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1 Introduction.

Optimal transportation theory consists in the study of the following two
minimization problems where Fy and P; are given Borel probability measures
on R% and ¢ : R? x R? — R* U {400} is measurable ( ¢ is called the cost
function). In the Monge-Kantorovich problem, one considers

inf{/RdXRd c(x,y),u(dmdy)}, (1.1)

on the set of probability measures 1 on R? x R? with marginals Py and P,
(namely such that u(A x R?) = Py(A) and p(R? x B) = P(B)). In the
Monge problem the object of study is

inf{/Rd c(w,g(x))Pg(dm)}, (1.2)

and the infimum is taken over all measurable maps g : R¢ — R¢ such that
the image of Py by ¢ is P;.
In this paper the cost function has the form

c(x,y) = Ly — x) (1.3)
with L(u) : RY — [0, 00) convex in u and accordingly we will denote respec-
tively by Tarx (Po, P1) and Ty (P, Py) the two minimization problems on the
corresponding set described above:

Tuc(Po, ) =inf{ [ L(y— a)u(dedy)}, (1.4)

dwRd

Toi(Py, P)) = inf{/Rd Lig(z) — x)Po(dx)}. (1.5)

Our aim in the present paper is to show that for general L, stochastic
optimal control theory can be used efficiently to solve both problems Tk
and Th;. This is not clear a priori since classical stochastic control is not
well suited to face problems where both marginals (the initial as well as the
terminal laws) are fixed. However the idea is natural since one can show that

Toiwe(Po, Pr) = inf{E/o1 L(‘ffs)ds} (1.6)

S
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on the set of R valued absolutely continuous processes (£,) such that &
(resp. &) has law Py (resp. Pp). One can also consider more general pro-
cesses with a small martingale (or diffusion) part which is interpreted as a
small viscocity coefficient. Here, along this line, and using stochastic optimal
control, we are able to prove Kantorovich duality by zero noise limit (or van-
ishing viscosity) and also to recover that the support of x optimal for Ty
is a graph (see precise statement in section 3). Moreover in the quadratic
case (when L(u) = |u|?), our present method greatly simplifies the arguments
already used by one of us in [10], [11].

Historically the first mass transportation problem to be set was (1.5) with
L(u) = |u|; this difficult problem remained without solution for a long time
and then was approached by Kantorovich via the relaxed form (1.4). One
reason for the interest in Monge-Kantorovich problem, at least in probabil-
ity and statistics, has been that /T (Fy, P;) defines a distance on the set of
probability measures, called Wasserstein distance, and this distance metrizes
convergence in distribution (cf. [3], [13]). More recently a geometric ap-
proach related to fluid mechanics and pdes has revived the subject (cf. [1],
[5], [7]) and established another connection with probality via log-Sobolev
inequalities (cf. [15])). There are essentially two types of results concerning
problems (1.4) and (1.5). The first type are dual forms of (1.4) provided
either by convex analysis arguments (cf. [8], [9]) or with Hamilton-Jacobi
pde (cf. [15]). The second type of results are concerned with uniqueness of
p minimizing (1.4) and characterization of its support (cf. [1], [7]). Precise
statement will be given respectively in Sections 2 and 3.

Our approach is based on a new duality theorem which we have obtained
recently (cf. [12]). It turns out that the present paper together with [12] pro-
vide a global treatment of optimal transportation by stochastic control. We
believe that our approach may be of interest for at least two reasons. Firstly
our key arguments establish a complete correspondence with the determin-
istic setting: Hamilton-Jacobi pde is replaced by Hamilton-Jacobi-Bellman
pde with small viscosity coefficient and we rely heavily on the representa-
tion of a solution to Hamilton-Jacobi-Bellman pde as the value function of a
control problem. This is the exact analogue of Hopf-Lax formula. It is this
representation which enables us to prove the semiconvexity of the stochastic
value function (cf. [6]) as it is the case in the deterministic setting. Thus
stochastic control theory exactly contains the analogue of what is needed



in the deterministic framework. Secondly, we see an interest at the tech-
nical level: our characterization of the support of the optimum for (1.4) is
valid when L is superlinear and at most quadratic at infinity which is easy
to check. Superlinearity is a standard requirement in the theory of optimal
transportation whereas papers on this subject (cf. [7]) assume (except for
the quadratic case L(u) = |u|?) that L satisfies a cone type condition which
is easy to check only for radial L.

In our approach by zero noise limit there are still questions left. For in-
stance, when L(u) ~ |u|2 at infinity, as an application of our duality theorem,
we were able to describe the optimal process of our stochastic control prob-
lem as the solution of a forward-backward system ( cf. [12]). This process
should be a small variation of the deterministic optimal trajectory obtained
for (1.4)-(1.5), which is the McCann displacement interpolation between P
and P, ( for details see for instance [15]). This means that the optimal pro-
cess should converge to this trajectory when its diffusion part tends to zero.
Our future aim is to prove such a result.

The paper is organized as follows: in section 2 we recall basic results
about optimal transportation and prove Kantorovich duality by zero noise
limit. In section 3, by the same method, we recover the description of the
support of an optimal measure for (1.4) as a graph.

2 Monge-Kantorovich duality by zero noise
limit.

We will be working under the following assumptions: L(u) : R — [0, c0) is
convex in u,
(A.1) L is superlinear: for some 6 > 1,
lim inf L? > 0.
(A.2) (i)L € C3(RY),
(ii) D2L(u) is positive definite for all u € R,
We denote by H the Legendre transform of L:

H(z) := sup{< z,u > —L(u)}, (2.1)

ucR4



for 2 € R% D, := (90/0x;)4, and < -,- > denotes the inner product in R%.
Let us begin this section by a brief overview of duality results for Monge-
Kantorovich problem.

2.1 Duality results for Monge-Kantorovich problem.

Duality plays a fundamental role in the study of Monge-Kantorovich prob-
lem. We recall below two duality results and indicate briefly the relationship
between them. For details we refer the reader to [13] or [15]. In the sequel
we will refer to the first result as Kantorovich duality. It was proved first by
Kantorovich ( cf. [8]) when the cost function is a distance and generalized
by Kellerer ( cf. [9]).

Theorem 2.1

Ty (Fo, ) = sw{ [ o@Pildy) = [ o@Pn)},  22)
where the supremum is taken over all pairs (¢,v) € L*(Py)x L' (Py) satisfying
U(y) —ple) < Lly — ).

A second duality result has been proved by Evans and provides a dynamical
interpretation for mass transportation problem based on calculus of varia-
tions as follows (cf. [4], [15]):

Theorem 2.2
Turc(Po, ) =sup{ [ (L) Pudy) = [ @0.0)R ()}, (23)

where the supremum is taken over all continuous viscosity solutions ® to the
following Hamilton-Jacobi equation:

9D (t, )

o HH(D2(t2) =0 ((t2) € (0,1) x RY) (2.4)

Let us mention that Theorem 2.1 can be proved by a minimax principle
(a detailed proof is given in [15]). In the quadratic case, the supremum in
the right-hand side of (2.2) is unchanged if one restricts to the set of pairs
of integrable functions (p,1) which are Legendre transforms of each other;



moreover this property extends to non quadratic costs by extending Legendre
transforms to L-transforms.. Therefore, using Hopf-Lax, ¢ can be seen as
the value at time 0 of the solution of an Hamilton-Jacobi pde corresponding
to terminal (at time 1) value ¢. This yields the statement of Theorem 2.2.
For the sake of completeness we now recall Hopf-Lax formula.

Theorem 2.3 The viscosity solution ®(t,x) of Hamilton-Jacobi pde (2.4)
satisfying ®(1,x) = f(x) admits the representation

olt,2) = swp{ £(6) ~ [ L(es))ds (2:5)

over the set of Cl-trajectories s € [t,1] — &(s) starting from x at time t:

€(t) = .
The statement of Theorem 2.2 uses only the case t = 0.

Remark 2.1 When L is strictly convex, the minimizing trajectory for

inf /0 " L(E(s))ds (2.6)

over the set of Cl-trajectories connecting x to y (such that £(0) = z and
£(1) =y is the straight line £(t) = x+t(y — ) and so this infimum is simply
Ly — ).

2.2 The stochastic control problem.

The idea for considering the minimization of V, that we introduce below (cf.
[12], [11]) comes first from the identity (1.6) which we already mentioned in
the introduction and also from the property that Hamilton-Jacobi-Bellman
pde with viscosity € > 0 is uniformly parabolic and therefore existence and
uniqueness of very regular solutions can be satisfied, instead of simply vis-
cosity solutions.

Let us consider, for € > 0,

V.(Py, P) = inf{E[/l L(Bx(t, X))dt} ‘

PX(t) ' =PR(t=0,1),X € Af}. (2.7)
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The set A€ is the set of all R%valued, continuous semimartingales { X (¢) }o<t<1

on a probability space ({2x, By, Px) such that there exists a Borel measur-

able Bx : [0,1] x C([0,1]) — R for which

(i) w — Bx(t,w) is B(C(|0,t]))-measurable for all t € [0, 1], where B(C([0,¢]))
denotes the Borel o-field of C([0,]),

(ii) {X () — X (0) — f¢ Bx (s, X)ds := /eWx(t) }o<i<1 Where Wy is a o[ X (s) :

0 < s < t]-Brownian motion.

Results about existence and uniqueness of a minimizer for V, are gathered in

the following statement.

Theorem 2.4 Let € > 0. Let us assume that V(Py, P1) < +oo and that
assumption (A.2) holds. Then

(i) Ve(Po, P1) admits a minimizer.

(i) If assumption (A.1) holds with 6 = 2, V.(FPy, P1) admits a Markovian
minimuzer

(iii) If L is strictly convex and assumption (A.1) holds with § = 2, then
Ve(Py, P1) admits a unique minimizer (which is Markovian from (ii)).

Remark 2.2 Actually the statements (ii) and (iii) will be of no use in the
present paper. They were important in [12] in order to characterize the min-
imizer of (2.7) as the solution of a forward-backward system (which consists
in the coupling of a usual sde with a backward one, cf. for instance [2]).

2.3 Stochastic duality.

In [12] we proved the following duality theorem for the minimization problem

(2.7).

Theorem 2.5 Let € > 0 be fized and V. (Py, Py) defined in (2.7). Let us
assume that assumption (A.1), (A.2) are satisfied and

Vi(Py, P) < 400. (2.8)
Then, the following identity holds
ve(Fo, P1) = Ve(Fo, P1) (2.9)
with ve(Py, P1) defined by

v Po, P i=sup{ [ o(Ly)Pildy) - [ w0.0)R(d0)} (210)

7



where the supremum is taken over all classical solutions v, to the following
Hamilton-Jacobi-Bellman equation for which ¢(1,-) € C2(RY):

Op(t, )
ot
where A =4 0?/0x? and for (t,z,2) € (0,1) x R* x R%.

+ %Agp(t, 2)+ H(Dyp(t, 1)) =0 ((t,2) € (0,1) xRY)  (2.11)

Remark 2.3 Let us notice that our theorem exactly parallels the duality re-
sult (2.3) proved by Evans.

2.4 Zero noise limit.

We will rely on Theorem 2.5 to prove Kantorovich duality (cf. Theorem 2.1)
by a zero noise limit argument. We will use the notation

T(R ) =sup{ [ v)Pildy) = [ e@Pila)}, (212

as in Theorem 2.1.
The first part of the following statement is our key tool to compare the
case € > (0 with the case e = 0.

Theorem 2.6 Let us assume that Ty (Po, P1) < +00 and that assumptions
(A.1)-(A.2) hold. Let us recall that V. (resp. v.) has been defined in (2.7)
(resp. (2.10)). We denote by g.* Py the convolution of Py, with the Gaussian

kernel g.(x) = (271'6)7% exp(—%). Then

(1) The following sequence of inequalities holds true:

Ve(Py,gex P1) < T(FPy, P1) < Tyk(FPo, P) <liminf. oV.(Py, g x P1) (2.13)

(2) As a consequence we recover duality for Monge-Kantorovich problem:
Ty (Po, Pr) =T (P, ) (2.14)

Proof of Theorem 2.6 Let us begin with 7 (Fy, P1) < Ty x (P, P1) which
is the easiest. Let us take (p,%) such that ¥(y) — ¢(z) < L(y — x) and pu
with marginals Py and P;. Then

LRy - [ e = [ (@) - e)u(dedy)

S(LMWL@—IM@MM-



The desired inequality follows. We then prove that v (P, gxP1) < T (Fy, Py).
Let ¢(t,x) denote a solution to HIB pde (2.11) with o(1,-) € Cg°(RY). Let
us define

@(ta I) = EgO(t, T+ \/EWt)
XY o= ozt t(y— )+ VW,

By definition of @ it holds
| o w)acx Pildy) = [ (0,2) Po(de)
R RY

= / (1,y) P (dy) — / »(0, z) Py(dx)
R¢ R4

and also p(1,y) — ©(0,2) = E(p(1, X7Y) — ¢(0, X7Y)). Using Ito formula
and the fact that ¢ solves (2.11), we obtain

1
E(o(LX{%) ~ (0. X5") = B [ (< y — 2.V > ~H(Vi)) (s, X2 V)ds
0
(2.15)
which implies E(¢(1, X7"¥) — ¢(0, X§")) < L(y — x). Therefore

| e(Ly)gx Prldy) = [ 0(0.2)Po(de) < T(Po, P1) (2.16)

and the desired inequality follows.
We finally prove that Ty i (Po, P) < liminf. oV.(FPp, ge * P1). Let us first
notice that

0 <liminf. V. (P, g * P1) < +00 (2.17)

Indeed positivity comes from definition of V,; from what we have just proved,
Ve(Py, ge x P1) < Ty (P, Py) and the duality theorem 2.5 implies that

V€<P07ge*P1) :‘/E(P()?gE*Pl) (218)

There exists a sequence (€,) which converges to 0 such that V, (P, g, * Pr)
converges to lim inf._oV.(Py, g.x P1). Since for each €, V. admits a minimizer
(cf. Theorem 2.4), there exists a sequence of processes X™ such that X" €
A for all n and

1
lim E | L(b"(X}))ds =liminf. oV.(Fy, g % P1) (2.19)

n——+00 0



The superlinearity of L (L(u) > |u|’ with § > 1) implies that the sequence
(X™) is tight and the limit of any converging subsequence is an absolutely
continuous process (cf. [16]). Let X; = Xg + [y bx(s)ds be such a limit. By
the convexity property of L

B [ Lbx(s)ds > BL(X, — X)) (2.20)

We conclude using Fatou’s Lemma and the fact that the law of X; is equal
to P; since it is the weak limit of a subsequence of g. x P;. Q.E.D.

3 Main result of transport theory using op-
timal stochastic control.

3.1 Main result of transport theoy.
We first need to recall the definition of L-concave functions.

Definition 3.1 v: R - RU {—oc0} is L- concave if there exists 3 : R —
R U {—oc}with § # —oo such that

Vo € R? q(z) = inf (L(y —z) — B(y)) (3.1)

yeR?

Moreover for r > 0, 6 €]0,7[ and p € R%, let K(p, z,0,r) be the truncated
cone defined by

0
K(p,z,0,r):={x € RY |z —p|2| COS(E) <<z,x—p><rlzl} (3.2
L is said to satisfy Condition (K) if, when |p| is large enough, there exists

z € R such that L restricted to K (p, z,0,7) admits its maximum at p.

Theorem 3.1 Let L be superlinear (L satisfies assumption (A.1)), strictly
convex and satisfying condition (K). Let us assume that Tyrx (Po, P1) < +00
and that Py is absolutely continuous w.r.t. Lebesque measure on RY. Let H
denote the Legendre transform of L. Then there exists a unique p minimizing
(1.4). The support of u is the graph of the mapping

g9(x) =z = VH(Vo(x)) (3-3)

where ¢ is L-concave.
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This theorem is sometimes called the "main result” of optimal transporta-
tion (cf. [7]).

3.2 DMain result via stochastic control.

We will not be working under condition (K') but rather under the assumption
(A3)3 C>0, D:L<C

because of its connection to semiconvexity. The other important tool is the
representation of a classical solution of Hamilton -Jacobi-Bellman pde as a
value function (cf. [6] ). We recall below these properties.

Definition 3.2 Let f be a function defined on a convex subset of R with
values in R U {+o00}. The function f is semi-convex if there exists C' > 0

such that © — f(x) + C’@ i1s convexr. When this is true, we say that f is
semi-convex with constant C'.

Remark 3.1 This definition is equivalent to the requirement
V(z,2) flz+42)+ flx—2)—2f(z) > =C|z] (3.4)

Proposition 3.1 Let us assume that assumptions (A.1) and (A.2) hold and
let f € C°(RY). Then the unique solution o of the HJB pde (2.11) satisfying
o(1,-) = f admits the following representation:

pltr) = sup { ELF(X)|X, = (35)

XeA.
Xt = .T:| }7

where A, was defined in section 2.2. Moreover the optimal control is marko-
vian and given by the function VH(V(s,-)).

—E[/tl L(Bx (s, X))ds

This formula obviously provides a direct stochastic analog of Hopf-Lax
formula (2.5). It has played a fundamental role in the derivation of Theorem
2.5 and will also be crucial in the sequel through the following corollary. For
extensions of this corollary we refer the reader to [6].
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Corollary 3.1 Let us denote by ¢(t,x) the value function defined by (3.5).
Under assumption (A.3), ¢(0,-) is semi-convex with constant C'.

Proof Let (X7;t € [0,1]) be optimal for (3.5) in A.; namely, X} = = +
f(l)t VH(V(s,X7?))ds + \/eW; and
1
o(0,2) = Blp(1L,X7) — [ LVH(Vp(s, X2))ds (3.6)

Let us set X} := X7+ (1 — )z as well as X? := X7 — (1 — t)z; these
processes both belong to A, and satisfy X} =z + 2z and X2 = z — 2 as well
as X] = X? = X{. For simplicity let us set 8f := VH(Vp(t, X{)). From
the definition of ¢ in (3.5) it follows that

00,24 z) + ¢(0,2 — 2) — 2¢(0,2) >
B [ (2L(B7) = L(3E +2) = L(5; = =)t (37)

The conclusion follows from assumption (A.3). Q.E.D.

We now consider p optimal for the Monge-Kantorovich problem: g has
marginals ) and P; and satisfies

Tur(Fo, Pr) = / L(y — z)p(dzdy) (3.8)

RixR4

For e > 0 and ¢, a solution of (2.11) let us set, as in the previous section,
U (t,x) == E(o(t,x + eWy)) (3.9)
We obtain a first description for the support of pu.

Proposition 3.2 Let us assume that assumptions (A.1-(A.2) hold true. There
exists a sequence (€,) converging to 0 and a sequence (pe,) of solutions of
(2.11) such that p(S) =1 with S given by

S = {(x.y): lim V. (Ly) -V, (0.2)=Ly—=)}  (310)

Proof For each ¢ > 0, the definition of v.(Fy, g. * P1) as in (2.10) and that
of U, in (3.9), we can choose ¢.(t,x), solution of (2.11), such that

vdPo.gox P) =€ < [ oLylgox Pildy) = [ e 0.2)Rdr). (3.1)

12



We have seen in the previous section that 1, satisfies
as well as
| e )g s Prldy) - [ (0,2)P(de)

— /Rd U (1,y) P (dy) _/Rd Ve (0,2)Py(dr)

Therefore the two inequalities below hold

V(Py, g% P) — € < / (U.(1,y) — (0, 2))u(dedy) < Trx(Po, P1)

RIxR4
(3.13)
Moreover from inequality (3.12) it follows that L(y—z)— (V.(1,y) —V(0,x))
is non negative. By letting € go to 0 in Theorem 2.6 we conclude that

lig [ WLy = W0.0) - Ly~ o)|uldedy) = 0. (3.14)

This convergence in L'(y) implies a. s. convergence w.r.t. pu for a subse-
quence (€,). Q.E.D.

In the sequel we keep the notations of Proposition 3.2. As preparation for
our proof of the main result let us introduce the following function:

Definition 3.3 Let a € RY. We denote by v, the function defined by

Yalr) = limsup, (¥, (0,2) — V., (0,a) (3.15)
Proposition 3.3 Under assumption (A.3)

(1) ¥, is a semi-convex function on its domain D, = {x € R%,(x) <
+00}.

(2) the set D, is convex and independent of a € m,(S) = {z € R%: 3y €
R? (z,y) € S}.

Proof Proof of (1) 1st step: it is not difficult to check first that the lim supf,,
of a sequence (f,,) of semi-convex functions with the same constant C is itself

13



semi-convex with this same constant. Indeed, from inequality (3.4) for all
(x,z) and n it holds

2fn(x) — Clz|> < fulw + 2) + fulz — 2). (3.16)

The conclusion is straightforward since limsup f,, = infy, sup,,>;, fu-
2nd step: By definition (3.9) ¥, (0,-) = ¢, (0,-). It suffices to apply Corol-
lary 3.1.
Proof of (2) Let us first prove two facts about ,: let (a,b) € S. For all
points u, ¢ in R?
o(u) > L(b—a) — L(b—u) (3.17)

Ya(u) = Ye(u) + L(b — a) — L(b — ¢) (3.18)
It is sufficient to prove the second inequality which implies the first one. Let
(a,b) € S. The obvious identity

U, (0,u) — VU (0,a)=
g[Gn (0’ U/) - \PETL (07 C) + \Ije'rz(O? C) - \IIEn(]ﬂ b) + \P€n(17 b) - \Ij€n (O’ a)
together with (3.12) imply
\IJER(O,U) - \I]en (O,CL) >
U, (0,u) =¥, (0,¢) + Y (1,b) =V, (0,a)— L(b—c)
It remains to let n go to +o00 to conclude using the definition of v, and .
and Proposition 3.2. The first inequality is a consequence when w is taken
equal to ¢. The domain of 9, is a convex set since it coincides with the
domain of the convex function ), + |- ”. Moreover let a and @’ in m;(S).

By applying (3.18) twice, once to (a,a’) and afterwards to (a’,a), we deduce
immediately that D, = D,. Q.E.D.

Corollary 3.2 Let us assume that L € CY(R?). Let (z,y) € S and i €

{1,...,d}.
(1) If for some h # 0 and z € R%, (x + he;, z) € S, then

Ly—z)—Lly—(x+he;)) < p(x+he;) < L(z—z)— L(z— (x+he;)) (3.19)

(2) Let us assume that ¥i € {1,...,d} there exist sequences (h) and (y{)
such that b — 0, y© — y and ¥n, (z + hWDe;, yD) € S. Then
n—-+00

1 )
Vie{l,..,d lim W%(z + he;) = 0,L(y — x) (3.20)
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Proof Apply now the inequality (3.18) twice: the first time with (a,b) =
(z,y) and u = ¢ = = + he;, the second time with (a,b) = (x + he;, z) and
u = x+he;, c = x. Remember that by definition ¢, () = e, (x+he;) = 0.
This proves (1).

(2) Apply inequality (1) just proved; let n — +oo. The conclusion follows
since L is assumed to be continuously differentiable. Q.E.D.

Theorem 3.2 Let Py(dr) < dx and Ty (P, P1) < +oo. Under assump-
tion (A.3), there exists a function ® such that S is the graph of Id+V HoV®.

Proof Take a € m1(S). Suppose that for i € {1,---,d}, there exists b; for
which (a, b;) € S and such that

Ul,j,%(aﬂbl)ﬂs#@ (j:+17_17n2 1)7
where

Ui 1.1(a, b;) = {(x,y) € RdXRd|x—a = hye;, 0 < hy, |[z—al*+|y—b;|* < n?},

2,

U, 1(a,b) = {(z,y) € R"xR¥z—a = hye;,0 > hy, |z—a|*+|y—b;]* < n~?}.

=Ly
Then 0;1,(a) exists from Corollary 3.2. Moreover from inequality (3.17), for
any b € my(S) for which (a,b) € S, it holds
[(@) = ta(2) + L(b—x) = L(b - a),
where equality hods if © = a. If Vi,(a) exists, then V f(a) exists and is
equal to 0. Hence
Vf(a) =Vi,(a) —VL(b—a)=0.

We have just proved that if Vi, (a) exists and (a,b) € S, then b = a +
VH(Vipa(a)).

Suppose now that 011,(a) does not exist. Then for any b, for which (a, b;) €
S, there exist j = +1 or —1 and n > 1 such that
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U11j1%<(l,b1) ns = @

If (@,by) € S, U, ;1(a,b1) NS =0 and a —a = he; (h € R), then

la —al* + |by — by > n2

Therefore such points can be at most countably many.
Hence for any (zo,---,24) € R, the following set contains at most count-
ably many points:

{z € R|01¢x(x) does not exist for x := (x,xq, -+, x4)}.

By Fubini’s theorem, the proof is over. Q.E.D.
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