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Large deviations for configurations generated by
Gibbs distributions with energy functionals consisting
of singular interaction and weakly confining potentials
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Abstract

We establish large deviation principles (LDPs) for empirical measures associated
with a sequence of Gibbs distributions on n-particle configurations, each of which is
defined in terms of an inverse temperature 3, and an energy functional consisting of
a (possibly singular) interaction potential and a (possibly weakly) confining potential.
Under fairly general assumptions on the potentials, we use a common framework
to establish LDPs both with speeds ,/n — oo, in which case the rate function is
expressed in terms of a functional involving the potentials, and with speed 3, = n,
when the rate function contains an additional entropic term. Such LDPs are motivated
by questions arising in random matrix theory, sampling, simulated annealing and
asymptotic convex geometry. Our approach, which uses the weak convergence method
developed by Dupuis and Ellis, establishes LDPs with respect to stronger Wasserstein-
type topologies. Our results address several interesting examples not covered by
previous works, including the case of a weakly confining potential, which allows for
rate functions with minimizers that do not have compact support, thus resolving
several open questions raised in a work of Chafai et al.
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We consider configurations of a finite number of R?valued particles that are subject
to an external force consisting of a confining potential V : R¢ — (—oo, +0c0c] that acts on
each particle and a pairwise interaction potential W : R¢ x R¢ — (=00, +00]. For every
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n € IN, we define a Hamiltonian or energy functional H,, : R — (—oo, +-oc] that assigns

to every R%"-valued configuration x” = (xi, Xs, ..., X,) of n particles, the energy
H, (") = H, ( = IS el Y Wex).
X = X1,y X = - X —— Xy X)) . .
n n 1y-9&n n 4 % 2’[’L2__ » 19 g
i=1 i,j=1,i#j
Also, for any n-particle configuration x™ = (x1, X2, ...,X,), let L, (x", ) be the associated

empirical measure:

1 n
Ly (x";-) := EZ&,Q(-), (1.2)
=1

where J, represents the Dirac delta mass aty € R?. Given a separable metric space
S, let B(S) denote the collection of Borel subsets of S, and let P(S) denote the space
of probability measures on (S, B(5)). Note that for every x* € R?, L,(x";-) lies in
P(R4), where R¢ is equipped with the usual Euclidean metric. If x" is random and each
component of x” has a density that is absolutely continuous with respect to a measure
with no atoms (which will be true in this article), H,, can be rewritten in terms of L,, as
follows:

H,(x™)

1
V(%) Ly (x";dx) + - W (x,y) Ly, (x";dx) L, (x"; dy)

R4 (REXRA)

1

= [ V(%)L (x";dx) (1.3)

n R4

by [ OV o)+ V) + V)L (6755 L (75 dy).
(REXRE)

where for k € N and a set A C R*?, the symbol A denotes the set of points in A whose
d-dimensional components are all distinct:

Ay = A\{(x1,...,x;) € R* :x; = x; for some 1 <i < j < k}. (1.4)

Let {3,} be a sequence of positive numbers diverging to infinity, which can be
interpreted as a sequence of inverse temperatures, and for each n € IN, let P, € P(R™)
be the probability measure given by

eXp(_”B"H;(xl’""X”))e(dxl)...g(dxn), (1.5)

P, (dx1,...,dx,) =

where / is a o-finite measure on R¢ that has no atoms and acts as a reference measure,
and 7, is the normalization constant (which is also referred to as the partition function)
given by

T = / / exp (B (X1, o X)) £(dx1) - - £(dx,). (1.6)
R4 R4

Measures of the form (1.5) arise in a variety of contexts. For the case when / is Lebesgue
measure on RY, it is well known that if W and V are sufficiently smooth, then P, is the
invariant distribution of a reversible Markov diffusion on R%" (with identity diffusion
matrix and drift proportional to VH,,), which can be viewed as describing the dynamics
of n interacting Brownian particles in R? [17, Chapter 5]. On the other hand, for
particular choices of d, V and W, P, arises as the law of the spectrum of various random
matrix ensembles, including the so-called 5-ensemble as well as certain random normal
matrices (see Section 1.5.7 of [9] for details).

Given P, € P(R?) as in (1.5), let Q,, = (Ly)P, be the measure induced on P (R?)
by pushing P, forward under the mapping L, : R — P(Rd) defined in (1.2) (see
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Definition 2.3 for the definition of (L, )). The aim of this paper is to establish large
deviation principles (LDPs) for sequences {Q,} under general conditions on V and W
that allow V' and W to be not only unbounded, but also highly irregular. We apply the
weak convergence methods developed in [13] to provide results for both cases where
Brn = n (see Theorem 2.9), and lim,,_,», 8,/n = oo (see Theorem 2.13). For the reader
unfamiliar with the weak convergence approach to large deviations, we provide a brief
outline in Appendix A.

To the best of our knowledge, the most general result in the direction of Theorem 2.13
is [9, Theorem 1.1]. The latter seems to be the first paper to present a general approach
to proving LDPs for empirical measures generated by Gibbs distributions, when the
inverse temperatures 3, diverge faster than n, the number of particles (the particular
case of 3, = n? was considered earlier in [4]). Our theorems recover existing results
(see Example 2.15) and also extend prior results in the following multiple directions, in
particular resolving several open questions raised in [9]:

1. First, whereas the result in [9, Theorem 1.1] considers only speeds {£,,} that satisfy
lim,, 00 Bn/nlogn = oo, we allow for any speed diverging faster than n, including
the speed n? considered in [4], thus showing that the growth rate condition of [9]
is a technical one related to the combinatorial approach used in the proofs therein.

2. Second, we consider more general confining potentials V. In particular, the
assumptions imposed in [9] only allow for large deviation rate functions whose
minimizers have compact support. The minimizer of the rate function in the LDP
(when unique) identifies the limiting equilibrium measure of the particles. On the
other hand, LDPs with rate functions that have minimizers that are not compactly
supported arise in the context of simulated annealing algorithms that are designed
to sample from the minimizer of the rate function (in which case the sequence {3, }
is referred to as a cooling schedule); see, e.g., [9, Section 1.5.8]. In this article,
we impose weaker assumptions that, unlike in [9], allow for confining potentials
V that can be weak (that is, with the limit of the corresponding sequence of
empirical measures being non-compactly supported), discontinuous (see Examples
2.16 and 2.21), unbounded, and possibly not even locally integrable. In particular,
the potential V' is allowed to even be zero in a non-trivial unbounded domain,
provided that the volume of the domain outside a ball of radius R around the origin
decreases “sufficiently fast” as R goes to infinity. This allows us to consider cases
where the particles are not confined in a bounded set, and in particular leads to
examples with minimizers that do not have compact support (see Example 2.16),
thus addressing the open question raised in [9, Section 1.5.1]. It appears that this
has only been previously studied in the case of R? with the logarithmic Coulomb
interaction potential (see Remark 2.20).

3. Third, the freedom of choice for the reference measure ¢ allows the study of Gibbs
distributions defined on sets that have zero d-dimensional Lebesgue measure such
as, for example, a non-smooth surface on R? or a fractal set like the Cantor dust
in R2. A more specific example that often appears in complex potential theory is
the case where W is the Coulomb potential, and ¢ is Lebesgue measure on some
1-dimensional subset of the complex plane C such as the unit circle.

4. Furthermore, we establish these LDPs not only with respect to the weak topol-
ogy, but also with respect to a family of stronger topologies that include the
p-Wasserstein topologies for p > 1, thus resolving another open question raised
in [9, Section 1.5.6]. The LDPs with respect to stronger topologies are used in
Lemma 3.4 of [22] (see also [21]) to show that, for a large class of Hamiltonians,
the sequence {x"},cn of Gibbs configurations satisfies the so-called “asymptotic
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thin-shell condition”, which is of relevance in asymptotic geometric analysis and
high-dimensional probability. Specifically, this condition stipulates that the se-
quence of scaled Euclidean norms of the random vectors satisfies an LDP, and was
shown in [22] (see Theorems 2.4, 2.6 and 2.8 therein) to imply that then the corre-
sponding sequences of multi-dimensional random projections of the random vectors
also satisfy an LDP. This can be viewed as a non-universal large deviation counter-
part of the universality result of [2] that random projections of a high-dimensional
measure whose Euclidean norms satisfy a certain concentration property called the
“thin shell condition” have Gaussian fluctuations. As first observed in [16, 15], LDPs
are useful for describing non-universal features lower-dimensional projections that
encode information about the original high-dimensional measures, which is of
relevance in numerous applications. Since the mapping that takes a vector to its
Euclidean norm is continuous in the Wasserstein-2 topology, the fact that {x"},,c
satisfies the asymptotic thin shell condition can be deduced from the contraction
principle and the LDPs (with respect to the 2-Wasserstein topology) for {x"},en
established in this article.

It is also worthwhile to mention that, in contrast to prior works, in this work the LDPs
for all speeds and topologies are established using a common methodology.

1.2 Discussion of related recent results

This article is a substantial generalization of the first version of this article [14]
and also resolves a minor technical issue therein. It contains significant extensions,
the most important of which is to allow weakly confining potentials V. In the case
lim,,_, o, Bn/n = oo we show that although the entropic term disappears in the limit, its
appearance in the pre-limit can guarantee the validity of the LDP in some cases when
V does not satisfy lim|;_,o V(z) = oo (see Section 5.4). This result also highlights
the intuitive nature of weak convergence methods, and more specifically the use of
representations that are connected to the method, like the one in (5.4). In addition,
compared to the original version [14], in the present article the illustrative examples
have been significantly extended (see Section 2.4), to include cases where V and W
are not continuous, and heuristic arguments in [14] related to the examples have been
replaced here with rigorous proofs. Finally, some open problems have also been added,
which can generate new directions for research.

Since the first version [14] appeared, several authors have extended our work or
used some of the arguments. In [18] an LDP for a sequence of point processes defined
by Gibbs measures on a compact orientable two-dimensional Riemannian manifold is
studied. In [5, 19], the connection between LDPs and I'-convergence that was first
highlighted in [23] and subsequently implicitly exploited in our work, was furthered
explored. We believe that this is a very natural connection and hypothesize that it can
also lead to some new insights in the case where Assumption 2.102 is not satisfied. More
recent work that appeared after the present version of this article was posted includes
[10], where the particular case of the Coulomb potential in dimension d = 2 is studied.

2 Assumptions and main results

This section is devoted to stating and discussion our main assumptions and results.
Section 2.1 introduced basic definitions and notation used throughout the article, and
Sections 2.2 and 2.3, present the main results for the case 3, = n and 3, — oo,
respectively. Corollaries of the main results and illustrative examples are presented in
Section 2.4, and an outline of the rest of the article is given in Section 2.5.
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First, we start by stating the assumptions on the potentials V and W that will hold
throughout.

Assumption 2.1. The functions W : R x R? — (—oc0,00] and V : R — (—o0, +-00] are
Isc on their respective domains. There exist 1 > a > 0 and c € R such that

/ exp (—(1 — a)V (x)) £(dx) < o0, inﬂgd V(x),
“ * 2.1)
(x7y>i€I]}{de]Rd W (x,y)+a(V(x)+V(y)]>c

In addition, there exists a set A € B(R?) with ¢(A) > 0 such that

/A (V0 + V) + W y)dx)H(dy) < . 2.2)

Assumption 2.1 guarantees that the Gibbs distribution given in (1.5) is well defined.
More precisely, (2.1) guarantees that the measure is well defined and finite, and (2.2)
guarantees that the measure is not trivial.

Remark 2.2. Under Assumption 2.1, without loss of generality, we can assume that

/ exp (—(1 —a)V (x)) £(dx) = 1,
Rd

because any constant added to V' can be absorbed into Z,,; see (1.5). With some abuse
of notation, we use e~ (!~®V/( to denote the probability measure e~ =9V ) ¢(dx).

2.1 Notation and definitions

In this section, we provide some necessary definitions. Although some of the defini-
tions will be given in their more general form, we would like to clarify that for our results,
the underlying space S would be a separable metric space without any assumptions
about its completeness. We recall the standard definition of the push forward operator
#.

Definition 2.3. Given measurable spaces (S,F) and (S,F), a measurable mapping
f:8— S and a measure w: F — [0,00], the pushforward of i1 is the measure induced on
(5‘,]:') by 1 under f, that is, the measure fu . F = [0, o] is given by

(fam)(B) = p(f~*(B)) for B € F.

In other words, fu is the image measure of y under f.
We next recall the definition of a rate function on a separable metric space S.

Definition 2.4. Given a topological space S, a function H : S — [0, 0] is said to be a
rate function if each level set {z : H(x) < M}, M € [0,00), is compact.

Note that a function that satisfies the properties in Definition 2.4 is sometimes
referred to as a good rate function in the literature, as a way to highlight the compactness
of the level sets and to distinguish it from lower semi-continuous functions that can be
defined by the property of having closed level sets, but which can in some cases provide
large deviation rates of decay. When not in the context of LDPs, a function that has the
properties stated in Definition 2.4 is also called a tightness function; a term that will be
used extensively in the sequel. In contrast to much of the previous application of weak
convergence methods in large deviations, here we do not assume S is complete. This
will be convenient when dealing with topologies other than the weak topology.

We now recall the definition of an LDP for a sequence of probability measures on
(S, B(9)).
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Definition 2.5. Let {R,} C P(S), let {«.,} be a sequence of positive real numbers such
that lim,,_, o a, = 00, and let H : S — [0, 0] be a rate function. The sequence {R,} is
said to satisfy a large deviation principle with speed {«,,} and rate function H if for each
E € B(95),

— inf H(z) <liminf o, ' log(R,(E)) < limsup a;, ' log(R,(E)) < — inf H(x),

reE° n— 00 n—o00 el

where E° and E denote the interior and closure of E, respectively.

Let C(R?) be the space of continuous functions on R¢, and let C,(R¢) denote the
subspace of bounded functions in C(R¢). We endow P(R?) with the topology of weak
convergence and use — to denote convergence with respect to this topology; recall
that p, — p if and only if for all f € Cy(R?), [pa f(x)1tn(dx) = [ f(x)p(dx). The Lévy-
Prohorov metric d,, metrizes the weak topology on P(R?), and the space (P(R%),d,,) is
Polish (see, e.g., Theorem 5 of Appendix III of [6]). We also consider stronger topologies,
parameterized by functions belonging to the following set:

U= {1 € O(RY);9 >0, lim inf (x) = oo}. (2.3)

c=00 x: x| =e
Given ¢ € U, let
Py(RY) == {,u € P(RY) : Y (x) p(dx) < +oo} . (2.4)
RA
We endow Py, (R?) with the metric

dy(p,v) = dy(p,v) + (2.5)

b(x)uldx) — | P(x)v(dx)] .
Rd Rd

The space (P, (R?),dy) is a separable metric space (see Lemma C.1 for a proof).

Remark 2.6. (Alternative metrizations of the Wasserstein topology) When ¢ (x) = ||x||”
for p € [1,00), with x € R?, and || - || denoting the Euclidean norm, d,, induces the
p-Wasserstein topology (see [1, Remark 7.1.11]). Another metric that is commonly
used to induce the p-Wasserstein topology on P(R?) is dp (11, v) := infeer(u,) Jraxpga [1X —
y|[P¢(dx,dy), where II(u,v) is the set of all measures in R?*? with first marginal ;i and
second marginal v. Although P,,(R?) endowed with d, is complete and separable, we use
the somewhat simpler metric d,, defined for any 1 satisfying (2.3), under which Pw(Rd)
is only separable, and not complete. For more information on the Wasserstein distance
and its topological properties, the reader is referred to [28]; specifically, see Theorem
6.8 therein.

2.2 Results in the case 5, =n

Our first result concerns the LDP for {Q, } with speed «,, = 8, = n. The rate function
is expressed in terms of the following functionals. Given a € [0, 1], for ¢ € P(R? x R9), let

1

30 =5 [ Wxy)+aV () + aV () Clxdy). 2.6)

Also, for a measure v € P(R?), as usual we define the relative entropy functional by

i) o= | o 008 (S00) viax) itu<r,

00 otherwise,
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where 1 < v denotes that p is absolutely continuous with respect to v. Then, for
p € P(RY) let

Ta (1) = 3alp® p) = 5 /R L (Wey) V() + V) (o p(dy). @)
and
T (1) =R (ple==e) + Tulw), 2.8)

Note that the lack of subscript on Z in (2.8) is justified because, as the following easily
verifiable relation shows, 7 does not depend on the constant a:

Z(p) = S(p) + V() + W(p),

where V, S, W : P(R%) — (—o0, ], are given by

v = [ veoua, se= [ e ()@, @9

and
1

Win) = 5 / L Wey)u(dx(ay). 2.10)

To establish the LDP with respect to stronger topologies dy, ¢ € ¥, we will need an
additional condition, which we now state. Let ® be the class of functions defined by

b= {¢:R+»—>R;¢>islscand lim QS(S)—OO}. (2.11)

s—00 8§

Assumption 2.7. There exists a Isc function v : R? — R, of the form v(x) = ¢ (¢ (x)),
for some ¢ € ®, such that for the constant a in Assumption 2.1, and every u € P(R?), we
have

. ~ —(1—a)V —(1—a)V
[ reon@< ot {30+ R (e e e im0V} 2.12)

The following lemma provides a more easily verifiable sufficient condition under
which Assumption 2.7 holds; its proof is deferred to Appendix B. Recall the set ¥ defined
in (2.3).

Lemma 2.8. Let V and W satisfy Assumptions 2.1, and let ) € ¥ satisfy
/ AEIFHE)) ~(VEIHV O+ 3D ey < 00 (2.13)
RIXR

for all A € R. Then Assumption 2.7 is satisfied for that ¢ and some ¢ € 9.
We now state our first main result, whose proof is given in Section 4.

Theorem 2.9. Let V and W satisfy Assumption 2.1, and forn € N, let 3,, = n, let P,, be
defined as in (1.5) and let Q,, = (Ly)4P,. Then {Q,,} satisfies an LDP on (P (R?),d.,)
with speed «,, = 3, = n and rate function

Tn)=T(w)~ inf {T(m), (2.14)

where 7 is defined by (2.8). Furthermore, if there exists 1y € W for which Assumption
2.7 holds, then {Q,} satisfies an LDP on (P, (R?),d,) with rate function

I¥ () :=Z(p)— inf {T(w}. 2.15
< (1) (1) ue%ﬂm@{ ()} (2.15)
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In the case when W = 0, Theorem 2.9 recovers the well known Sanov’s Theorem
(see [11, Theorem 6.2.10] or [13, Theorem 2.2.1] for the LDP with respect to the weak
topology and [27, Theorem 1.1] for the LDP with respect to the p-Wasserstein topology).
In [27, Theorem 1.1] the authors prove that for any p € [1,00) and ¥ (z) = ||z||P, if the
following condition holds:

/ MOV P(dx) < oo YA >0, (2.16)
R? xR

then {Q,} satisfies an LDP in P, (R?) with rate function R(ule~"¢), which corresponds
to the case a = 0 in our setting. The bound (2.13) implies Assumption 2.7, and can be
viewed as a generalization of condition (1.3) of [27] (which was shown in [27] to be
equivalent to (2.16)) to the case when W # 0.

Next, if W is continuous and satisfies certain growth conditions on RY x ]Rd, then the
result can be obtained from the W = 0 (or Sanov’s theorem) case by a simple application
of Varadhan’s lemma (see [11, Theorem 4.3.1] or [13, Theorem 1.2.1]). To the best of
our knowledge, there are no general results in the literature that cover the case when
W is both unbounded and discontinuous, and therefore Theorem 2.9 is the first in that
direction. Furthermore, Assumption 2.7 provides a sufficient condition for the LDP to
hold with respect to a rather large class of stronger topologies, which was useful for the
verification of the asymptotic thin shell condition in [21, 22].

2.3 Results in the case §,,/n —

Motivated by questions arising in random matrix theory, sampling and simulated
annealing, several authors [3, 4, 9, 20, 24, 25] have considered LDPs for {Q,} at specific
speeds that are faster than n, such as 3, /nlogn — oo and 3, = n?. Our second theorem
presents a general result for speeds faster than n, that is, when 3,,/n — oo, under
Assumption 2.1 and certain modified assumptions on V' and W stated in Assumption 2.10
below. In what follows, we use J to denote the functional 7; : P(RY) — (—o0, o] defined
in (2.7), with a = 1. Recall the set ® defined in (2.11), for a set A C R¢, A is defined in
(1.4), and as usual let 74 denote the indicator function, which assigns 1 to points in A
and 0 otherwise.

Assumption 2.10. 1. There exist a Isc function v : R* — R of the form v(x) = ¢(||x||)
for some ¢ : R, +— R with lim,_,, ¢(s) = oo, a set A € B(R?), a sequence {r,} C
(0, 00) with r,, — co and a constant C' € R, such that

V(X)L ac (%) +7(y)ac(y) SV (x) +V (y) + W (x,y) + C, (2.17)

for everyn € N and x" € (R"?)

/ ¥(x) Ly, (x™; dx)
An (2.18)
< / (V () +V (3) + W (x,5)) Ln (x";dx) L (<™ dy) + C,
(ALxAL)2

and

sup — log (/ e%(x)(la)V(xw(dx)) <C, (2.19)
nelN Mn A2

where Al := AN B(0,r,) and A% := A\ B(0,r,).
2. For each i € P (R?) such that J (u) < 4oo, there is a sequence {u,} C P(R?),
with each p,, < ¢ such that y, — p, and J (u,) — J (1) as n — oo.
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3. The function v in part 1. above is of the form ~(x) = ¢(¢(x)), for some ¢ € P.

When A = (§, then Assumption 2.101 collapses to the following more easily verifiable
condition:

Assumption 2.11. There exists a Isc function v : R* — R of the form v(x) = ¢(||x]|),
where ¢ : Ry — R satisfies limg_, 1 ¢ (s) = +00, such that

V) +V(y)+W(xy)>yx)+v(y)- (2.20)

Assumption 2.11 covers all of the well known examples in the literature and the
majority of generalizations that we provide in this paper. The main reason we introduce
the more complicated Assumption 2.101, is that we want to include cases involving
higher dimensional spaces (d > 3), where the confining potential V' does not necessarily
satisfy lim, o V(2,,) = oo when |2, || = oo, an assumption that is used in both [9] and
[25], which cover cases where the rate function has minimizers with compact support.
For special cases in two dimensions where minimizers do not have compact support, see
[20] and Remark 2.20.

Assumption 2.102 is used in Section 5.4 to establish the Laplace principle upper
bound. For examples of pairs (V, W) that satisfy Assumption 2.102, the reader is directed
to [9, Proposition 2.8]. Finally, Assumption 2.103 is used to obtain the result for the
stronger topologies.

Remark 2.12. (On the entropic term in the case f,/n — o0.) It is worthwhile to
emphasize that, in the case where f3,,/n — oo, although the entropic term disappears
from the rate function and is ignored in almost all other proofs we found in the literature,
in our proof approach (see in particular, Lemma 5.2) the relative entropy functional still
plays an important role in the intermediate steps. In particular, it helps us establish
tightness and prove the LDP under weaker conditions on V than those assumed in the
literature.

We now state our second main result, whose proof is deferred to Section 5.

Theorem 2.13. Consider a sequence {f,} such that lim,,_, 8,/n = oo, and let V and
W satisfy Assumptions 2.1, 2.101 and 2.102. For n € N, let P, be as in (1.5) and
Qn = (Ly)#P,. Then {Q,} satisfies an LDP on P(R?) with speed «,, = B3, and rate
function

T () =T (@) — nf {T (W)}, (2.21)

p€P(RY)
where J is the functional J, given in (2.7). Furthermore, if there exists ¢ € ¥ for
which Assumption 2.103 holds, then {Q,,} satisfies an LDP on (P, (R?),d,) with the rate
function

TV (w):=J () — inf {T ()} (2.22)

HEPy (RY)
A direct consequence of Theorems 2.9 and 2.13 is the following.

Remark 2.14. ( LDPs for empirical moments) Suppose V and W satisfy Assumption
2.1, and Assumption 2.7 holds with ¢(x) := ||x||’ for some p > 1. Let (X},...,X") be
distributed according to P" and for any q < p, let Y := %Z?:l | X9, n € N. Then
Theorem 2.9, the continuity of the map p — [ ||x||?u(dx) in the Wasserstein-p topology
and the contraction principle [11, Theorem 4.2.1] together show that {Y,'} satisfies an
LDP with speed [3,, = n and rate function

)=t {70 = [ idutan |

Likewise, if V and W satisfy Assumptions 2.1, 2.101 and 2.102, and Assumption 2.103
holds with ¢ (x) := ||x||? and B8,/n — oo as n — oo, then Theorem 2.13 shows that
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{Y,'} satisfies an LDP with speed 3, and rate function H(y) = inf,uep(Rd){j:b(‘u) ty =
Ja x| p(dz)}.

2.4 Corollaries of the main results

In this section, we provide several illustrative examples for which the assumptions of
Theorems 2.9 and 2.13 can be verified.

2.4.1 Known examples covered by our assumptions

We start by considering potentials that have already been investigated in the literature
for the weak topology, and showing that they satisfy our assumptions. In what follows,
let Ka : R? — R be the Coulomb potential given by K (r) = —|z| when d = 1, Ka(z) =
—log(||z||) when d = 2 and Ka(z) = 1/||z||"2? when d > 2.

Example 2.15. Let £ be Lebesgue measure. The pair (V, W) given by V(x) = ||x||P for

some p > 1 and W(x,y) = Ka(x — y) satisfies Assumptions 2.1, 2.11 and 2.103, and
Assumptions 2.7 and 2.102 also hold with ¢(x) = ||x||%, ¢ < p.

Proof of Example 2.15. For d > 3, it is trivial to verify that Assumption 2.1 is satisfied
with @ = 0. For the case d = 2, we pick a = 3, and observe that 1|x||” + 1|ly[” —
log||x — y|| is bounded from below by a constant ¢, since z — —logz is convex and
lims_, o (P — log s) = co. For the case d = 1, we observe that Ka(x) is continuous and
also Yz[P + 1|y|P — |z —y| > 1|z[P + 3|y[’ — |=| — |y| is bounded from below by a constant
¢, since lim,_,oo (5P — s) = co. We verify Assumption 2.11 by picking ¢(s) = 1s? + C,
where C is a suitable constant. Finally, it is also easy to see that the pair (V, W) satisfies
Assumptions 2.7 and 2.103 with ¢(x) = ||x||%, ¢ < p, by applying Lemma 2.8 for the first
case and by picking ¢(s) = isp/q + C, where C is a suitable constant, for the second.
Verification of Assumption 2.102 is a direct application of point (3) in [9, Proposition
2.8]. O

Example 2.15 shows, in particular, that our assumptions are satisfied in the cases
covered in [9], including the popular case studied in [9, 4, 20, 24], of V(x) = ||x|?,
W(x,y) = —log(x — y) and ¢ being Lebesgue measure.

2.4.2 Non-diverging, weakly confining potentials

Given Assumption 2.1, Assumption 2.11 is, at least seemingly, weaker than the condition
limx||—oo V (X) = 400 imposed in [9]. This can be directly seen if one takes ¢(t) =
(1;1) inf = V(x) + C'’, where C’ is chosen accordingly. However, the two assumptions
have similar origins. More specifically, since W,V generate H, by a linear combination,
one can transfer the confining attributes of V to W by taking for example any V' > 0
such that e~/ is a probability measure and W (x,y) = ||x||* + ||y|>. The important point
is that for these cases, W(x,y) + V(x) + V(y) is penalizing large values of ||x|| and |y||.

In [25, p. 38] there is an intuitive explanation for how this containment can be applied
for the case where V is superlinear and W is the Coulomb potential in order to prove
the LDP. The proof is based on the idea that in a closed subset of P(R?), the minimizers
of the rate function J can be approximated by minimizers of H,, when n is sufficiently
large. The approximation property is a consequence of the I'—convergence of H, to J
(see [7]) together with the “coercivity” of H,, (i.e., H, has minimizers in every closed
set). To establish these properties of H,,, the confining properties of V' play a crucial
role.

We now provide the following example.

EJP 25 (2020), paper 46. http://www.imstat.org/ejp/
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Example 2.16. Let ¢ > 1,d =3, W (x,y) = 2/||x — y||, ¢ be Lebesgue measure and let V
be given by

0 X € B, := B(z,a,) = {x € R® : ||x — z|| < a,} for some z € Z3,
(x) = .
||x]|9 otherwise,

where the constants {a,} satisfy a, < e=3121°""* 7z € Z3. Then for 8, = n2, Assumption

2.101 and Assumption 2.103 hold with A = U,cz3B(2,a,), 7, = “*/n, and ¢(z) = %xq
Finally, no minimizer of the rate function 7, has compact support.

Remark 2.17. For this example there are non-trivial regions of R*? extending infinity
on which W(x,y) + V(x) + V(y) is close to zero, so there is not an obvious confining
property. Also, since J is a rate function it exhibits minimizers on every closed ball B of
P(RY). In contrast, H,, not only does not have minimizers, but also

sup inf _ H, < inf J. (2.23)
neN {x"€(R"4): L, (x";)€ B} neB

However, for this example the LDP holds for example in the case 3, = n?.

Remark 2.18. We can modify Example 2.16 slightly to take V' to be continuous, for
example, if we set V' equal to zero only in B(z,a,/2), equal to ||z||? outside U,czs B(z, a,),
and use Tietze’s extension theorem to extend it to a continuous function. For such a
continuous V, it is trivial to establish Assumption 2.102 by applying the results in [9,
Proposition 2.8]. It will be clear from the proof of Example 2.16 below that Assumptions
2.101 and 2.103 also continue to hold with this modification since V remains positive.
Assumption 2.102 can be also proved directly for our initial example (with discontinuous
V') in a straightforward manner. We omit the proof.

Proof of Example 2.16. We start by verifying Assumption 2.101, namely inequalities
(2.17)-(2.19). Let ¥(z) := %||x|\q It follows immediately from the definitions that (2.17)
holds with C' = 0 and v = C'4 for any ¢’ < 1. Next, let n € IN, and let A} := AN B(0,r,),
A3 = A\ B(0,7,) be as in Assumption 2.101. We split the set Z> N A7, into two set Z}
and Z§ : Let Z7 contain the cubic integers Z* N A} for which L, (B, N A7) < 1 and
let Z7 contain the cubic integers for which L, (B, N AT) > % The idea is to choose
the cardinality |Z7'| sufficiently small such that particles in the corresponding sets do
not contribute much to the interaction energy, and at the same time, choose the balls
around Z3 to be so small that the pairs of particles that are in one of these sets create
a significant interaction energy. We now verify (2.18). Fix x" € (R%)_ and denote
L, :=L,(x",-). Forz € Z}, since W(x,y) = 2/||x — y|| > 1/a, when x,y € B,, we have
2 n
W (,y) L (%) L (dy) > — 2 12(By 1 A7) = ZotPe AL

Gz

/(B,nA;l) X (BzﬂA{l);é

Combining this with the nonnegativity of W, the Cauchy-Schwarz inequality (in the third
inequality below), the summability of ||z||??a,, z € Z? (in the fourth inequality), and using
C"” > 0 to denote a constant that may change from line to line, we obtain

/(Affo;m)# W (x,y) Ln (dx) L (dy) > Y

VASYAS

/(BzﬁAi”)x (Banay) W (x,y) Ly, (dx) Ly, (dy)

Z L’I?L(BZ N ATll)

Gz

>
zEZ}
2
(Caczg Lo(Ba N1 AT 2]7)

S Y P,
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2

>0 [ 32 La(Bo 0 AD)| 2]
z€Z3
2

> / 9L ()
U B.nA7

n
z€Zy

Z8 <rd, and r, = */n,

Expanding the last term and using the relations s > s — 1,
we see that the left-hand side above is bounded below by

q
o / 9L (d) + / 9L (dx) — | 23|
U B.nA? U B.nAy n

n n
z€Z2 zEZ1

q+3
= (/ Il () = =
Ap

This implies that (2.18) holds with v = C’'% = min(C”,1)7. Lastly, to prove (2.19),
recalling that 3, = n?,r, = %/n and V = 0 on the set A, we have for any a € [0, 1),

— 1) = C”/ 3(x) Ly (dx) — 2C".
Ap

i/ A= (1=0V ) g ) < 1 3 / eIl gx
ﬁn A2 n ALNB
2€(Z3\B(0,r,)) * An (1P
1
< 3 en2lzl g
ZE(ZS\B(OV’%))
<1 en2lall? =31z >+
" (3B (0,m))
<1 en2llzl? o =3nlla]”

n
z€(Z3NB<(0,ry,))

which converges to zero as n — oo, and hence, (2.19) follows. This concludes the
proof of Assumption 2.101, and also verifies Assumption 2.103 for any ) € ¥ such that
maXx:HxH:m 1/)($)/mq — 0.

We now argue by contradiction to prove that 7 (equivalently, J.) does not have any
minimizers with compact support. Let pmin, be a minimizer with compact support K that
is contained in B(0, R) for some R € IN. Let z = (6R,0,0). We pick x € K such that
tmin(B(X,az)) > 0, and by choosing R sufficiently large so that a; is sufficiently small,
we can assume without loss of generality that

0 < ftmin(B(X, az)) < 1. (2.24)

We define a new measure /i, = (Mmin)|y\ 5,0, T Hz, Where pz is the measure that
minimizes the energy fBixBi W (x,y)u(dx)u(dy) amongst all measures y on R? with
support in B; that have u(Bz) = pimin(B(X, az)).

We now show that J (1% .,) < J (tmin)- First, note that since V' is zero on the support
of i3,

Vitmin) = [ Vi) = [ VOO + [ Va0

- /1Rd V(X)(ﬂmi“MK\B(i,aa (dx) + R V(x)pz(dx) = V(pimin)-

EJP 25 (2020), paper 46. http://www.imstat.org/ejp/
Page 13/41


https://doi.org/10.1214/20-EJP449
http://www.imstat.org/ejp/

Large deviations for configurations generated by Gibbs distributions

Next, by the symmetry and nonnegativity of W, we have
W(Mmin) = / W(X’ Y)Mmin(dx),umin(dY) = WI + Wz + WSv
RI xR
where

-/ W (5%, ) tmin () i ().
(RI\B(%,a3)) x (R4\ B(X,az))

Wa ;:/ W(X,y)Mmin(dX)Mmin(dy)a
B(%,az)x B(%,az)

=2 / W(Xay):umin(dx)ﬂmin(dY)'
(RIN\B(%,az))x B(%,az)

Now, since pmin has support in K, we have

W= [ W03 i) ety (€5) i) s (09):
R xR4

The definition of pz and the fact that W(x,y) = W(x+2—2,y+2—z) > 0 for every x,y,
imply

Wo [ Wieysdoumy) = [ Wy)s(dou(dy)

Also, since W(x,y) = 2/||x — ¥||, ftmin has support in K C B(0, R) and Bz N B(0,5R) = 0,
we have ||[x —y|| < 2R forx,y € K, and ||x — y|| > 4R for x € K,y € B;. Therefore, we
have

—~ 2 N -
W3 Z Eﬂmin(]Rd \ B(X> ai))ﬂmin(B(X; ai))
1

= El‘min(K \ B(X, az))tmin(B(X, az)) + %Nmin(Rd \ B(X, az))tmin (B(X, az))

1 - ~
= 2/]Rd><]Rd W(x, Y)(Mmin>\K\B(i,ai)(dx)rui(dY) + Eumin(Rd \ B(X,az)) tmin (B(X, az)).

Combining the above relations, recalling that p}; = (,umin)‘K\B (.5, T 17, and invok-
ing (2.24), we conclude that

* 1 d ind *
W(:u“min) > W(Mmin) + E.umill(Rd \ B(X7 ai)):u“min(B(xv ai)) > W(/u’min)'

Since we proved earlier that V(umin) > V(1r,;,), we conclude that J (pmin) > J(155,),
which contradicts that i, is @ minimizer of 7. O

Unlike Assumption 2.11 (and most conditions imposed in the literature), which holds
independently of {3, }, Assumption 2.101 is {3,,} dependent. More specifically, for a
fixed n, one can pick (,, sufficiently large that (by the Laplace principle) the measure P,
in (1.5) mainly charges configurations that are near-infimizers of H,, which (as noted
above) have strictly smaller values than the minimizer of 7. In these cases, the LDP
could not possibly hold in P(R?) with rate function 7,. One might expect that if 7 (the
anticipated rate function) is a tightness function, then the LDP will hold for all speeds
bigger than n. However, the comments above show that this is not true, and it is possible
that J is a tightness function but the LDP does not hold on P(R¢) with rate function
J. It is likely nevertheless, that a non-trivial LDP still holds true on some compactified
space like P(R? U {oc}). The following natural questions arise.
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Open problem 2.19. When potentials are non-diverging, what is the right space to
prove LDPs when the sequence {3, } diverges so fast that Assumption 2.101 is not
satisfied, and are there different rate functions depending on the rate of divergence of
{B,}? Also, does there exist a critical speed {3} such that if the LDP holds in P(R¢) for
5
Remark 2.20 (Weak confinement on R?). Another example in which the rate function
J was shown to have a minimizer that does not have compact support can be found
in [20] or in the more recent [10], where the particular case of the Coulomb potential
in dimension d = 2 is studied. The proofs in [20] are based on specific properties of
the Coulomb potential —log |x — y| and the complex plane. Our result works for more
general W, d, 3,, and topological spaces Pw(]Rd). We expect that the weak convergence
methods of [13] that we use here can be used to study other problems with weakly
confining potentials.

{B}} then it also holds for every sequence {f,,} with 2= — co and %” — oo?

2.4.3 Discontinuous interaction potentials

Our assumptions are also satisfied for cases where either V and/or W are discontinuous.
Example 2.16 already provides one example where V is discontinuous. We now given
another illustrative example where W is discontinuous.

Example 2.21. Suppose V(x) = ||x||?, ¢ is Lebesgue measure, and
N
W(X7Y) = Z I, (X)IBi (y)hi(xv Y)a
i=1

where B; = B(x;, R;), with R; > 0, x; € R%,5 =1,...,N, is a collection of open balls
with the property that the minimum distance between any two balls is D > 0, and each
hi : R4 x R — R, U {oc} is any Ls.c. function for which Assumptions 2.1 and 2.102 hold.
Then Assumptions 2.1, 2.11 and 2.102 are satisfied for (V,W).

Before we provide a justification of our assertions, note that in this example W can
be interpreted as an interaction that takes place only when both particles are inside the
same ball B;. For visualization purposes one can take h; = Ka for every i, with KA from
Example 2.15. A situation like this can arise with an electric potential between particles
that are positioned in different regions with isolating boundaries.

Proof of Example 2.21. Since each h; satisfies Assumption 2.1, we get that Assumption
2.1 holds for (V,W) with ¢ = 0, and Assumption 2.11 holds immediately due to the
fact that V = ||z||? and the definition of W. We now sketch a proof of why Assumption
2.102 also holds. Let 1 € P(R%), and € > 0. We set p;(-) = pu(-N B;), M = (UY, B;)¢ and
po(+) = (- N M). Since interactions take place only inside B; and [ V(z)u(dx) is linear
with respect to u, we have J(u) = Zf\i o J (1i). We would like to approximate each f; by
an absolutely continuous measure with the same total mass, and with energy close to
the original and support inside its original support (so no new interaction occurs). By
properties of integration, if ul(-) = %MQ N B(x;, R; — 9)), then for all small
§ > 0we have |7 (ud) — J(u:)| < ¢ foralli € {1,...,N}. It is possible that (dM) > 0.
However, we can move this mass to the interior of M by pushing o forward under

N
30 = 3 o () (34 2 = %0 ) + o (9

with 6 > 0 small. We can even assume that the resulting ug has compact support
in the interior of M by removing the mass in a small neighborhood of M, and then

EJP 25 (2020), paper 46. http://www.imstat.org/ejp/
Page 15/41


https://doi.org/10.1214/20-EJP449
http://www.imstat.org/ejp/

Large deviations for configurations generated by Gibbs distributions

renormalizing to keep the total mass constant as was done for the other p;. For small
0 > 0 it easy to see that, since only the continuous confined potential acts on it, | J (o) —
J(ud)| < e. Since Assumption 2.102 is satisfied for each h;, we can apply it to get a
measure uf’", absolutely continuous with respect to the Lebesgue measure and with the
same mass as /¢, that is supported only inside B; such that |J (u?’") — J(ud)| < e, and
uf’", uf are close in the weak topology. We set ug’" = ud * G, where G, is a truncated
Gaussian of radius 1/n, which creates an absolutely continuous measure with support in
K for which |7 (u0") — T (18)| < e, for large enough n. Then u®" = Zf\io pl™ satisfies
|7 (1>™) — T (1)| < (2N + 2)e, and also by making n big enough and § > 0 small enough
we can have d,, (1", ) < e. O

Open problem 2.22. In [9], the (extended) continuity of W was used as a sufficient
condition for Assumption 2.102 to hold. Example 2.21 above shows that continuity is not
necessary for Assumption 2.102 to hold. Our preliminary investigations suggest that in
some of these cases, it may be possible to establish LDPs with different rate functions,
namely those that are given by some type of regularization of the J functional (like
appropriate I'-convergence relaxations but only with sequences that belong to specific
subsets of the set of probability measures). We pose the existence of LDPs for cases
where Assumption 2.102 fails as an open problem.

2.5 Outline of the paper

The structure of the rest of the article is as follows. In Section 3 we provide definitions
and lemmas that are used throughout the paper and then show that the candidate rate
functions introduced above are indeed rate functions. In Section 4 we prove results for
the speed 3, = n, and in Section 5 we consider the case of speeds (,, that grow faster
than n. An outline of the weak convergence approach and proofs of several lemmas that
are needed for the main theorems are collected in the Appendices.

3 Rate Function Property

In what follows, recall the set ¥ defined in (2.3). In Section 3.2, we show that under
various combinations of Assumptions 2.1-2.10, the functions Z, and 7, defined in (2.14)
and (2.21), and for ¢y € ¥, the functions If’ and J*w defined in (2.15) and (2.22) are rate
functions on the spaces P(R¢) and P, (R?), respectively. To begin with, in Section 3.1
we first introduce basic notions that will be used in the rest of the paper.

3.1 Basic definitions

Definition 3.1. Let I be an index set and let {\,,a € 1} C P(S). The collection
{A\a, a € I} is said to be tight if for every e > 0, there is a compact set K. C S, such that
inf{\, (K¢),ael}>1—c

Furthermore, a sequence of random variables is said to be tight if and only if the

corresponding distributions are tight. The proofs of the following three lemmas can be
found in [8, Section 2.2].

Lemma 3.2. A collection {\,,a € I} C P(S) is tight if and only if there exists a tightness
function g : S — [0, o0] such that sup,, ¢y [ g(2)Aa(dz) < co.

Lemma 3.3. Let g be a tightness function on S. Define G : P(S) — [0, oc] by

Gl) = [ gtaniz).

Then for each M < oo the set { € P(S) : G(n) < M} is tight (and hence precompact),
and moreover, G is a tightness function on P(S).
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Lemma 3.4. Let {A,,a € I} be random elements taking values in P(S) and let A\, = EA,.
Then {A,,a € 1} is tight if and only if {\,,a € I} is tight. In other words, a collection
of random probability measures is tight if and only if the corresponding collection of
“means” is tight in the space of (deterministic) probability measures.

The next result identifies a convenient tightness function on Py (]Rd) ; see Appendix C
for a proof.

Lemma 3.5. Let ) € ¥ and ¢ € &, with ¥ and ® as defined in (2.3) and (2.11), respec-
tively. Then

TG0 = [ 600 00)nix)

is a tightness function on Py (R?).

Finally, it will be convenient to introduce the following projection operators to define
marginal distributions.

Definition 3.6. We denote by 7%,k = 1,2, the projection operators on a product space
S1 x Sy defined by

ﬂl:(xl,zg)—):zrlesl, 7r2:(x1,z2)—>172€52.

3.2 Verification of the rate function property

Lemma 3.7. Suppose Assumption 2.1 holds. Then 7, and [J, defined in (2.14) and
(2.21), respectively, are Isc on P(R%). Moreover, fory € ¥, TV and J¥ defined in (2.15)
and (2.22), respectively, are Isc on Pw(]Rd).

Proof. We start by showing that the functional .7, defined in (2.7) is Isc. For 1 € P(R%),
let 1 ® p denote the corresponding product measure on R¢ x R¢, and recall from (2.7)
that J,(u) = Ja(p ® ), with J, defined as in (2.6). The map p — p ® p from P(R?)
to P(RY x RY) is continuous, and by Fatou’s lemma (for weak convergence) the map
¢ — Ja(Q) is lower semicontinuous if W(x,y) + aV(x) + aV (y) is lower semicontinuous
and bounded from below. Since the latter property holds under Assumption 2.1, it follows
that 7, is Isc. Since Z = J, + R(-le- 1=V ¢) and, as is well known, R (~\e*(1*a)V€) is Isc
on P(R%), this shows that Z, and hence Z,, are Isc. By the same argument, the lower
semicontinuity of J can be deduced from the fact that 7 = J, (1x ® ) where J, is given in
(2.6), and the fact that (x,y) — W(x,y) + V(x)+ V(y) is Isc and uniformly bounded from
below due to Assumption 2.1, and from (2.21), it follows that 7, is Isc. Since the topology
on Py (R?) is stronger than that on P(RY), it follows that both Z{ and J¢ defined in
(2.15) and (2.22), respectively, are also Isc on Pw(]Rd). O

Lemma 3.8. Suppose Assumption 2.1 is satisfied. Then T is a rate function on P(R?). If,
in addition, there exists ¢ € ¥ such that Assumption 2.7 is satisfied, then If’ is a rate
function on Py (R?).

Proof. Since Z, is Isc on P(R¢) by Lemma 3.7, it only remains to show that the level sets
of Z,, or equivalently Z, are precompact on P(R?). Since Z = J, + R(-|e"(1~9V¥), this
holds because R(-|e~ 1=V /) is a rate function on P(R¢) and 7, is bounded below due
to Assumption 2.1. Likewise, for ¢ € ¥, to show that Il/’ is a rate function, due to Lemma
3.7 it suffices to show that the level sets of Z are compact in Py (R%). This follows from
Lemma 3.2 and the fact that Assumption 2.7 implies there exists a function ¢ € ® such

that if Z < C'then [, ¢ (¢ (x)) p (dx) < C. O
In what follows, for a € [0, 1] and p € P(R?), let
1
Tori= [ Wxy) V(o +aV ) dxu(dy). GO
(R4 XR4)
EJP 25 (2020), paper 46. http://www.imstat.org/ejp/
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where we recall that A is the set A with its diagonal excised. Also, denote J;  simply
as Jx.

Lemma 3.9. Let V and W satisfy Assumption 2.1 and Assumption 2.101 (resp. Assump-
tion 2.103 for some ) € V), then J, (resp. j*w) are tightness functions on P(Rd) (resp.
Py(R7)).

Proof. From the definitions of 7, and jﬁ” in (2.21) and (2.22), it is clear that to prove
the lemma, it suffices to show that under Assumptions 2.101 and 2.103, J is a tightness
function in the respective spaces P(R?) and Py (R?). The fact that 7 is lsc follows from
Lemma 3.7. It remains to prove that the functionals have precompact level sets. For this,
by Lemmas 3.2 and 3.3, it suffices to prove that there exist ¢/ > 0 and C; € R such that
for every € P(R?)

270 = [ (VY)W k) () nldy) > O [ Goutdn) +Cr (2)

for some tightness function . We will first prove that this is true for every u € P(R%)
without atoms and with compact support, and then use a limiting argument. By As-
sumption 2.101 (resp. Assumption 2.103), there exist a tightness function 7 : R% — R,
A € B(R?) and C € R such that the inequality (2.17) holds:

V(%) Lae(x) + 7 (y) Lac(y) <V (x) + V (y) + W (x,y) + C. (3.3)

Fix R < oo and p € P(R?) whose support lies in B(0, R). Integrating both sides of (3.3)
with respect to u, we have

2 [ yooud0 < [ VEEVE) Wy r@udy) +C @A)
c R4 x R4

Since p has no atoms, by Lemma E.1 there exists a sequence x” € IR;T, n € N, such
that L, := L(x",-) has support in B(0, R), and L,, — p and Jx(L,) — J(¢) as n — oo.
Therefore, by Assumption 2.101 (resp. Assumption 2.103), and in particular (2.18), there
exists ng € N, such that n > ng implies ,, > R, and hence

/ (%) L (dx) < / (V () +V () + W (5,y)) Ln(d5) Ln(dy) + C
ANB(0,R) (ANB(0,R)x ANB(0,R))
< / (V () +V (¥) + W (5,)) Ln(d)Lu(dy) + C + |
(REXRA)
= j#(Ln) +C + |,

where c is the lower bound in Assumption 2.1. Combining this with the lower semiconti-
nuity of v, the fact that L,, = p and Jx(L,) — J(u) as n — oo, we see that

[t = [ () < mint | o 1000

ANB(0,R) n—eo
< nli_)ngo J=(Lyp) +C + ||

=J(u) +C+cl. (3.5)
Together, (3.4) and (3.5) imply there exists C’ > 0, C; € R such that (3.2) holds for any

p € P(RY) with compact support and without atoms. For general u € P(R?) without
atoms, we define the sequence of measures py(-) = %, N € NN, each of which

EJP 25 (2020), paper 46. http://www.imstat.org/ejp/
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has compact support and is without atoms. The relation (3.2) holds for each N € IN, from
which we obtain

C”f]Rd IB(O N)( x)7 (x) p (dx)
u(B(0,N))

fRded Ipo,n)(X) Ipo,n)(¥) (V (%) + V (y) + W (x,y)) 1 (dx) p (dy)

- 1?(B(0,N)) '

+C

The integrands in the last inequality are bounded from below. Therefore, without loss of
generality, we can assume that they are actually positive since otherwise we can just add
and subtract their respective infima. By applying the monotone convergence theorem in
the last relation, it follows that (3.2) holds for any p € ’P(Rd) without atoms.

Finally, fix an arbitrary u € P(R?). Assume without loss of generality that 7 (i) < oo,
for if not, (3.2) holds trivially. Then by Assumption 2.102, there exists a sequence
{un} € P(R?) such that each p, is absolutely continuous with respect to the measure
¢ (and consequently, non-atomic since ¢ is non-atomic), p, — u and T (pn) = T ().
Since, as shown above, (3.2) holds when pu is replaced with u,, for each n, taking the
limit inferior as n — oo of both sides and using the fact that lim inf,, o [. 7(%)p(dx) <
;i;?]}i{ggnﬁoo f]Rd ~v(x)un(dx) since ~v is 1sc, it follows that (3.2) also holds for any u é

4 Proof of Theorem 2.9

Throughout this section, we assume that Assumption 2.1 is satisfied. To establish
the LDP stated in Theorem 2.9, by [13, Theorem 1.2.3] we can equivalently verify the
Laplace principle. For any probability measure P, we use [Ep to denote the corresponding
expectation, and for conciseness denote Ep by IE. In view of the rate function property
of 7, and 7} already established in Lemmas 3.7 and 3.8, it suffices to show the following:
for any bounded and continuous function f on .S, the Laplace principle

li ——1 E " = inf 4.1
nl_}rrgo - oglbg, [6 ] ;%Iels {f () +Z (W)}, (4.1)
holds both for S = P(Rd) and (under the additional condition stated as Assumption 2.7)
with S = P, (RY) and Z, replaced by v,

Remark 4.1. (Completeness of S is not necessary.) While the statement of [13, Theorem
1.2.3] assumes completeness of the space S, a review of the proof shows that this
property is not needed (though compactness of the level sets of Z, is used).

To establish the bound (4.1), we first express —+ log Eg, [¢™"/] in terms of a vari-
ational problem (equivalently, a stochastic control problem). We then prove tightness
of nearly minimizing controls, and finally prove convergence of the values of the cor-
responding controlled problems to the value of the limiting variational problem. The
last step is reminiscent of the notion of I'-convergence that is often used for analyzing
variational problems in the analysis community. For a nice exposition of the relationship
between LDPs and I'-convergence, the reader is referred to [23].

4.1 Representation formula

Recall that P, is the probability measure R defined in (1.5) and Q,, is the push
forward of P, under L,,. Let a € [0,1) be the constant in Assumption 2.1 and let P* be
the measure on R"? defined by

P (dxy,...,dx,) = e Zim =V p(gx ) .. (dx,), (4.2)

EJP 25 (2020), paper 46. http://www.imstat.org/ejp/
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and note that it is a probability measure due to Assumption 2.1 and Remark 2.2. Let 7,
be defined as in (3.1): J,x(u) = %f(]Rdx]Rd)# (W(x,y)+aV(x) + aV(y)) p(dx)u(dy).
When 5, = n, using (4.2), (1.5) and (1.3) to calculate dP,/dP;}, we see that for any
measurable function f on P(R%) (or on P, (R?)), we have

L og Eq, [e7] = L logEp, [e /o] = ~Liog Ep; LU TagtiVIon. | (43)
n n n Zn,

where 7, is the normalizing constant defined in (1.6) and V is the functional defined in

(2.9).

We next state a representation for the quantity on the right-hand side of (4.3). To
avoid confusion with the original distributions and random variables, we use an overbar
(e.g., L,) for quantities that will appear in the representation, and refer to them as
“controlled” versions. Given a probability measure P" € P(R"), we can factor it into
conditional distributions in the following manner:

pn(dX17 N ,an) = Pﬁ}(Xm)P&}‘{l}(dXQ‘Xl) T p"{’zl}‘{l,..,n—l} (d)(n|)(17 e 7xn_1),

where fori = 1,...,n, Py, i—13(-[X1,...,x;—1) denotes the conditional distribution of
the ¢-th marginal given xq,...,x;_1. Thus, if {X?}lgjgn are random variables with joint
distribution P"(dx; - - - dx,) on some probability space ({2, 7, P), then zi?, the conditional
distribution of X? given X%,..., X" |, can be expressed as

Note that i, 1 <14 <n, are random probability measures, and the ith measure is mea-
surable with respect to the o-algebra generated by {X 7} j<i- We refer to the collection
{a?,1 <i<n} as a control, and let L, (-) = L,,(X";-), with L,, defined by (1.2), be the
(random) empirical measure of { X ?}1§j§n, which we refer to as the controlled empirical
measure.
Let f belong to the space of functions on P(R%) (or Py(R?)) such that the map
x" — f(L,(x";-)) from R" to R is measurable and bounded from below. This space
clearly includes all bounded continuous functions on P(R?) (respectively, P, (R%)).
Then, since the functional J, + is also measurable and bounded from below (due to
Assumption 2.7), we can apply [13, Proposition 4.5.1] to the function x" € RY —
(L (")) + T (Ln(x"-)), to obtain
1 log Ep- [e—n(f+Ja‘¢+%V)oLn}
n o 4 ) (4.5)
= inf [f (L) + Jap(La) + 2V (L) + R (P"l n e*<1*a>V£)} ,

where L, is the controlled empirical measure associated with P" as defined above,
and the infimum is over all controls {i}} defined in terms of some joint distribution
P" € P(R9") via (4.4). Factoring P" as above and using the chain rule for relative
entropy (see [13, Theorem B.2.1]), we then have

B
n n

- = a - 1 —
et - —n|,—(1—a)V
F(En) + Tup () + 20 (L) + 23R (aple-0-9V4)

i=1

(4.6)
= inf E

{ar} ’

where the infimum is over all controls {ji'} (equivalently, joint distributions P" € P(R"%)).
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Also, setting f = 0 in (4.6) and recalling the definition of Z,, from (1.6) gives
! ! - Lp)+2V(Ly)
— ~logZ,= —~log Ep: [e nTap (L) + V(Lo }
n n n

= inf E
{A7}

_ a. .- 1 oy (4.7)
Ta,#(Ln) +EV(Ln) +EZR (ui le é)].

i=1

We claim that to prove Theorem 2.9, it suffices to show that for every bounded and
continuous (in the respective topology) function f, the lower bound

liminf inf |E
n—00 {ﬁ?}

F(E) + Tue (L) + 2V (L) + 1 3R (M;Le—vo]

i=1 (4.8)
> Inf{f (w) + 2 (u)}
and upper bound
: : - - a., - 1 ny -V
limsup inf | f (Ln) + Tz (In) + —V (In) + — ;R (Aii'le 5)] @)

< ,iféfs{f (1) +Z ()}

hold. Indeed, when combined with (4.6), (4.7) and (4.3), these bounds imply the desired
limit (4.1). The lower and upper bounds are established in Sections 4.3 and 4.4, respec-
tively. First, in Section 4.2, we establish some tightness properties of the controls that
will be used in the proofs of these bounds.

4.2 Properties of the controls

We continue to use the notation for the controls introduced in the previous section.
We start with a simplifying observation.

Remark 4.2. In the proof of the lower bound (4.8), we can assume that there exists
Cy < oo such that

sup inf |
nelN {A}'}

< Cp. (4.10)

Toit (L) + 2V (Ba) + = SR (e =)
=1

If this were not true, we could restrict to a subsequence that has such a property, because
for any subsequence for which the left-hand side of (4.10) is infinite, the lower bound
(4.8) is satisfied by default. Furthermore, since under Assumption 2.1, J, + > min{0, 2c},
we can restrict to controls for which the relative entropy cost is bounded by Cj + 2|c|:
that is, for which

sup I < Cp + 2|¢|. (4.11)

1 n
- ZR (la?‘e—(l—a)\/f)
n 4
=1
Lemma 4.3. Let V satisfy Assumption 2.1, let {i!'},n € IN, be a sequence of controls for

which (4.11) holds, let L™ be the associated sequence of controlled empirical measures
and let

1 n
fp = — . 4.12
jz - ;_1 i (4.12)
Then {(Ly, i) ,n € IN} is tight as a sequence of P(R?) x P(R?)-valued random elements.
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Proof. Let {i}'},n € IN, be a sequence of controls that satisfies (4.11). By the convexity
of relative entropy and Jensen’s inequality

st:LpE [R ([A"|e_(1_a)v€>} < 00.

We know that R (-e~=9V¢) is a tightness function on P (R¢) and hence, by Lemma
3.2, the sequence of random probability measures {/i,,,n € IN} is tight. By Lemma 3.4,
the sequence of probability measures {E[,], n € IN} is tight. Since g} is the conditional
distribution of X" given (X7, ..., X" ,), for any measurable function g : R? — R that is
bounded from below, we have

n

E[/wwx)Ln(dx)]:E ;;g(iﬁ) B ;é/wwxw(dx)]
—E| [ 90 ().

Thus, E [L,] = E [fi,], and so {E[L,],n € IN} is also tight. Another application of Lemma
3.4 then shows that {L,,n € IN}, is tight, which together with the tightness of {/i"}
established above, implies { (fin, L) ,n € IN} is tight. O

The following lemma, which uses an elementary martingale argument, appears in
[13]. For the reader’s convenience the proof is given in Appendix D.

Lemma 4.4. Suppose L,, ji,, n € N, are as defined in Lemma 4.3 and further assume
that {(L,, fin) ,n € N} converges along a subsequence to (L, 1) . Then L = i w.p.1.

For the next result, it will be convenient to first define a collection of auxiliary
random measures that extend the ones that appear in the representation (4.6). Let
P" be a probability measure on R%", and let (X7,...,X") be random variables with
joint distribution P". For J C {1,...,n}, let P} equal the marginal distribution of P" on
{x,,j € J}, and for disjoint subsets I; and I, of {1,...,n}, let ]51”1 12 denote the stochastic
kernel defined as follows:

pInllIQ(dXi,i € 11|Xk,k' S Ig)p};(dxk,k‘ S IQ) = Pﬁulz(dxj,j clh UIQ).

Let Ki :={1,...,k — 1}. In the sequel we fix i < j (the case j < i can be handled in a
symmetric way), and define

fij(dx;dx;) := P{Z‘,j}\m (dx;dx;| X}, k € K;). (4.13)
Also, note that with this notation
A7 (dxi) = Py g, (dxi|XT, ... X7 ) (4.14)
are the controls used in the representation (4.6). We claim that
Ty = py  and  whpf = Blap| Xy k€ K, (4.15)
where 7% k = 1,2, and # are the projection and push-forward operators introduced in
Definition 3.6 and Definition 2.3. The first relation in (4.15) is an immediate consequence

of the definitions of zi;" and fi;;. Due to the asymmetry in the first and second (equivalently,
¢ and j) coordinates in the definition of ﬂ;‘j in (4.13), the proof of the second equality in
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(4.15) is a little more involved. Indeed, note that for every A C B(R9),

Th i (A) = ”%ﬁpﬁ‘,y‘}\m (AIX}, k € K;)
- /ng}‘m(mx?, R ) Py e (s K b € )
= /P{"j}‘Kj (AIXT, ., XX, ~~7Xj71)p(nKj\Ki)\Ki (dx; - dxj,1|)_(’f, X))
— BIPR  (AIRE b € KRR b € K] = B[ (X7 k € Ki](A),

from which the second equality in (4.15) follows.

Lemma 4.5. Foriy € U let V and W satisfy Assumptions 2.1 and 2.7, and let {fi}' },n € N,
be a sequence of controls for which

sup E
nelN

1 n
Tut (L) + 5V (La) + = SR (e e) | < oo, (4.16)
i=1

and let i, be as defined in (4.12). Then {(Ly, fi,,) ,n € IN} is tight in Py (R%) x Py(RY).

Proof. Let 6 be a probability measure on R¢. By the chain rule for relative entropy, we
have

RAPL; jy i, (dxidxj|xp, k € K;) [|0(dx;)0(dx;) )
_ /R(Pfj}lKi+l(dxj|xk, k€ Kipr) [[60d;) ) Py e, (Al e € K)
+ R(Pﬁ'}\m (dx;|xk, k € K;) ||6(dx;) ).
In addition, Jensen’s inequality gives

R<p‘r:lj}|Ki+1 (dxj‘xka ke Kit) H9<dxj))

=R (/P{nj}|K3 (de‘Xk, ke Kj)P{LKj\Ki+1)|K,i+1 (dxi-i-l ce de_l‘Xk,, ke Ki+1) G(dx])>
< /R (p{@}mj (dx;|xp, k € Kj)H e(dxj)) Plic\Kosn) | Kiyq (@Xig1 - dXja]Xp, k € Kiga).
Combining the last two displays with (4.13) and (4.14), we obtain

E [R(El; (dxidx;) [6(dx)6(dx;))] < E[R() (dx,) 0(dx;)) + RO (dx;) [|0(dx))]. (4.17)

Using (4.17) with 6 = e~ (1=9V¢, the definition of 7, » in (3.1) and the tower property
of conditional expectations to get the first inequality below, we have

E|Jo+ (I/n) + %V (En) + %ZR (ﬁ?|e(1a)V€>]
=1

_ 1 n
= |J.. L)+ ——m-1DS R(a» —(1—a)Vg)
32 Z/]Rd xj +aV (XD + aV(xj)) P{j}|K1+l (dxj|)_(}§, ke K1)
ac
+ 52 Z/ XZ,XH +aV(x;) + aV(X )) P{z}\K +1(dXZ|Xk,k: € K1) —|— —
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1
R( —(1— a)Vg —(1-— a)Vg)
+7n(n—1 ZE<] fisle ®e

1
E R (—1.1. —(1—a)V€ —(1—a)V£)
* n(n—1) ~ fiisle ®e

1 D v N
E o) Z/}Rdxﬂd (W (x4,%x5) + aV (x;) + aV(x;)) Ppi vk, (dx;dx;|X}, k € K;)

1 - ac
+—2n2z/d (W (x1,%;) + aV (x;) + aV (x;)) Ppi jy e, (dxydx | X k € K;) +
j<i Y RIXRA
1
- —(1—a)V —(1—a)V
e SR e )|
#J
(1—-a)V —(1-a)V
nQZJa iy +—+(72R(Mu|e toe V) | 4a8)
i#£g i#]

where J, is the functional defined in (2.6) and c is a lower bound for V. Next, let
I Z . (4.19)
l;ﬁj

Then combining (4.18) with the convexity of R in both arguments (see [13, Lemma
1.4.3]), the linearity of J,, and the definition of %" in (4.19), we obtain

E ja,;ﬁ (I/n) + %V (En) —+ %ZR (M?|€(1G)V€>]

>E|:1\Ja( )+*+R( 2n|6 (1- a)V£®e (1— a)Vg):|

(4.20)

We now use (4.20) to establish tightness of both {L,} and {j,} in the d, topology.
Note that /1" is a random probability measure on R¢ x R? and that it has identical
marginals. Since V' and W satisfy Assumption 2.7 and relative entropy is nonnegative,
there exists a superlinear function ¢ for which we have the inequalities

E{nnlﬁa(ﬂ )+R< 2m)=(1=a)V g g o= (1= a)Vé):|
ZE[n_l[ a( )+R( 2= (1-a)Vp g o=(1= Q)VE)H 4.21)

e[ [ owe) @it ).

For n > 2, combining (4.20) and (4.21) gives

AR ST

i=1

2E

(4.22)
2ac

28| [ 000 (@) () (do)] + 2,

Note that (4.15) implies B[} i7;] = E[z}'] and E[r% 4] = E[f}]. Further, recalling
the definition of /i, in (4.12) and /i 2™ in (4.19), this shows that

E[r} (i>"] = E[r30*"] = E[fn). (4.23)
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Substituting this into the right-hand side of (4.22) and letting Cy < oo denote the
left-hand side of (4.16), we obtain the bound

P
29 <00y +1,
n

B| [ o0(@) )] <20~

for all sufficiently large n. However, since we know from Lemma 3.5 that ®(u) =
Jga @ (¥ (x)) i (dx) is a tightness function on Py (R%), it follows that {/,} is tight as a
collection of Py (R¢)-valued random elements. Finally, note that we have the equality
1 v
~> 9(X¥)

E[/Rdg(X)L”(dx)]:E 2 igAdQ(X)ﬂ?(dX)]

B[ 960 @x)].

Setting g(x) = ¢(3(x)), and again invoking Lemma 3.5, we see that {L,, } is also tight. O

n

=

Remark 4.6. In the remainder of the proof, which is carried out in Sections 4.3 and 4.4,
the arguments for both P(R%) and P, (R?) are similar, and so we will treat both cases
simultaneously. The functions f used will be considered continuous in the respective
topology and any infimum taken should be with respect to the corresponding set P(R%)
or Py (RY).

Remark 4.7. Due to Remark 4.2 and Lemmas 4.3 and 4.5, it is without loss of generality,
for the lower bound (4.8), to restrict to controls for which {(Ly, fi,,) ,n € IN} is tight in
P(RY) x P(RY), or (with the additional Assumption 2.7) in Py (RY) x Py (RY).

4.3 Proof of the lower bound

For the proof of the lower bound (4.8) we will use some auxiliary functionals. For d’ €
IN, an arbitrary function F : R — (—o0, 0] and M € [0, 00), let FM (z) := min{F(z), M }.
For p € P(RY), let

T =5 [V ) aV )+ aV () ) ).
R?x R4
T =5 [ OV Gey) oV () 40 () ) e ),

and note that for every u € P(R%),

) M
T () < T () + 25 (e ) {(,2) 7 € RY). (4.24)

Let ¢ > 0 be given. Then by Remark 4.2 and the boundedness of f, there exist
¢’ € Rand a sequence of controls {2} with associated sequence of controlled empirical
measures {L,}, such that

C" >infymy B [f (Ln) + Jaz

( V(Ln) + £ S R (B eV E)] + e
>E|f (L) + Taz (L) + :
+

i—1 R (ﬂ?‘ei(lia)vg)

Ly
LS R (e V)
2 LY R (@l (V)

>E\f(Ln) + T (Ln
ZE f I~1n “V‘ja]\/l(in)_%

(4.25)

where J, » > ja]\éé is used for the third inequality and the last inequality uses (4.24) and
the fact that L" ® L™ put mass at most 1/n on the diagonal of R% x R<.
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Let fi,, :== 2 3" | fi’". Since Lemma 4.5 implies {(Ly, fin)} is tight, we can extract a fur-
ther subsequence, which we denote again by {(f/m fin)}, which converges in distribution
to some limit (L, /z). If the lower bound is established for this subsequence, a standard
argument by contradiction establishes the lower bound for the original sequence. Let
{M,} be an increasing sequence such that lim,,_, ., M, = oo and lim,,_, « Afl" =0, and let
m € IN. By the monotonicity of n — W", Jensen’s inequality, the definition of /i,,, and
Fatou’s lemma we have

iminfB |1 (L) +.30° (L) = 5+ (w1107
2 liminf B {f (£a) + 72 (L) 32Mn" JF%JFR(MMG a- Weﬂ (4.26)

(1 (0) 2 (1)« e

where the continuity of f and lower semicontinuity of 7= and R(-|e~(1~*)V¢) are also
used in the last inequality. Since this inequality holds for arbitrary m € IN, the monotone
convergence theorem, the property that L= [ almost surely (due to Lemma 4.4) and the
definition of 7 in (2.14), together imply

lim B [f (L) + 72 (L) +R (e =e)]

m—r oo

=B [f () + Ta () + R(ile” 0=V 0)] (4.27)
2 inf {f (1) + I (u)}-

Since € > 0 is arbitrary, (4.25), (4.26) and (4.27) together imply the lower bound (4.8).

4.4 Proof of the upper bound

Again, fix f to be a bounded continuous function on P(R¢), let € > 0 and let u* € P(R%)
(respectively, Pw(IE{d)) be such that

F )+ Ta () + R (*1e” 0=V 0) <inf (£ () + Z(w)] + e (4.28)

Forn € NN, let {i*,1 < i < n} denote the particular control defined by i} := p* for all
neNandie {1,..,n},and let X?,i=1,...,n, and L, denote the associated controlled
objects. Recall that ¢ and hence p* are non- atomic. From the definition of J, and 7, + in
(2.7) and (3.1), respectively, we have

E [jwé (Ln)} - %E % gjé:ﬂ(w (xn X;L) +aV(X]) +aV(X7))

n—1

= /}Rd o (W (x,y) 4+ aV(x) + aV(y)) p* (dx) p* (dy)  (4.29)

2n
().

Define /i, := + Z:L 1 i = p*. Then, due to (4.28), the conditions of Lemma 4.5 hold
for {(Ly, fin)}. Together with Lemma 4.3, this shows that {L } is tight in P(R¢) and
Py(RY). When combined with the almost sure convergence L,, — p*, which holds due
to Lemma 4.4 (or the Glivenko-Cantelli lemma), this implies convergence of L, to w*
with respect to both d,, and dy, as appropriate. Since f is bounded and continuous,

EJP 25 (2020), paper 46. http://www.imstat.org/ejp/
Page 26/41


https://doi.org/10.1214/20-EJP449
http://www.imstat.org/ejp/

Large deviations for configurations generated by Gibbs distributions

lim,, 00 B[f(Ly,)] = f (1*) by the dominated convergence theorem. The above obser-
vations, together with (4.29), the uniform lower bound on J, and V and (4.28) show
that

limsup inf IE

n— oo {#7

_ _ _ 1 n
J (Ln) + Tovg (Ln) + SV(Ln) + ;R (Mme—u_aw)]

n

f (in) +

<limsup E

n—0o0

<L)+ Talp) + R (e O=VE) < i {F () + Z(0)) + e

n

_ lja (u*) + %V(/i*) + % ZR (ﬂ?|e(la)v€)1
i=1

Since ¢ is arbitrary, this implies the upper bound (4.9), which together with (4.8) and the
discussion at the end of Section 4.1 completes the proof of Theorem 2.9.

5 Proof of Theorem 2.13

This section is devoted to the proof of Theorem 2.13. The structure of the proof
is similar to that of the case with speed §,, = n. In view of Lemmas 3.7 and 3.8 and
Theorem 1.2.3 in [13], it suffices to prove that for any bounded and continuous function
fon S (where S = P(RY) or S = P, (R%), as appropriate), as n — oo,

1 .
— 1o B, [e”™/] = inf {f () + T. (1)} - (5.1)

5.1 Representation formula

As before, fix a € [0, 1) as in Assumption 2.1, and let P} (dx") = =170 Xiza V(@) @p_
£(dx;) be the probability measure on R4 defined in (4.2). We now introduce the func-
tional J,, » : P(RY) — (—o0, ] given by

Tt ()= /( Rded)#((l S5 04V )+ W ) ) @) ). 6.2

Note that J, » (1) is bounded below for all sufficiently large n due to Assumption 2.101
and the fact that 3, /n — co. When x" € (R%")_, using (5.2) we can rewrite 3, H,,, where
H,, was defined in (1.1), as follows:

st =5 [ (1B e s v e w )

2 x Ly, (x";dx) Ly, (X”;f;)
H(Zea-a) [ veor e a-an [ VeoL i
= (o L bs) + (2= D) w2 ) + (1= ) D Vi

i=1

Let f be a measurable function on P(R?) (or on P,(R?)) that is bounded below (in
particular f could be bounded and continuous). Then by the definition of P, we have

_ i logIEQn [efﬁnf] _ *ﬁilog EPn [67571fo[,n]

1 1 L G (5.3)
— _710gEP* I:eﬁn(erJn,;ﬁJr(n o )V)OL":|7
Bn n Zn
where Z,, is the normalization constant defined in (1.6).
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Using the same notation and arguments as in Section 4.1, the following repre-
sentations are valid. Fix any function f on P(R%) (or P,(R%), such that f o L, is
measurable in R4 and bounded from below (this includes all continuous and bounded
functions on P(R%) or P, (R%). Then, since the function (x,y) (1 — %) V (x) +

(1 — (1;7“)"> V (y) + W (x,y) is measurable and bounded from below, we can apply [13,

Proposition 4.5.1]1 to f(Ly(x";-)) + Tn,2(Ln(x";-)) + (% - 1[;—n“> V(L,(x™;")), to obtain

— L logBpy e (U Tne Gt Y)er]
n

n (5.4)
7 = 1 1-a = 1
= inf E L)+ Tnz (Ln) + ( — )V L))+ — R (! e~ (1=a)Vp) |
IS (L) 4 Tus (Bn) + (5 = 5,7 ) VI + 5 3R (e =)
Setting f = 0 in the last display, we have
— i log (Z,) = _i log Ep» [e—ﬁn(%,yr(%—ll;l“)v)oL"}
(5.5)

_ 1 1-a _ 1 &
i (Ln = — V(L) 4+ — Y R(ateT=9Ve)|.
Fu (B + (= 17 ) VU0 + 5 LR (i)
As before, to establish Theorem 2.13, in view of (5.4), (5.5) and (5.3), it suffices to
establish the lower bound
liminf inf B | £ (Ln) + Tz (En) + (1 - a) V(L) + iR (are=(=ve)
n—oo {ar} ' n B Bn =

> i {f (1) + 7 ()},

(5.6)

and the upper bound

lim sup ipf} E

n—oo {A}

_ - 1 1-a = J _ny—(1—a)
S (Ln) + Tnz (Ln) + (n— 5 )V<Ln>+ﬁni§_;7z(ui e~ Vg)]

< grelg{f () + T (W)},
(5.7)

for all bounded and continuous functions f (with respect to the corresponding topolo-
gies).

5.2 Tightness of controls

As in Remark 4.2, we have the following observation that simplifies the proof of the
lower bound.

Remark 5.1. Without loss of generality we can assume that

sup inf E |J, (L) + (711 - 15_ a) V(L) + Bi ZR (ﬂﬂe_(l_“)vg)] <oo. (5.8)
n n i=1

neN{A7}

Lemma 5.2. Let {ii’} be a sequence of controls such that the associated controlled
empirical measures satisfy (5.8). Assume also that V and W satisfy Assumptions 2.1
and 2.101. Then {L,} is tight in P (R?). Further if Assumption 2.103 is also satisfied for
some ¢ € U, then {L,} is tight on Py (R¢) .
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Proof. First, note that by (5.2), jnﬁ,ﬁ(f/n) can be rewritten as

1 - 1 2(1—a)n - -
gt g [ (1) W09V ) W) ) B B )

For large enough n, Assumption 2.1 implies that all the integrands are bounded from
below. Therefore, we have

sup E [Jx(Ly)] < oo and sup E
neN neN

5 Zn:R ("|e—(1—aW)1 <. (5.9

Now, let the set A, sequence {r,} and Isc function 7 : R? — R be as in Assumption
2.101, and let A. and A2 be the associated sets defined therein. Then the integral
Jx(Ly) can be decomposed as the sum of integrals over the following sets:

Ay x A2, (A X Ap)z, (A2 X AZ) 2, A2 x AL (A X A%) 2, A x AS, A° X A.

Each of these terms is bounded from below by direct application of Assumption 2.1, and
since E[Jx(L,)| is uniformly bounded from above we have that the expectation of each
of them is also bounded from above.

To prove that {L, } is tight, by Lemmas 3.2 and 3.3 it suffices to prove that the term
E [ [ga 7(x)Ly(dx)] is uniformly bounded in n. Note that

B| [ 260z @]
B| [ 2L ve| [ AL + / 31v<x>Ln<dx>].

We now show that each of the three terms in the last inequality is uniformly bounded
from above. By applying (2.17) of Assumption 2.101, we obtain for n > 2,

(5.10)

B| [ v00Lio| =38 | [ L0 4100 0) EnlaL(ay)]

n

= mE [/(Rded)#(v(X)lAc (x) +7(y)Lac(y)) En(dX)in(dy)]

S3m-1) /]Rd Rd)#(V (x) + V() + W (x,y)) Ln(dx) Ly (dy)

<E [T4(Ln)] + C + |c|.

+C

By Assumption 2.101 we also have
| 6oL
AL

Due to (5.9), the last two displays show that the first two terms on the right-hand side of
(5.10) are uniformly bounded. Finally for the third term, since " = % Z?Zl iy, recalling
(from Section 4.1) that {X?}lgjgn are the controlled random variables with joint distri-
bution P"(dz4,...,dz,), and using the tower property of conditional expectations, we

I <E +C

/ (V (3) + V () + W (x,5)) En (dx) Lo (dy)
(AL x AL)

< E[JT£((Ln)] + C + |c].
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Recalling that 742 denotes the indicator function of the set A2, by an extension of the
formula that relates exponential integrals and relative entropy [13, Proposition 4.5.1],
the bound (2.19) in Assumption 2.101 (resp. Assumption 2.103), and (5.9), we see that

/. V(X)ﬂ"(dX)]
S%log <E U}Re L (9969~ (1-)V (<) )DJF;”;E [R (ﬂn|e—<1—a>v€)}

< log </A ¢ 296~ (1=a)V () g () + 1) ;]E { (ﬂﬂe_(l—a)\/g)} _

n

E

The first term on the right-hand side is uniformly bounded by (2.19) in Assumption 2.101
(resp. Assumption 2.102) and the second term is uniformly bounded by (5.9). This
concludes the proof. O

5.3 Proof of the lower bound

For the proof of the lower bound we use some auxiliary functionals on P(R¢). For a
function F on RY and M < oo we define FM(z) := min{F(z), M}. Let

1 (A =a)n M (« M Mo I (dx) I
B =5 [ (1 O5 )0 60 V@] W ) ) o) i)

=y [ (1= B I 60+ v 0]+ W () ) (00) Lo ().
1

T =g [ 0+ VI )+ W () ) ()
R4 x R4

These integrals are well defined for sufficiently large n because of Assumption 2.1. For
every M,n € IN,

_ _ 1 1-a\,, - 1
: - - =n —(1—a)V
(nf B |F (La) + Tz (L) + (n o )V(Ln)+ T ;:173@z E E)] (5.11)
) _ Mo 1 1-a - 1 = —n| —(1—a)V
> {I%f}E S (Ln) + T0o (Ln) + (n 5 >V(Ln) g ?:1 R (ui le 4)1 .

Let e > 0 and {i!"} be such that

€' > inf B | £ (L) + Top (L) + (2 - 16‘:’) V(L) + Fln Zln (il 0) | + ¢
SE|f (Zn) t T (Ln) n <1 - 16na> V(L) + Bin ;R (Mme*(l*‘lwz)
>E|f (Ln) +TM (Ln> - % (i - 16;@) V(L) + ﬁlz:?z( le=(1 GW)]
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where C’ is a finite upper bound, which exists by Remark 5.1 and the boundedness of f,
and the last inequality follows from (5.11) and the fact L,, (dx) L,, (dy) puts mass 1/n on
the diagonal x =y.

Owing to tightness (see Lemma 5.2) we can extract a further subsequence of
{(Ln, tn)}, which (with some abuse of notation) we denote again by {(L., fi,)}, for
which f, := £ 3" | ji”, that converges weakly to some limit (L, ). Let M, be a se-
quence that goes to infinity such that lim,, % = 0 and let m € IN. By Fatou’s lemma,
the nonnegativity of R(:|e~"), the definition of V in (2.9), and the fact that n/3, — 0, we
have

liminf IE

n—oo

F(La) + g (B) = 22 (i‘ lﬁ_na> Wi+ 2:‘: (ﬂﬂe_(l_a)vg)]
o[y (1) 2 ()] - 1 (1) 9% (3]

Since the above inequality holds for arbitrary m, using the monotone convergence
theorem

liminf E

n—oo

fc%)+x%<bﬂ—3f"+<i—lﬁ“)v@m+;’iﬁzﬁﬂEU“WO]
" n =1

>B[r(£)+7 (E)] 2wt (£ () +T @)}

peS

Since € > 0 is arbitrary, this establishes (5.6).

5.4 Proof of the upper bound
We start by making an observation, whose proof is deferred to Appendix F.

Lemma 5.3. Suppose Assumptions 2.1 and 2.10 hold, and let a € [0, 1) be the associated
constant. Given any u € P(R?), there exists a sequence {u,,} with each p,, < ¢ such
that the density p,, := ¢!~V dy,, /d¢ is uniformly bounded, p,, — 1 and J (iun) — J(1).
Furthermore, if p € Pw(le) for some ¢ € ¥, then we can assume in addition that
dy (ttns pt) — 0.

Now, let f be a bounded and continuous function on P(R%) (or Pw(]Rd)), let e > 0 and
let ©* be such that

FU)+T (1) < AT () +T ()} + e
We can also assume that R (p*|e=(1=9V¢) < oo, due to Assumption 2.102 and Lemma
5.3. Then let i = p* for all n € N and ¢ € {1,...,n}, and let the random variables

X?, 1 < < n,n € N, be iid with distribution p*. By Lemma 4.4, the weak limit of L,
equals p*. Calculations very similar to those of (4.29) yield

f (.Z/n) + jn,aé (in) + (711 . 1[3—na> V([_,n) + ﬂin é'R (u*|e—(1—a)V€)‘|
=F [f (in)} + nT—lj(M*) n (711 B 1ﬂ—na> V() + 5n <u ‘e—(l—a)VE) _
Thus, L, = u, the dominated convergence theorem and the fact that n /Bn — 0 imply
liTrLILsolép (E [f (ﬂnﬂ + %j(#*)Jr <71l 7 16—na> V() + Bn (N e~ (1 Vg))
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is equal to f (u*) + J (1*). Thus, we have shown that

i s 1_1=aYppy 0 LS g (arje-0-0
R R KR SLI IR

f (in) + T, (in) + (i _ 15_71(1) V(i) + Blnzn:R (M*|e_(1—a)v€)]

i=1

limsup inf E
n—oo {A}

< limsup E

n—oo

=f(W)+Tw")
< /}gg{f () +T (W)} +e

Since € > 0 is arbitrary, we obtain the upper bound (5.7), thus completing the proof of
Theorem 2.13.

Acknowledgments. We would like to thank a referee of the first version of this article
[14] for pointing out a small technical error in Lemma 1.8 therein. However, this did
not affect the validity of the core arguments in [14] and, since we had in the meanwhile
identified ways to extend the paper more substantially resulting in the current version,
which no longer relied on this lemma, this did not have any ramifications for the current
version. We would also like to thank both referees of the present article for their valuable
feedback that led to improvements in the exposition.

A The weak convergence approach to large deviations

Here, we provide a brief outline to the weak convergence approach to large deviations.
The weak convergence approach to large deviations was initiated in the book [13]. Using
a test function characterization and representations for exponential integrals in terms
of relative entropy, it converts the problem of proving an LDP to that of analyzing the
asymptotics of related variational problems, with the asymptotic analysis done via weak
convergence. One of the original motivations for the approach was the expectation that,
since weak convengence methods are well suited to the analysis of problems involving
nonsmoothness and singular behaviors, it would be a natural tool for large deviation
problems with similar features, as in the present paper.

A conceptual picture of the approach is as follows. Suppose we want to show a
sequence of random variables { X"} that take values in some space X satisfies a large
deviation principle with rate function 7 : X — [0, c0] and speed {n}. Then under suitable
structural assumptions on X, it is enough to show that for every bounded and continuous
function f : X - R, as n — oo,

1 n
~ o E[—f@”]—wf I(z)]. Al
—logE e Inf [f(z) +1(2)] (A.1)
Under minimal conditions for discrete index models and mild conditions for continuous
models, one can prove convenient relative entropy-based variational representations of
the form

—%logE {eff(Xn)} =infE [f(X")+C(X": X™)],

where X" is a “controlled” version of X", C(X™ : X™) is a non-negative cost for per-
turbing from the original distribution to that of X™, and the infimum is over all possible
perturbations. (For the most complete account of such representations, see [13].)
Typically, one can show that boundedness of the expected costs [E [C (X": X ")] will
imply tightness of {X™}, and when proving a lower bound such boundedness can be
assumed without loss since f is bounded. Assuming tightness, one then establishes the
lower bound (which corresponds to the large deviation upper bound) by showing that if
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X™ — X in distribution, then liminf,,_,o E [C(X™ : X™)] > E[I(X)], and therefore

liminf B [f(X™) + C(X": X™)] > B [f(X) + I(X)] > inf [f(2) + I(2)].
Since {X™} is arbitrary, this gives the needed bound (in fact, in this part of the analysis
one often identifies a candidate for the rate function).

The reverse bound is obtained as follows. Given any x* that is within € > 0 of the
infimum of inf,cx [f(z) + I(z)], one identifies controls that will drive X" to x* (recall
that large deviations uses a law of large numbers scaling), and with costs that satisfy
limsup,,_,,, E [C(X™ : X™)] < I(z*). The reverse bound follows since ¢ > 0 is arbitrary,
and together the bounds give (A.1). To successfully carry out these steps, one typically
needs a very good understanding of the law of large numnbers analysis of the original
system { X"}, since the weak convergence analysis ends up being a law of large numbers
analysis of the controlled versions, and methods that are useful for the first problem can
often be adapted to deal with the second.

B Proof of Lemma 2.8

The proof of Lemma 2.8 is based on two preliminary results, established in Lemma
B.1 and Lemma B.2 below.

Lemma B.1. Let v € P (R™) and let ¢ : R™ — R, be measurable. Then
/ eW(Z)V(dZ) < o0 (B.1)

for all A < oo if and only if there exists a convex, increasing and superlinear function
¢ : Ry — R such that

/ (V@) (dz) < 0. (B.2)

Proof. (=) If (B.1) holds, for every k € IN we can find M}, € (0,00) such that

. 1
/ @y (dz) < 5
{2:0(2)> My } 2

Without loss of generality, we can assume M1 > My, and limyg_,oo M = oco. We
then define a continuous function ¢ according to d¢ (s) /ds = k,s € (M, Mi41), and
é(s) = My,s € [0, M;], which implies lim,_, o, @ = oo and also that ¢ is convex and
increasing. Finally, we have

o0 oo

20@)y (dz) < M > :/ kib(z) M 1
e v(dz) < e+ e v(dz) < e + < oo.
/m k=1 {ZIZJ(z)ZMk} ]; 2k

(<) Let q_S be as in the statement of the lemma. Since q_S satisfies limg_, (Eis) = o0, for

every \ < oo there exists M, < oo such that ¢ (s) > As if s > M. Then we have

/ eM’(z)V(dz):/]R 1{¢(z)<MA}e>‘w(z)l/(dz)+/

R
< AMa +/ 6$(¢(Z))V(dz) < 00.

Lz v (dz)
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Lemma B.2. Let v € P (R™) and let ¢ : R"™ — R, be measurable. Then
/ @)y (dz) < oo (B.3)

for all A < oo if and only if there exists a convex, increasing and superlinear function
¢ : Ry — R and a constant C < oo such that for any u € P (R™),

/m ¢ (¢ (2)) p(dz) < R (plv) + C. (B.4)

Proof. (=) First assume that (B.3) holds. Then by the previous lemma there exists a
positive convex function ¢ : R — R, with lim,_,, 2} = oo such that (B.2) holds. Since

S

—¢ < 0, by using Proposition 4.5.1 in [13] with k£ = —¢, we get

S { ¢ (z))u(dz)—R(mw} = log / ?(P™)y (dz) < 00, (B.5)

pEP(R™):R(p|v)<oo m

from which we obtain

| 6 @)nida) <R () +10g [ Oy (aa)

m

for all p € P (R™) with R (u|lv) < oo. Thus, (B.4) follows.
(«) For the converse, if we assume that (B.4) is true, then we have

sw { [ 6@@) - R | <c

HEP(R™)
and (B.5) implies that log me e‘g(&(z))u (dz) is bounded, which proves (B.3). O
Proof of Lemma 2.8. Consider the probability measure on R? x R? defined by

v(dxdy) = %6*(V(X)+V(y)+W(x,y))g(dX)g(dy),

where Z is the normalization constant that makes v a probability measure; the finiteness
of Z follows on setting A = 0 in (2.13). Since 1 satisfies (2.13), we can apply Lemma
B.2 with ¥(x,y) = ¥(x) + ¢¥(y) to conclude that there exists a convex and increasing
function ¢ : Ry — R with lims_,, ¢(s)/s = oo such that for any ¢ € P(R? x R¢),

[ 660+ 3)¢ (axdy) < R (¢le VOV ax)e(dy) 2) + C. (8.6
R4 xR
We claim, and prove below, that for every ( we have

/ ¢ (¥ (x) + ¢ (¥) ¢ (dxdy) < 23a () + R (CIB*“*“)VE ® e*“*“)"é) +log Z + C.
R4 x R4

(B.7)
If the claim holds, then since ¢ is increasing and since 1 and R are positive, for i = 1,2,
we have

& (1 (x)) (w4,0) (dx) < 23, () + 2R (g|e—<1—“>V£ ® e—<1—a>V£) +C+logZ, (B.8)
Rd

where recall from Definition 3.6 and Definition 2.3 that 77;&( represents the ith marginal
of (. Adding the inequality (B.8) for : = 1 and ¢« = 2 we have

" ¢ (1 (%)) (m3C) (dx) + " ¢ ( (%)) (13€) (dx)

<430 (Q) +4R ((lem W e @ e 17V e) 4 2(C +log 2).
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If ¢ € TI(p, i) then 7T71¢§ = w;( = p. Dividing both sides by 2, equation (2.12), which is
the conclusion of Lemma 2.8, holds with ¢ := [¢ — C — log Z]/2.

We now turn to the proof of the claim (B.8). We can assume without loss of generality
that ((dxdy) has a density with respect to the measure e~ 1=V @ e~(1-0)Vy because
otherwise (B.8) holds trivially, since W (x,y) + aV (x) + aV (y) is bounded from below.
Denoting this density (with some abuse of notation) by {(x,y), (B.6) then gives

/ & (%) + 1 (y)) ¢ (dxdy)
R4 xR4

¢(x,y)
< /]R'ix]Rd C(X7Y) log 67W(x7y)+a(V(X)+V(Y))/Z

< / (W (x,5) +a(V (%) + V() C(x,y)e” DV g(ax)¢(dy)
R xR

e~ 1= (VE+V ) g(dx)¢(dy) + C

+ / C(x,y) log C(x, y)e~ MOV IV Iy(dx)e(dy) +log Z + C.
R4 xR
Therefore, recalling the definition of J, in (2.6), we have
/ & (¥ (%) + 1 () € (dxdy) <230 () + R (¢le™ V0@ e 1-9V0) +log Z + C,
R4 xR
which completes the proof of the claim, and therefore the lemma. O

C Proof of Lemma 3.5

We first establish a preliminary result in Lemma C.1 below. Let B(0,r) denote the
closed ball about 0 of radius r, and let B°(0,r) denote its complement.

Lemma C.1. Let ¢, Py (R?), and d,, be defined as in (2.3)-(2.5). Then dy(jin, ) — 0 as
n — oo if and only if

dyw(ptin, ) — 0 and lim sup {/ w(x)un(dx)} =0. (C.1)
Be(0,r)

T—00 n

Furthermore, the metric space (Py(R?),d,) is separable.

Proof. (=). Let un,n € N, u € Py(R?) be such that dy (tin, u) — 0. Since dy, (pin, p) <
dy (o, ), this implies d,, (pn, ) — 0. Let € > 0. By the integrability of ) there exists
r < oo such that ch(o.r) Y(x)p(dx) < §, and also (9B(0,7)) = 0. Hence, we have

/BC(O’T)dJ(x)un(dx) /BC(O}T)w(X)(un(dx) —u(dx))Jr/ () u(dx)

Be(0,r)
< w(X)/U'n(dX)*/ W(x)p(dx) o
R4 .
i /19(077»>¢(X)M"(dx)_/Bm,r)w(x)u(dX) t3

From the definition of dy in (2.5) and the nonnegativity of d,,, we can find ny € IN such
that Vn > ng, we have

<<
3

[ vt = [ px(an

Since 1(90B(0,7)) = 0, the u-measure of the discontinuity points of x — 9(x)1p(0,)(X) is
zero. Since ¢(x) can be extended outside of B(0,) to obtain a bounded and continuous
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function on R, the fact that d, (i, ) — 0 implies that there exists n{, < oo such that
Yn > ng,

< (C.3)

Wl m

/Bw,r)w(")”"(dx) - / (%) p(dx)

B(0,r)

Combining the above estimates for all terms in (C.2) we obtain

sup / (X)) o (dx) p < €.
n>max{nog,n(} Be(0,r)

Since 1) is integrable with respect to each u,, for all n < max{ng,n;} we can find an
r, < oo such that ch(o ) Y(x)pan (dx) < €. Taking r’ = max{r1, ..., "max{no.ns}> 7} yields

sup { /B . w<x>un<dx>} <e

Since ¢ is arbitrary, the conclusion follows.
(<) To prove the converse, let u,,n € N, u € Pw(]Rd), be such that (C.1) holds. For
€ > 0 there exists r < oo such that x(0B(0,r)) = 0 and

sglp{ /B c(o,r)lb(x)“"(dx)} <3 and /B C(O’T)w(X)u(dX) <

where the latter inequality holds because p € P, implies that 1 is u-integrable. Thus,
we have

bl

w| ™

" ¥ (x) pn (dx) —/Rdw(X)M(dx) < /B(O’T)Wx)un(dx) —/B(O,r)w(X)’u(dx)
+ /BC(OW)?ﬁ(X)Mn(dX) _/BC(O,r)w(X)'u(dX) (C.4)
2¢
<[ vm) = [ weon(o) + 5

Since d,(un, ) — 0 and p puts no mass on the set of discontinuities of the bounded
function 1 (x)15(, (x), there exists ny < co such that

< Vn > ny.

/B o VO — / $(x)u(dx)

B(0,r)

€
3 )
Since ¢ is arbitrary, when substituted back into (C.4), this shows that
=0.

lim
n—oo

[ wemta) — [ vx(an

We now turn to the proof that P, (R?) is separable. Let {z,} be a countable dense
subset of R?, and define

N N N
A= {chémn iCn € Qp,n = 1,...,]N,ch: 1,20,,1/}(3%) <c>o,N€]N}7

=1 n=1 n=1
where Q. is the set of nonnegative rational numbers, and observe that A is a countable

subset of P,,. We now show that A is dense in Py. Fix 4 € P, and € > 0. Also, consider
the space IF of bounded, Lipschitz continuous functions on R¢, equipped with the norm

[IfllBL = max( sup M,Q sup |f(x)|>7

x,yERE xA£y |X - ‘ x€R4
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and let IF; be the subspace of functions with || f||z; < 1. Then consider the metric on
P(R?) given by

dpr(p,v) == sup
fer

f)pu(dx) = [ fx)v(dx)).
Rd

R4

In view of the definition of d in (2.5) and the fact that there exists a constant C' < oo
such that d,, (i, v) < C+/dpr(u,v) (see [12, p. 396]), it suffices to show that there exists
v € A such that

sup <e. (C.5)

feFu{y}
Recalling that ¢ is continuous, for each n € N, choose 7, € (0,¢/2) such that

fFE)pu(dx) = [ f(x)v(dx)
d R4

€
sup  [9(x) —9(xn)| < 5, (C.6)
XEBy,, (Xn)
and note that then we also have
13
sup [ f(x) = f(xn)| <1 < 5 fel;. (C.7)
xeBTn (xn)

Now define B,, := B, (x,) \ UpZ %B,k(xk) and b, := u(B,). Clearly, {B,}ncn forms a
disjoint partition of R% and hence, Zn: = 1. Moreover, by (C.6) and (C.7) we have
for all f € 'y U{y},

/ Fx

We can assume without loss of generality that ¢ is uniformly bounded from below away
from zero. Since [, 1(x)u(dx) is finite, this implies ) ", b,1)(x,) < oo, and hence
there exists V € IN such that

o0

Z nosup | f(xn) = f(x)] <

= x€B,

(C.8)

m\m

€
Z b < BV xl)\/l) and Z bt(xn) < 3. (C.9)

n=N+1 n=N+1

Now, forn =2,..., N, choose ¢, € Q4 such that

0<b, — (C.10)

by, €
Cn S R
<maX(|z/J(X1) + (%), [xn — X1>> 4
and set
N oo
c1i= b1+2(bn—cn)+ Z by,
n=2 n=N+1

Observe that Zf:/:l ¢n =Y. b, =1, and hence, c; also liesin Q. Set v := 25:1 enlx, -

n=1

Then, for f € Fy U {¢}, using (C.10) and (C.9), we have
e’} N s}
= baf(xn)| =D enf(xn) = > baf(xn)
n=1 n=1 n=1
N %)
< (b —ea)lf(x0) = fO)[ + D balfa) = f(xn)]
n=2 n=N+1
€ > s €
<AL D0 but D0 balf(xa) < 5
n=N+1 n=N+1
When combined with (C.8) this establishes the desired inequality (C.5). O
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Proof of Lemma 3.5. Let C' < oo and let {u,,} C P, (R?) be a sequence such that 7 (u,,) <
C for all n. Now lim, ;o infy|x|=c ¢(1(x)) = 0o because lim._, infx.|x|=c 9 (x) = co and

limg_ oo ¢gs) = o0. Hence, by Lemma 3.2 with g = ¢ o ¢, the sequence {u,, } is tight in the
weak topology, and we have

rli>nc}o Slrly,p {AC(O,T) ¢(X)u71 (dX)}
= lim su X 7¢<X) X
~ lim np{ /| oy P00 S8 >}

D ACY e (e
S Tli)fg() b'n,p { <:E€BCR)’T) ¢(¢(X))> /BC(O,T) ¢(¢( ))M”(d )}
h(x)

<Clim sup ———=0.
00 xeB°(0,r) ¢(1/J(X))
Thus, by the first assertion of Lemma C.1, {1, } is tight in Py (R?). O

D Tightness results

Proof of Lemma 4.4. Since R is a Polishspace, to verify weak convergence of a sequence
of measures in P(R?) it suffices to consider convergence of integrals with respect to
the measures of functions f that are uniformly continuous. We use the fact [26, Lemma
3.1.4] that there is an equivalent metric m on R¢, such that if U,(R?, m) is the space
of bounded uniformly continuous functions with respect to this metric, then there is
a countable dense subset {fn},,.cx C Us(R?,m). Define K, := supycpa|fm (x)| and
AL = f (XP) = [gafm (x) 47 (dx). For any € > 0, Chebyshev’s inequality shows that

1< 1< . 1 I & i an
P30k @)= 02 [ ) @) > ] < B | X Ahaah,
Let 7' = o(X? i=1,...,7). As we show below, by a standard conditioning argument,

the off-diagonal terms vanish: for ¢ > j,
E[AL AL ] =E[E[AL AL F] =E[E[AL | F AL ;] =0

Since |A}, ;| < 2K,

1< 1< . AK2,
P n;/Rdfm (x)0xn (dm)—n;/wfm (x) @ (dx) >5] < —

Since (L™, i) = (L, i) and € > 0 is arbitrary, by Fatou’s lemma,

P [ fu @) L(dz) = [ fu (xm(dxﬂ —1
Rd Rd

Now use the property that {f,,,m € N} is countable and dense to conclude that L = i
a.s. O
E Auxiliary Lemmas

Lemma E.1. For every ;i € P(RY) with no atoms, there exists a sequence {x"},en C
(R9™), such that Ty (L, (x";-)) — J(1).
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Proof. Let {X, }nen be a sequence of independent R?valued random variables with
common law u. For every n € N let X" := (X4,...,X,), and denote L, (X", ) simply by
L,,. Then we have

BT = 5B | [V 64V 05 W ) L (0 L ()
= 2n22 Z V(X)) + W (X;,X;))

i=1 j=1,j#1i

-E |5 QZ S 5 [ V)W ) () )

i=1 j= 137&1

= J(1)-

n—1

By the Glivenko-Cantelli Lemma (or Lemma 4.4), L,, converges in distribution to the
deterministic measure p. Hence using the Skorokhod Representation (and by introducing
a new probability space if needed, but which we still denote as ({2, F,P)) we can assume
the almost sure convergence to u. By Fatou’s Lemma, we have

J(p) = lim J(p) = iminf B[Tx(Ly)] > Elliminf J (L )] > E[T% ()] = E[T ()]

n—oomn — 1 n—o00 n—00

From the above we get that a.s. liminf,,, Jx(L,) = J(u), and therefore trivially there
exists a realization w such that by setting x,, = X, (w), Jz(Ln(Xyn;-)) = T (1). O

F Proof of Lemma 5.3

Suppose Assumptions 2.1 and 2.10 hold. Then there exists at least one probability
measure 4 such that J(u) < oo (e.g., 1 := {3 /¢(B)) where B C A, with A as defined in As-
sumption 2.1, satisfies 0 < ¢(B) < o0). Also, by Assumption 2.102, there exists a sequence
{1}, with each y,, < ¢, such that p,, = pand J(u,) — J(1). We now argue that we can
assume without loss of generality that Pn = e(lfa)vdm /dé is uniformly bounded. For
M € N, define p(A4) == [, pM(x)e~ 1~ a)v( 0(dx)/ [ P2 (x)e~ 179V )¢(dx), where
pM .= min(M, p,,) is clearly bounded. Since p is increasing with respect to M and the
map (x,y) = W(x,y) + V(x) + V(y) is bounded from below, by an application of the
monotone convergence theorem, M % 1, and J(u) — J(in) as M — co. The first
claim of the lemma then follows from a standard diagonalization argument.

Next, fix ¢y € ¥ and suppose u € ”Pw(Rd). We now show that the approximating
sequence {u,} can be taken to satisfy dy (un, ) — 0. To see this, first assume that p
has compact support K, and let K be the closure of N (K), the e-neighborhood of K for
some € > 0. let {u,} be the approximating sequence obtained in the first part of the
lemma, and set fi,(-) := pn (- N K)/pn(K). Note that fi,, is well defined for all sufficiently
large n since limy, o0 fin(K) = lim, o0 pin(Ne(K)) = p(N.(K)) = 1 because u, — u,
1(ON,(K)) = 0, and K is the support of x. Similarly, for any closed set F', F N K is also
closed, and hence by Portmanteau’s theorem, limsup,, p, (F N K) < u(F N K) = pu(F).
Since ji,(K) — 1, this implies that lim sup,, fin(F) < p(F), which (by another application
of Portmanteau’s theorem) shows that /i, — x. Furthermore, since all ji,, have the same
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compact support and converge to 4, and since ¢ is continuous, dy (fin, ) — 0. Moreover,

lim J(ji,) = lim (V(x) +V (y) + W (x,y)) fin (dx) fin (dy)

n—oQ n—oQ R x R4

1 1
limilimf/ V)+V(y)+WI(x,y)) pn (dx) pn, (dy
Jim g 5 [ V004V ()4 W y)) s () (4)

= lim J(pn) = T (w)-

Finally, consider an arbitrary p € Pw(]Rd) (not necessarily with compact support) and
let v, (+) := %. By dominated convergence fB(O,n) Y (x) vy (dx) = [pa ) (%) p (dx),
which shows that dy(v,, ) — 0. Since we also have J(v,) — J(u), the desired ap-
proximating measures can be found by combining the two approximations and using a

diagonalization argument.
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