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A NON-EXPONENTIAL EXTENSION OF
SANOV’S THEOREM VIA CONVEX DUALITY

DANIEL LACKER,* Columbia University

Abstract

This work is devoted to a vast extension of Sanov’s theorem, in Laplace principle form,
based on alternatives to the classical convex dual pair of relative entropy and cumu-
lant generating functional. The abstract results give rise to a number of probabilistic
limit theorems and asymptotics. For instance, widely applicable non-exponential large
deviation upper bounds are derived for empirical distributions and averages of inde-
pendent and identically distributed samples under minimal integrability assumptions,
notably accommodating heavy-tailed distributions. Other interesting manifestations of
the abstract results include new results on the rate of convergence of empirical mea-
sures in Wasserstein distance, uniform large deviation bounds, and variational problems
involving optimal transport costs, as well as an application to error estimates for approxi-
mate solutions of stochastic optimization problems. The proofs build on the Dupuis—Ellis
weak convergence approach to large deviations as well as the duality theory for convex
risk measures.
Keywords: Sanov’s theorem; large deviations; convex duality; risk measures; weak
convergence; empirical measures; heavy tails; stochastic optimization
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1. Introduction

An original goal of this paper was to extend the weak convergence methodology of Dupuis
and Ellis [22] to the context of non-exponential (e.g. heavy-tailed) large deviations. While
we claim only modest success in this regard, we do find some general-purpose large deviation
upper bounds which can be seen as polynomial-rate analogs of the upper bounds in the classical
theorems of Sanov and Cramér. At least as interesting, however, are the abstract principles
behind these bounds, which have broad implications beyond the realm of large deviations. Let
us first describe these abstract principles before specializing them in various ways.

Let E be a Polish space, and let P(E) denote the set of Borel probability measures on
E endowed with the topology of weak convergence. Let B(E) (resp. Cp(E)) denote the set
of measurable (resp. continuous) and bounded real-valued functions on E. For n> 1 and v €
P(E"), define vo | € P(E) and measurable maps v x: EX~! — P(E) fork=2, ..., nviathe
disintegration

n
v(dxr, - d) = vo 1 (de) [ [ vkon s, o e )(d).
k=2
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In other words, if (X1, ..., X;) is an E”-valued random variable with law v, then vg ; is the law
of X1, and vg—1 x(X1, ..., Xx—1) is the conditional law of X given (X1, ..., Xx—1). Of course,
Vk—1 k are uniquely defined up to v-almost sure equality.

The protagonist of the paper is a proper (i.e. not identically co) convex function « : P(E) —
(—o00, 0co] with compact sub-level sets; that is, {v € P(E): a(v) <c} is compact for every
c € R. For n > 1 define o, : P(E") — (—00, 00] by

o (v) =/ Y ek, i) v(dx, L di),
E" j=1

and note that o1 = «. Define the convex conjugate p,: B(E") — R by

pu(f)= sup ( .fdv—anw)) and p=pr. (1.1)
veP(E™) E"

Our main interest is in evaluating p, at functions of the empirical measure L,: E" — P(E)
defined by

1
Ly(xt, .. Xn) = ; 2;&&-
=

The main abstract result of the paper is the following extension of Sanov’s theorem, proved
in more generality in Section 2.2 by adapting the weak convergence techniques of Dupuis and
Ellis [22].

Theorem 1.1. For F € Cp,(P(E)),

1
lim —p,(nFolLy,)= sup (F(v)—a(v)).
n—oon veP(E)

The guiding example is the relative entropy, «(-) = H(- | ), where u € P(E) is a fixed
reference measure, and H is defined by

Hw|w) =/ log (dv/dp)dv  forv < p, H(Ww | m)=o00 otherwise, (1.2)
E

Letting 1" denote the n-fold product measure, it turns out that o, (-) = H(- | u"*), by the so-
called chain rule of relative entropy [22, Theorem B.2.1]. The dual p, is well known to
be p,(f)=log f En e/ du”, and the duality formulas relating p, and «, are often known as
the Gibbs variational principle or the Donsker—Varadhan formula [22, Proposition 1.4.2 and
Lemma 1.4.3]. In this case Theorem 1.1 reduces to the Laplace principle form of Sanov’s
theorem:

lim — logf eFobndu = sup (F(v) —H( | ).

nmeen ™ veP(E)
Well-known theorems of Varadhan and of Dupuis and Ellis (see [22, Theorems 1.2.1 and
1.2.3]) assert the equivalence of this form of Sanov’s theorem with the more common form:
for every Borel set A C P(E) with closure A and interior A°,

1
— inf H(v | p) <liminf —log u"(L, € A)
veA® n—oo n
1
<limsup — log u"(L, € A) < — inf H(v | ). (1.3)
n veA

n— oo

https://doi.org/10.1017/apr.2019.52 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.52

A non-exponential extension of Sanov’s theorem 63

To derive this heuristically, apply Theorem 1.1 to the function

0 ifveA,

F(v)= .

—oo otherwise.
For general o, Theorem 1.1 does not permit an analogous equivalent formulation in terms of
deviation probabilities. In fact, for many «, Theorem 1.1 has nothing to do with large deviations
(see Sections 1.3 and 1.4 below). Nonetheless, for certain o, Theorem 1.1 implies interesting
large deviation upper bounds, which we prove by formalizing the aforementioned heuristic.
While many « admit fairly explicit known formulas for the dual p, the recurring challenge in
applying Theorem 1.1 is finding a useful expression for p,, and herein lies but one of many
instances of the wonderful tractability of relative entropy. The examples to follow do admit
good expressions for pj,, or at least workable one-sided bounds, but we also catalog in Section
1.5 some natural alternative choices of « for which we did not find useful bounds or expressions
for p,.

The functional p is (up to a sign change) a convex risk measure, in the language of Follmer
and Schied [28]. A rich duality theory for convex risk measures has emerged over the past two
decades, primarily geared toward applications in financial mathematics and optimization. We
take advantage of this theory in Section 2 to demonstrate how « can be reconstructed from p,
which shows that p could be taken as the starting point instead of «. Additionally, the theory
of risk measures provides insight into how to deal with the subtleties that arise in extend-
ing the domain of p (and Theorem 1.1) to accommodate unbounded functions or stronger
topologies on P(E). Section 1.6 briefly reinterprets Theorem 1.1 in a language more consistent
with the risk measure literature. The reader familiar with risk measures may notice a time-
consistent dynamic risk measure (see [1] for definitions and survey) hidden in the definition of
P, above.

We will make no use of the interpretation in terms of dynamic risk measures, but it did
inspire a recursive formula for p, (similar to a result of [14]). To state it loosely, if f € B(E")
then we may write

on(f) = pn-1(8), where g(x1, ..., xp—1):=p(f(x1, ..., Xn—1, ). (1.4)

To make rigorous sense of this, we must note that g: E”~! — R is merely upper semianalytic
and not Borel-measurable in general, and argue that p is well-defined for such functions. We
make this precise in Proposition A.1. This recursive formula is not essential for any of the main
arguments but is convenient for some calculations.

1.1. Non-exponential large deviations

Our first application, and the one we discuss in the most detail, comes from applying (an
extension of) Theorem 1.1 with

aW)=|dv/dullppw —1 forv<pu, a(v) =00 otherwise, (1.5)
where © € P(E) is fixed. We state the abstract result first. For a continuous function v : E —
Ry :=10, 00), let Py (E) denote the set of v € P(E) satisfying [ ¢ dv < oo. Equip Py (E) with

the topology induced by the linear maps v — f fdv, where f: E — R is continuous and | f| <
1 + . Recall in the following that 1" denotes the n-fold product measure.
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Theorem 1.2. Let g € (1, 00), and let p=q/(q — 1) denote the conjugate exponent. Let | €
P(E), and suppose [ Y9 du < oo for some continuous Y : E — R... Then, for every closed set
A CPy(E),

-9
limsup n?~' (L, € A) < (vllel£ ldv/deellzrouy — 1) .

n— oo

We view Theorem 1.2 as a non-exponential version of the upper bound of Sanov’s theorem,
and the proof is given in Section 4.1. At this level of generality, there cannot be a matching
lower bound for open sets as in the classical case (1.3), as will be explained more in Section
1.1.2. Of course, Sanov’s theorem applies without any moment assumptions, but the upper
bound provides no information in many heavy-tailed contexts. We illustrate this with three
applications below, all of which take advantage of the crucial fact that Theorem 1.2 applies
to arbitrary closed sets A, which enables a natural contraction principle (i.e. continuous map-
ping). The first example gives new results on the rate of convergence of empirical measures in
Wasserstein distance. Second, we derive non-exponential upper bounds analogous to Cramér’s
theorem for sums of independent and identically distributed (i.i.d.) random variables with val-
ues in Banach spaces. Lastly, we derive error bounds for the usual Monte Carlo scheme in
stochastic optimization, essentially providing a heavy-tailed analog of the results of [37].

1.1.1. Rate of convergence of empirical measures in Wasserstein distance. First, some termi-
nology: a compatible metric on E is any metric on E which generates the given Polish topology.
For w, v € P(E) and g > 1 define the g-Wasserstein distance W, (i, v) by

Wi =_inf [ d s an, (16)
mell(n,v) JExE

where TI(u, v) is the set of probability measures on E x E with first marginal p and second
marginal v. In Section 4.2 we will prove the following.

Corollary 1.1. (Wasserstein convergence rate.) Let d be any compatible metric on E. Let g >
r>1, and let u € P(E) satisfy fE d9(x, xo)u(dx) < oo for some (equivalently, for any) xo € E.
Then, for each a > 0,

lim sup n?" = (W"ONV(Ly, 1) > a) < o0.

n—o0
In particular,
lim sup = W OV (L, ) > a) < oo

n— o0

In other words, u*Wy(L,, 1) > a) = O(n'~%/"). In the r =1 case, a comparison with a
more classical setting reveals that this rate is the right one, in a sense. Suppose X; are i.i.d.
real-valued random variables with law p, mean zero, and [E|X|? < oco. Then the a.s. inequality

1 & 1 &
- ;XiSWI(Z;(SX[’M)
1= =

and Corollary 1.1 give P(X| + - - - 4+ X,, > an) = O(n'~%) for each a > 0. It is known in this
context that P(X] + - - - 4+ X,, > an) = o(n' ~9), and this exponent cannot be improved under the
sole assumption of a finite gth moment [48, Chapter IX, Theorems 27-28]. A similar argument
in the case r > 1 indicates that the exponent ¢/r — 1 is sharp in the first claim of Corollary 1.3.

There is now a substantial literature on rates of convergence of empirical measures of i.i.d.
sequences in Wasserstein distance, and we refer to the recent paper [30] for the state of the
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art and an overview of the many applications in quantization, interacting particle systems, efc.
Yet, our result seems quite new in several respects. First, while the n — oo convergence rate of
the expected distance

M,(f) = /E” WLy, ) du

is well understood, the (asymptotic) rate of convergence in n of the deviation probabilities
given in Corollary 1.1 appears to be new. Case (3) in Theorem 2 of [30] gives some non-
asymptotic bounds on these probabilities which are worse than ours in the n — oo regime; the
closest counterpart among their results is a bound of O(n'~9+€) for any € > 0, but it is given
only fora > 1and r < g/2.

A second novelty of Corollary 1.1 is that it is valid in arbitrary Polish spaces, whereas most
of the prior literature deals with Euclidean spaces. In the setting of tail probability bounds,
a notable exception is the work of Boissard [12], which shows exponential decay in n of the
probabilities u* (W1 (L, ) > a) but under assumptions that the measure p has finite exponen-
tial moments or satisfies a transport inequality. In the study of the expected distances M,(f), itis
well known that the dimension of the underlying space (or more generally a notion of metric
entropy as in [19] and [54]) must absolutely come into play. For example, in Euclidean space
E CR? withd > 2, Mfll) is known to be asymptotic to n~ /¢, at least when E is compact and p
is absolutely continuous with respect to Lebesgue measure [19]. Corollary 1.1 shows that this
dimension dependence disappears from the probabilistic rate of convergence. Note that this
leads to no contradiction: writing

o0
M = f WOV (Ly, 1) > a) da
0

and applying Corollary 1.1 does not imply anlM,(f) — 0, as the dominated convergence
theorem does not apply here.

1.1.2. Cramér’s upper bound. While Cramér’s theorem in full generality, like Sanov’s, does
not require any finite moments, the upper bound is often vacuous when the underlying random
variables have heavy tails. This simple observation has driven a large and growing literature
on large deviation asymptotics for sums of i.i.d. random variables, to be reviewed shortly.
This literature is full of precise asymptotics, mostly out of reach of our abstract framework.
However, from Theorem 1.2 we can derive a modest alternative to Cramér’s upper bound
which is notable in its wide applicability. See Section 4.2 for a proof of the following.

Corollary 1.2. (Cramér upper bound.) Let g € (1, 00), and let E be a separable Banach space.
Let (X;)2, be i.i.d. E-valued random variables with E|| X ||? < cc. Define A: E* — R U {oo}
by

AW*) =inf{m e R: E[[(1 + (*, X1) —m)T]7] < 1},

and define A*(x) = sup g« ((x*, x) — A(x™)) for x € E. Then, for every closed set A C E,

1 n
. g—1 - _ . *
lim sup n P(n i_ElX,eA) < (;EIEA (x))

n—0o0
Here, E* denotes the continuous dual of E.

In analogy with the classical Cramér’s theorem, the function A in Corollary 1.2 plays the
role of the cumulant generating function. In both Theorem 1.2 and Corollary 1.2, notice that as
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soon as the constant on the right-hand side is finite we may conclude that the probabilities in
question are O(n'~9), consistent with some now-standard results on one-dimensional heavy-
tailed sums for events of the form A = [r, o0), for r > 0. For instance, as we mentioned in
the previous subsection, if (X;)72, are i.i.d. real-valued random variables with mean zero and
E|X{|? < 00, then the sharpest result possible under these assumptions is P(X; + - - - + X}, >
nr)=o(n'~9). For ¢ > 2, the Fuk-Nagaev inequality gives a related non-asymptotic bound;
see [43, Corollary 1.8], or [25] for a Banach space version.

In general, we cannot expect a matching lower bound in Corollary 1.2, and thus we cannot
expect one in Theorem 1.2. If stronger assumptions are made on X;, such as regular variation,
then corresponding lower bounds are known for certain sets A, but it remains unclear whether
or not our abstract approach can recover such lower bounds. Refer to [13], [29], and [41] for
detailed overviews of such results, as well as the more recent [17], [49], and references therein.
Indeed, precise asymptotics require detailed assumptions on the shape of the tails of X;, and
this is especially true in multivariate and infinite-dimensional contexts. An interesting recent
line of work extends the theory of regular variation to metric spaces [15, 34, 35, 40], but again
the assumptions on the underlying u are much stronger than mere existence of a finite moment.

The only real strengths of our Corollary 1.2, compared to the deep literature on sums
of heavy-tailed random variables, is its broad applicability. It requires only finite moments,
applies in general (separable) Banach spaces, and allows for arbitrary closed sets A, the latter
point being useful in that it enables contraction principle arguments.

Before turning to the next application, it is worth mentioning a few more loosely related
papers. In connection with concentration of measure, the papers of Bobkov and Ding [11, 18]
studied transport inequalities involving functionals like (1.5), resulting in characterizations of
certain non-exponential tail bounds. Less closely related, Atar ef al. [4] exploited a variational
representation for exponential integrals involving the functional (1.5) and showed how to use
it to bound, for example, a large deviation probability for one model in terms of an alternative
more tractable model; their work does not, however, appear to be applicable to situations with
heavy tails.

1.1.3. Stochastic optimization. Let X be another Polish space. Consider a continuous function
h: X x E— R bounded from below, and define V: P(E) — R by

V(v) = inf / h(x, w)v(dw).
xeX JE

Fix p € P(E) again as a reference measure. The most common and natural approach to solving
the optimization problem V(u) numerically is to construct i.i.d. samples X1, X», . .. with law
wu and instead study V(L,(X1, ..., X;;)), where as usual

1 n
L,Xy,...,X,)=- 8x;.
n(l n) Vl; Xi

The two obvious questions are then as follows.
(A) Does V(L,(X1, ..., X,)) converge to V(u)?
(B) Do the minimizers of V(L, (X1, ..., X;)) converge to those of V(u) in some sense?

The answers to these questions are known to be affirmative in very general settings, using a
form of set-convergence for question (B); see [21], [36], and [38]. Given this, we then hope
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to quantify the rate of convergence for both of these questions. This is done in the language
of large deviations in a paper of Kaniovski er al. [37], under a strong exponential integrability
assumption derived from Cramér’s condition. In this section we complement their results by
showing that under weaker integrability assumptions we can still obtain polynomial rates of
convergence.

Theorem 1.3. Suppose X is compact. Suppose the function h is jointly continuous, and its
sub-level sets are compact. Let g € (1, 00) and u € P(E) be such that, if

Yw) = (215 )

then [ 9 du < oc. Then, for each € > 0,

lim sup n?~ ' W"(|V(Ly) — V()| > €) < 0.

n— o0

The proof is given in Section 4.3, where we also present a related result on the rate of
convergence of the optimizers themselves, addressing question (B) above.

1.2. Uniform upper bounds and martingales

Certain classes of dependent sequences admit uniform upper bounds, which we derive from
Theorem 1.1 by working with
a(v)= inf H(v|pw),
neM

for a given convex weakly compact set M C P(E). The conjugate p, unsurprisingly, is p(f) =
SUP,cm log f ef du, and p, turns out to be tractable as well, that is,

pu(f) = sup log/ e/ du,
En

HEM,
where M, is defined as the set of laws p € P(E") with pg—1 €M for each k=1, ..., n,
u-almost surely; in other words, M, is the set of laws of E"-valued random variables
(X1, ..., X,), when the law of X belongs to M and so does the conditional law of X given
(X1, ..., Xk—1), almost surely, for each k=2, ..., n. Theorem 1.1 becomes
1
lim —log sup f efolndy= " sup (F(v)—H(|p)) forF e Cy(P(E)).
n—oon weM, JEr weM, veP(E)

From this we derive a uniform large deviation upper bound, for closed sets A C P(E):
1
limsup —log sup u(L,€A)<— inf H@W|p). (1.7)
n—oo N neM, neM,veA

With a prudent choice of M, this specializes to an asymptotic relative of the Azuma—Hoeffding
inequality. The novel feature here is that we can work with arbitrary closed sets and in multiple
dimensions.

Theorem 1.4. Let ¢: R? — R, and define S,y to be the set of RY-valued martingales (Sk)i—or
defined on a common but arbitrary probability space, satisfying So = 0 and

Elexp ((y, Sk — Si—1)) 1 S0, - - ., Si11 <Y as. fork=1,...,n, yeR%
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Then, for closed sets A C Rd, we have

1
limsup  sup —logP(S,/neA)<— in/g ©*(x),
XE.

n=>00 (S;)!_1€Say "
where ¢*(x) = SUpycRrd ((x, ¥) — o).

By taking (Sp);_, to be a random walk (i.e. the increments are i.i.d.) such that ¢(y) =
log E[e"S1750)] < o0, it is readily checked that the bound of Theorem 1.4 coincides with the
upper bound from Cramér’s theorem and is thus sharp. Féllmer and Knispel [26] found some
results which loosely resemble (1.7) (see Corollary 5.3 therein), based on an analysis of the
same risk measure p. See also [33] and [31] for somewhat related results on large deviations
for capacities.

1.3. Laws of large numbers

Some specializations of Theorem 1.1 appear to have nothing to do with large deviations.
For example, suppose M C P(E) is convex and compact, and let

0 ifveM,
a(v) = .
oo otherwise.

It can be shown that p,(f)=sup,epy, fE,,fd/L, where M), is defined as in Section 1.2, for
instance by a direct computation using (1.4). Theorem 1.1 then becomes

lim sup / FoL,du=sup F(u) foreach F e Cp(P(E)). (1.8)
=0 eM, JEn neM

When M = {u} is a singleton, so is M,, = {u"}, and this simply expresses the weak conver-
gence u" oL, LN 8, The general case can be interpreted as a robust law of large numbers,
where ‘robust’ refers to perturbations of the joint law of an i.i.d. sequence. More pre-
cisely, noting that sup,, .y F(11) = Supgepnr) f F dQ, one can derive from (1.8) certain forms
of set-convergence (e.g. Painlevé—Kuratowski) of the sequence {@ oL, ' weM,} toward
PM):={0 e P(P(E)): Q(M) =1}, though we refrain from lengthening the paper with fur-
ther details. In another direction, (1.8) is closely related to laws of large numbers under
nonlinear expectations [46].

1.4. Optimal transport costs

Another interesting consequence of Theorem 1.1 comes from choosing o as an optimal
transport cost. Fix y € P(E) and a lower semicontinuous function c: E?— [0, o¢], and define

a(v)= inf /cdn,
mwell(u,v)
where IT(u, v) was defined immediately after (1.6). Under a modest additional assumption
on ¢ (stated shortly in Corollary 1.3, proved later in Lemma 6.2), o satisfies our standing
assumptions.
The dual p can be identified using Kantorovich duality, and p, turns out to be the value of a
stochastic optimal control problem. To illustrate this, it is convenient to work with probabilistic
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notation. Suppose (X;)7°; is a sequence of i.i.d. E-valued random variables with common law

1, defined on some fixed probability space. For each n, let ), denote the set of E"-valued
random variables (Y7, ..., Y,) where Y is (X, ..., Xy)-measurable for each k=1, ..., n.
We think of elements of ), as adapted control processes. For each n > 1 and each f € B(E"),
we show in Proposition 6.1 that

p(N= sup Iﬁﬂnwnnm—iyx;m} (19)

Y1,eees Y, n)ey n i=1
The expression (1.9) yields the following corollary of Theorem 1.1.

Corollary 1.3. Suppose that for each compact set K C E, the function hx(y) ;= infycg c(x, y)
has pre-compact sub-level sets. That is, the closure of {y € E: hx(y) < m} is compact for each
m > 0. This assumption holds, for example, if E is a subset of Euclidean space and there
exists yo € E such that c(x, y) — oo as d(y, yo) — 00, uniformly for x in compacts. For each
F € Cp(P(E)), we have

1 n
lim  sup E|F(Ly(Y1.....Y)— =Y c(X;. Y)
OO VR €Vn n

= sup (F(v)—a(v)
veP(E)

= sup (F(JT(EX ~))—/ cdn), (1.10)
mell(n) EXE

where TI(1) = Uyep(e) T2, v).

i=1

This can be seen as a long-time limit of the optimal value of the control problems. However,
the renormalization in n is a bit peculiar in that it enters inside the terminal cost F, and there
does not seem to be a direct connection with ergodic control. A direct proof of (1.10) is possible
but seems to be no simpler and potentially narrower in scope.

While the pre-limit expression in (1.10) may look peculiar, we include this example in
part because it is remarkably tractable and in part because the limiting object is quite ubiq-
uitous, encompassing a wide variety of variational problems involving optimal transport
costs. Two notable recent examples can be found in the study of Cournot—Nash equilibria
in large-population games [10] and in the theory of Wasserstein barycenters [2].

1.5. Alternative choices of «

There are many other natural choices of o for which the implications of Theorem 1.1 remain
unclear. For example, consider the ¢-divergence

a(v)= / o(dv/du)du  forv K u, a(v) =00 otherwise,
E

where © € P(E) and ¢: R4 — R is convex and satisfies ¢(x)/x — oo as x — oco. This « has
weakly compact sub-level sets, according to [16, Lemma 6.2.16], and it is clearly convex.
The dual, known in the risk literature as the optimized certainty equivalent, was computed by
Ben-Tal and Teboulle [7, 8] to be

Mﬁ=nﬁ</¢Wﬂw—mmmw+m)
meR E
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where ¢*(x) = supycr (xy — ¢(y)) is the convex conjugate. We did not find any good expres-
sions or estimates for p, or «,, so the interpretation of the main Theorem 1.1 eludes us in this
case.

A related choice is the shortfall risk measure introduced by Follmer and Schied [27]:

p(f) = int {m eR: / £F () — myp(do) < 1 }
E

This choice of p and the corresponding (tractable!) o are discussed briefly in Section 4.1.
The choice of £(x)=[(1+x)*]¢ corresponds to (1.5), and we make extensive use of this
in Section 4, as was discussed in Section 1.1. The choice of £(x) =e* recovers the classi-
cal case p(f)=log [, E e/ du. Aside from these two examples, for general £, we found no
useful expressions or estimates for p, or oy. In connection with tails of random variables,
shortfall risk measures have an intuitive appeal stemming from the following simple ana-
log of Chernoff’s bound, observed in [39, Proposition 3.3]. If y ()= p(Af) for all A >0,
where f is some given measurable function, then u(f > ) < 1/£(y*(¢)) for all 1 > 0, where
Y¥(0) =sup; > (A — y (1))
It is worth pointing out the natural but ultimately fruitless idea of working with

p<f>=¢>—1< fE o(f) du>,

where ¢ is increasing. Such functionals were studied first — it seems — by Hardy, Littlewood,
and Pdlya [32, Chapter 3], providing necessary and sufficient conditions for p to be convex
(rediscovered in [7]). Using the formula (1.4) to compute p,, this choice would lead to the

exceptionally pleasant formula
pin=o"!( [ otnan),

which we observed already in the classical case ¢(x) =e*. Unfortunately, however, such a p
cannot come from a functional & on P(E), in the sense that (1.1) cannot hold unless ¢ is affine
or exponential. The problem, as is known in the risk measure literature, is that the additivity
property p(f +c) = p(f)+ c for all c € R and f € B(E) fails unless ¢ is affine or exponential
(cf. [28, Proposition 2.46]).

1.6. Interpreting Theorem 1.1 in terms of risk measures

It is straightforward to rewrite Theorem 1.1 in a language more in line with the literature
on convex risk measures, for which we again defer to [28] for background. Let (€2, F) be a
measurable space, and suppose ¢ is a convex risk measure on the set B($2, F) of bounded mea-
surable functions. Thatis, ¢ : B(2, F) — R is convex, ¢(f + ¢) = ¢(f) + cforall f € B(2, F)
and ¢ € R, and ¢(f) > ¢(g) whenever f > g pointwise. Suppose we are given a sequence of
E-valued random variables (Xi);?il, i.e. measurable maps X;: 2 — E. Assume X; have the fol-
lowing independence property, identical to Peng’s notion of independence under nonlinear
expectations [47]: for n > 1 and f € B(E"),

(p(f(X17 ce Xn)) = (p[(p(f(le MR Xn—l, x))'X:Xn]'
In particular, ¢( f(X;)) = ¢(f(X1)) for all i. Define o : P(E) — (—00, 00] by

a(v)= sup ( /E fdv—w(f(Xl))>.

feB(E)
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Additional assumptions on ¢ (see e.g. Theorem 2.2 below) can ensure that o has weakly
compact sub-level sets, so that Theorem 1.1 applies. Then, for F' € C,(P(E)),

lim lga(nF(L,,(Xl, e Xn))= sup (F(v) —a(v)). (1.11)
n—een veP(E)
Indeed, in our previous notation, p,(f) = ¢(f(X1, ..., X,)) for f € B(E").

In the risk measure literature, one thinks of ¢(f) as the risk associated with an uncertain
financial loss f € B(S2, F). With this in mind, and with Z, = F(L,(Xi, . . ., X)), the quantity
¢(nZ,) appearing in (1.11) is the risk-per-unit of an investment in n units of Z,. One might
interpret Z, as capturing the composition of the investment, while the multiplicative factor n
represents the size of the investment. As n increases, say to n + 1, the investment is ‘rebalanced’
in the sense that one additional independent component, X,,; 1, is incorporated and the size of
the total investment is increased by one unit. The limitin (1.11) is then an asymptotic evaluation
of the risk-per-unit of this rebalancing scheme.

1.7. Extensions

Broadly speaking, the book of Dupuis and Ellis [22] and numerous subsequent works
illustrate how the classical convex duality between relative entropy and cumulant generating
functions can serve as a foundation from which to derive an impressive range of large deviation
principles. Similarly, each alternative dual pair («, p) should provide an alternative foundation
for a potentially equally wide range of limit theorems. From this perspective, our work raises
more questions than it answers by restricting attention to analogs of the two large deviation
principles of Sanov and Cramér. It is possible, for instance, that an analog of Mogulskii’s
theorem (see [42] or [22, Section 3]) holds in our context, though one must not expect any
such analog to look too much like a heavy-tailed large deviation principle, in light of the neg-
ative result of [49, Section 4.4]. These speculations are pursued no further but are meant to
convey the versatility of our framework. In fact, extensions and applications of our framework
have appeared since the first version of this paper. First, [23] extended the ideas beyond the
i.i.d. setting, to the study of occupation measures of Markov chains. More recently, [5] applied
Theorem 1.1 to obtain new limit theorems for Brownian motion, with connections to Schilder’s
theorem, vanishing noise limits of BSDEs and PDEs, and Schrodinger problems.

1.8. Outline of the paper

The remainder of the paper is organized as follows. Section 2 begins by clarifying the
(o, p) duality, explaining some useful properties of p and p, and extending their definitions
to unbounded functions before giving. In Section 2.2 we give the proof of an extension of
Theorem 1.1, which contains Theorem 1.1 as a special case but is extended to stronger topolo-
gies and unbounded functions F. See also Section 2.3 for abstract analogs of the contraction
principle and Cramér’s theorem. Section 3 elaborates on the additional topological assump-
tions needed for the extension of the main theorem. Then, Section 4 focuses on the particular
choice of @ in (1.5), providing proofs of the claims of Section 1.1. Sections 5 and 6 respectively
elaborate on the examples of 1.2 and 1.4. Appendix A proves a different representations of p,,
namely those of (1.4). Finally, two minor technical results are relegated to Appendix B.

2. Convex duality and an extension of Theorem 1.1

We begin by outlining the key features of the («, p) duality, as a first step toward stating and
proving an extension of the main theorem as well as an abstract analog of Cramér’s theorem.
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The first two theorems below are borrowed from the literature on convex risk measures, for
which an excellent reference is the book of Follmer and Schied [28]. While we will make use
of some of the properties listed in Theorem 2.1, the goal of the first two theorems is more to
illustrate how one can make p the starting point rather than «. In particular, Theorem 2.2 will
not be needed below. For proofs of Theorems 2.1 and 2.2, refer to Bartl [6, Theorem 2.6].

Theorem 2.1. Suppose a: P(E) — (—00, 00] is convex and has weakly compact sub-level
sets. Define p: B(E) — R as in (1.1). Then the following hold.

(R1) If f = g pointwise then p(f) = p(g).

(R2) If f € B(E) and c € R, then p(f +c) = p(f) +c.

(R3) If f. fn € B(E) with f 1 f pointwise, then p(fu) 1 p(f).

R4A) If f, € Cp(E) and f € B(E) with f,, | f pointwise, then p(f,) | p(f).

Moreover, for v € P(E) we have

a)= sup ( /E fdv—p(f)>- @.1)

JfeCy(E)

Theorem 2.2. Suppose p: B(E)— R is convex and satisfies properties (RI-R4) of
Theorem 2.1. Define o : P(E) — (—00, 00] by (2.1). Then « is convex and has weakly compact
sub-level sets. Moreover; the identity (1.1) holds.

For the rest of the paper, unless stated otherwise, we work at all times with the standing
assumptions on « described in the Introduction.

Standing assumptions. The function «: P(E) — (—00, 00] is convex, has weakly compact
sub-level sets, and is not identically equal to co. Lastly, p is defined as in (1.1).

We next extend the domain of p and p, to unbounded functions. Let R = R U {—o0, 00}.
We adopt the convention that co — oo := —o0, although this will have few consequences aside
from streamlined definitions. In particular, if v € P(E") and a measurable function f: E" — R
and satisfies [/~ dv = [ f* dv =00, we define [ f dv = —o0.

Definition 2.1. For n > 1 and measurable f: E" — R define
Pou(f)=sup < fdv— Oé,,(l))).
veP(E") \ JE"

As usual, abbreviate p = p;. It is worth emphasizing that while p(f) is finite for bounded f, it
can be either +00 or —oo when f is unbounded.

2.1. Stronger topologies on P(E)

As a last preparation, we discuss a well-known class of topologies on subsets of P(E) with
which we will work frequently. Given a continuous function ¢ : E — R :=[0, 00), define

Py (E) = {,ueP(E): / v du <oo}.
E
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Endow Py, (E) with the (Polish) topology generated by the maps v — f pfdv, wheref: E— R
is continuous and |f| <14 ¢; we call this the {r-weak topology. A useful fact about this
topology is that a set M C Py (E) is pre-compact if and only if for every € > 0 there exists a
compact set K C E such that

sup Ydu <e.

neM J K¢
This is easily proved directly using Prokhorov’s theorem, or refer to [28, Corollary A.47]. It is
worth noting that if d is a compatible metric on E and v (x) = d”(x, xo) for some fixed xo € E
and p > 1, then the y-weak topology is simply the p-Wasserstein topology associated with the
metric d [52, Theorem 7.12].

2.2. An extension of Theorem 1.1

In this section we state and prove a useful generalization of Theorem 1.1 for stronger topolo-
gies and unbounded functions, taking advantage of the preparations of the previous sections.
At all times in this section, the standing assumptions on (&, p) (stated early in Section 2) are
in force. Part of Theorem 2.3 below requires the assumption that the sub-level sets of o are
pre-compact in Py (E), and this rather opaque assumption will be explored in more detail in
Section 3.1.

Theorem 2.3. Let v : E— Ry be continuous. If F: Py (E) — RU {oo} is lower semicontin-
uous (with respect to the \r-weak topology) and bounded from below, then

1
liminf —p,(nFoL,)> sup (F(v)—a()).
n—oo n vePy (E)
Suppose also that the sub-level sets of a are pre-compact subsets of Py (E). If F: Py(E) —
R U {—o0} is upper semicontinuous and bounded from above, then

1
limsup —p,(nFolL,) < sup (F(v)—a)).
n—oo N vePy (E)
Proof of lower bound. Let us first prove the lower bound. It is immediate from the
definition that n™ &, (V") = a(v) for each v € P(E), recalling that v" denotes the n-fold product
measure. Thus

1 1
—pn(nF(Ly)) = sup { / FolL,dv— _an(V)}
n veP(E") n n

n 1 n
> sup FolL,dv" — —a,(V")
veP(E) " h

= sup { f FolL,dv" — a(v)}. (2.2)
veP(E) n

For v € P(E), the law of large numbers (see [20, Theorem 11.4.1]) implies v" oL;1 — 8y

weakly, i.e. in P(P(E)). For v € Py (E), the convergence takes place in P(Py (E)). Lower semi-
continuity of F on Py (E) then implies (e.g. by [22, Theorem A.3.12]), for each v € Py (E),

1
lim inf — p,(nF(L,)) > lim inf/ FoL,d" —a(v)
n—oo n n—o00

En
>FWw)—a).
Take the supremum over v to complete the proof of the lower bound. O
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Proof of upper bound, F bounded. The upper bound is more involved. First we prove it in
four steps under the assumption that F' is bounded.

Step 1. First we simplify the expression somewhat. For each v € P(E") the definition of «,,
and convexity of o imply

1 1
—a, ) ==Y | a@rrxxr, . e ))V(dx, L d)
n n 1 n

1 n
Z/ 06(- ka—l,k(xl, .. -,xk—l))v(dxl, oo, dog).
E" n =1

Combine this with (2.2) to get

1 1 ¢
~pu(nF(Ly) < sup / [F(Ln)—a(—kal,kﬂdv. 2.3)
n ) n n

veP(E" k=1

Now choose arbitrarily some s such that a(uy) < co. The choice v = u? and boundedness
of F show that the supremum in (2.3) is bounded below by —||F|lcc — a(iay), where ||F|l :=
SUP,ep, () |F(v)|. For each n, choose v € P(E") attaining the supremum in (2.3) to within
1/n. Then

1 1
/En a(; > v,ﬁ'i)l’k) dv™ <2||Flloe + a(uf) + ~. (2.4)
k=1

It is convenient to switch now to a probabilistic notation. On some sufficiently rich probabil-
ity space, find an E"-valued random variable (Y7, ..., Y)) with law v Define the random
measures

1 < ~ 1
S, = E v,(cn_)l’k(Y",..-,Yf_l), Sn = E Syn.
k=1 k=1

Use (2.3) and unwrap the definitions to find

1 ~
;pn(nF(Ln)) <E[F(Sp) — a(Sp] + 1/n. (2.5)
Moreover, (2.4) implies

sup E[a(Sn)] < 2||Flloo + a(pay) + 1 < 00. (2.6)

Step 2. We next show that the sequence (S, §n) is tight, viewed as Py (E) x Py (E)-valued
random variables. Here we use the assumption that the sub-level sets of « are y-weakly com-
pact subsets of Py (E). It then follows from (2.6) that (S,) is tight (see e.g. [22, Theorem
A.3.17)). ~ ~

To see that the pair (~Sn, Sy) is tight, it remains to check that (S,), is tight. To this end, we
first notice that S, and S, have the same mean measure for each n, in the sense that for every
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f € B(E) we have

o
E[/Eden]zE EZE[f(Y,?)|Y”,...,Y,§'_1]i|
k=1

S
=E ;Zf(Y,’j):|
k=1

_x| / fd§n]. @.7)
L JE

To prove (§,,) is tight, it suffices (by Prokhorov’s gleorem) to show that for all € > 0 there exists
a y-weakly compact set K C Py (E) such that P(S,, ¢ K) < €. We will look for K of the form

K:ﬂ,(:il{v: /chdvil/k}’
k

where (Cp)p2, is a sequence of compact subsets of E to be specified later; indeed, sets K of
this form are pre-compact in Py (E) according to a form of Prokhorov’s theorem discussed in
Section 2.1 (see also [28, Corollary A.47]). For such a set K, use Markov’s inequality and (2.7)
to compute

P(S, ¢ K) < ZP(/ ¥ dS, > 1/k>
— G

=~
—

kE | vds,
Ci

=

WK

k

Il
—-

kE [ v ds,. (2.8)
1 Gy

M

~
Il

By a form of Jensen’s inequality (see Lemma B.2),

sup «(ES;,) < sup E[a(S,)] < o0,
n n

where ES, is the probability measure on E defined by (ES,)(A) =E[S,(A)]. Hence, the
sequence (IES,) is pre-compact in Py (E), thanks to the assumption that sub-level sets of «
are pre-compact subsets of Py (E). It follows that for every € > 0 there exists a compact set
C C E such that sup, E fCC ¥ dS, < e. With this in mind, we may choose Ci to make (2.8)

arbitrarily small, uniformly in . This shows that (§n) is tight, completing Step 2.
Step 3. We next show that every limit in distribution of (S, S,) is concentrated on the

diagonal {(v, v): v € Py (E)}. By definition of v,i"jl «» We have

]E[f(yg)—/fdu,@l k(Y",...,Y£_1)|Y”,...,Y,Z’_1:|=O fork=1,...,n
. :
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for every f € B(E). That is, the terms inside the expectation form a martingale difference
sequence. Thus, for f € B(E), we have

2
E[(f]ifdsn—/Efds [( (Yg)—/Efdv,ﬁ’?Lk(Y",..., ;;_p)) }

1 < 2
:_22 [(f(Yg)_/fdvlin)],k(Yn’"" 1?—1)) }
k=

< 2||f||oo/n, (2.9)

where || flloo := sup,cg | f(0)]. It is straightforward to check that (2.9) implies that every weak
limit of (S, SN‘n) is concentrated on (i.e. almost surely belongs to) the diagonal {(v, v): v €
P(E)} (cf: 22, Lemma 2.5.1(b)]). Indeed, if (S, S) is some Py (E) x Py (E)-valued random
variable such that (S,,, S, ) converges in law to (S, S), then (2.9) implies

(o [19)])-0

for each f € Cp(E), by continuity of the map

2
Py (E) x Py(E)> (v, V) —~ (/fdu—/fdv) .
E E

Hence, |, pfdS= /, vf dS a.s. for each f € Cp(E), and arguing with a countable separating
family from Cj(E) (see e.g. [45, Theorem 6.6]) allows us to deduce that S = Sas.

Step 4. We can now complete the proof of the upper bound. With Step 3 in mind, fix a
subsequence and a Py (E)-valued random variable 7 such that (S, S,) — (1, n) in distribution
(where we relabeled the subsequence). Recall that « is bounded from below and y-weakly
lower semicontinuous, whereas F' is upper semicontinuous and bounded. Returning to (2.5),
we conclude now that

1
lim sup p,,(nF(Ln)) <lim sup E[F(S ) —a(Sy)]
n—oQ n—0o0
<E[F() —a)]
= sup {F(v) —a()}.
vePy (E)

Of course, we abused notation by relabeling the subsequences, but we have argued that for
every subsequence there exists a further subsequence for which this bound holds, which proves
the upper bound for F bounded. (]

Proof of upper bound, unbounded F. With the proof complete for bounded F, we now
remove the boundedness assumption using a natural truncation procedure. Let F': P(E) —
E U {—o00} be upper semicontinuous and bounded from above. For m > 0 let F,, := F \VV (—m).
Since F), is bounded and upper semicontinuous, the previous step yields

1
limsup —p(nF(La) < sup(Fu(v) = e(v)} =: S,
n—00 vePy (E)

for each m > 0. Since F,, > F, we have

pn(nFy(Ly)) = pp(nF(Ly))
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for each m, and it remains only to show that

lim S, = sup {F(v)—oa()}=:S. (2.10)
m—00 vePy (E)

Clearly S, > S, since F, > F. Note that § < 00, as F and « are bounded from above and from
below, respectively. If § = —oo, then F(v) = —oo whenever o(v) < oo, and we conclude that,
as m— 00,
Sp<-m— inf a(v) > —oc0=3_.
veP(E)

Now suppose instead that S is finite. Fix € > 0. For each m > 0, find v,, € P(E) such that
Fin(m) —a(m) +€>5,=S. 2.11)

Since F is bounded from above and S > —oo, it follows that sup,, «(v,,) < 0o. The sub-level
sets of « are v-weakly compact, and thus the sequence (v;,) has a limit point (in Py (E)). Let
Voo denote any limit point, and suppose v, — Vso. Note that inf,, F;,,(v,) > —o0 in light of
(2.11), because « is bounded from below. Hence, for all sufficiently large m, we have F,(v,,) =
F(v,,). Thus
lim sup{Foy, (Vi) — (v )} < F(voo) — a(veo) <5,
k— 00

where the second inequality follows from upper semicontinuity of ' and lower semicontinuity
of «. This holds for any limit point of the pre-compact sequence (v,,), and it follows from

(2.11) that
S <limsup S, <limsup{F,,,(vy) —a(vy)} +€ <S+e.
m—0Q m— o0
Since € > 0 was arbitrary, this proves (2.10). t

Remark 2.1. Several natural choices of o« in fact have sub-level sets which are compact in
topology induced by bounded measurable test functions, i.e. the topology on P(E) gener-
ated by the maps v — |, rJ dv, where f € B(E). While this topology is stronger than the usual
weak convergence topology, the conclusion of Theorem 1.1 will likely still hold for bounded
functions F which are continuous in this stronger (non-metrizable) topology. This is known
to be true in the classical case a(-) = H(-| 1) (see e.g. [16, Section 6.2]), where we recall
the definition of relative entropy H from (1.2). For the sake of brevity, we do not pursue this
generalization.

2.3. Contraction principles and an abstract form of Cramér’s theorem

Viewing Theorem 2.3 as an abstract form of Sanov’s theorem, we may derive from it a form
of Cramér’s theorem. The key tool is an analog of the contraction principle from classical large
deviations (cf. [16, Theorem 4.2.1]). In its simplest form, if ¢: P(E) — E’ is continuous for
some topological space E’, then for F € Cp(E") we have from Theorem 1.1

1
lim —py(nFopoly)= sup (F(p(v)) —a(v))=sup (F(x) — ay(x)),
n—oon veP(E) eE

where we define o : E' — (—00, 00] by
ay(x) :=inf{a(v): v € P(E), ¢(v)=x].

This line of reasoning leads to the following extension of Cramér’s theorem.
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Theorem 2.4. Let (E, || - ||) be a separable Banach space with continuous dual E*. Define
A*: E— RU{oo} by
A*(x) = sup ((x*,x) — p(x*)).

x*eE*

Define S,,: E" — E by

1
Sn(xlv---,xn):; zxi-
i=

If F: E— RU{oo} is lower semicontinuous and bounded from below, then
1
liminf — p,(nF o S,,) > sup (F(x) — A*(x)).
n—-oo n xeE

Suppose also that the sub-level sets of a are pre-compact subsets of Py (E), for ¥ (x) := ||x||.
If F: E— RU{—o0} is upper semicontinuous and bounded from above, then

lim sup l,o,,(nF 08y,) <sup (F(x) — A*(x)).

n—oo N x€E

The proof makes use of a proposition, interesting in its own right, which generalizes the
well-known result that the functions

> log/ e u(dx) and f+ inf {H(v | w): veP(R), / xv(dx) = t}
R R

are convex conjugates of each other (see e.g. [22, Lemma 3.3.3]).

Proposition 2.1. Let (E, || - ||) be a separable Banach space, and let ¥ (x) = || x||. Suppose the
sub-level sets of a are pre-compact subsets of Py (E). Define ¥ : E— R U {oo} by

\Il(x)zinf{a(v): v € Py (E), / zv(dz):x},
E

where the integral is in the sense of Bochner. Define V* on the continuous dual E* by

W (x*) = sup ({(x*, x) — W (x)).

xeE

Then YV is convex and lower semicontinuous, and V*(x*) = p(x*) for every x* € E*. In
particular,
Y(x)= sup ({x*, x) — p(x™)). (2.12)

x*eE*
Proof. We first show that W is convex. Let t € (0, 1) and x1, x» € E. Fix € > 0, and find
V1, V2 € Py (E) such that fE zvi(dz) = x; and o (v;) < W(x;) + €. Convexity of « yields

W(tx; + (1 — Hxo) < a(tvy + (1 — o)
<ta(v)) + (1 = DHa(v2)
<tV(x)+ 1 —0)P(x) +e.

To prove that W is lower semicontinuous, first note that ¥ is bounded from below since o
is. Let x, — xin E, and find v,, € Py (E) such that a(v,;) < W(x,) + 1/n and fE zv,(dz) = x;, for
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each n. Fix a subsequence {x;, } such that W(x,, ) < oo for all k and W(x,, ) converges to a finite
value (if no such subsequence exists, then there is nothing to prove, as W(x,) — 00). Then
sup a(vy,,) < 0o, and because « has y-weakly compact sub-level sets there exists a further
subsequence (again denoted ny) and some v, € Py (E) such that v,, — vs. The convergence
Uy, — Voo in the ¥r-weak topology implies

x= lim x, = lim /zvnk(dz)=/ Z Voo(d2).
k— 00 k—o0 JE E

Using lower semicontinuity of & we conclude

W (x) < a(vao) < liminf a(vy, ) < liminf W(x,, ). (2.13)
k—o00 k— 00

For every sequence (x,) in E and any subsequence thereof, this argument shows that there exists
a further subsequence for which (2.13) holds, and this proves that W is lower semicontinuous.
Next, compute W* as follows:

W (") = sup ((x*, x) — W(x))

xeE

= sup sup {(x*, x) —a(v): v ePy(E), / zv(dz) :x}
E

xeE

= sup <<x*,fZV(dz)>—a(V)>
vePy (E) E

= sup (/(x*,z)v(dz)—a(v))
UE'Pw(E) E

= p(x").

Indeed, we can take the supremum equivalently over Py (E) or over P(E) in the last two steps,
thanks to the assumption that o = 0o away from Py (E) and our convention 00 — 00 = —00.
Because W is lower semicontinuous and convex, we conclude from the Fenchel-Moreau the-
orem [55, Theorem 2.3.3] that it is equal to its biconjugate, which is precisely what (2.12)
says. (]

Proof of Theorem 2.4. The map

Py(E)> p— F<f z,u(dz))
E

is upper (resp. lower) semicontinuous as soon as F is upper (resp. lower) semicontinuous. The
claims then follow from Theorem 2.3 and Proposition 2.1. (]

3. Compactness of sub-level sets of o in Py (E)

Several results of the previous section, such as the upper bound of Theorem 2.3, operate
under the assumption that the sub-level sets of « are pre-compact subsets of Py (E). This
section compiles some related properties of (o, &) which will be useful when we encounter
specific examples later in the paper.
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3.1. Cramér’s condition

A first useful result is a condition under which the effective domain of « is contained in
Py (E).

Proposition 3.1. Fix a measurable function ¥ : E — R Suppose p(A)) < oo for some A > 0.
Then, for each v € P(E) satisfying a(v) < 0o, we have [ dv < co.

Proof. By definition, for each v € P(E),
00> p(AY) > A / Y dv —a(v).

If a(v) < oo then certainly f ¥ dv < oo. O

The next and more important proposition identifies a condition under which the sub-level
sets of « are not only weakly compact (which we always assume) but also {r-weakly compact.

Proposition 3.2. Fix a continuous function y: E — R.. Suppose
lim p(AYl{y>m)=p(0) forall A > 0. (3.1
m— 00 -

Then, for each c € R, the weak and r-weak topologies coincide on {v € P(E): a(v) <c} C
Py (E); in particular, the sub-level sets of a are yr-weakly compact.

A first step in the proof comes from the following simple lemma, worth stating separately
for emphasis.
Lemma 3.1. Fix a continuous function . E — R.. Suppose (3.1) holds. Then p(Ay) < 00
for every A > 0. In particular, for each v € P(E) satisfying a(v) < oo, we have f Y dv < oo.

Proof. The second claim is just Proposition 3.1. For m, A >0 we have Ay < im+
A 1(y >my, and thus properties (R1) and (R2) of Theorem 2.1 imply

pOA) < Am+ pOYr Ly =my)-

By (3.1), for m sufficiently large the right-hand side is finite. (]

Proof of Proposition 3.2. Fix c € R, and abbreviate S = {v € P(E): a(v) <c}. Assume S #
#. Note that Lemma 3.1 implies S C Py (E). It suffices to prove that the map v+ [.fdv
is weakly continuous on § for every continuous f: E— R with |f| <1+ . Note that for
M, 1 € P(R) with 0, — n weakly, we have [ gdn, — [ gdn for each continuous function g
which is uniformly integrable, in the sense that

lim sup/ lgldn, =0.
{lg|=m}

m—0oo 5

(See [22, Theorem A.3.19].) Applying this to the image measures {vof~!: v e S} for f as
above, we find that it suffices to prove the uniform integrability condition

lim sup/ Y dv=0.
{¥r=m}

m— 00 ves
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By definition of p, form >0 and v € S,
A / Y dv < oY Ly =my) +a(v) < oA Liy>m) + c. (3.2)
{y=m}

Given € > 0, choose A >0 large enough that (¢ + p(0) 4+ ¢)/A <e€. Then choose m large
enough that p(AY 1y >p)) < € + p(0), which is possible because of assumption (3.1). It then
follows from (3.2) that f{¢> m) ¥ dv <€, and the proof is complete. O

We refer to (3.1) as the strong Cramér condition. Several extensions of the classical form of
Sanov’s theorem to stronger topologies rely on what might be called a ‘strong Cramér condi-
tion’. For instance, if ¢ : E — R is continuous, the results of Schied [50] indicate that Sanov’s
theorem can be extended to the ¥ -weak topology if (and essentially only if) log |, E e du < oo
for every A > 0; see also [53] and [24].

The form of our strong Cramér condition (3.1) was heavily inspired by the work of Owari
[44] on continuous extensions of monotone convex functionals. In several cases of inter-
est (namely, Propositions 4.1 and 5.3 below), it turns out that a converse to Lemma 3.1 is
true, that is, the strong Cramér condition (3.1) is equivalent to the statement that p(Ay) < 0o
for all A > 0. In general, however, the strong Cramér condition is the strictly stronger state-
ment. Consider the following simple example, borrowed from [44, Example 3.7]. Let E =
{0, 1, ..., } be the natural numbers, and define 1, € P(E) by n1{0} =1, n,{0} =1 — 1/n, and
un{n} =1/n. Let M denote the closed convex hull of (u,). Then M is convex and weakly
compact. Define a(n) =0 for u € M and a(p) = oo otherwise. Then « satisfies our stand-
ing assumptions, and p(f)=sup,cy ff du = sup, ff duy,. Finally, let ¢(x) =x for x € E.
Then p(Ayr) = A < oo because f Y duy, =1 for all n, and similarly p(AY 1{y>m)) = A because
f Y1y >m dity = lp>my. In particular, p(Ay) < oo for all A >0, but the strong Cramér
condition fails.

Finally, we remark that it is conceivable that a converse to Proposition 3.1 might hold, that
is, the strong Cramér condition (3.1) may be equivalent to the pre-compactness of the sub-level
sets of & in Py, (E). Indeed, the results of Schied [50, Theorem 2] and Owari [44, Theorem 3.8]
suggest that this may be the case. But this remains an open problem.

3.2. Implications of ¥ -weakly compact sub-level sets

This section contains two results to be used occasionally below. First is a useful lemma that
aids in the computation of p( f) for certain unbounded f in Section 4.

Lemma 3.2. If f: E — R is upper semicontinuous and bounded from above, then
p(f)= lim p(fV (=m))=inf p(fV (=m)).
m—00 m=>0
If f: E— R is measurable and bounded from below, then

p(f)= Lm p(f Am)=sup p(f Am).

m=>0

Lastly, let : E— Ry be continuous. If the sub-level sets of « are pre-compact subsets of
Py (E), and if f: E— R is measurable with f > —c(1 + vr) pointwise for some ¢ > 0, then

p(f)= lim o(f Am)=sup p(f Am).

m>0
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Proof. The second claim is a special case of the final claim with 1 = 0. To prove the final
claim, note first that p(f A m) is non-decreasing in m (see (R1) of Theorem 2.1). We find

p(f)= sup (/fdv—oz(v)):sup sup </f/\mdv—a(v))=supp(f/\m).
E E

vePy (E) m=0 vePy (E) m=>0

Indeed, for each v € Py, (E), the monotone convergence theorem applies because f A m for m >
0 are bounded from below by the v-integrable function —c(1 + ). To prove the first claim,
abbreviate f,, =f Vv (—m) for m > 0. Monotonicity of p implies inf,>o o(fin) > p(f), so we
need only prove the reverse inequality. Assume without loss of generality that inf,,,>o o(fin) >
—o0. For each n, we may find for each n some v, € Py (E) such that

~00 < inf p(f) < p(fo) < / Fodvn — (o) + 1/, (33)
m=> E

This implies sup,, «(v,) < oo, because f is bounded from above. Pre-compactness of the sub-
level sets of a allows us to extract a subsequence ny and vy, € P(E) such that v,, — v weakly.
By Skorokhod’s representation, we may construct random variables X; and X, with respec-
tive laws v,, and v such that Xy — X a.s. The upper semicontinuity assumption implies
lim sup,_, . fi, (Xx) < f(Xoo) almost surely. We then conclude from Fatou’s lemma that

lim sup f S Qv = lim sup E[ f, (Xi)] < E[ f(Xo0)] = / f dveo.
k—>oo JE k— 00 E
Since « is weakly lower semicontinuous, we conclude from (3.3) that

inf p(fm) < ffdvoo —a(Veo) = sup (/fdv - a(U)) =p(f). U
m=0 E veP(E) \JE

4. Non-exponential large deviations

The goal of this section is to prove Theorem 1.2 and its consequences detailed in Section 1.1,
but along the way we will explore a particularly interesting class of («, p) pairs.

4.1. Shortfall risk measures

Fix u € P(E) and a non-decreasing, non-constant, convex function £: R — R satisfying
£(x) < 1 for all x <0. Let £*(y) = sup,g (xy — £(x)) denote the convex conjugate, and define
a: P(E) — [0, co] by

1 of dv .
inf —( 14+ [ £ t— ) du ifv<u,
a(w)={r=0t E du 4.1)

00 otherwise.

Note that £*(x) > —£(0) > —1, by assumption and by continuity of ¢, so that « > 0. Define p
as usual by (1.1). It is known [28, Proposition 4.115] that, for f € B(E),

o(f) =inf {meR: / L(f(x) —m)u(dx) < 1}. 4.2)
E
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Refer to the book of Follmer and Schied [28, Section 4.9] for a thorough study of the properties
of p. Notably, they show that p satisfies all of properties (R1-R4) of Theorem 2.1, and that
both dual formulas hold:

p(f)=sup ( f fdv—a(u)), a(v)= sup ( / fdv—p(f)>.
veP(E) E feB(E) E

If £(x) =¢* we recover p(f)=Ilog fE ef du and a(v)=H® | p). If £(x)=[(1 +x)"14 for
some ¢ > 1, then

aw)=|ldv/dullppq —1 forvKpu, a(v) =00 otherwise, 4.3)

where p = g¢/(q — 1), and where of course

1/p
|If||m<m=< / T du> .

See [28, Example 4.118] or [39, Section 3.1] for this computation. The —1 is a convenient
normalization, ensuring that o(v) = 0 if and only if v = u.

In the rest of this subsection we work with & and p given as in (4.1) and (4.2). The following
result shows how the strong Cramér condition (3.1) simplifies in the present context. It is
essentially contained in [44, Proposition 7.3], but we include the short proof.

Proposition 4.1. Let v : E — R be measurable. Suppose

/ LAY (x)u(dx) < oo forall . > 0.

E

Then the strong Cramér condition holds,
Iim p(AY1{y >m})— 0 foreach ) > 0.
m— 00

In particular, the sub-level sets of o are compact subsets of Py (E).

Proof. The final claim is simply an application of Proposition 3.2. Fix € > 0 and A > 0.
Since ¢ is non-decreasing, the following two limits hold:

m LAY (x) — €)pu(dx) = 0.

Iim w(y <m)=1, li

Since £(—¢) < 1, it follows that, for sufficiently large m,

1= l(=e)u(y <m) + /{w : EAY (x) — €)pu(dx)

- /E 0P gy (@) — ().

Next, the second assertion of Lemma 3.2 implies p(AY 1y >m}) = sup,~o o(n A QY Ly >m}))-
For each n, we use the identity (4.2), which is valid for bounded f, to get, for sufficiently
large m,

PO Ly =my) = su}; p(m A Y Liy=m)))
n=

=supinf{ceR: /ﬁ(n/\()ﬂ//]{wzm})—c)dﬂf 1}
E

n>0
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Sinf{ceR: / LAY 1y >m —o)du < 1}
E
<e. O

Note that (4.2) is only valid, a priori, for bounded f, although the expression on the right-
hand side certainly makes sense for unbounded f. The next results provide some useful cases
for which the identity (4.2) carries over to unbounded functions, and these will be needed in
the proof of Corollary 1.2. In the following, define £( & 00) = limy— 400 £(x).

Proposition 4.2. Let Y : E — Ry be continuous, and suppose |, g L (x)u(dx) < oo for all
A > 0. Suppose f: E— R is continuous with | f| < c(1 + ) pointwise for some ¢ > 0. Then
the identity (4.2) holds.

Proof. Let H(f) denote the right-hand side of (4.2), well-defined for any measurable func-
tionf: E — R. We must show p(f) = H(f) for f as in the statement of the proposition. As was
mentioned above, it is known from [28, Proposition 4.115] that p(f) = H(f) for bounded f.

Step 1. Assume first that f is continuous and bounded from above, with |f| <c(1 4 ).
Let f, =f Vv (—n) for n > 0. Since f, is bounded for each n, we have p(f;) = H(f,). The first
assertion of Lemma 3.2 then implies po(f) =lim,— o p(f;) =lim,— o0 H(f,). It remains to
show H(f,) — H(f). Clearly H(f,) > H(fy+1) = H(f) for each n since f, > f,+1 pointwise
and ¢ is non-decreasing, so the sequence H(f;) has a limit. As £ is continuous and strictly
increasing in a neighborhood of the origin, note that H(f) is the unique solution ¢ € R of the
equation

éaﬂm—mmm=L 44)

Similarly, H(f,) uniquely solves

Aa&m—Hmmmm=L

Let ¢ =1im,,, o H(f;;), and note that the integrands £( f,,(x) — H(f;)) are uniformly bounded
and converge pointwise to £( f(x) — c). Passing to the limit using dominated convergence shows
that ¢ solves the equation (4.4), which implies ¢ = H(f).

Step 2. We now turn to general continuous f satisfying | f| <c(1 4+ ). Define f,, =f A n
for n>0, so that f; is bounded from above. By Step 2, p(f,)=H(f,) for each n. By
Proposition 4.1, the sub-level sets of o are i-weakly compact, and the third assertion of
Lemma 3.2 yields p(f,,) = p(f). It remains to show H(f,,) — H(f). To see this, note first that
H(fy) <H(fu+1) < H(f) for each n since f;, <f,+1 pointwise. Let € > 0 and ¢ = H(f) — €, and
note that the definition of H and monotonicity of ¢ imply f £ L(f(x) — c)u(dx) > 1. By mono-
tone convergence, there exists n such that f g L(fu(x) — c)u(dx) > 1. The definition of H now
implies H(f,) > ¢ = H(f) — €. As € > 0 was arbitrary, we conclude H( f;,) = H(f). O

We record here for later use a simple but useful lemma.

Lemma 4.1. Define o as in (4.3). Let v : E — R be continuous, and suppose fE Yv9du < oo.
Suppose A C Py (E) is closed (in the yr-weak topology), and . ¢ A. Then inf,cq o(v) > 0.

Proof. Recall that « as in (4.3) is the special case of (4.1) corresponding to £(x) = [(1 +
x)*14. Thus Proposition 4.1 and the assumption |, £ V7 dp < oo ensure that the sub-level sets
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of o are y-weakly compact. If inf,c4 @(v) =0, we may find v, € A such that «(v,) — 0. The
sequence (v,) admits a -weak limit point v*, which must of course belong to the 1-weakly
closed set A. Lower semicontinuity and non-negativity of « imply «(v*) =0. This implies
V¥ =, as t — P is strictly convex, and this contradicts the assumption that u ¢ A. O

4.2. Proofs of Theorem 1.2, Corollary 1.1, and Corollary 1.2
With these generalities in hand, we now turn toward the proof of Theorem 1.2. The idea is
to apply Theorem 2.3 with « defined as in (4.3). The following estimate is crucial.

Lemma 4.2. Let g € (1, oo], and let p = q/(q — 1) denote the conjugate exponent. Let o be as
in (4.3). Then, for each n>1 and v € P(E") with v < u",

an(v) <9 dv /A" | 1pen)- (4.5)

Proof. The case p =00 and g = 1 follows by sending p — oo in (4.5), so we prove only
the case p < o0o. As we will be working with conditional expectations, it is convenient to
work with a more probabilistic notation. Fix n, and endow Q = E" with its Borel o-field
as well as the probability P=pu". Let X;: E" — E denote the natural projections, and let
Fr=0(X1, ..., Xy) denote the natural filtration, for k=1, ..., n, with Fy:={d, Q}. For
veP(E") and k=1, ..., n,let vy denote a version of the regular conditional law of X} given
Fi—1 under v, or symbolically v := v(Xy € - | Fr—1). Let E” denote integration with respect to
v. Since P(Xy € - | Fx—1) = i a.s., if v < P then

dve EP[dv/dP | Fi] . M
du  EP[dv/dP| Fio1] M

M 14 1/p
o= 1]

Note that (My);_, is a non-negative martingale, with My = 1 and M,, = dv/dP. Then

op(v) =E Za(wa}

L k=1

g el 7))

r n
=E"| > @MY | Fi1]'P —Mk_l)}.
L k=1

0
a.s., where —:=0.
0

Therefore

Subadditivity of x — x!'/? implies
E"IM] | Fiet DVP < @P (M} — My | Fiea DVP + My,
where the right-hand side is well-defined because

EPIM} | Fio1] = EP[My | Fir P = M7,

https://doi.org/10.1017/apr.2019.52 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.52

86 D. LACKER

Concavity of x — x!/7 and Jensen’s inequality yield

an(v) < EP[ > EPIME - My | fk_n)‘/"}

k=1

n 1/p
<n!=lP (EP[ZEP[ML’ -M; |fk_1]D

k=1
=n"/IE" ML — MED'/P
<nVaEPIMPLP, g

Proof of Theorem 1.2. Again, let g € (1, 00) and p=¢q/(q — 1), and let @ be as in (4.3),
noting that it corresponds to (4.1) with £(x) =[(1 +x)*]¢. Then Proposition 4.1 and the
assumption that [ % du < oo imply that the sub-level sets of o are pre-compact subsets
of Py (E). Hence, Theorem 2.3 applies to the vr-weakly upper semicontinuous function
F: Py(E)— [ — 00, 0] defined by F(v) =0 if v € A and F(v) = —oo otherwise. This yields

1
lim sup —p,(nFolL,) < — in£ a(v). 4.6)
VE

n—oo N

Now use Lemma 4.2, noting that (1/n)n'/4 =n=1/7to get

1 1
—pp(nFolLy,)= sup </ FolL,dv— —ozn(v))
n UGP(E”) n n

= —inf { 1ozn(v): vePEY, v(l,€A)= l}
n

> —inf{n~P||dv/dp" | pgumy s v € PE"), v < ", v(Ly €A)=1}.
Set B, = {x € E": L,(x) € A}, and define v <« " by dv/du" = 1p, /" (B,). A quick computa-

tion yields
1dv/dp™ | pguny = " (B) PP = ™ (B,) =14
Thus |
= pu(nF o Ly) > —(n'/P " (B,) /)71
n
Combine this with (4.6) to get

lim sup —n"P ML, € AV < — in£ a(v).
Ve

n— o0

Recalling the definition of « from (4.3) and noting that g/p = g — 1, this inequality can be
rewritten as the desired result. ]

Proof of Corollary 1.1. Define a continuous function ¢ : E — R4 by ¥ (x) =d"(x, xp).
Note that WV, then metrizes Py (E) (see [52, Theorem 7.12]). Hence, the set

A={vePyE): Wr(v, n) = a}
is closed in Py (E). Because [ ¥4/ dp = [ d9(x, x) pu(dx) < 0o by assumption, we may apply
Theorem 1.2 with ¢/r in place of g to get

—q/r
lim sup n?/" ' "W (Ly, ) > a) < ( in£ oz(V)) ,
S

n—oQ
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where « is defined as in (4.3) with p = (¢/r)/(g/r — 1). It remains to show that inf,c4 o(v) > O.
But this follows from Lemma 4.1, since A is closed, u ¢ A, and [ v/ dp < oo. O

Proof of Corollary 1.2. Again, let o be as in (4.3), and note that it corresponds to the
shortfall risk measure (4.2) with £(x) =[(1 +x)T]9. Let ¥(x) = |lx||, and consider the Py (E)-
closed set

B= {uePME): /zu(dz)GA},
E

where the integral is defined in the Bochner sense. Proposition 4.1 and the assumption that
f Y4 dp =E[||X1]9] < oo imply that the sub-level sets of « are pre-compact subsets of Py, (E).
We may then apply Theorem 1.2 to get

1 n —q
li =Pl =3 " X;eA ) <|( inf
im sup n (”21: i € )_(5161301(1))) ,
1=

n— oo

where again « is as in (4.3). It remains to simplify the right-hand side. Proposition 2.1 yields

sup ({(x*, x) — p(x*)) = inf {a(u): v € Py(E), /zv(dz):x} forxeE.
E

X*eE*

Infimize over x € A on both sides to get

inf a(v) =inf sup ({(x*, x) — p(x*)). 4.7)

veB XEA yx

According to Proposition 4.2, for x* € E* we have
p(x*) =inf {m eR: / [(1 +x*(x) —m) T u(dx) < 1} = A(x"),
E

where the latter equality is simply the definition of A given in the statement of Corollary 1.2.
Hence, the identity (4.7) becomes inf),cp a(v) = infyeq A*(x), and the proof is complete. [

4.3. Stochastic optimization with heavy tails

This section elaborates on the application discussed in Section 1.1.3, concerning the con-
vergence of Monte Carlo estimates for stochastic optimization problems. We use the notation
of Section 1.1.3, and we begin with the proof of Theorem 1.3.

Proof of Theorem 1.3. Let A={v € Py (E): |[V(v) — V(u)| = €}. The map
X X Py(E) 3 (x,v) —~ / h(x, w)v(dx)
E

is jointly continuous. By Berge’s theorem [3, Theorem 17.31], V is continuous on Py (E), so
A is closed. Theorem 1.2 implies

—q
lim sup 9~ /"(IV(L,) — V()| > €) = lim sup I~ (L, € A) < < inf a(v)) .
n— 00 n—o00 VEA

Note that g/p = g — 1, and finally use Lemma 4.1 to conclude inf, c4 a(v) > 0. U
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Remark 4.1. The joint continuity and compactness assumptions in Theorem 1.3 could likely
be weakened, but we focus on the more novel integrability issues to ease the exposition.

Now we have shown that the optimal value itself converges, we turn to the convergence of
optimizers themselves.

Theorem 4.1. Grant the assumptions of Theorem 1.3. Let X: Py (E) — X be any measurable
function satisfying

x(v) € arg HélAI} [ h(x, wyv(dw) for each v.
x E

Suppose there exist a measurable function ¢: R — R and a compatible metric d on X such
that

Pd(x(p), x) < /E h(x, wyu(dw) — /E h(x (), wip(dw).
Then, for any € > 0,
lim sup n~" 1" (p(d(R(1), X(Ly)) = €) < 00

n—o0

In particular, if @ is strictly increasing with ¢(0) = 0, then for any € > 0,

lim sup n9~' 1" (dG (1), 3(Ly)) > €) < 0.

n—00
Such a function X exists because (x, v) — f £ 1(x, w)v(dw) is measurable in v and continuous
in x; see e.g. [3, Theorem 18.19].
Proof. Note that for € > 0, on the event {p(d(Xx(w), X(L,))) > €} we have
€ < p(d(xX(p), X(Ln)))

< fE hG(Ly), w(dw) — fE hG(), wi(dw)

= V(Ln) = V(W) + su/g /E h(x, w)[ — Ly ](dw).

The first term converges at the right rate, thanks to Theorem 1.3, and it remains to check that

lim sup nq_lu"< sup / h(x, w)[w — L,](dw) > e) < 00.
E

n—o00 xeX
The map (x, v) — f £ h(x, w)v(dw) is continuous on X' x Py (E), so the map

Py (E)> v > sup / h(x, w)[t — v](dw)
xeX VE

is continuous by Berge’s theorem [3, Theorem 17.31]. Hence, the set

B .= {v € Py (E): sup / h(x, w)[u — v](dw) > e}
xeX JE

is closed in Py (E). Theorem 1.2 then implies

—-q
lim sup nql,u"( sup f h(x, w)[e — L, 1(dw) > e) < ( in£a(v)> ,
E ve

n—oo xeX

where « is defined as in (4.3). Finally, Lemma 4.1 implies that inf},cp a(v) > 0. O
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Under the assumption f p¥?du < oo, we see that the value V(L,) always converges to
V(w) with the polynomial rate n'~9. To see when Theorem 4.1 applies, notice that in many
situations, X is a convex subset of a normed vector space, and we have uniform convexity in
the following form. There exists a strictly increasing function ¢ such that ¢(0) = 0 and, for all
te(0, Handx,ye X,

/ hox + (1 — 1)y, wyp(dw)
E
<t /E hr, wi(dw) + (1 — 1) fE (v, wi(dw) — (1 — Dl — y1).

See [37, pages 202—203] for more on this.

5. Uniform large deviations and martingales

This section returns to the example of Section 1.2. We first record a useful abstract theorem
of Follmer and Schied [28], which will allow us to verify tightness of the sub-level sets of «
before knowing it is convex by checking a property of p.

Proposition 5.1. (Proposition 4.30 of [28].) Suppose a functional p: B(E) — R admits the
representation

p(f)= sup (/Efdv —Ol(V)> Jor f € Cy(E),

veP(E)

for some functional «: P(E) — (—00, 00]. Suppose also that there is a sequence (Ky) of
compact subsets of E such that

lim p(Alg,)=pR) forallx>1.
n— oo
Then « has tight sub-level sets.
Fix a convex weakly compact family of probability measures M C P(E). Define
a(v)=inf H(v | ), 5.1)
neM
where the relative entropy was defined in (1.2). In light of the classical formula [22, Proposition

1.4.2]
sup </fdv—H(v|u)>=log/efdu,
veB(E) \ JE E

the p corresponding to the functional o given by (5.1) is then

p(f):=sup ( / fdv—a(v))
veB(E) \ JE

= sup sup (/fdv—H(v|,u)>
VEB(E) neM E

= sup log/ e/ du. (5.2)
HeM E
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Let us also take note of the famous Donsker—Varadhan formula [22, Lemma 1.4.3]

H(v|pw) = sup (/fdv—log/ef d/L). (5.3)
feCy(E) \ JE E

Lemma 5.1. The functional o defined in (5.1) satisfies the standing assumptions. That is, it is
convex and bounded from below, and its sub-level sets are weakly compact.

Proof. Note first that — log |, B e/ du is convex and weakly continuous in s as well as
concave and sup-norm continuous in f. Thus, using (5.3) and Sion’s minimax theorem [51],
we find

a(v) = inf sup </fdv—logf ef d,u)
WeM recy(Ey \ JE E

= sup inf <ffdv—log/efdu)
feCy(E) LM \ JE E

= sup (/fdv—pm).
feCy(E) E

This shows that « is convex and lower semicontinuous. It remains to prove that o has tight
sub-level sets, which will follow from Proposition 5.1 once we check the second assump-
tion therein. By Prokhorov’s theorem, there exist compact sets K| C K> C--- such that
sup,, ey #(K};) < 1/n. Then, for A > 0, using the formula for p of (5.2),

A= p(Alg,) = sup IOg/ exp (Alg,)du
neM E

= sup log [(e" — Du(Ky) + 1]
neM

>log[(e* — (1 — 1/n) +1].
As n — oo, the right-hand side converges to A, which shows p(A1g,) = A = p(}). O

To compute p,, recall that for M C P(E) we define M,, as the set of u € P(E") satisfying
no,1 €M and pg—y k(xy, ..., xk—1) €M forallk=2, ..., nandxy, ..., x,—1 € E. (Recall that
the conditional measures (x—1 x were defined in the Introduction.) Notice that M1 = M.

Proposition 5.2. For each n>1, a,(v) =inf ey, H(v | ). Moreover, for each measurable
f: E" — RU {—o00} satisfying fEn el du < oo for every e My,

pa(f) = sup log / e/ dp.
;,LEM,, n

Proof. Given the first claim, the second follows from the well-known duality

sup ( fdv—H(| u)) = log/ e/ du,
veP(E") \ JE En
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which holds for i € P(E™) as long as e/ is p-integrable (see e.g. the proof of [22, 1.4.2]).
Indeed, this implies

pu(f)=sup (/ de—Oln(l)))
vepEn \ JEn

= sup sup < Efdv—H(u|u))

neM, UEP(E")

= sup log/ e/ du.
WEM, n

To prove the first claim, note that by definition
n
=3 [ it s v,

For k=2, ..., n, let Yk denote the set of measurable maps from E1 to M, and let V=M.
Then the usual measurable selection argument [9, Proposition 7.50] yields

n

ay(V)=" inf | Hue @ o) [ e D)), dxg).
=1 €Yk JEn

Now, if (91, ...,1n,) € HZ:I Yk, then the measure

pidxr, .., ) =ni(de) [ [ e, . e 1)(d)
k=2

isin M, and px—1.x = nk is a version of the conditional law. Thus
n
ap(v) = inf Z/ He—1.k(x1, oo =1 [ =1,k (61, - oy X—1)v(dix, -, di).
neM P En

On the other hand, for every u € M,, the vector (1o.1, 112, - - - » 4n—1.n) belongs to ]_[’,Z:l Vi,
and we deduce the opposite inequality. Hence

n
an(‘}) Z lnf Z/ H(vk—l,k(xls ] -xk—l) | Mk—l,k(-xlv LA xk—l))v(dxls L] dxn)
neM = En
= inf H
nf (CARTOR

where the last equality follows from the chain rule for relative entropy [22, Theorem
B.2.1]. O
Theorem 2.3 now leads to the following uniform large deviation bound.
Corollary 5.1. For F € C,(P(E)), we have
1

lim sup — log/ eoln dp = sup (F(v) — H( | w)).
=00 em, N En veP(E), neM

https://doi.org/10.1017/apr.2019.52 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2019.52

92 D. LACKER

For closed sets A C P(E), we have

1
lim sup —logu(L,€A)<—inf{H(v|n): veA, ueM}.
n—00 ey, N

Proof.  The first claim is an immediate consequence of Theorem 2.3 and the calculation of
pn in Proposition 5.2. To prove the second claim, define ' on P(E) by

0 ifveA
F(v):i ifve .
—o0  otherwise.

Then F is upper semicontinuous and bounded from above. Use Proposition 5.2 to compute

pn(nF o L,)= sup log/ exp (nF o L,)du = sup log u(L, € A).
WEM, E" HEM,

The proof is completed by applying Theorem 2.3 with this function F. U

The following proposition simplifies the strong Cramér condition (3.1) in the present
context.

Proposition 5.3. Let . E — R be measurable. Suppose that for every A > 0 we have

sup / S du < oo. 5.4
neM JE

Then the strong Cramér condition holds, i.e. limy,_ oo p(AY 1y >my) — 0 for all 1> 0. In
particular, the sub-level sets of a are pre-compact subsets of Py (E).

Proof. Because eV is p-integrable for each 1 € M and A > 0, Proposition 5.2 implies

PV 1y >m) = sup log/ exp (AY Ly =m) du
neM E

< sup log (1 +/ S du).
weM {Yr=m}

1
Lyom < — < —e”

Now note that

<

3
3

pointwise, and thus the assumption (5.4) yields

1
lim supf e du < lim sup —/e““)v’ du=0. O
{r=m} E

m—>00 e\ m—>00 e\ M

We are finally ready to specialize Corollary 5.1 to prove Theorem 1.4, similarly to how we
specialized Theorem 1.2 to prove Corollary 1.2 in Section 4.

Proof of Theorem 1.4. Define

M= {/L e P(RY): log/ eV u(dx) < p(y) forallye ]Rd}.
R4
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We claim that M is weakly compact. Indeed, it is clearly convex, and closedness follows from

Fatou’s lemma (cf. [22, Theorem A.3.12]). To prove tightness, let eq, . . ., 4 denote the stan-
dard basis vectors in R?. Write x = (x1, . .., x4) for a generic element of R?. For each € M
and 7 > 0, Markov’s inequality yields
d
plxeRe: max Ixi| > 1} < Z (ufxeRy: xi>1/2) + p{xeRY: —xi>1/2})
=1,..., k:l
d
=2 f (e +e™) ()
k=1 R4
d
< e~ 1/2 Z ew(&')ﬂﬂ(*ei)’
k=1

and we deduce that M is tight. Now define ¢ (x) = Z;j: 1 |xi| and note that

sup / exp (M) du <oo  forall A > 0.
ueM JRA

Proposition 5.3 then shows that the strong Cramér condition holds. Define a closed set B C
Py (RY) by

B= {vem(Rd): / zv(dz)eA},
R4

where A was the given closed subset of R?. Corollary 5.1 yields

1
limsup sup —log u(L, € B) < —inf {a(v): Ve Pw(Rd), /x v(dx) GA},

n—>oo pueM,

Now let (So, ..., Sp) € Sy,p. The law of S| belongs to M, and the conditional law of Sy —
Sk—1 given Sy, ..., Sx—1 belongs almost surely to M, for each k, and so the law of (51, S» —
Sty ..., Sy —Sy—1) belongs to M,,. Thus

P(Sy/ne€A) < sup u(Ly, € B),
HEM,

and all that remains is to prove that
inf {a(v): Ve Pw(Rd), / zv(dz) GA} > ;Ielf« ©*(x).
To prove this, it suffices to show W(x) > ¢*(x) for every x € R4, where
Y(x) :=inf {a(u): Ve P,/,(Rd), / zv(dz) =x}.
To this end, note that for all y € R?

p({-, y)) = sup log / e 1u(dz) < (y),
neMm E

and then use the representation of 2.1 to get

W(x) = sup ({x,y) = p({-, ) = sup ({x,y) — () = ™ (x). U
yeRd yeRd
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6. Optimal transport and control

This section discusses the example of Section 1.4 in more detail. Again let £ be a Polish
space, and fix a lower semicontinuous function ¢: E> — [0, oo] which is not identically equal
to 0o. Fix u € P(E), and define

a(v)= inf /cdn,

well(p,v)

where T1(u, v) is the set of probability measures on E x E with first marginal x and second
marginal v. Assume that f g ¢(x, x)u(dx) < oo; in many practical cases, c(x, x) =0 for all x,
so this is not a restrictive assumption and merely ensures that o(u) < co. Kantorovich duality
[52, Theorem 1.3] shows that

a(v) = sup (/Efdv—/Eng:f,ger(E), S —gx) < c(x,y) forallx, y)-

This immediately shows that « is convex and weakly lower semicontinuous. The next two
lemmas identify, respectively, the dual p and the modest conditions that ensure that o has
compact sub-level sets.

Lemma 6.1. Given o as above, and defining p as usual by (1.1), we have

o= [ R du forails e BE) 6.1
E
where R.f : E — R is defined by

Rf(x) = sup (f(y) — c(x, y)).

yekE

Proof. Note that R.f is universally measurable (e.g. by [9, Proposition 7.50]), so the
integral in (6.1) makes sense. Now compute

p(f)= sup <ffdv —a(V)>
veP(E) \JE

= sup sup </fdv—/ cdn)
veP(E) mell(u,v) E E2

= Sup (f(y) - C(X, )’))ﬂ(dxs dy),
well(n) JE2

where IT(w) is the set of m € P(E x E) with first marginal . Use the standard measurable
selection theorem [9, Proposition 7.50] to find a measurable map Y: E — E such that R.f(x) =
fY(x)) — c(x, Y(x)) for p-a.e. x. Then, choosing 7 (dx, dy) = p(dx)dy(r)(dy) shows

P(f)z/E(f(Y(X))—C(x, Y(X)))M(dX)Z/ERcfdM-

On the other hand, it is clear that for every w € I1(u) we have

[, = cteprnan < [ spo) - ymndo= [ Rpdn O

yeE
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Lemma 6.2. Suppose that for each compact set K C E, the function hg(y) := infyeg c(x, y) has
pre-compact sub-level sets. Then a has compact sub-level sets. In fact, since c is lower semi-
continuous, so is hi (see [3, Lemma 17.30]). Thus, our assumption is equivalent to requiring
{y € E: hx(y) <m} to be compact for each m > 0.

Proof. We already know that « has closed sub-level sets, so we must show only that they
are tight. Fix v € P(E) such that o(v) < oo (noting that such v certainly exist, as u is one
example). Fix € > 0, and find 7 € I1(u, v) such that

/cdn <a(v)+e€ < o0. (6.2)

As finite measures on Polish spaces are tight, we may find a compact set K C E such that
WK <e. Set K,:={yeE: hg(y) <n} for each n, and note that this set is pre-compact
by assumption. Disintegrate 7w by finding a measurable map E > x> m, € P(E) such that
7 (dx, dy) = u(dx)m,(dy). By Markov’s inequality, for each n > 0 and each x € K we have

T < Ty € B ) 2] < /E . y)(dy)
Using this and inequality (6.2) along with the assumption that c is non-negative,
k) = [ o &
< w(K) + /1; w(d)my(K;,)

1
<e+ - / u(dx) / me(dy)e(x, y)
nJk E

1
§6+—/ cdm
n JExE

1 1
< (1 + —)e + —a(v).
n n

As € was arbitrary, we have v(K) < a(v)/n. Thus, for each m > 0, the sub-level set {v €
P(E): a(v) < mj} is contained in the tight set

ﬂ{v € P(E): v(KS) <m/n}. O

n=1

Let us now compute p,. It is convenient to work with more probabilistic notation, so let us
suppose (X;)7°, is a sequence of i.i.d. E-valued random variables with common law p, defined
on some fixed probability space. For each n, let ), denote the set of equivalence classes of a.s.
equal E"-valued random variables (Y1, ..., Y,) where Y} is (X1, . . . , Xg)-measurable for each

k=1,...,n
Proposition 6.1. For each n > 1 and each f € B(E),

pn(f)= sup E[fm, S A DI Y»].

i=1
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Proof. The proof is by induction. Let us first rewrite p in our probabilistic notation:

o(f) = E[ sup [f(y) — e(X1, y)]}-

yeE

Using a standard measurable selection argument [9, Proposition 7.50], we deduce that

p(f)= sup E[f(Y1)—c(X1, Y1)].
Yie)

The inductive step proceeds as follows. Suppose we have proved the claim for a given n. Fix
f € B(E"t1) and define g € B(E") by

g(-x17 e vxl’l):zp(f(xlv cees Xy ))1

so that by Proposition A.1 we have p,4+1(f)= pn(g). Since X; and X,;; have the same
distribution, we may relabel to find

g(xlv s 7xn): sup E[f(xlv <oy Xny Yl)_C(le Yl)]
Yie)

= Sup E[f(x17 "'7x)’l’ Yn+1)_C(XYl+15 Yn+1)],
Yn+1€yzi+1

where we define y,‘l 4 to be the set of X,,-measurable E-valued random variables. Now note

that any (Yq, ..., Y,) in Y, is (X1, ..., X;)-measurable, and independence of (X,-);’il implies
g(Yla"'aYn)z Sup E[f(Yl,-‘-,Yn,Yn+1)_C(Xn+]’Yn+l)|Y1"-an]-
Yn+1€y,1+l

We claim that

E[g(Y1, LR ] Yn)] = Sup ]E[f(Yl’ LR Yﬂ’ Yl'l+1) - C(Xl’l+11 Y71+1)]’ (63)

Yn+|

where the supremum is over (X1, ..., X,+1)-measurable E-valued random variables Y;1.
Indeed, once this is established, we conclude as desired (using Proposition A.1) that

Pn+1(f) = pn(g)
= sup IE|:g(Y1,...,Y,,)—ZCXi, Yi)i|

i=1

Yiseens Yn)eyn Y)H»l

n+1
= sup  sup E|:f(Y1, YY) = ) elXi, Y,')i|.

i=1

Hence, the rest of the proof is devoted to justifying (6.3), which is really an interchange of
supremum and expectation.
Note that y; 41 is a Polish space when topologized by convergence in measure. The function

h: E" x V!, | — R given by

h(xr, oo, Xy Y1) = ELfOCer, oo X, Yag1) — X1, Yag1)]
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is jointly measurable. Note as before that independence implies that for every (Y1, ..., Y,) €
Yyand Y,y € y,iﬂ we have, for a.e. w,

h(Yi(), ..., Yn(@); Yoy ) =E[f (Y1, ..., Yo, Yor1) — cXpng1, Yor ) | Y1, .o Yyl(o).

(6.4)
Using the usual measurable selection theorem [9, Proposition 7.50] we get
ElgYy, ..., Yo)l= E[ sup  A(Y1(), ..., Ya(o); Yn+1):|
Yn+]€y,}+|
= sup E[1(), ..., () HYy, ..o, Vo),
Hey)b»l

where 37,{ 41 denotes the set of measurable maps H: E" — y,{ 41- But a measurable map

H: E"— y; 41 can be identified almost everywhere with an (X1, ..., X;+1)-measurable ran-
dom variable Y+ 1. Precisely, by Lemma B.1 (in the appendix) there exists a jointly measurable
map ¢: E"t! 5 F such that, for u-ae. (x1,...,x,) €E", we have

©x1, - X)) =H(xq, oo, x)(X+1)  for p-ae. x4 €E.
Define Y,,+1 = ¢(X1, ..., X,+1), and note that (6.4) implies, for a.e. w,
h(Yl(a))ﬂ sty Yﬂ(w)a H(Yla sty Yn))
=E[f(Y1, ..., Y0 Yoq1) = cXpg1, Yugr ) 1 Y1, 0L Yl(0).

This identification of )7,} 41 and the tower property of conditional expectations leads
to (6.3). ]

Appendix A. A recursive formula for p,

In this brief section we make rigorous the claim in (1.4). To do so requires a brief review
of analytic sets, needed only for this section. A subset of a Polish space is analytic if it is the
image of a Borel subset of another Polish space through a Borel-measurable function. A real-
valued function f on a Polish space is upper semianalytic if { f > c} is an analytic set for each
c € R. It is well known that every analytic set is universally measurable [9, Corollary 7.42.1],
and thus every upper semianalytic function is universally measurable. The defining formula for
pn given in (1.1) makes sense even when f: E" — R is bounded and universally measurable,
or in particular when f is upper semianalytic.

Proposition A.1 Let n> 1. Suppose f: E" — R is upper semianalytic. Define g: E"~' — R
by
g(xlv ey -xnfl):p(f(xlv ey Xp—1, ))

Then g is upper semianalytic, and p,(f) = pn—1(g).
Proof. To show that g is upper semianalytic, note that

g(-xla ~-~’xn—1)=p(f(xla ey Xn—1, ))

= sup </f(x1, ey Xp—1, ) dv —a(v)).
veP(E) E
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Clearly « is Borel-measurable, as its sub-level sets are compact. It follows from [9, Proposition
7.48] that the term in parentheses is upper semianalytic as a function of (xi, ..., x,—1, V).
Hence, g is itself upper semianalytic, by [9, Proposition 7.47].

We now turn toward the proof of the recursive formula for p,. Note first that the definition
of «, can be written recursively by setting &y = « and, for v € P(E") and a kernel K from E”"
to E (i.e. a Borel-measurable map x — K, from E" to P(E)), setting

41 (V(A0)K(dxn 1)) = /E a(Kov(dx) + o (v). (A1)

Fix f € B(E"t!), and note that g(x1, ..., x,):= p(f(x1, ..., Xy, ) is upper semianalytic by
the above argument. By definition,

on(g) = sup { / gdv — a,,(v)}. (A.2)
vePE U JEn

By a well-known measurable selection argument [9, Proposition 7.50], for each v € P(E") it

holds that

/ gdv:/ sup </f(x1,-.-,xn,xn+1)7’l(dxn+1)—06(7’/))v(dx)
n E" neP(E) \JE
=sup (/ /f(xls'-"xn—&-l)Kx(d-xn—H)v(d-x)_/ Ol(Kx)v(dx)>,
K e JE En

where we have abbreviated x = (x1, . . ., x,), and where the supremum is over all kernels from
E" to E, i.e. all Borel-measurable maps from E" to P(E). A priori, the supremum should be
taken over maps K from E" to P(E) which are measurable with respect to the smallest o-
field containing the analytic sets. But any such map is universally measurable and thus agrees
y-a.e. with a Borel-measurable map. Every probability measure on E"*! can be written as
V(dx)K,(dx,+1) for some v € P(E") and some kernel K from E” to E. Thus, in light of (A.1)

and (A.2),
pn(8) = sup sup [/ /f(xl,---vxn+1)Kx(dxn+l)V(dx)_/ a(Kx)V(dx)_an(V):|
veP(E") K nJE E"
= sup ( fdv —anﬂ(v))
veP(Em+y \JE"
=,0n(f). O

In general, the function g in Proposition A.1 can fail to be Borel-measurable. For instance,
if E is compact and « = 0, then our standing assumptions hold. In this case p(f) = sup, g f(x)
for f € B(E). For f € B(E?) we have p(f(x, -)) = supyer f(x, y). If f(x, y) = 14(x, y) for a Borel
set A C E% whose projections are not Borel, then p( f(x, -)) is not Borel. Credit is due to Daniel
Bartl for pointing out this simple counterexample to an inaccurate claim in an earlier version
of the paper; his paper [6] shows why semianalytic functions are essential in this context.

Appendix B. Two technical lemmas

Here we state and prove a technical lemma that was used in the proof of Proposition 6.1
as well as a simple extension of Jensen’s inequality to convex functions of random measures.
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The first lemma essentially says that if f = f(x, y) is a function of two variables such that the
map x — f(x, -) is measurable, from E into an appropriate function space, then f is essentially
jointly measurable.

Lemma B.1. Let (2, F, P) be a standard Borel probability space, let E be a Polish space, and
let ;€ P(E). Let L° denote the set of equivalence classes of -a.e. equal measurable functions
from E to E, and endow L° with the topology of convergence in measure. If H: Q — L° is
measurable, then there exists a jointly measurable function h: Q2 x E — E such that, for P-a.e.
w, we have H(w)(x) = h(w, x) for n-a.e. x € E.

Proof. By Borel isomorphism, we may assume without loss of generality that Q = F =
[0, 1]. In particular, H(w)(x) € [0, 1] for all w, x [0, 1]. Let L' denote the set of P x -

integrable (equivalence classes of a.s. equal) measurable functions from [0, 1] to R. Define a
linear functional 7: L' — R by

T(p)= / P(dw) / pu(d0)H(w)(x)e(w, x).
This is well-defined because the function
> / () H(@)(x)p(w, x)
is measurable; indeed, this is easily checked for ¢ of the form ¢(w, x) = f(w)g(x), for f and
g bounded and measurable, and the general case follows from a monotone class argument.

Because |H(w)(x)| < 1, it is readily checked that T is continuous. Thus 7 belongs to the con-
tinuous dual of L!, and there exists a bounded measurable function %: [0, 11> — R such that

T(p)= / P(dw) / u(dh(w, x)¢(w, x),
for all ¢ € L'. Tt is straightforward to check that this / has the desired property. (]

Our final lemma, an infinite-dimensional form of Jensen’s inequality, is surely known, but
we were unable to locate a precise reference, and the proof is quite short.

Lemma B.2. Fix P € P(P(E)), and define the mean measure P € P(E) by
P(A) = / m(A) P(dm).
P(E)

Then, for any function G: P(E) — (—o00o, oo] which is convex, bounded from below, and
weakly lower semicontinuous, we have

GP) < / GdP.
P(E)

Proof. Define (on some probability space) i.i.d. P(E)-valued random variables (1;):°,
with common law P. Define the partial averages

1
=
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For any f € Cy(E), the law of large numbers implies

| — _
lim | fdS,= lim —Z/fduizE/fdulszdP as.

This easily shows that S,, — P weakly a.s. Use Fatou’s lemma and the assumptions on G to get

_ 1 <&
G(P) <liminf E[G(S,)] < liminf E -ZG(M) =E[G(u))] = / GdP. O
n—o00 n— 00 n = P(E)
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