-
ative compactness in C([0,00),R?). The next theorem gives a sufficient
condition for relative compactness (or tightness) in P(C([0,00),R%)); the

result should be compared to the Kolmogorov-Chentsov continuity theorem.

Theorem 3.8 (Kolmogorov’s sufficient condition). Let I be a non-empty
set, and let (0;)icr € P(C([0,00),RY)). Suppose that

(i) (6; o (X(0))~1 is tight in P(R?), and

(ii) there are strictly positive numbers C, «, B such that for allt, s € [0, 00),
alli €1,
Eo, [IX(s) = X ()] < Clt — 5"+

Then (6;);er1 is relatively compact in P(C(]0, 00), RY)).
Proof. See, for instance, Corollary 16.5 in Kallenberg [2001, p. 313]. O
Tightness of a family (6;);c;r C P(S) can often be established by showing

that sup;c; G(6;) < oo for an appropriate function G. This works if G is a

tightness function in the sense of the definition below.

!The issue is more delicate when passing from the Skorohod space D([0,T], X) to the
Skorohod space D([0, 00), X); cf. Chapter 3 in Billingsley [1999].
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Definition 3.3. A measurable function g: § — [0, 00] is called a tightness
function on § if g has relatively compact sublevel sets, that is, for every
MeR,cl{z e S:g(x) < M} is compact in S.

A way of constructing tightness functions on P(S) is provided by the

following result.

Theorem 3.9. Suppose g is a tightness function on S. Define a function G
on P(S) by

G0) = /Sg(x)tg(dx).
Then G is a tightness function on S.

Proof. The function G is well-defined with values in [0, co]. Let M € [0, 00),
and set A = {0 € P(S) : G(#) < M}. By Prohorov’s theorem it is enough to
show that A = A(M) is tight. Let € > 0. Set K. =cl{z € S : g(x) < M/e}.

Then K. is compact since g is a tightness function and for 6 € A,

M
M>G(0):/gd9>/ gao > o8\ k).
s S\K- £

It follows that infge 4 0(S \ K.) < €, hence supge 4 0(K:) > 1 — €. O

4 Relative entropy

Here we collect properties of relative entropy for probability measures on
Polish spaces. We will mostly refer to Dupuis and Ellis [1997]; also see the
classical works by Kullback and Leibler [1951] and Kullback [1959], where
relative entropy is introduced as an information measure and called directed
divergence. Let S, X, ) be Polish spaces.

Definition 4.1. Let u,v € P(S). The relative entropy of p with respect to

v is given by

5 log (‘;—’;(3:)) p(dr) if p < v,

00 else.

R(pllv) =
Relative entropy is well-defined as a function P(S) x P(S) — [0, 00].

Indeed, if p <« v, then a density f = % exists by the Radon-Nikodym

theorem with f uniquely determined v-almost surely. In this case,
Rl = [ #(e)10g (#(a)) v(do)
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Clearly, lim,_,o4 zlog(z) = 0. Since [ fdv =1 and zlog(z) > z — 1 for all
x > 0 with equality if and only if z = 1, it follows that R(ul|v) > 0 with
R(p||v) = 0 if and only if 1 = v. Relative entropy can actually be defined

for o-finite measures on an arbitrary measurable space.

Lemma 4.1 (Basic properties). Properties of relative entropy R(.|.) for

probability measures on a Polish space S.

(a) Relative entropy is a non-negative, convex, lower semicontinuous func-
tion P(S) x P(S) — [0, o0].

(b) Forv € P(S), R(.||v) is strictly convex on {u € P(S : R(u||v) < co}.

(¢c) Forv e P(S), R(.||v) has compact sublevel sets.

(d) Let Ils denote the set of finite measurable partitions of S. Then for all
w,v € P(S),

(A
R(ullv) = sup > pu(A) log( )>,
mell S Aen )

where xlog(x/y) =0 if x =0, xlog(z/y) = o0 if v > 0 and y = 0.

(e) For every A € B(S), any pu,v € P(S),
R(pllv) > p(A)log <5£i;> -1

Proof. See Lemma 1.4.3, parts (b), (c), (g), in Dupuis and Ellis [1997, pp. 29-
30]. 0

Lemma 4.2 (Contraction property). Let ¢: Y — X be a Borel measurable
mapping. Let n € P(X), vo € P(Y). Then

Rglhoov™)=__ wf R(vlo). (4.1)

where inf ) = co by convention.

Proof (sketch). Inequality “<” analogous to proof of Lemma E.2.1 in Dupuis
and Ellis [1997, p. 366]. For the opposite inequality, check that the probabil-
ity measure 7 defined by v(dy) = #(w(y))%(d?/) attains the infimum

whenever that infimum is finite.2 O

2For more details and an application see, for instance, M. Fischer, On the form of the
large deviation rate function for the empirical measures of weakly interacting systems,
arXiv:1208.0472 [math.PR].
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Lemma 4.2 yields the invariance property of relative entropy established
in Lemma E.2.1 [Dupuis and Ellis, 1997, p.366| in the case when 9 is a bi-
jective bi-measurable mapping; also cf. Theorem 4.1 in Kullback and Leibler

[1951], where the inequality that is implied by Lemma 4.2 is derived.

Lemma 4.3 (Chain rule). Let X', Y be Polish spaces. Let o, 3 € P(X x )
and denote their marginal distributions on X by a1 and B, respectively. Let
a(.].), B(.|.) be stochastic kernels on Y given X such that for all A € B(X),
BeBW),

a(A x B) = / a(Blz)ar(dz), B(Ax B) = / B(B|z)B1(dz).
A A
Then the mapping x — R (a(.|2)||B(.|x)) is measurable and
R(al|B) = R(a1l|fr) + /X R(a(|2)18(|x)) ar(dw).
In particular, if o, 8 are product measures, then
R(a1 @ azl|fy @ B2) = R (a1]|Br) + R (02| B2) -

Proof. Appendix C.3 in Dupuis and Ellis [1997, pp. 332-334] O

The variational representation for Laplace functionals given in Lemma 4.4
below is the starting point for the weak convergence approach to large devi-
ations; its statement should be compared to Definition 2.2, the definition of

the Laplace principle.

Lemma 4.4 (Laplace functionals). Let v € P(S). Then for all g € My(S),

~tog [ exp (g0 vldr) = int ){Rwuv) + [ g(m)u(dm},

HeP(S

Infimum in variational formula above is attained at p* € P(S) given by

*

dp

. exp (—g(z)
A (z)

= Jeexp (—g(y)) v(dy)’

Proof. Let g € My(S), and define p* through its density with respect to v as

z€S.

above. Notice that p*, v are mutually absolutely continuous. Let p € P(S)
be such that R(u||v) < co. Then p is absolutely continuous with respect to
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v with density %, but also absolutely continuous with respect to p* with

Gty G dp | dy dv _ et
density Q= dv A where = Tesdp It follows that

d
R(u!l/)Jr/gdu—/log <du> du+/gdu
S S v S
d du*
:/log<u*)du+/log( o >d,u+/gdu
s dp s dv s

= R(pllp") —log/ e Jdv.
S

This yields the assertion since R(u||p*) > 0 with R(u||x*) = 0 if and only if
po=pr. O

Lemma 4.4 also allows to derive the Donsker-Varadhan variational for-

mula for relative entropy itself.

Lemma 4.5 (Donsker-Varadhan). Let p,v € P(S). Then
Rl = swp { [ gautan) - 1ox [ exp g0 vl }.
gEMb(S) S S
Proof. Let u,v € P(S). By Lemma 4.4, for every g € M(S)

R(pllv) = —/gdu—log/egdv,
S S

hence
R(pllv) = sup {—/gdu—log/eng}
geM,L(S) S S

= sup {/gdu—log/egdu}.
geEM,(S) \JS s

For g € My(S) set J(g) = [ gdu—log [ge?dv. Thus R(ullv) > supyeng, J(9)-
To obtain equality, it is enough to find a sequence (gar)pren € My(S) such
that limsupy,_, o J(g9a) = R(u|lv). We distinguish two cases.

First case: p is not absolutely continuous with respect to v. Then
R(u|lv) = oo and there exists A € B(S) such that u(A) > 0 while v(A4) = 0.
Choose such a set A and set gpy = M - 14. Then, for every M € N, g3y =0
v-almost surely, thus [efMdy = feOdZ/ = 1, hence log [e9¥dy = 0. It
follows that

limsup J(gar) = limsup/SgM dp = limsup M - u(A) = oo.

M—o0 M—oo M—oo
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Second case: p is absolutely continuous with respect to v. Then we can
choose a measurable function f: S — [0,00) such that f is a density for u
with respect to v (f a version of the Radon-Nikodym derivative du/dv), and
R(p|lv) = [ f -log(f)dv, where the value of the integral is in [0, c0]. Set

gm () =log(f(x)) - Lp ) (f(2) — M - 1oy (f(2)), z€S.
Then

M—o0

lim gnr di
S

M—o0

~ lm /S £ Tog(f) - 1 jaran (F) dv

= lim_ < /S (f -og(f) + L(0.00)(f)) - Lpuyna,an (f) dv — /S Ly/aa,n) (F) dV)
-/Sf-log<f>du+u{f>0}—u{f>0}
= R(ullv)

by dominated convergence and monotone convergence since t - log(t) > —1
for every t > 0 and t - log(t) = 0 if ¢ = 0, hence, for every x € S, (f(x) -
log(f()) + 1(0,00) (f () - 1y (f (2)) 7 f () -1og(f(2)) + L(0,00) (f (%))

as M — oo. On the other hand, again using dominated and monotone

convergence, respectively,

lim log/ eIM dy
M—o0 S

= log ( lim /S (f - Lpyaran (F) + Lo anoaree) () + e M 11 (f)) dV)

M—o0
= log/ fdv =1log(1) = 0.
S
It follows that limsupy, .. J(gar) = limps oo [ 90 dpp = R(pl|v). O

Remark 4.1. If the state space S is Polish as we assume, then the supremum
in the Donsker-Varadhan formula of Lemma 4.5 can be restricted to bounded

and continuous functions, that is,

s { [[otomtan) ~ 105 [ expato)vian |
- { [ steutae) o [ exp(g(a) u(dx>} ;

see the proof of formula (C.1) in Dupuis and Ellis {1997, pp. 329-330].
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Remark 4.2. Lemmata 4.4 and 4.5 imply a relationship of convex duality
between Laplace functionals and relative entropy. Let v € P(S). Then

R(p|lv) = sup {/gdu—log/eng}, p € P(S),
S S

gEM(X)

og [(erav= sup { [ gan—riul ). gems)
S S

HEP(S)

that is, the functions p +— R(u||v) and g — log [ e9dv are convex conjugates.
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