FROM THE SCHRODINGER PROBLEM TO THE
MONGE-KANTOROVICH PROBLEM

CHRISTIAN LEONARD

ABSTRACT. The aim of this article is to show that the Monge-Kantorovich problem is
the limit, when a fluctuation parameter tends down to zero, of a sequence of entropy
minimization problems, the so-called Schrodinger problems. We prove the convergence
of the entropic optimal values to the optimal transport cost as the fluctuations decrease
to zero, and we also show that the cluster points of the entropic minimizers are optimal
transport plans. We investigate the dynamic versions of these problems by considering
random paths and describe the connections between the dynamic and static problems.
The proofs are essentially based on convex and functional analysis. We also need specific
properties of I'-convergence which we didn’t find in the literature; these I'-convergence
results which are interesting in their own right are also proved.
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1. INTRODUCTION

The aim of this article is to describe a link between the Monge-Kantorovich optimal
transport problem and a sequence of entropy minimization problems. We show that the
Monge-Kantorovich problem is the limit of this sequence when a fluctuation parameter
tends down to zero. More precisely, we prove that the entropic optimal values tend to
the optimal transport cost as the fluctuations decrease to zero, and also that the cluster
points of the entropic minimizers are optimal transport plans. We also investigate the
dynamic versions of these problems by considering random paths.

Our main results are stated at Section 2, they are Theorems 2.4, 2.7 and 2.8.

Although the assumptions of these results are in terms of large deviation principle, it
is not necessary to be acquainted to this theory or even to probability theory to read this
article. We tried as much as possible to formulate the probabilistic notions in terms of
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analysis and measure theory. A short reminder of the basic definitions and results of large
deviation theory is given at the beginning of Appendix A.

The connection between large deviation and optimal transport was discovered by Mikami
in the context of the quadratic transport [Mik04]. Although no relative entropy appears
in [Mik04] where an optimal control approach is performed, the results of the present
paper can be seen as extensions of Mikami’s ones.

Some notation. Let us introduce briefly some notation and conventions before present-
ing our main results. For any topological space Z, we denote by P(Z) the set of all
probability measures on the Borel o-field of Z.

In the whole paper, X denotes a state space which is assumed to be Polish, i.e. complete
metric and separable. As usual when working with stochastic processes, we are going to
consider probability measures on the space

Q:= D([0,1], &) c x0Y

of all X-valued paths on the time interval [0, 1] which are left continuous and right limited.
For any P € P(Q), i.e. P is the law of a random path (X;)o<i<1, and any 0 < ¢ < 1, we
denote by P, = (X;)4zP € P(X) the law of the random location X, at time ¢, where
we write fum for the push-forward of the measure m by the measurable mapping f.
In particular, Py and P; are the laws of the initial and final random locations under P.
Also useful is the joint law of the initial and final locations (Xo, X1): Py = (Xo, X1)xP €
P(X?). The disintegration of P with respect to (Xo, X1) is P(dw) = [, P™(dw) Py (dzdy)
where P™(.) := P(- | Xo = 2, X1 = y),z,y € X is the bridge of P between x and vy, i.e.
P conditioned by the event (Xg, X7) = (x,y).

When working with the product space

X2 — X{O’l},

one sees the first and second factors X as the sets of initial and final states respectively.
Therefore, denoting the canonical projections Xo(z,y) := x and Xi(z,y) = vy, (z,y) €
X% the first and second marginals of the probability measure 7 € P(X?) are m :=
(Xo)am € P(X) and m 1= (X;)pm € P(X).

Monge-Kantorovich and Schrédinger problems. In its Kantorovich form, the op-
timal transport problem dates back to the 40’s, see [Kan42, Kan48|. It appears that its
entropic approximation has its roots in an even older problem which was addressed by
Schrodinger in the early 30’s, see [Sch32].

Monge-Kantorovich problem. 1t is about finding the cheapest way of transporting some
given mass distribution onto another one. We describe these mass distributions by means
of two probability measures on a state space X : the initial one is called py € P(X)
and the final one p; € P(&X'). The rules of the game are (i): it costs c¢(x,y) € [0, 00| to
transport a unit mass from z to y and (ii): it is possible to transport infinitesimal portions
of mass from the z-configuration p to the y-configuration ;. The resulting minimization
problem is the celebrated Monge-Kantorovich problem

/ cdn — min; € P(X?): 7o = po, 11 = fi1. (MK)
X2

It is worth introducing a dynamic version of this static problem. For this purpose, let us
take a cost function on the path space C' : Q — [0, 00] and consider the corresponding
geodesic problem, for all z,y € X :

Cw) = min; w€Q:wy=1x,w =Y. (G™)



The dynamic Monge-Kantorovich problem is
/ CdP — min; P eP(Q): Py= o, P = 1. (MKayn)
Q

The following results about (MK) and (MKgy,) are part of Theorem 2.8 below. We have
inf (MKgy,) = inf (MK), whenever ¢ and C' are related by

c(z,y) =1inf (G") :=inf{C(w);w € Q:wy = 2,01 =y}, z,y€i. (1)

This will be assumed once for all. R
If P is a minimizer of (MKgyy), then Py; minimizes (MK). Moreover, the formula

~

P(dw) = /2(2 dray (dw) T(dzdy),

is a one-one relation between the minimizers P of (MKgyn) and <%, (Oray )z ye X) where T
solves (MK) and (x,y) — drey € P(Q2) is any measurable mapping such that for 7-almost
each (z,y), drey concentrates on the set of geodesic paths

' :={we QBw =z,w =y,C(w) =c(x,y)},

i.e. 5Fzy(FZy) = 1
Optimal transport is an active field of research. For a remarkable overview of this topic,
see Villani’s textbook [Vil09] and the references therein.

Schrédinger problem. In his Saint-Flour lecture notes [F6188], Follmer gave a modern
translation of a statistical physics problem that Schrodinger addressed in 1932 in connec-
tion with the newly born quantum physics. The relative entropy of the probability p with
respect to the reference probability r is defined by

o flog(%) dp € [0,00], ifp<r
H(plr) == { 00, otherwise.

Take R € P(€) which is seen as the law of some reference' stochastic process and two
probability measures pg, p1y € P(X). Schrodinger’s dynamic problem is
H(P|R) — min; P e P(Q): Py = o, Pr = (Sdyn)

where as for the Monge-Kantorovich problem, py and p; € P(X') are prescribed. In order
to obtain a minimization problem on the same set P(X?) as (MK), let us project (Sayn)
from P(Q) onto P(X?) by taking the push-forward Py, = (X, X1)xP € P(X?) of any
P € P(Q2). The reference probability on X? becomes
p = (X(], Xl)#R = R € P(X2)

and we call

H(n|p) — min; 7€ P(X?) : mo = po, m1 = pua, (S)
the Schrodinger problem.
One can prove that inf (S4y,) = inf (S) € [0, 0o] and since the relative entropy is a strictly
convex function, if inf (Sqyn) < 00, then (Sqyn) and (S) admit respectively a unique mini-
mizer P € P(Q) and 7 € P(X?). Moreover, these solutions are related by 7 = Py; and

P(dw) = /X R(dw) 7 (drdy), (2)

IThe unusual letter R is used to stress the fact that R is the reference process.
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i.e. P is the 7-mixture of the bridges R™ of the reference process R. Indeed, as noticed
in [F6188], these results follow from the disintegration P(-) = [, P™(-) Pyi(dzdy), the
tensorization formula H(P|R) = H(Py|Ro) + [y. H(P™|R™) Py (dxzdy) and the fact
that H(P*Y|R*Y) attains uniquely its minimal value zero at P*Y = R*Y.

A link between these problems. In order to reinforce the formal resemblance between the
Monge-Kantorovich and the Schrodinger problems, it is necessary to understand how the
reference process R encodes the dynamic cost C'. This will be done by replacing R with
a sequence (RF)y>1 of reference processes which satisfies a large deviation principle with
scale k, as k tends to infinity, and rate function C. It roughly means that

k—oo

RA) = exp (b C) ) 3)

for a large class of measurable subsets A C 2.

Very informally, the most likely paths w correspond to high values R*(dw) and therefore
to low values of C'(w). As k tends to infinity, the support of R* shrinks down to a subset
of the minimizers of C. Under endpoint constraints, it shouldn’t be surprising to meet the
family (G*¥) of geodesic problems: The large deviation behaviour of the sequence (RF)y>1
brings us a family of geodesic paths. More precisely, it can be proved that for Ry;-almost
all (z,y), the cluster points of the sequence (R*®);>; of bridges of (R¥);>; concentrate
on the set I'* of solutions to the geodesic problem (G%): limy_,o0 R¥®Y = pay.

Instead of (Sqyn) and (S), we introduce the sequence of problems (Ssyn)kzl and (gk>k21:
1 ) =k
EH(P\R’“) —min; P eP(Q): Py =po, P = (Sayn)
and
1 -
SH(lp) > ming 7€ P(A?) 70 = o w1 = G
where

Pk = ngl
and 1/k is a normalization factor which prevents H(P|RF) from exploding as k tends to
infinity. Note that, as a direct consequence of the contraction principle (Theorem A.1),
(p*)i>1 satisfies the large deviation principle with scale k and the rate function ¢ on A
which is defined by (1).
The aim of this paper is to prove the informal statement

{<a> ling e (8) = (MK), @
(b) hmk%oo (den) = (MKdyn)a

having in mind
o limy_,o inf ($°) = inf (MK)
e and any cluster point of the sequence (7%);>; of minimizers of (gk) }>1 1S a mini-
mizer of (MK).
And also similar statements for the dynamic problems. It will be seen later that it is
necessary to replace (Sk) and (Szyn) by some modified problems (S*) and (S},,), see the

statements of Theorems 2.4 and 2.7 respectively. The relevant notion of convergence in
(4) is the I'-convergence, see (6) below and Theorem 2.1 for more details.
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Presentation of the results. In this introduction, we briefly present our main results
by means of the specific important example which was Schrodinger’s original motivation
in [Sch32].

Schrédinger’s heat bath. Our general results applied to Schrodinger’s original example?
lead us to a restatement in terms of relative entropy of the main result of Mikami’s article
[Mik04]. For each integer k > 1, let R¥ be the law of a Brownian motion Y* with diffusion
coefficient 1/k :

dY}F =+/1/kdB, (5)

where B is a standard Brownian motion. With these dynamics, it is enough to consider
the path space C([0, 1], X) C Q of all continuous trajectories from [0,1] to X = R4. As k
tends to infinity, R* tends to some deterministic dynamics: B> describes a deterministic
flow since it only gives mass to constant paths.
The rate function C' corresponding to (5) is given by Schilder’s theorem (Theorem A.3),
a standard large deviation result which tells us that C' is the classical kinetic action
functional which is given for any path w by C(w) = 1 Jioy el dt € [0, 00] if w = (wi)o<e<
is absolutely continuous (w is its time derivative), and +oo otherwise. With Jensen’s
inequality, one easily sees that the corresponding static cost defined by (1) is the standard
quadratic cost

c(e,y) = |y —2P/2, aye R

For each k > 1, the solution to (Ssyn) is
PH) = [ Rb() R dody
X2

where R* is the bridge between z and y of the Brownian motion with variance 1/k, and
7% is the minimizer of (ék) with

P (dy| Xo = ) = R*(X, € dy|Xo = z) = (21/k)"Y? exp(—k|y — z[>/2) dy, =z € R%
If the quadratic cost transport problem on X = R¢ admits a unique solution, for instance

when [, [z[*po(dz), [ [y[Pui(dy) < oo and pg is absolutely continuous [Bre9l], then

(P*)g>1 converges to
P(:) =/ 8wy () 7 (dady) € P()
X?

where for each z,y € X', ¥*¥ is the constant velocity geodesic path between x and y, 0=y is
the Dirac measure at y¥*¥ and 7 € P(X?) is the unique solution to the Monge-Kantorovich
transport problem (MK) with a quadratic cost. Observing

lim P* = P

k—o0

and comparing the expressions of P* and ﬁ, it is worth remarking that

- “—limye0 1 log p*(dady) ~ c(x,y)”, which reflects the fact that (p*(X; € [ Xo = 2))i>1
obeys the large deviation principle with scale k£ and rate function ¢(z, -),

- limy_y 00 R¥™ = §,2y, which is a consequence of (1) and (3),

- limy_,oo 7 = 7, which is part of (4)-(a) when 7 is unique.

2In [Sch32], the semi-classical limit k — oo is not investigated.
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Note also that P is a process with a deterministic dynamics and a random initial condition.
Moreover, it is the solution to (MKgy,) and its time-marginal flow is given by

B :/ 6,04() F(dudy) € P(X), 0<t<1.
X2

This flow is precisely the displacement interpolation between g and p; with respect to
the quadratic cost transport problem, see [Vil09, Chapter 7] for this notion. Therefore,

PE()= [ RE™()F(dady), 0<t<1

X2

is an entropic approximation of the displacement interpolation (ﬁt)ogtgl.

. . L ~k k

These results hold true with the unmodified minimization problems (S°) and (Sg,,)
whenever both pg and i are assumed to be absolutely continuous with respect to Lebesgue
measure. But our general results allow us to remove this restriction, see Theorems 2.4

and 2.7. They are stated in terms of [-limits of some modifications (S*) and (S’(‘iyn) of

(Sk) and (gzyn): the informal statement (4) must be replaced by

(@) T-limg.s (S*) = (MK), (6)
() T-limy o (Sgyn) (MKqyn)-

The definition and some basic results about I'-convergence are recalled at the beginning
of Section 2. In particular, Theorem 2.1 tells us that I'-convergence is well-suited for
obtaining

e limy_, inf (S*) = inf (MK);

e any cluster point of the minimizers (7*)>1 of (S¥),-, is a minimizer of (MK);

and their dynamic analogues.

The problem of knowing if (7%);>; converges even if (MK) admits several solutions
is left open in this article. It seems likely that this holds true and that the entropy
minimization approximation selects a “viscosity solution” of (MK).

Results. Our main results are Theorems 2.4, 2.7 and 2.8.

e The quadratic cost is an important instance of transport cost, but our results are
valid for any cost functions ¢ and C' satisfying (1) and (3), plus some coercivity
properties. In addition, it is not even necessary that c is derived from a dynamic
cost C' via (1): the convergence (6)-(a) holds in a more general setting, this is
the content of Theorem 2.4. Its dynamic analogue (6)-(b) is stated at Theorem
2.7 and the connection between the dynamic and static minimizers is described at
Theorem 2.8.

e Examples of random dynamics (R*);>; are introduced, leading to several cost
functions C' and c¢. They are mainly based on random walks and the Brownian
motion so that one can compute explicitly the corresponding cost functions. In
particular, we propose dynamics which generate the standard costs c¢,(z,y) =
ly — 2P, 2,y € R? for any p > 0. See Examples 3.5 for such dynamics based on
the Brownian motion.

e The relevant tool for handling convergence of minimization problems is the I'-
convergence theory. We also prove technical results about I'-convergence which
we didn’t find in the literature. A typical result about the I'-convergence of a
sequence of convex functions (fx)r>1 is: If the sequence of the convex conjugates
(f&)k>1 converges pointwise, then (f)g>1 ['-converges. Known results of this type
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are usually stated in separable reflexive Banach spaces, which is a natural setting
when working with PDEs. But here, we need to work with the narrow topology on
the set of probability measures. Theorem 5.2 is such a result in this weak topology
setting.

e Finally, we also prove Theorem 6.1 which tells us that if one adds a continuous
constraint to an equi-coercive sequence of I'-converging minimization problems,
then the minimal values and the minimizers of the new problems still enjoy nice
convergence properties.

Organization of the paper. Our main results are stated at Section 2. Since our primary
object is the sequence of random processes (R*);>1, it is necessary to connect it with the
cost functions C' and c. This is the purpose of Section 3 where these costs functions are
derived for a large family of random dynamics. The proofs of our main results are done
at Section 4. They are partly based on two I'-convergence results which are stated and
proved at Sections 5 and 6.

Literature. We already mentioned Mikami’s important contribution [Mik04] which con-
nects large deviation and optimal quadratic transport. Let us note also that an interesting
aspect of [Mik04], which is uncovered by the present paper, is that the stochastic control
approach together with c-cyclical monotonicity arguments, provide a stochastic proof to
the existence of the solution to Monge problem with a quadratic cost without relying on
Brenier and McCann'’s results [Bre9l, McC95]. Still using optimal control, Mikami and
Thieullen [MT06, MT08] obtained Kantorovich type duality results.

Recently, Adams, Dirr, Peletier and Zimmer [ADPZ11] have shown that the small time
large deviation behavior of a large particle system is equivalent up to the second order to
a single step of the Jordan-Kinderleher-Otto gradient flow algorithm. This is reminiscent
of the Schrodinger problem, but the connection is not completely understood by now.

The connection between the Monge-Kantorovich and the Schrodinger problems is also
exploited implicitly in some works where (MK) is penalized by a relative entropy, leading
to the minimization problem

1
/ cdm + EH(F‘,O) — min; 7€ P(X?) 7o = po, ™ = 1
X2
where p € P(X?) is a fixed reference probability measure on X2, for instance p = o ® 1.

Putting p* = Z; e ™% p with Z, = [,, e " dp < oo, up to the additive constant log(Z})/k,

this minimization problem rewrites as (Sk) See for instance the papers by Riischendorf
and Thomsen [RT93, RT98] and the references therein. Also interesting is the recent
paper by Galichon and Salanie [GS] with an applied point of view.

2. STATEMENTS OF THE MAIN RESULTS

The statements of our results are in terms of ['-convergence and large deviation princi-
ple. We start introducing their definitions, together with general notation.

Some more notation and conventions. For any topological space Z, P(Z) is fur-
nished with the usual narrow topology o(P(Z),Cy(Z)) weakened by the space Cy(Z) of
all continuous bounded functions on Z and the corresponding Borel o-field.

We denote X = (X;)scjo,1) the canonical process which is defined for all ¢ € [0, 1] by

Xi(w) == wr, w = (w)eep € Q= D([0,1], ).
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The set € is endowed with the o-field o(X;, ¢ € [0, 1]) which is generated by the canonical
process. It is known that it matches with the Borel o-field of {2 when 2 is furnished with
the Skorokhod topology® which turns €2 into a Polish space, see [Bil68].

Recall that a function f : X — (—o0,00] is said to be lower semicontinuous on the
topological space X if all its sublevel sets {f < a}, a € R are closed. It is said to be
coercive if its sublevel sets are compact in the Hausdorff space X. A sequence (fi)g>1 is
said to be equi-coercive, if for all @ > 0, J,o1{fx < a} is relatively compact in X. The
convex analysis indicator of a set A C X is defined by

0 ifzecA
LzeA} = ta(r) =

oo otherwise
Large deviation principle. Let X be a Polish space furnished with its Borel o-field.
One says that the sequence (py)g>1 of probability measures on X satisfies the large devia-

tion principle (LDP for short) with scale k and rate function I, if for each Borel measurable
subset A of X we have

, reX.

(i) 1 1 (i)
— inf I(z) < liminfElogpk(A) < limsupElogpk(A) < — inf I(z) (7)

r€int A k—o00 k—00 r€ECl A

where int A and cl A are respectively the topological interior and closure of A in X and
the rate function I : X — [0, 00| is lower semicontinuous. The inequalities (i) and (ii) are
called respectively the LD lower bound and LD upper bound, where LD is an abbreviation
for large deviation.

Important standard LD results are recalled at Appendix A.

I-convergence. Recall that if it exists, the [-limit of the sequence (f)g>1 of (—o0, o0]-
valued functions on a topological space X is given for all z in X by

I- lim fy.(z) = S Jim inf fi(y)

where N (z) is the set of all neighborhoods of z. In a metric space X, this is equivalent
to:

(i) For any sequence (xy)g>1 such that limy_,o 25 = z,
liminf fi(zx) > f(2)
k—o00
(i) and there exits a sequence (Zy)r>1 such that limg_,o 7 = = and
liminf fi(Zx) < f(z).
k—o0

Item (i) is called the lower bound and the sequence (Zj)g>1 in item (ii) is the recovery
sequence. An important standard I'-convergence result is the following

Theorem 2.1. Let (fx)r>1 be an equi-coercive sequence of (—oo,o0]-valued functions
which T'-converges to some function f which is not identically equal to +oo.

(1) Then, f is coercive and mingex f(x) = limg_oo inf e x fr(x).
(2) For each k > 1, let &) be a minimizer of fi. If (Zx)k>1 converges to some & € X,
then T is a minimizer of f.

For a proof, see [DM93, Thm 7.8, Cor 7.20].
The main results. The state space X is assumed to be Polish.

3In the special case when the paths are continuous, one can choose Q = C ([0,1], X), in which case this
topology reduces to the topology of uniform convergence.



Static results. For each integer k > 1, we take a measurable kernel
(p"" € P(X);z € X)
of probability measures on X. We also take ug € P(X'), denote
pro (dady) = po(da)p™*(dy) € P(X?)

and define the [0, oco]-valued functions on P(X?) :

k7 Pyp— I

{ CO}ZO(ﬂ = %H(W|Pk“°> + Ymo=no} , T EPXY.
Cor(m) = [yo Cdm + t{my=po}

Proposition 2.2. We assume that for each x € X, the sequence ((X1)xp™)i>1 satisfies
the LDP in X with scale k and the coercive rate function

c(x,:): X — [0, 00]
where ¢ : X* — [0, 00] is a lower semicontinuous function.

Then, for any jo € P(X) we have: T-limy_, o Coi" = CLO in P(X?).

Let us define the functions
. 1
T (o, v) = inf {EH(ﬂpk’“O);ﬂ € P(X?) o = po,m = 1/}

= inf{CS"(n);mr e P(X?) :m =v}, veP)
and
To1(po,v) = inf {/ cdm;m € P(Xz) DMy = flo, T = 1/}
X2
= inf{C’(n);m € P(X?) : m = v}, vePX).
The subsequent result will follow from Proposition 2.2 and Theorem 6.1.
Corollary 2.3. Under the assumptions of Proposition 2.2, for any po € P(X) we have
['- lim Téfl(/i()v ) = TOl(/“LU’ )
k—o00
on P(X). In particular, for any u; € P(X), there exists a sequence (u¥)r>1 such that
limy oo 1§ = g in P(X) and limy o0 Tt (po, 115) = Tor (o, p11) € [0, 00].
The main result of the paper is the following theorem.

Theorem 2.4. Let us consider the sequence (S¥)i>1 of minimization problems which is
gwen for each k > 1, by

L H(rlh) - min; 7 € P(X?) : o = o, m1 = i 5
where (p¥)g>1 is a sequence in P(X) as in Corollary 2.3.

Under the assumptions of Proposition 2.2, for any o, 1 € P(X) we have limy_, o, inf (S¥) =
inf (MK) € [0, oo].

Suppose that in addition inf (MK) < oo, then for each large enough k, (S*) admits a unique
solution ™ € P(X?). Moreover, any cluster point of the sequence (7%);>1 in P(X?) is a
solution to (MK).

In particular, if (MK) admits a unique solution & € P(X?), then limy o, T = 7.

Remark that limy . inf (S*) = inf (MK) is a restatement of limy o 75 (o, uf) =
To1(po, p11) in Corollary 2.3.
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Dynamic results. Proposition 2.2 and Theorem 2.4 admit a dynamic version. For each
integer k£ > 1, we take a measurable kernel

(RM € P(Q%);2 € X)
of probability measures on {2, with
OF = {X, = x}.
We have in mind the situation where R¥ € P(Q) is the law of a stochastic process and

RF® = R¥(- | Xy = x) is its conditional law knowing that X, = x. For any po € P(X),
denote

Rk () = /X R** () po(dz) € P(Q), RE() = /X RS2 () po(de) € P(A?).

We see that R0 is the law of a stochastic process with initial law p and its dynamics
determined by (R¥?;2 € X) where x must be interpreted as an initial position, while
R’g’l“ * = (X, X1)x R is the joint law of the initial and final positions under RF#0. Let
us define the functions
{ Chua(P) = LH(PIR™) + 1)
cro(p) = fQCdP—I— L Py=po} ’

where C': 2 — [0, 00] is a lower semicontinuous function.

P e P(Q)

Proposition 2.5. We assume that for each x € X, the sequence (R*®);>, satisfies the
LDP in Q with scale k and the [0, oo]-valued coercive rate function on €

C*=C+ L{Xo=x}

where C' : Q — [0, 00] is a lower semicontinuous function.
Then, for any po € P(X) we have: T-limy_,, CEHo = CHo in P().

Let us define the functions
1
T*(po,v) = inf {EH(P|R’W°);P eP(Q): Py=po, P, = ,,}
= inf{CF"(P);PcP(Q): P=v}, vePX)
and
T(po,v) = inf{/ CdP;PeP(Q): Py=po, P = V}
Q
= inf{C*(P);P € P(Q): P =v}, vePX).
Corollary 2.6. Under the assumptions of Proposition 2.5, we have
T- lim T%(pg, ) = T(po, -)
k—o0
on P(X). In particular, for any u, € P(X), there exists a sequence (juf)y>1 such that
lim M’f =t
k—o00
in P(X) and limy_,o0 T* (o, p¥) = T(1t0, 1) € [0, 00].

Theorem 2.7. Let us consider the sequence (S, )x>1 of minimization problems which is
gien for each k > 1, by

1
CH(PIRN) < win; P € P(Q) < By = i, Py = i (Styn)
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where (p5)g>1 is a sequence in P(X) as in Corollary 2.6.
Under the assumptions of Proposition 2.5, for any o, 11 € P(X) we have limy_, , inf (Sfiyn) =
inf (MKgyn) € [0, 00].

Suppose that in addition inf (MKgy,) < 0o, then for each large enough k, (Sflyn

) admits a
unique solution P¥ € P(2). Moreover, any cluster point of the sequence (ﬁk)kzl in P(Q)

is a solution to (MKgyn).
In particular, if (MKgyn) admits a unique solution P € P(Q), then limy_,o, P* = P.

From the dynamic to a static version. Once we have the dynamic results, the static ones
can be derived by means of the continuous projection P € P(Q) — (X, X1)xP = Py €
P(X?). The LD tool which is behind this transfer is the contraction principle which is
recalled at Theorem A.1 below. The connection between the dynamic cost C' and the
static cost ¢ is Eq. (1).

Since C” is coercive for all x € X', there exists at least one solution to the geodesic problem
(G™) which we call a geodesic path, provided that its value ¢(x,y) is finite.

The above static results hold true for any [0, col-valued function c¢ satisfying the as-
sumptions of Proposition 2.2 even if it is not derived from a dynamic rate function C'
via the identity (1). Note also that the coerciveness of C* for all € X, implies that
y € X — c(x,y) is coercive (the sublevel sets of ¢(z,-) are continuous projections of the
sublevel sets of C* which are assumed to be compact). Nevertheless, it is not clear at first
sight that c is jointly (on X?) measurable. Theorem 2.8 below tells us that it is jointly
lower semicontinuous.

The coerciveness of C* also guarantees that the set [ of all geodesic paths from x to
y is a nonempty compact subset of 2 as soon as ¢(z,y) < co. In particular, it is a Borel
measurable subset.

Theorem 2.8. Suppose that the assumptions of Proposition 2.5 are satisfied.

(1) Then, not only the dynamic results Corollary 2.6 and Theorem 2.7 are satisfied
with the cost function C, but also the static results Proposition 2.2, Corollary 2.3
and Theorem 2.4 hold with the cost function ¢ which is derived from C' by means of
(1). It is also true that ¢ is lower semicontinuous and inf (MKgy,) = inf (MK) €
[0, o0].

Suppose in addition that po, 11 € P(X) satisfy inf (MK) := Ty (po, 1) < 00, so that both

(MK) and (MKqy,) admit a solution.
(2) Then, for all large enough k > 1, (S*) and (S§,,) admit respectively a unique

solution 7% € P(X2) and P* € P(Q). Furthermore, 7% = P and more precisely
pr = / REY() 7 (dady)
X2

which means that P* is the 7 -mizture of the bridges RF*Y of RF.
(3) The sets of solutions to (MK) and (MKgyn) are nonempty convex compact subsets
of P(X?) and P(Q) respectively.
A probability Pe P(Q) is a solution to (MKay,) if and only if Py is a solution to
(MK) and
PY(I™) =1, Y(z,y) € X, Py-a.c. (8)

In particular, if (MK) admits a unique solution @™ € P(X?) and for 7T-almost every
(z,y) € X2, the geodesic problem (G*) admits a unique solution v*¥ € 0, then
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(MKgyn) admits the unique solution

P= [ 6u7(dedy) € P(Q)

X2
which is the T-mizture of the Dirac measures at the geodesics y*Y and

lim P* = P

k—o0
in P(Q).
Several comments and remarks. e The Schrodinger dynamic problem (Sﬁyn) looks like
the Monge-Kantorovich dynamic problem (MKyy,) not only because of po and pf k—> fh1,
—00
but also because of some cost of transportation. Indeed, if the random dynamics creates
a trend to move in some direction rather than in another one, it costs less to a dynamic
particle system whose empirical measure is close to P to end up at some configurations
close to p; than other ones. For the particle system picture associated with Schrodinger’s
problem, see [Sch32, Fo6I88]. Even if no direction is favoured by a drift vector field, we
see that the structure of the random fluctuations which is described by the sequence
(R*);>1 encodes some zero-fluctuation cost functions C' on Q2 (via the LD assumption of
Proposition 2.5) and ¢ on X? (via (1)).
. . C. . . ok
e Let us comment on the necessity for replacing the entropy minimization problems (S )x>1

k

dyn)k>1- Recall that we introduced

with (S%)z>1 and consequently (Szyn)kzl by (S

1 ) ~k

H(rlpt) —» min; 7 € P(X?) w0 = o, = i &)
~k

For inf (S") to be finite, it is necessary that uo and u; are respectively absolutely contin-

uous with respect to pf and p¥. Considering p*#0 instead of p* guarantees pg’“ ® = po. To

see why z; must be approximated by some sequence (15)>1, let us consider two examples.

- Take X = R, yp = p; = &y and choose p**#° to be the Gaussian distribution Gauss(0,1/k)
with mean zero and variance 1/k. Since y; and pF+#° are mutually singular, we have for

each k, inf (gk) = inf() = co. But this sequence (p¥)g>1 corresponds to the quadratic
cost (see Schrodinger’s heat bath at the introductory section or Example 3.4-(1) below).
Therefore (MK) admits the unique solution 7 = d(o,0y and it is necessary to approximate
w1 = & by a sequence of absolutely continuous probability measures (1§)>1 to obtain
limy, o inf (S¥) = inf (MK) = 0.

- Take X = R, py = & and choose p®*° as the law of the random variable Y* = 25} /k —1
where Sy has a binomial law Bin(k, 1/2), i.e. Sk is the number of successes after tossing
a fair coin k times. Clearly, Y* lives in X} := {2n/k — 1;0 <n < k} C [-1,1] and if

k
1 is absolutely continuous with respect to the Lebesgue measure on [0, 1], (S) has no

solution at all and inf (Sk) = oo for all £ > 1. It is necessary that p; be approximated by
u¥ whose support is included in ;. The cost function ¢ corresponding to this sequence
(p*)i>1 is given below at Example 3.4-(2) and it is immediate to see that taking p = &g
and any p; with a support included in [—1,1] leads to inf (MK) < log2 which clearly
implies that (MK) admits a (unique) solution.

e Let us comment on the necessity for replacing the pointwise convergence in (4) with the
I'-convergence in (6). Considering the Brownian dynamics described by (5), one obtains
a sequence (R¥);>1 of mutually singular reference probability measures on €. Indeed, for
each k, R* concentrates of the set of all continuous paths with quadratic variation ¢/k,
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0 <t < 1. Hence, for any P € P(Q), we have H(P|RF) = oo for all but at most one
k > 1. This rules out the pointwise convergence in (4)-(b) which has to be replaced with
[-limy, oo H(-|R*) = (C, -)q where the recovery sequences (P*);> satisfy limy,_,o, P* = P
and H(P*|RF) < oo for all large enough k, whenever [, C'dP < oco. The supports of the
P*¥s must follow the drifting supports of the RF’s. Of course, this is the case in particular
for the sequence (P*);>1 of the minimizers of (S5, )x>1-

Remarks 2.9 (about related literature). e Proposition 2.5 is an important technical step
on the way to our main results. A variant of this proposition, under more restrictive
assumptions than ours, was proved by Dawson and Gértner [DG94, Thm 2.9] in a context
which is different from optimal transport and with no motivation in this direction. Indeed,
[DG94] is aimed at studying the large deviations of a large number of diffusion processes
subject to a hierarchy of mean-field interactions, by means of random variables which live
in P(P(Q2)): the set of probability measures on the set of probability measures on the
path space 2. The proofs of Proposition 2.5 in the present paper and in [DG94] differ
significantly. Dawson-Gartner’s proof is essentially probabilistic while ours is analytic.
The strategies of the proofs are also separate: Dawson-Gartner’s proof is based on rather
precise probability estimates which partly rely on the specific structure of the problem,
while the present one takes place in the other side of convex duality, using the Laplace-
Varadhan principle and I'-convergence. Because of these significantly different approaches
and of the weakening of the hypotheses in the present paper, we provide a complete
analytic proof of Proposition 2.5 at Section 4.

e Although one may interpret 1/k as something of the order of Planck’s constant 7 to build
a Euclidean analogue of the quantum dynamics, in [Sch32] Schrodinger isn’t concerned
with the semiclassical limit k& — oo.

e Schrodinger’s paper is the starting point of the Euclidean quantum mechanics which
was developed by Zambrini [CZ08§].

Remarks 2.10 (about Theorem 2.8). o Formula (8) simply means that P only charges

geodesic paths. But we didn’t write ﬁ(I’) = 1 since it is not clear that the set I' :=
UMe I of all geodesic paths is measurable.

e In case of uniqueness as in the last statement of Theorem 2.8, the marginal flow of Pis
iy = B, — / 5,007 (drdy) € P(X), € [0,1].
xz

It is the displacement interpolation between pg and pq associated with the cost c.

As a consequence of the abstract disintegration result of the probability measures on a
Polish space, the kernel (z,y) — d,sv is measurable. This also means that (z,y) — ¥ is
measurable. R

e In case when no uniqueness holds for (MKygy,), any flow (X3)xP € P(X), t € [0,1] is
still a good candidate for being calle/(\i a displacement interpolation betweeAn to and .

It would be interesting to know if (P*);>; converges to some “entropic” P, selecting a
privileged displacement interpolation.

3. FROM STOCHASTIC PROCESSES TO TRANSPORT COST FUNCTIONS

We have seen in the introductory section that Schilder’s theorem leads to the quadratic
cost function. The aim of this section is to present a series of examples of LD sequences
(R*)>1 in P(Q2) which give rise to various cost functions ¢ on X2
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Simple random walks on R¢. Instead of (5), let us consider
Y=o+ WE, 0<t<1, (9)

where for each k > 1, W* is a random walk. The law of Y*® is our RF® € P(Q).

To build these random walks, one needs a sequence of independent copies (Z,)m>1 of a
random variable Z in R%. For each integer £ > 1, W* is the rescaled random walk defined
forall 0 <t <1, by

Lkt)

1
Wi = z >.7 (10)
j=1

where |kt| is the integer part of kt. This sequence satisfies a LDP which is given by
Mogulskii’s theorem. As a pretext to set some notations, we recall its statement. The
logarithm of the Laplace transform of the law my, € P(R?) of Z is log [z €¢* mz(dz). Its
convex conjugate is

cz(v) := sup {( v — log/ e mz(dz)} , veRL (11)
CERC Rd

One can prove, see [DZ98], that ¢z is a convex [0, oo]-valued function which attains its

minimum value 0 at v = EZ := [, 2mz(dz). Moreover, the closure of its effective domain

cl{cz < 0o} is the closed convex hull of the topological support supp mz of the probability

measure myz. Under the assumption (12) below, it is also strictly convex.

For each initial value z € RY, we define the action functional

C7(w) = Jonez@)dt ifwe Qac and wy =z , weQ.
+00 otherwise
Theorem 3.1 (Mogulskii’s theorem). Under the assumption
/ €C‘Z mZ(dZ) < 400, VC c Rd, (12>
R

for each © € R? the sequence (R¥®)p>1 of the laws of (Y*®)x>1 specified by (9) satisfies
the LDP in Q = D([0,1],R%), equipped with its natural o-field and the topology of uniform
convergence, with scale k and the coercive rate function C%.

For a proof see [DZ98, Thm 5.1.2]. This result corresponds to our general setting with

Clw) =Cz(w) == { f[071] cz(wy)dt if w e Qy

Q. 1
+00 otherwise we (13)

Since ¢y is a strictly convex function, the geodesic problem (G*Y) admits as unique solution
the constant velocity geodesic
o™ te[0,1] — (1 —t)x +ty € R (14)

Now, let us only consider the final position

| =

k
VW=a+ ) 7
j=1
Denote p** = (X)4xR** € P(X) the law of Y;"*. By the contraction principle, see

Theorem A.1, one deduces immediately from Mogulskii’s theorem the simplest result of
LD theory which is the Cramér theorem.
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Corollary 3.2 (A complicated version of Cramér’s theorem). Under the assumption (12),

for each x € RY the sequence (p**)>1 of the laws of (Ylk’x)kzl satisfies the LDP in R?
with scale k and the coercive rate function

yeX—cz(y—2z)€0,00] yelX

where ¢z is given at (11).
Furthermore, cz(v) = inf{Cz(w);w € Q: wy = x,w; = x + v} for all z,v € RY.

Last identity is a simple consequence of Jensen’s inequality which also lead us to (14)
a few lines earlier. Cramér’s theorem corresponds to the case when z = 0 and only the
deviations of Ylk’xzo = % 2521 Z; in R? are considered.

Theorem 3.3 (Cramér’s theorem). Under the assumption (12), the sequence (3 Z?Zl Zj)k>1
satisfies the LDP in RY with scale k and the coercive rate function cz given at (11).

For a proof, see [DZ98, Thm 2.2.30].
We have just described a general procedure which converts the law mz € P(RY) into
the cost functions C' = C'; and

C(l’,y):CZ(y—l'), 5UaZ/€Rd-
Here are some examples with explicit computations.

Examples 3.4. We recall some well-known examples of Cramér transform cy.

(1) To obtain the quadratic cost function cz(v) = |v|?/2, choose Z as a standard
normal random vector in R? : my(dz) = (2m)~%2 exp(—|z|?/2) d=.
(2) Taking Z such that Proba(Z = +1) = Proba(Z = —1) = 1/2, i.e. my = (0_1 +
d41)/2 leads to
[(1+v)log(l+v)+ (1 —v)log(l —v)]/2, if —1<v<+1
cz(v) =< log2, ifve{-1+1}
+o0, if v [—1,+1].
(3) If Z has an exponential law with expectation 1, i.e. mz(dz) = 1.>0ye”* dz, then
cz(v) =v—1-logvif v >0 and cz(v) = 400 if v <0.
(4) If Z has a Poisson law with expectation 1, i.e. mz(dz) = e 'Y o) 50,(dz), then
cz(v) =vlogv —v+1if v >0, cz(0) = 1 and cz(v) = +oc if v < 0.
(5) We also have
Cazib(w) = cz(a™ (v — 1))
for all invertible linear operator a : R? — R? and all b € R%.

Although Example 3.4-(3) does not satisfy Assumption (12), Mogulskii’s theorem still
holds true and cy is strictly convex since the log-Laplace transform of my is a steep
function.

We have cz(0) = 0 if and only if EZ := [, zmz(dz) = 0. More generally, cz(v) €
0, +00] and cz(v) = 0 if and only if v = EZ.

If EZ = 0, ¢z is quadratic at the origin since cz(v) = v - T','v/2 + o(|v|?) where 'y is
the covariance matrix of Z. This rules out the usual costs ¢(v) = |v|? with p # 2.

Nevertheless, taking Z a real valued variable with density Cexp(—|z|P/p) with p > 1
leads to cz(v) = |v[?/p(140jy)—o0(1)). The case p = 1 follows from Example 3.4-(3) above.
To see that the result still holds with p > 1, compute by means of the Laplace method
the principal part as ¢ tends to infinity of [~ e *"/Pe¢* dz = /2m(q — 1)¢*7/2e$"/9(1 +
O¢—4o0(1)) where 1/p+1/g = 1.
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Of course, we deduce a related d-dimensional result considering Z with the density
C exp(—|z[b/p) where |z|b = Zz‘gd |2i[P. This gives cz(v) = [v[b/p(1 + 0py»00(1)).

Nonlinear transformations. By means of the contraction principle (Theorem A.1), we
can twist the cost functions which have been obtained earlier. We only present some
examples to illustrate this technique.

The static case. Here, we only consider the LD of the final position Y. We have just
remarked that the cost functions ¢z as above are necessarily quadratic at the origin. This
drawback will be partly overcome by means of continuous transformations.

We are going to look at an example

Y =a 4 VF

where (V¥);>; satisfies a LDP which is not given by Cramér’s theorem. Let (Z;);51 be
as above and let o be any continuous mapping on R?¢. Consider

vk_aG > Zj>.

We obtain c(v) = inf{cz(u);u € RY, a(u) = v},v € R? as a consequence of the contraction
principle. In particular if « is a continuous injective mapping, then

c=czoa . (15)

For instance, if Z is a standard normal vector as in Example 3.4-(1), we know that the
empirical mean of independent copies of Z : %21 <j<k Zj, is a centered normal vector
with variance Id/k. Taking o = «, which is given for each p > 0 and v € R? by a,(v) =
271/P|y|2/P=1y, leads us to

VIR (2k) | 2P 7, (16)
the equality in law haw simply means that both sides of the equality share the same
distribution. The mapping «, has been chosen to obtain with (15):

c(v) = ¢p(v) := v, wveRL
Note that V* has the same law as k~'/?Z, where the density of the law of Z,, is x|z[P/2~te~ 12"
for some normalizing constant k.

The dynamic case. We now look at an example where
VAT —x+VE 0<t<1 (17)

and (V*);>; satisfies a LDP in © which is not given by Mogulskii’s theorem.

We present examples of dynamics V* based on the standard Brownian motion B =
(Bt)o<i<1 in R%. In these examples, one can restrict the path space to be the space Q =
([0, 1], R%) equipped with the uniform topology. The item (1) below is already known
to us, we recall it for the comfort of the reader.

Ezxamples 3.5.

(1) An important example is given by

VF=k12B, 0<t<l1.
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Schilder’s theorem states that (V*),>; satisfies the LDP in Q with the coercive
rate function

00wy = Jo /2t i w € Dueiop =0
+00 otherwise.

As in Example 3.4-(1), it corresponds to the quadratic cost function |v|?/2, but
with a different dynamics.
(2) More generally, with p > 0, we have just seen that

VF = (2k)"V?|B¥P'B,, 0<t<1

. . Law .
corresponds to the power cost function c,(v) = |[v|P, v € R?, since V}* = V¥ as in

(16). The associated dynamic cost is given for all w € € by
CO(W) = { p2/4 f[O,l] |wf|p_2|wt|2dt if we€ Qae,wo =0

+00 otherwise.
(3) Similarly, with p > 0, the dynamics
VE = (2k)7VP|B/tPP'B, 0<t<1

also corresponds to the power cost function c,(v) = |v[P, v € R?, since V¥ A vk
as in (16). But, this time the associated dynamic cost is given for all w € 2 by

2
Cw) = 1 Joo Lz lwe/tP (2 = p)w/Jwi| + pteoy/wil| dt if w € Qac,wo =0
400 otherwise.

Recall that as a definition, a geodesic path from z to y is some w € €),. which solves
the minimization problem (G*¥) associated with the cost function C. It is well known
that the geodesic paths for Ttem (1) are the constant velocity paths o*¥, see (14). The
geodesic paths for Item (2) are still straight lines but with a time dependent speed (except
for p = 2). On the other hand, the geodesic paths for Item (3) are the constant velocity
paths.

Modified random walks on R¢. Simple random walks correspond to (17) with V¥ =
W* given by (10). We introduce a generalization which is defined by (17) with

VFE=a,(WF), 0<t<1

where o : (t,v) € [0,1] x R? — ay(v) € R? is a continuous application such that ag(0) = 0
(remark that WJ = 0 almost surely) and o is injective for all 0 < ¢t < 1.
For all z € R? and all £ > 1, the random path Y** = z 4 V* satisfies

Yk,:p — @(Wk,x)

where W5 = 2 + W* and ® : Q — € is the bicontinuous injective mapping given for all
w e N by ®(w) = (P4(w))o<t<1 where

Dy (w) =wo + ay(wy —wp), 0<t<1.
As for (15), the LD rate function of (Y*%);>; is C* = C' + t{x,—,} where
C= CZ o CI)_l
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and Oy is given at (13). It is easy to see that for all ¢ € Q, ®71(¢) = (®; ' (#))o<t<1
where for all 0 < t < 1, ;1 (¢) = ¢ + Bi(d — ¢o) with B, := ;. Assuming that 3 is
differentiable on (0, 1] x R we obtain

Clw) = { f[o,u ¢z (atﬁt(wt —wo) + VB (wr — wo) - dlt) dt if w e Qe

+00 otherwise
For each z,y € R? (G*¥) admits a unique solution ¥*¥ which is given by the equation
P~ (™) = g»= A1) where o™V is the constant velocity geodesic, see (14). That is

vwW=r+a(th(y—12x)), 0<t<1.

The corresponding static cost function ¢ which is specified by (1), i.e. ¢(x,y) = C(y™).
In the case when a doesn’t depend on ¢, we see that for all z,y € R?,

c(z,y) = C(y") = Cx(a™ W) = ex(a(y — ),
which is (15), but the velocity of the geodesic path
0¥ = Va(ta ™ (y —x) -a 'y — x)

is not constant in general.

w € .

4. PROOFS OF THE MAIN RESULTS

We give the proofs of the results which were stated at Section 2. The main technical
result is Proposition 2.5. See Remark 2.9 about the contribution of Dawson and Géartner
[DG94] to this result.

It will be used at several places that Xy, X; : 2 — A are continuous. This is clear
when Q = C(]0, 1], X) since it is furnished with the topology of uniform convergence. In
the general case when Q = D([0,1], X') is furnished with the Skorokhod topology, it is
known that X is not continuous in general [Bil68]. But, it remains true that X, and X
are continuous, due to the specific form of the metric at the endpoints.

Let X and Y be two topological vector spaces equipped with a duality bracket (x,y) €
R, that is a bilinear form on X x Y. The convex conjugate f* of f: X — (—o0, 00| with
respect to this duality bracket is defined by

f*(y) = Su§{<$7y>_f(x)} S [_00700]7 yEY-
Te
It is a convex o(Y, X )-lower semicontinuous function.

Proof of Proposition 2.5. It is organized as follows:

Lemma 4.1 — Lemma4.2 (a)
Lemma 4.3 — Lemma4.4 — Lemma4.5 (b) P tion 2.5
Theorem A.2 — Lemma 4.6 (c) roposition 2.
d

Corollary 5.4 (d)

where Theorem A.2 is the Laplace-Varadhan principle and Corollary 5.4 is about I'-
convergence with respect to a weak topology and is the main result of Section 5.

The space Cp(Q2) is furnished with the supremum norm || f|| = supq |f|, f € Cp(2)
and Cy(Q2) is its topological dual space. Let My(Q2), resp. M, () denote the spaces of
all bounded, resp. bounded positive, Borel measures on Q. Of course, My(2) C C,(Q2)’
with the identification (f, Q)c,@)coy = fo fdQ for any Q € My(2). We write (f,Q) =
(f, @)cy(@),co() for simplicity.
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(a) Proof of Lemma 4.2. We start proving the preliminary Lemma 4.1. Denote

Of) i= [ logle! ") polda) € (=oc,00), £ € Cy(s)
x
Its convex conjugate with respect to the duality (C,(Q2), Cp(2)’) is given for all @ € Cy(£2)
by ©*(Q) = SUP e, () {f,Q)—o(f)}.
Lemma 4.1. {©* < oo} C M (Q).

Proof. Let us show that @ > 0 if ©*(Q) < oo. Let f € Cy(2) be such that f > 0. As
O(af) <0 foralla <0,

(@)

v

sup{a(f, @) —O(af)}

a<0

sup{a(f, Q)}

a<0

{07 if (f,Q) =0

400, otherwise.

v

Therefore, if ©*(Q) < oo, (f,Q) > 0 for all f > 0, which is the desired result.

For a positive element @ € C,(€2)" to be in My(2), it necessary and sufficient that it is
o-additive. That is, for all decreasing sequence (fy,)n>1 in Cp(Q2) such that lim,, . f, =0
pointwise, we have lim,,_,« (f,, @) = 0. Let us take a decreasing sequence (f,,)n>1 in Cp(€2)
which converges pointwise to zero. By the dominated convergence theorem, we have

lim O(af,) =0, Va>0.
It follows that for all @ € Cy(2)’,
©°(Q) = suplimsup{a(fn,Q) —O(afn)}

a>0 n—oo

> sup (limsup a(fn, Q) — lijﬂ G(an>>

a>0 n— 00

= supalimsup(f,, Q)

a>0 n—0o0

0 if limsup,,_,.(fn, @) <0
+00 otherwise.

Therefore, if ©*(Q) < 0o, we have limsup,,_, . (fn, @) < 0. Since we have just seen that
) > 0, we have the desired result. O

Dropping the superscript k& for a moment, we have (R* € P(2);z € X') a measurable
kernel and R := [, R*(-) po(dx) where o € P(X) is the initial law.

Lemma 4.2. For all Q € Cy(Q2)',
H(Q|R") + 1{@ep©):00=po} = SUP {(f, Q) — / log(e/, R*) Ho(dx)} :
FeCH() X

This identity should be compared with the well-known variational representation of the
relative entropy

H(QIR) + tp()(Q) = S {{f.Q) —log(e/,R)}, Qe My(Q) (18)

which holds for any reference probability measure R € P(€2) on any Polish space .
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Proof. 1t has been proved at Lemma 4.1 that any @ € C(Q2)’ such that ©*(Q) < oo is
in M, (Q). Let us take such a Q. Choosing f = ¢(X,) with ¢ € Cy(X), we see that

SUD gy (%) Jy @d(Qo — o) < ©%(Q). Hence, ©*(Q) < oo implies that Qy = . As @ is
positive, we also see that () is a probability measure with Qg = py.

It remains to prove that for such a @ € P(Q2), we have ©*(Q) = H(Q|R"°). Since 2 is a
Polish space, any @ € P(Q) such that Qy = o disintegrates as

Q) = [ @) mlr)
where (Q7;x € X') is a measurable kernel of probability measures. We see that
0'(@Q) = sw [ [(£.0%) ~logle! . R} ()
X

FeCy(Q)

and we obtain

0(Q) < /X sup [(,Q%) — log(e!, R*)] po(d)

feCy()

< /X H(Q|R") po(de)
— H(QIR™)

where (18) is used at the marked equality and last equality follows from the tensorization
property of the entropy. Note that x — H(Q¥|R”) is measurable. Indeed, (Q,R) —
H(Q|R) is lower semicontinuous being the supremum of continuous functions, see (18).
Hence, it is Borel measurable. On the other hand,  — R* and = — Q" are also
measurable, being the disintegration kernels of Borel measures on a Polish space.

Let us prove the converse inequality. By Jensen’s inequality: [, log{e/, R") pio(dz) <
log [ (ef, R*) po(dx) = log(ef, RM), so that

0"(Q) > sup { / fdQ —log / ¢! dR“O} — H(Q|R")
feCp(2) Q Q

where the equality is (18) again. This completes the proof of the lemma. 0

(b) Proof of Lemma 4.5. We start proving the preliminary Lemmas 4.3 and 4.4.

Lemma 4.3. Let J be a coercive [0, 00]-valued function on Q and (f,)n>1 a decreasing
sequence of continuous bounded functions on ) which converges pointwise to some bounded
upper semicontinuous function f. Then, (supo{fn — J}),>, is a decreasing sequence and

lim sup{f, — J} =sup{f — J}.
Q

n—oo ()

Proof. Changing sign and denoting ¢, = J — f,, ¢ = J — f, we want to prove that
lim,, o info g, = infg g.

We see that (g,),>1 is an increasing sequence of lower semicontinuous functions. It
follows from [DM93, Prop 5.4] that it is a [-convergent sequence and

- lim g, = lim g, = g. (19)
n—oo n—oo
Let us admit for a while that there exists some compact set K which satisfies

1gf n = 1%f In (20)
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for all n. This and the convergence (19) allow to apply [DM93, Thm 7.4] to obtain
lim,, . infgo g, = info I'-lim,,_, g, = info g which is the desired result.

It remains to check that (20) is true. Let w, € Q be such that J(w.) < oo (if J = 400,
there is nothing to prove). Then, infq g, < g,(ws) = J(wy) — fo(ws) < J(ws) — fws) <
J(w,) — infq f. On the other hand, for all n, f, < fi < A:=supf;. Let B:= A+ 1+
J(w,) —infq f. For all w such that J(w) > B, we have g,(w) > B —supg f, > B— A >
J(w,) —infg f + 1. We have just seen that for all n,

inf g, < ) — inf inf  g,(w) > ) — inf 1.

infg, < J(w,) —inf f  and nE (w) > J(w.) —inf f +
This proves (20) with the compact level set K = {J < B} and completes the proof of the
lemma. OJ

Let us denote
A(f) = /X supdf = C*} o) = /X supl/ = Chrolde), € C(@)

where Q% := {Xy, = 2} C Q. It will appear later that the function A is the convex
conjugate of the I'-limit C. Its convex conjugate with respect to the duality (Cy(2), Cp(£2)")

is given for all @ € Cy(£2)" by A*(Q) := supsec, ) 1(f, Q) — A(f)}-
Lemma 4.4. {A* < oo} C M/ (9).

Proof. Let us show that @Q > 0 if A*(Q) < oco. Let f € Cp(Q2) be such that f > 0. As
inf C' =0, Alaf) <0 for all @ <0, and we conclude as in Lemma 4.1.

As in the proof of Lemma 4.1, a positive element @ € C,(£2)" is in M,(€?) if and only if
for all decreasing sequence (f,)n>1 in Cp(2) such that lim, . f, = 0 pointwise, we have
lim, 00 (fn, @) = 0. Let us take a decreasing sequence (fy,)n>1 in Cp(2) which converges
pointwise to zero. By Lemma 4.3, for all z € X, (supQ{fn — C’””})n>1 is a decreasing
sequence and lim,, o, supg{ fn — C*} = 0. As |supg{f, — C*}| < supg | fi] < oo for all n
and x, we can apply the dominated convergence theorem to obtain that lim,, ., A(af,) =
0, for all @ > 0 and we conclude as in Lemma 4.1.

Finally, one must be careful with the measurability of x € X — w,(z) := info{C* —
fn} = —supo{fn — C*} € R. Since 2 and X are assumed to be Polish, we can apply a
general result by Beiglbéck and Schachermayer [BS09, Lem. 3.7,3.8] which tells us that for
each n > 1 and each Borel probability measure 4 on X', there exists a Borel measurable
function @, on X such that @, < u, and @,(z) = u,(z) for p-a.e. r € X. O

Lemma 4.5. Let C' be a lower semicontinuous [0, 0o]-valued function on the Polish space
Q2. Denote C* = C + 1{p—y) for each x € X, where 0 : Q@ — X is a continuous application
with its values in the Polish space X. Take p € P(X) and suppose that

infC* =0
Q

for p-almost every x € X. Then, we have

@ = s {00 [ suwlr - ot}

fECb(Q)
= / CdQ + vger@040=n}, @ € Mp(Q). (21)
Q

Note that since C' is measurable and nonnegative, the integral fQ C dP makes sense in
[0, 00] for any P € P(2).
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Proof. Let us first check that if Q@ € M,(Q) satisfies A*(Q) < oo, then @ € P(2) and
04Q = p € P(X). We already know by Lemma 4.4 that Q € M} (Q2). Choosing f = ¢ o6
with ¢ € Cy(&X), since info C* = 0, we see that supo{¢ o § — C*} = ¢(x). Hence,
SUPge, (1) Sy @ d(04Q — p) < A*(Q) < oo which implies that 64Q = p. This proves
the desired result.

It remains to prove the equality for a fixed P € P(€2) which satisfies 6. P = u. Because €2
and X are Polish spaces, we know that P disintegrates as follows: P(-) = [, P*(-) u(dx),
with x € X — P*(-) := P(- | 0 = z) € P(2) Borel measurable. For any f € Cy(Q2),

(1P) = [ suplr =y utde) = [ 4£.P7) = sup{f = O ()
= [ e Py (7 = 7 sl = €}, P ()

< /X (7, P*) p(de)

Q

Optimizing, we obtain

sup {<f, P) —/ sup{f — Cx}u(dx)} < / CdP.
feCy() x Q Q

If C is in Cy(2), the case of equality is obtained with f = C, P-a.e. and in this situation
we see that the identity (21) is valid. This will be invoked very soon.

In the general case, C is only assumed to be lower semicontinuous. By means of
the Moreau-Yosida approximation procedure which is implementable since €2 is a metric
space, one can build an increasing sequence (C),),>1 of functions in Cy(§2) which converges
pointwise to C'. Therefore,

sup {07.7) = [ sup(s - ) utan)

FeCy()

< [cap
Q

® sup/C’ndP
Q

n>1

D sup sup){<f,P>—/ngp{f—CZ}u(dx)}

n>1 feCy(Q

= sw {inp) o [t )}

fECh () nz1

< s {0P) [ infer -yt

FeCp(9)

= s (P - [l - catan) .
feCu(2) x Q

which proves the desired identity (21).

Equality (i) follows from the monotone convergence theorem. Since C,, stands in Cy(£2),

equality (ii) is valid (this has been proved a few lines earlier) and the inequality (iii) is
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a direct consequence of C,, < C for all n > 1. Note that z € X — info{C? — f} € Ris
upper semicontinuous and it is a fortiori Borel measurable. O

(c) Proof of Lemma 4.6. Let us introduce for each k > 1,

Mlf) = [ lomleH, Ro) pafda), - € Cole)

The keystone of the proof of Proposition 2.5 is the following consequence of the Laplace-
Varadhan principle.

Lemma 4.6. Under the assumptions of Proposition 2.5, for all f € Cy(Q2), we have

(1) Ty Ak (f) = A(S);
(2) supgsy [Ae(N < (IFIL IAH] < (FI = supg |£]-

The functions Ay and A are conver.

Proof. Our assumptions allow us to apply the Laplace-Varadhan principle, see Theorem
A.2. Tt tells us that for each x € X,

lim = log(e*!, RF*) = sup{f — C"}.

k—oo k Q
On the other hand, it is clear that for each k > 1, |+ log(e*/, R**)| < || f||. Passing to the
limit, we also get |supo{f — C*}| < ||f||. Now by the Lebesgue dominated convergence
theorem, we obtain the statements (1) and (2).
Note that x +— supg{f — C*} is measurable as a pointwise limit of measurable functions.
It is standard to prove with Holder’s inequality that f +— %log(ekf , RF®) is convex. It
follows that A, and A are also convex. O

(d) Completion of the proof of Proposition 2.5. With Lemma 4.2, we see that

Ch(Q) = A(Q), Q€ Cy(9) (22)
where A} is the convex conjugate of A with respect to the duality (Cp(€2), Cp(€2)').
Let us equip C,(2)" with the x-weak topology o(Cy(Q2)",Cp(€2)). By Lemma 4.6 and
Corollary 5.4, we have I'-limy_,, Af = A* in Cy(£2)’. By Lemma 4.4, this limit still holds
in My(€2) C Cp(2)":

- kli}rgo Ap =A" in My(Q). (23)

As the function C' of Proposition 2.5 is such that C* is a LD rate function for all x € X,
it satisfies the assumption of Lemma 4.5 which is info C* = 0 for p-almost every x € X.
Therefore, we have A*(Q) = [, C'dQ + t{0ep@):0,0-n}, @ € My(Q).
Together with (22) and (23), this completes the proof of Proposition 2.5. O

Proofs of the remaining results. The main ingredients of the proofs of the remaining
results are Proposition 2.5 and Theorem 6.1 which is the main result of Section 6.

e Proof of Proposition 2.2. Proposition 2.2 is a particular case of Proposition 2.5. Indeed,
choosing 2 = X? which can be interpreted as the space of all X-valued paths on the
two-point time interval {0,1}, and taking C'(w) = c(wp,w1) where ¢ is assumed to be
lower semicontinuous, with w = (x,y) we see that C*(2',y) = c(x,y) + t{z=s} for all
z,2',y € X. The assumption that ¢(z, -) is coercive on X' is equivalent to the coerciveness
of C% on X?2.

e Proofs of Corollary 2.3 and Theorem 2.4. With Proposition 2.2 in hand, Corollary 2.3
and Theorem 2.4 are immediate consequences of Theorem 6.1 and of the equi-coerciveness
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with respect to the x-weak topology o(P(X),Cy(X)) of {Co1,C;k > 1}. This equi-
coerciveness follows from the fact that the set of all probability measures 7 € P(X?)
such that my = po and m € {1, ik > 1} is relatively compact since limg_,q, puh =y a
consequence of Prokhorov’s theorem in a Polish space.

The uniqueness of the solution to (S*) follows from the strict convexity of the relative
entropy.

Note that, when C' and ¢ are linked by (1), one can also derive the equi-coerciveness of
{Co1,Ck; k > 1} from the equi-coerciveness of {C,C*; k > 1} (see below), as in the proof
of Theorem 6.1.

e Proofs of Corollary 2.6 and Theorem 2.7. Similarly, once we have Proposition 2.5 in
hand, Corollary 2.6 and Theorem 2.7 are immediate consequences of Theorem 6.1 and of
the equi-coerciveness with respect to the x-weak topology o(P(2), Cy(Q)) of {C,Ck;k >
1}. This equi-coerciveness follows from Corollary 5.4 and Lemma 4.6. Again, the unique-

ness of the solution to (S}, ) follows from the strict convexity of the relative entropy.

e Proof of Theorem 2.8. 1t relies upon the subsequent lemma.

Lemma 4.7. Under the assumptions of Proposition 2.5, the function ¢ defined by (1) is
lower semicontinuous and

inf{/CdP;PEP(Q),POl :’/T} :/ cdm € [0, 00,
Q x

for all m € P(X?).

Proof. Let us define the function
U(r) := inf {/ CdP;P e P(Q): Py = 7'('} . mEPX?).
)

As C' is assumed to be lower semicontinuous on €2, ¥ satisfies the Kantorovich type dual
equality:

U(r)=sup [ fdmr, meP(Xx? (24)
feF Jx2

where F := {f € Cy(X?); f(Xo, X1) < C}. For a proof of (24), one can rewrite mutatis
mutandis the proof of the Kantorovich dual equality. See for instance [Léol1, Thm 3.2]
and note that this result takes into account cost functions which may take infinite values
as in the present case.
This shows that ¥ is a lower semicontinuous function on P(X?), being the supremum of
continuous functions. Define the function

¢($ay) = lIl<5(z,y)>7 r,y € X.

We deduce immediately from the lower semicontinuity of ¥ that ¢ is lower semicontinuous
on X% Hence it is Borel measurable. Since it is [0, co]-valued, the integral [, 1 dm is
meaningful for all 7 € P(X?). We are going to prove that

U(r)= [ +dr, meP(X?). (25)

XQ
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For any m € P(X?), we obtain

U(r) = inf{/Xz (/Q(Jdpmy> m(dady); P € P(Q)}
> /X inf {/QCdP;P eP(Q): Py = 5(33,3,)} (dzdy)

= Ydm.

X?
Let us show the converse inequality. With (24), we see that for each f € F and all
(z,y) € X2, (2, y) = U(0(ay) = [ro [0y = f(z,y). Thatis f < ¢, for all f € F.
Therefore, W(7) = supscx [y2 fdrn < [, 1 dr, completing the proof of (25).

It remains to establish that ¢ = ¢. With (24), we get 1) = sup F. But it is clear that f €
F if and only if for all z,y € X, f(z,y) < inf{C(w);w € Q: wy = z,w; = y} := c(x,y).
Hence, 1) is the upper envelope of the set of all functions f € Cy(X?) such that f < c.
In other words ¢ is the lower semicontinuous envelope ls ¢ of c. Finally, for all x,y € X,
Isc(z,y) = ¢(z,y) = inf { [,CdP™; P € P(Q)} > c(x,y) > lsc(z,y). This implies the
desired result: v =1sc = c. 0]

Proof of Theorem 2.8. It is assumed that for any z € X, (R¥*);>, satisfies the LDP with
scale k and rate function C”. We have pF* = (X;)4R"®. Taking the continuous image
X1 : Q — X, by means of the contraction principle, see Theorem A.1, we obtain that for
any v € X, (p"®)p>1 satisfies the LDP with scale k and rate function

y e X — inf{C%(w);w € N:w =y} =cz,y) €[0,].

e Proof of (1). The first assertion of Theorem 2.8 follows from the lower semicontinuity
of ¢ which was obtained at Lemma 4.7. Indeed, this shows that the assumptions of
Proposition 2.2 are fulfilled. The identity inf (MKgy,) = inf (MK) is a direct consequence
of Lemma 4.7.

e Proof of (2).The second assertion follows from inf (MKgy,) = inf (MK), the convergence
of the minimal values which was obtained at item (1) together with the strict convexity
(for the uniqueness) and the coerciveness (for the existence) of the relative entropy. The
relation between P* and 7% is Eq. (2).

e Proof of (3). Let us first show that P+ (C, P) + t{p,=u} is coercive on P(€2). By (21)
and the proof of Corollary 5.4, we see that its sublevel sets are relatively compact. Since
C is lower semicontinuous, it is also lower semicontinuous. Therefore, it is coercive and
sois P (C, P) + t{py=po,P=p1}- In particular, if inf (MKgy,) < 00, the set of minimizers
of (MKgyn) is @ nonempty convex compact subset of P(€2).

Let P be such a minimizer. It disintegrates as P(-) = S PY(-) Py (dzdy) and with

Lemma 4.7, we see that Py = 7 is a solution to (MK). Moreover, Jyscdmt = h(T) =
fQC’d]3 = [y (fQC’dIgzy> 7(dzdy) and fQC’dﬁzy > c(x,y) for T-a.e. (z,y). Hence,

fQCdIS‘Ty = ¢(z,y) for T-a.e. (x,y). This means that for F-a.c. (z,y), P¥([I™) = 1.
Following the cases of equality, it is clear that if, conversely P € P({2) satisfies P™(I'*V) =
1 for Pyi-a.e. (x,y), then P minimizes Q — [, C dQ subject to Qo1 = Ppi. This completes
the proof of the theorem. O
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5. '-CONVERGENCE OF CONVEX FUNCTIONS ON A WEAKLY COMPACT SPACE

During the proof of Proposition 2.5, we used Corollary 5.4 to derive the key identity
(23). This section is devoted to the proof of Corollary 5.4 which is an easy consequence
of Theorem 5.2 below.

A typical result about the I'-convergence of a sequence of convex functions (fx)r>1 is:
If the sequence of the convex conjugates (fy)r>1 converges in some sense, then (fx)r>1
['-converges. Known results of this type are usually stated in separable reflexive Banach
spaces. For instance Corollary 3.13 of H. Attouch’s monograph [Att84] is

Theorem 5.1. Let X be a separable reflexive Banach space and (fy)r>1 a sequence of
closed convex functions from X into (—oo,400| satisfying the equi-coerciveness assump-
tion: fr(x) > a(||z||) for all x € X and k > 1 with lim,_, a(r)/r = 4+00. Then, the
following statements are equivalent

(1) f = Sequ’F'hmkﬁoo fk
(2) f* = X;-T-lim, o fF
(8) Vy € X*, f*(y) = limp o0 i (y)

where X* is the dual space of X, seqX,, refers to the weak sequential convergence in X
and X} to the strong convergence in X*.

Going beyond the reflexivity assumption is not so easy, as can be seen in Beer’s mono-
graph [Bee93]. In some applications in probability, the reflexive Banach space setting is
not as natural as it is for the usual applications of variational convergence to PDEs. For
instance when dealing with random measures on X', the narrow topology o(P(X), Cy(X))
doesn’t fit the above framework since Cj,(X) endowed with the uniform topology may not
be separable (unless X’ is compact) and is not reflexive.

The next result is an analogue of Theorem 5.1 which agrees with applications for random
probability measures. Since we didn’t find it in the literature, we give its detailed proof.

Let X and Y be two vector spaces in separating duality. The space X is furnished with
the weak topology o(X,Y).

We denote ¢ the indicator function of the subset C' of X which is defined by tc(z) =0
if  belongs to C' and t¢(x) = +00 otherwise. Its convex conjugate is the support function

of €1 15:(y) = supgec(z,y), y €Y.
The effective domain of an extended-real valued function f is defined as dom f :=

{f < oo}
Theorem 5.2. Let (gx)r>1 be a sequence of functions on'Y such that

(a) for all k, g is a real-valued convez function on'Y,

(b) (gr)k>1 converges pointwise to g = limg_,o0 Gk,

(c) g is real-valued and

(d) in restriction to any finite dimensional vector subspace Z of Y, (gx)k>1 I'-converges
to g, i.e. T-limgo0o(gr + tz) = g + Lz, where 1z is the indicator function of Z.

Denote the convex conjugates on X : fi, = g; and f = g*.
If in addition,

(e) there exists a o(X,Y)-compact set K C X such that dom f, C K for all k > 1
and dom f C K

then, (fi)g>1 I'-converges to f with respect to o(X,Y).

The proof of this theorem is postponed after the two preliminary Lemmas 5.5 and 5.6.
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Remark 5.3. By [DM93, Prop. 5.12], under the assumption (a), assumption (d) is implied
by:
(d’) in restriction to any finite dimensional vector subspace Z of Y, (gx)k>1 is equi-
bounded, i.e. for all y, € Z, there exists 6 > 0 such that

ingSUP{ng(y)l;y € Z, |y —yo| <0} < oo.

A useful consequence of Theorem 5.2 is

Corollary 5.4. Let (Y,|| - ||) be a normed space and X its topological dual space. Let
(gr)k>1 be a sequence of functions on'Y such that

(a) for all k, gy is a real-valued convez function on'Y,
(b) (gx)k>1 converges pointwise to g := limg_,oo gx and
(d”) there exists ¢ > 0 such that |gi(y)| < c(1+ ||lyl|]) for ally € Y and k > 1.
Then, (fir)k>1 I'-converges to f with respect to o(X,Y) where fi, = g5 and f = g*.
Moreover, there ezists a o(X,Y)-compact set K C X such that dom f, C K for all k > 1
and dom f C K.

Proof. Under (b), (d”) implies (c). As (d”) implies (d’), we have (d) by Remark 5.3.
Finally, (d”) implies (e) with K = {z € X;|z[[. < c} where [|z|. = sup, |, <i(%,v)
is the dual norm on X. Indeed, suppose that for all y € Y, g(y) < ¢+ c|ly|]| and take
x € X such that g*(x) < +oo. As for all y, (z,y) < g(y) + g*(x), we get [(z,y)|/|ly]] <
(g*(x) + ¢)/|ly|| + c. Letting |ly|| tend to infinity gives ||z||. < ¢ which is the announced
result.

The conclusion follows from Theorem 5.2. UJ

Before proving Theorem 5.2, let us show the preliminary Lemmas 5.5 and 5.6.

Lemma 5.5. Let f : X — (—o0,+00] be a lower semicontinuous convex function such
that dom f is included in a compact set. Let V' be a closed convexr subset of X.

Then, if V' satisfies

VNndomf#0 or VNcldomf =0, (26)
we have
inf 7(x) = = nf (7" (5) + 1 (~y) € (~o0,00] (27)
and if V' doesn’t satisfy (26), we have
inf 7(x) = — nf (7°(3) + tiy () = oo (2%)

for all closed convex set W such that W C int V.

Proof. The proof is divided into two parts. We first consider the case when VNdom f # 0,
then the case when V Ncldom f = 0.

e The case when V Ndom f # (). As V is a nonempty closed convex set, its indicator
function ¢y is a closed convex function so that its biconjugate satisfies tj" = vy, ie.
w(r) = sup ey {(z,y) — i, (y)} for all x € X. Consequently,

inf = inf — 3 :
inf f(@) = Inf sup{f(2) + {2, 9) — v (W)}
One wishes to invert inf,cx and sup,cy by means of the following standard inf-sup the-

orem (see [Eke74] for instance). We have inf,cx sup,cy F(7,y) = sup,cy infrex F(z,y)
provided that inf,cy sup,cy F'(7,y) # £0o and
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- dom F' is a product of convex sets,

x +— F(z,y) is convex and lower semicontinuous for all y,
there exists y, such that z +— F(z,y,) is coercive and

y — F(x,y) is concave for all z.

Our assumptions on f allow us to apply this result with F(z,y) = f(x) + (z,y) — I (y).
Note that
inf f(x) > —o0 (29)

zeX
since f doesn’t take the value —oo and is assumed to be lower semicontinuous on a
compact set. Therefore, if inf,cy f(x) < +00, we have

Inf flw) =sup nf {/(@) + {x.9) — o (y)} = = WIS W) + i (=y)}-

e The case when V Ncldom f = (. As cldom f is assumed to be compact, by Hahn-
Banach theorem cldom f and V' are strictly separated: there exists y, € Y such that

13 (Yo) = SUDPL ey (T, Yo) < Iferdom (T, Yo) < infredom £(Z,yo). Hence,

b (o) — 1y (yo)} > 0 (30)
and
—inf (") + v (-y) = zlelgégf{f() +(,y) —w(y)}
— itelgxeldlgglf{f( ) + (2, y) — w(y)}
> inf f(z )+sa1ifo>x€1dnf {{z, ayo) — 1y (ayo)}
= nf f(o) +supa inf {(z,40) — i (y0)}
= 40

where the last equality follows from (29) and (30). This proves that (28) holds with
W=V

e Finally, if (26) isn’t satisfied, taking W such that W C int V' insures the strict separation
of W and cldom f as above. 0J

Lemma 5.6. Let the o(X,Y)-closed convex neighbourhood V' of the origin be defined by
V={zeXi(y,z) <1,1<i<n} (31)

with n > 1 and y1,...,y, € Y. Its support function i}, is [0, 00]-valued, coercive and its
domain is the finite dimensional convex cone spanned by {yi,...,yn}. More precisely, its
level sets are {15, < b} = b cev{yr,...,yn} for each b > 0 where cv{yr,...,yn} is the
convez hull of {y1,...,yn}-

Proof. The closed convex set V' is the polar set of N = {yy,...,yn} : V =N° Letz; € V
and z, € E = Nigi<pkery;. Then, (y;, 21 + 2,) = (y;,x1) < 1. Hence, 21 + 2, € V.
Considering the factor space X/F, we now work within a finite dimensional vector space
whose algebraic dual space is spanned by {y1,...,yn}.

We still denote by X and Y these finite dimensional spaces. We are allowed to apply
the finite dimension results which are proved in the book [RW98] by Rockafellar and
Wets. In particular, one knows that if C is a closed convex set in Y, then the gauge
function vo(y) := inf{\ > 0;y € AC'},y € Y is the support function of its polar set
C° = {r € X;(x,y) < 1,Vy € C}. This means that yc = (5., see [RWI8, Example
11.19].
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As V = (N°°)° and N°° is the closed convex hull of N, i.e. N°° = cv(N) : the convex
hull of N, we get V = c¢v(N)° and

Ly = Yev(N)-
In particular, for all real b, tj,(y) < b & Yeuv)(y) < by € b ev(N). It follows that the
effective domain of ¢, is the convex cone spanned by v, ..., v, and (], is coercive. O

Proof of Theorem 5.2. Let N'(z,) denote the set of all the neighbourhoods of z, € X. We
want to prove that I'-limg_,o fr(x,) 1= SUD N (ag) k500 INfzen fr(x) = f(z,). Since f
is lower semicontinuous, we have f(z,) = Supyep(s,) infzer f(7), so that it is enough to
show that for all U € N (z,), there exists V € N (x,) such that V' C U and
lim inf fy(z) = m‘f/f(:p) (32)
re

k—oo zeV

The topology o(X,Y") is such that N (z,) admits the sets
V= {.27 € X; |<yiax_xo>‘ < 172 < n}

as a base where (y1,...,y,),n > 1 describes the collection of all the finite families of
vectors in Y. By Lemma 5.5, there exists such a V' C U which satisfies

, . S : .
r12‘5 fr(x) ;2}@ hi(y) for all £ > 1 and égéf(:):) ;glf/ h(y)

where we denote hi(y) = gi(y) + ¢i,(—y) and h(y) = g(y) + 15 (~y), y € Y.
Let Z denote the vector space spanned by (y1, ..., y,) and hf, h? the restrictions to Z
of hy and h. For all y € Y, we have

b (=y) = =20, y) + 13—y, (=) (33)
and by Lemma 5.6, the effective domain of ¢}, is Z. Therefore, to prove (32) it remains to
show that

lim inf A7 (y) = inf h%(y). (34)

k—ooyeY yey

By assumptions (b) and (d), (h7) I-converges and pointwise converges to h?. Note that
this I'-convergence is a consequence of the lower semicontinuity of the convex conjugate
¢}, and [DM93, Prop. 6.25].

Because of assumptions (a) and (c), (hf) is also a sequence of finite convex functions
which converges pointwise to the finite function hZ. By [Roc97, Thm. 10.8], (hf) converges
to h? uniformly on any compact subset of Z and h? is convex.

We now consider three cases for x,.
The case when x, € dom f. We already know that (hZ) T-converges to h?. To prove (34),
it remains to check that the sequence (h#) is equicoercive, see Theorem 2.1.
For all y € Y, g(y) — (2o,y) = — f(2,) and (33) imply h”(y) = —f(x,) +¢{r_,, (—y). Since,
—f(x,) > —o0 and ¢,_,,_is coercive (Lemma 5.6), we obtain that h? is coercive. As (h7)
converges to hZ uniformly on any compact subset of Z, it follows that (h{) is equicoercive.
This proves (34).
The case when z, € cldom f. In this case, there exists 2/, € dom f such that V' =
2+ (V—x,)/2={x € X;|Qui,z —2))| <1,i <k} € N(z) satisfies x, e V' CV C U.
One deduces from the previous case, that (34) holds true with V'’ instead of V.
The case when x, € cldom f. As (h?) T-converges to hZ, by [Bee93, Prop.1.3.5], we
have limsup,,_, . inf,cy hZ(y) < inf,ey h?(y). As z, € cldom f, for any small enough
V e N(z,), infyey h?(y) = —infuey f(z) = —oo. Therefore, limy_,o inf ey hi(y) =
inf ey h(y) = —oo which is (34).

This completes the proof of Theorem 5.2. 0
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6. '-CONVERGENCE OF MINIMIZATION PROBLEMS UNDER CONSTRAINTS

At Section 4, we derived the proofs of Corollary 2.3, Theorem 2.4, Corollary 2.6 and
Theorem 2.7 from Propositions 2.2 and 2.5 by means of Theorem 6.1. The aim of this sec-
tion is to prove this theorem. As this theorem demonstrates, the notion of I'-convergence
is well-designed for minimization problems.

Let (fx)k>1 be a ['-converging sequence of (—oo, oo]-valued functions on a metric space
X. Let us denote its limit

- lim f, = f.
k—o0
Let 0 : X — Y be a continuous function with values in another metric space Y. Assume

that for each k > 1, fi is coercive and also that the sequence (fy)r>1 is equi-coercive, i.e.
for all a > 0, Jyo1{fx < a} is relatively compact in X.

Theorem 6.1. Under the above assumptions, the sequence of functions (Y)g>1 on Y
which is defined by

Ur(y) = inf{fr(x);x € X :0(x) =y}, yeY k>1
I'-converges to
U(y) =inf{f(z);z € X : 0(z) =y}, yeY.
In particular, for any y* € Y, there ezists a sequence (yi)k>1 in'Y such thatlimy . y; =y
and limg_,oo inf{ fy(z);2 € X : 0(z) = y;} = inf{f(x);x € X : 0(x) = y*} € (—o0, 0].

Moreover, if y* satisfies inf{f(x);x € X : 6(z) = y*} < oo, then for each k > 1, the
minimaization problem

*

fe(x) > min; z€ X :60(x) =y,

admits at least a minimizer Ty € X. Any sequence (Zy)g>1 of such minimizers admits
at least one cluster point and any such cluster point is a solution to the minimization
problem

f(z) > min; ze€ X :0(x)=y"
The proof of this result which is based on Lemmas 6.2 and 6.3 below, is postponed
after the proofs of these preliminary lemmas.

Let Y be another metric space. We consider a I'-convergent sequence (gi)g>1 of [0, oo]-
valued functions on X x Y with

- lim g, = g.
k—o0
Let us define for each £ > 1 and y € Y,

U(y) = inf gr(z,y), Y(y) = xig)f(g(x, Y).

Assume that for each k& > 1, gx is coercive and also that the sequence (gx)r>1 is equi-
coercive on X x Y.

Lemma 6.2. Under the above assumptions on (gi)g>1, I'-limg_ oo p = ¢ in Y.

Proof. Let us fix y* € Y and prove that I'-limg_,o ¥x(y*) = ¥ (y*). Since g is assumed
to be coercive, for every y € Y, there exists 2, € X such that ¢¥i(y) = gx(Zr,y, v).

Lower bound. Let (yx)r>1 be any converging sequence in Y such that limy_,o yx = y*. we
want to show that

lim inf ¢ (ye) > W (y").
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Suppose that lim infy_, . ¥x(yx) < 00, since otherwise there is nothing to prove. We denote
Ty = Ty, Then,

lim inf 9y, (yx) = lim inf gy (25, yx) @ Jim GIm (T Ym) © Jim Gn (T, Yn)
k—o0 k—o0 m—roo n—o0

where the index m at equality (a) means that we have extracted a subsequence such that
liminfy_, ., = lim,_,~ . At equality (b), once again a new subsequence is extracted in order
that (z}),>1 converges to some cluster point z* :

li r=uxt.

Ji 7, =
The existence of a cluster point z* is insured by our assumptions that lim infy_,o ¥x(yx) <
oo and (Jy>{gx < a} is relatively compact for all @ > 0. Now, by filling the holes
in an approriate way one can construct a sequence (Zj)r>1 which admits (z,),>1 as a
subsequence and such that limy_.., 7 = z*. It follows that

v
liminf ¢ (yx) = lim g, (2, yn) > Uminf g (Tx, yu) > g(z*, ") > U(y")
k—o0 n—oo k—o0

which is the desired result. At the marked inequality, we have used our assumption that
Recovery sequence. Under our assumptions, the ['-limit g is coercive on X xY’, see Theorem
2.1. It follows that g(-,y*) is also coercive and that there exists & € argmin g(-,y*). Let
(k, Yk )k>1 be a recovery sequence of (gx)g>1 at (Z,y*). This means that limy_,(zg, yx) =
(z,y*) and liminfy_ o gr(Tk, yx) < 9(Z,y*) = ¥(y*). We see eventually that

lim inf ¢y, (yx) < liminf ge(2r, yi) < Y(y7),
k—o0 k—o0
which is the desired estimate. O
Let us fix y* € Y. By Lemma 6.2, there exists a sequence (y;)r>1 such that

Jim gy =yt lim Y (yp) = Py). (35)

—00 k—o0
Let us define

wr(r) = ge(v,4), @) = g(r,y"), zeX

for all k > 1. Since g, is coercive, @y, is also coercive. In particular, if ¢ (y*) = infx ¢ < oo,
its minimum value ¥ (y;) = infx ¢y is finite and therefore attained at some 75, € X.

Lemma 6.3. In addition to the assumptions of Lemma 6.2, suppose that infx ¢ < oo.
For each k, let Ty be a minimizer of pr. Then the sequence (Zx)r>1 admits cluster points
in X and any cluster point is a minimizer of .

Remark that this lemma doesn’t assert that (¢j)r>1 I'-converges to ¢.

Proof. We have already noticed that for each k, ¢, is coercive so that it admits one or
several minimizers. Since limy_, infx ¢ = infx ¢ < oo, we see that sup, inf x ¢ < o0.
It follows from the assumed relative compactness of | J,~;{gx < a} for all a > 0, that
U, argmin ¢y, is also relatively compact. Therefore any sequence (2 )g>1 of minimizers
Tk € argmin ¢, admits at least one cluster point.
As i (2r) = Yr(yi), we see with (35) that

lim ¢ (2) = inf p.

k—oo
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On the other hand, let  be any cluster point of (Zx)r>1. There exists a subsequence
(indexed by m with an abuse of notation) such that lim,, .. #,, = Z. Because of the
assumed ['-limit: T'-limg_, g = g, we obtain
e(@) == g(&,y") < liminf g, (Zm, Yp,) := im inf @y, () = lim @x(24) = inf .
m—0o0 m—0o0

k—o00

It follows that & is a minimizer of . O
Proof of Theorem 6.1. Consider the functions

k(2. y) = fu(®) + ty=o2)y, () € X XY,
for each £ > 1 and

g(z,y) = f(x) + ty=o@)y, (T,¥) € X XY
Because of Lemmas 6.2, 6.3 and (35), to complete the proof it is enough to show that

[-lim gy =g (36)
k—ro0

together with the coerciveness assumptions of these lemmas.

Let us begin with the coerciveness. Since for each k& > 1, fi is coercive and 6 is
continuous, we see that for any large enough a, {gr < a} = {(z,y) € X xY;z € {fi <
a},y = 6(x)} is compact, i.e. for each k > 1, gi is coercive. As (fi)r>1 is assumed to be
equi-coercive, its I'-limit f is coercive and it follows by the same argument that ¢ is also
coercive. We also see that |J,~ {gx < a} ={(z,y) € X xY;2 € U1 {fi < a},y=0(z)}
is relatively compact, i.e. (gk)_kZI is equi-coercive. -

Let us prove that (36) holds true. Let (z,y) € X XY be fixed. We have to prove that:

(i) For any sequence (xy, yx)r>1 such that limy o (zx, yx) = (2,y),

Hminfy oo fi(Tr) + tiye=o@ny = (@) + tyy=o())-
(ii) There exists a sequence (Zy, Jx)r>1 such that limy o (Zx, Jx) = (x,y), and
lminfyseo fi(Th) + tig=o@y < (@) + tiy=o@)}-

Suppose first that y # 6(z). Then (ii) is obvious and due to the continuity of 6, for any
sequence (zy, Yx)r>1 such that limy . (zk, yx) = (x,y) we have that for all large enough
k, 6(xy) # yr. This proves (i).
Now, suppose that y = 6(z). Then (i) follows from liminfy e fr(zr) + t{y=0(zs)}
liminfy oo fi(ze) > f(x) = f(x) + t{y=0(z)}, Whenever limy_,o z, = x. To prove (ii
take a recovering sequence (Z)k>1 for (fx)r>1 at x, i.e. liminfy_, fr(Zx) < f(z) and p
Ur = 0(y1,), for each k > 1. By the continuity of 0, limy_,o. gx = y, so that limy_, (T, U )
(z,y). We also have liminfy_,o fi(Zk) + t{g=0(z,)y = liminfy_ o fu(Zr) < f(z) = f(2)
L{y=0(z)}» Which proves (ii) and completes the proof of the theorem.

v

~—

=t
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APPENDIX A. LARGE DEVIATIONS

We refer to the monograph by Dembo and Zeitouni [DZ98] for a clear exposition of
the subject. Let X be a Polish space furnished with its Borel o-field. One says that the
sequence (pg)x>1 of probability measures on X satisfies the large deviation principle (LDP
for short) with scale k and rate function I, if for each Borel measurable subset A of X we
have

: S| . 1 S
= nf I(r) < liminf - logp(A) < lim sup - logpi(4) < — inf I(z)  (37)
where int A and cl A are respectively the topological interior and closure of A in X and
the rate function [ : X — [0, 00| is lower semicontinuous. The inequalities (i) and (ii) are
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called respectively the LD lower bound and LD upper bound, where LD is an abbreviation
for large deviation.

Next theorem states that the continuous image of a LDP is still a LDP with the same
scale.

Theorem A.1 (Contraction principle). Let (pg)i>1 satisfy the LDP in X with scale k
and rate function I. Suppose in addition that I is not only lower semicontinuous, but that

it is coercive. For any continuous function f: X —Y from X to another Polish space Y
furnished with its Borel o-field,

(f4pr)e>1
satisfies the LDP in'Y with scale k and the rate function
J(y) =inf{l(z);z: f(x) =y}, yeY.
Moreover, J s also coercive.

For a proof, see [DZ98, Thm. 4.2.1].

Theorem A.2 (Laplace-Varadhan principle). Suppose that (pg)k>1 satisfy the LDP in X
with a coercive rate function I : X — [0,00], and let f be a continuous function on X.
Assume further that

1
lim lim infglog/ ekf(w)l{fZM}pk(dx) = —00.
D'

M—oco k—oo

Then,
1
lim + log / eHE) b (da) = sup{ f(z) — I(z)}.

zeX

For a proof, see [DZ98, Thm.4.3.1].
A well-known LD result is about the large deviations of the R%valued process which
we have already met at (5) and is defined by

Y =24+ \/1/kB,, 0<t<1,
where the initial condition Y, = z is deterministic, B = (B,)o<i<; is the Wiener process

on R?,

Theorem A.3 (Schilder’s theorem). The sequence of random processes (Y5®),>, satisfies
the LDP in Q = C([0, 1], R?) equipped with the topology of uniform convergence with scale
k and rate function

2

if wo = = and w s an absolutely continuous path (its derivative is denoted by W) and
C*(w) = 00, otherwise.

For a proof, see [DZ98, Thm. 5.2.3].

T _ ‘th
C¥(w) = dt € [0,00], we
[0,1]
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