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ABSTRACT. We consider a stochastic transportation problem between two prescribed prob-
ability distributions (a source and a target) over processes with general drift dependence
and with free end times. First, and in order to establish a dual principle, we associate two
equivalent formulations of the primal problem in order to guarantee its convexity and lower
semi-continuity with respect to the source and target distributions. We exhibit an equiv-
alent Eulerian formulation, whose dual variational principle is given by Hamilton-Jacobi-
Bellman type variational inequalities. In the case where the drift is bounded, regularity
results on the minimizers of the Eulerian problem then enable us to prove attainment in
the corresponding dual problem. We also address attainment when the drift component
of the cost defining Lagrangian L is superlinear L ~ |u|? with 1 < p < 2, in which case
the setting is reminiscent of our approach -in a previous work- on deterministic controlled
transport problems with free end time. We finally address criteria under which the optimal
drift and stopping time are unique, namely strict convexity in the drift component and
monotonicity in time of the Lagrangian.
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1. INTRODUCTION

The problem of transporting a distribution from a given source to a prescribed target has
been studied since the pioneering work of Monge in 1781 (see [26]) and has many applications
in analysis, probability theory, and partial differential equations. In this paper, we consider
an optimal transportation problem for stochastic processes with controlled dynamics and
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free end time, where the transport cost is given by a general Lagrangian L on RT x R% x R¢
as follows: if y and v are two probability measures, then the stochastic transport problem
is formally stated as

-
1.1)  Prlu,v) = iﬂnf{E[/ L(t,Xt,Bt)dt}; dX, = By dt +dWs, Xo ~ p, Xy ~ y}.
T 0

More precise definitions will be given later, but for now we mention that the minimization
is over all suitable drifts 8, and all stopping times 7. The notation Xy ~ p means that the
initial position of the path has p as its distribution, and X, ~ v means that the processed
stopped at the random time 7 has v as its distribution.

In [23, 25] 28], the authors consider Problem in the case where the end time is fixed
(t =1), i.e. they minimize

1
(1.2) inf {E[/ L(t, Xt,ﬁt)dt]; dX, = By dt +dWs, Xo ~ p, X1 ~ u}.
0

Under some assumptions on the Lagrangian L, they establish a weak duality principle for
(1.2)), namely that the primal value of ([1.2)) equals the value of the following dual problem:

(1.3) sup{ y Y(y)v(dy) — /Rd J(0,z) p(dz); J solves }

v

where

(1.4) OJ(t, )+ 1AJ(t, ) + H(t,z,VJ(t,z)) =0 in (0,1) x RY,
’ J(1,7) = P(x) on RY,

where H is the Hamiltonian associated to L. A special case that has received recent attention
is when the Lagrangian is of the form L(t,z,u) = 1|u|?> + V(x), which has connections with
the Schrodinger bridge problem [20, (6, 24]. On the other hand, stopping uncontrolled
processes with distribution constraints has a vast literature, in particular pertaining to
applications in finance; for some of the approaches related to see [11 2, [3], 17].

Coming back to Problem , we shall pose the initial problem in a weaker sense so
that it involves randomized stopping times and weak solutions to the SDE, analogous to
the Kantorovich relaxation of the optimal transport [I8] problem. The ultimate goal is to
obtain minimizers involving true stopping times and representing strong solutions to the
SDE. For that, we shall give two formulations of the stochastic transport problem (see
Section , which we will ultimately prove equivalent:

e A weak stochastic formulation that poses the optimization problem over (weakly)
controlled processes and randomized stopping times.

o A convex stochastic formulation which poses the optimization over probability mea-
sures on a space of randomly stopped paths for both state and drift.

Under appropriate conditions on L, the latter equivalent formulation renders the problem
l.s.c. and convex in v. This will allow us to identify a corresponding dual problem, which
can be described as follows:

(15) Do) = swp{ [ ) vidy) — [ 700, pia)
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where Jy, can be viewed as the viscosity solution (equivalently minimal supersolution) of
the following second order Hamilton-Jacobi-Bellman quasivariational inequality,

{atj(t,x) +LAAJ(t @) + H(t,2, VI (t,2)) <0 in RT x RY

(1.6) P(x) — J(t,z) <0 on RT x RY,

where H is again the Hamiltonian associated to L. We then establish the (weak) duality
principle (see Section ,

(1.7) Dr(p,v) = Pr(p,v).

The most crucial part of the analysis is to find an optimal end potential ¢ (hence Jy)
for the dual problem . In fact, there is no general result in the literature about the
attainment in the dual problem . However, one of the main advantages of considering
instead of is that the constraints on the potentials (¢, .Jy) are now somehow
relaxed, i.e. we have J > on Rt x R? instead of J(1,-) = ¢ and so, this will allow us to
replace ¢ by an end potential 1) > 1) that satisfies

1, - _
5Aq,z)(gg) +ti€%{f+H(t,x,v¢(az)) <0,

and we get some Sobolev/Hélder estimates on 1. We note that this attainment, in tandem
with the weak duality , allows - through a verification type theorem - to characterize
both the optimal process and the stopping time that resolve the primal problem. In our
quest to prove attainment in the dual problem, we will focus on two cases:

(1) When the drift is bounded, the distribution of the process then possesses addi-
tional Sobolev regularity due to the diffusion. However, the dual potential may
be unbounded with singularities similar to the fundamental solution of the Laplace
equation. We find that a sufficient condition to solve the problem is for the target
distribution to lie in the dual to an appropriately weighted L' space. This case
builds upon the Sobolev space approach for the Skorokhod problem (without drift)
studied in [13].

(2) When the drift is strong (that is if 1 < p < 2), there is no additional regularity on
the density due to the possibility of ‘local controllability’, i.e. the ability to trans-
port to a Dirac-mass with finite-cost. However, this ‘local controllability’ allows for
uniform bounds and Holder estimates on the end potential, as in [5], and generalizes
the approach for deterministic control problems [II]. In particular, any compactly
supported target measure may be reached with finite cost.

In either case, we shall prove attainment in the dual problem (Section . But for that,
we need to introduce two Eulerian formulations (see Section [4)) for the weak stochastic
formulation of the primal problem .

e The strong Fulerian formulation, which poses the problem with a velocity field and
the solution to a Fokker-Planck equation with stopping. More precisely,

1.8 Py V) = inf / / L(t,z,v(t,z))m(t,x dwdt;/ dr,)=vy,
08 Phw)= it A ] Lo e)mi ) dedts | pldr) = v

where a triplet (m,v,p) belongs to £(u) if the following hold: p is a probability
measure on RT x R% my is a nonnegative density in the Sobolev space H'(R?) for
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each time ¢t € R", and v is a measurable velocity field, and for all smooth test
functions ¢ on RT x R?, we have the following:

[, [[pearmto+ vouo - (seamt - j9me.n) ) s
(1.9) _ /R | oot an) - /R (0. 2p(de).

o The convexr Fulerian formulation, which poses the problem over phase-space distri-
butions satisfying a convex set of inequalities. More precisely,

(1.10) Pf(u,u): inf {/ / / L(t, z,uw)my(dz, du)dt : / p(dr, -):1/},
(n.p)e€(p) * JRT JRI JRE R+

where a pair of density process and stopping time (1, p) € & (w) if n is a measurable
map from R to nonnegative measures on R? x R%, p is a probability measure on
RT x R?, and for all smooth test functions ¢ on Rt x R%:

/ / / [(9t¢(t, z) + %A(b(t, 7) + Vé(t, z) - u] ne(d, du)dt
R+ JRA JRd
(1.11) = /RJr » (1, y)p(dr, dy) — /Rd 6(0, 2)p(dz).

We shall prove the latter to be equivalent to the primal problem first by embedding
phase-space distributions into the stochastic formulation and then showing the reverse in-
equality by using weak duality. We then prove that, when the drift is bounded, the strong
Eulerian formulation is also equivalent by using suitable Sobolev estimates.

After proving attainment in the dual problem (see Section, we proceed to obtain useful
information on the primal problem, and in some special cases (e.g., when ¢ +— L(t,z,u) is
monotone), we show (see Section @ that the unique optimizer is given by the hitting time
to a space-time barrier,

7" = inf {ta Jw(t7Xt> = w(Xt)}a
which is reminiscent of the graphical structure describing the optimizers in the deterministic
mass transports problems studied by Brenier [4], Gangbo-McCann [10] and others.

2. STOCHASTIC FORMULATIONS

2.1. Basic assumptions and notations. We shall assume throughout the paper that
the Lagrangian, (t,z,u) € Rt x R? x U + L(t,z,u) € R, where U C R?, is a continuous
function of time, position, and drift, uniformly continuous in (¢, ) (uniformly with respect to
u) and is convex with respect to the drift, i.e. u + L(t, z, ) is convex for all (¢, z) € RT xR,

In addition, we assume either that U = R% and the Lagrangian L is superlinear with
respect to the drift and bounded from below, i.e. there is some ¢ > 0 and p > 1 such that

(2.1) c(JulP +1) < L(t,z,u), forall (t,z,u) € R" x R x R,

or that U is a bounded convex subset of R%. Let Q = C(RT,R%) be the space of continuous
paths from R to RY, (X;);cr+ be the canonical process, i.e. X(w) = w(t) for every w € Q,
and F = {F; },crp+ be the canonical filtration generated by X. Let u, v be two probability
measures on R?. The two (equivalent) formulations of the stochastic transport problem are
the following:
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2.2. The weak stochastic formulation. We say that the triplet (P, 3, «) belongs to A(u)
if the following conditions hold:

i) (Q,F,P) is a filtered probability space.
ii) The initial distribution is given by u, i.e. X ~p p which means that Xo4P = p.
iii) The drift, 3 : RT x Q — U, is F-progressively measurable and locally integrable, i.e.
for each 7, the map 87 : Q — LY([0,7],U), which is given by B87(w)(t) = B;(w) for
every t € [0, 7], satisfies 57 is Fr—measurable and
EF (187Nl 11 (jor.0)] < 00

iv) The process W given by
t
Wtﬁ =X — Xo — / Bsds, for every t € R,
0

is the standard Brownian motion, i.e. WB#P is the Wiener measure on 2 with
Wo = 0. In other words, X; has the following semimartingale decomposition:

t
(2.2) X = X, +/ Beds + W}
0
v) a: Q — M(RT), where M(R") is the space of measures on R*, is a randomized

stopping time or equivalently, A;(w) := a(w)([0,¢]) is increasing, right continuous,
adapted to F, with Ag > 0 and lim;_,o Ai(w) = 1.

Let (a x P)(dr, dw) = a(w)(dT)P(dw) denote the measure on Rt x Q corresponding to the
variable (7,w). The constraint X, ~,xp v is equivalently defined by X, 4(a x P) = v, i.e.
we have

(2.3) /Q /R gwln))a()(dn)B(d) = /R g(y)v(dy), for all g € Cy(RY)

Now, we let A(p,v) = {(P,B,a) € A(p) @+ X7 ~axp I/}. The cost, defined on A(u) with

possible value of 400, is given by the following;:
(24) jL(]P)a /87 CM) = Eaxp[/ L(taXtaﬁt)dt}
0

_ /Q /R ) /OTL(t,Xt(w),ﬁt(w))dta(w)(dr)IP’(dw).

We can state our primal stochastic transportation problem as the minimization of the
stochastic transport cost J(P, 8, @) among all admissible (P, 8, a) € A(u,v), i.e.

(2.5) Pr(p,v) := inf {jL(]P’, B,a) : (P,B,a) € A(u, 1/)}

with the convention that Pp(u,v) = +o00 if A(u,v) =0 (in fact, we will prove in Section
that, under some assumptions on p and v, this set A(u,v) is non-empty).
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2.3. The convex stochastic formulation. With this formulation, we seek to linearize
the functional in by considering probability measures PonQ:=Qx0 (this idea is
due to Haussmann [14] and, it is used later by Tan & Touzi [28]). In other words, let (X, B)
be the canonical process on Q (i.e. (X;, By)(w,b) = (w(t),b(t)), for every (w,b) € Q) and
let F be the corresponding canonical filtration. We now have a process

(2.6) Wi(w,b) := Xi(w) — Xo(w) — Be(b),

which will play the role of W5 in the definition of A(u). We denote by Px the projection
onto the first component of 2 x €, and Pp the projection onto the second component. We
say that (P, &) € A(u) if the following conditions hold:

i) (Q, F, ]f”) is a filtered probability space.
ii) We have Xo ~p  p which means that Xo#INE’)X = u.
iii) For Pp almost every b, B is differentiable and B = B’ is locally integrable, i.e. for
each 7, the map 37 : Q — LY([0,7],U) defined by B7(b)(t) = B:(b) satisfies

EP[HBTHLl([O,T],Rd)] < +00.

iv) The process W defined in is a standard Brownian motion, i.e. W#I@ is the
Wiener measure on {2 with 0 =0.

v) @:Q — M(R")is a randomized stopping time, equivalently A;(w,b) := a(w, b)([0,])
is increasing, right continuous, adapted to IENT, with Ay > 0 and limy_yeo Ay (w,b) = 1.

We also define @ x P to be the associated probability measure on R* x QxQ and (axP)p x
its projection onto the first two components. The constraint X, ~(axP)rx Y is similarly

defined by -
(2.7) /Q/Q/R+g(w(T))d(w,b)(dT)]lE)(dw,db) = /Rd g(y)v(dy), for all g€ Cy(RY).

Now, we say that (P, &) € A(u,v) if (P, &) € A(p) and X, ~
given by the following:

(awP)p x V- The cost is similarly

(2.8) Jn(P,a) = Ed@[/OTL(t, Xi, )t

_ /Q/Q/w/OTL(t,Xt(w),Bt(b))dtd(w,b)(dT)INP’(dw,db).

Then, we consider the following relaxation of (2.5) (again, we let Pr(u, v) = +ooif A, V)
is empty):

(2.9) Prlp,v) = inf{jL(fp, a): (Ba)e A(u,y)}.

We now show that problems and are equivalent in the sense that the two
problems have the same minimal values. First, we show that the convex stochastic problem
(2.9) is a relaxation of the weak stochastic formulation , and then show that there is a
projection from the convex stochastic problem back onto the weak stochastic formulation
that does not increase the cost. More precisely, we have the following:

Proposition 2.1. With the above notations, the following hold:
(1) For every (P, 3,) € A(n), there exists (P, &) € A(u) with (& x P)rx = a x P and
jL(]Pa /87 OZ) = jL(P’ d)
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(2) Conversely, for every (IP’ &) € A(p), we can find o, B such that (Px,,a) € A(p)
with (aKIP’) X—aK]PX and jL(IP’X,B, a) <,7L(IP Q).
(3) In particular, we have Pr(u,v) = PL(,u, v).

Proof. Take (P, 8,a) € A(u) and define Bﬁ fo Bs(w) ds. We set P = (X, B%) 4P and
a(w,b) = a(w). We can easily check the five propertles deﬁmng A(p):

i) (O, F IP) is clearly a filtered probability space.

ii) Since Px = P, we are also dealing with the same initial distribution (XQ#PX =

XoyP = p).
iii) We have that

Eﬁ)[HBTHLl([O,T],Rd)] =E (1871l 11 (0.1 )] < +o0.

iv) Note that W(w, B?(w)) = W¥(w) and therefore WP = WPLP is the Wiener
measure on ) with Wy = 0.
v) It is easy to check that & is still a randomized stopping time on the extended space.

On the other hand, we also have (& x IAE}’);QX = a x P. From the definitions of J;, and Jp,
we have

(P, &) = ’ t(w ~t a(w)(dT A w
Gu®.a) = [ [ ][ LX) A drat)an (X, B) 4P, db)
= [ [ [ 1 X ae)deae) drPiae)
QJRt JO

and so, it follows that J;,(P, 8, ) = J.(P, &).
For the second claim, take (P, d) € A(u) and set P = Pyx. We define a by disintegration
in such a Way that (& x P)rx = a x P and 8 by the conditional expectation f;(w) :=

EP [Bt’]:X ] ) (here, J’:X is the filtration generated by process X). Again, we have the
following five properties:
i) (,F,P) is a filtered probability space.
ii) Since Px = P, we still have the same initial distribution.
iii) By Jensen’s inequality, we have that

E° (11" (37| 7 pa o, ] < EF (18721 g0,r1,0)] < +oo.
iv) From [29, Theorem 4.3], we have that the following process is a standard Brownian
motion:

t g ~ ~
wf:ﬁg_xb_/ﬁﬁyﬁfgws
0

v) Finally, it is straightforward to verify that a is a randomized stopping time.
On the other hand, using the definitions of P, 8 and « and Jensen’s inequality, we get that

JIL(P, B, a) < JL(P, &).

Since we have identity of the distributions a x P = (& x P)7,x, it follows that the values of
the primal weak stochastic and convex stochastic problems are equal. [

The convex problem ([2.9)) satisfies a compactness property for a suitable topology on the
measures @ X P on RT x Q x Q. We note that a simple truncation of the stopping time
allows us to restrict to a compact domain in time and space. We define the truncation for
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(P, 8,a) € A(u) by considering the randomized stopping corresponding to 7 A sup{7; 7 <
T, |X,| < R}, ie. aTB(w) := SLFa where ST (1) = 7 Asup{t; t < T, |X,(w)| < R}. We
set ST-B(7,w) == (SLP(7), w).

Lemma 2.2. For any (P, 3, ) € A(u), the truncation with T, R € RT satisfies (P, 3, ") €
A(p) with o1 is supported on [0,T) and |X¢(w)| < R almost surely. Furthermore,

lim jL(P B, ) = jL(]P)7Baa)a

T,R—o00
and for all g € Cy(RY),

lim B [g(X0)] = B [g(X).

Proof. Since the range of ST+ is contained in [0, T] x €, it is clear that o™ is supported on
[0, 7] and | X¢(w)| < R holds (a”*%xP)-almost surely. We then have that (P, 3, a">%) € A(u)
since ST"% is continuous and maps [0,7] x Q into [0,7] x €, for all 7 € R*, and leaves P
and B unchanged so that the decomposition holds. Furthermore, it follows by the
monotone convergence theorem that the limit of J (P, 3, a”%) is J.(P, 3, @) and that the
end measure is also recovered. [

Before we have compactness we also need a truncation of the measure P so that weak
limits do not lead to measures associated with badly behaved drifts after the end-time.

Proposition 2.3. The set {a& x P: (P,a) € A )} is convex. Moreover, given any se-
quence (P, &%) € A(p, V") with v — v, there is a (P,&) € A(u,v) such that Jp(P, &) <
lim inf; o jL( ,at).

Proof. The convexity follows immediately from [16, Corollary I11.2.8]. Now, for each 7 € RT,
let us define the map S7: Q2 x Q — Q x Q by

(2.10) ST (w, b) := (&7, b7),
where
OT(t) == w(t) — b(t) +b(r At) and b7(t) :=b(r At).
Notice that, for every 7 € RT, the map S7 is invariant for W in the sense that
Wt(ST(w, b)) =& (t) — @7 (0) — b (t) = w(t) — w(0) — b(t) = Wi(w,b).

We define the pair (Q%,45%) by duality such that

[ ][ #ewpniienan@aa = [ [ [ e ie s .,
QJa Jr+ oJa Jr+

for all H € Cy(Rt x Q x Q). In particular, the truncated measure Q' satisfies

// (w, b)Q(dw, db) ///}R+ T b)& (w, b) (dr)P (dw, db), for all F € Cy(2 x ).

Now, we will show that (Q%,5") € A(u,v) with the same cost. First, it is not difficult to
check that the properties (i), (11), (iii), (v) and (v) in the definition of A(x) hold. In fact,
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for all G € Cy(2), we have
/ G(w)W4Q' (dw) = / G (W (w, b)) Q' (dw, db)
/ / . G(W(@™,b7))a" (w, b) (dr)P*(dw, db)

/ / b)) P! (dw, db).

Thus, W#@‘ = W#INP” On the other hand, we have

L] s nan@iaa = [ [ ] 5@re)a.n e,

/ / | F@m)a (w, b)(dn)P (dw, db)
:/fdy, for all f € Cy(RY).

This implies that X, ™G3 v. Similarly, we see that the cost does not change since

7 Qi)

LLL / (1, X,(), Bu(B))dt 5 (0, b) (dr) Q! (d, db)
///R+/ (8, Xo(&7), B(b7))dt &' (w, b) (dr)P* (dew, db)
- /Q/Q/R+/0 L(t, Xe(w), Bu(b))dt &' (w, b) (d7)P* (dw, db).

The advantage of this truncation is that we now have that

/Q/Q/R+ Iﬁt(b)|pdt@z‘(dw,db):///w/w B ()Pt & (0, ) () (o, db)
- / / /R N / |81 (b)[Pdt &' (w, b) (dr) P (dw, db),

<c le ]P)Z ~i

where the last inequality comes from the fact that the Lagrangian L is superlinear, or in
the case that U is bounded this holds for any p with ¢ = inf(; ; yer+ xraxy L(t, 7, uw)/|ulP.
Furthermore, we have

/ / 5 (w, b)([R, +00)) Q' (deo, db)
QJO

1 0 7 ~ B N
= CR/Q/R /0 L(t, X¢(w), Be(b))dt ' (w, b)(d7)Q" (dw, db)
< %Z(@"',ﬁi).

Then, by [22} 30], we infer that the sequence 7% Q' is tight and so, there is some (P, &) €
A(p) such that (3% x Q%) — (& x P). In particular, this implies that (3% x Q%)px —
(& x P)px and X, ~(axb v.

xP)r, x
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Now, we define

Uaﬁ,r (w) = {

1 if supge(o ) t—s)<e | Xs(w) — Xe(w)| <6,
0 otherwise.

Using the fact that L is uniformly continuous in (¢, ) and by Jensen’s inequality, it is not
difficult to check that, when U, 5 ,(w) = 1, we have

T—e 1 [ste r .
/0 L(S,Xs(w),g/s ﬁt(b)dt)dsg/o L(t, Xo(w), (b)) dt + C(e + 6)r,

where C' is the modulus of uniform continuity of the Lagrangian L with respect to ¢ and .
Then, we get

o . (t—e)VO0 1
JL(Q, 5% > EV'*Q [UE,57T/ L(s, X, E(BSJ’_E(b) - Bs(b)))ds} —C(e+9).
0
The map (7,w,b) — U (w) fO(T*s)VOL(s,XS(w) L(Bsy:(b) — Bs(b)))ds is lower semi-

~ . ’ g
continuous and 7' X Q" — & x IP. So, passing to the limit when i — +o00, we get

o o~ (r—€)VvO0 1

liminf 7;(@',5) > B[V, / L(s, X, 2(Bay=(0) — Bo(0)ds| — C(c +6).

71— 00 0

Letting ¢ — 0 and using Fatou’s Lemma as well as the continuity of C, we infer that
liminf 7(Q",3") > J1.(P,6) — C(8).

which completes the proof since § > 0 is arbitrary and, thanks to the fact that 77, (P, &%) =
JL(Q, A, for every i € N. [

As a consequence, we get
Corollary 2.4. The problem (2.5) reaches a minimum. Moreover, the map v — Pr(u,v)
s convezr and lower semi-continuous.
Proof. Let (P',a') be a minimizing sequence in Problem (2.5) and (P?, &) be the corre-
sponding measures such that Jp (P, &°) = J(P?, ') (see Proposition [2.1)). By Proposition
there is a (P, &) such that liminf; ., Jz(P%, &%) > Jr(P,&). This yields that the pro-
jection (P, 3, a) of (P, &) (see again Proposition [2.1) is a minimizer for (2.5). The second
statement can be proved in a similar way using Propositions 2.1] & 2.3] O

3. DUALITY AND DYNAMIC PROGRAMMING

In this section, we verify a duality principle for the stochastic transportation problem
(2.5). More precisely, we consider the following maximization principle:

(31) Do) = swn { [ vtwtdn) - | ontdo},

(¢7¢) €2

where Z7, is the set of functions (¢,v) on R? with 1 € Cy(R?), continuous and bounded,
and ¢ € Bu(Rd), measurable w.r.t. the Borel c—field on R? completed by p, such that the
following holds:

o) = B [w(X0) = [ Lt X )]

for all (P, 3,a) € A(6), p— a.e. x € R%.
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We can characterize the dual problem further using the dynamic programming principle.
We first define a translation map 7% : Q — C([t, +oc), R?), where
T (w)(s) = w(s —t) + .
Given ¢ € Cy(R?), we introduce the function
-
Jy(t,x):=  sup  EF [¢(XT) — / L(s, X, Bs)ds
(Pvﬁva)EAt(éz) t

where
A(67) = {T4 (P, B,0); (P, B, ) € AG5.)}.

Here, the pushforward on P is as a measure and on 3 and « are given respectively by
ﬁ(Tt’O_l(w)) and oe(Tt’O_l(w)) for all w € O([t, +00), R?). Moreover, we note that

. axp >
Al s E [0 = [ L X s
where
Ai(6,) = {T° (P, a); (P, &) € A(5,)}
with
T (w, b)(s) = (w(s —t),b(s —t))
and

T;;’Oa = d(Tt’O_l(w, b)) for all (w,b) € C([t, +00),R? x RY).

For any (¢,1) € Zr, we have that Jy(0,z) < ¢(x) for p—a.e. x € R?. So, the dual problem
(3.1) becomes

Dutur) = swp { [ wvidn) = [ J0.0) o)}

HeCy(RY)

We first prove a Lemma that verifies a basic level of regularity for Jy, needed in the proof
of Theorem ﬂ Such a result is standard, see [28] for a setting similar to ours.

Lemma 3.1. We suppose that ¢ € Cy(R%). Then, the map (t,x) — Jy(t,z) is lower
semi-continuous and bounded from below. In addition, we have

(32) / Jo(0,2)u(de) = sup BT [p(X,) - / L(t, Xi, Br)dt] }.
R (P,B,0)EA(1) 0
Proof. We first note that we can express Jy(t, x) as
Jy(t,z) = sup {ETQQ(‘WP) [w(XT)—/

(P,8,a)€.A(d0) t

T

L(s, X, Tf"8,)ds| }

= sup {]Eo"><IEJ> {w(XT +x) — / L(s+t, X+ x, Bs)ds} }
(P,B,a)€A(S0) 0

For each (P, 8, ) € A(dp), this defines a continuous function of ¢ and x by the continuity of

the translation maps 7%%, the uniform continuity of L and the bound on 1, and so Jy(t, x)

is the supremum over all these functions, making it lower semi-continuous. Clearly, Jy(t, x)

is bounded below by v(x) (we also note that Jy (¢, z) is bounded above by sup, ).
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To prove (3.2]), we first note that any (P, 3, a) € A(n) disintegrates w.r.t. u by the map
S(1,w) = w(0) and yields, using the definition of Jy, that

/Rd Jy(0, ) p(dz) > E*F W(XT) - /OT L(t, Xt,ﬁt)dt]

Furthermore, for each € > 0, the set
{(a:,a x P); (P, 5,a) € A(S,), EWP[#}(XT) —/ L(S,Xs,ﬁs)ds} > J,(0,7) — e}
0

is non-empty for g—a.e. z and closed by Propositions & and thanks to the lower
semi-continuity of .J,,. Thus, by the Kuratowski and Ryll-Nardzewski selection theorem,
we may find a y—Borel measurable map Q(z) = o® x P* with (P*, 5%, a") € A(d,) and
o xP [?l)(XT) — Jo L(s, X, Bg)ds} > Jy(0,2) —¢, for p—a.e. x. Therefore, we may consider
(P, B,a) € A(u) such that a x P disintegrates w.r.t. p as Q(x), i.e. « x P = Q x p. Thus,
we have

/Rd Jy(0,2) p(dz) — e < E*F {WXT) - /OT L, 5t)dt]7

which proves the equality (3.2) when e — 0. O

The scheme to prove duality is by now standard in convex analysis (we refer, for instance,
to [8]). The idea is that if v — V(v) := Pr(p,v) is L.s.c. and convex, then V** =V, where
V* denotes the Legendre-Fenchel transform of V. The value V(v) is the minimal value of
our stochastic primal problem , while V**(v) is identified with the maximal value of
the dual problem . This strategy was already used by many authors to establish dual
principles for various optimal transport problems that do not fit in the Monge-Kantorovich
theory (see [25] 2§]).

Theorem 3.2. The following equality holds:
Pr(p,v) = Dr(p,v).

Proof. First, it is clear that the maximal value of the dual problem is less than or equal
to the minimal value of the primal one, since, for all admissible (P, 3, «) € A(u,v) and
(¢,v) € Z1,, we have

[ vty [ o)) = B [000) — o(x0)] < B[ [ 131

and so, it follows that Dy (u,v) < Pr(p,v).
For the other direction, we have that V(v) is convex and lower semi-continuous (see
Corollary . Then, we have

V) =vew) = sw { [ e(@ude) - Vi)
PeCy(RY) R4

where

viw) = sw { [ w(widn) - V()

ve M(R4)

= sup {EM[MXT)—/OTL(t,Xt,ﬁt)dt}}.

(P,8,a)€A(n)
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Note that we used that if v is not a probability measure then A(u,v) = and V(v) = +o0,
which does not affect the supremum in the definition of V*. We then have by Lemma [3.1
that

Vi) = [ Jul0.)utda)
and

Pulp) =V = s { [ et - [ Jet0.0utan)},

By setting ¢(z) = Jy(0, ), we have (¢,v) € Z1, and we have shown the reverse inequality,
that is

DL(IU‘v V) > PL(M? I/)a
which completes the proof. [

On the other hand, by the standard dynamic programming principle, we get that .Jy, is a
viscosity solution of the following dynamic programming equation (see, for instance, [28]):

min { Jy (t,2) — (x), ~D (1. 2) — %AJw(t, v) — H (1,2, VIy(t2) } =0,

where the Hamiltonian H is given by the Legendre dual of L, i.e. we have

H(t,x,z) = sup [z - u— L(t,z,u)], for all (¢,z,2) € RT x RY x RZ
uelU
This viscosity solution Jy, can be viewed as the minimal supersolution, given by the infimum
of the smooth supersolutions of

33) {atj(t,x) +LAAJ(t2) + H(t,2, VI (t,2)) <0 in RT x RY

P(x) < J(t,x) on RT x RY,
Finally, we get the following:

Proposition 3.3. We have

Do) = sup { fouty) vldy) = fou Ju(0,2) pldz)}
YECy(RY)

- sup { [ vtwtan) = [ 50.0utdo) (6.9) sotises €3}.
Rd Rd

PECH(RY), JEC,? (RF xRY)

4. EULERIAN FORMULATIONS

In this section, we express two Eulerian formulations for ; the strong Eulerian formu-
lation poses the problem with a velocity field and the solution to a Fokker-Planck equation
with stopping, while the convex Eulerian formulation poses the problem over phase-space
distributions satisfying a convex set of inequalities. We prove the later to be equivalent to
by embedding the stochastic formulation and showing a weak duality inequality. We
then prove that when the drift is uniformly bounded, the strong Eulerian formulation is
also equivalent by Sobolev estimates. We note that these estimates will be used to prove
dual attainment in the next section.
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4.1. Strong and convex Eulerian formulations. First consider strong Eulerian formu-
lation. We say that (m,v, p) belongs to £(u) if the following holds:

e me L'RT xRY) N LY (R, H'(R)) with |[m¢]|1gay < 1, v € L®(RY x R%, RY)
e p is a probability measure on RT x R%.
e For all smooth ¢ with compact support in Rt x R¢, we have

L[, |estomo + otta)- (ot ymie.a) - s mit. o)) |aoat
(4.1) = /R+ y o(r,y)p(dr,dy) — /]Rd $(0, z)p(dz).

Then, we consider the following problem:

£ _ . N —
(4.2)  Pi(p,v)= (mw};feg(u) { /RJr /RdL(t,:v,v(t,x))m(t,x) dxdt : /IR{+ p(dr, ") V}.

Now, let us introduce the following convex Eulerian formulation:

Definition 4.1. We say that (1, p) € E(i) if the following holds:

e 1 is a measurable map from R to sub-probability measures on R% x U,

e p is a probability measure on R x RY,

o The following equation holds for all smooth ¢ with ¢, Oip, V¢ and Ad uniformly
bounded on RT x R%:

/]R+ /]R /U [8@(’571’) + %M(t, ) + Vo(t, z) - u]n(dt, dz, du)

(13) = [ [ etrptiran) ~ [ o0.pu(do).

We let

(4.4)  Pi(u,v) = it /]R+ /Rd/ (t, 2, w)n(dt, dz, du) : /R+p(d7',~)zy}.

It is clear that P¢(u,v) < P¢(u,v) because if (m,v,p) € E(u) then for n(dt,dz,du) =
Ou(t,z)(du)m(t, z)dtdx, we have (n,p) € E(p) with the same cost and target distribution.
The following proposition shows that from a probability distribution, drift, and stopping
time (P, 3,a) € A(u), we can construct an admissible pair (1, p) € £(u).

Proposition 4.1. Given (P, 3, ) € A(u), there is a pair (n,p) € E(u) such that

/R+/1Rd/ (t,z,u)n(dt,dz,du) = EO‘KP[/ (t,Xt,ﬁt)dt].

In particular, we have i
PL(p,v) < Pr(u,v).

Proof. Given (P,,a) € A(u), we find the pair (n,p) from Riesz representation given by
the formula,

/ / / o(t, , w)n(dt, de, du) = EM’[/ qs(t,Xt,ﬁt)dt}, for all ¢ € Cy(RT x R x U),
R+ JRA JU 0
and
/ / h(t,y)p(dr,dy) = E*F[h(r, X,)], for all h € Cy(RT x RY).
R+ JR4
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Then, one can check easily that the pair (n,p) € £(u). In fact, if 7; is the disintegration
of n with respect to the Lebesgue measure on R™ then, for every smooth ¢ with compact
support in Rt x R, we have using Ito’s formula the following:

/ / / [&qﬁ(t,x) T %A(b(t’ T) +u- Vqﬁ(t,x)}m(dx,du)dt
Rt JRd JU .
= Eaxﬂ”[/o (6,5(?@, Xi) + B - Vo(t, Xp) + %A¢(t, Xt)>dt]

_ goxP [gb(f, X,) - ¢(0,X0)} = /Rd - o(r,y)p(dr, dy) — /Rd ¢(0, z)p(dx).

Clearly, we have that if X, ~,xp v then fR+ p(dr,-) = v. Moreover, we have the following:

/R+ AdLL(t,x,u)n(dt,dx,du):EWP[/OTL(t,Xt,ﬂt)dt},

which completes the proof that Pf(u, v) <Prp,v). O
On the other hand, we have the following duality for the convex Eulerian problem .
Theorem 4.2. The following equalities hold:
Dy (p,v) = P (,v) = Pr(p,v).

Proof. Take an admissible pair (n,p) € £(u) with Jg+ p(d7,) = v and let (J,¢) satisfy
(3-3). Then, we have

/Rdw(y)V(dy) - /Rd J(0, ) p(dx)

< /R+ /Rd J(t,x) p(dt,dz) _/Rd J(0, ) p(dz)
:/R+ /Rd/U [atj(t,x)+%AJ(t,x)+u.w(t,x)}m(dx,du)dt

S/ / /L(t,:z:,u)n(dt,dac,du).
R+ JR? JU

This shows that Dr(u,v) < Pf(u, v) in view of Proposition m We have shown that

Pf(,u, v) < Pr(p,v) in Proposition and that Pr(u,v) = Dr(p,v) in Theorem
which completes the chain of equalities. [

4.2. Regularity. We will now partly complete the equivalence (between the strong and
the convex Eulerian formulations) by addressing the strong Eulerian formulation in the
case where the drift is bounded. We first need a result on the truncation in time and space
of pairs (n,p) € (). We make use of the truncation in time and space of Lemma

Theorem 4.3. Suppose that p = jidx for i € L*(RY). Then, for any (n,p) € E(p) with
compact support in RY x R x U (0 <t < T, |z| < R, |u| <u), there is a (m,v, p) € E(u)
such that n;(dz,RY) = m(t, z)dx, and (m,v,p) has a cost less than or equal to that of (n, p).
Moreover, we have the following uniform estimate

T
(4.5) /0 /Rd |Vm(t, z)[2dz dt < 2||;LH%2(Rd) +CT,
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where the constant C' depends only on the bound of the drift u and the dimension d. In

particular,
= / / f(z)p(dr,dx)

is a continuous linear functional of H'(R?). Finally, when the drift is bounded, we have

PL(M’ V) = 7DL(:U” V)'

Proof. First, we use convolution to approximate the pair (7, p) by smooth densities (n¢, p°)
and the measure p by p® with (n¢, p¢) € E(u¢). We define

m€(t,x):/ n(t, z,u)du
Rd

and

’Ue(t,x) - fRduni(t’x’U) 9
me(t, z)
with v¢(t,2) = 0 if m®(¢t,x) = 0. We note that (m®, v, p¢) € E(uc). By Jensen’s inequality,
the cost of (m€,v¢, p°) is less or equal to that of (7, p) within a factor of e. Then, using m*
as a test function in , we obtain

/Rd /OT m*(7,y)p*(dr, dy) — /Rd (7 () de

= /OT /Rd [%&5 (me(t,ajﬁ) _ %’Vme(t,x)lg +v¢(t, ) - VmS(t, x) me(t,x)] da dt.

8

Then,

1

T 1 T
/ |Vm®(t, z)|2dx dt < *H/]FH%Q(Rd) +u/ / |VmE(t, x)|m(t, x)dx dt.
2 0 R4 2 0 R4

Yet, we have

T T
/ / |Vme(t, x)|m(t, z)dx dt < 1/ / ((5|Vm€(t,a:)]2 + 1m€(t,x)2)da; dt.
0 Rd 2 0 R4 5

For the last term using Gagliardo-Nirenberg-Sobolev embedding and an interpolation of the
L' and L? norms, we have

Imill2mey < 8IVmillL2may + C(O)Imil L1 (ray,
which implies that

T T T
/ me(t, z)2dx dt < 252/ |Vm®(t, z)|[>dx dt + 20(5)2/ (
0o Jrd 0o Jrd 0

Yet, [|m<(t,)|lL1rey < 1+ ¢, for every t. Then, choosing 6 > 0 small enough, we get

2
me(t, a:)dx) dt.
R4

. for m¢. In particular, the uniform estimates imply that m¢ converge weakly to m in
L (RT, Hl(Rd)) such that
Jram(, du)
dx ’
We then define the field v(¢, z) by the vector-valued Radon-Nikodym derivative

f un (-, du)
v(t,-):Rme

m(t, ) =
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It is then straightforward to see (m,v, p) € £(u) which by Jensen’s inequality, has lesser or
equal cost than (7, p).
For any f € H'(R%), we have

/ f(@)pldr, da)
Rd JR+

. T 1
= y f(z)p(z) dz —I—/O /Rd [— §Vf(a:) -Vm(t,x) +v(t,z) - Vf(z) m(t,x)] dx dt,

and the similar estimates imply that f — [p. [pa f(2)p(d7,dx) is a linear functional of
H'(RY),

Finally, to conclude equivalence of the convex and strong formulations, we use Proposi-
tion and Lemma to construct (nT’R, pT’R) with compact support in time and space
for any (P, 3, ) € A(u), corresponding to the truncation of Lemma with T, R € RT.
We then have corresponding (m™ % o7 pTs8) € £(u). When Ty < Ty and Ry < Ry, we
have (n72f2 pT2.f2) = (pTBa pT1Ray on [0,T1] x B(0, Ry), and thus there exists a density
(m,v,p) € E(u,v) taking the limit as T, R — oo, with the same cost and end distribution
as (P, 8, ). Thus, we have shown that

PL(p,v) = Pr(p,v),

and applying the result of Theorem [4.2] completes the proof of equivalence. O

We will also need the following moment bound.

Proposition 4.4. Suppose that c(|ulP + |z|94+1) < L(t,z,u) or c(|z|+1) < L(t,z,u) and
u is uniformly bounded, for ¢ > 0. We assume that p satisfies [pa |z[*p(dz) < +oo. Then,
for any (0, p) € E(p) with finite cost, we have

// \y|2p(d7',dy)§/ ]a:ﬁt(dﬂ:)%—C’/ //L(t,a:,u)nt(da;,du)dt.
R JR+ R4 R+ JRE JU

Proof. To prove that, we simply apply (4.3) with the test function w(y) = |y|*:

/Rd /R+ 1y p(dr, dy) — /Rd |z|?p(dx) = /R+ /le/U [d‘FU'Qw}m(dx,du)dt

< /R+ /Rd/U [d+H(t,x,2x) + L(t,x,u)}nt(dx,du)dt

< c/]R+ /Rd /Rd [L(t,a:,u)]nt(da:, du)dt,

H(t,z,2z) < Clz|? < C L(t, z,u).

where we have used that

In the case that c|z| < L(t,x,u) and u is uniformly bounded, the proof is simpler, using
that

uw-xr < EL(t,a:,u)7
c

and the result follows. O
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5. DUAL ATTAINMENT

In this section, we prove dual attainment in the cases where either the Lagrangian
L =~ |ulP with 1 < p < 2 or the drift is uniformly bounded (|u| < u). This relies on a
normalization that makes v as a supersolution to an HJB equation. First, we define

H(x,z) = inf H(t,z, z), forall (z,z) € R?x R,
teR+

and
L(z,u) = sup L(t,z,u), forall (z,u) e R?x U.
teR+

We suppose, strengthening assumption (2.1)), that there are constants ¢, C' > 0 such that L
satisfies

(5.1) c(luf? + Jz|? +1) < L(t,,u) < C(|uff + |z|? +-1)
for all (t,z,u) € Rt x R? x U, or equivalently, there are constants A, A, ¢, C > 0 such that
H satisfies

AMzl?=C(|z|?+1) < H(t,z,2) < Alz|? — ¢(|z]?+ 1), for all (¢,z,2) € RT x RY x R,

In the case where the drift is bounded, this becomes
c(|z| + 1) < L(t,z,u) < C(|z| + 1), for all (t,z,u) € RT x R? x U,
and
Azl = C(lz] +1) < H(t,z,2) < Alz| — ¢(|z] + 1), forall (t,z,2) € RT x RY x RY.

Proposition 5.1. For 1 € Cy(R?), we define

-

D(x):= sup EP [¢(XT) _ / L(X,, ,Bt)dt]
(]P767a)€“’4(61) 0

Then, 1) is lower semi-continuous and bounded with Jy = Jy and thus greater or equal dual

value. Furthermore, ¥ satisfies, in the viscosity sense,

(5.2) %A@Z(x) + H(z,Vi(z)) <0.

Proof. From the definition of 1, we have obviously 1) > v, and we get as in Lemma that
1 is lower semi-continuous and bounded. The standard viscosity solution theory implies
that 1 is a viscosity supersolution of .

From the definition of Jy, we get that J; > Jy. Let us prove the reverse inequality,

that is J; < Jy, so that we get J; = Jy. First, we note that Y(x) < Jy(t,z), for every
(t,z) € RT x R which follows from the definitions after noting that L > L.

Now, suppose that (P, 8, ) € A¢(d;) is within € of optimality for J;;, then we have the
following:

To(t,a) —e < IEWP[@Z(XT) - /tTL(s,XS,/;’S)ds}

< EOMP[Jw(T, X)) — /T L(s,Xs,ﬂs)ds} < Jy(t, z),
t

where the last inequality is a result of dynamic programming principle [19, Theorem 6,
Ch. 3] for Jy,. Taking € to zero proves the desired inequality. [
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The following proposition proves a quadratic lower bound on supersolutions to (5.2) as
well as an Holder continuity in the case that L ~ |u|P with 1 < p < 2.

Proposition 5.2. We assume (5.1) holds. Suppose 1) is bounded, lower semi-continuous
and satisfies . Suppose d > 1 and 1 <p < 2. Fix 0<d <2—p<1. Then, for each
xg € R?, there are two constants B and E (depending only on 6, p, d, A\, C and |x¢|) such
that

(5.3) Y(xg) —Y(x1) < Bleg — 1‘0’6 + E|x; — xo\Q, for all x, € R?,

In particular, ¥ is uniformly 6-Hdélder continuous on compact sets and, under the assump-
tion that ¥ (0) = 0, v is uniformly globally bounded from below by a quadratic function.
In the case d = 1, the result holds with 6 =1 for all p > 1.

Proof. We will prove that, for each zg, the function
w(z) = A — Blz — x| — E|lx — 20/?

with appropriate constants A, B and E, will touch 1 from below at xy. By computing Vw
at x # xg, we see that

AMVw(z)|? > by|z — 20|70 + byl — x|
where
bl = §9\B? and b2 = \29FY1.
Notice that as 1 is 1.s.c. and bounded, we can by adjusting the constant A, let the function

w touch 1 from below at some point. Suppose w touches 1 from below at x1 # xg. Then,

from the equation (5.2)) and the assumption (|5.1)), we have that

1
C(|x1|q + 1) > §Aw(:v1) + A Vw(xq)?
B
2
To draw a contradiction, we will select two constants B and E such that the following holds

> byle1 — a0V + bofwy — wo|? — T (d + 6 — 2)|a1 — 0|’ ? — dE.

bilzr — 20|10 4 bo|xy — xol?

OB
> 3max{2(d+5 — )|z — x0°72, dE+ C, C|x1|q} .

Now, it is clear that the inequality with the first and the second item in the maximum is
satisfied for large enough B and E such that

0B
min {by, by} > 3max{7(d+5 _ 2),dE+C}.
For the third item, note that
|z |? < 29 max{]wl — Zg|, \xol}q.

Thus, we may choose B and E large enough, depending on |zg|, such that by > 3C(1+|z])?
and be > 3C2% max{1, |zo|?}, and these choices of B and E yield a contradiction. Thus, we
must have that w touches 1 from below at 1 = g, and it follows that holds for all
xo and x1. We note that in particular, fixing xg, this establishes a global quadratic lower
bound on %, which becomes uniform (in 1)) as soon as ¥ (0) = 0.

The proof for d = 1 is simpler with § = 1 since the Laplacian of the second term of w
vanishes. [
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Theorem 5.3. Suppose that d > 2, 1 < p < 2, [pa |z|>u(dr) < 400, v has a compact
support, and L satisfies . Then, the dual problem Dr(u,v) is attained at ¢ € C? (R?),
0<d<2—p, and Y is globally bounded below by a quadratic function.

Furthermore, in this case there exists (P, 8, «) € A(u,v) with finite cost.

loc

Proof. We take a maximizing sequence {¢/*}. We assume that, for each i € N, 7’ is Ls.c.,
bounded, 1¢(0) = 0 and 1* satisfies (this is possible thanks to Proposition, and we
apply Proposition Then, by Arzela-Ascoli, {¢)'} converges uniformly on compact sets
to ¢ with (0) = 0. Furthermore, these 9° are uniformly bounded below by a quadratic
function. With the target measure v compactly supported, for such a limit function v to
have the maximal dual value, it is enough to show that

(5.4) lim inf /Rd Jyi (0, x)p(dw) > /Rd Jy(0, z)p(de).

)

But again, we have

/R | Jui(0,w)u(de) = sup /R e Vi (y)p(dt, dy) — /R . /R ) /U L(t, z, u)n(dt, de, du)|.

(n:p)EE (1)

For each (1, p) € £(u) with finite cost, Proposition implies that such p has finite second
moment. Thus, the uniform quadratic lower bound on * implies that

lim inf /R L vt ay) > /R | vy,

This yields (5.4). Finally, the existence of (P, 8, ) € A(u,v) with finite cost follows from
duality (Theorem (3.2)). O

In 1D the result holds for all values of p > 1.

Theorem 5.4. Let d = 1. Assume that [pq |z|?p(dx) < 400, v has a compact support
and L satisfies (b.1). Then, the dual problem is attained at v, which is locally Lipschitz
continuous and bounded below quadratically.

Proof. The proof follows as in Theorem [5.3| using the Lipschitz estimates in 1D from Propo-
sition O

In order to better handle the behavior as |z| — 400 in the case that p is large (for
instance, assume that p = +o0o which means that the drift is bounded; |u| < u), we will
1ntroduce a Weighting measure on R?. We consider now a smooth convex function V' such
that [ e™V®dz = 1 and 1|VV| < A, for instance V/(z) = v|z|+m (we assume that A > )
is easily seen to fit all the crlterla we will require. We define the norm

1

flsgien = ([ e @ar)’

W RY i= {5 1115 ey + 197l ey < +o0 }-

Set

We denote

(fv = | fl@)eVda.
Rd
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We note that if V is a radially increasing function, then we have, for any ¢ > 1, the following
Poincaré inequality (see, for example, [9] [7]):

1f = (Nvilee wey < CIVFllLe, ray-

Then, we define

(5.5) B:= {f e LY (R?Y), f is Ls.c and quadratically bounded from below} .

We will say that f € H(RY) := I/V‘l,’2 (R9) satisfies 1' in a weak sense if for all compactly
supported h € H‘I/(Rd) with A > 0, we have

/ E %Vf(x) Vh(e) + A (2, Y f(x)) hx)] dx < 0.
Rd
Then, we have the following:

Proposition 5.5. Suppose that H is uniformly continuous in x (uniformly w.r.t. z) and
satisfies . Let 1) be a supersolution to , lower semi-continuous and bounded from
below with (¥)y = 0, then, for any M > 0, the truncation of ¢ satisfies » AN M € H(R?)
and solves in a weak sense. More precisely, there exists a uniform constant C' (which
does not depend on 1) such that

(56) ||¢||W‘1/71(Rd) S 65

(5.7) ¥ > —C(1+ |z/?),

and, for every M > 0, there is a constant C(M) (again uniform in 1) such that the
following holds:

(5.5) 6 A Mgy gy < CM).

On the other hand, if the truncation ¥ AN M € H‘l/-(Rd) solves 1’ weakly for all M > 0,
then 1 is l.s.c.

Proof. First, we fix M > 0 and show there is a sequence (). such that 1 is 1/e—Lipschitz
and semi-concave, Y — 1 A M in H}(R?) and ¢ satisfies (in a strong sense)

(5.9) %qusM (2) + (2, VoM (x)) < C(M,e).

Set YM(z) = inf,cpa{tb(z) A M + 2%2|x — 2|}, for all x € R We let 2z, (depending
also on €, M) be such that YM(z) = 1 (z,) A M + ﬁ\x — 2;|?, which is well defined for
sufficiently small € by lower semi-continuity and the lower bound on . Fix ¢ > 0 and
r € R? and let ¢ be a smooth function such that ¢ < M with ¢(x) = M (x). We define
w(y) =oly+z—24) — 26%|:B — 2|?. We have w(z;) = ¥(2.) AM and w < ¢ A M. Hence,

by (5.2) and that H(x,0) <0,

%Aw(zx) + H (22, Vw(zg)) < 0.

Yet, Vw(z,) = Vo(z) and Aw(z,) = A¢(x). Using also the fact that H is uniformly
continuous, we get

%AW;) +H (2, V() < C|z — za).



22 SAMER DWEIK, NASSIF GHOUSSOUB, YOUNG-HEON KIM AND AARON ZEFF PALMER

Moreover, we have
1

Hence, |z — z,| < C(M,¢), and it follows that 1 is a supersolution in the viscosity sense
with error C'(M,e) where C(M,e) — 0 as € — 0, but also in the sense of distributions
thanks to the semi-concavity of wéw . Using e~V as a test function, we obtain

C(M,e) > /Rd [%Awéw(a:) —i—ﬁ(az,vwéw(x))}e’v(”)dx

1

> =5 [ e @Y @le Do+ AIVe |y, - C
2 R4 \4

Yet, v < 2\. Then, we infer that
\|V¢é\/l||L‘1,(Rd) <G,

which shows the estimate (.6) after taking e — 0. For the uniform quadratic lower bound:
let us consider as in Proposition [5.2 the function w(y) := A — £|y|? that touches 1 from
below at z. We then have that
d
_iE + AE|z| — C(|z| + 1) < C(e),
which implies that, for sufficiently large F, x is in a ball of radius C; = C4(d, A, C, E) (we
note that the constant F can be taken independent of x). Then,

E E
0> inf o Z2 - B2
ve(y) = nf e (@) + Sz = Syl
To bound 9 near the origin we will consider a construction that will be useful for the
remainder of the proof. For any x, we let @, r denote the uniform distribution on the ball
of radius R centered at z. Fix 0 < Ry < Rs and assume that the drift equals zero, then we
can find a pair (1, p) = (m,0, p) € E(Qqz, Ry, Qz,r,) such that m has support in [0,T] X Q4 r,-

From (4.3), we have
_ 2 _ 22
[T = [ [ [ waawis [ 22200, 5 ),
Rd Rt JRd JR4 Rd

which implies that

/ m(t,y)dy dt = C(R5 — RY).
R+ JRA
Define

) —/ VM (4)Qq.r(dy).

As mf(t, ) 6 H'(RY) (see Theorem {4.3 . for each t € [0,T], with compact support, then
again by (4.3) and thanks to the fact that H is uniformly continuous w.r.t. =, we have

i) = [ [ M@l dy)
R4 JRT
= [ @Qumtan ~5 [ [ V0l ) - Vit dy

M,Rl
<o) = [ T )mit ) dy e
< M (@) + Cla) (B — BY)
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Letting Ry — 07 and Rp = 1, we find a uniform lower bound for 1. with |z| < C} using
(5.6) and the Poincaré inequality to bound 1. on balls of radius 1. This concludes the proof
of (5.7). We now use M — M as a test function in (5.9)), so we get

C(M,e)(M — wy(x))efv(x)da;
Rd

> [0 ) [B 80 ) 4 L, 0 ()] it
R
= [ [GI90 @P + (01 =0 (@) (5902 (@) WV (@) + T o, V0 (@) ) [ e e

- /R LIV (@) — (M — oM (@) T, ~ 5 VV (@) | D

Using the uniform quadratic lower bound on 1!, the bounds on L and the estimate (5.6]),
we get
IV 75 (gay < M(C+C(M.€)) +C,

which yields the estimate (5.8). To see that ¢ A M is a distributional solution to (5.2)), we
fix a smooth compactly supported test function h > 0 and consider the limit

0> lim [— %V@bé\/[(m) Vh(z) +F(m,vwg‘4(m))h(m)}dw

€—=0 JRd
- /R [~ 570" (@) - V(@) + (2. V0 (@) (o) o

where the second inequality follows from convexity of H and hence weak lower semi-
continuity of the integral.

For the last statement: assume that ) A M solves weakly for all M > 0. Recalling
the previous estimates, we have

M2 () — O(2) RS < w11 (2) — C(2)RY.
It follows that R +— ¢M-F(x) — C(x)R? is monotonically decreasing, which implies that ¢

(and so, 1) is lower semi-continuous (see [27]). O

Remark 5.6. In the case that ¢ € H‘I,(Rd), bounded above, and 1 satisfies m a weak
sense, 1 is lower semi-continuous by Proposz'tz'on and Y will satisfy in the viscosity
sense. Arguments for this can be found in [21] and [15]. To sketch an argument for this,

we note that Y2 () := [ ¥(y)Qur(dy) satisfies
ue) > B [u) - [ Ll
0
for all (P, B,a) € A(Qur). Taking the limit as R — 0 we have ¥(z) = limp_,0 ¥ (z), and
any (P, B,a) € A(8;) can be translated to (Pf, B a®) € A(Qu.r), showing that
(o) > lim EF"[y(X,) - / L(X, Br)dt| > BF |y(X,) - / L(Xy, Bo)dt],
0 0

~ R0
which implies that ¢ solves in the sense of viscosity.

Lemma 5.7. The map (t,x) — Jy(t,x) is lower semi-continuous for all ¢ € B. More-
over, under the assumptions of Proposition we have, for any p € LQ_V(Rd), P =

Jga Jy(0,2)p(dz) is lower semi-continuous with respect to the strong L{,— convergence on
B0 {0 10 My < CQMI). for any M > 0},
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Proof. The proof that (¢,z) — Jy (¢, z) is lower semi-continuous is the same as for Lemma
For p € L?,(R?), Lemma and Theorem imply that

/R d Jw(O,x)u(dx):(m:)lg(u){ /R L vttar.do) - /R ) /R d /R Lt Wy, du)de ).

By Lemma using the truncation ™ = A M, this becomes

= sup / / TR (dr,dx) / / t z, vl T’Rdl‘dt},
(mTRvTRpTR €& (u), M>0 Re JR+ R+ JR4

since we have that
lim inf / oM (2)ph B (dr, dx) > / Y(x)p(dr,dz)
T,R,M—oco Jrd Jr+ Rd JR+

by lower semi-continuity of ¢, the quadratic lower bound ([5.7)) on % and the quadratic

moment bound for p (see Proposition [4.4). We will show that for each (m® % vTE pTR) ¢

E(p) with finite cost and M > 0,
Yo WM (@)p" " (dr, dx)
Re JR+

is lower semi-continuous, which follows from demonstrating that the map (without the

truncation) is a continuous linear functional of H},(R?). We now take (m®%, vT:ft pT'R) €

E(p). Then, for every f € H,(R?), we have

/ f(x)p" R (dr, dz)
Rd JR+

= p(dx) / / - (t L (D - %VmT’R(t, :c)>

and it follows from the estimates on m”"% (see Theorem |4.3)) that this is a continuous linear
functional, completing the proof. [

Now, we are ready to prove attainment in the dual problem (|1.5):

Theorem 5.8. We suppose that the Lagrangian L is bounded, p € LQ_V(]Rd), v e

L>®(RY). Then, the dual problem is attained at 1* € B. Furthermore, the set A(u,v)
is non-empty and the minimizer (P, 5, ) of the stochastic primal problem Pr(u,v) satisfies

(5.10) EM[W(XT)— /O L X, Bt)dt] - /R i (0, 2)u(de).

Proof. Let (¢Yp)r C Cy(R?) be a maximizing sequence in the dual problem (T.5) with
(Yx)y = 0, for all k. By Proposition we can assume that, for each k, 1 is lower
semi-continuous and satisfies ([5.2]) in the sense of viscosity. Thanks to Proposition we
also have

\|¢k||w‘1/1(Rd <C, ¢Yp > —C(1+ |z?), and ||¢£/[||H‘1,(Rd) <C(M).

In particular, this implies that

Do) < sup{ [ v@wtdn) ~ [ g0.0utdn)} < Puin),

peB
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which means that

Duev) =sup { [ wwwtan - [ J0.0u)}

YpeB

Moreover, there is a function * € L%/(]Rd) such that, up to a subsequence, 1y, — 1* in L.
As eVv € L®(R?), then we have

Vi (x)v(de) — Y (z)v(dx).
Rd Rd

And, it is easy to see that for each M > 0, v* A M isin H ‘1/ (]Rd) and is a weak supersolution
of (5.2). We then have that ¢* € B (thanks again to Proposition . On the other hand,
by Lemma we have that

liminf/ Jd,k(O,m),u(dx)Z/ Jyx (0, ) p(dx).
k R4 Rd

Then, the existence of a maximizer for the dual problem (|1.5)) follows. Finally, notice that

To(0,2)u(dn) = [ la) A0 lde) 2 4 A Ol o il ey
Rd Rd

Then, Dr(u,v) < +oo. This implies that Pr(u,v) is finite by Theorem and A(p,v) is
non-empty. The equation ((5.10)) follows directly from the duality Dy (u,v) = Pr(u,v) and
the existence of optimizers for both problems (1.1 & (1.5). O

6. HITTING TIMES AND STRONG SOLUTIONS

In this section we address the additional structure of monotonicity of ¢ — L(¢,z,u). In
this case the set

R = {(t,.’L‘); Jt/}(t7$) = ’QZJ(.’L‘)}
has the structure of a barrier. In particular, if ¢ — L(t,z,u) is increasing then for (¢,z) € R
and s > t we have (s,x) € R, and if t — L(t,x,u) is decreasing then for (¢,z) € R and

s < t we have (s,z) € R. In either of these cases strict monotonicity implies uniqueness of
the optimizer. The monotonicity of R in ¢ follows the same argument in [I1].

Proposition 6.1. Ift — L(t,x,u) is increasing then t — Jy(t,x) is nonincreasing, and if
t — L(t,x,u) is decreasing then t — Jy(t,x) is nondecreasing.

Proof. We suppose t — L(t,z,u) is increasing and select 0 < t < s. We can express the
value function at time s by

Jy(s,x) = sup Eo<F [TMXT) - / L(T —t+s, X, 6r)d7a} }
(P,B,a)€A¢(6z) t

< sup {Ea“P[w(XT)— /tTL(r,XT,ﬁT)dr]}=Jw<t,x)-

(P,B,a) €At (6z)

The proof in the case that ¢ — L(t,z,u) is decreasing is the same with the inequality
reversed. g

We require a verification type theorem that will allows us to characterize the optimal
process and stopping time by the dual optimizer.
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Theorem 6.2. Suppose the dual problem Dy (p,v) is attained at (1, Jy) and that (P, 5, a) €
A(u,v) minimizes the primal problem Pr(u,v). Then,

(6.1) Jyp(1, X7) =9(X;) ax P almost surely,
and

¢
(6.2) My = Jy(t, Xy) —/ L(s, X, Bs)ds

0

satisfies for any t > s,

(63) EQKP |:Mt/\7'

.7:"8] = Mspnr ax P almost surely.

Proof. We first note that Jy(t,x) > (z) for all (t,x) and M, is a supermartingale. Then
by the duality of Theorem [3.2] we have

(6.4) 0= B [0(X0) ~ o0, X0) [ L6, X )]
(6.5) = EXF$(X,) = Jy(7 Xr) + My — M)

and (6.1]), (6.3 follow. O

We can now state a theorem that consolidates our results to show a structure to opti-
mizers under these monotonicity conditions on L.

Theorem 6.3. We suppose duality and dual attainment (following from either Theorem
or[5.4), and that u — L(t,z,u) is strictly convezx. In addition, assume t — L(t,x,u)
is strictly increasing and 1, Jy are continuous, then the optimizer (P,[,a) € A(p,v) is
unique and the optimal stopping time is given by

(6.6) T =inf{t; Jy(t, Xy) = (Xe)}

Alternatively, if t — L(t,x,u) is strictly decreasing and p and v have disjoint support, then
the optimizer is unique and also give by .

Proof. We first show that the optimal (P, 5, «) for Pr(u, v) satisfies:
(i) the process stops in R,
EM”[1{(T, X,) e R}} — 1,
(ii) and
EWP[/OT 1{(t, Xy) € R}dt} =0.

We then show that there is a unique (P, 8, &) that minimizes Jz(P, 5, a) subject to (i) and
(ii), and the unique optimal randomized stopping time is given by 7*.

By Theorem we immediately have (i) from (6.1). We let (Pt®, 8% ab®) € A(5,)
be the conditional expectation, i.e. satisfying for each t and G € C(RT x R% x R?),

Eaxp[/j G(SaX&Bs)} — /Rd ot T xPhe {/tf G(S’Xs,ﬁﬁ’x)}ﬁt(dx,lﬁid).
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Then,

0 = <P [MT - MW}
= [ ) — dult) + [ L5, X0 B sl R,
R4 t

and it follows that

T

Toltsa) =B (000 4 [ (s X 57) s
t

for all t and ns-a.e. x. If Jy(t,x) = ¢(x) and either t — L(t,z,u) is strictly increasing and

s>t+efore>0ortr— L(t,x,u) is strictly decreasing and 0 < s < t + € for € < 0, then

Tyﬁ_s’oas’m x P5% will satisfy

qu;(t + €, :__L,) 2 ]‘ECES,J)[)(IP’SJ? |:1/}(XT) + / L(T — S —'— t —'- €, XT7 /ij8+t+6)d’ri|7
S

which is only satisfied if 7 = s with probability one, and (ii) follows. We now consider
(P, 8", a') € A(p) that satisfies (i) and (ii), and we have

o <P [/OT L(t, Xt,ﬁg)dt} > g [lD(XT) - J¢(07Xo)} = EW]P[/OT L(t’Xt’Bt)dt}’

by the definition of Jy;, optimality of (P, 5, a)) and Theorem which implies that (', 8/, o)
optimizes the cost over policies in A(u) that satisfy (i) and (ii).

Given P and f, let o* be the randomized stopping time corresponding to 7* defined in
(6.6). We then have that (i) and (ii) are satisfied by (PP, 5, a*) using continuity of i) and
Jy. Furthermore the cost of (P, 3, a*) is less than or equal to the cost of (P, 5, ) because
L is nonnegative. Furthermore, since the cost is equal, this implies that a* = «. Finally,
uniqueness of P and (3 follow from strict convexity of L. O

Remark 6.4. The assumption that ¢ and Jy, are continuous in Theorem is satisfied if
l<p<2asin Theorem and is probably not needed if the drift is bounded (p = +0o0)
as in Theorem if one pursues further the Sobolev reqularity of the stopping distribution
p* for o* as was done in [13] 12].

From the control theory point of view, it is a natural question whether the optimal control
policy 3 satisfies the Pontryagin mazimum principle: namely, By = —D,H (t, Xy, VJy(t, X¢))
and solves the SDE: dX; = B(Xy)dt + dW; in a strong sense. This seems to require Jy to
be CL1. We leave it as an open question.
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