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Abstract

We study zero-sum stochastic differential games where the state dynamics of the two
players is governed by a generalized McKean-Vlasov (or mean-field) stochastic differential
equation in which the distribution of both state and controls of each player appears in the
drift and diffusion coefficients, as well as in the running and terminal payoff functions. We
prove the dynamic programming principle (DPP) in this general setting, which also includes
the control case with only one player, where it is the first time that DPP is proved for open-
loop controls. We also show that the upper and lower value functions are viscosity solutions
to a corresponding upper and lower Master Bellman-Isaacs equation. Our results extend the
seminal work of Fleming and Souganidis [15] to the McKean-Vlasov setting.

Keywords: Zero-sum differential game, McKean-Vlasov stochastic differential equation, dy-

namic programming, Master equation, viscosity solutions.
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1 Introduction

McKean-Vlasov (McKV) control problem (also called mean-field type control problem) has been
knowing a surge of interest with the emergence of mean-field game (MFG) theory, see [21],
[5], [22], [10]. Such a problem was originally motivated by large population stochastic control
under mean-field interaction in the limiting case where the number of agents tends to infinity;
now various applications can be found in economics, finance, and also in social sciences for
modeling motion of socially interacting individuals and herd behavior. A crucial assumption in
large population models, as well as in the theory of MFG and McKV control problems, is the
homogeneity of agents with identical outcomes.
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In this paper, we are concerned with generalized McKean-Vlasov stochastic differential equa-
tions controlled by two players with opposite objectives: this problem is then called zero-sum
stochastic differential game of generalized McKean-Vlasov type. A typical motivation arises from
the consideration of two infinite groups of homogenous interacting agents pursuing conflicting
interests that can also interact between each other, like e.g. in pursuit/evasion games.

The seminal paper [15] formulated in a rigorous manner zero-sum stochastic differential
games, with state dynamics governed by standard stochastic differential equations. The for-
mulation in [15] can be described as nonanticipative strategies against open-loop controls. This
distinction of controls type between the two players is crucial to show the dynamic program-
ming principle (DPP) for the upper and lower value functions (which coincide, i.e. the game
has a value, under the so-called Isaacs condition), as it is known that the formulation open-loop
controls vs open-loop controls does not give rise in general to a dynamic game and a fortiori to
a DPP, see for instance Buckdahn’s counterexample in Appendix E of [23].

Zero-sum McKYV stochastic differential games were recently considered in [20] and [11] in a
weak formulation where only the drift (but not the diffusion coefficient) depends on controls
and state distribution. Notice that as the authors work on a canonical probabilistic setting,
their game can be seen as a game in the form feedback controls vs feedback controls. We mention
also the recent paper [3], which considers deterministic mean-field type differential games with
feedback controls.

In the present work, we study zero-sum stochastic differential games of generalized McKean-
Vlasov type where all the coefficients of both state dynamics and payoff functional depend upon
the distributions of state and controls (actually, they can also depend on the joint distribution of
state and controls, however under the standard continuity and Lipschitz assumptions, it turns
out that the coefficients only depend on the marginal distributions, see Remark 2.3). As in
[15], we use a strong formulation with nonanticipative strategies against open-loop controls. We
define the lower and upper value functions of this game, and our first contribution (Proposition
3.1) is to show that they can be considered as functions on the Wasserstein space of probability
measures. Notice that this is a nontrivial issue as we do not restrict to feedback controls.

Our second main result (Theorem 4.1) is the proof of the dynamic programming principle
for the lower and upper value functions. The key observation is to reformulate the problem as
a deterministic differential game in the infinite dimensional space L? of ¢-th integrable random
variables. Notice that the proof of the DPP is relevant also for the control case (which corres-
ponds to the special case where the space of control actions of the second player is a singleton),
as a matter of fact in the present paper we consider open-loop controls, while in the literature
the DPP has been proved only for feedback controls, see [22]. Let us mention however the paper
[4] which states a randomized DPP for the control case with open-loop controls (but without
dependence on the control distribution). We also show how to recover the standard DPP in the
case without mean-field dependence.

The third contribution of this paper (Theorem 5.1) is the partial differential equation charac-
terization of the value functions. By relying on the notion of differentiability in the Wasserstein
space due to P.L. Lions, we prove the viscosity property of the lower and upper value functions
to the corresponding dynamic programming lower and upper Bellman-Isaacs equations. Unique-
ness is stated when working on the lifted Hilbert space L? and consequently, existence of a game
value is obtained under a generalized Isaacs condition.



The outline of the paper is as follows. Section 2 formulates the zero-sum stochastic diffe-
rential game of generalized McKean-Vlasov type. In Section 3 we show that the upper and lower
value functions can be defined as functions on the Wasserstein space of probability measures.
Section 4 is devoted to the rigorous statement and proof of the dynamic programming principle
for both value functions. Finally, in Section 5 we prove the viscosity property of the value
functions.

2 Formulation of the stochastic differential game

Let (Q, F,P) be a complete probability space on which a d-dimensional Brownian motion W =
(Wi)i>0 is defined. Let F° = (F7):>0 be the filtration generated by W, and let F = (F;)¢>0 be
the augmentation of F° with the family N of P-null sets of F, so that F; = F¢ VN, for every
t > 0. Notice that F satisfies the usual conditions of P-completeness and right-continuity. We
also define, for every ¢ > 0, the filtration F* = (F!)4>; which is the P-completion of the filtration
generated by the Brownian increments (W — W;)s>; (notice that, when ¢ =0, FO coincides with
). Finally, we suppose that there exists a sub-o-algebra G of F which is independent of F,
which will be assumed “rich enough”, as explained below.

We fix a positive integer n and a real number ¢ € [1,00). We denote by Z,(R"™) the
family of all probability measures p on (R™, B(R")) with finite ¢'-order moment, i.e. |ul, :=
(f ]a:\q,u(dw))l/q < 00. More generally, for any r € [1,00) and m € N\{0} we denote by Z,(R"™)
the family of all probability measures on (R™, B(R™)) with finite 7*"-order moment. We endow
Z.(R™) with the topology induced by the Wasserstein metric of order 7:

1/r
W, (p, pf') = inf { </ \x—a:'\ru(dx,da:')> tp € Z,.(R"xR") with marginals p and ,u'},
R7 xR™

for all p, ' € Z.(R™). We assume that the sub-o-algebra G is “rich enough” in the following
sense: G satisfies

P(R) = {P;: &€ LY(Q,G,P;R)}, 2,R") = {P: €€ LYQ,G,P;RY)},  (2.1)

where P, denotes the distribution of . Possibly making G smaller, we can suppose that there
exists a random variable 'Y : (Q,G) — (G,¥), taking values in some Polish space G' with Borel
o-algebra ¢, such that 'Y has an atomless distribution and G = o(T'Y) (see Remark 2.1).

Remark 2.1 It is well-known (see e.g. Theorem 3.19 in [18]) that the probability space
([0,1], B(]0,1]), A) satisfies (2.1), with €, G, P replaced respectively by [0, 1], 5([0,1]),\ (actu-
ally, every probability space (E,&,Q), with E uncountable, separable, complete metric space,
€ its Borel o-algebra, Q an atomless probability, satisfies (2.1), this follows e.g. from Corollary
7.16.1 in [6]).

Suppose now that the sub-o-algebra G satisfies (2.1). Denote by A the Lebesgue measure on
([0,1],B([0,1])). Then, by the left-hand side equality in (2.1), there exists a random variable
I9:(Q,G) — ([0,1],B(0,1)) with distribution A, that is with uniform distribution (so, in partic-
ular, T'9 has an atomless distribution). On the other hand, given ;1 € 2, (R) (resp. p € Z,(R"))
it is possible to find a random variable n: [0,1] — R (resp. n: [0,1] — R™) with distribution p.



This implies that the random variable & = n(I'Y): Q — R (resp. £ = n(I'9): Q — R") has also
distribution p. As a matter of fact, we have:

P(E1(A) = P(((T9)"1(4) = PI7en'(4) = An~'(4),

for every A € B(R) (resp. A € B(R™)). Then, we see that the sub-o-algebra G := o(I'Y) C G
satisfies (2.1). In other words, it is enough to replace G by the possibly smaller o-algebra G. ¢

Remark 2.2 Let (F,€) and (H,H) denote two Polish spaces endowed with their Borel o-
algebrae. Notice that the following result, stronger than (2.1), holds true:

Given any probability ™ on (E, &), there exists £: (2, G) — (E,E) such that P = 7.  (2.2)
Moreover, we have the following result (which will be used in the proof of Theorem 5.1):

Given any probability m on the product space (E x H/E @ H) and ¢: (,G) — (E,E),
with distribution P, equals to the marginal distribution of m on (E,E), (2.3)
there exists a random variable n: (,G) — (H,H) such that P, = .

Proceeding along the same lines as in Remark 2.1, we see that statement (2.2) follows from
Theorem 3.19 in [18] when (G,¥) is ([0, 1], B([0,1])) and T'Y has uniform distribution; in general,
the claim follows simply recalling that all atomless Polish probability spaces are isomorphic (see
for instance Corollary 7.16.1 in [6]).

Statement (2.3) follows from Theorem 6.10 in [18] when (G,¥) is ([0, 1] x [0, 1], B([0, 1] x
[0,1])) and TY9 has uniform distribution (proceeding as before, we deduce the result for the
general case). As a matter of fact, given 7 on (E x H,E ® H), by Theorem 3.19 in [18] there
exists a random vector (z,w): ([0,1] x [0,1], B([0,1] x [0,1])) — (E x H,€ ® H) such that
P ., = m. Now, since ¢ is G-measurable, by Doob’s measurability theorem there exists a
measurable map Z: [0,1] x [0,1] — E such that ¢ = 2(T'Y). Notice that Z, as a random variable
from ([0, 1] x [0,1], B([0,1] x [0,1]),A ® A) into (E,E), has the same distribution of (, that is
P, = P, which in turn coincides with the marginal distribution of 7 on (E, ). So, in particular,
P, = P.. We can now apply Theorem 6.10 in [18], from which it follows the existence of
w: ([0,1] x [0,1],B([0,1] x [0,1])) — (H,H) such that P 5 = 7. Define 1 := w(I'Y). Then, n
is a measurable map from (92, G) into (H,#), moreover P ,, = m, hence (2.3) holds. O

Let T' > 0 be a finite time horizon and let A (resp. B) be the family of admissible control
processes for player I (resp. II), that is the set of all (FsV G)s-progressively measurable processes
a: Q2 x[0,T] = A (resp. B: Q x [0,T] — B), where A (resp. B) is a Polish space. We denote
by pa (resp. pp) a bounded metric on A (resp. B) (notice that given a not necessarily bounded
metric d on a metric space M, the equivalent metric d/(1 + d) is bounded). Finally, we denote
by Z(A x B) the family of all probability measures on A x B, endowed with the topology of
weak convergence.

The state equation of the McKean-Vlasov stochastic differential game is given by:

s
X?&aﬂ =&+ / 7(X£7§7a’67 ]PXﬁvgv"‘*Ba ar, Br, P(am,&)) dr (2’4)
t

S
+ / U(X£7£7Q7B7PX:’5’Q’57aT’7ﬂT7P(ar,BT)) dWT7
t

4



for all s € [t,T], where t € [0,T], £ € LYQ, F; V G,P;R"), o € A, § € B. On the coefficients
b and o, and also on the payoff functions f and ¢ introduced below, we impose the following
assumptions.

(A1)

(i) Themapsy: R"x Z, (R")x AxBx Z(AxB) = R", 0: R"X Z,(R")x Ax BXx Z(AxB) —
R™¥4 f: R"x P (R")x Ax Bx Z(AxB) = R, g: R"x Z_(R") — R are Borel measurable.

(ii) There exists a positive constant L such that

L(lz = /| + W, (p, 1)),
L(\x — 2|+ Wq(,u,//))a
L7

< Allelly) (1 + J]7),

for all (x, ), (2/, 1) € R" x Z,(R™), (a,b,v) € Ax Bx P(Ax B).

|7(x7ﬂv a, b7 V) - 7(33,7#/7&7 ba V)|
’U(‘T7M7a7 b7 V) - O-(x/7/j'/7a7 b7 V)‘
)|
)|

INIAIA

|7(07 507 a, bv V)| + |J(07 507 a, bv v
|f(z, p,a,b,v)| + gz, 1

Remark 2.3 In equation (2.4) we could also consider the case where 7 and o depend on the
joint law P yicaps , 5 Tather than on the marginals Pyic.os and P, 5,). So, in particular,
v = v(z,a,b,7) and 0 = o(z,a,b,7) for every m € &, ((R" x A x B), the set of probability

measures m on the Borel g-algebra of R" x A x B with marginal 7 _, having finite ¢-th order

Bn
moment. Notice however that such a generalization is only artificial, as a matter of fact under

the Lipschitz assumption (A1)-(ii), which now reads

|v(z,a,b,7) —y(2',a,b,7")| + |o(x,a,b,7) — o(x,a,b,7")| < L(\x -2+ W, (W‘Rn,ﬂ"/Rn)),
for all (a,b) € A x B and (z,7),(2',7'") € R" x 2, o(R" x A x B), with Tias = L.

it follows that v(z,a,b,7) = y(z,a,b,7’) and o(z,a,b,7) = o(x,a,b, 7’") whenever = and 7’ have
the same marginals on R™ and A x B. In other words, v = ~v(x,a,b,7) and 0 = o(x,a,b, )
depend only on the marginals of 7 on R” and A x B.

Concerning the function f, we get to the same conclusion under the continuity assumption
(A2) stated below. O

Lemma 2.1 Under Assumption (A1), foranyt € [0,T], £ € LYQ, F;VG,P;R™), a € A, 8 € B,
there exists a unique (up to indistinguishability) continuous (Fs V G)s-progressively measurable

process (Xﬁ’g’a’ﬁ)se[tﬂ solution to (2.4), satisfying
E| sup |[X06P|] < ¢, (1+E[g]). (2.5)
s€(t,T)

for some positive constant Cy, independent of t, £, a, B. Moreover, the flow property holds: for
every s € [t,T],

Xbeab — Xf’X?g’a'B’a’B, for allr € [s,T], P-a.s. (2.6)

and consequently
Pyrean = P reas o4 for allr € [s,T]. (2.7)

r



Proof. We report the proof only of (2.6)-(2.7), the rest of the statement being standard. Notice

XXy

that, by definition, the process ( refs,7] Solves the following stochastic differential

equation on [s, T] with initial condition X7

X?“ - X};’E’a7ﬁ+/ ’Y(XZ7]P>Xz7aZ7BZ7]P>(aZ,ﬂZ)) d2+/ U(X27PXzaa27/827P(az,Bz)) dWZ7

S
for all € [s,T]. On the other hand, recall from (2.4) that the process X"%®# solves the same
equation on [s, T, with identical initial condition at time s, that is Xbeeh, Hence, by pathwise
uniqueness we conclude that (Xf’Xg&a’B’a’B)TE[S,T] and (Xﬁ’g’a’ﬁ)re[s,:p] are indistinguishable, so
that (2.6) holds. We then deduce the flow property (2.7) on the probability law. 0

Remark 2.4 Notice that the (open-loop) control processes a € A, € B, are measurable with
respect to G, hence may depend on £ € L4(Q, F; VG, P;R™), and thus one cannot claim as in the
uncontrolled case or when using feedback control that the law ]P)Xz,ﬁ,a,ﬁ of X;’E’a’ﬁ Jfort <s<T,
depends on £ only through its distribution. %

The stochastic differential game has the following payoff functional:

T
J(t7£7a75) = ]E|:/ f(Xth&aﬂvpxﬁ’i,a,ﬂ,Oéryﬁralp(ar,ﬁr)) ds + g(Xéw’s’aﬂ,Px;&,a,B) 5 (28)
t

for all t € [0,7T], £ € LYQ, F V G,P;R"), a € A, € B. Notice that the payoff functional in
(2.8) is well-defined and finite by (2.5) and the growth conditions on f and ¢ in (A1)(ii). We
impose the following additional continuity conditions on the payoff functions f and g.
(A2) The maps g and (z,u) € R" x Z,(R") — f(x,u,a,b,v) are continuous, uniformly with
respect to (a,b,v) € A x B x Z(A x B), i.e. for any sequence (T, fim)m in R” x £, (R")
converging to (z,u) € R" x & (R"™), we have

m—00

sup |f(xm,,um,a,b,y)—f(a:,u,a,b,l/)! + ’g(xmyﬂm)_g(xaﬂ)‘ — 0.

(a,b,v)EAXBX 2 (AXB)

We define the upper and lower value functions of the stochastic differential game as in
Definition 1.4 of [15]. In order to do it, we need to introduce the concept of (non-anticipative)
strategy (see Definition 1.3 in [15]).

Definition 2.1
o A strategy «f-] for player I is a map «of-]: B — A satisfying the non-anticipativity property:
P(B, = By, forae rel0,t]) =1 = P(ofl, = a[f],, for ae. r€[0,t]) = 1,

for every t € [0, T and any 3,3 € B. We denote by A, the family of all strategies for
player 1.

o A strategy 5[] for player II is a map B[-]: A — B satisfying the non-anticipativity property:
P(ar = o, forae re [O,t]) =1 = P(ﬁ[a]r = Bld], for a.e. r € [O,t]) = 1,

for every t € [0,T] and any o,/ € A. We denote by B, the family of all strategies for
player 11.



The lower value function of the stochastic differential game (SDG) is given by

v(t,§) = inf sup J(t,&,,Bla]), for all t € [0,7T], € € LY(Q, F; vV G, P;R").
Bl1EBstr ac A

On the other hand, the upper value function of the stochastic differential game is given by

u(t,§) = sup inf J(¢, &, alB], B), for all t € [0,7T], € € LY(Q, F; vV G, P;R").
af]€Ast, BEB

By estimate (2.5) and the growth conditions in (A1)(ii) on f and g, we easily see that the value
functions v and w satisfy the growth condition

[o(t,&)] + [u(t, O] < Coh(Cy(1+ [ull,) (1 +EIEf),  te[0,T], € € L9, F v G, BRY),

with Cy as in estimate (2.5), and p = P,.

3 Properties of the value functions

The main goal of this section is to prove that the lower and upper value functions v and u are
law-invariant, i.e., depend on £ only via its distribution. We mention that this is a non-trivial
issue, as such property does not hold in general for the payoff functional J, see Remark 2.4.

Proposition 3.1 Under Assumption (A1), for every t € [0,T] we have

u(t,€) = w(t,8), u(t,€) = u(t,§),
for any €,€ € LY(Q, Fy V G,P;R"), with P, = Ps.

Proof. We prove the result only for the lower value function, as the proof for the upper value

function can be done proceeding along the same lines.
Fix t € [0,T7], ,§ € LY(Q, F V G,P;R"), with p:= P, = P;. Our aim is to prove that:

Given any o € A and B[] € By, there exist & € A and B[] € B..., with & (resp. B[-])

independent of 5[] (resp. ), depending only on &, ¢ a (resp. &, 3 5[]), such that: (3.1)

(&, o, Bla], W) has the same law as (&, Bla), W), so that J(t,& . Bla]) = J(t,, @, B[a)).
Notice that statement (3.1) is equivalent to the existence of two maps ¥1: A — A and Uy: B, —
B... such that for any o € A and B[] € B.,,, the quadruple (£, , Wo(3[])[e], W) has the same

law as (€, W1(a), B[01()], W), so that J (¢, a, W2(B[])[a]) = J(t, & 1 (a), B[P1(a))).
Observe that the claim follows if (3.1) holds true. Indeed, for any fixed 5[] € B, we have

sSup J(tv § a, Wy (BH)[O(]) = Sup J(tv g) \Ill(a)v B[\Pl(a)]) < sup J(t7 éa a, B[d])
acA acA acA

Taking the infimum over S[-] in B,,,, we obtain

U(t7£) = inf sup J(tvgvavﬁ[a]) < - inf sup J(t7£7a7\P2(5~[])[a])
Bl1E€Bstr ac A Bl1€Bstr acA
< _inf sup J(t,€,& Bla]) = v(t,8).
B[']GBstr acA



Interchanging the roles of ¢ and £, we get the other inequality v(t, &) > vt 3 ), from which the
claim follows.

It remains to prove statement (3.1). We split its proof into four steps. Notice that Step II
is similar to the proof of Proposition 2.2 in [7], while Step IV can be alternatively addressed
using techniques from the proof of Proposition 3.4 in [7] (see Step IV below for more details).

Step 1. Reduction to a canonical setting. Denote by E}V := Cy([0,t]; R™) the set of R"-valued
continuous paths on [0,#] starting at the origin at time 0. We endow E}¥ with the uniform
topology, so that E}” becomes a Polish space (we denote its Borel g-algebra by &"). We also
denote by P}V the Wiener measure on (E}V,&/") (recall that the Wiener measure is atomless).
Now, consider the filtration F° = (F¢)s>0 generated by the Brownian motion . Notice that
there exists a random variable T}V : (Q, F?) — (E}V, &) with distribution P}" and such that
F? = o(I'}"). On the other hand, we recall that, by assumption, there exists a random variable
I'Y9: (Q,G) — (G,9), taking values in some Polish space G with Borel o-algebra ¢, such that
I'Y has an atomless distribution and G = o(I'Y). Hence, we deduce that there exists a random
variable I';: (Q, FY vV G) — (E,E), taking values in some Polish space E with Borel o-algebra &,
such that T'; has an atomless distribution and 7PV G = o(I';). Finally, recalling that all atomless
Polish probability spaces are isomorphic, we can suppose that the probability space (E, &, Py, ),
where P, denotes the distribution of T'y, is given by the space ([0, 1], B([0,1]), A), where A is the
Lebesgue measure on [0, 1]. So, in particular, I';: £ — [0, 1] and has uniform distribution.

Step II. Canonical representation of & and . Fix a € A and 5[] € B,.

Representation of €. Since € is Fy V G-measurable, by Doob’s measurability theorem it follows
that

& = x(Iy), P-a.s.

for some measurable function y: ([0, 1], B([0,1])) — (R™, B(R™)). The equality £ = x(I't) holds
P-a.s. since Fy = F? VN. Notice that we can suppose x to be surjective. As a matter of fact, if
this is not the case, it is enough to modify x on the set €\{0, 1} (where % is the Cantor set),
replacing x for instance by the composition of the Cantor function from ¢\{0,1} to (0,1) with
a continuous map from (0, 1) to R™. The x so constructed remains a Borel measurable function.
Moreover, we still have

& = x(Iy), P-a.s.

Representation of «.. Similarly, the map a: Q x [0,T] — A is Prog(F) Vv ((F; vV G) ®{0,[0,T]})-
measurable, where Prog(F!) denotes the progressive o-algebra on Q x [0,7] relative to the
filtration F!, while {0, [0, 7]} is the trivial o-algebra on [0,7]. Then, by a slight generalization
of Doob’s measurability theorem (which can be proved using the monotone class theorem), it
follows that « has the form a5 = as(-,Tt(+)), Vs € [0,T], P-a.s., for some Prog(F") @ B([0,1])-
measurable function a = as(w,y): Q x [0,7] x [0,1] — A. As before, the fact that the equality
as = as(,T4(+)), Vs € [0,T], holds P-a.s. (so, in particular, (as)s and (as(-,I'4(+)))s are P-
indistinguishable) follows from the fact that F; = F7 V N.

Step IIL. The random variable T';. Notice that (3.1) follows if we prove the following:

3 a random variable Ty: (Q, F; V G) — ([0,1], B([0,1])) such that: (3.2)
Ty has the same distribution of Ty, o(T)) VN = o(Dy) VN = F; VG, and € = x(Ty), P-a.s.



Observe that T'; is allowed to be F; V G-measurable (not necessarily just F¢ V G-measurable).
Suppose that (3.2) holds. Since o(I'y) VN = F; V G, we can find a canonical representation of
5[] in terms of T';. More precisely, since for every & € A we have that /3 [@] is an element of B,
proceeding as in Step II for the proof of the canonical representation of «, we deduce that 3 [&]
has the form 3[a], = b%(-,Ty(+)), Vs € [0,T], P-as., for some Prog(F*) ® B([0,1])-measurable
function b% = b3 (w, y): Q x [0,T] x [0,1] — B. Now, define

(Ti(e) =) & = a.(.Tu(), (L8N =) B = b Tu()).

Notice that & € A and S]] € B.,.. We also notice that (£, «, B[], W) has the same law as

(5,@,5[@], W). So, in particular, J(t, &, a, fla]) = J(t,é,d,ﬂ[d]), that is (3.1) holds.

Step IV. Proof of (3.2). By the Jankov-von Neumann measurable selection theorem (see for
instance Theorem 18.22 and, in particular, Corollary 18.23 in [1]), it follows that x admits an
analytically measurable right-inverse, denoted by ¢: R™ — [0, 1], which satisfies:

1) x(¢(y)) =y, for any y € R™;
2) x H(¢(HDB)) = B, for any subset & of [0, 1];

3) (~!(%) is analytically measurable in R” for each Borel subset % of [0,1]. Recalling that
every analytic subset of R™ is universally measurable (see e.g. Theorem 12.41 in [1]), it
follows that (~}(%) € Z(R"), the Lebesgue o-algebra on R™. Hence ¢ is a measurable
function from (R™, Z(R™)) into ([0, 1], B([0, 1])).

Now, define
Iy == (&),
and let us prove that T'; satisfies (3.2) (notice that in the proof of Proposition 3.4 in [7], I
is constructed in a different and more direct way, namely by means of the regular conditional
cumulated distribution of T'; given both & and (Wy)o<s<¢, see [7] for all the details).
We begin noting that, since ¢ is B([0,1])/.Z (R™)-measurable, and also the o-algebra F; vV G

is P-complete, it follows that I'; is a measurable function from (€, F; vV G) into ([0, 1], B([0, 1])).
Let us now prove that I'; has the same distribution of I';. Fix a Borel subset 4 of [0, 1]. Then

P(Ly € ) = P(C(E) € #) = PEe( (D).
Recalling that € has the same distribution of £, and also that & = x(I';), we obtain
P e (M (#) = P(x(Ty) € CTH(A)) = Py e x(CTH(A))).
By item 2), we know that y~!1((~'(%)) = %, hence
P(T; € B) = P(I'; € B).

This proves that T'; has the same distribution of I';. Moreover, by item 1) we have y(I';) =
x(C(€)) = €. Tt remains to prove the equality o(I;) VN = o(Ty) VN.

Similarly to &, since € is F; V G-measurable, by Doob’s measurability theorem there exists a
measurable function x: ([0,1],8(]0,1])) — (R™, B(R")) such that & = Y(I';), P-a.s.. Hence

Iy = ¢(x(Ty),  P-as.



So, in particular, o(I';) C o(Iy) VN It remains to prove that o(I';) C o(T;) VN. Notice that
Cox is a measurable function from ([0, 1], ([0, 1])) into ([0, 1], B([0,1])). Then, it is well-known
that there exists a Borel measurable function ¢: [0,1] — [0, 1] such that ( o x = ¢, A-a.e. (we
need to consider a Borel measurable version of ¢ o x in order to use Lemma A.1, which in turn
relies on the Jankov-von Neumann measurable selection theorem). Hence

ft = ¢(Ft), P-a.s.

Then, by Lemma A.1 it follows that there exists a Borel measurable function p: [0,1] — [0, 1]
such that p(¢)(y) =y, A-a.e., so that

Iy = p(Ft)v P-a.s.,
from which we deduce the inclusion o(I';) € ¢(I';) VAN This concludes the proof. O

Definition 3.1 By Proposition 3.1, we define the inverse-lifted functions of v and u, respec-
tively:

V(tp) = v(t,8), Utp) = ut,§),  forevery (t,p) € [0,T] x Z,(R"),
for any € € LY(Q, F; VvV G, P;R™), with P, = p.

We end this section proving the continuity of the value functions.

Proposition 3.2 Let Assumptions (A1)-(A2) hold. The function (t,§) — J(t,§, o, ) is con-
tinuous on D := {t € [0,T],& € LY1(Q, F+ V G,P;R™)}, uniformly with respect to (o, ) € A X B,
and consequently the value functions v, u are continuous on D.

Proof. (1) Fix 0 <t <s<T,¢&¢e LY FVGDPRY), a € A € B. By definition of
Wasserstein distance, we have

sup Wg (]P’

< B[ sup [XpEed o xpced|t], (3.3)
s<r<T

P
xhEeB) Xg,@a,a) Pk

From the state equation (2.4), and using standard arguments involving Burkholder-Davis-Gundy
inequalities, (3.3), and Gronwall lemma, under the Lipschitz condition in (A1)(ii), we obtain
the following estimate similar to the ones for controlled diffusion processes (see Theorem 5.9 and
Corollary 5.10, Chapter 2, in [19]):

E[2u£T|Xf,’5’aﬂ—Xﬁ*c’o‘ﬂq} < C(EIE = ¢+ (L+EE+E[C|D)|s —t]),  (34)

for some constant C' (independent of ¢, s,&, ¢, a, ).

(2) Fix t € [0,T] and £ € L1(Q, F: V G,P;R™). Consider a sequence (tm)m C [0,T], (§m)m C
LY(Q, F,, VG, P;R™) such that ¢, — ¢, and &,, — £ in L? as m goes to infinity. We then have
forall « € A, B € B,

|J(tm7£m7a75) - J(t,f, «, 5)‘

tm
< IE|:/ ‘f(Xf"s’aﬁ)PXﬁ@‘"*Baa?‘)ﬁﬁp(ar,ﬁr))|dr
t
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T
+ / ‘f(XTt’{’aﬁvPXﬁ’s’a’Bv a?‘)ﬁ?‘vp(amﬁr)) - f(Xf“m’gmpé’B’Pxﬁm’gm’a’ﬁ’ar’ ﬁT’P(arvﬁ”) ‘dr
t

g Pygens) = g(XF 0 Py |
< Cyh(Cy(L+EED) (1 +EIE)9) [tm — ¢

+E { / sup | f (XS Py, a,b,v) = f (XIS Pytbnos, a,b,v) | dr
t (r,a,b,v)€[

0, T]x AxBx ZP(AXB)
+E|:|9(X§~’5’aﬁypx;£,a,ﬁ) - g()(tm’sm7 ap ]P tm 5m,a,5)|:|,

From (3.3)-(3.4), and the continuity assumption (A2) on f and g, we deduce that

sup ‘J(tm7§m7a75) - J(tafuaw@)’ — 07

acA,BeB m=—00
which implies
U(tm,gm) m:Zo U(t7§)7 U(tm,fm) m:>>o u(t7§)7
from which the claim follows. O

Corollary 3.1 Let Assumptions (A1)-(A2) hold. The inverse-lifted functions ¥ and % are
continuous on [0,T] x Z,(R").

Proof. The claim follows directly from the continuity of the value functions v and u in Propo-
sition 3.2, and also by Skorohod’s representation theorem on the Wasserstein space (see Lemma

Al in [4]). 0
4 Dynamic Programming Principle

The main result of this section is the statement and proof of the dynamic programming principle
(DPP) for the lower and upper value functions of the two-player zero-sum McKean-Vlasov
stochastic differential game.

Theorem 4.1 Under Assumption (A1), we have

E[ / f(Xf,{,oz,B[a],]P’Xﬁ,g,a,g[a],ar,ﬂ[a]r,]P’(%ma]T))dr} (4.1)

Bl1E€Bstr ac A t
ofs, X?&a,ﬁ[a})}

v(t,§) = inf sup{

and

u(t,§) = sup inf {IE

[ }E-Astr BEB

S
[ / FXEEPB P e ions, alBlr, By Pragsn,. ) dr} (4.2)
t

u(s, XLE1819) }

for all t,s € [0, T], with t < s, and for every £ € LY(Q, F; vV G,P;R™).
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Proof. We prove the dynamic programming principle (4.1) for the lower value function v, the
proof of (4.2) being similar.

For any t € [0,T], £ € LY(Q, F VG, P;R"), n € LYQ, F, VG, P;R), a € A, B € B, consider
the stochastic process (X?Em,aﬂ)se[mﬂ defined as

S
Xﬁ’g’"’o"ﬁ =7 +/ f(XTt,’g’a7B,]P>X:,£,a,ﬁ, ar,ﬂr,]P’(%m)) dr, t<s<T.
t

Notice that, from identities (2.6)-(2.7), we deduce the following flow property: for every s € [t,T],
Xbenas — Xf,’X;'E'a’B’X?g’n'aﬁ’o"ﬁ, for all r € [s,T], P-a.s. (4.3)
Now, we observe that
J(t,& 0, 8) = E[X7E07 4 g(Xp50 Pyreas)] = G(XF5F, X30007),
where G: LY(Q, Fr V G,P;R?) x LY(Q, Fr vV G,P;R) — R is defined as
G n) = En+g(&P)],  VY(&n) € LYQ,FrV G, BR") x LY(Q, Fr v G, P;R).

Then, the lower value function of the stochastic differential game is given by

v(t,() = inf supG Xt’g’a’ma],Xt’g’o’a’ﬁ[od .
(t,€) silk., Sup (X7 T )
Let
V t7 , — inf Sllp G Xtvgvavﬁ[a]7X’tvgvnvavﬁ[a} .
(t,&m) sl Sup (X7 T )

Notice that the following relation holds between v and V:

V(t,§&n) = v(t,§) + Enl. (4.4)

By (4.4), we see that the dynamic programming principle (4.1) for v holds if and only if the
following dynamic programming principle for V' holds:

V(t,&,m) = inf sup V(s,Xﬁ’g’a’ﬁ[a},Xz’s’"’a’ﬁ[a}), (4.5)
Bl1E€Bstr ac A

for all t,s € [0,T], with t < s, and for every (&,n) € LY(Q, F; vV G,P;R") x LY(Q, F, vV G, P; R).

Hence, it remains to prove (4.5). The following proof of (4.5) is inspired by the proof of the

dynamic programming principle for deterministic differential games, see Theorem 3.1 in [13].
Fix t,s € [0,T], with t < s, and (&,7) € LY(Q, F; V G, P;R™) x LY(Q, F; V G,P;R). Set

At = 3 f V Xt757avﬁ[a] Xt757n7a76[a} .
( ) 57 T,) ﬁHlIElBS” 223 (37 s )y g )

We split the proof of (4.5) into two steps.
Proof of V(t,&,m) < A(t,&,n). Fix e > 0. Then, there exists 3°[] € B, such that

A(t,€,m) > sup V(S’X?ﬁ,aﬁs[a}’)zzvfm,aﬁs [04]) —c
acA

> Vs, Xﬁ’g’“’Bs[o‘},X?@”’o"Bs [O‘]) —¢€, for every a € A. (4.6)

12



Now, notice that for every fixed o € A there exists 37°%[] € B, such that

V(s, X?E#LBE [a] 7 Xg,ﬁ,nva,ﬁs [04)

t,&,,8%[Q]l s prp o ~ t,&,0,B%[a] $t.&m,a,B%[a]l s arp
— 3 stS ;& 75 [a] stS 7XS fres 75 [a]
B B/['I]Iéfl;str j’lg;l “ (XT ’ XT
t,&a,8%a] ; gpnear o t,&,0,B%[a] $t.&m,a.B%al _, apeaq
> sup G(X;«’XS o B [ox ]’X;Xs X B [ox ]) —¢

a’e A

F€ _ 7€ 7€ _
2 G<X;Xzyfya,ﬁ [a],a,ﬂ/’s’a[a}7X—;X?é’a’ﬁ [04]7X§7§777,0475 [a],a,ﬁ”s’a[a]> .

Define °[-] € B, as follows: for every fixed o € A, we set
flal, = B[a], Lio,q () + B o, Lis)(7), for all r € [0, 7.
Then, we can rewrite (4.7) in terms of §° as

1% (S7 X?ﬁ,aﬁ_s [a] , X?Eﬂ%aﬁ_s [o] )

- t.€,0,8%a] | ge ~ o xb&aBlal gtEmafla]l | e
= V(37 X§7§7a755[017X?fﬂhaﬁs[a}) 2 G<X57XS 8 [O‘} X57XS ,Xs a8 [O!]

T AT
By the flow properties (2.6)-(4.3), we obtain
V(37X?&a,ﬁs[a},X;f,i,ma,ﬁs[a}) > G(X;&aﬁs[aljX;f,i,n,a,ﬁf[a}) e
Plugging the above inequality into (4.6), we find
A(t,&,m) > G(erp’g’a’ﬁg[a},Xg’g’"’a’ﬁs[a}) —2e, for every a € A.

The claim follows taking the supremum over A and then the infimum over B,,.

Proof of V(t,&,n) > A(t,&,n). Fix ¢ > 0. Then, there exists 5°[-] € B,,, such that

sup G(X;lf’a’gs[a],X;g’"’a’gs[a}) < V(& n) +e.
acA

We also have . .
A(t’ Ea ,’7) é Sup V(S, szgvayﬁs[a] , X};’S’T]va:ﬁs[a}) .
acA
So, in particular, there exists o € A such that
A(t, 57 77) é V(s, X§7§7a6735[a5},X§7§7n7a5766[a6}) _|_ €.
Now, for every o € A define a° € A by

a; = ag g g(r) + o 1 (1), for all r € [0, 7.

Then, define 3¢ € By, by 5°[a] = 3°[a%], for every a € A. Hence

V (s, X660 B7l%] gtémat5lal])

A Xévaas;gs[as]
= inf sup G(X;’ ° o

S7X§,€,a5,55[a€] ’X?Em,asﬁs[as] ,a,ﬁ[a})
Bl-]€Bstr ac A

[a], XT
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t,¢,a%,8% ] e ~ t,6,0%,8%[®] $t,&m,a%,8%[af] e
S Squ(X;—:XS 70575 [a},X;’XS 7Xs 70575 [a]>
acA
AT BTIAT] e Berzel 4o xDEATBTIAT] $1.6mG5 BY[G%] so Berge
— Squ(X;’ s ;0,8 [C“}’X;_‘v s X s ,65,8 [a]>7
acA

where the last equality follows from the definitions of &° and §°. By the flow properties (2.6)-
(4.3), we obtain

V (s, X605 Fl0] grmat Blatly < sup G (XL ghena )
«

Consequently, there exists o> € A, and the corresponding @*° defined as in (4.10), such that
£ RE[AE ~ e RET~E ~2.e Re[~2,e ~ ~2,e RE[F2,€
V(S,Xﬁ’g’a B |« },X;t,ﬁ,n,a NeRe" ]) < G(X;g’a Be[a }’X;ﬁm,a Bea }) te.
Finally, using inequalities (4.8) and (4.9), we obtain
V(S, szgvasvﬁ_s [aé‘} s szgvnvasvﬁ_s [OCE]) _|_ £
el prealptaCa X;Em@“ﬁs[d“}) 1 9e

sup G(X;ga,ﬁ’f[a]’X;gn,aﬁs[a]) +2e < V(t,&n) + 3¢,
acA

A(t,&,n)

INIA

IN

which concludes the proof. O

We immediately deduce the DPP for the inverse-lifted lower and upper value functions.

Corollary 4.1 Under Assumption (A1), we have
V(t,u) = inf sup {E[/ f(Xﬁ’f’O"B[O‘},]P’Xt,g,a,ma],Ozr,ﬁ[a]T,[P’(amﬁ[a]r)) dr] (4.11)
Bl 1€Bstr ac.A t "

+ ¥ (s, ]P’Xz,s,a,mcu) }
and

U(t,u) = sup inf{

S s E{/ f(Xﬁvﬁya[ﬁ]ﬁ,]P’Xﬁ,g,a[am,a[ﬂ]r,ﬂr,ﬂl’(a[m“m)) d?‘]

t

+U (S, ]P)Xz,s,a,ﬁ[a]) },

for allt,s € [0,T], witht <s, p € Z,(R"), and any § € LI(Q2, G, P;R"™) such that P, = p.

The case without mean-field interaction

Let us consider the particular case of standard stochastic optimal control problem (for the case
of a standard two-player zero-sum stochastic differential game see Remark 4.1 below), where
G is the trivial o-algebra and all coefficients depend only on the state and control (of the first
player), but not on their probability laws (as well as on the control of the second player):

(A3) G={0,Q} and v = v(z,a), 0 = o(x,a), f = f(z,a), g = g(x), for every (x,a) € R™ x A.
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The assumption that G is trivial implies that the lower and upper value functions v =
v(t,€) and u = wu(t,€) are defined only for all t € [0,T], £ € LY, F;,P;R™) (rather than
¢ € LYQ, F, vV G,P;R™)). This also reflects on ¥ and %, which now are defined on a possibly
smaller set, given by all pairs (¢, u) € [0,T] x Z,(R™) for which there exists £ € LI(Q2, F;, P; R™)
such that P, = . Another consequence of the assumption that G is trivial is that A (resp. B)
coincides with the family of all F-progressively (rather than (Fs V G)¢-progressively) measurable
processes taking values in A (resp. B).

Under Assumption (A3), denote by X% the solution to (2.4) when there is only the control
process a. By an abuse of notation, we still denote by J = J(t,&, ) the payoff functional, which
now depends only on t, &, a:

T
su.c.a) = B[ [ 50500 ds + o35

Notice that under (A3), the lower and upper value functions coincide with each other, and are
simply given by:

v(t, &) = u(t,§) = sup J(t,§, ), for all t € [0,T], € € LY(Q, F;,P;R™).
acA

For any t € [0,T], x € R", a € A, denote by X“®* the solution to (2.4) when the initial condition
at time ¢ is given by a constant ¢ = x in R™. Similarly, let J?(¢,z,a) be the payoff functional
when £ = x, namely (the capital letter B at the top of J refers to “Bellman”)

T
Pta) = &) [ (xte 0 s +g(x37°)].

So, in particular, JB(t,z, a) coincides with J(t,¢,a) whenever ¢ = x in R™. Finally, the value
function of the standard stochastic optimal control problem is given by:

vP(t, ) = sup JP(t,x, ),
acA

forall t € [0,T], z € R™

The following result makes the connection between the standard value function v” and our
value functions v = u, or the value functions ¥ = % on the Wasserstein space, and show that
one can retrieve the standard DPP in the non-McKean-Vlasov case from Theorem 4.1.

Proposition 4.1 Under Assumptions (A1) and (A3), we have, for allt € [0,T], p € Z,(R"),

V(tp) = ot,8) = ut,§) = %(t,pu) = / VP (ta)p(de) = EP(t8)), (4.12)

n

for any & € LY(Q, F;,P;R™), with P, = p. Therefore, we have the DPP for vP:
S
vP(t,z) = supE {/ f(Xf»’x’a, ar) dr + P (s,Xﬁ’x’a) ,
acA t

for all t,s € [0, T], with t < s, and for every x € R™.
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Proof. If the sequence of equalities (4.12) holds true, the DPP for vP is a direct consequence
of Theorem 4.1. Then, it remains to prove (4.12).

Fixt € [0,7], p € Z,(R"), and § € LY(Q, F;, P;R") with P, = p. Equalities ¥ =v =u =%
follow directly from Assumption (A3). Therefore, it only remains to prove the following equality:

o(t,&) = EpP(t,¢).

Proof of the inequality v(t,&) < E[vP(t,£)]. We adopt the same notations as in Steps I and
IT of the proof of Proposition 3.1. So, in particular, we consider a uniformly distributed random
variable I';: © — [0, 1] such that o(T';) = F¢. Moreover

& = x(Iy), P-a.s.,
as = as(,T4(4)), Vs e [0,T], P-as., (4.13)

for some measurable functions y: ([0,1],B([0,1])) — (R™,B(R™)) and a: (2 x [0,7] x [0, 1],
Prog(F*) ® B([0,1])) — (A, B(A)). For every fixed y € [0, 1], denote ¥ := a.(-,y). Notice that
a¥ € A and, in particular, it is Ff-progressively measurable.

Similarly, the controlled state process (X§7§7a)56[t7’]‘} is F-progressively measurable, so, in
particular, it is Prog(F') v (F; ® {0,[0,T]})-measurable (where {0, [0,7]} denotes the trivial
o-algebra on [0,7]). Then, X" has the form

Xboo = b Ty()), Vs e [0,7T], P-as.,

for some Prog(F!) @ B([0, 1])-measurable function z$* = 255 (w,y): Q x [0,T] x [0,1] — R™.
By pathwise uniqueness to equation (2.4), we deduce that there exists a Lebesgue-null set
N € B(]0,1]) such that

xheo(y) = xtxwar Vs e [t,T)], P-as.,

for every y € [0,1]\N. Hence, using the fact that o(I';) = F7 is independent of F%, by Fubini’s
theorem we deduce that the payoff functional can be written as follows:

1 T
J(t’ 57 Oé) = / E|:/ f(X§7X(y)7ay’ag) ds + g(X;_y‘X(y)vay) dy (414)
0 t

1 1
= [ P awra)dy < [ P dy
0 0

Taking the supremum over « in A, we conclude that
"B B
w09 < [ W)y = BP0l
Proof of the inequality v(t,£) > E[vP(t,£)]. Recall that

BP(t6)] = [ oP(ta) ulds)

and, for every x € R",

T
v(ta) = sup JP(t,2,0) = supE[/ FXED ag) ds + g (X577) |
acA acA t
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Notice also that the following equality holds:

sup JP(t,z,a) = sup JB(t,z,0), (4.15)
acA acAt
with A* C A denoting the set of all Fi-progressively measurable processes taking values in A.
In order to see that (4.15) holds, we begin noting that sup,c 4 JZ(t, 7, ) > supeat J2(t, 2, )
since A C A, so it remains to prove the other inequality. Given a € A, recalling that o can be
written as in (4.13), we find (proceeding as in (4.14))

1 T
TPt a) = / E[ / f(Xg’x’ay,ag)ds+g(Xfp’””’°‘y)]dy
0 t

1 1
= [ Prandy < [ swsPeaa)dy = sup s (tea),
0 0 acAt ac Al
where the inequality follows from the fact that o¥ € A!, for every y € [0,1]. From the arbitrari-
ness of a € A, we deduce the other inequality, from which (4.15) follows.
Given € > 0, for every x € R" let o®° € A! be an e-optimal control, namely

vB(t,z) < JP(t,x,a%F) +¢. (4.16)
Suppose for a moment that the composition af := o belongs to \A. Then, from (4.16) we get
vP(t,6) < JB(t,&,0°) +e. (4.17)

Notice that JZ(t,&,af) is a random variable, indeed it is a function of £&. We also observe,
similarly as in (4.14), that the expectation of JB(t,&,0°) coincides with J(t,&,a°). Then,
taking the expectation in (4.17), we obtain

E[vB(t,&)] < E[JB(t, & 05+ = J(t,&a°) +e < v(t,€) +e.

From the arbitrariness of ¢, the claim follows. It remains to prove that o belongs to .A. More
precisely, it is enough to prove that for every x € R™ we are able to find an e-optimal control
a® € A! such that the composition o belongs to A. This last statement follows easily when
the random variable ¢ is discrete. In the general case, we need to apply a measurable selection
theorem. To this end, we define the following metric on A’ (see Definition 3.2.3 in [19]):

T
prr(a, o) = E[/ pA(ozs,oz;)ds},
0

for any a, o € A?, where we recall that p4 is a bounded metric on the Polish space A. We observe
that the metric space (A, pk;) is complete. Let us now prove that (A', pk,) is also separable, so
(A%, piy) is a Polish space. Firstly, notice that if A is equal to some Euclidean space R™, then A
coincides with the closed subset of the space L' (2 x [0, 7], Fr @ B([0,T]), dP® ds; (A, pa)) of all
Ft-progressively measurable processes; so, in particular, (see page 92 in [12] and the beginning of
Section 2.5 in [25]) the space (A', pk;) is separable since the o-algebra F&@B(]0,T7) is countably
generated up to null sets. When A is a generic Polish space, the same result holds true. As a
matter fact, proceeding as in [12], page 92, we see that the separability of (A, pk,) follows from
the following facts: since, up to null sets, the o-algebra % @ B([0,77]) is countably generated,
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the subfamily of A? of all processes which are equal to an indicator function of a measurable set
in .7-'} ® B([0,T1]) is separable; it follows that the subfamily of all step processes taking values
in some fixed countable subset of A is separable; given that A is separable, the subfamily of all
step processes is separable; since this latter subfamily is dense in A’, it follows that A’ is also
separable.

We can now apply the Jankov-von Neumann measurable selection theorem, and in particular
Proposition 7.50 in [6]. More precisely, in order to apply Proposition 7.50 in [6], we begin noting
that X, Y, D, f, f* in [6] are given respectively by R", A, R"® x Af, —JB(t,-,-) (the minus sign
is due to the presence of the inf in [6]), vP(t,-). We firstly notice that —JB(¢,-,-): R" x A" - R
is a Borel measurable function, so, in particular, it is lower semianalytic. Then, by Proposition
7.50 in [6] it follows that: for any e > 0, there exists an analytically measurable function
af: R" — A! such that

vB(t,x) < JB(t,x, af(x)) +e, for every x € R"™.

Since every analytic set in R™ belongs to the Lebesgue o-algebra Z(R™), we see that af is a

measurable function from (R", Z(R™)) into (A, B(A")). Now, it is easy to see that there exists
a measurable function a&°: (R", B(R™)) — (A’ B(A")) which is equal to a® a.e. (with respect
to the Lebesgue measure on R™). As a matter of fact, if a® is a sum of indicator functions on a
Lebesgue measurable partition of R™, the result follows from the fact that if Z € Z(R™) then
there exists 2 € B (R™) such that the Lebesgue measure of BADB is zero; for a general Lebesgue
measurable function af, the result follows by an approximation argument. We thus have

vP(t,x) < JB(t,x,a5(x)) +e, for a.e. x € R"™.

In order to conclude the proof, we notice that it remains to prove that the composition of :=
a® (&) belongs to A. To this end, suppose firstly that &° is a sum of indicator functions on a
Borel measurable partition of R™, namely

a*(z) = D af lea,), (4.18)

where {af}; € A" and {%,;}; C B(R") is a partition of R". If &° has the form in (4.18),
then it is clear that the composition a®(§) belongs to A, that is &°(§) is an F-progressively
measurable process (as a matter of fact, for every 7, both af and the indicator function 1y¢c 4,
are F-progressively measurable processes). For a general Borel measurable function, the result
follows by an approximation argument. O

Remark 4.1 The extension of Proposition 4.1 to the case of two-player zero-sum stochastic
differential games presents some difficulties, as we now explain. Consider a standard two-player
zero-sum stochastic differential game, firstly studied in the seminal paper [15], where all coeffi-
cients depend only on the state and controls, but not on their probability laws:
(A3)game G ={0,Q} and v =~(x,a,b), 0 = o(z,a,b), f = f(z,a,b), g = g(x), for every (x,a,b)
ceRYx Ax B

The lower and upper value functions of this standard stochastic differential game, as consi-
dered in [15], are defined as follows:

P9t x) = inf sup JEY(L, 2, 0 Bla)),
B[']eBstr acA
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uWS(t,a) = sup  inf T, 2, al8], ),
al|€As: PEB

for all t € [0,T], x € R", where

T
JFS(tjxja,,B) = E|:/ f(st;f,gc,a,B7a8758) dS—l—g(X;lx’a’B) '
t

In order to adapt the proof of Proposition 4.1 to this context, we need the following generaliza-
tions of equality (4.15):

inf  sup JT(t,z,a,Bla]) = inf sup JFV(E, 2, o, Bla]), 4.19
BHEBSH(XEA ( [ ]) ﬁ[']elggtr OlE.At ( [ ]) ( )

sup inf J"5(t,z,a[B],8) = sup inf J"(t,z,alf], ), (4.20)
al]€ s, PEB afJeAt,, BB’

where A? (resp. B') denotes the set of Ft-progressively measurable processes taking values in A
(resp. B), while A’ (resp. B, is defined as A, (resp. B..) replacing A and B respectively
by A! and Bt. The validity of (4.19) and (4.20) is however, at least to our knowledge, still not
known in the literature, although we conjecture that relations: v(t,&) = Ep(t,&)], u(t, &) =

E[uf5(t,£)] hold true, see also Remark 5.3. O

5 Bellman-Isaacs dynamic programming equations

This section is devoted to the derivation of the Bellman-Isaacs equation from the DPP for the
lower and upper value functions, and the viscosity PDE (partial differential equation) charac-
terization. We shall provide a PDE formulation for the value functions on the Hilbert space
L?*(Q,G,P;R") (hence for ¢ = 2) or alternatively via the inverse-lifted (recall Definition 3.1)
identification on the Wasserstein space of probability measures &2,(R"™).

We shall rely on the notion of lifted derivative with respect to a probability measure and
It6’s formula along flow of probability measures that we briefly recall (see [10] for more details).
Firstly, we fix some notations. Given p € Z,(R"™), for any r € [1,00) and m € N\{0}, we use the
shorthand notation Lj,(R™) to denote the space L"(R", B(R"), u; R™) of R™-valued r-integrable
functions with respect to . Similarly, L7°(R™) denotes the space L>(R™,B(R"), u; R™) of
R™-valued p-essentially bounded functions.

Let 9 be a real-valued function defined on &2,(R™). Denote by v the lifted version of ¥, that
is the function defined on L?($2,G,P;R") by v(£) = 9(P,). We say that o) is differentiable (resp.
Ch) on Z,(R") if the lift v is Fréchet differentiable (resp. continuously Fréchet differentiable)
on L?(,G,P;R™). In this case, the Fréchet derivative [Dv](¢) of v at & € L*(Q,G,P;R"),
viewed as an element Duv(¢) of L%(Q2,G,P;R™) by the Riesz representation theorem: [Dv](&)(Y)
= E[Dv(§).Y] (we denote by . the scalar product on R™), can be represented as

Du(€) = 90(P,)(&), (5.1)

for some function 9,9(u) : R™ — R", with 8,9(p) € L2 (R"), depending only on the law 1 =
P, of &, and called derivative of ¥ at u. We say that o is partially C?% if it is C!, and one can
find, for any p € Z,(R"), a continuous version of the mapping € R™ — 09,9(u)(x), such that
the mapping (u, z) € P (R") x R" + 0,0(1)(x) is continuous at any point (u, ) such that x €
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Supp(u), and if for each fixed p € Z,(R™), the mapping x € R” — 0,9(p)(x) is differentiable in
the standard sense, with a gradient denoted by 0,0,9(u)(x) € R™*™, this derivative being jointly
continuous at any (u,z) € Z,(R™) x R" such that « € Supp(u). We say that 9 € CZ(2,(R"))
if it is partially C?, 9,8,9(p) € L2 (R™™), and for any compact set K of Z2,(R™) we have

2
sup [/ |00 () ()| pu(d) + H@mauﬂ(,u)uw < oo.
HeEK R™

Moreover, when the lifted function v is twice continuously Fréchet differentiable, its second
Fréchet derivative D?v(¢), identified by the Riesz representation theorem as a self-adjoint (hence
bounded) operator on L?(2,G,P;R"), that is D?v(¢) € S(L?(2,G,P;R™)), is given by

E[D*v(¢)(ZN).ZN| = E[tr(0,0,9(P)(£)Z2Z7)] (5.2)

for every Z € L%*(Q,G,P;R™%) and any random vector N € L?(Q2,G,P;R?), with zero mean
and unit variance, independent of (¢, 7).

Finally, we say that a function ¢ € C; 2([0,T] x 2,(R™)) if ¢ is continuous on [0, T] x Z,(R™),
for every t € [0, T] the map ¢(t,-) belongs to CZ(2,(R™)), and for every u € Z,(R") the map
©(+, i) is continuously differentiable on [0, 7). Moreover, we say that a function ¢ € C2([0, 7] x
L?(Q,G,P;R™)) if ¢ is continuous on [0,7] x L%(Q, G, P;R"), for every & € L*(Q,G,P;R") the
map ¢(+, &) is continuously Fréchet differentiable, for every ¢ € [0,7] the map ¢(t,-) is twice
continuously Fréchet differentiable.

Remark 5.1 The above definition of differentiability in the Wasserstein space, which is extrinsic
via the lifted identification with the Hilbert space of square-integrable random variables, is due
to P.L. Lions [21] (see also [9]), and turns out to be equivalent to a more intrinsic notion (of
derivative in the Wasserstein space) used by various authors in connection with optimal transport
and gradient flows (see e.g. [2], [16]), as recently shown in [17]. O

We also recall 1td’s formula along flow of probability measures for an It6 process
dXt = bt dt + Ot th,

where b and o are (F; V G)¢-progressively measurable processes. Then, for ¥ € CZ(Z,(R™)), we
have

d

1
ZIPy) = E|bdd(By)(Xe) + 5tr(0107 0,00 (B, )(X2) |

Let us now introduce the function defined on R" x Z,(R") x A x B x Z(A x B) x R" x R"*"
by

1
H(‘T7 /’[/7 a? b7 V7p7 M) = ’Y(x7 l”’? a7 b7 V)’p —"_ §tr(UUT(x7 l”’? a7 b7 V)M) —"_ f(x7 /’[/7 a? b7 V)'

Finally, we denote by L°(Q,G,P; A) (resp. L°(Q2,G,P; B)) the set of G-measurable random
variables taking values in A (resp. B).
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Lemma 5.1 Suppose that Assumption (A1) holds and fix p € P,(R™). Consider two maps
p: R* = R" and M: R™ — R™" such that p € LZ(R”) and M € L7 (R™ ™), then

inf  E[H((,P,,a,b,P M
aeLOTS%P;A)beLO(lfIig,lP’;B) [ (57 o & (a’b)’p(g)’ (f))]
= inf  E[H({,P.,a,b,P c), M(€ 5.3
aeLo?flzlg,P;A)beLO(lg,g,P;B) H (&P 2.5 Py D0, M) >
and
inf E[H(¢,P,,a,b,P M
beLO(0.0.P5) acL0(2.0,7:A) H(EFe 2 b,y (6, MICE)]
=  inf sup  E[H(,P,,a,b,P,, ,p(), M(©))], (5.4)

beL?(Q2,G,7;B) ac10(Q,G,P;A)
for any €,€ € L*(Q,G,P;R™), with P, = P;.

Proof. We only prove (5.3), the proof of (5.4) being analogous. In order to show (5.3), we can
proceed along the same lines as in the proof of Proposition 3.1, even though in this case the
proof turns out to be much simpler (here a and b are random variables rather than controls or
strategies as in Proposition 3.1). For this reason, we skip the details and only report the main
steps of the proof.

Similarly to the proof of Proposition 3.1, our aim is to prove the following:

Given any a € L°(Q,G,P; A) and b€ L%(Q,G,P; B), there exist a € L°(Q,G,P; A)
and b € L°(Q,G,P; B), with a (resp. b) independent of b (resp. a), such that:
(¢,a,b) has the same law as (€,a,b), so that (5.5)
E[H(&PabP,, p),ME¢)] = E[H(P,4b,P_, p&)M@)].

In order to prove (5.5), we recall that, by assumption, there exists a random variable T'9: (Q,G) —
(G,9), taking values in some Polish space G' with Borel o-algebra ¢, such that I'Y has an atom-
less distribution and G = ¢(I'Y). Since all atomless Polish probability spaces are isomorphic, we
can suppose that (G,9) is ([0,1],B8(]0,1])) and that T'9 has uniform distribution.

Recalling that £ and a are G-measurable, we have that

¢ = x(T9), a = a(l'9), P-as.

for some measurable maps x: [0,1] — R™ and a: [0,1] — A. We can suppose, without loss of
generality, that x is surjective. Then, we notice that (5.5) follows if we prove the following:

3 a G-measurable random variable T9 with values in [0,1] such that: (5.6)

T9 has the same distribution of T9, o(T9)VN =GV N, and € = x(T9), P-a.s.

As a matter of fact, suppose that (5.6) holds. Since o(T9) VN =GV A and b is G-measurable,

we have
b = b(Y), P-a.s.

for some measurable function b: [0,1] — B. Now, define

a = a(T9), b := b(IY).
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Observe that a € L°(Q,G,P; A) and b € L%(Q,G,P; B). We also notice that (£,a,b) has the
same law as (€,a,b), so that (5.5) holds.

It remains to prove (5.6). Proceeding as in Step IV of the proof of Proposition 3.1, by the
Jankov-von Neumann measurable selection theorem we deduce the existence of the analytically
measurable right-inverse ¢ of y. Then, we define

Proceeding as in Step IV of the proof of Proposition 3.1 we see that 'Y satisfies (5.6), from
which the claim follows. O

In view of the above Lemma, we can define the lower and upper Hamiltonian functions 57,
Ay Py(R™) x LZ(R") x L2 (R™™) — R by

A (1, p, M) = inf  E[H b, P M
(1, P, M) weriP et [H (& 12, b, P, (), M(€))]
H(p,p, M) = inf sup  E[H(& p,a,b, P, p(£), M(€))]

beL"(Q,6,7;B) ac1,0(Q,G,P;A)

for every (u,p,M) € Z,(R") x Li(R") x Lyf (R™™), with £ € L?*(Q,G,P;R") such that P, =
w. Then, consider the lower Bellman-Isaacs equation on [0,7] x Z2,(R"™):

oV
—E(t,,u) — H(p, 0,9(t, 1), 0.0,9(t, ) = 0, (t,n) €[0,T) x P5(R™),
W) = [ gwpntn), we 2@
(5.7)
and the upper Bellman-Isaacs equation on [0,7] x Z2,(R"™):
oY
_E(tnu) - '%p-i-(:uaauﬂ(tau)vaxauﬁ(u:u)) - 07 (tvu) € [OvT) X '@2(Rn)7
W) = [ s, we 2@
(5.8)

The corresponding lifted equation on [0, 7] x L?(Q2, G, P; R™) is formulated as follows in view

of the relations (5.1)-(5.2) between derivatives in the Wasserstein space and Fréchet derivatives.
We define the functions H_, H, : L2(Q,G,P;R") x L%(Q, G, P;R™) x S(L*(Q,G,P;R")) — R by

H_(&,P.Q) =  sup inf E[y(&,Psab,P,,).P

,b
acLo(Q,G,P;A) beL%(Q,G,P;B) (a,b)

1
+ 5@(0(57 ]P)@ a, b7 ]P)(a,b) )N)O-(é.v ]P)@ a, b7 ]P)(a,b) )N + f(gv ]Pév a, b7 ]P)(a,b) )] )

Hi(6,PQ) = inf E[ P,a,b,P_, ).P
+(&PQ) beLO(DG.F) ac Lo g o) (€, Pe,a,b, P, )
1
+ 5Q(0(& P, b, P, )N).0(, Py, b, P, )N+ f(g,Pé,a,b,P(a,b))]

where N € L?(Q, G, P; R?), with zero mean and unit variance, is independent of £. Then, consider
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the lower Bellman-Isaacs equation on [0,T] x L?(Q,G,P;R"):

~2,6) — H (6, Du(t,€), D*0(1,6)) = 0. (4.6 € 10,7) x I2(0, G, PR,
u(T,§) = E[g(&,Pe)], €€ L*(Q,G,P;RY)
(5.9)
and the upper Bellman-Isaacs equation on [0,7] x L?(Q,G,P;R"):
{‘gjju,g) ~H (&, Dol €), D0(1,6) = 0, (1,6) € 0.7) x (0,6, P R"),
(T, €) = E[g(¢,P)], &€ L*(Q,6,P;R"Y).
(5.10)

Remark 5.2 In the case where the coefficients do not depend on the law of the controls, i.e. v =
v(z, pu,a,b), 0 = o(x,p,a,b), f = f(x,u,a,b), sothat H = H(x, pu,a,b,p, M), the optimization
overa € L°(Q,G,P; A) and b € L%(Q, G, P; B) in the Hamiltonian functions 2#_ and /7, reduces
to a pointwise optimization over A and B inside the expectation operator, namely

A (P, M) = E[sup inf H(E, 1,0, p(€), M(8))] (5.11)
acAbEB

A p, M) = E| inf sup H(z, 1 a,b, p(€), M(€))]
€B gecA

Indeed, it is clear that for any a € L°(Q2, G, P; A),

beLO(ig’fg’P;B)E[H(é,u,a,b,p(é),M(ﬁ))] > E[gengH(é’,u,a,b,p(i),M(é))]

Conversely, by the Jankov-von Neumann measurable selection theorem, for any ¢ > 0, there ex-
ists a measurable function € R" — b°(z) € B (depending on a) such that gn{? H(t,z,p,a,b,p(z), M(x))
€

> H(t,z,p,a,b°(z),p(z), M(x)) — ¢, u(dr)-a.e.. By considering b® = v°(¢) € L%(Q,G,P; B),
we then have

E[jnf H (€, 1 a,b, p(€). M(£))]

v

E[H (¢ p.a, b, p(€), M(€))] — ¢

= beLO(igll,fg,lP’;B) £ [H (é’ 1,2, b, p(E), M(f))] - &

and thus, by sending € to zero, the equality:

pepoltl B[ (6 2. b,p(O) M) = E[nf H(& .2, p(€), M(©))].

Next, following the same argument as above, we show that

e peroinl B [H (& p,a,b,p(€),M(6))] = E[ilelg inf H (&, p, a,b,p(€), M(§))]

Similarly, the optimization over a € LY(Q,G,P; A) and b € L%(Q,G,P; B) in the Hamiltonian
functions H_ and H. reduces to a pointwise optimization over A and B inside the expectation
operator. O
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Remark 5.3 (Case without mean-field interaction)

Consider the standard zero-sum stochastic differential game as in [15] where all the coefficients
depend only on state and controls. Given a function v/% € C%2([0,7] x R") with quadratic
growth condition on its derivatives, let us define the function 9 on [0,7] x Z,(R™) by

I(tp) = EpTEl  pe PR, (€ LX(Q,G,RY), P, = p.

Then 9(t,-) is partially C?, while J(-, u) is C!, with

00t ) = D™5(t,),  9,0,0(t,n) = D2, ), ot = E[ 5 (t,g)].

Moreover, we have (recalling also (5.11))

09
— (t, ) + A (1, 0,9(t, ), 0,0,0(t, 1))

ot P

=E W(t,g)+Hfs(f,vaFS(t,f),ngst(t,f))]a (5.12)
where HES(2,p, M) = sup,e,infrep [v(z,a,b).p + 3tr(co™(z,a)M) + f(z,a,b)] is the lower
Bellman-Isaacs Hamiltonian associated to the zero-sum stochastic differential game as in [15].
The connection (5.12) between the lower Bellman-Isaacs equation on [0, 7] x R™ and the lower
Bellman-Isaacs equation on [0, 7] x Z2,(R™) shows that v is a (smooth) solution to

0 FS
- "(f% (t,2) — HES (2, DpoPS(t, ), D20F5 (¢, 2)) = 0, (t,x) €[0,T) x R",
UFS(T7$) = 9(517), r € R",

if and only if ¥ is a (smooth) solution to (5.7). A similar connection holds for the upper
Bellman-Isaacs equation. O

We now consider two definitions of viscosity solution for the Bellman-Isaacs equations, on
one hand on the Wasserstein space &%,(R™) and on the other hand on the lifted Hilbert space
L?(9,G,P;R"). In the sequel, the Hamiltonian function . denotes either /# or J#,, and H
stands for H_ or H.

Definition 5.1 (Viscosity solution in 22,) A continuous function ¥ on [0,T] x Z,(R"™) is a
viscosity solution to (5.7) (or (5.8)) if:

(i) (viscosity supersolution property): 9(T,p) > [pn g(x, p)p(dz), p € Po(R™), and for any
test function ¢ € C’;’%[O,T] x P,(R™)) such that ¥ — ¢ has a minimum at (t,,p,) €
[0,T) x Z,(R™), we have

90

a(ton“o) - %(Nov8#‘:0(%7”0)78968#90(7507#0)) > 0.

(ii) (viscosity subsolution property): O(T,pu) < [p, 9(z, p)u(dz), pp € P2(R™), and for any
test function ¢ € C’;’%[O,T] x P, (R™)) such that 9 — ¢ has a mazimum at (t,,p,) €
[0,T) x Z,(R™), we have

Jyp
_E(ton“o) - %(Nov8#‘:0(%7”0)78968#90(7507#0)) < 0
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Definition 5.2 (Viscosity solution in L?) A continuous functionv on [0, T]x L*(Q, G, P; R™)
is a wviscosity solution to (5.9) (or (5.10)) if:

(i) (viscosity supersolution property): v(T,€) > E[g(¢,P,)], € € L?(2,G,P;R™), and for any
test function ¢ € C12([0,T] x L?(2,G,P;R™)) such that v — ¢ has a minimum at (t,,&,)
€ [0,T) x L*(Q,G,P;R"™), we have

_%(tmgo)_,H(é‘ovD¢(t0,fo),D2¢(t07§O)) > 0.

(ii) (viscosity subsolution property): v(T,¢) < E[g(¢,P,)], € € L*(Q,G,P;R"), and for any
test function ¢ € CH2([0,T] x L*(Q,G,P;R™)) such that v — ¢ has a mazimum at (t,,&,)
€ [0,T) x L*(Q,G,P;R"™), we have

99

_E(tmgo)_H(éovD¢(t07£0)7D2¢(t07£o)) < 0

Remark 5.4 Given these two definitions of viscosity solutions in %, (R") and in L?(€), G, P; R"),
a natural question is the connection between the viscosity property of ¥ to the Bellman-Isaacs
equation (5.7) (or (5.8)) and the viscosity property of its lifted function v to (5.9) (or (5.10)).
Actually, as pointed out in [8] (see their Example 2.1), for a function ¢ € C’I} 2([0,T] x 2,(R™))
its lifted function ¢ may not be in general in C*2(]0, 7] x L?(Q2, G,P; R™)), which means that we
cannot deduce from the viscosity property of v to (5.9) (or (5.10)) the viscosity property of ¢
to (5.7) (or (5.8)). On the other hand, since a test function ¢ € C*2([0,7T] x L*(Q,G,P;R™)) is
in general not necessarily the lifted function of a test function ¢ in [0, 7] x Z,(R™), we cannot
claim that the viscosity property of ¥ to (5.7) (or (5.8)) implies the viscosity property of its
lifted function v to (5.9) (or (5.10)). This would hold true whenever we restrict in Definition 5.2
to test functions ¢ € C12([0,T] x L*(Q, G, P; R™)) such that ¢(¢,£) depends on ¢ only via its law
P, hence are lifted from functions in Cl;l 2([0,T] x 2,(R™)). However, in this case, we could not
rely on general comparison principles for viscosity solutions in Hilbert spaces (see [14]), which
is in fact our main motivation for the introduction of Definition 5.2, see Remark 5.5. O

From the DPP, we can now prove the viscosity solution property of the lower and upper
value functions to the lower and upper Bellman-Isaacs equations.

Theorem 5.1 Let Assumptions (A1) and (A2) hold.

1) The inverse-lifted lower (resp. upper) value function ¥ (resp. % ) is a viscosity solution to
the lower (resp. upper) Bellman-Isaacs equation (5.7) (resp. (5.8)) on [0,T] x Z2,(R™).

2) The lower (resp. upper) value function v (resp. w) is a viscosity solution to the lower (resp.
upper) Bellman-Isaacs equation (5.9) (resp. (5.10)) on [0,T] x L*(Q,G,P;R"™).

Proof. We only prove result 1), that is the viscosity property in Z2,(R™) (as the viscosity
property in L?(€2,G,P; R") has a similar proof), and for the inverse-lifted lower value function
¥, as the proof for the inverse-lifted upper value function is analogous. Obviously, ¥ (T, u) =
Elg(&,P,)] = Jgn 9(z, p)pu(dz), for p € P,(R") and £ € L?(Q,G,P;R") such that P, = p.

(i) Viscosity supersolution property. Fix (t,,1,) € [0,T) x Z,(R"), &, € L*(Q,G,P;R") with P
= 14,, and consider any test function ¢ € C’I} 2([0,T] x P,(R™)) such that ¥ — ¢ has a minimum
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at (t,,H,), and w.lo.g. 7 (t,,p,) = @(t,, 1,). We argue by contradiction, and assume on the
contrary that

su inf E|\F,(t,,&,, 1t,,a,b, P > 3¢,
aeLO(QE,]P’;A) beL0(Q,G,P;B) [ 90( 0 50 Ko (a,b))]

for some € > 0, where we set

0
Fy(t,z,p,a,b,v) = a—f(t,u)+H(x,u,a,b,V,c?ucp(t,u)(w)ﬂx@ucﬁ(t,u)(w))- (5.13)

This implies that there exists a® € L°(Q, G, P; A) such that for all b € L°(Q, G, P; B)
E[F,(ty, &) 1,05, b, Prac )] > 2e. (5.14)

By Remark 2.2, it follows that (5.15) holds for any b € L°(Q, F,P; B). As a matter of fact, take
b € L°(Q, F,P; B) and denote by 7 the distribution on (R" x A x B, B(R") ® B(A) ® B(B))
of the random vector (¢,,a®, b). From Remark 2.2 (with E, H,  corresponding respectively to
R™ x A, B, (£,,a%)) we deduce the existence of a measurable map b: (Q,G) — (B,B(B)) (the
map b corresponds to the map 7 in Remark 2.2) such that P(e, as,5) = ™. So, in particular,

E[Fy(ty: & 9,85, 0, Pacb))] = E[Fy(ty, &, 11g,a%, b, Pae )] > 2e.

Hence, (5.15) holds for any b € L°(2, F,P; B). Now, under the continuity assumptions (A1) and
(A2), we easily see that H(x, u,a,b,v,p, M) is continuous in (x, , p, M) uniformly with respect
to (a,b,v), from which we deduce, recalling the continuity of 9,¢(t, 1)(x) and 0,0,¢(t, n)(x),
and by Lebesgue’s dominated convergence theorem, the continuity of (¢, &, u) € [0, T]x L?(Q2, FrV
G,P;R™) x Z,(R") — E[Fw(t,f,,u,a, b,IP’(ab))] uniformly with respect to a € € L9(Q,G,P; A)
and b € LY(Q, F,P; B). From (5.14), there is some § > 0 such that for all b € LY(Q, F,P; B)

E[F,(s,& 11,8, b,Plac )] > &, Vs€l[ty,ty+0], (& 1) € Bs(&y, 1) (5.15)

Here Bs(&,, 11, ) is the ball of center (&, i1, ) and radius § in the metric space L?(§2, FrVG,P; R") x
Z,(R™). From (3.3)-(3.4), we have for all s € [t,,T], « € A, 5 € B,

E|X0 0 — g+ W2(B gt mmrtty) < C(L+EIE2) |s — 1.
We can then pick some h > 0 small enough so that for alla € A, 5 € B
to,€q 00,
(5. X0 P o cyon) € [torty + 0] X Bs(&, 1), for all s € [ty t, + h]. (5.16)

Consider the constant control o in A equal to a®, and take an arbitrary 5[] € B,,. By applying
It6’s formula to (7, P v, .¢,.ac s10c1) between ¢, and ¢, + h, we then get by (5.15)-(5.16)

cp(to + h, ]P’Xto,so,af,ﬁ[af]) —p(to, 1o)

to+h

to+h
t 75 7a676[a6]
= E[/ (Fcp(stso 0 7]PXt0,50,aE,ﬁ[a5]7aeyﬂ[ae]mp(af,maf]s))
. s

0

t ) k) 67 c
_ f(XsO o, B }7]P>X;0Y§01a€ﬂ[as]7aiﬂ[aﬂsjp(asyﬂ[aa]s))) d8:|
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t0+h tmfo,oﬁ,ﬁ[as] £ £
2 Eh—E f(Xg 7]P)Xt0,50,a5,l‘3[0<€]7a ,,B[Oé ]87]1)(85,/3[05]5)) dS .
t s

0

Recalling that ¥(¢,, 1,) = ©(ty, 1,); ¥ > @, and that § is arbitrary in B, we obtain

. tO th to 750 70‘76[0‘}
V(ty,ity) +eh < inf supE f(Xs J Pty sl s, 5[0[]3,1?(&7[3[&]3)) ds
¢ s

BL1EBstr ac A o

—i—“//(to + h, ]P’Xtof}?,a,mal )} ;

which contradicts the DPP relation (4.11).
(ii) Viscosity subsolution property. Fix (t,,u,) € [0,T) x P,(R"), &, € L*(Q,G,P;R") with Pﬁo
= 11,, and consider any test function ¢ € C’g 2([0,T] x 2,(R™)) such that ¥ — ¢ has a maximum

at (t,,u,), and w.lo.g. ¥ (t,,p,) = ¢(t,, 1,). We still argue by contradiction, and assume on
the contrary that

su inf E|\F,(t,,&,, 4y, a, b, P < =3¢, 5.17
A LO(@.0. 1) bEL (G F:) [Foltor S0t )] (517

for some € > 0, where F,, is defined as in (5.13). As for (5.14), by Remark 2.2 it follows that
(5.17) still holds if we take the supremum over all a € LY(Q, Fr V G,P; A) (actually, over all
a c L°(Q, F,P; A), but here we take Fr V G since it is a countably generated o-algebra). As a
matter of fact, given a € L°(Q, Fr V G,P; A) and b € L°(Q,G,P; B), denoting 7 = Pe, a ) DY
Remark 2.2 there exists a € L°(Q2, G, P; A) such that P, .a) = 7; 0, in particular,

E[Fgo(tov507:“07a7b7p(a7b))] = E[ka(tmgov#o)‘i)b)]}»(&b))] .

Taking the infimum over b € L°(Q2, G, P; B), and then the supremum over a € L°(Q, FrVG, P; A),
by (5.17) we end up with

sup inf  E[F,(t,, &, 1, a,b,Papy)] < —3e. (5.18)
aELO(Q,FT\/g,P;A)bELO(Q,gJ}D;B) [90 07 S0 Mo ( )]

We can now apply the Jankov-von Neumann measurable selection theorem, and in partic-
ular Proposition 7.50 in [6], to deduce the existence of an analytically measurable function
v LO(Q, Fr v G,P; A) — L°(Q,G,P; B) such that

E[Fw(to,fo,uo,a,w(a),]P’(aﬂ/,(a)))] < 2, for every a € L°(Q, F,P; A). (5.19)

More precisely, in order to apply Proposition 7.50 in [6], we begin noting that X, Y, D, f, f* in [6]
are given respectively by L°(Q, FrVv G, P; A), L°(Q,G,P; B), L°(Q, Fr VG, P; A) x LY(Q, G, P; B),
E[Fgo(tovgm Hos 7]P)(,))]7 and

f (a) = bELO(ifrll,fg,]P’;B) E [Fga (to ) 507 Hg» A, b7 ]P(a,b))] .

We also introduce the following metric on L°(Q, Fr Vv G,P; A):
,OLO’A(CY, a/) =E [pA(aa a,)] )

for any a,a’ € LY(Q), FrVvG,P; A), where we recall that p4 is a bounded metric on the Polish space
A. Notice that the metric space (L°(€, Fr V G,P; A), pro 4) is complete. Moreover, proceeding
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as for the metric space (A?, pk;) in the proof of Proposition 4.1, using that by assumption the
o-algebra Fr V G is countably generated, we can prove that (L°(Q, Fr VvV G,P; A), p £0,4) is also
separable, so (L%(Q, Fr vV G, P; A), p 1£0,4) is a Polish space. Analogously, we introduce a metric
pro,p on L°(Q,G,P; B) defined similarly to pLo,4; SO, in particular, (L°(Q,G,P; B), pro p) is also
a Polish space. Then, we notice that the function (a,b) = E[F,(t,,&,, 11y, a, b, P(a1))] is Borel
measurable, so, in particular, it is a lower semianalytic function. Then, by Proposition 7.50 in
[6] it follows that: there exists an analytically measurable function ¢: L°(Q, Fr vV G,P; A) —
L°(9,G,P; B) such that

E[Fip(tovgonumaa¢(a)7p(a,w(a)))] < f*(a) +e < —2¢, foreveryac LO(Qa}-T VG, P A)a

where the second inequality follows from (5.18). This concludes the proof of (5.19).

Now, by the continuity of the map (t,&,u) € [0,7] x L%(Q, Fr V G,P;R") x Z,(R")
E[Fp(t, &, a, b,IP’(&b))] uniform with respect to a € L°(Q, FrvG,P; A) and b € L°(Q, G, P; B),
there exists § > 0 such that, for all a € LO(Q, Fr v G, P; A),

E[Fcp(saSaﬂyaﬂ/}(a)?]}»(a,w(a)))] < —¢, Vse€ [toato + 5]7 (5,,u) S Bé(goauo)’ (520)
As in (5.16), we can take some h > 0 small enough so that, for all « € A, 5 € B,
(5, X0 P oy cyon) € [tosty + 0] X Bs(&, 1), for all s € [ty 1, + h].

Now, define
Bla)s = (o), for every a € A.

Notice that B [[] € By,- As a matter of fact, this follows from the following items:

1) For every a € A, the map a: s +— as(-), from [0,T] to L°(Q, Fr V G,P; A), is Borel
measurable.

2) For any analytically measurable map 3: [0,7] — L°(Q2, G, P; B), the process 3: Qx[0,T] —
B defined as
Bs(-) = B(s)(), for every s € [0,T],

is G ® B([0, T'])-measurable; so, in particular, 3 is (Fs V G)s-progressively measurable, that
is § € B.

Suppose that 1) and 2) hold. Then, by 1) and the measurability property of ¢, for every a € A
the map s — 1(a) is analytically measurable from [0, 7] to L°(Q, G,P; B). Therefore, the fact
that 5[] € B., follows from item 2). Concerning the proof of item 1), notice that when o
is a step process the result clearly holds; for a generic « the claim follows by an approxima-
tion argument. Similarly, regarding item 2), we begin noting that any analytically measurable
map B3: [0,7] — L%,G,P; B) is in particular Lebesgue measurable, that is 3 is a measur-
able map from ([0, 7], £([0,T])) into (L°(Q, G,P; B), B(L°(Q,G,P; B))). If, for a moment, we
replace (L°(Q,G,P; B),B(L°(Q,G,P; B))) by (R,B(R)), then it is well-known that any 3 can
be approximated by a sequence of step functions {3, },; since L°(Q, G,P; B) is separable, the
same result holds true for a Lebesgue measurable map 3 taking values in L°(Q2,G,P; B). As a
consequence, it is enough to prove item 2) for 3 step function, since afterwards the claim follows
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by an approximation argument. When (3 is a step function, it is easy to see that the map B(-)(+)
is G ® B([0, T])-measurable, which concludes the proof of item 2).
Now, by applying Itd’s formula to ¢(r, ]P’Xto,go,a,g[a]) between ¢, and ¢, + h, we get by (5.20)

(p(to + h, ]P)Xto,go,a,é[oc]) - (lp(t()7 ILLO)

to+h

to+h . 5 R
9 K 7/6
e E |:/ (F@(s’ XSO §0 [e% [a},PXtO’gL\’a‘B[O‘]’as’ B[Q]S,P(a&g[a]s))
t s

0

t b 9 7A A
— f(XSO 50 “ ﬁ[a},szo,go,a,é[a] 9 aS? B[a]87 P@kwé[“]s))) d3:|

IN

t0+h tovfovavé[a] 2
—eh—F f(Xs P g itons Oss Blals, Pl prary) ds |-
t S

0

Recalling that 7 (t,, i,) = @(te. 1ty), ¥ < ¢, and that « is arbitrary in .4, we obtain

t0+h tovfovavs[a] 2
nj/(tomuo) — £ h 2 SUE‘E f(XS 7PXt0,50,a,B[a]yO‘3y 5[(1]3,]}»(&,3[(1]5)) dS
1S t, s

—+ "f/(to + h, ]P)Xto,go,a,é[a])] )

ty+h

which contradicts the DPP relation (4.11). O

Remark 5.5 (Uniqueness of viscosity solutions)

Once we have the viscosity property of the value function to the dynamic programming Bellman-
Isaacs equation, the next step is to state a comparison principle for this PDE in order to get
the characterization of the value function as the unique viscosity solution to the Bellman-Isaacs
equation. Comparison principle for PDE in Wasserstein space of probability measures, and more
generally on metric spaces, can be found e.g. in [16], [17], but concern first-order equations, and
to the best of our knowledge, the proof of a comparison principle for second-order equations as in
(5.7) (or (5.8)) remains a challenging issue. On the other hand, there is a well developed theory
of viscosity solutions for second-order equations of Bellman type related notably to stochastic
control in Hilbert spaces, see the recent book [14]. In particular, we can use comparison principle
in Theorem 3.50 of this book, and check that the assumptions of this theorem are satisfied in
our context for the lifted Hamiltonian H_ (and #H4) under (A1)-(A2). Assuming that the
function h in (A1)(ii) satisfies a polynomial growth condition, we then deduce from Theorem
3.50 in [14] and our Theorem 5.1 that the lower (resp. upper) value function v (resp. u) is a the
unique viscosity solution to the lower (resp. upper) Bellman-Isaacs equation (5.9) (resp. (5.10))
on [0,T] x L*(Q,G,P; R") satisfying a polynomial growth condition. O

Remark 5.6 If the Isaacs condition holds, that is H_ = H4 (or equivalently J# = ), then
the Bellman-Isaacs equations (5.9) and (5.10) coincide, and by uniqueness of viscosity solutions
to these equations (see Remark 5.5), the lower value function v is equal to the upper value
function u (and then the inverse-lifted lower value function 7 is equal to the inverse-lifted upper
value function %), which means that the McKean-Vlasov stochastic differential game has a
value. O
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Appendix. A technical lemma

Lemma A.1 Consider a complete probability space (2, H,P), two random variables I,T: Q—
[0, 1] with uniform distribution, and a Borel measurable function ¢: [0,1] — [0, 1]. Suppose that

I' = ¢(I), P-a.s.

So, in particular, ¢ is a uniform distribution preserving map. Then, there exists a Borel mea-
surable function p: [0,1] — [0, 1] such that p(¢)(y) =y, A-a.e., hence

I = p(I), P-a.s.
Proof. We split the proof into three steps, which can be summarized as follows:

e in Step I we consider the analytically (hence Lebesgue) measurable right-inverse ¢ of ¢
given by the Jankov-von Neumann measurable selection theorem; afterwards, we take a
Borel-measurable version 1[1 of 1, which coincides with 1 outside a Borel null-set N (we
need 1;, rather than ¢, in order to apply once again the Jankov-von Neumann theorem in
Step II); we end Step I proving that, as expected, 1[1 is a right-inverse of ¢ outside of

the set N, that is ¢(¢)(y) = y, A(dy)-a.e.; our aim is then to prove that the claim follows
with p := 1) (statement (A.2)), namely that 1 is also a left-inverse of ¢;

e in Step II we apply the Jankov-von Neumann theorem in order to construct an analytically
measurable right-inverse ¢ of 1), that is ¥(¢/)(y) = v, Yy € [0,1]; then, we notice that the
claim follows if we prove that ¢ = ¢'; finally, we show that this latter equality follows if ¢’
is a uniform distribution preserving map, namely (A.4) holds;

e in Step III we prove that ¢ is a uniform distribution preserving map using that both T’
and T has uniform distribution.

Step 1. Borel measurable right-inverse of ¢. Without loss of generality, we can suppose that ¢
is surjective (otherwise, we proceed along the same lines as for the function x in Step II of the
proof of Proposition 3.1). Now, using the Jankov-von Neumann selection Theorem (in particular,
Corollary 18.23 in [1]), we deduce the existence of a measurable function : ([0,1],.2([0,1])) —
([0,1],B(]0,1])) satisfying:

o(Y(y)) = vy, for any y € [0,1]; ¢_1(¢_1(%)) = A, for any subset £ of [0, 1].

It is well-known (see e.g. Exercise 14, Chapter 2, in [24]) that there exists a Borel measurable
function +: ([0,1], B([0,1])) — ([0, 1], B([0,1])) such that

by) = dy),  Ady)-ae. (A.1)

So, in particular, there exists a A-null set N € B([0,1]) such that 1 (y) = ¥(y), for any y €
[0, 1]\N.

We conclude this step recalling the following properties of 1;, which can be deduced from the
properties of :
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1) ¢(ih(y)) =y, for any y € [0, 1]\N (that is, ¢(¢(y)) = y, Mdy)-a.e.);

2) for any subset Z of [0,1] we have ¢~ 1 ()" 1(#)) = B, for some subset £ of [0,1] such
that: BAK € Z([0,1]) and BAA is a A-null set.

Proof of item 2). Fix a subset & of [0,1]. By (A.1) we deduce that there exists a
subset Ny C N (so, in particular, Ny belongs to .Z([0,1]) and is a A-null set) such that
Y~ (B)AY 1 (B) = Nyg. In other words, there exist two A-null sets N’,, N, € 2([0,1])
such that ¢ ~1(%) = (v~1(#)\N/,) U N’. Hence

¢ (WTH(B) = ¢ ((WTHB)\NG) UNG) = (67 (07 (#B)\d™ (Ny)) U™ (Nig)

= (B\¢~'(Ny)) U~ (Np) = 2.

It remains to prove that ¢~1(N/,) (and similarly ¢~!(N%)) belongs to .£([0,1]) and is a
A-null set. We begin noting that since N/, € Z([0,1]), by definition of £ ([0,1]) (see e.g.
Theorem 1.36 in [24]), there exists a A-null set N/, € B([0,1]) such that N/, C N,. Since
¢~ 1 (N'y) € ¢~ (N'), it is enough to prove that ¢—'(N,) belongs to Z([0,1]) and is a
A-null set. Actually, ¢~'(N',) belongs to B([0,1]) (so, in particular, to £([0,1])) since
N, € B([0,1]) and ¢ is a measurable function from ([0, 1], B([0,1])) into ([0, 1], B([0,1])).
Now, recalling that \ is the distribution of I' and T, we obtain

Mo~ (V) = P(T € ¢ (Ny)) = P(¢(I) € Ni) = P(L € Ny) = A(N) = 0.
This concludes the proof of item 2).

Finally, as for ¢, we can suppose 1/; to be surjective (this property will be used in the next step
in order to apply the Jankov-von Neumann theorem).
Our aim is to prove the following:

V(oY) = y»  Mdy)-ae. (A.2)

that is p := 1 is also a A-a.e. left-inverse of ¢.

Step II. The function ¢'. We apply the Jankov-von Neumann measurable selection theorem
to the function v, so we deduce the existence of a measurable function ¢': ([0,1],.Z([0,1])) —
([0,1],B([0,1])) satistying:

D(¢'(y)) = v, for any y € [0,1]; U ((¢)TH(B)) = A, for any subset A of [0,1].
The claim follows (see, in particular, (A.2)) if we prove that
b = ¢, A-a.e. (A.3)
In order to prove (A.3), notice that

o(( () = o(y),  forallye[0,1]

and, by property 1) above,
o0 (y)) = ¢(y),  forall ¢(y) € [0,1\N.
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Hence

¢ =¢, on{y: ¢y ¢ N}
It remains to prove that the set {y: ¢'(y) ¢ N} is a A-null set. This holds true if we show that
¢’ is a uniform distribution preserving map, namely

M) H(B) = \NB), for every Borel subset % C [0, 1]. (A.4)

Step III. ¢’ is a uniform distribution preserving map. Suppose for a moment that both random
variables

d(o)  and  ¢W(H(I)))

have uniform distribution. Then, for any Borel subset % of [0, 1],

MN#) = P(¢(0(6(1))) € ) = P((¢()) € (&) (#)) = M(¢)(2)),

which implies that (A.4) holds true. Finally, we report below the proof that ¢(¢(I)) and

@' ((¢(T))) are uniformly distributed.

The random variable ¥ (¢(T)). Since, by assumption, I' has uniform distribution, ¢ (¢(T')) also
has uniform distribution, as a matter of fact

P((¢(T) € B) = PL e ¢ ($71(#) = BT € B) = \(%) = ANB),

where we have used the properties of % := ¢~ (1)~ (%)) stated in item 2) above.
The random variable ¢ (¥(4(T))). Since, by assumption, I' = ¢(I') has uniform distribution,

@' ((¢(T))) also has uniform distribution, as a matter of fact

P(¢'(d(¢(I) € B) = BP(L ey ((¢)"(#))) = B € B) = \A).
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