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Randomized dynamic programming principle and Feynman-Kac

representation for optimal control of McKean-Vlasov dynamics

Erhan BAYRAKTAR* Andrea COSSOT Huyén PHAM?

June 27, 2016

Abstract

We analyze a stochastic optimal control problem, where the state process follows a
McKean-Vlasov dynamics and the diffusion coefficient can be degenerate. We prove that
its value function V' admits a nonlinear Feynman-Kac representation in terms of a class of
forward-backward stochastic differential equations, with an autonomous forward process. We
exploit this probabilistic representation to rigorously prove the dynamic programming princi-
ple (DPP) for V. The Feynman-Kac representation we obtain has an important role beyond
its intermediary role in obtaining our main result: in fact it would be useful in developing
probabilistic numerical schemes for V. The DPP is important in obtaining a characterization
of the value function as a solution of a non-linear partial differential equation (the so-called
Hamilton-Jacobi-Belman equation), in this case on the Wasserstein space of measures. We
should note that the usual way of solving these equations is through the Pontryagin maxi-
mum principle, which requires some convexity assumptions. There were attempts in using
the dynamic programming approach before, but these works assumed a priori that the con-
trols were of Markovian feedback type, which helps write the problem only in terms of the
distribution of the state process (and the control problem becomes a deterministic problem).
In this paper, we will consider open-loop controls and derive the dynamic programming
principle in this most general case. In order to obtain the Feynman-Kac representation and
the randomized dynamic programming principle, we implement the so-called randomization
method, which consists in formulating a new McKean-Vlasov control problem, expressed in
weak form taking the supremum over a family of equivalent probability measures. One of
the main results of the paper is the proof that this latter control problem has the same value
function V' of the original control problem.

Keywords: Controlled McKean-Vlasov stochastic differential equations, dynamic programming
principle, randomization method, forward-backward stochastic differential equations.
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1 Introduction

In the present paper we study a stochastic optimal control problem of McKean-Vlasov type.
More precisely, let 7' > 0 be a finite time horizon, (2, F,[P) a complete probability space,
B = (B;);>0 a d-dimensional Brownian motion defined on (Q, F,P), F® = (FF);>¢ the P-
completion of the filtration generated by B, and G a sub-o-algebra of F independent of B. Let
also Z,(R"™) denote the set of all probability measures on (R™, B(R™)) with a finite second-order
moment. We endow Z,(R™) with the 2-Wasserstein metric W,, and assume that G is rich enough
in the sense that Z2,(R") = {P.: & € L?(Q,G,P;R"™)}, where P, denotes the law of ¢ under P.
Then, the controlled state equations are given by

S S
Xtee = f—!—/ b(T,Xﬁ’g’a,Pxi,g,a,O{T) dr—l—/ O'(’I“,Xf,’g’a,PX:,g,a,Oér) dB,, (1.1)
t t
S S
xboba - x—l—/ b(T,Xﬁ’x’g’a,Pxﬁ,g,a,ar) dr—i—/ U(T’,Xﬁ’m’g’a,PX:,g,a,Ozr) dB,, (1.2)
t t

for all s € [t,T], where (t,z,¢) € [0,7] x R™ x L?(2,G,P;R"), and « is an admissible control
process, namely an FZ-progressive process a:  x [0,T] — A, with A Polish space. We denote
by A the set of admissible control processes. On the coefficients b: [0,7] x R™ x Z2,(R") x
A — R" and o: [0,T] x R" x Z,(R") x A — R™? we impose standard Lipschitz and linear
growth conditions, which guarantee existence and uniqueness of a pair (Xﬁ’g’o‘7 Xﬁ’w’g’a) seft,1] of
continuous (FZ V G)s-adapted processes solution to equations (1.1)-(1.2). Notice that X%%:&@
depends on ¢ only through its law 7 := P.. Therefore, we define X»*™* := Xhrso,

The control problem consists in maximizing over all admissible control processes o € A the
following functional

T
J(t,.%',ﬂ',a) = IE|:/ f(s7X§,m,7r,a7]P,X§7£7a’a8) d8+g(X;'7‘$77r’aa]PXtT’5*"‘) ’
t

for any (¢,z,m) € [0,T] x R™ x Z,(R"™), where f: [0,T] x R" x Z,(R") x A — R and g: R" x
Z,(R™) — R satisfy suitable continuity and growth conditions, see Assumptions (A1) and
(A2). We define the value function

V(t,z,m) = sup J(t,x,m, ), (1.3)
acA

for all (t,z,7) € [0,T] x R™ x Z,(R™). We will show in Proposition 2.2 that the mapping V is
the disintegration of the value function

T
VMKV(taé) = Su}; ]E|:/ f(S’X§7£7a,P§(t,£,a’as) dS + g(X;J‘&a,]P)it,s,a) ’ (14)
acAg t N T

for every (t,€) € [0,T] x L?(Q,G,P;R"), where A, denotes the set of A-valued (FZ V o(€))-
progressive processes, and Pit,s,a denotes the regular conditional distribution of the random

variable X2%%: Q — R™ with respect to (). That is,

Vv (£, &) = /V(t,x,ﬂ)ﬂ(dm). (1.5)

Notice that at time ¢t = 0, when & = x( is a constant, then Vi (0, o) is the natural formulation
of the McKean-Vlasov control problem as in [13].



Optimal control of McKean-Vlasov dynamics is a new type of stochastic control problem
related to, but different from, what is well-known as mean field games (MFG), and which has
attracted a surge of interest in the stochastic control community since the lectures by P.L. Lions
at College de France, see [22] and [10], and the recent books [6] and [11]. Both of these problems
describe equilibriums states of large population of weakly interacting symmetric players and
we refer to [14] for a discussion pointing out the differences between the two frameworks: In
a nutshell MFGs describe Nash equilibrium in large populations and the optimal control of
McKean-Vlasov dynamics describes the Pareto optimality.

In the literature McKean-Vlasov control problem is tackled by two different approaches: On
the one hand, the stochastic Pontryagin maximum principle allows one to characterize solutions
to the controlled McKean-Vlasov systems in terms of an adjoint backward stochastic differential
equation (BSDE) coupled with a forward SDE: see [1], [8] in which the state dynamics depend
upon moments of the distribution, and [13] for a deep investigation in a more general setting. On
the other hand, the dynamic programming (DP) method (also called Bellman principle), which
is known to be a powerful tool for standard Markovian stochastic control problem and does not
require any convexity assumption usually imposed in Pontryagin principle, was first used in [21]
and [5] for a specific McKean-Vlasov SDE and cost functional, depending only upon statistics
like the mean of the distribution of the state variable. These papers assume a priori that the
state variables marginals at all times have a density. Recently, [23] managed to drop the density
assumption, but still restricted the admissible controls to be of closed-loop (a.k.a. feedback) type,
i.e., deterministic and Lipschitz functions of the current value of the state, which is somewhat
restrictive. This feedback form on the class of controls allows one to reformulate the McKean-
Vlasov control problem (1.4) as a deterministic control problem in an infinite dimensional space
with the marginal distribution as the state variable. In this paper we will consider the most
general case and allow the controls to be open-loop. In this case reformulation mentioned above
is no more possible. We will instead work with a proper disintegration of the value function,
which we described in (1.4). The disintegration formula (1.5) was pointed out heuristically in
[12], see their formulae (40) and (41), but the value function V' was not identified. The idea of
formulating the McKean-Vlasov control problem as in (1.3) (rather than as in (1.4)) is inspired
by [9], where the uncontrolled case is addressed. We will then generalize the randomization
approach developed by [19] to the McKean-Vlasov control problem corresponding to V.

The DPP that we will prove is the so-called randomized dynamic programming principle
(see [4]), which is the dynamic programming principle for an intensity control problem for a
Poisson random measure whose marks leave in a subclass of control processes which is dense
with respect to the Krylov metric (see Definition 3.2.3 in [20]). See (3.8) for the definition of the
randomized control problem, Theorem 3.1 for the equivalence to V' (in itself is one of the main
technical contributions), and Theorem 5.1, which is our main result, for the statement of the
randomized dynamic programming principle. Although, the approach of replacing the original
control problem with a randomized version is also taken in [4] and [15], our contribution here is
in identifying the correct randomization that corresponds to the McKean-Vlasov problem. The
McKean-Vlasov nature of the control problem makes this task rather difficult and as a result
the marks of the Poisson random measure live in an abstract space of processes. We should
also emphasize that another relevant issue resolved in this paper concerns the flow properties
for the solutions to equations (1.1) and (1.2), see Section 5.1. The importance of the flow



properties is to prove an identification formula (Lemma 5.3) between V' and the solution to the
BSDE, which in turn allows to derive the randomized dynamic programming principle for V.
Let us also note that one could easily derive the standard DPP from the randomized version.
However, there is no advantage in doing it, since the randomized DPP is as powerful as the
standard dynamic programming principle for our purposes. In particular, our aim is to use
the randomized dynamic programming principle to characterize V' through a Hamilton-Jacobi-
Bellman on the Wasserstein space Z,(R™), using the recent notion of Lions’ differentiability.
The derivation of such a Hamilton-Jacobi-Bellman equation will be the subject of a companion
paper.

Although it is an intermediary step in deriving the randomized DPP, we see Theorem 4.1 as
the second main result of our paper. Here we derive the nonlinear Feynman-Kac representation
of the value function V' in terms of a class of forward-backward stochastic differential equations
with constrained jumps, where the forward process is autonomous. This representation has
been derived in [19] for the case of classical stochastic optimal control problems and here we
are generalizing it to McKean-Vlasov control problems. The importance of this representation,
beyond its intermediary role, is that it would be useful in developing probabilistic numerical
schemes for V' (see [18] for the case treated in [19]).

The rest of the paper is organized as follows. Section 2 is devoted to the formulation of the
McKean-Vlasov control problem, and its continuity properties. In Section 3 we introduce the
randomized McKean-Vlasov control problem and we prove the fundamental equivalence result
between V and V® (Theorem 3.1). In Section 4 we prove the nonlinear Feynman-Kac represen-
tation for V' in terms of the so-called randomized equation, namely BSDE (4.1). In Section 5
we derive the randomized dynamic programming principle, proving the flow properties (Lemma
5.2) and the identification between V' and the solution to the BSDE (Lemma 5.3). Finally, in
the Appendix we prove some convergence results with respect to the 2-Wasserstein metric W,
(Appendix A), we report the proofs of the measurability Lemmata 3.1 and 3.2 (Appendix B), we
state and prove a stability result with respect to the Krylov metric p (Appendix C), we consider
an alternative randomization McKean-Vlasov control problem, more similar to the randomized
problems studied in [4, 15, 19] (Appendix D).

2 Formulation of the McKean-Vlasov control problem

2.1 Notations

Consider a complete probability space (€2, F,P) and a d-dimensional Brownian motion B =
(Bt)i>0 defined on it. Let FZ = (F);>0 denote the P-completion of the filtration generated by
B. Fix a finite time horizon T' > 0 and a Polish space A, endowed with a metric p. We suppose,
without loss of generality, that p < 1 (if this is not the case, we replace p with the equivalent
metric p/(1 + p)). We indicate by B(A) the family of Borel subsets of A.

Let Z2,(R™) denote the set of all probability measures on (R™, B(R™)) with a finite second-
order moment. We endow Z2,(R™) with the 2-Wasserstein metric W, defined as follows:

1/2
W, (m,7') = inf { (/ |z —a'|? ﬂ(dm,dm')) s € Po(R"xR™) with marginals 7 and 71'},
Rn7 xRR™

for all m, 7" € Z2,(R™). We recall from Theorem 6.18 in [28] that (Z2,(R™),W,) is a complete



separable metric space. Notice that
Wi(Pe, Pe) < (EB[|¢ —&'P))Y?, for every pair £,¢' € L*(Q, F,P;R™), (2.1)

where P, denotes the law under P of the random variable £: QO — R™. We also denote by ||7]|,
the square root of the second-order moment of © € Z,(R"):

1

Wy(m,00) = |7l = (/Rn |x|27r(dx)> 5, for all 7 € Z2,(R"), (2.2)

where ¢ is the Dirac measure on R" concentrated at the origin. We denote B(Z,(R"™)) the
Borel g-algebra on &,(R") induced by the 2-Wasserstein metric W,.

We assume that there exists a sub-c-algebra G C F such that B is independent of G and
Py(R") = {P,: £ € L*(Q,G,P;R™)}.

Finally, we denote C,(R™) the set of real-valued continuous functions with at most quadratic
growth, and %,(R™) the set of real-valued Borel measurable functions with at most quadratic
growth.

Remark 2.1 For every ¢ € Co(R"), let A : Z,(R™) — R be given by
A (m) = / o(x) 7(dx), for every m € Z2,(R").

We notice that (as remarked on pages 6-7 in [16]) B(Z2,(R™)) coincides with the o-algebra
generated by the family of maps A, ¢ € C,(R™). As a consequence, we observe that, given a
measurable space (F,£) and a map F': £ — Z,(R"), then F is measurable if and only if A o F
is measurable, for every ¢ € C,(R™). Finally, we notice that if ¢ € %,(R") then the map A is
B(Z,(R™))-measurable. This latter property can be proved using a monotone class argument,
noting that A is B(#,(R"))-measurable whenever ¢ € C,(R"). O

2.2 Optimal control of McKean-Vlasov dynamics

Let A denote the set of admissible control processes, which are FP-progressive processes a:  x
[0,7] — A. Given (t,z,¢) € [0,T] x R* x L*(Q,G,P;R") and a € A, the controlled state
equations are given by:

dXP5 = b(s, X059 Pyrca, ) ds + 0 (s, X059 Py, ) dB, XM = ¢ (23)
AXETEY = b(s, XPTOO Pyrca, a5) ds + o (s, X074 Pyiea, o) dBs, XS = g (2.4)

for all s € [t,T]. The coefficients b: [0,T] xR" x Z,(R") x A — R" and o: [0, T] xR"™ x ZZ,(R™) x

A — R are assumed to be Borel measurable. Recall that Pyteo denotes the law under P

of the random variable X:%“: Q — R™. Notice that (Px;viva)se[t,T} depends on ¢ only through

its law m = P, and 7 is an element of Z,(R"). As a consequence, X*& = (X;“xf"’)sem

depends on ¢ only through 7. Therefore, we denote X5%&< simply by X5%™% whenever 7 = P,.
Our aim is to maximize, over all a € A, the following functional

T
J(t,x,ma) = E[/ f(S,szl'yﬁ,Ol’]P)X?i,a,as) dS—{—g(X;_zmyﬂ',a’]P)X;g,a) , (2.5)
t



where f:[0,7] x R" x Z,(R") x A — R and g: R" x Z,(R™) — R are Borel measurable. We
impose the following assumptions.

(A1)
(i) For every t € [0,T1], b(t,-), o(t,-) and f(t,-) are continuous on R" x Z,(R™) x A, and ¢ is
continuous on R™ x Z,(R"™).
(ii) For every (t,z,z',m 7', a) € [0,T] x R™ x R™ x Z,(R") x Z,(R") x A,
|b(t,z,7,a) — b(t, o', 7' a)| + |o(t,z,m a) —o(t, o', 7', a)| L(|z — 2| + Wa(m, 7)),
|b(t’0’60’a)| + |0(t,0,50,a)| L,
[f(t 2w a) +g(@,m)] < A(lnl.)(1+ |2),

<
<

for some positive constants L and p, and some continuous function h: Ry — R;.

Under Assumption (A1), and recalling property (2.1), it can be proved by standard ar-
guments that there exists a unique (up to indistinguishability) pair (Xg’g’a,Xﬁ’w’W’a)se[mT} of
continuous (F2 Vv G),-adapted processes solution to equations (2.3)-(2.4), satisfying

supE[ sup (‘Xz’g’a‘Q—i-‘Xﬁ’x’”’a‘q)] < 00, (2.6)
acA  tselt,T)

for all ¢ > 1. The estimate sup,e 4 E[supsep, 1 | X5599] < 00 holds whenever |€]7 is integrable.

Notice that (Xﬁ’x’”’a)se[t,;p] is FP-adapted.

Recalling 2,(R") = {P.: ¢ € L?(Q,G,P;R™)}, we see that J(t,x, 7, a) is defined for every
quadruple (¢, z, 7, ) € [0,T] x R™ x Z,(R™) x A. The value function of our stochastic control
problem is the function V on [0,7] x R™ x Z,(R") defined as

V(t,x,m) = sup J(t,z,m, ), (2.7)
acA
for all (t,z,7) € [0,T] x R™ x Z2,(R").

From estimate (2.6), we see that H]P)Xé,g,a l. < M, for some positive constant M independent
of o € Aand s € [t,T]. It follows from the continuity of h that the quantity h(||IP)X£,g,a||2) is
bounded uniformly with respect to a and s. Therefore, by the polynomial growth condition
on f and g in Assumption (A1)(ii), we deduce that the value function V in (2.7) is always a
finite real number on its domain [0,7] x R™ x Z,(R™), namely V': [0,T] x R™ x Z,(R") — R.
In particular, it is easy to see that, under Assumption (A1), V satisfies the following growth
condition:

V(tz,m) < () (1+[f), (2.8)

for some continuous function 1: Ry — Ry.
We now study the continuity of V. Firstly, we impose the following additional assumption.

(A2) For every t € [0,T] and R > 0, the map (z,7) — f(¢,-, -, a) is uniformly continuous and
bounded on {(z,7) € R"™ x P5(R"): |z|,||7|, < R}, uniformly with respect to a € A. For every
R > 0, the map g is uniformly continuous and bounded on {(z,7) € R™ x Z5(R"): |z|,|7|, <
R}.



Proposition 2.1 Under Assumptions (A1) and (A2), for every t € [0,T] the map (z,7)
V(t,xz,m) is continuous on R™ x Z2,(R™).

Proof. We begin noting that, as a consequence of Assumption (A2), for every ¢t € [0,7] and
R > 0, there exists a modulus of continuity §/%: [0,00) — [0, 00) such that, for ¢ € [0,T),

\f(t,z,ma) = f(t,a',7',a)] < 5?(\90 — 2|+ W,(m, 7)),
and, for t =T,
|F(T,2,7,a) — f(T,2',7',a)| + |g(z,7) — g(a’,7)| < 6F(|z — 2| + Wa(mr, 7)),

for all (z,7),(2',7") € R™ x Z(R"™), a € A, with |z|,|2'|, |7, ||7']l. < R. Recall that, by
definition (see for instance [2], page 406), the modulus of continuity § is nondecreasing and
lim,_,o+ 0f(¢) = 0. Moreover, by Assumption (A2), we see that 6% can be taken bounded. In
particular, limsup, , , §1t(e) /e = 0. Therefore, without loss of generality, we can suppose that
61t is concave (see for instance Theorem 1, page 406, in [2]; we refer, in particular, to the concave
modulus of continuity constructed in the proof of Theorem 1 and given by formula (1.6) at page
407). Then, we notice that § is also subadditive.

Now, fix t € [0, T] and (z,7), (X, Tm) € R™ X P,(R™), with |z, —2z| — 0 and W, (7, 1) — 0
as m goes to infinity. Our aim is to prove that

V(t, Ty ) =5 V(L x, 7). (2.9)
By Lemma A.1 we know that there exist random variables ¢, &, € L?(Q, G, P; R") such that m =
P, and 7, = P., under P, moreover &,, converges to ¢ pointwise P-a.s. and in L?(2,G,P;R").
In particular, sup,, E[|£,,]?] < co. Then, by standard arguments, we have

F P — R
max{se[t%%eAH XL 27817711p56[t787%?a6./4u Xz,fm,aHQ} ,

for some constant R > 0. For every R > R and o € A, define the set E, € F as

E, = {w €Q: sup |[XLP"T(w)], sup sup | XLTm T (w)] < R}.
s€[t,T] m o set,T]

Then, we have
|V (t,z,m) = V(t, T, ™m)|

T
< supE [1 Ea / SR(|xLmme — Xbrmmme|) ds 4+ 15, 0f (| X757 — X;fm’”mva\)}
acA t

T
+sup E [1Ea / SEOW2(Pytca; Pytema)) ds + 15, 67 (We (th,g,a,th,gm,a))]
acA t s s T T

+supE {1 pe | g (X5, Px%g,a) — g(X;xm“mv“,PXtT,gm,a)\

acA

T
+ 1Eg /t‘ {f(S, X§7$771',a’ ]PX?&‘I,O[S) - f(sa X?xmﬂrm’aa ]Pszfmﬂla as) ‘ d5:|

IN

T
supE[/ 55(‘){?90,#,04 . X;,xm,ﬂm,a‘) ds + 5{]}?(‘X§lm,7r,a B X;lmm’ﬂm’a ):|
acA t

7



T
+ sup ( / SEW2(Pyrea, Pyrema)) ds + 07 (W, (th,g,a,PXt,gm,a))>
acA t s s T T

+ O+ [z + |zm[P) sup P(ER), (2.10)
acA

for some positive constant C', depending only on R, T, the constants L, p in Assumption (A1)(ii),
and the maximum max,,.< h(r), where the function i was introduced in Assumption (A1)(ii).
Recalling that WQ(IP’Xt,g,a,PXt,gm,a) < E[|X§’£’a — X;f,&m,a|2] and 6% is nondecreasing, we find

SEOM,(Pyrca, Pytioma)) < 85 <E[\X§’5’a —X§’5m’°‘|2]1/2>. (2.11)
Now, recall the standard estimate
sup E[| xt6e — xbeme '] < eR[le — 02", (2.12)

acA

for some positive constant ¢, depending only on 7" and L. Therefore, from (2.11) we obtain
S (W (Pyucms Pysena)) < 08 (CE[l€ — &nl]"). (213)
On the other hand, from the concavity of 6%, we get
E[sf(|xtmme — Xbrmmme )] < §E(E[|XLom — Xbommme|]), (2.14)
By standard arguments, we have

sup E[ sup |X£,x,7r7oz — ngxm7ﬂmya|:| < ¢ <|x — Zyy| + sup sup W, (]P)Xg,g,a,]P)Xé,gm,a)>,
acA s€t,T) acA se(t,T]

where ¢ is a positive constant, depending only on T" and L. Therefore, by (2.12), we obtain

sup E[ sup | X[Pm — Xz’xm’Wm’a|} <ec (|x — Tp| + CE[|€ — &m]?] 1/2). (2.15)
acA  Lse[tT]

Since 6% is nondecreasing, from (2.14) and (2.15), we find

SupE[éf({X?”C”r’o‘ - Xﬁ’x’””rm’o‘{)] < oB (c |z — x| + cEE[|€ — £m|2]1/2>. (2.16)
acA

Concerning P(ES), we have

P(ES) < P( sup [XE57 > R) +P( sup |XEono| > R) (2.17)
se[t,T] s€[t,T]
1 . 1 ™ o
< —=B| sup (XL OR] 4 B[ sup [xim o] < (1t faf? + o),

selt,T] se[t,T]

for some positive constant cg, depending only on 7', L, R. In conclusion, plugging (2.13)-(2.16)-
(2.17) into (2.10), we get

|V(ta Z, 7T) - V(ta Tm, 7Tm)|

T
< /t 5f<c|a: — Ty + céE[|£ — £m|2]1/2> ds +5§<c|x — Ty + céE[|£ — fm|2] 1/2)

8



+ /tT 55(61[*3[\5 — &l 1/2) ds + 6% (éEUg _ Sm!2]1/2)

@t

+R2

(L4 12 + |zm[?) (1 + [z + |zm[?). (2.18)

Taking the limsup,,_,., in the above inequality, we find

limsup |V (¢, z,7) — V(t, T, Tm)| < ﬁ(l + 2|z %) (1 +2]z).

Letting R — oo, we deduce that lim sup,,_,. |V (¢,z,7) =V (t, 2y, mm)| = 0, therefore (2.9) holds.
a

We end this section showing that the value function V': [0,7] x R™ x Z,(R") — R given by
(2.7) is the disintegration of the value function Vi : [0, 7] x L?(©2,G,P;R") — R given by:

T
VMKV(t7§) = Ssup E[/ f(37X§7£7a7Piz,&,a7045) ds +9(X§;5,a7]pg ) ’ (2_19)
. :

Xt,&,a
OJE.A;; B

for every (t,£) € [0,T] x L?(Q,G,P;R"), where A, denotes the set of A-valued (FZ V o(€))-
progressive processes, (Xﬁ’g’a) se[t,7] 18 the solution to the following equation:

AXE9 = b(s, XEO P, ., as) ds + o (s, XS P, (. as) dBs,  XPVY = ¢,

t,&, a9 t, &,
xbe xbe

for all s € [t,T], with o € A, and Pit@,a denotes the regular conditional distribution of the

random variable X;*: Q — R” with respect to o (&), whose existence is guaranteed for instance
by Theorem 6.3 in [17].

Proposition 2.2 Under Assumptions (A1) and (A2), for every (t,€) € [0, T]x L*(Q, G, P;R"),
with m = P, under P, we have

Vv (t,€) = E[V(f,f,ﬂ')],

or, equivalently,

Vakv (£, €) :/ V(t,x,m) m(dx).

n

Proof. Fix ¢t € [0,T]. Recall from Proposition 2.1 that the map (x, ) — V(¢,z, ) is continuous
on R" x Z,(R™). Proceeding as in the proof of Proposition 2.1, we can also prove that the map
€ Vav(t,€) is continuous on L2(Q,G,P;R™). As a consequence, it is enough to prove the
Proposition for ¢ € L?(, G, P; R™) taking only a finite number of values, the general result being
proved by approximation. In other words, we suppose that

K
§ = Z Ty 1g,,
k=0

for some K € N, x, € R", E}, € 0(&), with (Ej)g=1,. x being a partition of Q. Notice that
a € Ag¢ if and only if

K
a = aplg, (2.20)
k=0
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for some ay, € A. We also observe that

K K
Xg,ﬁ,a — ZX?M,O% 1g,, Pi(g’ﬁ’“ = ZPX;'%'% g, .

= k=0
Then, the stochastic processes (X5 )sefe,r) and (X XLrom 1g, +- X IO g O LEg ) selt,T]
are indistinguishable, since they solve the same equation. Therefore

4 ¢
Viaew(1:6) = sup E[/ £, XEE By a) ds + g (XEE°, ]p;,w)} (2.21)
QaEAg t

K T
t7 751 K t Ty 7
sup E{ E </ f(s,szk k ak,]P’Xz,Ik,ak,(ak) )ds+g(X kDo P panTe ak)> 1Ek:|'
aE.Ag k=0 t

Since ¢ is independent of X*®k9%k:% and of ay, we can write the last quantity in (2.21) as

75z b »Wx 7
VMKV(t § = Ssup E[ZE[/ S, ;ﬁ:vk kak,]P’Xz,mk,aM(ak) )d8+ ( tmk k ]P’ ta:k ak):| 1Ek:|

0465

From (2.20), we conclude that

K

T

t7 7630 ’ t 7630 ’

Vi (¢, €) :E[E : su};E[/ F(s, X5 P o, (o)) ds + g (X 0k PX;,%%)} 1&}
k:Oa’“E t

K
=E [Z V(t, x, 0z, 1]4 =E[V (& 7)].

k=0

3 The randomized McKean-Vlasov control problem

Following Definition 3.2.3 in [20], we define on A the metric p given by:

o) = | [ Tp(at,mdt} (3.1)

where we recall that p is a metric on A satisfying p < 1. Notice that convergence with respect
to p is equivalent to convergence in dP dt-measure. We also observe that (A, p) is a metric space
(identifying processes o and 8 which are equal dPdt-a.e. on Q x [0,7T]). Moreover, since A is
a Polish space, it turns out that (A, p) is also a Polish space (separability follows from Lemma
3.2.6 in [20], completeness follows from the completeness of A and the fact that a p-limit of
FB-progressive processes is still FZ-progressive). We denote by B(A) the family of Borel subsets
of A.

Following [20], we introduce the following subset of admissible control processes.

Definition 3.1 For every t € [0,T], let (E})p>1 € F be a countable class of subsets of Q which
generates o(Bs, s € [0,t]). Fiz a countable dense subset (am)m>1 of A. Fix also, for every

10



integer k > 1, a subdivision Iy, == {0 =:tg < t; < ... <ty :=T} of the interval [0,T], with the
diameter max;—1,_ p(t; —ti—1) of the subdivision I}, going to zero as k — oo. Then, we denote

Asep 1= {a € A: there exist k> 1, M > 1, L > 1, such that, for everyi=0,...,k—1,

ay,r Q= (@m)m=1,...Mm, with oy, constant on the sets of the partition

generated by Eii, . ,EtLi, and, for everyt € [0,T],

= gy L 1) (8) 4+ a0 (F) + 1{tk}(t)}'

Remark 3.1 Notice that A, depends (even if we omit to write explicitly this dependence) on
the two sequences (@, )m>1 and (I)g>1, which are supposed to be fixed throughout the paper.
The set A..p, with a4, being o(Bs, s € [0,¢;])-measurable, is introduced in the proof of Lemma
3.2.6 in [20], where it is proved that it is dense in A4 with respect to the metric p defined in (3.1).
It can be shown (proceeding as in the proof of Lemma C.1) that the map « — J(t,z,m, «) is

continuous with respect to p, so that we could define V (¢, z,7) in the following equivalent way:

V(t,z,m) = sup J(t,z, 7 ). (3.2)
OéeAstep

Finally, we observe that A, is a countable set, so that it is a Borel subset of A, namely

Ao € B(A). O

Now, in order to implement the randomization method, it is better to reformulate the original
McKean-Vlasov control problem as follows. Let A, be the following set:

Aoy = {a: [0,7] — Agep: o is Borel-measurable, cadlag, and piecewise constant}.

It is easy to see that, for every a € A,,.,, the stochastic process ((as)s)se[o,ﬂ is an element
of A. Vice versa, for every element & € A,.,, there exists & € A, such that ((&)s)sefo,r]
coincides with & (take &5 = @, for every s € [0,7]). Hence, by (3.2),

V(t,z,m) = sup J(t, x, T, ((aS)S)SE[O,T]).
aEAstep
The optimization problem on the right-hand side of the above identity can be seen as a determin-
istic control problem, where the class of admissible control processes is given by {((aws)s)sefo,7]: @
€ A..,}. We now randomize this latter control problem.

Consider another complete probability space (Q', F',P!). We denote by E! the P'-expected
value. We suppose that a Poisson random measure jz on Ry x A is defined on (Q!, F!,P!). The
random measure p has compensator \(da) dt, for some finite positive measure A on A, with full
topological support given by A.,. We denote fi(dt da) := p(dt do) — A(dev) dt the compensated
martingale measure associated to y. We introduce F* = (F}');>0, which is the P*-completion of
the filtration generated by pu, given by:

Fi' = o(u((0,s] x A): s €[0,¢], A’ C Asop) VAN
for all t > 0, where N'! is the class of P'-null sets of F'. We also denote P(F*) the predictable

o-algebra on Q' x R, corresponding to F¥.
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We recall that ;1 is associated to a marked point process (1}, Ay)n>1 on Ry x A by the
formula p = 37 1 61, 4,), Where d(7, 4,) is the Dirac measure concentrated at the random
point (T}, A,). We recall that every T, is an F*-stopping time and every A,, is ]:#n—measurable.

Let Q = Q x Q! and let F be the P ® Pl-completion of F @ F', and P the extension of
P ® P! to F. We denote by G, B, [i the canonical extensions of G, B, u, to €, given by:
G :={Gx Q" G € G}, Bw,w') := B(w), i(w,w';dtda) = p(w';dtda). Let FB = (FP)i>o
(resp. F* = (F}')i>0) denote the P-completion of the filtration generated by B (resp. ji). Notice
that 72 and F% are independent.

Let FB# = (ﬁtB’“ )t>0 denote the P-completion of the filtration generated by B and ji. Notice
that B is a Brownian motion with respect to FZ# and the FP#-compensator of fi is given by
A(da) dt. We define the A-valued piecewise constant process I = (I;);>0 on (2, F,P) as follows:

Lw,w") = ) (An(@))iar(@) L, @) fgr @iy (), forall ¢ >0, (3.3)
n>0
where T := 0 and A := &, for some deterministic and arbitrary control process & € A.,,

which will remain fixed throughout the paper. Notice that I is FB#-adapted.
Randomizing the control in (2.3)-(2.4), we are led to consider the following equations on
(2, F,P), for every (t,z,£) € [0,T] x R* x L*(Q,G,P;R"), with 7 = P¢ under P:

dX;’é = b(s,Xﬁ’g,Pg’g,fs) ds—i—a(s,Xé’é,IP’;é’g,fs) dBs, Xf’g = ¢, (3.4)
dXteT = b(s,Xﬁ’x’”,Pg’g,fs) ds—}—a(s,X;’m’”,P;?g,fs) dBs, Xt = 2, (35)

for all s € [t, T], where P?{gg denotes the regular conditional distribution of the random variable

Xﬁ’g: Q — R” with respect to FI, whose existence is guaranteed for instance by Theorem 6.3
in [17]. Notice that IP’?;E depends on £ only through its law 7, so that equation (3.5) depends
only on 7. Under Assumption (A1), it follows by standard arguments that there exists a unique
(up to indistinguishability) pair (X;’g, X;’m’w)se[LT] of continuous (ﬁf’” V G)s-adapted processes
solution to equations (3.4)-(3.5), satisfying

E[ sup (p?;,é‘? + |X§’x’”|q)} < 00, (3.6)

s€t,T)

for all ¢ > 1, where E denotes the P-expected value. Moreover, (X';’x’”) se[t,T) 18 FB#_adapted.

We now prove two technical results concerning the process (ng) se[t,r]- In particular, the
first result (Lemma 3.1) concerns a particular version of (szg) se[t,7]>» Which will be used in the

proof of Lemma 3.2. This latter proves the existence of another version of (]P’? ¢ )scle.11, Which
stﬁ 6[7 }
will be used throughout the paper.

Lemma 3.1 Under Assumption (A1), for every (t,m) € [0,T]x P,(R"), there exists a P,(R")-

]:St,é)se[t,T]; with € €

valued F*-predictable stochastic process (I@?ﬂ—)se[t’ff] which is a version of (IP’)_(

L2(Q,G,P;R"™) such that m = P¢ under P. For all s € [t,T], P5™ is given by

Py (whle] = E[p(X(,0h)], (3.7)

for every w! € QY and ¢ € B,(R").
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Proof. See Appendix B. O

Lemma 3.2 Under Assumption (A1), for every t € [0,T], there exists a measurable map
PY (Q x [, T] x Z5(R™), FL @ B([t, T)) @ B(Z,(R™))) — (2,(R™), B(Z,(R™))) such that

tr i
P;" = P;

Xgé?

Pl-a.s., for every s € [t,T], m € P,(R™), where £ € L*(Q, G, P;R") has law K under P. In other
words, for every s € [t,T] and m € Z2,(R"), (IP’Z’”)SE[LT} is a version of (P & g)se[tﬂ.

Proof. See Appendix B. O

From now on, we will always suppose that (P Sf ¢)selt,r) stands for the stochastic process

s

(P57) selt,r] introduced in Lemma 3.2.

Let us now formulate the randomized McKean-Vlasov control problem. An admissible control
is a P(F*) @ B(A)-measurable map v: Q! x Ry x A — (0,00), which is both bounded away
from zero and bounded from above: 0 < infgiyr, x4V < Supgiyr, x4V < 00. We denote by V
the set of admissible controls. Given v € V, we define PV on (!, F1) as dP” = x4 dP', where
K = (K{ )iefo,r] 1s the Doléans exponential process on (Q', 7', P!) defined as

W= € <//1/ )= 1) dsda))
:exp<//lnys u(ds da) //u ) — 1) da)d), for all ¢ € [0, .

Notice that x” is an FA-martingale under P!, so that P is a probability measure on (!, F1).
We denote by E” the PY-expected value. Observe that, by the Girsanov theorem, the [F¥-
compensator of ;1 under PV is given by v4(a) A(da)dt. Let PV denote the extension of P ® P¥
o (Q,F). Then dP” = g4dP, where rY(w,w!) := ¥ (w'), for all ¢t € [0,7]. Using again the
Girsanov theorem, we see that the FP#-compensator of i under PV is 7;(a) A(da) dt, where

1

v(w,wl, @) := v (wh, a) is the canonical extension of v to Q x Ry x A.

Notice that a G-measurable £: Q — R” has law 7 under P if and only if it has the same law
under P”. In particular, £ € L?(2,G,P;R") if and only if £ € L?(2,G,P¥;R™). As a consequence,
the following generalization of estimate (3.6) holds (E” denotes the P”-expected value):
supE”[ sup (\)‘(575\2 + |X§’x’”|q)} < 00,
vey s€[t,T]
for all ¢ > 1, for every (t,x,€) € [0,T] x R* x L*(Q,G,P;R"), with 7 = P¢ under P (or
equivalently, under P?).

Let (t,z,€) € [0,T] x R" x L?(Q,G,P;R"), with 7 = P, under P, and v € V, then the gain
functional for the randomized McKean-Vlasov control problem is given by:

T
JR(t,z,mv) = E”[/ (s, Xbom BT stg, [s) ds + g(X5"T, thg)
t

As for the functional (2.5), the quantity J™(¢,z,7,v) is defined for every (t,z,m,v) € [0,T] x
R™ x Z,(R") x V, since by assumption Z,(R") = {P,: ¢ € L*(Q,G,P;R")}. Then, we can
define the value function of the randomized McKean-Vlasov control problem as

VR(t,z,7) = sup J®(t,z,m,v), (3.8)
vey

13



for all (t,z,m) € [0,T] x R™ x Z2,(R").

Remark 3.2 Let V be the set of P(F*) @ B(A)-measurable maps 7: Q' x R, x A — (0, 00),
which are bounded from above supgi, g, x4 7 < 00, but not necessarily bounded away from
zero. For every (t,z,m) € [0,T] x R" x Z,(R"), we define

VR(t,z,m) = sup JR(t, x, 7, D)
eV

In [4] the randomized control problem is formulated over V. Here we considered V because this
set is more convenient for the proof of Theorem 3.1. However, notice that

VR(t,z,m) = VE(t,z, ). (3.9)

Indeed, clearly we have V C V, so that VR(t,z,m) < VR(t, x,m). On the other hand, let € Y
and define v = 0V ¢, for every ¢ € (0,1). Observe that v* € V and Rgf converges pointwise
P-a.s. to R%. Then, it is easy to see that

— 5 T — y=il8 — — I +
JR(t, w1 = E[n; (/ f(s, Xtom P75 L) ds—l—g(X;x’”,IP’ff,g))} =% JR(t,x,m, D).
t T

t,€9
bred]

This implies that JR(t,x, 7, 0) < sup,cy J*(t,x, 7, v), from which we get the other inequality
VR(t,z,m) < VR(t,z,7), and identity (3.9) follows. O

We can now prove one of the main results of the paper, namely the equivalence of the two
value functions V and V.

Theorem 3.1 Under Assumption (A1), the value function V in (2.7) of the McKean-Viasov
control problem coincides with the value function V® in (3.8) of the randomized problem:

Vit,a,m) = VR(ta,m),
for all (t,z,m) € [0,T] x R™ x Z,(R™).

Remark 3.3 As an immediate consequence of Theorem 3.1, we see that V™ does not depend
on ag and A, since V' does not depend on them. O

Proof (of Theorem 3.1). Fix (t,z,£) € [0,T] x R* x L*(Q,G,P;R"), with 7 = P, under P.
Set &(w,w!) := £(w), then € € L2(Q,G,P;R") and 7 = Pz under P. We split the proof of the
equality V(¢,z,7) = VR(t,z,7) into three steps, that we now summarize:

I) Instep I we prove that the value of the randomized problem does not change if we formulate
the randomized McKean-Vlasov control problem on a new probability space.

I1) Step II is devoted to the proof of the first inequality V (t,z,m) > VR (t,z, ).

1) In order to prove it, we construct in substep 1 a new probability space (Q, F, Ip’) for
the randomized problem, which is a product space of (2, F,P) and a canonical space
supporting the Poisson random measure. Step I guarantees that the value of the new
randomized problem is still given by VR (¢, z, 7).
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2) In substep 2 we prove that the value of the original McKean-Vlasov control problem
is still equal to V(¢,z,7) if we enlarge the class of admissible controls, taking all
&: Q x [0,T] — A which are progressive with respect to the filtration FB#>~. The
new class of admissible controls is denoted AB:#ee .

3) In substep 3 we conclude the proof of the inequality V (¢, z,7) > V*(t,z, ), proving
that for every 7 € V there exists &7 € AP#> such that JR(t,z,7,v) = J(t,z, 7, a").
From substep 2, we immediately deduce that V (¢, z,7) > V*(t,z, 7).

III) Step III is devoted to the proof of the other inequality V (t,z,7) < VR(t,z,7). In few
words, we prove that the set {¢”: 7 € V} is dense in AP#>~ with respect to the distance
pin (3.1). Then, the claim follows from the stability Lemma C.1.

Step L. Value of the randomized McKean-Vlasov control problem. Consider another probabilistic
setting for the randomized problem, defined starting from (92, F,P), along the same lines as
in Section 3, where the objects (!, FL,PY), (Q,F,P), G, B, fi, Ty, An, I, X’t’é, Xt oY,
JR(t,z,7,v), VR(t,z,7) are replaced respectively by (Q', F1,PY), (Q, F,P), G, B, fi, T,,, Ay,
I, X’tﬁé, Xtem Yo JR(t,x,m, v), VR(t, z, ), with £(w,@!) := £(w), so that £ € L*(Q, G, P;R™)
and 7 = P¢ under P.

We claim that V®(t,z,7) = VR(t, 2, 7). Let us prove VR(t,z,7) < VR(t,z, ), the other
inequality can be proved in a similar way. We begin noting that V™ (¢, z, 7) < VR(t, z, ) follows
if we prove that for every v € V there exists € V such that JR(t,z,m,v) = JR(t,z, 7, D).
Observe that

T 7 — — o
JR(t,x,mv) = E[%(/t f (s, Xo™ PLL e 1) ds+g(Xfﬁx’”,P;zg)>}.

The quantity J®(t,z,7,v) depends only on the joint law of KT, X.t’m’w, IP’Z’E—, I. under P, which
in turn depends on the joint law of B, ji, ¥ under P.
Recall that 7(w,w!,a) := y(w!,a) and v is P(F*) @ B(A)-measurable. Then, we can

suppose, using a monotone class argument, that v is given by
vs(a) = k()1 1,1 (8)¥ (s, 11,0, Ty Ay Ap),

for some bounded and positive Borel-measurable maps k& and . We then see that © defined by

Us(a) = k(a)Lip, 5, (8)¥(s, T, ..., Tn, AL, ..., Ay)

is such that JR(t,x,m,v) = JR(t,z, 7, D).

Step I1. Proof of the inequality V (t,z, ) > V™(t,z, 7). We shall exploit Proposition 4.1 in [4],
for which we need to introduce a specific probabilistic setting for the randomized problem.
Substep 1. Canonical probabilistic setting for the randomized McKean-Viasov control problem.
Recall that the Polish space A can be countable or uncountable, and in this latter case it is
Borel-isomorphic to R (see Corollary 7.16.1 in [7]). Then, in both cases, it can be proved (see
the beginning of Section 4.1 in [4]) that there exists a surjective measurable map ¢: R — A and
a finite positive measure ) on (R, B(R)) with full topological support, such that A = )\ o/}
and )\ is diffuse, namely N ({r}) =0 for every r € R.
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Now, consider the canonical probability space (Q', ', P’) of a marked point process on Ry xR
associated to a Poisson random measure with compensator ' (dr)dt. In other words, w’ € €’
is a double sequence w’ = (t,,rn)n>1 C (0,00) x R, with ¢, < tp41 * co. We denote by
(T}, R])p>1 the canonical marked point process defined as (77, (w'), R, (w")) = (tn,7y), and by
¢'= anl (v rr ) the canonical random measure. F " is the o-algebra generated by the sequence
(T),R])p>1. P’ is the unique probability on F' under which ¢’ has compensator X (dr)ds.
Finally, we complete (€, F',]P") and, to simplify the notation, we still denote its completion by
(Q, F 7).

Set A;, = «(R;,) and i’ =37, < 617 ar)- Then pi' is a Poisson random measure on (Q', 7', P’)

with compensator A\(da) ds. Proceeding along the same lines as in Section 3, we define, starting
from (2, F,P) and (¥, F',P’), a new setting for the randomized problem where the objects
(Ql’}—l’Pl)’ (Q ‘7: P) g B H, F?P = (]:SB)S>0a FH = (J:éu)8>0, F5# = (]}B,,u)s>0, (Tn’A )n>1,
I, Xt¢, Xter y pv, pv, JR(t,x,W,V) VR (t z,m) are replaced respectively by (€, F',P'),
(Q’]}’P)’ g’ B’ i, F? = (]:-sB)SZ(J, FH = (]::‘?u )S>0a FB# — (‘FB,#)SZO’ (Tn’A )nzl’ I th
Xtem P Y P, JR(t x,m,p), VR(t, z, ), with £(w,w’) = £(w), so that & € L2(Q,G,IF’;R")
and 7 = P; under P.
Substep 2. Value of the original McKean-Viasov control problem. FBi#ec = (.7:"5’““)820 be the
P-completion of the filtration (FZ ® F')s>0, and F’ the canonical extension of F to €. We
define the set /lB oo of all FB:#ee_progressive processes d: € x [0,7] — A. For every & € ABtoo
we denote (Xﬁ’g’d,Xg’x’ﬂ’d)se[t,T] the unique continuous (FZ#> v G),-adapted solution to the
following system of equations:

AXLET = p(s, XLEO PTE &) ds + o(s, XEOPTE . ay) dB,, XES% = € (3.10)

thaa t5a7

dX?w,md = b( X”””“ P’ ozs) d5+0( th”“ P’ ds) dB;, Xf’x’”’d: x, (3.11)

thm th

for all s € [t,T], where P7* . denotes the regular conditional distribution of the random variable

tsa

Xﬁ’g’d: Q) — R" with respect to F&. We also define (E denotes the P-expected value)
T . -
¥ . = T, T
J(t,z,moa) = E[/t f(s thﬂ-a]P)tha’ )d5+9(X aPXtT,g,d) )

and
V(t,z,7) = sup J(t,z, 7 d&).
&€ ABstoo
Let us prove that V(t,z,7) = V(t,z, ).
The inequality V(t,z,7) < V(t,z,7) is obvious. Indeed, every o € A admits an obvious
extension ¢(w,w’) := a(w) to Q. Notice that & € .,[lB’“oo We also observe that X4%(w,w’) =

X55%(w), for P-almost every (w,w’) € . Therefore P7% . is equal P-a.s. to Pyica. Then,

Xt Ea
XU, W) = XEP™w), for P-almost every (w,w’) € Q. As a consequence, we see that
J(t,x,m ) = J(t,x,m &).

To prove the other inequality, let & € AP#>~_ Then, there exists an A-valued (FZ @ F') s>0-
progressive process d: Q x [0,T] — A satisfying & = @&, dPds-a.e., so that J(t,z,7,d&) =
J(t,x,m,&). Moreover, for every w' €  the process o, given by a‘;,(w) = ds(w,w’), is
FB-progressive.
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Now, for every w’ € €/, consider the solution (X2&*" | x5L®me” )seft,r) to (2.3)-(2.4) with «
replaced by o', namely

AXLOT = b(s, XUV P, af) ds + o (s, XDOOT P

t,&,a% 7S
s

¥) B,

W'y Qg

X‘ngwa

w/ w/ / w/
dXbrmeT = b(s,Xﬁvx’”’o‘ P w/,af)ds—i—a(s,X?“””r’a ,P

I3
xhew

X}ﬁ,a“' ) a:,) dBS'
On the other hand, since (Xé’é’@,)?ﬁ’x’”’a)se[m is the solution to (3.10)-(3.11), we have, for
P-ae. w' €,

dXEEO(,0) = b(s, XEST(,W), P2E . (), (- w)) ds

tha

+ O-(San,g,d(' wl)’P]fé £ 6 ("w/)a ds("wl)) dBSa

xué

d)?g’x’”’d(-,w') = b(s,Xﬁ’x’”’d(, ", P’ (-, w'),ds(-,w')) ds

Xt&a

+ o (s, XLPmA( W, P7* (-, w), ds(+,w')) dBs.

tha

Notice that, for P-a.e. w’ € Q' we have that nggwd(-,w’) is equal P-a.s. to P the law

under P of the random variable X7 3 W) Q— R
Recalling the identity 0’ = @, (-,w’), we see that, for P-a.e. ' € V, (X5 xbome” )selt,T]

X;,f,d(.’w/)a

and (X tga( ,w'),Xﬁ’x’ﬂ’d(-,w’))se[uﬂ solve the same system of equations. Then, by path-

/ x /
. . t w b Y t w
wise uniqueness, for P-a.e. o’ € ) we have X5 (w) = X05%w,w’) and X55™ (w) =

XP™%w, "), for all s € [t,T], P(dw)-almost surely. Therefore, by Fubini’s theorem,

T ! / W’
J(t,x,md) = /,E[/t f(s,Xﬁ’x’”’o‘w ,]P’Xf,mw/,a‘; ) ds—i—g(Xfp’x’ﬂ’a ,IP’Xt’E’aw/) P’ (dw')
= / J(t,z,m o VP (dw') < V(t,z, ).

Recalling that J(t,z,7,&) = J(t,z, 7, @), we deduce that J(t,z,7,&) < V(t,z, 7). Taking the
supremum over & € AB#< we conclude that V(t,z,7) < V(t,z, 7).

Substep 3. Proof of the inequality V(t,z,7) > VR(t,z, 7). Let ¥ € V. By Lemma 4.3 in [4]
there exists a sequence (7,7, A%),>1 on (Q, F/,P') such that:

o (T7, A7) takes values in (0,00) x A;
° T” <77 il oo

e 77 is an F# -stopping time and A” is ]:T‘f;—measurable;

n

e the law of (77, A%),>1 under P’ coincides with the law of (T},, A,)n>1 under P7.

Let &7: 2 x [0,T] — A be given by (@ was introduced in (3.3))

d?(w7w/) - 6‘8( )10T”(w +Z SAT )1[T5(W/)7Tg+1
n>1

(w/)) (S)

Notice that a7 € AB#=. For every n > 1, set dyp s(w,w') := (A, (w'))s(w) and ay (w,w') =
(A% (w"))s(w), for all s € [0,T]. Notice that the law of (dy,s) selo,7] under P” coincides with the
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law of (dis) sefo,r] under P (to see this, we can suppose, by an approximation argument, that
the A-valued random variables A,, and A” take only a finite number of values). It follows that
the law of I under P” coincides with the law of &” under P.

More generally, for every n > 1, the law of (E,B,dn,.) under P” is equal to the law
of (g,B,d;,) under P. Therefore, the law of (£, B,I) under P” coincides with the law of
(£, B,&@) under P. This implies that the law of (X't’é, Xt2m T) under P” is equal to the law of
(Xtﬁé"j‘ﬂ,)?t’x”“dﬁ,d’v’) under P. Tt follows that JR(t,z,m,v) = J(t,z,7,&"). In particular, we
have

sup JR(t,z,m, ) = supJ(t,z,m,d").

&
Since the left-hand side is equal to VR(t, x,m), while the right-hand side is clearly less than or
equal to V(t,z,7), we get VR(t,z,7) < V(t,x,m). Recalling from step I that V*(¢t,z,7) =
VR(t,x,m) and from substep 2 that V (t,z, ) = V(t,z,7), we conclude VR(t, z,7) < V(t,z, ).

Step III. Proof of the inequality V (t,z,7) < VR(t,z,m). The proof of this step is based on
Proposition A.1 in [4] (notice, however, that we will need to use some results from the proof of
this Proposition, not only from its statement). More precisely, the set 2 appearing in Proposition
A.1 of [4] is the empty set = ) in our context, so that the product probability space (Q, F, Q)
coincides with (€', F',P’), which is some suitably defined probability space (see Appendix A in
[4] for the definition of (€, F',P'); here, we do not need to know the structure of (Q', F',P')).
Fix & € A and denote by a: [0,7] — A the map ag = @&, for every s € [0,T]. By Proposition
A.1 in [4] we have that, for every £ € N\{0}, there exists a marked point process (T}, A%)n>1
on (¥, F', ') such that (& was introduced in (3.3))

Tg = 07 Ag = 647 ZA ]‘[TZ /) Tl+1(w ))(3), for all S 2 O
n>0
and
T 1
E/[/ p(If,as)ds} < 5 (3.12)
0

where E’ denotes the P-expected value. Set p, = anl O(re, Acy the random measure associated
to (T2, AL )n>1, and denote ¢ = (F£*) 5 the filtration generated by py. Then, by Proposition
A.1 of [4] we have that the F*-compensator of p, under P’ is given by v(a) A(da) ds for some
P(F*) @ B(A)-measurable map vf: Q' x R, x A — R, satisfying

0 < inf < sup ¥ < oo (3.13)

Q'x[0,T]x A Q' x[0,T]x A

Noting that the definition of v* on €' x (T, 00) x A is not relevant in order to guarantee (3.12),
we can assume that v* =1 on ' x (T, 00) x A.
Observe that

o] [ satad ] = S i L, el o [ ] <

n>0

On the other hand, let

Hw,w) = Z(Afl(w'))sAT(w)1[T£(w,)7T£+l(w,))(s), for all s > 0.

n>0

18



Our aim is to prove that

I a) = E’[E[/OTp(ff,dr)drH =X 0. (3.14)

Digression. Estimate for the series ano P/(T¢ < T). We recall from the proof of Proposition
A.1 in [4] that the sequence (T)%),>¢ is the disjoint union of (R™),>1 and (T¥),>0 (we refer to
the proof of Proposition A.1 in [4] for all unexplained notations), namely

SNP(T<T) = > PRy <T)+ > P(TF<T). (3.15)
n>0 n>1 n>0

We also recall that 7% — T* | has an exponential distribution with parameter k~'A(A). Then,
it is easy to prove by induction on n, the estimate

PTF <T) < (1—e B MAT™ (3.16)

On the other hand, concerning the sequence (R]"),>1, we begin noting that since a is constant
and identically equal to &, the sequence of deterministic times (tn)n>0 appearing in the proof of
Proposition A.1 in [4] can be taken as follows: tg =0, t; € (0,2, AT), and t,, = T +n — 2 for
every n > 2. Therefore R’ > T for all n > 2, while R* = t; + V], where V|™ is an exponential
random variable with parameter A1, > m. In particular, we have

PR <T) = P(V{"<T—t;) = 1—emT=h) < 7, (3.17)

Plugging (3.16) and (3.17) into (3.15), we obtain

STP(TE<T) < 143 (1—e AT < g g AT < AT (318
n>0 n>0

Continuation of the proof of Step III. We can now prove (3.14). In particular, we have,
using (3.18),

PRI 6) = E[E[ /0 " p(ita) H ZE{ Tf<T}E[ / j£+lATp(<Af;>r,ézr>drH

n>0 T
1 T AT Tt AT .
_ Z‘;E [ = TZ/ E[/T p((An)r,ar)dr}ds}
/ 1 T AT T AT ,
;)E { {Th AT~ T£21/f}1{T‘<T}Tf AT — Tf/ E[/T;; P )“a’")dr] ds}
/ 1 TL AT T! AT ,
+Z>:OE [ {Tt,  AT— Tf<1/\f}1{T4<T}Te AT — Tz/ E[/Te (A )"’a”)dr}d }
< VIS E Tt g ALYy ) dr|ds| + = STP(TE < T
Z {T5<T} (( n)rs Qo) dr | ds +\/ZZ (n< )
n>0 n>0

— \/ZE’[/O ﬁ(Iﬁ,as)ds] +%ZP’(T£ <T)

n>0
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T, 14+ MAT o L MAT
< x/ZE[/O p(Is7as)ds]+ N/ R
which yields (3.14).

We consider now the product probability space (2 x ', F @ F',P®P’), which we still denote
(Q, F, Q) (by an abuse of notation, since according to Proposition A.1 in [4], (Q, F, Q) coincides
with (€, F',P')). We complete the probability space (€, F,Q) and, to simplify the notation,
we still denote by (Q,]—i ,Q) its completion. Let ¢, B, ' be the canonical extensions of &, B,
! to Q. On the other hand, we still denote by pe the extension of py to Q. We denote by
fig(ds da) = pe(ds de) — v(a)\(da)ds the compensated martingale measure associated to u’.
We also denote by FB# = (]}f’w)szo (resp. FHe = (F£*)4>0) the Q-completion of the filtration
generated by B and py (resp. ju). For every £ € N\{0}, we define the Doléans exponential

R =&, (/ / M(drda)) for all s € [0,T].

By (3.13) we sce that (#5)sep,7] is an FBose_ martlngale under Q, so that we can define on (€2, F)
a probability P, equivalent to Q by dP, = nT dQ. By the Girsanov theorem, pp has FPHe-
compensator given by A(da)ds under P,. Moreover, B remains a Brownian motion under Py,
and ™ = IP)g~ under P,.

Let G be the canonical extension of G to Q and denote (Xt’g’é Xt’m’w’z)se[t 7) the unique
continuous (.7:"B””’ Vv G)-adapted solution to equations (3.4)-(3.5) on (€, F,Py) with &, B, I, .7:“
replaced by &, B, I', 7. Finally, we define in an obvious way the following objects: V;, P 7>
EZ, JR(t,.%',T(',V), Vz (t,z, ).

For every ¢ we have constructed a new probabilistic setting for the randomized problem,
where the objects (Q, F1,PY), (Q, F,P), G, B, [, I, X<, Xt’x’”,y, JR(t,z,7,v), VR(t, z,7)
are replaced respectively by (€, F',P'), (Q, F,P,), G, B, uf, It, Xt:&L Xtwmt ), jzz(t,x,ﬂ, v),
VR(t,x, ).

Now, let us prove that jzz(t,x,ﬂ,ﬁé) — J(t,z,m,&) as £ — oo. To this end, notice that
I@’gl = Q. Therefore jzz(t, T, T, ﬁg) can be written in terms of EQ as follows:

T Fh
JR(, x, 70t = E@[/ f(s, XLmms PFW,, S)ds+g(Xt“’f p’r )|
t

e €0

On the other hand, let ¥ = (FF),5q be the Q-completion of the filtration generated by B,

s
and & the canonical extension of & to Q. Then, we denote by (X tga X§7m7w7d)se[t’T] the unique
continuous (FZ v G)-adapted solution to equations (2.3)-(2.4) on (Q,f, Q) with &, B, a re-
placed by &, B, &. Notice that (Xs tga Xﬁ’x’”’&)se[t,ﬂ coincides with the obvious extension of
(XE Sa xbo, a)se[t,T] to . Hence, we have

T
J(t,x,m &) = EQ[/ (s, Xboma p7e
t

t§a7

)ds—l—g(X“”ra p’r

hé e |
Then, it follows that J R( Ty T — J(t,x,m, &) as £ — oo. Indeed, this is a direct consequence

m, )
of Lemma C.1, with F#0 := ({ Q})520~being the trivial filtration, Fl = (FPHV G)ys for every
0>1, F0 .= (]-"B V G)sno, 10 := @, X460 .= X464 and Xm0 .= Xboma,
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We conclude that for every € > 0 there exists some L. € N such that, for every £ > L., we
have

Step I

J(t,x,ﬂ',d)—& < J;R(taxaﬂ',ﬁé) < sup J;R(taxaﬂ—,ﬂ) = %R(t’x,ﬂ-) i VR(taxaﬂ-)'
1769[

From the arbitrariness of €, we see that J(t,z,7,&) < V*(t,z,m). The claim follows taking the
supremum over & € A. O

Remark 3.4 Let V;; C V be the set of v € V such that v =1 on Q x [0,¢) x A. Then

V(t,z,7) = sup JX(t,z,m,v), (3.19)

veEV1 ¢
for all (t,z,7) € [0,T] x R" x Z,(R™). Indeed, by step II of the proof of Theorem 3.1, we have
Vt,z,7) > VR(t,z,7) > SUPyey, , JR(t,x,m,v). Let us prove the other inequality. We begin

R

than EQ fo (I¢,19)ds] — 0. In other words, the behavior of (I $)sejo,r) on the interval [0,t) is

§77s8

noting that in Lemma C.1, the convergence EQ[ ft (I¢,19)ds] — 0 as £ — oo is needed, rather

not relevant. Therefore, proceeding as in step III of the proof of Theorem 3.1, we see that we can
take 7' =1 on Q x [0,) x A, in order to guarantee the convergence EQ[ftT p(I¢, Gy)ds] — 0 as
¢ — oo. Then, from the same proof of Lemma C.1, we conclude that jR(t, x,m 0t = J(t,z, 7, &)
as ¢ — oo. This implies the validity of the other inequality V (¢, z, ) < Sup,ey, , JR(t,z,7) and
proves (3.19). O

4 Feynman-Kac representation: randomized equation

In the present section we introduce, for every (t,z,¢) € [0,T] x R" x L%(Q,G,P;R"), a forward-

backward stochastic differential system of equations, which provides a probabilistic represen-

tation for the value V(t,z,7), with 7 = P, under P. In other words, we derive a nonlinear

Feynman-Kac formula for the value function V' in (2.7) of the McKean-Vlasov control problem.
We firstly introduce the following spaces, for every ¢ € [0, T].

e S2(t,T), the set of real-valued cadlag FF-adapted processes Y = (Y;) selt,T], With Y Qb x
[t,T] — R, satisfying HYH?;Q(t,T) = E! [SUPtgng |Ys|2] < 00.

o L%(t,T)7 the set of real-valued P(F*) ® B(A)-measurable maps U = (Us(a))scpt, 1], ac >
with U: Q! x [t,T] x A — R, satisfying HUHLQ(tT =B [ [, [Us(@)PA(da) ds] < oo

e K2(t,T), the set of nondecreasing F¥-predictable processes K = (K) selt, 7], With K: Qb x
[t,T] — R, satisfying K € S?(¢,T) and K; = 0.
Given (t,z,€) € [0, T|xR"x L?(Q, G, P; R"), with 7 = P, under P, consider on (Q!, 7!, F# P!)
the following backward stochastic differential equation with constrained jumps over [¢,T]:

(

)]d?”—i—KT—K

rga

/ / uldr da), s € [t, 71, (4.1)

dP' ds \(da)-a.e. on Q' x [t,T] x A.

Y:s _ E[ (Xtarw P—tg)] /TE[f(T Xta:7r ]p I

Us(@)

\
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Notice that E[g (X2tm7r IP’;%’E—)}, as well as E[f(r, Xor P Qs,f)], is a random variable on
QL FLPh). ’

Equations (3.3)-(3.4)-(3.5)-(4.1) constitute a forward-backward stochastic differential system
of equations. We also observe that equation (4.1) depends on { only through its law © = P,.
We now prove that there exists a unique solution (Y%7 Ute™ Ko™ ¢ S2(¢ T) x L%(t, T) x
K2(t,T) to (4.1), which is minimal in the following sense: if (Y,U, K) € S?(t,T) x L%(t,T) X
KC2(t,T) is another solution to (4.1), then the inequality Y™ <Y holds on Q! x [t,T], up to
a Pl-evanescent set.

Theorem 4.1 Under Assumption (A1), for every (t,z,£) € [0,T] x R™ x L*(Q,G,P;R™), with
m = P under P, there ewists a unique minimal solution (YH®™ U™ Ktom) ¢ S2(t,T) x
LE(t,T) x K*(t,T) to (4.1), with YP"™ equal P'-a.s. to a constant. In addition, V admits the
Feynman-Kac representation

V(t,z,m) = YH©T (4.2)

Pl-a.s., for all (t,z,n) € [0,T] x R® x Z2,(R"). Moreover, we have

S
YT = supEV[/ E[f(r, X7 P_;g, )] dr—i—Y””’r] (4.3)
vey

S
— supr”[/ erthIP’QE, )dr—i—Yst’x’”],
vey t Xr

Pl-a.s., for all s € [t,T).

Proof. Ezistence and uniqueness of the minimal solution to (4.1). Fix (t,z,&) € [0,T] x R™ x
L*(Q,G,P;R"), with 7 = P, under P. Consider, for every n € N, the following unconstrained
backward stochastic differential equation on [¢, T:

. T
Y, = E[g(X3"7, ]P’ffyg)]—i—/ E[f(r, XtoT IF’_Qg, dr—i—n/ / dev) dr

/ / p(dr do). (4.4)

By Lemma 2.4 in [27], there exists a unique solution (Y™t&m Unbem) € §2(¢,T) x L%(t,T) to
the above equation.

For every n € N, let V™ denote the set of P(F*) @ B(A)-measurable maps 7: Q' x R, x A —
(0,n], which are not necessarily bounded away from zero. Then, let us prove the following
formula:

s
Y%n,tymﬂr _ esssupE"[/ E[f(?” Xta:7r errg’ )] d’l“—{—Ynth
pepn t

f“} (4.5)

for all £,s € [t,T], with £ < s. Let ¥ € V (see Remark 3.2 for the definition of V). Then,
considering (4.4) between # and s, and taking the P”-conditional expectation with respect to
F¢', we obtain

YT = Eﬁ[ / E[f(r, X", IP’ Voo Lp)] dr 4 YT (4.6)
t

N /: /A (U, (@)Y — U7 (), ()] A(dew) dr }‘t“}
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Since 7, () € (0, n], the last term inside the expectation is nonnegative. Therefore

S
an,tﬂl’ﬂl’ > esssupEy[/ E[f( Xtm7r ]P)]-" f)] dr_{_Yn,t,mw
t

i > Xt@
veyn

}‘“} (4.7)

To prove the other inequality, define, for every e € (0,n], the map "¢ as

e

ﬁ?’l,&(a) = nl{ ntz7‘r( )>0} +€1{ 1<Untz7'r( )<0} —|— Wl{[]ﬁ’uzyﬂ(a)<*l}’

T
on Q' x [t,T] x A, and 0™ =1 on Q' x ([0,¢) U (T, 0)) x A. Notice that ¢ belongs to V",
and it is not necessarily bounded away from zero. Taking © equal to 0™ in (4.6), we obtain

7)] d’l“—{—Ynth

t ’t&’

S
an,t,{[’,’ﬂ' S EV”E |:/ E[f(r Xt$7r ]P)]:I
t

]:“} (T —DAA)  (48)

S
< cssoup | [ RIS P T ar  vp
peyn t

f“] 4 e(T — HA(A).

From the arbitrariness of ¢ we get the reverse inequality of (4.7), from which we deduce the
validity of (4.5). In particular, when s = T in (4.5), we obtain

T ymd ol
yheT = esssupE”[/ E[f(r, Xto", P ;5, [)] dr +E[g(Xz"", PTL )] f;‘} (4.9)
peyn t T
for all ¢ € [t,T]. Then, it is easy to see that the following estimate holds:
sup Y"’t"'r < o0, for all ¢ € [t,T]. (4.10)

Hence, the existence and uniqueness of the minimal solution to equation (4.1) follows from
Theorem 2.1 in [19] (apart from the fact that K™ = 0, as required in the definition of K2(¢, T),
which will be proved later). Indeed, (4.1) can be seen as an equation on the entire interval
[0,7], with terminal condition E [g (Xfpx7T Pf%s)] and generator E[f(r, Xpor Pifs,f N1 (r).
Assumption (HO) in [19] holds under Assumptlon (A1). Moreover, Assumption (H1) in [19] is
imposed only to guarantee the validity of (4.10), which in our case follows directly from formula
(4.9), since f does not depend on Y% [J™b3:7 Tt only remains to prove that K™ = 0.
This is clearly true if we show that Ym’7r is equal Pl-a.s. to a constant (as a matter of fact, if
Y™™ is equal P'-a.s. to a constant, then, by uniqueness, Y&™ = Y;"™ on [0, ], so that KL™*"

is also constant on [0,¢], and, in particular, equal to K LET —

= 0). This latter property is proved
below. Finally, for later use, we notice that, according to Theorem 2.1 in [19], the sequence
(%"’t’x’”)nzo is nondecreasing (this is a direct consequence of formula (4.9), since V" c P*tl)
and converges pointwise Pl-a.s. to Y;’x’”, for all ¢ € [t, T7.

Proof of (4.2), in particular Yf’x’” is equal P'-a.s. to a constant. Notice that Yf’x’” is Ff'-
measurable, therefore it is not a priori clear that it is P'-a.s. a constant. For every n € N,

consider (4.5) with ¢ =t and s =T

T
ybeT = esssAupE"[/t E[f(r, XE"™, P 15, [)] dr + E[g (Xoom P ,tﬁ)]
veyn

7).
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Letting n — oo, recalling that ;""" #v"*™ Pl.as. and noting that V,, C V11 C UpVy =V,
we obtain

T
YT = esssupE”[/ E[f(r, X/™7 IP’XTtg, [,)] dr + E[g(Xp"", P _tg)}
vEV ¢

J—““} (4.11)

Reasoning as in Remark 3.2, we can show that the right-hand side of (4.11) does not change if

we take the supremum over V. In other words, (4.11) can be equivalently written as follows:

T
Yo = esssupEy[/ E[f(r, X", P, o, I)] dr + B[g(X37T, P'tﬁ)]
t

Xt £
vey

ff} (4.12)
From Corollary D.1 it follows that the right-hand side of (4.12) is equal P!-a.s. to V(t,x, ),
which yields Y,"*™ = V(t,z, ), P'-a.s..

Proof of formula (4.3). Let v € V. Consider (4.1) between ¢ and s, and take the expectation
with respect to EV, then (recalling that K»*™ is nondecreasing and U%®™ is nonpositive)

S
Y;t,$,7r > Eu[/ E[f( Xtamr Pftga )] dr—{—Yt:“T . (4.13)
t

From the arbitrariness of v € V, we get the first inequality. To prove the reverse inequality,
considering (4.8) with £ = ¢, and taking the expectation E”", we obtain

Ef/n,s [Y;n,t,azﬂr] < Eﬁ",s |:/ E[f( Xt T,m ]P)—Tf o )] dr + Yn,t,m Ll E(T _ t))\(.A)
t

< supEf’[/ E[f(r, X/™7 IP’_Ttg, [)] d?"—i—Y“"”r +e(T —t)A(A)
ey ¢ J

= supEy[/:E[f( Xtor prt 1)) d?"—i—Y“"”r +e(T —t)A(A),

Xt £
vey

where the last equality can be proved arguing as in Remark 3.2. From the definition of 0"™¢, we
see that £7"° = 1, therefore E?"[y;*"*™] = E[Y;"""™]. Hence

E! [Y;"tx”] < supE”[/ E[f(r, X/™T, P’ jg, )] dr—l—Y””} +e(T —t)A(A).
vey t

Recall that the sequence (Y;*"*"),>¢ is nondecreasing and converges pointwise P*-a.s. to ¥;""™.
In particular, Y,>""™ < yM00T < YT for every n € N. Therefore, letting n — oo and using
Lebesgue’s dominated convergence theorem, we obtain

Y;t,mﬂr — El[Y;t’m’ﬂ—] < supE”[/ E[f(T‘ Xta:7r P nga )] d,,,,_{_Yt:L‘T(:| —}—6(T—t)>\(./4)
vey t

Sending ¢ — 0, we get
S
Y;t7$77r S Sup]El/|:/ E[f(?“ Xt:L'7r ]P)J;5; )] dT+th7T:|
vey t

which, together with (4.13), gives formula (4.3) and concludes the proof. O
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5 Randomized dynamic programming principle

The present section is devoted to the proof of the dynamic programming principle for V' in the
randomized framework. Firstly, we prove the flow properties of X € and X7, These in turn
imply the identification E[V(S,X?m’w,ngﬂ = Y™ Pl -as., for all s € [t,T]. Then, (4.3)
allows to derive the randomized dynamic programming principle for V.

5.1 Flow properties

We begin considering the solution to system (3.4)-(3.5) with more general initial conditions.
More precisely, concerning equation (3.4), for every (¢,7) € [0,T] X LQ(Q,JE,P My G PR,
consider the following equation:

dXb = b(s, XL PTS

XtTn

)ds + O’(S,Xt P7:

tha

I)dBs, X" = 7, (5.1)

for all s € [t,T]. Concerning equation (3.5), we begin recalling that (IP’

< n)se[t,T] stands for the
stochastic process (]P)?ﬂ—)se[t’T] introduced in Lemma 3.2, with 7 = P, under P. In the sequel,
when considering equation (3.5), it is more convenient to adopt the notation PL™ instead of
P7% . For every (t,7) € [0,T] x L*(Q, FP* v G, P;R") and II: Q — 2,(R™), with II measurable

xbn:

with respect to FI" and such that E[||TI]|?] < oo, consider the following equation:
dXPMT = p(s, X0 PEI 1Y ds 4 o (s, XOPT PUT L) dB,,  XEPT = g, (5.2)

for all s € [¢t,T], where

P(@) = PUI@) (WD), for all (@,s) = (w,w,s) € Q x [t,T]. (5.3)

Notice that, thanks to Lemma 3.2, the stochastic process (Pé’ﬁ) se[t,7) is well-defined. In particu-

lar, for every s € [t,T], PLY is F¥-measurable. Under Assumption (A1), we have the following
result, whose standard proof is not reported.

Lemma 5.1 Under Assumption (A1), for every (t,7) € [0,T] x L2(Q, F2* v G, P;R™) and
II: Q — Z,(R"), with I measurable with respect to F' and such that E[||I1||2] < oo, there exists
a unique (up to indistinguishability) pair (X;’ﬁ, X;’ﬁ’n)se[t,ﬂ of continuous (ff’”’tVQVJ(ﬁ, II)),-
adapted processes solution to equations (5.1)-(5.2), satisfying

B[ sup (K07 + X)) < oo
s€(t,T)

Moreover, there exists a positive constant C' such that

E| sEpTJX;*"’“—X;v"”“/F] < C(Ell7 - %) + (I, 1)), (5.4)
sE|t,

for every t € [0,T), 7,77 € LQ(Q,]}F“ vV G, P;R"), and any ILIT: Q — P,(R™), with 11,1
measurable with respect to Fi' and such that E[||TL||2], E[||TI'||?] < oo

Proof. The proof of the existence and uniqueness of (X én,X h )se[t 7] is standard under
Assumption (A1), and can be done as usual by a fixed point argument. Concerning estimate
(5.4), the proof can be done proceeding as in Lemma 3.1 in [9)]. O

25



Remark 5.1 When in equation (5.2) the random variables 7 and II are equal P-a.s. to some = €
R™ and m € Z,(R"), respectively, then (X E’ﬁ’n) selt,r) coincides (up to indistinguishability) with
the stochastic process (X'ﬁ’x’”)se[tﬂ defined in Section 3. Indeed, (X§7ﬁ7n)se[t7T] and (X'ﬁ’x’”)se[mﬂ
solve the same equation, therefore the claim follows from the uniqueness of the solution. O

Remark 5.2 Suppose that 7 and II in Lemma 5.1 takes only a finite number of values, namely

K K
N = > wlp, 0 => mlg,
k=0 k=0

for some K € N, z, € R", m, € P,(R™), By, € .7:";9’“ VG, with (Ek)g=1,..x being a partition
of Q. Then, by definition of P™ (formula (5.3)), we have P = PE™ 15 + - + IP’I;’?K 1.
Therefore, the stochastic processes (Xg™"™ 1g, + -+ + Xy ™ 1, ) 7] and (Xﬁ’ﬁ’n)sem

are indistinguishable, since they solve the same stochastic differential equation. O

Lemma 5.2 Under Assumption (A1), for every (t,s,z,&) € [0,T]x[0, T] xR"x L%(Q, G, P; R"),
with t < s and © = Pz under P, we have the flow properties:

SR (5.5
— P Al
—S’X;’x’ ’P;Sf’g otz T
Xr s = er o (56)

for all v € [s,T), P-almost surely.

_ . whE
Proof. Flow property (5.5). Consider the process (X3~ )refs,r) solution to equation (5.1) with

initial conditions t = s and 77 = X;’é. Since (Xf’g)re[sﬂ solves the same equation, by pathwise

_ o wt€ _
uniqueness we deduce that (Xf’XS )rels,r) and (Xﬁ’g)re[sﬂ are indistinguishable, namely (5.5)

holds.

Flow property (5.6). Recall that (Pf;{,g)se[t,;p] stands for the stochastic process (Pé’ﬂ)se[t,T}

introduced in Lemma 3.2. In the present proof it is more convenient to adopt the notation PLT
=1 t,m _
instead of P”* .. Notice that, by (5.5), we have PL™ = PP for all r € [s, T], P-almost surely.

XtE"

s

Therefore

r T
Xﬁ,x,ﬂ _ Xﬁ,x,ﬂ + / b(u’ th;:l?ﬂr’ ]PZ,W’ fu) du + / O'(U, X&JB,W’ ]P’Zﬂr’ fu) dBu
s S

T ”
S / b(u, XEmm B L) du + / o (u, Xto7 PSP 1) dB,,
S S

— _ vt,x,m pt,m
for all r € [s,T], P-a.s.. On the other hand, consider the process (X5~ s )refs,7] Solu-
tion to equation (5.2) with initial conditions ¢t = s, 7 = X;’m’w, =P Then, we see that
— vt,z, ™ pt,T _
(XX Fs )rels,r) and (Xﬁ’x’”)re[sﬂ solve the same equation. It follows that they are indis-

tinguishable, namely (5.6) holds. O

5.2 Randomized dynamic programming principle

We begin proving the following identification result between V and Y%7,
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Lemma 5.3 Under Assumptions (A1) and (A2), for every (t,z,€) € [0, T]xR"x L?(,
with = P¢ under P, we have

{Q\
Qi
sl
)
=

E[V(s, Xtom P7E )] = viem,

Pl-a.s., for all s € [t,T).

Proof. Fix (t,s,2,€) € [0,T] x [0,T] x R* x L*(Q,G,P;R"), with t < s and 7 = P¢ under
P. Using the same notations as in the proof of Theorem 4.1, let us consider, for every n € N,
formula (4.5) with ¢ and s replaced respectively by s and T

T
yphem = esssAupE"[/ E[f(r, X7 ths,i)] dr+E|g (Xbom P ,tﬁ)]
veyn 8

7).
Letting n — co, we obtain

T
yhem = esssng”[/ E[f(r XLom IP’_jg, )] dr—i—E[ (Xm7r P_tg)]
vey s

7).

Reasoning as in Remark 3.2, we can show that the right-hand side of (4.11) does not change if

we take the supremum over V. In other words, (4.11) can be equivalently written as follows:

T
Y;twﬂr = eSSESBPEV[/ E[f(’l“ thn P—Ttga )] dT‘—}—E[ (Xtmw _tg)]
v S

»|
Then, we see that the claim follows if we prove the following equality: P!-a.s.

E[V (s, Xt””IP’_tg)] :esssupE”[/jiE[f(r X””T]P’ Lo Ir)]dr+Elg (Xtm7r _tg ‘}“M} (5.7)

rga
vey

As in the proof of Lemma 5.2, it is more convenient to adopt the notation P5™ instead of IP’;:g

(recall that ( )se[t 7] stands for the stochastic process (P4™ )selt,r) introduced in Lemma 3.2).
Then, from the ﬂow properties (5.5) and (5.6), we have

r — vi,x,m ST ,T — _ ot,r, ™ ot, ™ t,m
Y:upE[ / E[f(r, Xp X" TR PP L) dr + B[g(X5 P Ry
vey s

J—“;‘} (5.8)

Now, notice that X-%™ € L2(Q, FP*# P;R™), so that it is the L2-limit (and also pointwise P-a.s.)
of a sequence (X,n)m>0 C L(Q, ]:'SB’“, P; R™), where each X, takes only a finite number of values.
Similarly, PY™ is a random variable P5™: Q — 22,(R™) such that E[|P5™||2] < oo. Therefore, by
Lemma A.3 there exists a sequence (Pp,)m>0 of FB# measurable maps Pp,: Q — Z2,(R"), with
E[||P,n]|12] < oo and each Py, takes only a finite number values, such that E[W,(Py,, PY™)2] — 0 as
m goes to infinity (and also W, (PP,,, IP’I;’”) — 0 pointwise P-a.s.). In particular, for every m > 0,

we have
K Km
= Zwmk 18, . P = Zﬂ'm,k 18, .
k=0 k=0
for some K, € N, 2,1, € R", w1, € Z(R"), Epp i € .7:"5’“, with (E,, ;) being a partition

Xm,Pm)

of Q. For every m > 0, consider the process (X rels,T)> solution to equation (5.2) with
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initial conditions t = s, 7 = X,,,, II = P,,,. Recall from Remark 5.2, we have that the stochastic

processes (Xf’Xm’Pm)re[&T} and (ZkK:’”O Xtk »)refs,r) are indistinguishable.

Notice that, for every v € V, we have, from Corollary D.1, P!-a.s.,
K
B[V (s, X, Pr)] = D E[V(S, T Tmk) 15,
k=0

K, T
= Z E [1Em L esssup E” [ / E[f(r, X,k ik )] dr
=0 Tovey s

B[y ) |7

T _ _
= esssupEV[ / E[f(r,Xf’Xm’Pm,Pi’P’”,Ir)]dr+E[g(X;’Xm’Pm,IP’§P’”)]‘}'4. (5.9)
vey s

From the continuity of the map (y,v) — V(s,y,~) stated in Proposition 2.1, and the growth
condition (2.8), we see that

E[V (s, Xm,Pp)] ™5 E[V (s, X)"7,PLT)]. (5.10)

Pl-a.s.

On the other hand, using estimate (5.4) and proceeding as in the proof of inequality (2.18) in
Proposition 2.1, we can prove the following convergence:

T _ _
esssup E¥ [/ E[f(r, Xf’Xm’Pm,Pf’Pm, I})] dr + E[Q(X;’Xm’]?m, IP’;’P’”)] ‘]{4 (5.11)
S

vey

T )

x _ v, t, t, — _ t,z,m ot o

;Ll eSSSupEV|:/ E[f(’raiirs’xsxW’PSW’Pi’PsW’Ir)] dT+ E[g( X;’XS 7]Ps ,]P):?]Ps )]
-a.s. VEV s

7]
Hence, by (5.10) and (5.11), together with equalities (5.8) and (5.9), we see that (5.7) holds,
therefore the claim follows. 0

We can now state the main result of this section.

Theorem 5.1 Suppose that Assumptions (A1) and (A2) hold. Then, for every (t,s,z,&) €
[0,T] x [0,T] x R* x L*(Q,G,P;R"), with t < s and ™ = P¢ under P, we have

S — _ — =il
V(t,z,m) = sug E” [/ E[f(r, Xﬁ’x’”,]}”;yg, Ir)] dr + E[V(s, Xbem IP’;;&)]] )
Ve t ™ s

Proof. Fix (t,s,7,&) € [0,T] x [0,T] x R* x L?(Q,G,P;R"), with t < s and 7 = P¢ under P.
Recall that by (4.3) we have, Pl-a.s.,

Xt,éa r
vey "

s I
Y;t,mﬂr = sup EY |:/ E[f(?”, Xﬁ,a}ﬂr,P}'r I )] dr + }/;t,l‘,ﬂ:| )
t

Then, the claim follows from Lemma 5.3. O
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A Some convergence results with respect to the 2-Wasserstein metric W,

Lemma A.1 (Skorohod’s representation theorem for JV,-convergence) Let (7,,)n be a
sequence in P,(R™) such that Wy(mm,m) — 0, for some 1 € P,(R™). Then, there exists a
sequence of random variables (£,)m C L*(Q,G,P;R™), with P, = my, converging pointwise
P-a.s. and in L*(Q,G,P;R") to some & € L?(Q,G,P;R™), with P, = 7.

Proof. By Theorem 6.9 and point (i) of Definition 6.8 in [28], we have that W, (m,, 7) — 0 is
equivalent to:

T " and [ el mndz) "F [ faPdn). (a)
weakly n n

Then, by the classical Skorohod representation theorem for weak convergence, there exist random
variables &, & € L(Q,G,P;R"), with P, = 7, and P, = 7, such that &,, converges pointwise
P-a.s. to £&. It remains to prove the convergence in L?(2,G,P;R™). To this end, we notice that
(A.1) implies E[|¢,,]?] — E[|¢|%]. Therefore, by Theorem I1.6.5 in [25], the sequence (|&,|%)m is
uniformly integrable. Then, it follows that &, — ¢ in L?(Q, G, P;R"). O

Lemma A.2 There exists a countable convergence determining class (pr)r>1 C Co(R™) for the
W,-convergence. In other words, given mi,ma,...,m € P,(R™), we have:

Wo (T, ) ™52 0 if and only if / o () T (dr) =5 / or(x) m(dx), for all k.

Proof. Let 71, ma,...,m € Z,(R™). We recall from Theorem 6.9 and point (i) of Definition 6.8
in [28] that

W (T, m) ™=5° 0 if and only if 7, mi)ljo 7 and / 2|2 7 (da) ST / || 7(dx).
weakly n n

Now, it is well-known that there exists a countable convergence determining class (¢5)p>1 C

Cy(R™) (the set of real-valued continuous and bounded functions) for the weak convergence (see,

for instance, Theorem 2.18 in [3]). In other words, we have

T mikof T if and only if Up(x) ) (d) mse Yp(z) w(dx), for all h.
weakly Rn R™

Then, the claim follows taking ¢1(z) := |z|?, for every x € R™, and ¢y := 9j_1, for every k > 2.
O

Lemma A.3 Let (Q, F,P) be a probability space and let II: Q — Z2,(R™) be a measurable map.
Suppose that (fE denotes the P-expected value)

IE[HHHS] < +oo. (A.2)
Then, there exists a sequence (Il,)m>1 of measurable maps IL,,: Q — P,(R™) such that:

m— 00 m—00

W (I (@), I(@)) ™=3° 0, P(d@)-a.s., and  E[W,(IL,,11)%] ™= 0,
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where, for every m > 1,
Km
II,(0) = Zﬂm,k 1g,, (@), for every @ € Q,
k=1

for some finite integer K., > 1, mpp € Po(R™), Enp € F, with (B k)k=1,...K,, being a
partition of ).

Proof. Recall from Theorem 6.18 in [28] that (Z2,(R™),W,) is a complete separable metric
space. Then, there exists a sequence (mj,)p>1 dense in Z2,(R™). Now, for every ¢,h > 1, define
the measurable set B&h eF by

B&h = {(:} S Q: WQ(H(J}),Wh) < 1/(}

We also define the disjoint measurable sets: By := By and By, := By \(Bea U+ U By 1),
for any h > 2. Notice that Q= Un>1Be . In particular, for every £ > 1, there exists Ky > 1
such that P(Up> i, +1Bes) < 1/€%. Finally, we set

K,
Me(@) == Y ™ 18,04, (@) + 80 (1(Uys 0180004, (@) + 1ag (@), for every & € ©,
h=1

where

Ay = {weQ: |H@)|3 < ¢.
Then, we see that (recall from (2.2) that W, (do, [I(w)) = [[TI(®)].)

_ B 1 _ B B B
WQ(HZ(W)7 H(w)) S Z 1(Uf£1B€,h)mA€ (w) + HH(w)HQ (1(Uh2KZ+lBZ,h)mAZ (W) + ]‘AE (W))7

for all @ € Q. Therefore (recalling that @(UhZKﬁlBé,h) <1/0?)
= . 2 L = ~\112 = ~\112
E[WQ(HZ7H) ] S 6_2 + E[HH(("))H2 1(UhZK4+lBl,h)mAi:| + E[HH(("))H2 ]‘AE]
1 = ~ -
< 7 TP((Unzk1Ben) N Ar) + E[JITI(@)(5 L]
1 1 = - ¢
<& +£€—2 +E[I@)]35 1as] = 0,
where the convergence E[||TI(&)]|? 1 a¢] — 0 follows from the Lebesgue dominated convergence
theorem, using (A.2) and noting that 1 Ag converges pointwise P-a.s. to zero.

Let Y: Q — [0, 00) be the nonnegative random variable given by Y; := W, (II;, IT). We know
that Yy — 0, as £ — o0, in LQ(Q, F, I@’) Then, it is well-known that this implies the existence of
a subsequence (Yy,,)m>1 such that Yy, = W,(Il, ,II) — 0, as m — oo, pointwise P-a.s. and in
L%(Q, F,P). Then, () m>1, with I, := I, , is the desired sequence. O

B Proofs of Lemma 3.1 and Lemma 3.2

Proof of Lemma 3.1. Recall that, by construction, the map X%¢: ([t,T] x Q x Q, B([t,T]) @

F) — (R",B(R")) is measurable. Therefore, up to indistinguishability, we can _suppose that
X0 (LTI x @x QY B([t, T)) @ F@ F') — (R™, B(R™)) is measurable. Since (X;’g)se[tﬂ is also
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(FEHvG)s-adapted, we deduce that, for every s € [t,T], the map X2°: (xQL, (GVFB)@FF) —
(R™, B(R™)) is measurable. Therefore, by estimate (3.6) and Fubini’s theorem, we see that, for
every ¢ € %,(R"), the map )
S B[p(RE( W),
from Q! into R, is Ff-measurable. In particular, when ¢ € Cy(RY), the continuous process
(E[¢(X§’5)])Se[t7T} is F#-predictable. Then, by Remark 2.1 it follows that the process ([@ﬂ;’ﬂ)se[t,T}
is F#-predictable.
Finally, we observe that

B (@hle] = Efp(XEE(,wh)] = E[p(Xe9)| (@) = PR,

Pl(dw')-a.s., for every ¢ € Z,(R"). Let (pr)r C %.(R™) be a countable separating class of
continuous functions, whose existence is guaranteed for instance by Theorem 2.18 in [3] (¢ can
be taken even bounded). Then, there exists a unique P'-null set N* € F! such that

P (wher] = PL(whlpk],  for every k,

|
W BT

whenever w! ¢ N'. Since (¢p)r is separating, we conclude that PY™ coincides with P;ét’g— on

QNN In other words, (]f”?”)se[t,;p] is a version of (Pg,g)se[t,T]- O

Proof of Lemma 3.2. Fix ¢ € [0,7] and consider a generic 7 € 2,(R"). Let & € L*(Q,G,P;R")
be such that 7 = P under P. We construct X*¢ using Picard’s iterations. More precisely, we

define recursively a sequence of R"-valued processes (X™%€),, on Q x [t,T] as follows.

Recursive construction of the sequence (va,t,g’)m. Definition of X048, We set X0H€ = 0.
Defining POt by formula (3.7) with X068 in place of X*¢, we see that I@’S’t”r = ¢y, the Dirac

delta at zero, for all s € [t,T]. In other words, up to a version, (IP’TSM )se[t,7] is identically equal

x0.,t.€
to 50.

Definition of XLtE, The process XLt is given by:
_ _ S _ S _ _
XLt = §+/ b(r, 0,8, I,)dr +/ o (r,0,6, I,)dB,,
t t

for all s € [t,T]. Notice that, by construction, the map XLtE, ([t, T) x Qx QY B([t, T)) ® F) —
(R™, B(R™)) is measurable. Up to indistinguishability, we can suppose that X Lt ([t, T) x Q x
QL B([t, T) @ FoF') — (R™, B(R")) is measurable. As a consequence, by Fubini’s theorem, we
can define the #,(R")-valued FF-predictable stochastic process (]P%’tﬂr)se[t"]“] by formula (3.7)

with X14€ in place of X€. Notice that (I@’i’t’ﬁ)se[tﬁp] is a version of (Pf_({’t’é)se[tj“]. Moreover,

from (3.7), we see that (using the definition of X3 ’t’g, and the independence of G and F%)

Bl le] = Blp(RI )] = [ Bt s0)n(an)

n

for every w! € Q! and ¢ € %,(R"), where @1 ,: Q! x [t,T] x R — R is measurable, with at
most quadratic growth in = uniformly with respect to (w!,s), and it is given by

<1>1#,(w1,s,x) = E[gp(x—{—/ b(r,O,&o,Ir(-,wl))dr—i—/ J(r,O,&o,Ir(-,wl))dBr>].
t t
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Then, we see that the map P5[p]: Q! x [t,T] x Z,(R") — R is measurable. Indeed, when
Py ,(wh, s,2) = L(w!,s)h(z), for some measurable functions ¢ and h, with ¢ bounded and h
with at most quadratic growth (namely h € %,(R")), the result follows from Remark 2.1. The
general case can be proved by a monotone class argument.

Using again Remark 2.1, we conclude that the map P5": Q! x [t,T] x Z,(R") — Z,(R")
is measurable.

Definition of X"H‘M6 for every integer m > 1. We define XmtLtg recursively, assuming
that X™4¢ has already been defined. We also assume that the map X™¢: ([t,T] x Q x
QL B([t,T) ® F @ F') — (R, B(R")) is measurable and that (Pm’t’”)se[t 7] is the Z,(R"™)-
valued F“-predictable stochastic process given by formula (3.7) with X< in place of X 23
Moreover, we suppose that the map P : Q! x X [t,T] x Z,(R") — Z,(R"™) is measurable.
Notice that (P7""" )seft,r] 18 a version of (]P’,m e)seltT]-

Then, we define X™*1 € as follows:
_ _ S _ — _ S _ — _ _
X — g o X B Lyar o+ [ olr X B 1) B
t t

for all s € [t,T]. Notice that, by construction, the map X™ 148 ([1,T] x Q x QY B([t,T)) ®
F) — (R",B(R")) is measurable. Therefore, up to indistinguishability, we can suppose that
XmHLEE ([¢,T] x Q x QL B([t, T])) ® F @ F!) — (R™, B(R™)) is measurable. Then, by Fubini’s
theorem, we can define the &2,(R™)-valued F#-predictable stochastic process (Perl’t’W) selt,T] by
formula (3.7) with X548 in place of X*€, namely

Pt ()] = E[p(XmHbE(,wh))],

for every w! € Q!, ¢ € %,(R"), s € [t,T]. In particular, we have
BT W) = B [go (s . / b€t oo BT (), T )

o . ,I@;”’t’”(wl),Ir(.,wl))dB,)]
t

— / <I>m+17<p(w1, s,x,m) m(dx),
RTL

for some measurable ®,, 11 ,: Q! x [t,T] x R x 2,(R") — R, with at most quadratic growth
in (x,7) uniformly with respect to (w',s) (the dependence of ®,,41,, on 7 is due to the pres-
ence of P7"“™). Then, we see that the map P [g]: Q1 x [t,T] x Z,(R") — R is measur-
able, as it can be deduced using a monotone class argument, first taking ®,,,1, of the form
D1 p(Wh, 5,2, m) = L(wh, s, m)h(z), for some h € B,(R™), and some measurable function ¢ with
at most quadratic growth in 7 uniformly with respect to (w!,s). Then, by Remark 2.1, we see
that the map P Q x [t, T] x 2,(R") — 2,(R") is measurable.

End of the proof of Lemma 3.2. Now that we have constructed the sequence (X m,t,€ )m
we notice that it can be proved (proceeding for instance along the same lines as in the proof of
Theorem IX.2.1 in [24]) that

sup |Xm’t’£ th‘ N 0, (B.1)

s€(t,T) m=—00
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where the convergence holds in probability. Fix s € [t,T] and let us prove that (B.1) implies
the following convergence in probability:

W, (Brtm ptry B (B.2)

m—r00

In order to prove (B.2), it is enough to show that every subsequence (P7""™), admits a subsub-
AT)’Lgh,t,Tr

sequence (Pg )n for which (B.2) holds. Let us fix a subsequence (P7""™),. We begin noting
that, by (B.1), we have, for every ¢ € C,(R"),

~ 1 ~
ByetTle] o Bl
{—00
Let (¢r)r € Co(R™) be a countable convergence determining class for the W,-convergence,
whose existence follows from Lemma A.2. Then, there exists a unique P'-null set N' € F! and

axuzos 20

a subsubsequence (IPg )i such that, for all w! € QI\N1,

I meh it

Py (@[] hoge I@’é’ﬂ(wl)[gok], for every k.

By Theorem 6.9 in [28] it follows that, for all w! € QM\ N1,

ey, it
S

W, (P (wh), Pt (W) "= 0,

In particular, the above convergence holds in probability. This concludes the proof of (B.2).
Notice that convergence (B.2) holds for every s € [t,T] and m € &2,(R"™). Moreover, for every

1

m € N, P™h s jointly measurable with respect to (w', s, 7). Then, we deduce (proceeding for

instance as in the first item of Exercise IV.5.17 in [24] or as in Proposition 1 of [26]) that there
exists a measurable map P"': Q! x [t,T] x P,(R") — 2,(R") such that

Wy (Bt ptry 2 g

m—r00

for every s € [t,T] and 7 € Z,(R™). This implies that ]I}Zi’f coincides P'-a.s. with P5™. By
Lemma 3.1 we conclude that (P5™) selt,7] 18 a version of (IP’Z:S) AL O

C Stability lemma
For the proof of Theorem 3.1, we need the following stability result.

Lemma C.1 Suppose that Assumption (A1) holds.

o Let (Q,JE, Q) be a probability space, on which a d-dimensional Brownian motion B =
(By)i>o is defined.

o For every £ € N, let FY = (F%)s>0 be a filtration on (Q, F,Q) such that B is a Brownian
motion with respect to F.

o For every { € N, let Fre = (]}éw)szo, with F* < FL, be a filtration on (Q, F,Q) indepen-
dent of B.

o Let (t,z,€) € [0,T] x R" x L*(Q, F,Q;R"), where € is Ft-measurable for every £ € N and
T = IP’f~ under Q.
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For every £ € N, consider the system of equations:

AXEE = b(s, XEELPE T ds + o (s, XEE4 T T dB,, Xt — ¢
dxtemt = p(s, Xbomt ]P”:U,If) ds + o (s, XL Pf_tu,ff) dBs, XU =

for all s € [t,T], where (I¢ )seft,r] 15 an A-valued F*-progressive process. Then

T
EQ|:/t f(s Xtmw[ P}_tiu s)d5+g(thnﬁ,PXt£€):|

T 1o
¢oop E@[/ f (s, Xbwmo Pftw 12)ds + g(X7°°, Pf—tw)]‘
t

whenever pR(I¢, 1) .= B9 f p(It,1%) ds] — 0 as £ — oo.

EREC]

Proof. We begin noting that, by standard arguments (based on the Burkholder-Davis-Gundy
and Gronwall inequalities), we have

supEQ{ sup (‘thﬁ‘ —}—{X””M‘ )] 00, (C.1)
LeN s€t,T)

for all ¢ > 1. We also have

T
EQ[sup | XLE¢ — Xt50|] < C’E@[/ (|b(s, XEE0 P70 ) — b(s, XLEO, B T0)|
t

xré0r s gré00 s
s€(t,T)

+ o (s, XLE0 IP’FfZO,If) — o(s, XbE0 Pf,io,lg){ )yds|, (C.2)
for some positive constant C', independent of ¢. Now, we notice that ﬁQ(IZ t T 9) — 0 implies
I* — I° in dQ ds-measure, which in turn implies the convergence to zero in dQ ds-measure of
the integrand in the right-hand side of (C.2). By uniform integrability (which follows from (C.1)
and Assumption (A1)(ii)), we deduce

W, (P72 BT )2 < IEQU)NQU - X;*f’oﬂ \V ﬁgg} =% 0,

£ &
Xt g, X;’ﬁ’o

Q-as., for all s € [t,T]. Moreover

e =10 2 4
sup WQ(P?;;UP;;QO) < EQ[ sup ‘thf Xt50| ‘\/]—"’“’] =3 0. (C.3)
se[t,T) s s s€[t,T] ¢eN

Similarly, we have

T
EQ[ sup |Xt:v7r€ Xtmrow < CEQ[/ (|b( Xtamo ]P]-‘tfsg,If)
s€t,T) t

X160 s XpEe 7S Xn&00 s

_‘b(s Xtm7r0 IP)]'_U IO 2—|—|0’(S Xt:BTK'O ]P)]-"’ IZ)_ (S Xt:BTK'O ]P;]-'”O IO)| )d :|

Then, by (C.3), the convergence I* = I° in dQds-measure, estimate (C.1), and Assumption
(A1)(ii), we obtain

EQ|: sup |Xt:137r€ Xt:vWO‘} Zj}o 0. (C4)
s€(t,T)
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Then, by (C.3) and (C.4), we see that f(s, Xi"™" IP’Ft“, 1Y = f(s, Xbom™0 p7i°
oo in dQ ds-measure. Therefore, by uniform 1ntegrab1hty (which follows from estimate (C.1)
and Assumption (A1)(ii)), we deduce

1% as ¢ —

tgm s

T T
EQ[/ f( Xtamrz Pftfu’lﬁ)d :| Z%oo EQ[/ f( Xt:mro Pft“w,]g)d ]
t t

Using again (C 3) and (C.4), we obtain the Q-a.s. pointwise convergence g(Xm ok ]P’ ) —

Xt e
g(XtTm 0 P o 0) as { — oo. By estimate (2.6) together with the polynomial growth Condltlon of

g in Assumptlon (A1)(ii), we can apply Lebesgue’s dominated convergence theorem and obtain

B[o(X ™ Piie)| =% ER[o(Xi ™" P,

ct:€:0 t,€,0
X X3

which concludes the proof. O

D On a different randomization of the control

In the present appendix we introduce, following [19], a different kind of randomization, which in
our paper turns out to be useful in the proof of Theorem 4.1. More precisely, for every ¢ € [0, T],
ag € A, consider the A-valued piecewise constant process 7% = (I2“) >y on (Q, F,P) given

by:

o) = > (aolin,i<e + (An(@))sar(@)1er, @i))) 1 @) Tug @) (5), (D.1)
n>0
t<Th 41 (wh)

for all s > ¢, where we recall that Ty = 0 and Ay = @. The process I = (I5)s>0 defined in (3.3)
corresponds to %% = (I‘S’“O)SZO, for any ag € A (when ¢t = 0, ag plays no role in (D.1)).

Let FBt = (FP") 5y (resp. Bt = (F£°'),5,) be the P-completion of the filtration generated
by (Bs — By)s>t (resp. [il(; o) xa), and let FE#E = (FPHY <, denote the P-completion of the
filtration generated by (Bs — By)s>t and jil(e)xa. If we randomize the control in (2.3)-(2.4)
by means of the process I%%, we obtain, for every (z,£) € R" x L?(Q,G,P;R"), with 7 = P,

under P:

AXLE0 = p(s, XG0 P,tsao,lgao)dwa( Xhéao P,ts ,15%) dB,, (D.2)
dXLomeo = p(s, XLPmeo P st’g o 10%) ds + o (s, X2 P ,gao,fgao)dB (D.3)

for all s € [t,T], with X’f’g’a” € and X% = z. Under Assumption (A1), there exists
a unique (up to indistinguishability) pair (th a0 XLTmao) seft,7] of continuous (FEHE Y G),-
adapted processes solution to equations (D.2)—(D.3), satisfying

fE[ sup {thao‘ —i—{th”a“{q)} < o0,
s€(t, T

for all ¢ > 1.
Let F#t = (]:é”)pt be the P'-completion of the filtration generated by P Lt 00) x Asep > @0
denote by P(F*!) the predictable o-algebra on Q' x [t,00) corresponding to F4!. Then, we

35



define V; as the set of P(F*!) @ B(A)-measurable maps v: Q! x [t,00) x A — (0,00), with 0 <
o1 [r00)x AV < SUPQI x[t00)x AV < 00. Given v € Vi, we define v* € V as v* = lgiy[o4)xa +
V1ot jt,00)xA- We denote PV (resp. P¥) the probability P (resp. P”"), and E” (resp. E¥) the
expectation " (resp. E”"). Then, for every v € V;, we define the gain functional (notice that
JR(t,x,m, ag,v) does not depend on the value of v* on Q' x [0,t) x A)

T
I )% Flot T 7t7 U] ]j_“,t
JR(t, 7, a9, v) = EY [/t f(s, Xé’m’w’“O,P;zg,ao,Iﬁ’“o) ds + g(XTx T aOaP)—;T,E,ao)

and the value function

VR(t,z, 7 a0) = sup JR(t,z, 7, ag,v).

vEV:

Finally, let FBt = (]—"SB ’t) s>t be the P-completion of the filtration generated by (Bs— Bt)s>¢, and
let A; denote the set of FB-progressive processes a: Q x [t,T] — A. Given o € A;, we define
at € Aas a® = algyy) + aloxpr), for some deterministic and fixed point a € A. Then,
we denote J(t,z,m, ") simply by J(t,z,7,«) (notice that J(¢,z,m, a*) does not depend on the
value of o on  x [0,1), namely on a).

Theorem D.1 Under Assumption (A1), we have the following identities:

V(t,z,m) = sup J(t,z,m,a) = sup J(t,z,m ) = sup JX(t,x, 7, a0, v) = VE(t,z, 7, a0)

acA acA; veVy
= sup JR(t,z,m,v) = VE(t,z,7), (D.4)
vey

for all (t,x,m, a9) € [0,T] x R™ x Z,(R") x A.

Remark D.1 From Theorem 3.1 we conclude that the function V(t, 2, 7, ag) does not depend
on ag € A and coincides with the function V*(t, z, 7) defined in (3.8). O

Proof. When t = 0, we see that, for every ag € A, we have "% =], Ay = A, and V, = V.
Therefore, V*(0,z,7,ag) coincides with V®(0,z, ), so the result follows from Theorem 3.1.
When t > 0, we proceed along the same lines as in the proof of Theorem 3.1 for the case t = 0,
with (Bs)s>0, FP = (FP)s>0, A, i, FBH = (.7:"5’“)820, V replaced respectively by (Bs — By)s>t,
FBt = (ﬁf’t)szt, Aty B (t,00)x A FBmt = (ff’“’t)szt, V;. Then, we obtain

sup J(t,xz,m, o) = sup JX(t, z, 7, a9,v).
acAs veV
This implies that V7 (¢, 2,7, ag) does not depend on ag € A, since the left-hand side of the above
inequality does not depend on it.
By Theorem 3.1, equivalence (D.4) follows if we prove the following inequalities

V(t,z,m) > sup J(t,z,m, ), sup JR(t,z, 7 ap,v) > VR(t,z, 7). (D.5)
ac Ay VeV,

Since for every a € A; we have, by definition, J (¢, z,7, ) = J(t, z,7, ), where a* = a lgy o)+
aloypr), we see that sup,e 4, J(t, 2,7, ) < supaeq J(t, 2, m,a) = V(t,2,7). Therefore, the
first inequality in (D.5) is proved.
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In order to establish the second inequality in (D.5), we fix (t,z,&,7) € [0,T] x R® x
L*(Q,G,P;R") x 2,(R"), with 71 = P, under P, and we take a particular probabilistic set-
ting for the randomized McKean-Vlasov control problem. More precisely, we first consider an-
other probabilistic framework for randomized problem, where the objects (€2, F,P), (!, F!, P1),
(Q,F,P), B, 1, (T}, A,), I are replaced respectively by (Q0, 7O, PY), (Q, F1,P), (Q, F,P), B
f, (TnaA ), L

Let Q = Q x Q, F the P ® P-completion of F @ F, P the extension of P® P to F, and E the
P-expected value. Let also G be the canonical extension of G to €. Define &(@,@) := £(@) and

A

By(@,®) = By(@) leary + (Bs(@) — Be(@) + Bi(@)) Lssy,
w,w;dsda) = j(w;dsda) Ly + p(w; ds da) 1.

Notice that m = P; under P, B= (B 5)520 is a Brownian motion on (Q,]:", I@’), and [ is a Poisson
random measure with compensator A(da) ds under P, with respect to its natural filtration. We
also define as in (3.3) the A-valued piecewise constant process I = (I,)>0 associated to i, which
in the present case takes the following form:

fs(@,@) = f(v)1{8<t}
+ > (L @), wry<ey  (An(@))sar (@)L e<7 w1))) 1T @) Tog s (w1)) (5) Lssey-

n>0
t<Tn+1(w1)

In particular, I; = I;. We define FB# = (]:'SB’“)szo (resp. F* = (F4)s>0) as the P-completion
of the filtration generated by B and /i (resp. fi). We denote (X?g,X?J:’W)Se[t’T] the unique
(up to indistinguishability) continuous (F2*# v G)-adapted solution to equations (3.4)-(3.5) on
(Q,]}, I@’) with &, B, I, F! replaced respectively by é, B, I, 7". For later use, we also consider,
for every w € Q, the unique (up to indistinguishability) continuous (]:'f oHot VG)s-adapted solution
(X;’g’lt(w),Xﬁ’x’ﬂ’h(w))se[tﬂ to equations (D.2)-(D.3) with ag replaced by I;(<0). Then, we see
that, for P-a.e. @ € Q, (X1, ), X2 (w, Nsepr) and (X X8 T@) Xﬁ’w’w’lt(w))se[t,r[] solve the
same system of equations. Therefore, by pathwise uniqueness, for P-ae. @ € €, we have
X (w,0) = X (@) and X" (0,0) = XPPTO(@), for all s € [, T), P(dw)-almost
surely.

Let P(F*) be the predictable o-algebra on xR, corresponding to F#. In order to define the
randomized McKean-Vlasov control problem on (Q, F, I@’), we introduce the set V of all P(F“) ®
B(A)-measurable maps :  x Ry x A — (0, 00), satisfying 0 < info g, A ? < SUPg R, g P <
00. Then, we define in an obvious way £, I@ﬁ, IAE’}, jR(t,x,w, V), and the corresponding value
function VR (¢, z, 7). We recall from step I of the proof of Theorem 3.1 that VR(t,z,m) =
VRt z, 7).

We can now prove the second inequality in (D.5), namely

VR(t,z,m) = VR(t,x,ﬂ) ‘= sup jR(t,x,ﬂ,ﬁ) < sup JR(t,z, 7, ag,v). (D.6)
eV veVy
Fix o € V. We begin noting that, since © is P(F*) @ B(A)-measurable, up to a P-null set, &
depends only (&', w'). Now, by a monotone class argument, we see that there exists a Plnull
set N € F! such that %" = v (w!, a): Q! x [t,00) x A — (0,00), given by

v (wha) = bWl a), for all (@', w!,s,a) € Q! x Q x [t,00) x A,
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is an element of V;, for every @! ¢ N1, In other words, for every &' ¢ N1, 12" is a P(FrH) @ B(A)-
measurable map satisfying 0 < infoiy;o0)xA o< SUPQ1  [£,00) x.A v*" < 0. Therefore, by
Fubini’s theorem,

T Fl
TRz, 7, 0) = E[/ﬁ%</t f(s, XLmm P is, )ds—i—g(X“”T IP’ZTE)H

— ol T n ,m I (@ Fh .
N /QE[K% (/t f( thﬂ]t(w) ]P)Ft&ft(w)?[;[t( )) d5+9(Xt e )’Pizﬁ,mm))] it

= [ TRt n @) Be) < sup TRt ma0,0),
Q vEV:

for any ag € A (recall that sup,cy, JR(t,z, 7, a9,v) does not depend on ag € A). From the
arbitrariness of ¥ € V, we deduce that SUp,y; jR(t,x,w, U) < sup,ey, JR(t,xz, 7, a9,v), hence
establishing (D.6), and consequently the second inequality in (D.5). O

Corollary D.1 Under Assumption (A1), we have
T
V(t,z,m) = esssupE”[/ E[f(s, X0"T, P’ ig, [)] ds+E[g (Xtm7r _tg ‘f”] (D.7)
vey t
Pl-a.s., for all (t,x,&) € [0,T] x R™ x L?(Q,G,P;R"), with T = P¢ under P.

P;R
Proof. Fix (t,z,£) € [0,T] x R" x L*(Q,G,P;R"), with 7 = P, under P. We have

]

T "
E[pE[ [ Bl Xt L) s+ B[o(X 2]
vey t X7

T
> El[esssupE”[/ E[f(s, th”IP’Xig, s)] ds + E[g(X35™, P _m ‘]:H”
veEV1 ¢ t
T TH
> sup El[E”[/ E[f (s, Xb" T, PL o, 1) ] ds + E[g (X" P72 )] }"t“”
t T

veV1t

By the Bayes formula, and recalling that x{ = 1 whenever v € V; ;, we obtain
T b

sup E' [E”[/ E[f (s, X7 ]P’_jg, L)] ds +E[g(Xp"", P71 )] fg‘”
vEVL t T

- s far ([ sl i sl ) 7]

veV1 L

= sup E”[/tTE[f( Xbem ]P’ffg,_)]ds—i—E[ (X, ]P’t&)]] = V(t,z,m),

veV1t

where the last equality follows from Remark 3.4. Then, we conclude that

T F1
' s supe | [ B[ X0 P 1)) s+ Bl (X5 B

f#” > V(t,,7). (D)

Let us now prove the following inequality: for every v € V, Pl-as.,

thy

Eu[/tTE[f( xtem B L) ds + E[g(X55, iig)]‘ff] < V(tzm). (D9
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Suppose we have already proved (D.9). Hence, P'-a.s.,

T .
esssupE”[/ E[f(s, X7 ]P’_,&, [)] ds + E|g (X;:w’w,]P’;ff)]
vey t T

J—“;‘} < V(t,z,m).

From the above inequality and (D.8), it is then easy to see that equality (D.7) holds. It remains
to prove (D.9). To this end, we notice that (D.9) holds if and only if the following inequality
holds: for every v € V, P-a.s.,

T =
Eu|:/t f( Xta:7r szrga )dS—{—g(Xtmﬂ— ;25)

]:-t“:| < V(t,x,m). (D.10)

Now, con81der the same probabilistic setting introduced in the proof of Theorem D.1: (2, F,P),
G, B, i, WB# = (FPM)ng, B = (F)yn0, 1, X0E, Xtom DDy PP 2, JR(t, 2, m, D),
VR(t,m,w). Observe that (D.10) holds if and only if the following inequality holds: for every
U e Y), IAP)—a.s.,

T n
Eﬁ[/t f( Xtmw P tg’ )dS—{—g(thW ;25)

]:—4 < V(t,z,m). (D.11)

Indeed, let us prove that if (D.11) holds then (D.10) holds as well (the other implication has a
similar proof). Fix v € V. Then, proceeding as in step I of the proof of Theorem 3.1, we see
that there exists 7 € V such that

—v T —p _
’f_f</ f (s, XE0T P L) ds + g (X7, Pjﬁs)) B, i
¢ T

K

and

17 T A” R

“—T</ (s, Xbom P ig, )ds+g(Xt”,P§f,g)>, B, ji
t T

14
K

have the same joint law. As a consequence,

- T L B
EY / f( Xtmw P Stga )dS—{—g(Xtmﬂ—,P]jT*) ]:;tu
LJt

t,€
X7

and

-
E” / fs. X0om P70 L) ds o+ g(XB0T P | A
LJt

t & t,&
X7

have the same law. In particular, we have

T M
P(E”[/t f (s, X057 Pl e L) ds + g (X" L)

J?“;‘] < V(t,m,w))

T Fh
_ @(Eﬁ[/ f( Xtmﬂ' ]P) tg’ )ds—kg(X;—zwﬂr,P;?é)
' T

Jﬂ SV(t,x,w)) = 1,

where the last equality follows from the assumption that (D.11) holds. This implies that (D.10)
also holds for v. Since v was arbitrary, the claim follows.

Let us now prove that (D.11) holds. For every v € v, by the Bayes formula, and proceeding
as in the proof of Theorem D.1, we find

T N
]:AEIA/|:/; f( Xt:l:ﬂ' ]P tg, )dS-'—g(thﬂ- ;zé)
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1 T i ~
= ([ et 2y a2 ) |7
t t T
o E H% T Xt:L‘T(It]P;S Itlt Xta:wlt]P) 210
- KZ_V ] f( gLET s )d8+g( fr&It Fil-
t

Then, by the freezing lemma (see for instance Proposition 10.1.2 in [29]), we obtain

v T
E[K—Z<[ f(S thﬂ[t ]P)_tglfalglt) d5+ (thﬂ[t ]P)-;Elt)>

Kt

1 T _
v s 7
N }E|:I{T </t f(S Xt$7r[t(w> ]P)-fﬁlt(w)’lg It(w)) ds + ( tx t(w),P;;ﬁjt(@))>:|

= JR(t,x,ﬂ,ft(d)),ywl) < sup JR(t,z, 7, a9,v),
vEV:

ﬁ[‘]

P-a.s., for any ag € A (recall from Theorem D.1 that sup,cy, JR(t,x,m, ag,v) does not depend
on ag € A). Then, since by Theorem D.1 we have that sup,,cy, JR(t,x, w ag,v) = V(t,z,7), we
deduce that (D.11) holds, which concludes the proof. O
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