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In this manuscript we propose a structural condition on nonseparable
Hamiltonians, which we term displacement monotonicity condition, to study
second-order mean field games master equations. A rate of dissipation of a
bilinear form is brought to bear a global (in time) well-posedness theory,
based on a priori uniform Lipschitz estimates on the solution in the measure
variable. Displacement monotonicity being sometimes in dichotomy with the
widely used Lasry—Lions monotonicity condition, the novelties of this work
persist even when restricted to separable Hamiltonians.

1. Introduction. In this manuscript, 7 > 0 is a given arbitrary time horizon and 8 > 0.
We consider evolutive equations, which represent games where the players are in motion in
the space R and their distributions at each time are represented by elements of P, (R¢), the
set of Borel probability measures on R, with finite second moments. The data governing the
game are a Hamiltonian H and a terminal cost function G such that

H:RIx PR xR >R and G:RY x P(RY) — R.

For our description we assume to be given a rich enough underlying probability measure
space (€2, F, P). The problem at hand is to find a real valued function V which depends on
the time variable ¢, the space variable x and the probability measure variable i such that

22
3,V — %tr(axxV) + H(x, 1,8, V) =NV =0 in(0,T)x R? x P,(RY),

V(T,x, ) =G(x, 1) in RY x Pz(Rd).

(1.1)

This second-order equation is called the master equation in mean field games, in presence of
both idiosyncratic and common noise (if 8 > 0), where N is the nonlocal operator defined

by
NV(t, x,pn)

= B2 ~ 2 =
(1.2) = tr(IE[%B;E)MV(I,X, wm,§) + ﬁ—BMMV(I,x, w,&,8)

2
- B20,0, V(. xs i B) — 9,V (6. 1 EY@p H)T (B s 95V (2, B, u))D.

Above, B stands for the intensity of the common noise; the idiosyncratic noise is supposed
to be nondegenerate (for simplicity, its intensity is set to be 1), and we use the notation
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B2:=1+p2 We always assume H (x, i, -) to be convex; however, we emphasize already at
this point the fact that, in general, it can have a “nonseparable structure,” that is, we do not
assume to have a decomposition of the form

(1.3) H(x,u, p) = Ho(x, p) — F(x, ).

In (1.1)—(1.2), 9; stands for the time derivative while d, stands for the gradient operator
on R¢. We postpone to Section 2, comments on the W,-Wasserstein gradient 0, and the
W»>-Wasserstein second gradient 9. Given u € P> (RY), § and 5 are independent random

variables with the same law 1, and E is the expectation with respect to their joint law.

First introduced by Lions in lectures [36], the master equation appeared in the context
of the theory of mean field games, a theory initiated independently by Lasry—Lions [33-35]
and Huang—Malhamé—Caines [32]. It is a time dependent equation which serves to describe
the interaction between an individual agent and a continuum of other agents. The master
equation characterizes the equilibrium cost of a representative agent within a continuum of
players, provided there is a unique mean field equilibrium. Roughly speaking, it plays the
role of the Hamilton—Jacobi—Bellman equation in the stochastic control theory. We refer the
reader to [19, 24, 25] for a comprehensive exposition on the subject.

The master equation (1.1) is known to admit a local (in time) classical solution when the
data H and G are sufficiently smooth, even when the noises are absent (cf. [13, 29, 37]).
Local solutions are known to be unique (cf. [20, 25]), including cases where the Hamilto-
nians are local functions of the measure variable (cf. [6]). Nevertheless, it is much more
challenging to obtain global classical solutions, as they are expected to exist only under ad-
ditional structural assumptions on the data. Such a sufficient condition is typically a sort of
monotonicity condition that provides uniqueness of solutions to the underlying mean field
game system (a phenomenon that heuristically corresponds to the noncrossing of generalized
characteristics of the master equation). For a nonexhaustible list of results on the global in
time well-posedness theory of mean field games master equations in various settings, we re-
fer the reader to [21, 24-26] and in the realm of potential mean field games to [11, 12, 28].
We also refer to [15, 22, 39] for global existence and uniqueness of weak solutions and to
[8-10, 14, 16, 17] for finite state mean field games master equations. All the above global
well-posedness results require the Hamiltonian H to be separable in n and p; that is, it is of
the form (1.3), for some Hp and F. Moreover, as highlighted above, F' and G need to satisfy
a certain monotonicity condition which, in particular, ensures the uniqueness of mean field
equilibria of the corresponding mean field games. We remark that nonseparable Hamiltonians
appear naturally in applications (such as economical models, problems involving congestions
effects, etc.; see, e.g., [1, 2, 5, 31]). We shall also note that [18] establishes the global in time
well-posedness result for a linear master equation, without requiring separability or mono-
tonicity conditions. However, since the Hamiltonian H is linear in p, there is no underlying
game involved in [18].

A typical condition, extensively used in the literature [10, 16, 21, 24-26, 39], is the so-
called Lasry—Lions monotonicity condition. For a function G : R¢ x P»(R¢) — R, this can
be formulated as

(1.4) E[G (&1, Le) + G (62, Ley) — G (&1, Le,) — G (62, L)] =0

for any random variables &, & with appropriate integrability assumptions. Here, L¢ := &P
stands for the law of the random variable £&.

In this manuscript we turn to a different condition. The main condition we impose here on
G is what we term the displacement monotonicity condition which can be formulated as

(1.5) E[[0:G (&1, Lg) — 9:G (&2, Lgy) |[€1 — £]] = 0.
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When G is sufficiently smooth, displacement monotonicity means that the bilinear form

(1.6) (1, M) > (dxd)eG(n1, m2) == E[(3:, G (&, 1, E)i1, m)] + E[(8:x G (&, 1)1, 12)]

is nonnegative definite for all square integrable random variables £. Here, (€,7) is an
independent copy of (§,7;), and E is the expectation with respect to the joint law of
&, n1,m2,&,m1).

Our terminology is inspired by the so—called displacement convexity condition, a popular
notion in the theory of optimal transport theory (cf. [38]). Indeed, when G is derived from a
potential, that is, there exists g : P> (R?Y) — R such that 3,G = 0,8, then (1.5) is equivalent
to the displacement convexity of g. Let us underline that, in the current study, we never need
to require that G is derived from a potential.

Displacement convexity and monotonicity have some sparse history in the framework of
mean field games and control problems of McKean—Vlasov type. In the context of mean
field game systems, the first work using this seems to be the one of Ahuja [3] (see also
[4]), whose weak monotonicity condition is essentially equivalent to the displacement mono-
tonicity. In the context of control problems of McKean—Vlasov type, displacement convexity
assumptions appeared first in [23] and [26]. It seems that [26] is the first work that relied
on displacement convexity in the study of well posedness of a master equation arising in
a McKean—Vlasov control problem. However, let us emphasize that this master equation is
different from the master equation appearing in the theory of mean field games, and the
techniques developed in [26] are not applicable in our setting. In the framework of potential
master equations and, in particular, in more classical infinite dimensional control problems
on Hilbert spaces, the displacement convexity condition has been used in [11, 121! and [28].

Our main contribution in this manuscript is the discovery of a condition on H which
allows a global well-posedness theory of classical solution for the master equation (1.1). This
condition, which we continue to term displacement monotonicity condition for Hamiltonians,
amounts to impose that the bilinear form

M1, m) = (diSplg H)(n1,m2)
= (dxd)eH(-, 9(&)) (1, m2)

1.~ _ ~ -
+ ZE[((appH(g’ I’L’ @(5))) lappLH(S7 ,LL, 's;:’ (/’(S))ﬁl’ ap[LH(S7 ,bL, gv go(é))ﬁZ)]

is nonpositive definite for all u € Py, £ € L>(F, ) and all appropriate ¢ € C!(R¢; R?);
see Definition 3.4 below for the precise condition. In the previous formula we clearly as-
sume strict convexity on H the p variable. This condition is instrumental for our global
well-posedness theory of classical solutions to the master equation (1.1). To the best of our
knowledge, this is the first global well-posedness result in the literature of mean field games
master equations with nonseparable Hamiltonians. When H is separable (i.e., of the form
(1.3)) and Hyp = Ho(p), the nonpositive definiteness assumption on displg H, is equivalent
to (1.5) for F. For certain Hamiltonians, displacement monotonicity is in dichotomy with
the Lasry—Lions monotonicity. Thus, not only are our well-posedness results new for a wide
class of data functions but we shall also soon see that the novelty in our results extends to
a class of separable Hamiltonians. For discussions on displacement monotone functions that
fail to be Lasry—Lions monotone, we refer to [3, 28] and to Section 2.3 below.

IThese references essentially used a notion of A-convexity in displacement sense and obtained local in time
classical solutions for the master equation. However, it is clear from their results that the solution is global when
the data are actually displacement convex.
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We show, at the heart of our analysis, that under the displacement monotonicity condition
on H and (1.5)on G, V(t, -, -), the solution to the master equation (1.1), which has sufficient
a priori regularity, also satisfies (1.5) for all # € [0, T']. Let us recall that when H is separa-
ble and both G and F satisfy the Lasry—Lions monotonicity condition (1.4), then V (¢, -, -)
inherits (1.4) as well for all ¢ € [0, T']. However, when H is nonseparable, it remains a chal-
lenge to find an appropriate condition on H which ensures that if G satisfies the Lasry—Lions
monotonicity so does V (¢, -, -) for all ¢ € [0, T'] (see Remark 4.2(iii) below).

For separable H the Lasry—Lions monotonicity of V (¢, -, -) is typically proven through the
mean field game system, the corresponding coupled system of forward backward (stochastic)
PDEs or SDEs for which V serves as the decoupling field (see Remark 2.10 below). We
instead follow a different route and derive the displacement monotonicity of V (¢, -, -) by using
the master equation itself. We show that if V is a smooth solution to the master equation, then
forany u € P, and n € L2(Fp) there exists a path t — (X¢, §X;) of random variables starting
at (§,n), with u = L, such that

T
(1) (ded)x, Vr(6X7.8X1) — /0 (disply H)(8X,,8X,)dr < (dyd)x, Vo, ).
Here (see Remark 4.2 for a more accurate formulation),

=0V, ), =Xl

Note that (1.7) provides us an explicit “rate of dissipation of displacement monotonicity” of
the bilinear form (d«d)V (¢, -, -), from smaller to larger times. This favors our terminal value
problem, as we are provided with a “rate at which the displacement monotonicity is built in”
from larger to smaller times.

Our approach seems new, even when restricted to separable H. We are also able to obtain a
variant of (1.7) that is applicable to the Lasry—Lions monotonicity case, but only for separable
H . One trade-off in our approach is that, since we apply Itd’s formula on the derivatives of V,
we need higher-order a priori regularity estimates on V and, consequently, require regularity
of the data slightly higher than what is needed for the existence of local classical solutions
(cf. [25]). We believe that, thanks to the smooth mollification technique developed in [39],
one could relax these regularity requirements. In fact, we expect a well-posedness theory of
weak solutions in the sense of [39]. In this work our main goal is to overcome the challenge
of dealing with nonseparable Hamiltonians, and so this manuscript postpones the optimal
regularity issue to future studies.

The displacement monotonicity of V (¢, -, -) has a noticeable implication: it yields an a
priori uniform Wj-Lipschitz continuity estimate for V in the p variable. Here is the main
principle to emphasize: any possible alternative condition to the nonpositive definiteness as-
sumption on displg H, which ensures the monotonity of V (either in Lasry—Lions sense or
in displacement sense), will also provide the uniform Lipschitz continuity of V in p (with
respect to either Wi or W>). As a consequence, this yields the global well posedness of the
master equation. We shall next elaborate on this observation which seems to be new in the
literature and interesting on its own right.

Uniform Wj-Lipschitz continuity of V is known to be the key ingredient for construct-
ing even local in time classical solutions of the master equation (cf. [25, 39]) in mean field
games with common noise. The uniform W,-Lipschitz property we obtain is not final. We
complement this in light of a crucial observation: when the data H and G are uniformly
W1-Lipschitz continuous in x, we can show that the uniform W;-Lipschitz continuity of V
actually implies its uniform Wi-Lipschitz continuity in the u variable. We achieve this by a
delicate analysis on the pointwise representation formula for d,, V', developed in [39], tailored
to our setting.
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In our final step to establish the global well-posedness of the master equation, we follow
the by now standard approach in [25, 26, 39]. That is, based on the a priori uniform Lips-
chitz continuity property of V in the p variable (with respect to W), we construct the local
classical solution and then extend it backwardly in time. Another important point in our ar-
gument is that the length of the time intervals, used for the local solutions, depends only on
the W;-Lipschitz constants of the data.

The rest of the paper is organized as follows. Section 2 contains the setting of our problem
and some preliminary results. In Section 3 we present our technical assumptions and intro-
duce the new notion of displacement monotonicity for nonseparable H . In Section 4 we show
that any solution of the master equation, which is regular enough, preserves the displacement
monotonicity property. Section 5 is devoted to uniform a priori W»-Lipschitz estimates on
V. In Section 6 we derive the uniform W-Lipschitz estimates and establish the global well
posedness of the master equation (1.1).

2. Preliminaries.

2.1. The product probability space. 1In this paper we shall use a probabilistic approach.
In order to reach out to the largest community of people working on mean field games, in this
subsection we present our probabilistic setting in details, which we think will facilitate the
reading of those who are not experts in stochastic analysis.

Throughout the paper we fix T > 0 to be a given arbitrary time horizon. Let (Qq, F°, Pp)
and (1, F!, P1) be two filtered probability spaces on which there are defined d-dimensional
Brownian motions BY and B, respectively. For Fi = {.7-";~ Jo<i<7, i =0, 1, we assume ]-}O =
]-"IBO, Fl=F} v FEB and P has no atom in F{, so it can support any measure on R? with
finite second moment. Consider the product spaces

@.1) Q=Qx Q. F={Floz=r ={F @ Fllos s
' P.=Py®@P;, E:=EF

In particular, F; :=0(Ag X Aj: Ag € .Fto, Al € ]—"tl} and P(Ag x A1) =Py(Ag)P1(A1). We
shall automatically extend B?, B, FO, F! to the product space in the obvious sense but using
the same notation. For example, B%w) = BY%() forw = (0, 0') € , and ]-',0 ={AgxQ;:
Ap € ]-',O }. In particular, this implies that B® and B! are independent P-Brownian motions and
are independent of Fy.

It is convenient to introduce another filtered probability space (Ql , I~F1, I§, IF"]) in the same
manner as (1, F!, B, P;) and to consider the larger filtered probability space given by

Q::Qxflb {]:t}0<t<T —{]:t®]: }0<t<T’
(2.2) N ~ -
P::P@Pl, E':EP

Given an F;-measurable random variable £ = £(«”, w'), we say £ =£(° &) is a condi-
tionally independent copy of & if, for each «; the P -distribution of & (a)0 -) is equal to the
PP, -distribution of &(«?, -). That s, condmonal on ]—"0 by extending to € the random vari-
ables & and € are conditionally independent and have the same conditional distribution under
PP. Note that, for any appropriate deterministic function ¢,

B oo, 5)](0°) =EP®P [p(5 (0", ). E(@. )], Poae. o;

23) ~
Ex[pE, 6)](0°, o) =EF [p(£ (0, 0'), E(0°,7)], P-ae. (°, o).
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Here, EF! is the expectation on @', and EF'*P1 is on (w!, ®'). Throughout the paper we
will use the probability space (€2, IF, P). However, when conditionally independent copies of
random variables or processes are needed, we will tacitly use the extension to the larger space
(Q, F, P) without mentioning.

When we need two conditionally independent copies, we introduce further (Q1,F', B,Py)

and the product space (2, F, P, E), as in (2.2), and set the joint product space

o Q=QxQ xQ,  F={Flocer =|F ®F & Floeyr-

]ﬁ)ZZP(@I@l@P], I;EZIEP.

Then, given JF;-measurable § = § (@°, w"), we may have two conditionally independent
copies under P: &(&) = £ (0°, @') and £(&) = £(0°, @1), @ = (0°, !, &', &) € .
To avoid possible notation confusion, we emphasize that

when & =& (a)l) is ]-'tl -measurable, then &, £ are independent copies of £ under I:P’;

1

(2.5)  the expectation E is on & = («°, ', @'), not just on &'

: similarly, E is acting on

®= (a)o, o', d)l), not just on @', and E is an expectation on @ = (a)o, o', !, 5)1).

2.2. Preliminary analysis on the Wasserstein space. Let P := P(R%) be the set of all
probability measures on R?, and 8, € P denotes the Dirac mass at x € R?. For any ¢ > 1 and
any measure u € P, we set

(2.6) My(p):= </]Rd |x|’],u(dx)>q and P, := Pq(Rd) ={neP: My(n) < oo}

For any sub-o-field G C Fr and pu € P,, denote by L9(G) the set of R9-valued, G-
measurable and g-integrable random variables &, and IL9(G; ) the set of & € L9(G) such
that L¢ = . Here, Lg = &4P is the law of &, obtained as the push—forward of P by &. Also,
for u € Py, let LZ (Rd; R4 ) denote the set of Borel measurable functions v : R4 — R4 such
that ||v||iﬁ = Jpa lv(x)|?u(dx) < oo. Moreover, for any wu, v € Py, their W,-Wasserstein

distance is defined as follows:
1
2.7) Wy (e, v) :=inf{(E[|§ —n|?])4 : for all § € LY (Fr; ), n € LY(Fr; v)}.
According to the terminology in [7], the Wasserstem gradient of a function U : P, - R

at w is an element 9, U (u, -) of VCOO(Rd) z (the closure of gradients of C2° functions in
IL,Z (R4; R?)), and so it is a priori defined u-almost everywhere. The theory developed in [19,
30, 36, 40] shows that d,U (i, -) can be characterized by the property

(2.8) U(Lsty) —Uw) =E[(8,U (i, &), n)] +o(llnll2) V&, n, with L =

Let CO(PZ) denote the set of W»-continuous functions U : P> — R. For k € {1, 2}, we next
define a subset of CK(P,), referred to as functions of full C* regularity in [24], Chapter 5, as
follows. By C 1(P,), we mean the space of functions U € C 0(P,) such that 0, U exists for all
W € P>, and it has a unique jointly continuous extension to P, x R4, which we continue to
denote by

R x Py 3 (&, w) + 8,U (u, X) e RY.

We sometimes refer to the extension as the global version, and we note that our requirement
of pointwise continuity property of this global version is stronger than the L2-continuity
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requirement made in some of the mean field game literature (cf., e.g., [26]). Similarly, C 2(P3)
stands for the set of functions U € C!(P,) such that the global version of 9, U is differentiable
in the sense that the following maps exist and have unique jointly continuous extensions:

R? x Py > (¥, w) +> 35, U(u, %) eRY  and
R x Py 3 (&, %, ) ¥ 0, U (i, %, %) e RI*4,

Cz(Rd x P») is the set of continuous functions U : R x P, > R satisfying the follow-
ing:

(1) 9,U, 05U exist and are jointly continuous on RY x Py
(i1) The following maps exist and have unique jointly continuous extensions:

R* x Py (x,%, ) > 8,U(x, n, %) €eR?  and
R* x Py 3 (x, %, w) +> 85, U (x, i, ) € R¥*4;
(iii) Finally, the following maps exist and have unique jointly continuous extensions:

R* x Py 3 (x, %, w) +> 85, U (x, 1, ¥) e R¥*? and

R x Py > (x,%, %, 1) > U (x, u, X, X) € R,

Lastly, we fix the state space for our master equation as
©:=[0,TIx R x P,

and let C1'%2(®) denote the set of U € C°(®; R) such that the following maps exist and
have a unique jointly continuous extensions, as previously described: d;U, 0,U, 0., U, 9, U,
0,0, U, 070, U, 9,,U.

We underline that, for notational conventions, we always denote the “new spacial vari-
ables,” appearing in Wasserstein derivatives with “tilde” symbols (for first-order Wasser-
stein derivatives), with “bar” symbols (for second-order Wasserstein derivatives) and so
on, and we place them right after the corresponding measures variables. For example,
when U : RY x P, x R — R is typically evaluated as U (x, i, p), we use the notations
0, U(x, u, X, p), 050, U (x, u, X, p), 9,,0,U(x, u, %, X, p), and so on. This convention will
be carried through to compositions with random variables too, for example 9, U (x, u, £, p),
when £ is an R?-valued random variable.

Throughout the paper, we shall also use the following notations: for any R > 0,

2.9) By:={peR":Ip| <R},  Br:={peR":|p| =R},
' Dpg 3:RdXP2XBR.

The following simple technical lemma (not to confuse with [25], Remark 4.16) is useful.

LEMMA 2.1. For any U € C*(P2) and (u, %) € P2 x RY, 07, U(u, X) is a symmetric
matrix.

PROOF. Since U is of class C>(P>), we may assume without loss of generality that s is
supported by a closed ball Bg, it is absolutely continuous and has a smooth density o with

7]142
¢ :=infyep, p(x) > 0. By the fact that 9, U (u, -) € VCCOO(Rd) ", there exists a sequence
(@n)n C VCX(R?) such that

(2.10) 0 =tim |5 — .U (1, )2 = clim|dr@n = 3U (1) 25,
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where L?(Bp) stands for the standard Lebesgue space. Set

_n:: n T A7l ~ n dx.
Oni=%n = a B BRw(x) x

By the Poincaré—Wirtinger inequality there exists a universal constant ¢4 such that
I@nll 2By < €alldz@nllL2(B)-

Thanks to the Sobolev embedding theorem and the strong convergence of (3@, ), in L?(Bg),
we conclude that there exists ¢ in the Sobolev space H'(Bg) such that (¢,), converges to ¢
in H'(Bg). By (2.10) we have

(2.11) U, ) =0z, L p(x)dx =0

Since 9, U (1, -) is continuously differentiable, the representation formula

1
w(i)=<p(0)+/0 0, U (1, 1) - R dt

implies that ¢ is continuously differentiable. Since dz¢ = 9,U (i, -) is continuously differ-
entiable, we conclude that ¢ is twice continuously differentiable. Thus, 950,U (, -) = 9559
is symmetric. [J

An interesting property of C!*>2(®) functions is their use in a general Itd formula. Let
U e C1’2’2(®) be such that, for any compact subset K C RY x P,

s U (18U, x, s B +[0:0,U (1, x, 1, D)+ [0:9,U (¢, x, 1, )|*) ()
(t,x,m)€[0,T1x K LIR?

o2~ _
# [ U x5 D] <+
Fori =1, 2, consider [F-progressively measurable and bounded processes
b :[0,TIx Q2—R? and o,0™0:[0,7T] x @ — R,
Set
dX':=bdi+0/dB,+0/°dB® and introduce the conditional law p; := Ly 70

Then (cf., e.g., [25], Theorem 4.17, [18, 26]), recalling the notations for conditionally inde-
pendent copies and (2.5),

du(t, X!, p)
1
_ [a,U F0U b+ 5 (U () + otl’o(otl’o)—r])}(t, X!, p)di
+0,U(t, X}, pt) -0 dB,

G @) U + B [620) 0,0 (L XN X ) - dBY

(B[00 R +30:0,0( K56 +57°67)]

~ - 1 ~n =
00,0 (K)ol @)+ 50U X TG0, o) ) ar

Throughout this paper the elements of RY are viewed as column vectors; 9, U, .U € RY are
also column vectors; 9y, U := 0,0, U := 0,[(3, U )71 e R9%4 where T denotes the transpose
and, similarly, for the other second order derivatives; both the notations “-” and (-, -) denote
the inner product of column vectors. Moreover, the term 9, U - 0,1 dB; means 9, U - (0,1 dBy),
but we omit the parentheses for notational simplicity.
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2.3. The Lasry—Lions monotonicity and the displacement monotonicity. In this subsec-
tion we discuss two types of monotonicity conditions and provide more convenient alternative
formulations.

DEFINITION 2.2. LetU:RY x P, — R:

(i) U is called Lasry-Lions monotone, if for any &, & € L*(F}.),
(2.13) E[U (&1, Le) + U (&2, Ley) — U (&1, Lg,) — U (&2, Lg)] = 0.

(i) U is called displacement monotone if U (-, u) € C L(RY) for all u € P, and for any
£1,6 e L2(F}),

(2.14) E[(9:U (51, Le,) — 9:U (62, Lg,), §1 — §2)] > 0.

REMARK 2.3. Assume U € CL(R? x P»):
(i) I3, U(, pu, %) € CYRY), forall (u, ) € P2 x RY, then the inequality (2.13) implies
O0<E[UE, Le)+UE +en, Legen) —UE, Leqen) —UE +en, Le)]

1,1 ~
= 82/0 /0 E[(0x, U (& + 0160, Lesg,en, € + 026777, 1)] dO) d6a,

forany &, € ]Lz(]-"}) and any ¢ > 0, where (€, 7j) is an independent copy of (£, 7). Thus,
(2.15) E[(0,,U . L, E)itn)] =0 V&, n e L*(Fy).
(i) If 9,U € CH(R? x P,), then the inequality (2.14) implies
0< E[<axU(‘§ +én, ﬁé-i—sn) - 8xU(§v ‘C&)’ 87))]

. _
= &2 [ B[{00U € + 0en. Leraun)n. 1)+ (0, U € +0en. Lerony. § + 5 ] do

forany &, n € ]LZ(]-"}) and & > 0, where (€, 7]) is an independent copy of (&, ), and thus,

(2.16) (ded)sUn, ) :=E[(0,,U &, Le, )if, n) + (0,2 U €, Le)n, n)] = 0.

(iii) Assume U € C2(P,) and U € CH(R? x P,) are such that 0y =0, U(x, ) on RY x
P>. Then, U is displacement monotone if and only if U is displacement convex, cf. [38].

REMARK 2.4. Throughout this manuscript, given U € C2(R? x P;), we call (2.15) the
Lasry—Lions monotonicity condition and call (2.16) the displacement monotonicity condi-
tion. Indeed, it is obvious that (2.14) and (2.16) are equivalent. We prove in the Appendix
that (2.13) and (2.15) are also equivalent.

REMARK 2.5. (i) (2.16) implies that U is convex in x, namely, dy,U is nonnegative
definite. We provide a simple proof in Lemma 2.6 below, and we refer to [28], Proposi-
tion B.6, for a more general result. Note that, in particular, (2.15) does not imply (2.16).
Indeed, let U (x, u) = Up(x) + Uy(w) such that d,,Up is not nonnegative definite. Then,
OxU(x, p, x) =0, and so (2.15) holds while 0,,U = d,,Up is not nonnegative definite.
Thus, (2.16) fails.

(ii) For any function U € C2(R¢ x P,) with |8,,U| and |05, U| bounded above by C > 0,
the function U (x, ) := U (x, u) + C|x|?* will always satisfy (2.16),

(ded)e U, m) = E[(0:,U &, 11, E)it, n) + (92U &, w)m, m) +2CIml?]
> E[—CInllii| — Clnl* +2Cn|*] = C[E[In*] — [Eln][*] = 0.
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This means that (2.16) does not imply (2.15) either. Indeed, if U is a function violating (2.15)
but having bounded derivatives, then the above U satisfies (2.16). But, since BXMU =0y, U,
U violates (2.15).

(iii) We note that, for the function U above, d,U is unbounded. For our main results
later, we need displacement monotone functions with bounded derivatives. One can construct
such an example as follows. Let ¢ : R? — R be convex, even and smooth with bounded
derivatives. Set U (x, ) 1= [pa ¢ (x — y)uu(dy). Then, U satisfies (2.16), and its derivatives
are bounded.

LEMMA 2.6. Assume 9,U € C'(R? x P,) and U satisfies (2.16). Then, 0, U is nonneg-
ative definite.

PROOF. Without loss of generality, we assume that © has a positive and smooth den-
sity p. For & € L2(F}, ), xo € R? and 1, = vs(§), where v € CE.’O(R‘I; R?) and for & > 0,
denote vg(x) := s‘dv(x_ei). We see that 1, = v, (§ ). Then, straightforward calculation re-
veals

(dxd)eU (e, ne) = /RM@;WU(XO + ez, w, x0 + €2)v(2), v(2))p(x0 + €2) p(x0 + £2) dzdZ

+ 8_d /]Rd(axxU(-xO + ez, M)U(Z)’ U(Z)>'0 (X() +ez)dz.

Thus, by (2.16) we have

0= lim e ()¢ U ne. )] = pa0) [ (01U 0 10020, () .

Since p(xp) > 0 and v is arbitrary, this implies immediately that 0y, U (xg, i) is nonnegative
definite. [

In Section 5 below, we will also use the following notion of displacement semimonotonic-
ity, inspired by the displacement semiconvexity in potential games (cf. [7, 12]).

DEFINITION 2.7.  Assume U, 3,U € C1(R? x P;). We say U is displacement semimono-
tone if there exists a constant A > 0 such that, for any &, n € ]Lz(]-'}),

(2.17) (ded)eU (n, 1) = —2E[1n]?].

REMARK 2.8. It is obvious that displacement semimonotonicity is weaker than the dis-
placement monotonicity. Moreover, when d,,U is bounded, the Lasry—Lions monotonicity
(2.13) also implies the displacement semimonotonicity.

2.4. The master equation and mean field games. In this subsection we summarize, in
an informal and elementary way, the well-known connection between the solutions of the
master equation (1.1) and the value functions arising in mean field games (cf., e.g., [24,
25]). We recall 8 > 0 represents the intensity of the common noise and L, G are two given
functions,

L:RdXPQX]Rd—)R and G:Rde2—>R

that are continuous in all variables. As usual, the Legendre—Fenchel transform of the La-
grangian L with respect to the last variable is the Hamiltonian H defined as

(2.18) H(x, u, p):= supd[—(a,p) —L(x,u,a)], (x,p,pn) eR* x Py,
aclR
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Given t € [0, T], we set
B!:=B;,—B, B»:=BY-B’ Vsel[tT]

and denote by A, the set of admissible controls « : [¢, T] x RY x C ([t, TT; R4 ) — R that are
uniformly Lipschitz continuous in the second variable, progressively measurable and adapted.
For any £ € L?>(F;) and « € A;, by the Lipschitz continuity property of o, the SDE

N
(2.19) XiEe =g +f ar (X058 B dr + B+ BB, selt,T]
t

has a unique strong solution. We note that, by the adaptedness, the control « actually takes

the form o, (X ﬁ’s’“, Bg’tr]), where, Bg’tr] stands for the restriction of B to the interval [z, r].

Consider the conditionally expected cost functional for the mean field game,

J(t.x.§ 0 0) =B, [G(X%"’“ Lo z)
(2.20) - y o
X0 X, ,
+ /t L(XES Lyt ol (X0 B ))ds].
Here, & represents the initial state of the “other” players, « is the common control of the other

players and (x, &’) is the initial state and control of the individual player. When £ € I? (.7-",1)
is independent of ]'—;0 it is clear that J (¢, x, &; a, ') is deterministic. One shows that

£ e L2(]:t1), Lo=L: = J(t.x,&5ad)=J(tx,&ad) Vxad.
Therefore, we may define
(2.21) J(t,x, pya,d)=J(t,x, & a,d), &€ Lz(]:tl, w).
Now, for any (7, x, u) € ® and @ € A;, we consider the infimum

(2.22) V(t,x, p;a) = inf J(t,x, u; o, ).
OZ/E.A[

DEFINITION 2.9. We say o™ € A4, is a mean field Nash equilibrium of (2.22) at (¢, ) if
V(t,x, ;) =J(t, x, u;a*, ) for p-ae. x € RY,

When there is a unique mean field equilibrium for each (z, u), denoted as a* (¢, ), it
makes sense to define

(2.23) V(t,x, 1w):=V(t,x,pa*@t,pw).

Using the It6 formula (2.12), one shows that if V is sufficiently regular, then it is a classical
solution to the master equation (1.1). However, we would like to point out that the theory of
the global well-posedness of (1.1) that we develop will not rely explicitly on this connection.

The master equation (1.1) is also associated to the following forward-backward McKean—
Vlasov SDEs on [fg, T']: given fg and & € L2 (F1),

t
X =6~ | 9,H(XE, py, ZE)ds + B + BB
(2.24) fo , ’ ;
Yf:G(X‘;,pT)Jr/ L(Xf,,os,Zf)ds—/ Zt -st—/ 7% .aBY,
t t t

where

L(x, 1, p):=L(x, 11, 3, H(x, u, p)) = p - dpH (x, jt, p) — H(x, 1, p),

Pt = ,Ots = ﬁx;g’l]__;)
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Given p as above and x € R? we consider on [fo, T] the standard decoupled FBSDE

X7 =x+ B+ BB,
T
(2.25) v =G( ’},pr)—/t H(XE, ps, Z5%) ds

T T
—/ 7% . d By —/ 7055 . aBY.

t t
Alternatively, we may consider the coupled FBSDE, instead of the decoupled one (2.25),

t
X 2 [ oK 75 ds 4 80+ 1

0]

TA
(2.26) Y\t = G(X7", pr) +/ L(X3™, ps, Z5%) ds
T ! T
—/ Z5~ . dB, —/ z>5x . dBY.
t t

These FBSDESs connect to the master equation (1.1) as follows: if V is a classical solution to
(1.1) and if the above FBSDEs have strong solution, then

- YE =V X: ). Y = V(X o). Y = V(e X o).
ZE =0 V(. X5 p). ZF =0, V(1. X5 pr), ZE5 =0,V (6, X5, ).

REMARK 2.10. (i) The forward-backward SDE system (2.24)—(2.25) or (2.24)—(2.26)
is called the mean field game system. Equivalently, one may also consider the following
forward-backward stochastic PDE system as the mean field system on [z, T']:

22
dp(t,x) = [% tr(dexp (2, x)) 4+ div(p(t, x)0, H (x, p(t, -), dyu(t, x)))} dt
— Boup(t, x) - dBY;

(2.28) du(t,x) =v(r,x) -dB° — [u(ga u(t, x)+ Bov ' (¢ x))
’ — ’ t ) XX ) X )

— H(x, p(t,-), axu(t,x))] dt;
,0([0,-):,65, M(T,.X)ZG(X, p(Ts ))

Here, the solution triple (o, u, v) is Fo—progressively measurable, and p(t, -, w) is a (random)
probability measure. The solution V' to the master equation also serves as the decoupling field
for this forward-backward system, that is,

(2.29) u(t,x,w)=V(t,x,p,-,w)).

(ii) In this paper we focus on the well-posedness of the master equation (1.1). It is now a
folklore in the literature that, once we obtain a classical solution V (with suitably bounded
derivatives), we immediately get existence and uniqueness of a mean field equilibrium «* in
(2.22) in the sense of Definition 2.9. Indeed, given V, in light of (2.27) we may decouple the
forward-backward system (2.24) (or, similarly, decouple (2.28)) as

t
(230) X;=&— f OpH (X, ps. 0V (5. X5, po))ds + B + BB™, 1= Lyt 0.
1o
If V is sufficiently regular, this SDE has a unique solution (X%, p), and then we can easily
see that
a*(ta X, Cl)) = _apH(x’ ,Ot(w)7 8xv(t, X, p[(w))

is the unique mean field equilibrium of the game.
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(iii) Given a classical solution V with bounded derivatives, in particular with bounded
0V, we can show the convergence of the corresponding N-player game. The arguments
are more or less standard; see [21, 25], and we leave the details to interested readers.

3. The displacement monotonicity of nonseparable H. In this section we collect all
our standing assumptions on the data that are used in this manuscript to prove our main
theorems. In particular, we shall introduce our new notion of displacement monotonicity
for nonseparable H. Under appropriate condition on H and recalling (1.2) for the nonlocal
operator N/, it is convenient in the sequel to define the operator

22
LV(t,x,u):=—0V — %tr(&mV) +H(x,p,0,V) =NV

which acts on the set of smooth functions on [0, 7] x RY x P5.
We first specify the technical conditions on G and H. Recall the Br and Dp in (2.9).
ASSUMPTION 3.1. We make the following assumptions on G:
(i) G eC*(RY x P,) with |3,G|, |9xxG| < LS and 3, G|, |9, G| < LY;
(i) G,8,G, 3G € C>(RY x P,), and 8,G, 3,,G € C*(R? x P, x RY), and the supre-
mum norms of all their derivatives are uniformly bounded.
ASSUMPTION 3.2. We make the following assumptions on H:
() H eC?*(R? x P, x RY), and, for any R > 0, there exists L (R) such that
|0 H|. [0, H|. [0xx H |, 13:p H|. [8pp H| < L™ (R) o Dg;
19, H|, |85 H|, 10, H| < L¥(R) onRY x Py x RY x Bg;
(i) H € C3(RY x P, x RY), and
H,39:H,d,H, 9 H, dxpH, 8ppH, dxxpH, dxppH, dppp H € C*(R? x Py x RY),
the supremum norms of all their derivatives are uniformly bounded on Dg and
OuH, 0y H, 3pu H, dxpp H, 3pp H € CPH(R? x Py x R¥),

and the supremum norms of all their derivatives are bounded on R4 x P, x R x Bg:
(ii1) There exists Cg > 0 such that

|0xH (x, 11, p)] < Co(1+1pl) forany (x, 1, p) e R? x Py x RY;

(iv) H is strictly convex in p, and, for any R > 0, there exists LH(R) such that

_1 -
|(8pp H (x, . p))~ 20, H (x, 1, %, p)| < L (R)

for any (x, u, X, p) € R? x P> x R? x Br.

REMARK 3.3. (i) Given a function U € C!(P,), one can easily see that U is uniformly
Wi -Lipschitz continuous if and only if 9,,U is bounded.

(i1) Under Assumption 3.1 and by the above remark, we see that G and 9, G are uniformly
Lipschitz continuous in x under Wi on R¢ x P, with Lipschitz constant LlG. This implies
further the Lipchitz continuity of G, d,G in w under W, on R? x P,, and we denote the
Lipschitz constant by Lg < L?,

G E[|8,G0r . Bil] < LSE[P)?.  E[|oeuGx. . B)itl] < LS E[In?])?.
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for all & € L2(F}, u), n € L>(F}). Similarly, under Assumption 3.2, H, 3, H, 3,H are
uniformly Lipschitz continuous in w under Wy (or W3) on RY x P, x Bg with Lipschitz
constant L7 (R).

We now introduce the crucial notion of displacement monotonicity for nonseparable H.

DEFINITION 3.4. Let H be a Hamiltonian satisfying 3.2(i) and (iv). We say that H
is displacement monotone if, for any p € P, & € ]Lz(]-"}, @) and any bounded Lipschitz

continuous function ¢ € C'(RY; R?), the following bilinear form is nonpositive definite on
neL?(F}):

(diSPlg H)(n,n) = (dxd)gH(ﬂ, n) + QgH(n, n) <0 where

32)  (AdEH ) = E[@x H (E 1, & @)+ dux H(E. . 0(©))n. n)]:

By [0 H (€, 1. £, 0(®) ][],

—1
2

1
Qg H (. m) = ZE[|(9pp H (5, 11, 9(£)))
The following assumptions are central in our work.

ASSUMPTION 3.5. (i) G satisfies Assumption 3.1(i), and it is displacement monotone;
namely, it satisfies (2.16).
(ii) H satisfies Assumptions 3.2(i), (iv) and is displacement monotone; namely, (3.2) holds.

REMARK 3.6. (i) When H(x, u, p) = Ho(p) — F(x, u), (3.2) reads off
(displf H)(n,n) = —(dxd)¢ F (n,m) <0.

This is precisely the displacement monotonicity condition (2.16) on F, and so (3.2) is an
extension of the displacement monotonicity to the functions on R? x P, x R<.

(i) Under Assumptions 3.1 and 3.2, we may weaken the requirement in Definition 3.4
such that (3.2) holds true only for those ¢ satisfying |¢| < C{, [d,¢| < C3 for the constants
C{, C; determined in (6.2) below. All the results in this paper will remain true under this
weaker condition.

(iii)) AsinRemark 2.5(i), one can easily see that (3.2) implies 0, H is nonpositive definite.
This will be useful in the proof of Proposition 3.7.

PROPOSITION 3.7. Under Assumptions 3.2(i) and (iv), H is displacement monotone if
and only if (3.2) holds true for o (§)-measurable n; namely, n = v(§) for some deterministic
function v. That is, by writing in integral form, H is displacement monotone if and only if, for
any u € P, v € Li (R?; R?) (defined in Section 2.2) and any bounded Lipschitz continuous

function ¢ € CH(R?; RY), it holds

/de<ax“H(x’ 1y %, () V() + Bxx H (x, 12, 9(X))v(x), v(x))1e(dx) pu(dX)

1
3.3) +Z/Rd[

<0.

2
}u(dx)

(appH(x,,qu(x)))_%/Rd[apMH(x,u,i,w(x))v(i)]u(di)

In particular, when H is separable, namely, 9,,,, H = 0 and hence Q?H(n, n) =0, then (3.3)
reduces to

(3.4 /de(ax,LH(x, 1y %, () V(E) + 3xx H (x, 1, 9(X))v(x), v(x0))1e(dx) u(dX) < 0.
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PROOF. First, assume (3.2) holds. For any desired u, v, ¢, let & € LZ(}"}, ) and n :=
v(£). Note that n = v(é) for the same function v. Then, (3.3) is exactly the integral form of
(3.2).

We now prove the opposite direction. Assume (3.3) holds true. Following the same line
of arguments as in the proof of Remark 2.5(i), one first shows that d,, H is nonpositive
definite. Now, for any £ € Lz(}"%, w) and n € ]Lz(]-"}), denote n’ := E[n|&]. Then, there
exists v € ]Li (R?; R?) such that ’ = v(£). Note that

i =E[7|Fr, &) =ElilE]1 = v ()

for the same funct~ion v. Then, (3.3) implies that (3.2) holds for (1, 7’). Note that, by the
independence of (£, 77) and (£, ), we have

E[(0,, H (&, 1, €, 9(&))il, n)] = E[(0,, H (€, 11, &, 0 ()T, )],

Epy [0puH (5 1.6, 9)i] = Bzt [0p H (. 1. §. 0(©))7].
Since dyx H is nonpositive definite, we have

E[(dxx H (5, 1t (€)1, n)] < E[(0xx H (&, 12, 0(E))0', 1')].
We combine all these to obtain
(displf H) (1, n) < (displ{ H)(n',n") <0
which completes the proof. [J
We next provide an example of nonseparable H which satisfies all of our assumptions.

We first note that, similar to Remark 2.5(ii), for any H € C>(R? x P, x R?) with bounded
second-order derivates, the function H (x, i, p) — C|x |2 always satisfies (3.2) for C > 0 large
enough. However, this function H (x, i, p) —C|x |? fails to be Lipschitz in x. We thus modify
it as follows.

Let Ho(x, i, p) be any smooth function with bounded derivatives up to the appropriate
order so that Hy satisfies Assumption 3.2(i)—(ii). Suppose for some constant Ry > 0,

(3.5) Ho(x,u,p)=0 when|x|> Ry and 0,Ho(x,u,x, p)=0 when [x|> Ro.

A particular example of Hy satisfying both conditions in (3.5) is

Hote e ) =h (. p. [ fx 5 poaca))

where f and h are smooth, i (x, p,r) =0 for |x| > Ry and 9; f(x, X, p) = 0 for |X| > Ry.
Let ¢¥¢ : R? — R be a smooth and convex function such that Ye(x)=Clx |> when |x| < Ry
and ¢ (x) growth linearly when |x| > Ry + 1. Then, we have the following result.

LEMMA 3.8. If Cy is sufficiently large, then the Hamiltonian
(3.6) H (x, 1, p) := Ho(x, 1, p) + Col pI* = ¥y (x)
satisfies Assumption 3.2 and is displacement monotone.
PROOF. It is straightforward to verify Assumption 3.2(i), (ii), (iii), and H also satisfies

Assumption 3.2(iv) when Cy is large enough. Then, it remains to prove (3.2). Let C > 0 be a
bound of 9y, Hy, dxx Ho, 9, Hp, and choose Cy such that

2Cy > 3C, 8ppH0 +2Coly = 1.



MEAN FIELD GAMES MASTER EQUATIONS 2193
We first note that
dxuH = 0y Ho, dpuH = 8, Ho, dppH = dppHo +2Coly > 1y,
Oux H (X, . p) = e Ho(x, . p) = 2Colalx =R} — xx ey () (11> Ro)-
By (3.5) we have
(displf H)(n, m) = E[E 71 [0 Ho(&, 11, €. () 7] m)
+ Ly <ro}[0xx Ho (€, i, 9(§)) — 2Cola]n, n)

- 1{|€|>R0}|:<8xx‘/’Co(§)77v n)

1 _1~ ~ 112
We use Jensen’s inequality, the assumption on C¢ and by the convexity of ¥ ¢, to obtain

(displf H) (1. 1) < BICL(ei<roy INNE[Lg) g 171] +[C — 2Col iz <oy 0
+ CLE[1 < oy 11T = L= o) {[Bx ¥y ), )]
< [C — 2C0)E[Lq¢ <roy n1*] + 2C (E[1yjg <oy 1]])
— E[1jg)> ro){[0xx ¥, (). )] <.

Thus, H satisfies (3.2). U
We next express the displacement monotonicity of H in terms of L, defined through (2.18).
PROPOSITION 3.9. Let H be such that Assumptions 3.2(1) and (iv) hold. Let i1 € Pa:
(1) H satisfies (3.2) if and only if L satisfies the following:

E[(8u L(E, 1, &, ¥ (©))if, n) + (8xx L(E, 1, ¥ (&)1, 1)]
3.7

]

_1 1 ~
> B [Bua L 6. W) 3By L6 1. B U )]+ dun L6 1 0 |

forall u, &, n, ¢, as in Definition 3.4, and ¥ (x) := —0, H (x, u, ¢(x)).
(i1) A sufficient condition for L to satisfy (3.7) and hence for H to satisfy (3.2) is

2

3.8 A=
(3.8) ded$

E[L(S + (e +d)n, Eé-ﬁ-sn, 5/ + (e + 8)’7/)“(8’5):(0’0) >0,
forall §,&',n,n' € L2(Fp).

PROOF. (i) First, standard convex analysis theory ensures regularity properties of L. The
optimal argument a* = a*(x, , p) satisfies

H(x,pu, p)=—L(x, pn,a*)—(a*, p), daL(x,n,a*)+p=0, a*=—-9,H(x, i, p).
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One can easily derive further the following identities (some of them are well known in convex
analysis):

OxH(x, p, p)=—0xL(x, pu,a*); uH(x,pu, %, p)=—0,L(x,n,X,a%);

1

Ogal > I; onDgp and 9,,H(x,u, p)=[0aal(x, n,a*)]

~ LH(R)
depH (x. tt. p) = dyaL(x. 1t.a")[aa L (x. pt.a*)] 7"
Oex H(x, b, p) = =0 L(x, pt,a*) + 8:p H (x, b, p)3ax L(x, pt, a*)
=[—0x L + OraLl8aa L1 B L] (x, 1, a®);
O H(x, 1, %, p) = —0xu L(x, u, X,a*) + dxpH(x, p, p)3apL(x, p, X,a*)
= [0y L + 3xa L13aa L1 80 L] (x, 11, %, a*);

(3.9)

puH (x, u, X, p) =0ppH(x, b, p)dauL(x, 1, X,a")

= [GaaL(x, s, a*)]  0ap L(x, . %, a*).
Now, let ¢ be chosen as in Definition 3.4 and ¥ (x) := —9, H (x, u, ¢(x)), then we have
—(displf H)(n, )
= I”E[([awL — vaL[8aa L1 00 L](5, 1, &, ¥ (8)) i, 1)
+{[8ex L — o L[8aa L1 8ax L](&, 12, ¥ ()1, 1)
1 1~ -

— a6 W )] E L 6 B v @)

=E[(ax,,,L(s,u,§, V)i n) + (ex L(E. 1t ¥ ). 1)

1 1= - 2
[Bua L6 10 WE)]7F | 3B [0 L6 10, B W )]+ Bn L 6w | |

Then clearly, (3.2) is equivalent to (3.7).
(ii) Assume (3.8) holds and £, &, 1,1’ € }LZ(}"}). By straightforward calculations we have

d
A = %ERBXL(g + 8’7’ £§+Env él + 877/)5 77) + <8IJL(§ + 87% Es-f—&‘nv 5, + 877/)7 7/):”3:0

= E[{0xx L (5. Le. §')n.n) + (9su L (&, Le. .61, )
+ 2<aaxL(§a ﬁs» 5/)77, n/> + (aa/LL(é’ ﬁé‘a gv ";:/)ﬁ7 77,> + <aaaL(§, ES’ g’)n/’ 77/>]

The expression A remains nonnegative in particular when

£ =) and

1/ 1= - .

1 = —(OaaL (6. £6.6)) " (3B, (L (6. £o.E.8)7] + dueL(6. £5.6)n ).

Omitting the variables (£, L¢, £, &) inside the derivatives of L, we have
~ B 1~ 5

0<A= E|:<axxL77’ n) + (E]:} [3qu77], 77) + 2<8axL77 + EE]:} [8auL77]v 7]/> + <8aaL77/v 77/>:|

1

2
~ B 1 1 ~ -
= E|:<axxL77’ 77) + (E]:} [3qu77], 77) + ‘[&mL]ZU/ + [auuL] 2 |:aaxL77 + E}‘]l_ [3aML77]”

[\
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]
1

5 5 2
= E|:<axana n + <E]:% [8X;J.Lﬁ]v 77> - ‘[aaal‘]_% |:8axL77 + _E}'} [aa,uLf]]iH ]

_1 1~ -
[0aq L] 2 |:8axL77 + EE]:} [8auLn]]

\e]

This is exactly (3.7). U

REMARK 3.10. Observe that (3.8) expresses a certain convexity property of L. To il-
lustrate this, consider the separable case, where L(x, u,a) := Lo(x, u) + L1(x, a). Then,
A = Ao+ Ay, where

2
Ao = dstE[Lo(é+87}+5n,£s+sn)]|(s,5):(o,o),
Ay = @ E[L1(5§ +en+n. & +en' +7)]|
1= deds 1 en 1, &n M)l (,8)=(0,0)"

and so Ag >0, A1 > 0 implies (3.7). Note that A; > 0 exactly means L is convex in (x, a).
Moreover, consider the potential game case for Lo: dxLo(x, ) = 9, Lo(u, x) for some func-
tion Lo(w). Then,

d d —
Ao = %E[@)CLO(& +éen, Eé—l—sn), 77>] ’g:() = %E[(auLO(»Cé—i-sna & +en), U>]|g:0

d> ~
= @LO(‘Cf-H?U)L:O'
Thus, Ag > 0 exactly means Lo is displacement convex, namely, the mapping & +— Zo(ﬁg)
is convex. These are the same displacement convexity assumptions on the data for potential
deterministic mean field master equations imposed in [28]. In particular, (3.8) is reminiscent
to the joint convexity assumption on the Lagrangian (Assumption (H7)) in [28].

4. The displacement monotonicity of V. In this section we show that, under our stand-
ing assumptions, the displacement monotonicity condition is propagated along any classical
solution of the master equation. More precisely, let H and G satisfy our standing assumptions
of the previous section, and in particular, suppose that they are displacement monotone in the
sense of Assumption 3.5.

THEOREM 4.1. Let Assumptions 3.1 and 3.2(i), (iv) and 3.5 hold, and V be a classical
solution of the master equation (1.1). Assume further that

V(tv Ty ')’ 8XV(I, y ')7 aX)CV(ts Yy ) € C2(Rd X 7)2)7
a,LLV(t9 ) ')7 aX/LV(ta REIRE) ) € CZ(Rd X 7)2 X Rd)v

and all their derivatives in the state and probability measure variables are also continuous in
the time variable and are uniformly bounded. Then, V (t, -, -) satisfies (2.16) forall t € [0, T].

PROOF. Without loss of generality, we shall prove the thesis of the theorem only for
to = 0, that is, that V (0, -, -) satisfies (2.16).
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Fix &, n € L?(Fo). Let us consider the following decoupled McKean—Vlasov SDEs:

t
Xo =& = [ 0pH(Xoi s, 0V (5 Xou o)) ds + B+ BBY, =Ly

' 1.~ - -
wh 5X,=n —fo [pr(xs)axs + B [Hpu(Xe, X)8X,] + pr(Xs)Ns} ds where

Ny :=E7 [0, V(X X)8X, ] + 01x V (X)X,

1 . .
+ 5H,,p(x,) "Ex [Hpu(Xs, X)8X,].

Here and in the sequel, for simplicity of notation we omit the variables (¢, u;) as well as the
dependence on 9,V and denote

4.2 Hy(Xp) =0, H(X;, pr, 0V (1, Xy, 111)),
Hypu (X, Xo) i= 8pu H(Xy, e, Xp, 35V (2, Xoy ),

and, similarly, for Hy,, Hpp, Hyy, 0xxV, 0y, V. Since V is assumed to be regular enough
with 0.V, 9., V, 0y, V uniformly bounded and H satisfies Assumption 3.2(i), the driv-
ing vector field is globally Lipschitz continuous. Therefore, classical results imply the ex-
istence of unique solutions X; and §X,;. We also observe that §X; can be interpreted as
lime—o L[X7 T — X1 (cf. [18]).

Below, we shall use the notation, for 6 € R,

d d
(4.3) 0" expn VX, B) = 00520V (x, %), ()05 V =D iy OV

i=1 i=1
and, similarly, for other higher-order derivatives of V. Introduce
I(t) = IE[<8)C/LV(I’ Xh M, XI)SX% 8XI>]5 I_(t) = E[(axxv(ta Xt’ /’LZ)SXH 8Xt>]

We remark that, since (5( ‘s 65(,) is a conditionally independent copy of (X;, §X;) and u; is
FV-measurable, for the notations in Section 2.1 we have

(4.4) I(t)+1(t) =E[(dxd)x, 0.V (. V(X (0, ), 8X, (0, ))].
Our plan is to show that
(4.5) in+1w <o
Then, recalling V (T, -) = G and applying Assumption 3.5(i),
(drd)e V (0, -)(n, ) = 1(0) + 1(0) > I(T) + I(T)
=E[(dxd) x,(@0.G (6 X1 (0°, ), 8X1 (0, )] > 0.

That is, V (0, -) satisfies (2.16).
To show (4.5), we apply Itd’s formula (2.12) to obtain

(4.6) IO=1+5L+5,

>

where, introducing another conditionally independent copy X of X and defining E in the
manner of (2.4),

A

~ ~ /\2 ~ ~
I= E[({azmwxf, X+ %((tramaxw)(xf, X)) — Hy(X) 00V (X1, X0)

+ BH(tr(Bxy) V) (Xr, Xo, X))+ B2 (tr(35,) 85, V) (X1, X1, Xy)
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2
+ ﬁz(tr(axx)ax,uv)(xt, X))+ = P (tr(aw)amv)(xt, Xz, X, X;)

(tr (D)0 V) (X1 X Xp) = Hp(X0) T 0, V(X1 X1, X))

NI‘E? Nlt’ﬂ

(3552 V) (X1, Xo) — Hy () 052,V (Xy, X»}axt, ax,ﬂ

and, rewriting ()~( , X , IE) in the expression of N as (X,8X, IE) (which does not change the
value of N),

= _E[<ap,x V(Xt, Xt){[ px(Xt) + pr(Xt)axxV(Xt)]SXt + IIZ} 5Xt)]
I = [Hppu (X, Xi) + Hpp(X) 32, V (X1, X1)]8X:,
Iy = — B[00,V (X0, KO [Hpe (K0) + Hpp (X352 V(X6 X, + 113}, 6X,)].

3 := [Hpu (X, Xo) 4 Hpp(X0)0x,V (X1, X)]8X,.

We apply —0,, to (1.1) and rewrite (5, é, Ié) in (1.2) as (é, é, IQE) to obtain
“4.7) 0=—00xu,ZLV)(t,x, 1, X)=J1 + Lo+ J5.

Here, we have set, recalling the notation in (4.3),
B

J1 =0 Vi(x, X) + T(tr(axx)amV)(x,)E) — Hyy (x,X) — 0xx V(X)Hpy (x, X)
- (pr(x) + Oxx V(X)pr(x))axuv(x, X)— Hp(x)—raxxuv(xa X),
22

Jp = %(axi tr(3z,) V) (x, %) — Hp(X) "85,V (x, %)
- X}LV(X x)( px(x) + pr(x)axxv(x))
+ ﬂ (axi tr(axu)v)(-x’ i) + ﬁZE[(ax)E tr(aﬂu)v)(-x’ év -;Cl)]a

N o
=E (tr(axu)axuv)(x X, 5) Hp(g) 8[LX}LV(xﬂxa‘§)

_axuv(x E)[ pu(s x)+pr(§)axu.V(§ x)]
2
B V)06, 5.8 B (00000 ) 0, 7.8, s)]

Note that we can switch the order of the differentiation in 9,0, 0,05, etc. We emphasize
that special care is needed when considering 9,03 (since we cannot change here the order of
differentiation). For such terms we use their symmetric properties, given in Lemma 2.1. By
evaluating (4.7) along (X;, u, X,) and plugging into (4.6), one can cancel many terms and
simplify the previous derivation as

it)=E [ (BMV(X,,X,)[ p/,L(XtaXt)+pr(Xt)axuV(XhXt)]SXh8Xt>
+([qu(Xt,Xt)+3xxV(Xt)Hpu(Xt,Xz)]5Xt,5Xt)]~



2198 GANGBO, MESZAROS, MOU AND ZHANG

Thus, by using the tower property of conditional expectations and the conditional i.i.d. prop-
erty of (X, 6X), (X (SX) (X, 8X), we have

[(t) = E[~(Hpp (XDEZ [85, V(Xr, X)8X, ], Bx [020 V (X1, X)8X,])
(4.8) —(Ex [Hpu(Xe, X0)8X: ], Ex [9x,V (Xp, X)X, ] — 851 V (X1)5X,)
+(E£ [Hep(X:, X)8X,], 8X,)].

Similarly as above, we apply Itd formula (2.12) to 1(z) to obtain
It=5L+1,+Ts,

where
B>

i :=fE[ {a,xxwxm ((6(B3) 3 V) (X2) — Hy(X0) 3 V(X))

+ B (tr(05,0002 V) (Xi, X»}axt, 5Xt>:|,

~ 2 ~ -
Iy := EM% (tr(8) 02 V) (X1, Xi, Xo)

22
+ %(tr(am)axxvxxf, X)) — Hy(X0) e V (X, Xt)}sxt, axtﬂ,

13 :=E[—2(0:x V(X {[Hpx (X1) + Hpp (X0 V(X1)]8 X,
+ [Hpp(Xe, Xo) + Hpp(X )0,V (Xe, X)]8X: ), 8X,)].

On the other hand, applying —d, to (1.1), we obtain
(4.9) 0=—(0x: LV)(t,x, 0) = J1 + )2,

where

22
J1 =0V + %(tr(axx)axx V) = Hyx(X) — 2Hyp(x) 85, V (x)

— B V() Hpp () 32x V(X)) — Hp(x) " 8y2x V (%),

P
J: n«:[ (tr(D5,0022 V) (5, §) = Hp(B) T8y V (x, E)
2 o
(000 V) 0,6+ 2 00,08, V) 0,88

We evaluate the previous expression along (X;, ts) to obtain, after a simplification,

f(t) =E[—(Hpp(X)0:x V(X1)8X;, 05x V(X)8X;)
(4.10) — 2{H,pp(X) 32V (X)8X:, E£ [0x, V (X1, X)X, ])
— 2085 V(X)8 X1, Br, [Hpp (X, X)8X,]) + (Hex (X1)8X1, 8X,)].
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We combine (4.8) and (4.10) to deduce that

i) +1@) = E[—|Hpp (X (B [0,V (Xs, X1)8X,] + dex V(X)X )|
—(Ex [Hpu(Xe, X0)8X: ], Ex [,V (Xp, X)X, ] 4 851V (X1)5 X,
+(Ex [Hep(Xe, X)8X, ]+ Hyx (X)8X;, 8X,)]

= E[—‘H;p(xt){léﬁ[aw\/(x,, X)8X, ]+ 8 V(X)8X, )
4.11)
2

1 1 - ~ ~ - ~ ~
+ 5 Hpp (XOE7[Hpu(Xe, X08X,]| + (B [Hu (X1, X8X,], X))

1 _1 - - -
F(Hee (03X, 8X,) + | Hygt OB [ (X, )3 X,] ﬂ

1 ~ ~
= —E[|Hpp(XON, "]+ EP[(displ}y 0 ) H)(6X(e”. ). 8K (e, )],
where we have set ¢(x) := 0, V (¢, x, s (0%)) and the last line is in the spirit of (4.4). Apply-
ing (3.2), we obtain (4.5) immediately. [J

REMARK 4.2. (i) The main trick here is that we may complete the square in (4.11) for
the terms involving 0,V and, more importantly, d,, V', which is hard to estimate a priori.
Since the identity is exact, (3.2) seems essential for not loosing displacement monotonicity.

Moreover, recalling (4.4), we see that

d
(4.12) T (), 0,V (1 )X (@), 8, (0, )]

. 0 il v
< BP0 (disply G H) (5%, (00, ), 61 (e, ).

So, roughly speaking, displ H measures the rate of dissipation of the displacement mono-
tonicity of V through the bilinear form (d,d)V (¢, -, -).

(i1) In the separable case, that is, H (x, u, p) = Ho(x, p) — F(x, u) for some Hp and F,
(4.8) becomes

[(1)= —E[}[(Ho)pp(x,)]%faﬂ[aWV(Xt, X08X 1> +Ex ([0x, F (X, X)8X,]. 6X,)].

The term involving d,, V is again in a complete square, and it is no surprise that V(z, -, )
would satisfy Lasry—Lions monotonicity condition (2.15), provided that the data G and F
also satisfy (2.15). So, our arguments provide an alternative proof for the propagation of the
Lasry—Lions monotonicity along V (¢, -, -) (and for the global well-posedness of the master
equation, as a consequence of it, just as in the rest of the paper) in the case of separable
Hamiltonians and Lasry—Lions monotone data.

(iii)) When H is nonseparable, however, it remains a challenge to find sufficient conditions
on H that could ensure the right-hand side of (4.8) being negative (for arbitrary times). This
makes the propagation of the Lasry—Lions monotonicity condition along V (¢, -, -) hard to en-
vision. In [36] a notion of monotonicity condition for nonseparable Hamiltonians that depend
locally on the measure variable was proposed (see also [2]). This condition allows to obtain
uniqueness of solutions for the corresponding MFG system.

5. The uniform Lipschitz continuity of V under W,. The main result in this section
is that the displacement semimonotone solutions to the master equation (1.1) are always
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uniformly W;-Lipschitz continuous. We note in this observation that the Lipschitz conti-
nuity of V (¢, -,-) in u (under W») is the consequence of the displacement semimonotonic-
ity of V(z, -, -) only (other than the technical conditions), which seems to be new even in
the separable case. We remark again that the displacement semimonotonicity is weaker than
both the displacement monotonicity and the Lasry—Lions monotonicity (if d.x V is uniformly
bounded); see Remark 2.8.

THEOREM 5.1. Let all the conditions in Theorem 4.1 hold, except that we do not require
Assumption 3.5(ii). Assume further that V (¢, -, -) satisfies the displacement semimonotonicity
(2.17) for each t € [0, T]. Then, V and 0,V are uniformly Lipschitz continuous in | under
Wo with Lipschitz constant Cg, where Cg > O depends onlyond, T, ||0x V| L, ||0xx VL,
the Lg in Remark 3.3(ii), the L™ (||9, V|| 1) in Assumption 3.2(i) and the A in (2.17).

PROOF. In this proof, C > 0 denotes a generic constant depending only on quantities
mentioned in the statement of the theorem. Without loss of generality, we show the thesis
of the theorem only for 7o = 0. We fix &, n € L>(Fp) and continue to use the notation, as in
the proof of Theorem 4.1. In particular, § X is defined by (4.1). First, we emphasize that the
equality (4.11) does not rely on (3.2). Then, integrating (4.11) over [0, t] we obtain

t — -
/0 E[}H,,,,(xs)%NSF]ds =[1(O)+ (O] -[I(")+ ()]
+ /OIIE[(IE;S [Hy (X, X5)8Xs], 8Xs) + (Hex (X)8 X, 8X)
1 _1 - - -
+ 1 |Hpy' (X)EF, [Hpu(Xs, Xs)‘SXS]}Z] ds

<1(0)—[I(t)+1®)]+CE[n*]+C /Ot E[18X,]%]ds,

where we used tl_le bound of 0y, V, Hy;, Hyyx, Hp,. Since V (z, -, -) satisfies (2.17), by (4.4)
we have I (1) + I1(r) > —AE[|8X,|?]. Then,

t . 1
(5.1) /0 E[|Hpp(X,)2 Ny|*]ds < 1(0) + CE[|5X,]*] + CE[In[*] + C/O E[18X,[*]ds.
Next, using (4.1) and Young’s inequality, we have, for any € > 0,
2 2 ! 2 ! L 12

X, <P+ C [ 10X, P ds e [ [H (XN ds

Taking expectations on both sides and choosing € > 0 small enough, by (5.1) we obtain
t
E[18X,[*] < C/O E[18Xs]*]ds + CE[|n|*] + C|1(0)|.

Then, it follows from Gronwall’s inequality that

sup E[18X,|*] < CE[|n]*] + C|1(0)| < CE[|n|* + In]|Yol]
(52) t€l0,T]
where T[ = INE}'Z [8XMV(f, X[, M, 5{;)5}2;]

We shall follow the arguments in Theorem 4.1 to estimate Y. We first observe that

(5.3) Yo =Er [0,V Xy, 11, X1)8X,].
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So, by applying 1t6 formula (2.12) on 9, , V (¢, X;, 14+, X,)8X,, taking conditional expectation
E 7, and then changing back to E 7, asin (5.3), we obtain

(5.4) dY, = (dB)  Ki(t) + B(dBY)" Ka(t) + [K3(t) — Ka()]d1,

where, recalling the notation in (4.3) (in particular, the stochastic integral terms above are
column vectors),

Ki(t) =B [0xxnV (X1, X)8X,].
K2(t) := K1(t) + Ex [{ Qe V) (X0, X X0) + Iz V(Xe, X))} X,],
K3(t) i=Ex, Hatmth, X)) = Hy (X)) T0eanV (X0, 1)
— Hp(X) "85,V (Xy, Xo) — Hp(X0) T8V (Xo, Xi, Xi)
2 3
+ 7[(tr(axx)8xuv)(xt, X1)
+ (tr(355) 3 V) (X1, X) + (633,85 V) (Xis X1, X1)]

- ﬁz[(trwm)awv)(xt, X, Xp) + (tr(50)8x, V) (X1, Xo)

1 -
(U808 V) X0, Ke, K)o 3 (0000 V) X K, Ko, Xa] }sx,],

K4(1) —Ef,[axuV(Xz,Xz){[ Hp (X1) 4 Hpp(X1) 00 V(X)) X,
+ [Hpp(Xe, Xo) + Hpp(X0)dx, V(Xe, X186 X, )]
In light of (4.7), by straightforward calculation and simplification and setting
Ks(t) := Hyxp(X1) + 0xx V(X0) Hpp(X1),
Ko(t) = Ex, [ Hep(Xe, Xo) + 362 V(X Hpp (X1, X018 X,],
we derive that
(5.5) dY, = (dB) K1 (t) + B(dBY) Ka(t) + [Ks(t)Y, + Ke(1)]dt
We have

Y =Yr— ftT(dBS)TKl(s) — /IT B(dB°) T Ky(s) — ftT[Ks(s)Ts + Ke(s)]ds
Take conditional expectation E 7, and recall (5.2), we have
56) Y =Er[0.G (X7, ur. X1)5X7] - /tT 7 [Ks(s) s + Ko(s)] ds
Then, by (5.5) and the required regularity of G, H and V, in particular (3.1), we have
1T, |> < CEx[18X 7]+ C /tT Ex [ITs* + 16X,1%] ds
Now, take conditional expectation E Fos We get

- ~ ~ T ~
Er[17/1%] < CER[18X 7]+ C f Ez[17s 1> + 18X, 17 ds
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Thus, by the Gronwall inequality we have

- - ~ T -
(5.7) 1Tol* = Ex[IY0l*] < CER[18X 7]+ C /O Er (16X, ds.

Plug this into (5.2), for any ¢ > 0, we have

sup E[18X,]°] < C:E[Inl*] + eE[| Yol*] < C:E[In*] + Ce sup E[|8X,|].
t€[0,T] t€[0,T]

Set & = % as above; we have

(5.8) sup E[18X,1%] < CE[In?].
t€l0,T]

Note that, recalling the setting in Section 2.1, 8X, is measurable with respect to f-f) \ ]:"t]
which is independent of F( under P. Then, the conditional expectation in the right side of
(5.7) is actually an expectation. Plug (5.8) into (5.7); we have

(5.9) 7, [0:,V (0, &, . )7f]|* = | Yol? < CE[[n]?].
This implies

D=

[0,V (0. x, . E)if]| < C(E[n*)2, p-ae. x.

Since 9y, V is continuous, we have

1
[0,V (0, x, 11, 8)n]| < C(Elyl?)?  forall x, u, &, 7.

In particular, this implies that there exists a constant Cf > 0 such that
1 1
|0xV (0, x, Leyn)— 0V (0, x, Le)| = ‘/0 E[0x,V (0, x, Leyon, E+60n)n]do| < C;(E|n|2)2.

Now, taking random variables &, n such that W22 (Letn, Le) =Eln |2, the above inequality ex-
actly means that d, V (0, x, -) is uniformly Lipschitz continuous in p under W5 with uniform
Lipschitz constant Cé‘ .

Finally, denote

T :=Ex [0,V (, Xy, e, X)8X,].
Following similar arguments as in (5.4), we have
(5.10) dY, = (dB)  Ki(t) + B(dB°) " Ky (t) + [K3(t) — Ka(1)]dt,
where
Ki(t) : =Bz [0,V (X, X)5X,],

Ka(t) = K1() + Bx [{ 0 V) (X1, X1, X0) + 3,V (Xe, X0 }8X1];

Ra(t) :i=E, HamV(Xt, X)) — Hy(X) T,V (X, X0)
— Hp(X) "85, V(Xs, Xp) — Hp(X0) "8,V (X1, X1, X2)
A2 ~ ~ —_— ~
+ %[(tr(amaw)(&, X)) + (05008, V) (X, X) + (605,08, V) (X, Ko, X))

4 ﬂz[(tr(aw)auvxxt, Xy X + (0509, V) (X, X)
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_ - 1 N _ - -
+ (U 508V) X, Ko, K)o+ (008, V) X0, R K, X»} }axt],

Ko@) :=Ex [0,V (Xe. X){[Hpx (X0) + Hpp(X)xx V(XD |8 X,
+ [Hpu(Xe. Xo) + Hpp(X0) 3V (Xe, X)]8 X, }].
On the other hand, by taking —d,, of (1.1) and omitting the variables (¢, ) we have

0=—3,(LV)(t.x, . %)

22
=01, V(x,x)+ %(tr(axx)BMV)(x, xX)—Hy(x,x) — Hp(x)TamV(x, X)

2 _ _
+ %(ax tr(dz,) V) (x, %) + (35 tr(By ) V) (x, X) + BAE[ (85 tr(8,,) V) (x, &, )]

— Hp()E)Ta);MV(x, %) — 0,V (x,X)(Hpx(X) + Hpp(X) 0 V(X))
22 2

+ I:E[%(tr(am)aﬂ V)(x, %, &)+ ﬁz(tr(am)BMV)(x, X, &)+ %(tr(auu)auV)(x, %.£,8)

CHE) 8V (6 E) — 8,V (x B (Hipa (B F) + Hop ()0 V (E, i))].
Plug this into (5.10), we have

dY, = (dB) K1)+ B(dB) Ky(t) + Bz [H,(X;, X,)8X, ] dt.
Then,

- - - T -~
T():E}'O[TT—/ HH(Xt,Xt)5Xtdt:|
0

- - - T - -
:E]:0|:8MG(XT,XT)5XT _/O HM(X,,X,)SXtdt],

and thus, by (3.1) again,

i . _ o T
[Bry [0, V0, £, . B)if] |2 = |TO|2§CE}‘0|:|5XT|2+/O |8Xt|2dr].

Now, by (5.8), follow the arguments for (5.9) and the analysis afterward; we see that V (0, x, -)
is also uniformly Lipschitz continuous in p under W, with uniform Lipschitz constant Cé‘ .
O

We note that the a priori W>-Lipschitz continuity of V in u is not sufficient for the global
well-posedness of the master equation. We shall prove in the next section that, together
with other properties, it actually implies the uniform W;-Lipschitz continuity. The following
proposition, which can be viewed as an analogue of Theorem 5.1 for the version of Lasry—
Lions monotonicity, obtains the Wj-Lipschtiz estimate directly. Since the proof should be
standard for experts and is very similar to that of Theorem 5.1, we only sketch it and focus
on the main differences.

PROPOSITION 5.2. Let all the conditions in Theorem 4.1 hold, except that we do not re-
quire Assumption 3.5. Assume further that there exists % > 0 such that, for any &, n € L2 (.7:%),

(5.11) E[(0x,V (1,&, Le, )it n)] = —A(E[In])* foreacht €[0,T],
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where (€,7) is an independent copy of (£,n). Then, V and 8,V are uniformly Lipschitz
continuous in u under W1 with Lipschitz constant C K where C f“ > 0 depends onlyond, T,
10x VLo, |10xx VLo, the L? in Assumption 3.1(i), the L™ (|8, V || L~) in Assumption 3.2(i)
and the A in (5.11).

PROOF. Denote
- ~ ~ 1 ~ ~ ~
N,/ = E}‘, [3xMV(Xt, Xt)axt] + inp(Xt)_lE}} [Hp;,L(th Xt)(SXt]-
First, by using (4.8) and (5.11), similar to (5.1), we can show
! L
/0 E[|Hpp(Xs)2 Ng|]ds

t ~ ~
(5.12) < 1(0) + CE[(E zo[18X,]])°] +c/0 E[|8X,|Ex[|6X|]] ds

=1(0) + CE[(E[18X,1])*] + C fot E[(E ro[18X,1])*] ds.

Next, by (4.1), Young’s inequality and noting that Fy is independent of ff), we have
t t 1
(E 518,11 = (E[nl) + Cc | B30 ds +e [ (Erg[Hip(X|N/[]) ds.

Taking expectation on both sides, choosing € > 0 small enough, together with (5.12) and for
the same Y in (5.2), it then follows from Gronwall’s inequality that

(5.13) s[ng]E[(E;,o[|axt|])2] < CE[Inl])” +C|1©)] < C(E[Inl])” + CE[In]| Yol
tell,
Now by (5.5) and (5.6) and noting that 9, ,G| < LIG, we have

- - T . -
T < CEx[0%r1]+C [ Bx[X.] +16%,(]ds

- T ~
= CExo[16X7(] + C/t [Ex [1Ts1] + Exo[18X]] ds.
Then, since f-g is degenerate, namely, it reduced to {&, ¢}

T
|T0|§CE[|8XT|]+C/O E[15X,[]ds <C sup E[|3X,]].

0<t<T

Combine this with (5.13), we have

(5.14)  |Ex[05,V (0.8, . B)il][* = Tol* < C s[ng]E[(E;p[thu)z] < C(E[Inl])*.
tel0,

This is the counterpart of (5.9). Then, following similar arguments as after (5.9), we conclude
as follows. First, one obtains

|E[0:,V (0, x, 1, §)n]| < CE[Inl] Vx, &, n.

In particular, this implies that there exists a constant C f > 0 such that

1
10,V (0, x, Leyy) — 0V (0, x, Le)| = VO E[0,,,V (0, x, Le oy, & +6nn]d6| < CLE[In]].
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Now, taking random variables &, n such that W (L¢,, L¢) = E[|n[], the above inequality
implies that d, V (0, x, -) is uniformly Lipschitz continuous in © under W; with uniform Lip-
schitz constant C{'.

By analyzing Y similarly, we show that V is also uniformly Lipschitz continuous in 1
under Wy;. O

REMARK 5.3. (i) Proposition 5.2 indicates that the a priori W;-Lipschitz continuity of
V and 0,V is a consequence of (5.11), even if H is nonseparable. However, we emphasize
that, although (5.11) is weaker than the Lasry—Lions monotonicity (2.15), it is stronger than
the displacement semimonotonicity condition (2.17). Unfortunately, for nonseparable H, we
are not able to find sufficient conditions to ensure (5.11) a priori for V.

(i) We note that, in general, for displacement monotone Hamiltonians considered in this
manuscript, the displacement semimonotonicity of the terminal datum is not propagated in
time along the solution of the master equation (cf. [28], Section B.4).

6. The global well-posedness. In this section we establish the global well-posedness of
master equation (1.1). As illustrated in [25, 26, 39], the key to extend a local classical solution
to a global one is the a priori uniform Lipschitz continuity estimate of the solution. We first
investigate the regularity of V with respect to x. The following result is somewhat standard,
while our technical conditions could be slightly different from those in the literature. For
completeness we provide a proof in the Appendix. We remark that the regularity of G and H
in u is actually not needed in this result.

PROPOSITION 6.1. Let Assumptions 3.1(1) and 3.2(1), (iii) hold and p : [0,T] x
Q — P> be FO-progressively measurable (not necessarily a solution to (2.24)) with
SUP;¢[0.7] E[Mzz(pt)] < 400:

(i) For any x € R? and for the X* in (2.25), the following BSDE on [to, T has a unique
solution with bounded Z*:

T T T
(6.1) Y;sz(X);,pT)—/t H(Xf,,os,Z;‘)ds—/l z;‘-st—/l 7% . dBY.

(i1) Denote u(ty, x) := Y,xo, then there exist C{, C5 > 0, depending only on d, T, the Cy
in Assumption 3.2(iii), the constant Lg in Assumption 3.1 and the function L™ in Assump-
tion 3.2, such that

(6.2) ‘8xu(t0, x)’ <Cy, |axxu(t0, x)’ =< C%

Here, the notation C lx denotes the bound of the ith-order derivative of u with respect to x,
in particular, it is not a function of x.

The above result, combined with Theorems 4.1 and 5.1, implies immediately the uniform a
priori Lipschitz continuity of V with respect to © under W5, with the uniform Lipschitz esti-
mate depending only on the parameters in the assumptions but not on the additional regulari-
ties required in Theorem 4.1. However, the existence of local classical solutions to the master
equation (1.1) requires the Lipschitz continuity under Wy, cf. [25], Theorem 5.10. To show
that, eventually, the W»-Lipschitz continuity of V together with our standing assumptions
on the data imply its Lipschitz continuity under Wi, we rely on a pointwise representation
formula for 9, V, developed in [39], tailored to our setting.

For this purpose we fix #p € [0, T], x € R, S ]Lz(}“,o) and let p be given in (2.24),
provided its well-posedness. We then consider the following FBSDEs on [#y, T'], which can
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be interpreted as a formal differentiation of (2.26) with respect to xy,

t
VX == [ (GXE) T a B p, 26
0]
(VRZE) oy H(XE™ py, 26)] ds:

(6'3) svx _ é,x sax _ T S,X o _ d O,E,x O,to
Vi Y; —8xG(XT ,,OT)-VkXT ViZ;™ - dB; ViZ, -d By
t t

T -~ —~~
+/t O L(X5, py, Z5) - Vi X5 + 8, L(X5, py, Z5%) - Vi ZE ds,
the following McKean—Vlasov FBSDE on [#g, T']:
(6.4)
t
Ve = = [ {(T0E) T H XS e, Z8) + (VeZE) 0 H (XS, i, Z6)
~0 ~ ~
+ Eﬂ[(vkxf’x)T(aupH)(st Ps> ng’x’ Zf)
+ (Vi&E) 0, H(XE, py, X5, Z5)]} ds;
Vit = 0:G (X7 pr) - Ve
+ B [0,G(XT, pr, X77) - VX7 +0,G(X7, pr, X7) - Vg ]
T ~
+/, [0 L(X5, ps, Z8) - VXS + 0, L(X5, py, Z5) - Vi 257
+IE;S[8MZ(X;§, Pss Xvsg’x’ ng) : Vk)?f’x + 8MZ(X§’ Oss )?sé’ ZsE) : Vké’?f’x]}ds
T T
et o [t an
t t

and the following McKean—Vlasov BSDE on [tg, T']:

Vi th’g’)E = Efr[auG(X);’ oT, 5(;};) ’ ka(?i +3,G (X7, pr, X;}) : VkX?x]
T 3
[t 29) 9 70
!

(6.5) + B [0,H(X], ps. XET, Z15) - 0 XET
+OuH (XY, ps. X5, Z3F) - Vi) ds

T . T -
—/ V., Z55F - d By —/ V,, 2055 . dBY.
t t

The following result provides the crucial Wj-Lipschitz continuity of V. In particular, this
extends [39], Theorem 9.2, to our setting.

PROPOSITION 6.2.  Let Assumptions 3.1(i) and 3.2(i), (iii) hold. Recall the constants Cy
in (6.2), Lg , L? in Assumption 3.1, Lg in Remark 3.3, and the function LY in Assump-
tion 3.2. Then, there exists a constant § > 0, depending only d, LG, L26, LH(Cf), such that,
whenever T — ty <6, the following hold:

(i) The McKean—Vlasov FBSDEs (2.24), (2.25), (2.26), (6.3), (6.4) and (6.5) are well-
posed on [ty, T], for any u € P> and & € Lz(fto, w.

(ii) Define V (19, x, L) := Ytﬁ’g. We have the pointwise representation,

(6.6) Oy V (10, X, 1, B) =V, YO ¥
Moreover, there exists a constant C {‘ > 0, depending only on d, LS, L?, LH(C 1), such that
(6'7) |8MV(t07x’ M’2)| SC{La }axpLV(tO’x’ M’2)| SC{L
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(iii) Assume further that Assumptions 3.1(ii) and 3.2(ii) hold true. Then, the master equa-
tion (1.1) has a unique classical solution V on [ty, T] and (2.27) holds. Moreover,

V(t, ), V() 0 V(E, -, ) € CH(R? x Py),
a/,LV(t7 ) ')a ax/LV(ta ) ) E Cz(Rd X P2 X Rd)’

and all their derivatives in the state and probability measure variables are continuous in the
time variable and are uniformly bounded.

PROOF. Since this proof is essentially the same as that in [39], Section 9, we postpone it
to the Appendix. [J

We emphasize that the § in the above result depends on LS, but not on L?, while the C{‘
in (6.7) depends on L?. This observation is crucial. We now establish the main result of the
paper.

THEOREM 6.3. Let Assumptions 3.1, 3.2 and 3.5 hold. Then, the master equation (1.1)
on [0, T admits a unique classical solution V with bounded 0,V , 9,V , 9,V and 0y, V.

Moreover, the McKean—Viasov FBSDEs (2.24), (2.25), (2.26), (6.3), (6.4) and (6.5) are
also well-posed on [0, T, and the representation formula (6.6) remains true on [0, T].

PROOF. Let C7, C3 be as in (6.2) and C be the a priori (global) uniform Lipschitz
estimate of V with respect to p under W», as established by Theorems 4.1 and 5.1. Let § > 0
be the constant in Proposition 6.2, but with Lg replaced with C{ v C5 and Lg replaced with
Cg.LetO=T0< --- < T, =T be a partition such that ;| — T; < %,i:O,...,n— 1. We
proceed in three steps:

Step 1. Existence. First, since T,, — T,_» < §, by Proposition 6.2 the master equation (1.1)
on [T,_2, T,] with terminal condition G has a unique classical solution V. For each ¢ €
[T,—2, T, ], applying Proposition 6.1, we have |0,V (T,,—1,-, )| < C{, [0xxV(Thu=1,, )| <
Cé‘. Note that, by Proposition 6.2(iii), V (¢, -, -) has further regularities; this enables us to
apply Theorems 4.1 and 5.1 and obtain that V (¢, -, -) is uniform Lipschitz continuous in u
under W> with Lipschitz constant Cg . Moreover, by Proposition 6.2(ii) V (T;—_1, -, -) is also
uniformly Lipschitz continuous in & under Wj.

We next consider the master equation (1.1) on [7,—3, T,,—1] with terminal condition
V(T,-1,-, ). We emphasize that V (T,,_1, -, -) has the above uniform regularity with the same
constants Cy, C3, Cé‘ ; then, we may apply Proposition 6.2 with the same § and obtain a
classical solution V on [T,_3, T,—1] with the additional regularities specified in Proposi-
tion 6.2(iii). Clearly, this extends the classical solution of the master equation to [7;,_3, T},].
We emphasize again that, while the bound of 9,V (¢, -), 3,V (¢, -) may become larger for
t € [T,—3,T,_2] because the C{* in (6.7) now depends on |3,V (T,—1,-)|lL~ instead of
10,V (T, )|l L, by the global a priori estimates in Theorems 4.1 and 5.1 we see that V (7, -)
corresponds to the same C7j, C; and Cé‘ for all ¢ € [T,,_3, T;;]. This enables us to consider
the master equation (1.1) on [7},—_4, T;,—2] with terminal condition V (T,,_2, -, -), and then we
obtain a classical solution on [7;,_4, T,,] with the desired uniform estimates and additional
regularities.

Now, repeat the arguments backwards in time; we may construct a classical solution V
for the original master equation (1.1) on [0, 7] with terminal condition G. Moreover, since
this procedure is repeated only n times, by applying (6.7) repeatedly we see that (6.7) indeed
holds true on [0, T'].

Step 2. Uniqueness. This follows directly from the local uniqueness in Proposition 6.2.
Indeed, assume V"’ is another classical solution with bounded 9, V', 8, V’, 3, V' and 8., V".
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By otherwise choosing larger Cy, C5, Cé‘, we assume |3, V'] < CY, |9, V'] < C3, and
Cé‘ also serves as a Lipschitz constant for the W»-Lipschitz continuity of V' in w. Then,
applying Proposition 6.2 on the master equation on [7,_1, T,,] with terminal condition
G, by the uniqueness in Proposition 6.2(iii) (or in (i)) we see that V'(¢,) = V (¢, -) for
t € [T,—1, T,]. Next, consider the master equation on [7,,_», T,,—1] with terminal condi-
tion V/(T,—1,-) = V(T,_1,-), by the uniqueness in Proposition 6.2(iii), again we see that
V'(t,-)=V(t,-) fort € [T,_2, T,—1]. Repeat the arguments backwards in time we prove the
uniqueness on [0, T'].

Step 3. Let V be the unique classical solution to the master equation (1.1) on [0, 7] with
bounded 9,V and 0y, V. Then, for typ € [0,T] and & € Lz(]-}o), the McKean—Vlasov SDE
(2.30) on [f9, T'] has a unique solution X¢ and p. Set

YS =V X o), Zi = V(XS or)s
2P =BV (X7 o) +ER [0,V (1 X7 o1, X))

By (1.1) and It formula (2.12), one verifies that (X%, Y&, Z&, Z0¢) satisfies FBSDE (2.24).
The uniqueness follows from the same arguments, as in Step 2.

Similarly, by the above decoupling technique we can easily see that the other McKean—
Vlasov FBSDE:s (2.25), (2.26), (6.3), (6.4) and (6.5) are also well-posed. In particular, besides
(2.27) we have the following:

VeYES =0, V(t, X5, ) Vi XE,
Vit =0, V¢, Xf, o) - Vk)(f’x
+EB7 [0,V (1. X7, o0 XY) - VXD + 0,V (XE L o1, X7 ) - Vi,

Vo Y5 = Re [0,V (6 X5, p XEY) -V XET 40,V (0, XF, oy, XE) - Vi X5

£x

7 = ek and Vi X, §X 0; then, the last equation above implies

Set t = t, and note that Vi X o
Vi Yoy o F =Bg, [0,V (10, x, prg. §) - €] = 3,V (0, x, Lg, §)

which is exactly (6.6). U

APPENDIX: PROOFS OF SOME TECHNICAL RESULTS

PROOF OF REMARK 2.4. We show the equivalence of (2.13) and (2.15) for any U €
C2(R? x P,). In fact, by Remark 2.3(i), we only need to prove that (2.15) implies (2.13). We
now assume (2.15) holds, and we want to show the following which is equivalent to (2.13):
for any o, u1 € P2,

(A1) Joi= [ [0 ) = U o] [ (@) = pod)] = 0.

Recall (2.9). Since U is continuous, by the standard density argument it suffices to show
(A.1) for wu;, i € {0, 1}, which have densities p; € C*°(Bg) such that ming, p; > 0. Consider
one of the Wi-geodesic interpolations, such as in [27],

i ;=pt£d, pr=U—8po+1tp1 Vtel0,1].

Since p is bounded away from 0 on [0, 1] x Bg, then, for each ¢, there is a unique solution
¢; € HOl (B%) N C*(BR) to the elliptic equation

V- (o:Vé)=po—p1 thatis 0,0, +V-(0/Vey)=0.
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Note that ¢; and V¢, are continuous in ¢ too. Setting v; := V¢, we see that v is a velocity
for t — ¢, and thus the following chain rule holds, cf. [29], Lemma 9.8:

d
(A2) SUG = [ (006 D0 @) ) d
We now compute Jy,
do= [ [06 ) - UG w)lor ) - po]d f [, S0 )9 - o)

1
_A /]de(a“U(x’ [ty X), 0 () (D[ V - (o (X)vr (x)) ] dX dx dt.

By integration by parts formula and recalling that 0., U := 9,[3,U 17, we have

1
Jo= [ [ (00,0 G 20 ). () or R ) d .
Choose & € L2 (]:,1, Ut), and set n := v;(§); we see immediately that

Jo =E[(0x0,U &, s, )71, m)] = 0,
where the inequality is due to (2.15). This proves (A.1). O

PROOF OF PROPOSITION 6.1. 'We proceed in three steps:

Step 1. We first show the well-posedness of the BSDE (6.1) in the case when [T — #p]Co <
1, where Cy is given in Assumption 3.2(iii). We note that H is only locally Lipschitz
continuous. For this purpose, let R > 0 be a constant which will be specified later. Let
Ir € C®(RY) be a truncation function such that Ir(p) = p for |p| < R, |0,1r(p)| =0
for [p| > R+ 1 and |3,1r(p)| <1 for p € R?. Denote Hp(x,m, p) = H(x, i, IrR(p)).

Then, clearly, |3, Hg(x, i1, p)| < LH(R + 1) and |8, Hgr(x, i, p)| < L¥(R + 1) for all
(x, 1, p) € RY x Py x RY, where L# (R) := sup(, , ,yepy |0x Hr(x, . p)|. Consider the
following BSDE on [#p, T] (abusing the notation here):

T T T
(A3) Y,":G(X“;,pT)—/ HR(X;C,ps,z;f)ds—/ zg-dB;O—/ 7% . aB%n,
t t t

and denote u(fo, x) := Y; which is ff())—measurable. By standard BSDE arguments, clearly
the above system is well-posed, and it holds Y;* = u(¢, X7), Z} = d,u(t, X;). Moreover, we
have d,u(to, x) = VY, where

T
VYF = 8,G (X% pr) — /, [0x Hy (XX, ps. Z) + VZ50, Hr (X, oy, Z3)] ds

(A.4) , .
—/ VZXdBY —/ vZ2*dBYM, 1<t <T.
t t

Note that |0, G| < Lg and |0, Hg| < ZH(R + 1); one can easily see that
|0yu(to, )| = |VYE| <L + TL"(R+1).
Note that

LS+ TLHR+1 _ TLHR+1
im =0t R+D_ ¥§Tco<1.
R— o0 R R—o0 R+1

We may choose R > 0 large enough such that

|dcu(to, x)| <L + TLT(R+1) <R.
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This proves |0 u(t, x)| < C{ by setting C{ := R. Moreover, since | Z;| = [0 u(t, X;)| < R,
we see that Hr (X}, o1, Z)) = H(X}, pr, Z7). Thus, (Y*, Z*, 70.x) actually satisfies (6.1).
On the other hand, for any solution (Y*, Z*, Z%*) with bounded Z*, let R > 0 be larger
than the bound of Z*. Then, we see that (Y*, Z*, Z0¥) satisfies (A.3). Now, the uniqueness
follows from the uniqueness of the BSDE (A.3) which has Lipschitz continuous data.
Step 2. We next estimate o, u, again in the case [T — t9]Co < 1. First, applying standard
BSDE estimates on (A.4), we see that

(A.5) E[( T|VZ§|2ds)2]gc as.

Then, we have d,,u(fy, x) = V2Y*, where, by differentiating (A.4) formally in x,

to’

VZYx—axxG(XTypT / Z vZledBl l‘()+vzz()ldeOI[()]
d T
(A.6) - /t e HR () + 2V ZX 0, HR (-) + VZ0,, Hr () [V Z]

+Zv leap,HR():|( , Ps, Z3) ds.
i=1
Denote
T 1 T 5
M7} = exp(— A, HR(XY, ps, Z7) - dBY — 3 |0, Hr (XY, ps, Z7)| ds>.

to Iy

Then,

T
V2Y: =Eg, [M;axxc(x);, pr) — M;f (9ex HR () + 2V ZX 01 HR ()
fo

V20, Hr OV Z TV (X e, Z5) s
Thus, by (A.5) there exists some C; > 0 such that
T
[Buatatto, )| = [V2¥2| < CEx, [M; + M’}/t [+ |vz;|2]ds]
0

T 29\ 3
< C+C(EEO[|M§|2])%<EEO[<[ |vz;f|2ds) Dz <ci.
Iy

Step 3. We now consider the general case. Fix a partition fy < --- < t, = T such that
[tix1 —t]1Co <1 forall i =0,...,n — 1. We proceed backwardly in time by induction.
Denote u(t,,-) := G. Assume we have defined u(¢#+1,-) with bounded first- and second-
order derivatives in x. Consider the BSDE (6.1) on [#;, #; 1] with terminal condition u (#; 1, -).
Applying the well-posedness result in Step 1 we obtain u(#;, x) satisfying (6.2), for a possibly
larger C{, C5 which depend on the same parameters. Since 7 is finite, we obtain (6.2) for all
i. Now, it follows from standard arguments in FBSDE literature, cf. [41], Theorem 8.3.4, that
the BSDE (6.1) on [#g, T'] is well-posed, and (6.2) holds for all t € [tp, T]. O

PROOF OF PROPOSITION 6.2. (i) We first note that, given another initial value &’ €
L2 (Fz,) in (2.24), by (3.1) the following estimate depends on Lg , LG but not on L?:

’ 2 2 ’
" E[|G(X]. p7) — G(XT . p7 )] < 2B[IL§ *1XT = X P + L W3 (o 07 )]
<2[|L§ ] + |LS PIE[IX] — x5 I7].
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By first replacing H with Hg, as in the proof of Proposition 6.1, it follows from the standard
contraction mapping argument in FBSDE literature, cf. [41], Theorem 8.2.1, there exists
8 = 8r > 0 such that the McKean—Vlasov FBSDE (2.24) with Hy is well-posed whenever
T — tp < 4. Noticing that, in the contraction mapping argument, G is used exactly in the
form of (A.7), here g depends on d, Lg, Lg, the function L¥ and R but not on L?.
By Proposition 6.1 we can see that |Z&| < C¥, for the C{ in (6.2) which does not depend
on R. Now, set R = Cf, and hence § depends only on d, LG, Lg, L?(Cf); we see that

Hp (Xf, Ds, Zf) =H (Xf, Ps Zf), and thus (2.24) is well-posed, which includes existence,
uniqueness and, in particular, stability. Similarly in (2.25), (2.26), (6.3), (6.4) and (6.5), the
difference of the terminal condition also appears like (A.7), and thus they are also well-posed
when T — 1y < §. In particular, we point out that, in the terminal condition of (6.4),

Er [0,G (X5 pr. X57) - Vi X5™ + 0, G (X5 pr. X5) - Vi ba],

only Vk/f’;’x is part of the solution, while all other involved random variables are already
obtained from the other FBSDEs. Then, in the contraction mapping argument, the random

coefficient 9, G (X ST, or, X gT) of the solution term Vk.):’;’x again appears in L%-sense,
= SEN 3 SEN Z 2 2
E[|0,G(X5. pr. X7) - &1 — 0,G (X7 pr. X5) - 2o’ ] < |LS PE[121 — 2],

(i1) The proof of this point is rather lengthy but follows almost the same arguments as in
[39], Theorem 9.2. Given (6.6), the first estimate of (6.7) follows directly from the estimate
for BSDE (6.5). Indeed, by Proposition 6.1 we obtained |Z%|, |Z*%], |Z5*| < C7. Then,
using Assumptions 3.1(i) and 3.2(i), the coefficients in the linear FBSDEs (6.3) and (6.4) and
the linear BSDE (6.5) are bounded by LS, L?, L1 (C7) correspondingly. Therefore, there
exists C{‘ > 0, depending on these constants and d. such that

|9, V (10, x, , )| = \Vukaé’g’i! = Cil'

Moreover, by differentiating (6.5) with respect to x, we can derive the representation for-
mula for dy, V from (6.6), and then the second estimate of (6.7) also follows directly from
the estimate for the differentiated BSDE.

We now prove (6.6) in four steps. Without loss of generality, we prove only the case
that k = 1 and 9 = 0. Throughout the proof, it is sometimes convenient to use the notation
X58 = X~

Step 1. For any & € L2(Fo, @) and any scalar random variable n € L2(Fp, R), following
standard arguments and by the stability property of the involved systems, we have

2
-

where ((SX‘E”’“, sy&mer szémer 8Z0’$"’el) satisfies the linear McKean—Vlasov FBSDE,

1
Lo x6] - s

(A.8) lim IE|: sup
e

e—0 0<t<T

Sth’nel =nei — At(sxf’nel)Tapo(va Ps> Zss) + (sts’nel)TappH(Xf’ Ps Zf)
+Ex[0puH (XS, ps. X{. Z5) - 6XT1 | ds:

5YS " = 8,G (X5 pr) - X7 + Ex, [0,G (X5, o1, X7) - 8X5"]

(A9 + /tT O L(XE, ps, Z85) - 8X5M4 49, L(XE, ps, Z5) - 8254

+Ex[0,L(XS, oy, X5, Z5) - 8X511] ds

T T
—/ 8751 . d By —f 8705t . aBY.
t t
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Similarly, by (A.8) and (2.25), one can show that

l[th,§+€ﬁ€1 _y~ E] 8Yx &.ney

(A.10) lim IE[ sup
€

>0 Lo<i<T

=0

where (§Y*-5:1e1 §zx.E.ner §70.x.5.ne1) gatisfies the linear (standard) BSDE,

sy 5 = Efg[aMG(X’;, pr. X3) - 8X5"]

/ ApH (XL, py, Z05) - 82150
(A.11) ~ ~
+]E]:‘ [a/“LH(X)YC"i‘_? Ps> XE’ Z;C’%-) . SXEJYEI]dS

T T
—f §ZX5mer . d By —f §z0x5mer . qpY.
t t

In particular, (A.10) implies

1 2
(A.12) lim | =[V (0, x, Leyene)) = V0, x, Le)] — 8Yy 57 =0,

Thus, by the definition of 9, V,
(A.13) E[8,, V (0, x, p, £)n] = 8Y 57",

Step 2. In this step we assume & (or say, u) is discrete: p; =P(§ =x;),i =1,...,n. Fix
i; consider the following system of McKean—Vlasov FBSDEs: for j =1,...,n

. t - - ) ~ .
Vi Xi! = Li=jjer — f Z pkEfx[(meé’k)—raupH(Xf’xj » Ps» XéT’ka ZSS’XJ)]

"‘(meé'j) 8po( SXJvPSvZS,Xj)
+(VM1Z§’J) 8PPH( ijva7Z€xj)ds’
VMYZW = axG(X?xj’ or) - VMX J
n

B %3 ik
(A.14) +ZPkE}—T[8MG( Loor. X3 -V, X5

k=1
T A gx. g:x, ..
+a L( S,XJ,py,z“f) Y, 20

£ EAIE(EY, g, Ko, Z5) 5, Xk ds
k=1

T . T .
—/ V,, Z5 - dB; —ﬁ/ V,, 2% . dBY.
t t

Forany ® € {X, 7, Z, ZO}, we define

Vi8N =V, OV Et = —ZVMP’ e=x;}-
Pi i
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Note that ®¢ = 1 GRS (P, ;1- Since (A.14) is linear, one can easily check that
t
»Xi N ; .
ViXf = e = [{(VIXE) T H(XEY po, ZE)

(A.15) + (vlzss’xi)TappH(ng’xi’ps’ Zsé’xi)
+ PifEFs[(Vl‘f(f’xi)TaupH(ng’xi’ ps, X5, Z5)
+ (ViX§") 0 H (XS, o, XS, Z57)]V ds,
iXE = = [ xE) T H X s 7)

T
(A.16) + (Vi Z55%) "9, H(XE, ps. Z5)
+ Efv[(vlif’xi)TaupH(Xssv Ps> )};;’,xl" Zss)

+ (VIXE) T8, H (XS, ps, XS, Z8) L)} ds,

T
Vi ng’Xi = 8JCG(XETJQ» ,OT) ’ legTvxi - / vlzf’m d B
t

— /t ' v, Z>4% d BY

+ piBr [0,G(XTY, pr, X57) - Vi XE
(A.17) +0,G(X7, pr, X3) - ViX5]

+ftT{8xZ(X§'xi,ps, ZE31) vy x5

0, LXE 00, ZE) S ZE 4y

x Br [0, L(X5%, pg, X541, ZE%i) . v XExi

+ 3, L(XE, py, XE, Z59) - V1 X5 ]} ds,

VIV = 8.G (X5, pr) - ViXF
T T
—f Vi Z5S* . d By —/ V1 Z224%* . dB)
t t

+Er [0,G (X7, pr, X3) - Vi X{

& & & Xi *
+0,G(X%, p1, X7) - V1 X Ligsy,
(,18) 13 ( T T) T ] {E#£x:}

o [t )

+,L (X5, ps, Z5) - V1 25

+E7 [0uL (XS, p5. X34, Z5) - VI X0

+ L (X5, oy, X5, Z5) - ViXT )N} ds.
Since (A.9) is also linear, one can easily check that, for ® € {X, Y, Z, ZO},

(A.19) §O5 He=vitet = vy 5Nl yp_ ) + pi Vi 5F,
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Moreover, note that
]E;T[aMG(X"f,pT,Xf) 58X,
=Br [0,G(XF5. pr. X7) - [ViX7 L e_ + piViXT ]

EIE =Xx; 61]

= piBr (0,6 (X7, pr, X) - ViX7™ +0,G(X7, pr, X7) - ViX7™]
and, similarly,

B [0, HXE o K6, 23 5551070

= piEr [0, H (XTS5, ps, X551, Z55) - VI XEY + 9, H(XTS, pg, X5, Z55) - Vi X559,
Plug this into (A.11); we obtain

& L g=y; .
(A.20) 50,1 = i, 06

where
Vo, Y5 =B, [0,G (X5, pr, X5) - v X5
8,608 1) 015
[ HopH 0 Z) Vi Z

(A.21) ! ) )
+ Ex [0, H (X, ps, X3, Z55) - Vi X5

+ 0, H(XES, pg, X5, Z5%) . v X5 *]) ds
T : T 0x. 0
X,5,X; 3 X6, X
_'/t‘ VMIZS -d By _/I VMIZS st
In particular, by setting n = 1{g—y, in (A.13), we obtain

(A.22) 3, V0, x, 1, i) =V, Y35

We shall note that (A.15)—(A.16), (A.17)—-(A.18) is different from (6.3) and (6.4), so (A.22)
provides an alternative discrete representation.
Step 3. We now prove (6.6) in the case that u is absolutely continuous. For each n > 3, set

2 . 1 . 1 .
x2 ::i, AL = [l—l,ll+ )x x|:l—d,ld+ ), =(i1,...,iq) | €7Z%.
! n ! n n n n
For any x € R4, there exists ;(x) =1(x),...,igx)) € Z4 such that x € A?(x). Let
i"(x) = (i), ..., i5(x)) € 74 where ij' (x) := min{max{i, —nz}, nz},l =1,...,d.

Denote Q,,::{xeRd:|xi|gn,i:1,...,d},Zg:={?ezd:A§an;ﬁ@}and

”(S)

(A.23) Eni= ) xilan(§) +

teZd

1gc (8).

It is clear that lim,,—,  ~c E[|§, — f,“—l 1 =0, and thus lim,,_, .c W2(Lg¢,, L¢) = 0. Then, for any
scalar random variable 7, by stability of FBSDE (A.9) and BSDE (A.11), we derive from
(A.13) that

(A.24) E[8,, V (0, x, i, £)n] = 83 5" = lim 87y Snomet,
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For each ¥ € RY, let z(x) be the i such that x € A” which holds when n > |Xx|.

Then, (L, ’<X>) — (1, ¥) as n — 00. By the stability of FBSDESs (2.24)~(2.25), we have

(XSnv?(,,i, 7&n 5 i€

continuous,

n) — (X5, Z&%) under appropriate norms. Moreover, since u is absolutely

(gn_@):IP’@GA?)%O asn — oo.
Then, by the stability of (A 15)-(A.16), (A.17)—(A.18) and (A.21) we can check that
(A25)  lim (V) o5 v 8 T v, ) = (v, 088, v 0 v, b ),

Now, for any bounded function ¢ € C(RY), set n = (&) in (A.24); by (A.20) we have

X6 Ligy =1
E[3, V0, x, 1, ©)g(&)] = lim 8¥;" e — qim 3 x2)8Y :

T n—>oo
lEZd

and so,

ll

E[8, V(0,x, ;1. §)p()] = lim Y o(xF 19, 7 b e )

n— 00
IGZd

:f 0@V, Y5 (d).
This implies (6.6) immediately.

Step 4. We finally prove the general case. Denote ¥ (x, , X) := 'V, Yg £ By the stability
of FBSDEs, 1 is continuous in all the variables. Fix an arbitrary (i, £). One can easily
construct &, such that L, is absolutely continuous, and lim,,_, o E[|§, — £|*]1 = 0. Then, for

any n = ¢(£€), as in Step 3, by (A.13) and Step 3 we have
E[0,, V (0, x, 1, §)p(®)] = lim 8¥y ¥ = lim B[y (x, Ls, , )0 ()]

=E[y(x, u, )p®)]

which implies (6.6) in the general case.

(iii) This result follows immediately from well-known facts. Indeed, given the uniform
estimate of 9,V in (6.7), the well-posedness of the master equation (1.1) on [#y, T'] follows
from the arguments in [25], Theorem 5.10. This, together with It6 formula (2.12), will easily
lead to (2.27). Under the additional Assumptions 3.1(ii) and 3.2(ii), the representation for-
mulas and the boundedness of higher-order derivatives in state and probability variables can
be proved by further differentiating the McKean—Vlasov FBSDEs (2.24)—(2.26), (6.3)—(6.4)
and BSDE (6.5) with respect to the state and probability variables. The calculation is lengthy
but very similar to that in [39], Section 9.2. We omit the details. [
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