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ABSTRACT. — In this article, from the viewpoint of the control theory, we discuss the relationships
among the commonly used monotonicity conditions that ensure the well-posedness of the solutions
arising from problems of mean field games (MFGs) and mean field type control (MFTC). We
first introduce the well-posedness of general forward-backward stochastic differential equations
(FBSDES) defined on some suitably chosen Hilbert spaces under the S-monotonicity. We then
propose a monotonicity condition for the MFG, namely, partitioning the running cost functional
into two parts, so that both parts still depend on the control and the state distribution, yet one
satisfies a strong convexity and a small mean field effect condition, while the other has a newly
introduced displacement quasi-monotonicity. To the best of our knowledge, the latter quasi type
condition has not yet been discussed in the contemporary literature, and it can be considered as a bit
more general monotonicity condition than those commonly used. Besides, for the MFG, we show
that convexity and small mean field effect condition for the first part of running cost functional
and the quasi-monotonicity condition for the second part together imply the 8-monotonicity and
thus the well-posedness for the associated FBSDEs. For the MFTC problem, we show that the
B-monotonicity for the corresponding FBSDE:s is simply the convexity assumption on the cost
functional. Finally, we consider a more general setting where the drift functional is allowed to be
non-linear for both MFG and MFTC problems.
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stochastic differential equations, monotonicity conditions, f-monotonicity, small mean field
effect, displacement quasi-monotonicity, generic drift functions.
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1. INTRODUCTION

Mean field games (MFGs) and mean field type control (MFTC) problems have been
widely studied in recent years. For each of them, the underlying controlled dynamical
system involves the probability distribution of the state, in addition to the state and the
control. A MFG is essentially a fixed point problem which was first proposed by Lasry
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and Lions in a series of papers [18,37-39] and also independently by Huang, Caines
and Malhamé [32,33]. In a MFG, the coefficients of the controlled system are affected
by the equilibrium probability distribution of the state of the overall population. In
contrast, a MFTC problem is a McKean—Vlasov control problem, the system of which
depends on the distribution of the current controlled state. There are numerous works
in various settings in this area. For PDE approaches to the forward-backward system for
MFGs, we refer to Bensoussan—Frehse—Yam [4], Gomes—Pimentel-Voskanyan [29],
Graber—M¢észaros [30], Huang—Tang [35] and Porretta [45]. For the master equation ana-
lytical methods to MFGs, we refer to Cardaliaguet—Cirant—Porretta [19], Cardaliaguet—
Delarue-Lasry—Lions [20], Gangbo—M¢észaros—Mou—Zhang [28], Mészaros—Mou [40]
and Mou—Zhang [41]. For probabilistic approaches to MFGs, we refer to Ahuja—
Ren-Yang [2], Bensoussan—Tai—~Wong—Yam [11], Bensoussan—Wong—Yam-—Yuan [14],
Buckdahn-Li—Peng— Rainer [17], Carmona—Delarue [23,24], Chassagneux—Crisan—
Delarue [25] and Huang—Tang [34]. For probabilistic approaches to MFTC problems,
we refer to Buckdahn-Li—Peng—Rainer [17], Cardaliaguet—Delarue—Lasry-Lions [20],
Carmona-Delarue [22—-24] and Chassagneux—Crisan—Delarue [25]. For the dynamic
programming principle and HJB equation of McKean—Vlasov control problem, we refer
to Djete—Possamai—Tan [26] and Pham—Wei [44]. For the lifting method and a Hilbert
spaces approach for the MFTC problem, we refer to Bensoussan—Graber—Yam [5],
Bensoussan—-Huang—Yam [6, 9, 10], Bensoussan—Tai—Yam [12] and Bensoussan—Yam
[15]. The MFTC problem is also studied together with the so-called “potential mean field
game”, which is first observed by Lasry and Lions in [39] (although under a different
name), and then subsequently well studied in the literature; see [16,21,42] as examples.

In this article, we adopt a stochastic control method to discuss monotonicity condi-
tions to solve MFG and MFTC problems with control-dependent diffusion functions
which can be degenerate. Let (2, F, {F;,0 <t < T}, P) be a complete filtered prob-
ability space (with the filtration being augmented by all the P-null sets) on which
an n-dimensional Brownian motion {B;,0 <t < T} is defined and is F;-adapted.
We denote by &, (R") the space of all probability measures with finite second-order
moments on R”, equipped with the 2-Wasserstein metric W,. Given the functional
coeflicients:

b:[0,T]xR"x P,(R") xR? > R", o :[0, T]xR" x P, (R") x R? - R™",
F[0,TIxR" x P, (R") xRY >R, g:R"xP,(R")—>R,
for (¢, ) € [0, T] x P2 (R™), we choose a random vector £ € ngl independent of the
Brownian motion W! := {B; — B;, t <s < T} such that £(§) = p; then, the limiting

problem of the MFG can be formulated in the following probabilistic way, which is a
fixed point problem. For a given distribution flow m = {m; € P> (R") : ¢t <s < T},
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consider the following stochastic optimal control problem:

v e argmin J(v;mg,t <s<T)
v.e2Z,T)

T
(L.1) :=E[/ f(s, X0 mg, vs)dt +g(X}"’”,WtT)],
t
N N
XS'”’”=§+/ b(r,Xr’"’”,mr,vr)dr+/ o(r, X" my,v.)dB,, selt,T].
t t

If the following consistence condition holds:
(1.2) mg = 2(X™"), sel.T]

for some 7, then the distribution flow 7 is called an equilibrium for the MFG, and
the corresponding control ¢ := v™ is called the solution of MFG (1.1)—(1.2). From
the stochastic maximum principle [8,23,24,34,46], the solution of MFG (1.1)—(1.2)
(if it exists) gives a solution to the following system of forward-backward stochastic
differential equations (FBSDEs) for processes (X, P, Q) € (82 x 82 x £2)(0,T):

S
Xo=§+ [ DoH(r X, £0X). Py Q,)dr
t
+ / DyH (X,. £(X,), Py, O;)dB;,
t

(13) -
Py = Dyg(Xr. £(X1)) + / DyH(r. Xy, £(X,). Py. O,)dr

T
—/ 0,dB,, selt.T),
S

where X is the state process corresponding to the solution of the MFG, and (P, Q) is
the related adjoint process. Here, the Hamiltonian

H :[0,T] x R" x £,(R") x R” x R”" — R
is defined as
H(s,x,m,p,q) := inf L(s,x,m,v,p,q),
veR4
n
L(s,x,m,v,p,q) := p b(s,x,m,v) + Z(q’)Taf (s,x,m,v) + f(s,x,m,v).
j=1

Reversely, the well-posedness of FBSDEs (1.3) also gives a solution to MFG (1.1)—
(1.2). Another main concern of this article is to study the following MFTC problem in
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|

E
£+

a more probabilistic favor:

inf  J(v):=
v.e2Z(t,T)
X, =

(1.4)

T
[ rxy e s+ e(xp 2op) |
/S b(r, X}, £(X}),v,)dr

—}—f o(r,Xr”,l’(Xr”),vr)dBr, s €|t T
t

From the stochastic maximum principle for McKean—Vlasov type control problems
[10,22], the optimal control of the MFTC problem (1.4) is associated with the following
FBSDEs:

X, =S+/ DpH (r, Xr, £(X,), Py, Q,)dr
t

N
+ / DyH(r. Xy, 2(X,), Py, 0,)dB,.
t

~r  de —
Py = Dyg(Xr, £(X71)) + ]E[Dyd—g(XT,i(XT))(XT)]
(1.5) v

T
+/ {DXH(r,Xr,cf(Xr),Pr’Qr)

~ dH , — 5 5
+ 80,5 X 20X T, Qr)(Xr)]}dr

T
—/ 0,dB,, selt.T)
S

where the processes Z ]5; and @; are respectively independent copies of X, Ps and
Qs, and ‘Z—i’ is the linear derivative of H with respect to the measure variable (see
Section 1.1 below). The backward equation in FBSDEs (1.5) is different from that of
FBSDE:s (1.3) by including the terms involving D, ‘fi—f)] and D, Z—f; this is because the
state process of the MFTC problem (1.4) depends simultaneously on the distribution
of the current controlled state, while the state process of MFG (1.1)—(1.2) depends
on the equilibrium distribution from the population. The main result of this work is
to give the well-posedness of FBSDEs (1.3) under different kinds of monotonicity
conditions on f and also give the well-posedness of FBSDEs (1.5) under a convexity
assumption on f in (x,v) € R” x R and m € £, (R"). Our approach is more aligned
with the traditional stochastic control method, which is significantly different from the
recently advocated analytical approach to MFGs via master equation or PDE-based
HJB-FP equations in the existing literature. The control theoretic perspective allows us
to cope with the state and control linear diffusion o, which is unbounded and possibly
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degenerate. We allow our running cost functional f to be non-separable in v and m with
a quadratic growth, and to satisfy a strong convexity or even a more general displacement
quasi-monotonicity. Moreover, we also solve both MFG (1.1)—(1.2) and the MFTC
problem (1.4) with generic drift functionals . We also require less regularity of the
cost functions than the existing literature to solve the original mean field problems.
To study the well-posedness of FBSDEs (1.3) and (1.5), we first establish the
solvability of a general system of FBSDEs defined on Hilbert spaces (see FBSDEs
(2.1)) under our B-monotonicity (see Condition 2.1) and then apply this general well-
posedness result for FBSDEs (1.3) and (1.5), both of which can be viewed as particular
cases of FBSDEs (2.1). The monotonicity condition for fully coupled FBSDEs was
first introduced by Hu—Peng [31] and Peng—Wu [43] together with the continuation
method. This monotonicity condition was then used as a convexity condition in [22] for
FBSDEs arising from the MFTC problem, and it was also used as a weak monotonicity
condition (displacement monotonicity condition) in [2,34] for FBSDEs arising from
MFG with a common noise. Compared with the usual monotonicity condition for
FBSDEs, our 8-monotonicity allows us to include more general situations by choosing
a suitable candidate of 8; for instance, it can be used to establish the well-posedness of
the Jacobian and Hessian flows for FBSDEs (1.3) and (1.5) by choosing suitable maps
of B; see our previous work [6, 8]. In this work, we further extend our previous results
in [6, 8] by relaxing assumptions on the coefficients and show that these new conditions
can imply the B-monotonicity and therefore ensure the well-posedness of the FBSDEs
for MFGs and MFTC problems. The main results are Theorems 3.3-3.5 for FBSDEs
(1.3) (under Conditions 3.1-3.3, respectively), and Theorem 4.2 for FBSDEs (1.5).
They are further extended in Section 5 to a more general drift and a varying diffusion.
For the FBSDEs (1.3) arising from MFG (1.1)—(1.2), we propose a new monotonicity
condition on f (see Condition 3.3): the functional f is assumed to be divided into
two parts, both dependent on (s, x, m, v), with one part satisfying a strong convexity
condition in (x, v), and the other part satisfying the newly proposed displacement
quasi-monotonicity. To the best of our knowledge, this condition is brand-new in
mean field theory, and it can be considered a more general monotonicity condition;
for example, it can include as interesting special cases the one with separability and
displacement monotonicity proposed in [2] and also the “strong convexity and small
mean field effect” condition proposed in our previous work [8], and it also overlaps
with monotonicity conditions proposed in [28,30,41] from an analytical viewpoint. We
show that the convexity and the quasi-monotonicity conditions in our Condition 3.3
can imply the corresponding -monotonicity for FBSDEs (1.3) and therefore ensure
the well-posedness of the FBSDEs. As two particular cases of our Condition 3.3,
the classical displacement monotonicity and the small mean field effect can both be
viewed as a condition to ensure the S-monotonicity. For the FBSDEs (1.5) arising
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from the MFTC problem (1.4), we need the cost functional f to be jointly convex
in (x, v) and also convex in m; see Assumption (B3) in Section 4. We show that the
corresponding B-monotonicity for FBSDEs (1.5) is exactly this notion of convexity
assumption. Moreover, for both FBSDEs (1.3) and (1.5), we also study the case when
the drift functional b can be non-linear in x, v and m; see Assumptions (A1’) and
(B1’) in Section 5. We can prove that, in these cases, the coefficients satisfy the f-
monotonicity; therefore, our well-posedness result for general FBSDEs defined on
Hilbert spaces under S-monotonicity is feasible.

MEFG (1.1)—(1.2) is usually associated with a mean field master equation, and the
MFTC problem (1.4) is usually associated with a Bellman equation. In [6], we establish
the classical solutions of the Bellman equation corresponding to the MFTC problem;
and in [8], we also establish the classical solution of the MFG master equation. We can
see that, to obtain a classical solution of a master equation or HJB equation requires
more restrictive assumptions and higher regularity on coefficients than just to obtain an
equilibrium solution of MFG or an optimal control for the MFTC problem. Therefore,
we study MFG (1.1)—(1.2) and the MFTC problem (1.4) by a stochastic control method,
which can include more cases. To make the control perspective more clear, we prefer
to give conditions directly on coefficients b, o, f and g, rather than give conditions
on the Hamiltonian functional H or other feedback maps of m. We also refer to other
discussions on monotonicity conditions for MFG from an analytical perspective; see
[28,30,41].

The rest of the paper is organized as follows. In Section 2, we establish the well-
posedness of general FBSDEs defined on Hilbert spaces under the 8-monotonicity. In
Section 3, we give a sufficient condition of maximum principle to hold for MFG (1.1)-
(1.2) and propose different monotonicity conditions on f to ensure the well-posedness
of FBSDE:s (1.3). Section 4 gives a sufficient condition of maximum principle for the
MFTC problem (1.4) and shows that the convexity of f can ensure the well-posedness
of FBSDESs (1.5). In Section 5, we study the case when the drift functional  is non-linear
and generic for both MFG (1.1)—(1.2) and the MFTC problem (1.4).

1.1. Notations

Forany X € L%(Q,JF,P;R"), we denote by £(X) its law and by || X ||» the L?-norm.
For every ¢ € [0, T], we denote by L%t’ the set of all F;-measurable square-integrable
R"-valued random vectors and denote by :ﬁé(O, T) the set of all F;-progressively-
measurable R”-valued processes a. = {a;, 0 <t < T} such thatIE[foT ez |2dt] < +o0.
We denote by § é(O, T') the set of all F;-progressively-measurable R”-valued processes
a. = {a, 0 <t < T} such that E[supg, . los|2] < +00. We denote by £, (R") the
space of all probability measures of finite second-order moments on R”, equipped with
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the 2-Wasserstein metric: W, (m,m’) := inf zerigm,m) \/f]Rn wgrn 1X = X2 (dx,dx’),
where T1(m,m’) is the set of joint probability measures with respective marginals m
and m’. We denote by §¢ the point mass distribution of the random variable & such that
P (¢ = 0) = 1. Also see [3] for more results on Wasserstein metric space.

The linear derivative of a functional k(-) : Po(R") - R atm € P,(R") is another
functional J P,(R") x R" 5 (m, y) > 4k (m)(y) being jointly continuous and satisfy-
ing [pn | (m)(y) 12dm(y) < c(m) for some positive constant ¢ (m) which is bounded
on any bounded subsets of $#,(R"), such that

k((1—e&)m + 8m’) — k(m)

lim

e—0
f X ) (dm' () — dm(y)). V' € PyR"Y;

we refer the reader to [15,23, 24] for more details about the notion of linear derivatives.
In particular, the linear derivatives in J, (R") are connected to the Gateaux derivatives
in L2(2, F, P;R") in the following way For a linearly differentiable functional k :
(R”) — R such that the derivative Dy T k (11)(y) is jointly continuous in (1, y) and
D, dv k) (y) < e(u)(1 + |y]) for (i, y) € Po(R") x R”, the functional K(X) :=
k(£(X)), X € L>(Q,F,P;R") has the following Giteaux derivative:

d
dv
Furthermore, if k is twice linearly differentiable, then the functional K is also twice

Gateaux differentiable, and the Gateaux derivative at X along a direction Z € L2(Q T,
P;R") is

(1.6) DxK(X)(w) = Dy—k(;e(X))(X(w)).

5 ,dk T ~ d?k ~\T ~
DxK(X)(Z) = (DyE(i(X))(X)) Z + E[(Dy/Dy—v(;e(X))(X, X)) Z]-
Here and in the following of the paper, for any random variable &, we write gfor its
independent copy, and Iﬁ[g] for the corresponding expectation.

For convenience, in this article, we write f |b f(b) — f(a) for the difference of
a functional f between two points b and a.

2. MonoToNiciTY cONDITION FOR FBSDEs oN HILBERT SPACES

We here give the monotonicity condition to ensure the well-posedness of general
FBSDEs defined on Hilbert spaces, which will be used to give the respective mono-
tonicity conditions so as to ensure the well-posedness of FBSDEs (1.3) and (1.5) in
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the following sections. We consider the following FBSDEs defined on Hilbert spaces
of L2(Q,F,P;R"): for an initial (¢, £) € [0, T] x Lgft’

X =$+/ B(r, Xr,Pr,Qr)dr+/ A(r, X,, Pr, Q,)dB,,
.1 ! !

T T
Py = G(X71) —/ F(r, X,, Pr, Q,)dr —/ Q,dB,, seltT],
S )

where
B.F:[0,T] x (L?x L* x (L»)")(,F,P;R") - L*(Q,F,P;R"),
A:[0,T]x (L? x L? x (L>)")(Q,F,P;R") - L*(Q,F,P;R"™"),
G:L*(Q,7, P;R") — L*>(Q,F,P;R").

The system of FBSDEs (2.1) can be viewed as a lifted version of FBSDEs (1.3) and

(1.5) via (3.6) and (4.2) respectively, under assumptions (A)’s and (B)’s to be stated

in the following sections. The well-posedness of the generic FBSDEs (2.1) will be
established by requiring the following condition.

ConprtioN 2.1. There exists a map
B:[0,T]x (L*x L?x (L>)")(Q,F,P;R") > (s, X, P, Q)
= B(s. X, P, Q) € L*(Q.5.P:RY)

and constants Ag >0, I's >0and Kg >0, such that forany X, X', P, P’ eL?(Q,F,P;R")
and Q, Q' € L*(Q,F,P; R™*"), we have the following:

(i)  (B-Monotonicity)
(a) The maps B, A and F satisfy
(2.2) ]E|:(F(s, X', P, Q") —F(s, X, P,0)) (X' - X)
+ (B(s.X'. P'. Q") —B(s. X. P.0)) " (P' = P)
+ Xn: (A (s, X', P, Q") = Al (s, X, P, 0)) (0" — Q’)}

j=1
2
< —AgE[|B(s. X', P, Q") — B(s. X. P. Q)]
+Tp(IX" = X3+ 1P = P53 + 10" = QI3).
(b) The map G satisfies

E[(G(X) —G(X)) (X' = X)] > 0.
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(i1)  (B-Lipschitz) The following continuity conditions hold:

|B(s, X, P, Q") ~B(s, X, P,Q) |5+ |A(s, X P, Q") ~A(s, X, P, Q) |5
< Kg(IX' = X|3 + E[|B(s, X', P', Q") = (s, X, P, O)*]):
23) |F(s, X', P', Q") = F(s, X, P, Q)|” + | G(X") = G(X) |
<Kg(IX' = XI5+ P = PI5+ Q"= 0I5
+E[|B(s, X, P, Q") — B(s, X, P, 0)]*]).

We now state the well-posedness of FBSDEs (2.1) when Condition 2.1 holds under
suitable relations of the involved constants (Ag, Kg, I'g).

Lemma 2.1. Under Condition 2.1, when
(2.4)
Ap>4T(T+1)Kgexp (2T(T+1)Kg)[1+T(T+1)Kj exp 2T(T+1)K3)]Tg,

there is a unique adapted solution (X, P, Q) € Sé(t, T) x S;(z‘, T) x (éﬁé(t, )" of
the FBSDEs (2.1). Furthermore, if the parameter I'g = 0 in Condition 2.1 (i) (a), then
forany Ag > 0O, the same assertion is still true.

REMaARKk 2.1. The exponential term in (2.4) comes from the use of Gronwall’s inequality.
Actually, as a particular case, when the right-hand side of (2.2) is simply

2
25)  —AgE[|B(s. X", P". Q") — B(s. X. P, Q)| "] + TpllX' — X|3.
and the right-hand side of (2.3) is just written as
2.6) KgE[|B(s. X', P', Q") — B(s. X, P, 0)|’],

then the condition (2.4) can reduce to Ag > 2T(T + 1)K é I'g; for instance, for the
FBSDEs (1.3) for the MFG (1.1)—(1.2) in connection with the setting (3.6), if both
the coefficient functions b and o do not functionally depend on x and m, then the
right-hand side of (2.2) becomes (2.5) and the right-hand side of (2.3) reduces to (2.6).

The proof of the preceding well-posedness result appeals to the method of con-
tinuation in coefficients proposed in [31], is similar to that of [43, Theorem 2.3],
[2, Theorem 1], [6, Lemma 4.1] and [8, Lemma 2.5] and is thus omitted here. Condi-
tion 2.1 (i) is actually the ‘usual monotonicity condition’ for FBSDEs, which can be
dated back to Hu—Peng [31] and Peng—Wu [43] for fully coupled FBSDE:s in Euclidean
spaces. It is also referred to as the weak monotonicity condition (displacement mono-
tonicity condition) in Ahuja et al. [2] for FBSDEs in Hilbert spaces, which can be applied
to the FBSDEs arising from MFGs with a common noise. Here, our 8-monotonicity in
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Condition 2.1 allows us to extend our study to more general situations. It is also used in
our previous works [0, 8] to establish the well-posedness of the respective Jacobian and
Hessian flows for FBSDEs (1.3) and (1.5) by choosing suitable maps . In this paper,
we further extend our previous works [6, 8] by relaxing assumptions on the running
cost functional f (see Section 3), and we can also include the generic drift functional
cases (see Section 5). Lemma 2.1 with our S-monotonicity turns out to apply to all
these cases.

3. MONOTONICITY CONDITIONS FOR MFG

We now study the solvability of MFG (1.1)—(1.2). We first give a sufficient condition
of maximum principle to hold for MFG (1.1)—(1.2) and then introduce different mono-
tonicity conditions for FBSDEs (1.3), and we will give in the last section with the help
of Lemma 2.1 the well-posedness result under these monotonicity conditions.

3.1. Maximum principle

We need the following assumptions on coefficients.
(A1) The functions b and o are linear in (x, v). That is,

b(s,x,m,v) = bo(s,m) + b1(s)x + ba(s)v,
o(s,x,m,v) = oo(s,m) + o1(s)x + o2(s)v.
Here, the functions by and o are L-Lipschitz continuous in m € $,(R"), and the
norms of matrices b1 (s), o1(s), b2(s), 02(s) are bounded by L.
(A2) The cost functions f and g have a quadratic growth and satisfy for (s, x,m,v) €
[0, T] x R" x £>(R") x R¥,
|f(s,x,m, v)| <L(1+ |x|? + Wi(m, 8o) + |v|2),

3.1
G-D |g(x.m)| < L(1 + |x|> + W5 (m, 8)).

The derivatives Dy f, Dy f, Dy g exist, and they are continuous in all their arguments,
such that

(D f. Dy f)(5. X' m V") = (D f. Dy f)(5. X, m. v)|
< L(Ix' = x| + [V = v| + Wa(m,m")),
|Dxg(x',m') — Dxg(x.m)| < L(|x" — x| + Wa(m,m")).

(A3) (i) The terminal cost function g is convex in x, and there exists A > 0 such
that for any s € [0, T] and (x,m, v,v’) € R" x $>(R") x RY x R4,

fls.x,m,v') = f(s,x,m,v) = (Dy f(s,x,m, v))T(v’ —v) + AP — v
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(i1) moreover, the running cost function f is jointly convex in x and v, that is,

-
f(s,x' v, m)— f(s,x,v,m) > |:(gzj:) (s,x,v,m)] (i,:j) + A — v|2-

Under above assumptions, we define the optimal control ¥ as a map [0, 7] x R" x
Po(R") x R" x R™" 35 (s, x,m, p,q) — 0(s,x,m, p,q) € R? so that

(3.2) DyL(s,x.m, (s, x,m, p.q). p.q) = 0.

We now give the sufficiency for the maximum principle to hold for MFG (1.1)—(1.2)
under above assumptions.

TuaEOREM 3.1. Under Assumptions (Al), (A2) and (A3) (i), suppose that FBSDEs (1.3)
have a unique solution

(X,P,Q) e 82(t,T) x $2(t,T) x (£3(,T))".

Then, there is a constant c(L,T) > 0, such that for A > ¢(L,T), MFG (1.1)—(1.2) has
a unique solution

3.3) vy 1= f}(s,Xs,éﬁ(Xs), Py, Qs), selt,T].
Furthermore, if (A3) (ii) is satisfied, then, for any A > 0, the same assertion still holds.

Proor. The first statement is proven in [8, Lemma 2.2]. Here, we only prove the second
statement. We denote my := £(X;) for s € [t, T]. For any control u € éﬁzg(t, T), we
denote by X* the corresponding state:

XM=+ / [o(r.my) + bu() XY + by ]dr

+ /S [oo(r.m}) + 01(r) X} + 02(r)u,|dB,.

From Assumptions (A2) and (A3) (ii), we have

G4 Jusmg, t <s <T)—J(;ms, t <5 <T)
T
=E[/ (f(s,Xs”,ms,us)—f(s,Xs,ms,vs))ds+g(X¥,mT)—g(XT,mT)]
t

T
21[5[[1 (/\Ius — 52 + (Do f (5, X5, ms, vs))‘l'(us vy

(D f (5 X5y, 05)) (X2~ X,) )ds +(Dag(Xr.m7)) (X} —Xﬂ}.
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From Assumption (A1) (and the fact that by (s, ms) and og(s, ms) are the same in the
respective equations for X and X¥), we know that

X=X = [ O = X0+ bar) e — v ar

+ [ [o1)08 = X0+ oa0tr = 0]

then, from Itd’s formula, we have for s € (¢, T),

%E[PJ(X;‘ - X;)] = (Pssz(S) + (0)7o] (s))(us —vy)
j=1

- (Dxf(sa X, myg, Us))T(X: - Xs).

From the optimality condition (3.3), we have

PTba(s) + > (0D T3 (5) + (Do f(5. Xgumg.v5)) T =0, s €. T].
j=1

Therefore, we deduce that
T
(3.5) IE[(ng(XTy mT))T(X%{_XT)] =—E |:/ ((va(s’ Xs.mg, vs))T(us — Vs)
t
+ (Dxf(s, Xs,ms, Us))T(Xg - Xs))dsi|‘

Substituting (3.5) into (3.4), we have
T
Juymg, t <s<T)—J(;ms, t <s<T)> /\IE[/ |us —vs|2ds:|.
t

Then, we know that the stochastic control problem (1.1) with the fixed distribution
flow {mg, t <s < T} has a unique optimal control as in (3.3). Therefore, (3.3) gives
a solution for MFG (1.1)—(1.2). For the uniqueness result, suppose that v’ € :6?;(0, T)
is another solution for MFG (1.1)—(1.2), and we denote by X" its related controlled
process and m, := £(X;) for s € [t, T]. For the stochastic control problem (1.1) with
the fixed distribution flow {m/,, t < s < T}, we know that v’ is an optimal control, and
we denote by (P’, Q') the corresponding adjoint process. Then, from the necessary
condition of the maximum principle (see [46] for instance), we know that (X', P’, Q’)
is also a solution for FBSDEs (1.3). From the uniqueness of the solution for FBSDEs
(1.3), we know that (X', P/, Q') = (X, P, Q), and then, v/ = v in £2(0, T). m
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In Theorem 3.1, ¢(L, T) = 4L>T(T + 1) exp(4L?T (T + 1)), again the exponen-
tial term comes from the use of Gronwall’s inequality. As a particular case, when both
b and o do not functionally depend on x, then one can take ¢ (L, T) = 2L2T(T + 1).

3.2. Well-posedness of FBSDEs (1.3)

We shall use Lemma 2.1 to give the well-posedness of our FBSDEs (1.3), which can
be viewed as a subcase of FBSDEs (2.1) by setting

B(s, X, P, Q)(w) := DpH (s, X(w), £(X), P(w), Q()),
A(s. X, P, Q)(@) := Dy H (s, X(@). £(X), P(), Q()),
(3.6) F(s, X, P, O)(w) := —DxH(s, X(w), £(X), P(w), Q(a))),
G(X)(w) := Dxg(X(w), £(X)),
X, P eL*(Q.7,P;R"), Qe€L%Q,F,P;R""),
From Assumptions (A1) and (A2), it is easy to check that the §-Lipschitz-continuities

specified in Condition 2.1 (ii) are satisfied with the constant Kg = C(L) and the
following choice of 8:

(3.7 B(s. X, P, Q) (@) := i(s, X(0), £(X), P(w). Q(w)),

where the optimal control ¥ is defined in (3.2). In view of the map G defined in
(3.6), Condition 2.1 (i) motivates us to introduce the following displacement quasi-
monotonicity condition.

DEeriniTION 3.1 (Displacement quasi-monotonicity condition). For a functional g :
R"™ x 5, (R") — R satisfying Assumption (A2), we say that g satisfies the displacement
quasi-monotonicity condition with a parameter A € R, if for any square-integrable
random variables & and £’ on the same probability space,

(38)  E[(Dxg(§. £&)) — Dxg(6. £1)) ¢ —8)] = —Alg —£]3.

RemMARrk 3.1. Here, A can be an arbitrary real number. As one particular represen-
tative example of Definition 3.1, when A = 0 in (3.8), it is reduced to the prevalent
displacement monotonicity condition:

(3.9) E[(Dxg(£, L)) — Drg(€, £(8)) (€ —£)] = 0.

This displacement monotonicity condition was first introduced in [1] under a different
name “weak monotonicity condition”, and then it was also used in [2, 34] for a prob-
abilistic approach to the solvability of MFG with a common noise. It is also used in
[27,28] for an analytical method for the well-posedness of MFG master equations.
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In view of the map G defined in (3.6), we know that when g satisfies the displacement
monotonicity condition (3.9), we have

3100 E[(G(X)—G(X)) (X' - X)]
= E[(Dxg(X". £(X") — Dyg(X. £(X))) (X' = X)] = 0,

and therefore, Condition 2.1 (i) (b) is satisfied. In the rest of this section, we focus on
conditions on f to ensure the 8-monotonicity in Condition 2.1 (i) (a) with the choice of
B in (3.7). Then, the well-posedness of FBSDEs (1.3) can be deduced by Lemma 2.1.
The following result shows that the convexity of f in v in Assumption (A3) (i) can
guarantee Condition 2.1 (i) (a) and then gives the local solvability of FBSDEs (1.3).

THeOREM 3.2. Under Assumptions (A1), (A2) and (A3) (), coefficients in (3.6) satisfy
Condition 2.1 with the choice of B in (3.7). As a consequence, there is a constant
c(L,T) > 0, such that for A > c¢(L, T), there is a unique adapted solution of the
FBSDEs (1.3).

Proor. From a similar approach as [8, Lemma 2.3], we can deduce that Condi-
tion 2.1 (i) (a) is satisfied with Ag = A, T'g = % + 4L, and Kg = 4L. Therefore,
from (2.4), we obtain the desired result. Here, ¢(L,T) = A + /A% + 4A, where
A:=64T(T + 1) L3 exp(32T(T + 1)L?)[1 + 16T (T + 1)L? exp(32T(T + 1)L?)].
The exponential term comes from the use of Gronwall’s inequality. As a particu-
lar case, when both » and ¢ do not functionally depend on x and m, we can take
A = 2T (T + 1)L3. This is similar to [11, condition (3.11)]. [ ]

Theorem 3.2 only gives the solvability of FBSDEs (1.3) when T is small enough.
From now on, we aim to obtain the global well-posedness of FBSDEs (1.3), which
requires Condition 2.1 (i) (a) to be satisfied with the parameter I'g = 0 for our set-
tings in (3.6) and (3.7). From Assumption (A1), when the coefficients by and oy
do not functionally depend on m, for s € [t,T], X, X', P, P’ € L*(Q,J,P;R")
and Q, Q" € (L*(,F,P;R"))", by denoting ¥ := (s, X, £(X), P, Q) and ¥’ :=
v(s, X', £(X"), P’, Q"), we can compute that

(3.11) E[(F(s, X' P.Q)—F(s. X, P.Q) (X' —X)
+ (B(s, X', P’, Q") —B(s, X, P, 0)) (P’ — P)

+) (A X' P.Q)—AI(s.X. P, 0)) (0" - Q’)]

Jj=1

[ (B ) | EOON 8 X200 2 O - X
B Duf )" 71 (X, £(X). 0(s. X. £(X), P. Q)) v_o
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with which we shall introduce different monotonicity assumptions on f so as to ensure
the right side of (3.11) to be smaller than

E[ — Ag|d(s, X', £(X), P!, Q') — B(s, X, £(X), P, Q)] for some Ag > 0.

Based on the displacement quasi-monotonicity condition in Definition 3.1, we first
propose the following weak monotonicity condition on f for the separable case first,
and then in Condition 3.3, we shall introduce the one for the non-separable case.

Conprtion 3.1 (Displacement quasi-monotonicity for separable cases). The func-
tional f is separable in m and v: f(s,x,m,v) = fo(s,x,m) + f1(s,x,v), where the
functional f; satisfies the following strong convexity: there exists A, > 0 and A, > 0,
such that

3.12)  fi(s,x",v") — fi(s,x,v)

T
Dxfl x'—x / 2 / 2
> — —vl?*:
> |:(va1) (s,x,v)i| (v’ v) 4+ Ax|x" = x|7 + Ay |V — V|5

the functional f, satisfies the following displacement quasi-monotonicity: there exists
Am < 2Ay, such that

(3.13) E[(Dx fo(s, &', £(£)) — Dx fo(s, & ef(é)))T(é’ —&)] = -AnlE —E£l13.
VE E e L?2(Q,F,P;R").

Remark 3.2. Condition 3.1 allows A, to be positive; that is, the running cost functional
fo can be displacement quasi-monotonic. Particularly, when A,, = 0, (3.13) is reduced
to the classical displacement monotonicity condition as in Remark 3.1. In this case, we
can allow A, = 0, and then, Condition 3.1 coincides with the assumption on f in [2].

We next show that Condition 3.1 can ensure our S-monotonicity in Condition 2.1
with T'g = 0.

THeOREM 3.3. Under Assumptions (A1)—(A3), suppose that the functions by and oo do
not functionally depend on m, the terminal cost functional g satisfies the displacement
monotonicity condition (3.9) and the running cost functional f satisfies Condition 3.1.
Then, coefficients in (3.6) satisfy Condition 2.1 (i) (a) with the choice of B in (3.7) and
the parameter I'g = 0. As a consequence, FBSDEs (1.3) have a unique global solution.

Proor. For the sake of notational convenience, in this proof, we denote

D:=0(s,X,£(X),P,0) and 0 :=10(s, X, LX), P, Q.
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From (3.11) and the separable assumption in Condition 3.1, we have

E[(F(s, X', P',Q")—F(s, X, P, Q) (X' = X)
+ (B(s, X', P, Q") —B(s, X, P, 0)) (P — P)

+Y (AV(s. X P'.Q")—AI(s. X. P, 0))" (0" - Qj)]

Jj=1

(el (522
+ (DxfO(sv') ' g’/’;%/))))T(X’ -~ X)}.
From the displacement quasi-monotonicity (3.13), we know that
—E[(Dx fo(s, X', £(X)) = Dx fo(s, X, 2(X))) T (X' = X)] < Am|l€ — €112,
and from the convexity (3.12), we have
—E[(Dy fi(s. X' 8') = Dy fi(s. X, 9)) (&' — D)
+ (Dx fi(s. X' 0) = Dy fi(s. X. 9) T (X' = X)]

< “2AL||E" = £113 — 24, 13" — B3

Combining the last two inequalities, we can see that

DA, | XD (2O
‘E{[(val)“") (x5 )} ( ) #(pusts | ey )(X _X)}
< (A = 24018 — €113 — 22018 - 013,

and since A,, < 21, we know that Condition 2.1 (i) (a) is valid with the choice of 8 in
(3.7) for Ag =2A, and I'g = 0. [

We now consider the case when f is not separable in x and v. We propose the
following strong convexity and small mean field effect condition, which is also used in
our previous work [8].

Conprrion 3.2 (Strong convexity and small mean field effect). There exist non-negative
constants L, L, < L, such that
|Dx f (s, x".m", v") =Dy f (s, x,m,v)| < L(Ix" x|+ [v'—v|) + L Wa (m,m’),

(3.14)
|Dy f (s, x",m'v") =Dy f (s, x,m,v)| <L (|x"—x|+[v'—v|) + Ly Wa (m,m');



ON MEAN FIELD MONOTONICITY CONDITIONS 105

2
and there exist A, > O and A, > sL)C; % such that

3.15) f(s,x',m,v") — f(s,x,m,v)

-
Dy f x' —x
> [(Dif) (s,x,m,v)i| (v’—v) + Ax|x" = x|? + A" — 0]

Lj | Ly
8, T 2
do not drill down into the details. We first give the relation of Condition 3.2 with the

displacement monotonicity condition when f is independent of v.

Here, in the relation A, > the parameter % is not the optimal, but we

RemARK 3.3. For a functional f satisfying Condition 3.2 and independent of v, the
continuity (3.14) reduces to

(3.16) |Dyx f(s.x".m') — Dy f(s.x.m)| < L|x" = x| + LyWa(m,m’),

and the convexity (3.15) reduces to

2

’

317 f(s.x',m)— f(s,x,m) > (Dxf(s,x,m))T(x’ —X) + Ax|x' —x

with the constants satisfying A, > LTX For any square-integrable random variables &
and £’ on the same probability space, we know that

E[(Dxf (s, &, £E)) — Duf (5,6 L)) (€ — )]
=E[(Dyf (5.8, L&) — Dy f (5. £. () (¢ — )]
+E[(Da f (5. £, £E)) — Duf (5, £ ) ¢ —8)].

From the convexity (3.17), we know that

E[(Dxf (5.8 £E)) = D f (s.£. £()) (¢ — )] = 24,1’ — €3,
and from (3.16), we can compute that

E[(Dxf (5.6 2()) = Duf (s.6.£©)) ¢ —§)] = ~Ly 1§ — 113

Combining the last two inequalities, we have

E[(Dxf (5.8 £(E)) = Dxf (s.£. £©)) (¢ — )] = Qe — Lol — £]3:

since Ay > LTX, we know that f satisfies the displacement monotonicity condition.

However, when f is dependent on v, Condition 3.2 cannot be included by Con-
dition 3.1. For the very special linear-quadratic case f(x,m,v) := |x|*> + |[v|*> +
v’ [gn ym(dy), it can be easy to check that f satisfies Condition 3.2, yet f is not

separable in m and v.
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We now show that Condition 3.2 can also ensure our $-monotonicity in Condition 2. 1
with I'g = 0.

TueoreM 3.4. Under Assumptions (A1)—(A3), suppose that the functions by and oo do
not functionally depend on m, the terminal cost functional g satisfies the displacement
monotonicity condition (3.9) and the running cost functional f satisfies Condition 3.2.
Then, coefficients in (3.6) satisfy Condition 2.1 (i) (a) with the choice of B in (3.7) and
the parameter I'g = 0. As a consequence, FBSDEs (1.3) have a unique global solution.

Proor. As in the proof of Theorem 3.3, we adopt the use the notations v := 0(s, X,
£(X), P,Q)and 0" := 0(s, X', £(X'), P/, Q’). Since f satisfies (3.14) and (3.15),
we can deduce that

.
_ Dif\,. | (XL LX) (x'—X
om —={| (27)e | | (2]

T
- Dif\,. noy | X (X=X
<= (b7 ez [ (223
T
Dy f S| EX) | (X =X
+E{[<va)(s’X"’” :ﬁm} (ﬁ’—ﬁ)}

< =2E[A] 0" =012+ Ax|X = X P [+ LollX" = X |l2- [0 = bll2+ L | X" = X3

Then, we see from (3.11) and Young’s inequality that
E[(F(s, X' P'.Q)—F(s.X.P.Q)) (X' = X)
+ (B(s.X'.P". Q") —B(s. X. P.0)) (P’ — P)

+3 (A5 X' PO — AV (5. X. P, 0) (07 — Qj)]

j=1
< S2B[Ay |8 =8+ AelX = X 2]+ Ly | X' = X |12 - [' =Bl + Lo X' = X |12

A L2
< Aoll¥ = D)2 — (mx -t )nX’ _ X2

47,

< —A|l¥' = |3

In the last inequality, we have used the inequality in Condition 3.2: A, > % + %.
Therefore, we know that Condition 2.1 (i) (a) is valid with the choice of 8 in (3.7) by
setting Ag = A, and I'g = 0. ]
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REMARK 3.4. Although we here assume that by and o do not functionally depend on
m, since the functional f here can be non-separable, therefore, the optimal control 0
here can depend on m, and hence, the coefficients

DpH(s,x,m, p.q) = b(s,x,m, (s, x,m, p,q)).
DyH(s,x,m,p,q) = U(S,x,m, f)(s,x,m,p,q))

are dependent on m. Therefore, the coefficients of the SDE in the system (1.3) are
distribution dependent. Moreover, since we allow the diffusion term o to depend on v,
the optimal control ¥ can depend on ¢, which also extends the results in the existing
literature via a PDE approach.

In Condition 3.2, the functional f does not need to be separable or displacement
L3
84y
and D, f on m should be smaller than the convexity of f in x. Now, we further extend

monotonic. From the relation A, > + L2_x, we can see that the dependence of Dy f

Conditions 3.1 and 3.2 and propose the following monotonicity assumption for f. The
functional f is assumed to be divided into two parts (both dependent on (s, x, m, v)),
with one part satisfying a strong convexity and small mean field effect condition and
the other part satisfying a displacement quasi-monotonicity.

Conprtion 3.3. The running cost functional f is in the form:
(3.19) f(s,x,m,v) = fo(s,x,m,v) + fi(s,x,m,v).

Here, the functional f; satisfies the continuity (3.14) with non-negative constants L
and L, and it also satisfies the convexity (3.15) with constants Ay > 0 and A, > 0. The
functional fy is convex in v and satisfies the following displacement quasi-monotonicity

with a constant A,, € R: forany (s, V) € [0, T] x L3(Q, F,P;R%),

(320) E[(Dxfos. & L&), V)=Da fols. 6 L), V)) ¢ =) =—AmllE'—£13,
VEE € LX(Q,F.P;RY);

and there exists non-negative constant /., such that

321 | Dy fo(s.x,m,v") = Dy fo(s,x,m,v)| < I|v' —v],

|Dy fo(s. x",m,v) — Dy fo(s, x,m,v)| < Le(]x" — x| + Wa(m,m')).

These parameters satisfy the following inequality condition:

(Ly + 31,)?
4h,

In Condition 3.3, we see that the dependence of Dy fo in m can be large, and the f;

(3.22) 20 —Am > Lx +

part does not need to be monotonic. From (3.22), we can see that the strong convexity of
f1in x allows fy to be quasi-monotonic in . Condition 3.3 includes Condition 3.1 as
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a special case. Actually, when fp is independent of v, then the parameters [, = 0, and
the monotonicity condition (3.20) for fj is reduced to (3.13). Furthermore, if f1 does
not functionally depend on m, then the parameters L, = L, = 0, and the convexity
condition (3.15) for f7 is reduced to (3.12). Therefore, in this case, Condition 3.3 is
reduced to Condition 3.1. We also elaborate more on the condition (3.20). When the
derivative Dy fy is differentiable in x and is linearly differentiable in m (although
we do not need such regularity in this article), in view of (1.6), the inequality (3.20)
is equivalent to the following one: for any (s, V) € [0, T] x L%(Q2, F, P; R?) and
£.neL?>(Q,F,P;R"),

dfo

(3.23) IE{nT[D;fO(s,g,:ﬁ(g),v)nHE(DxDyE

(5.6 £©).V)E)7) +Amn] | 20.

In particular, when the derivatives Di Joand DD, % do not functionally depend
on v, then (3.23) is reduced to the displacement quasi-monotonicity condition as in
(3.13). We also refer to [28, Definition 3.4] for a similar assumption as (3.23) on the
Hamiltonian functional H.

We next show that Condition 3.3 yields our 8-monotonicity in Condition 2.1 with

I'g = 0, and then FBSDEs (1.3) are well posed.

THEOREM 3.5. Under Assumptions (A1)—(A3), suppose that the functions by and oo do
not functionally depend on m, the terminal cost functional g satisfies the displacement
monotonicity condition (3.9) and the running cost functional f satisfies Condition 3.3.
Then, coefficients in (3.6) satisfy Condition 2.1 (i) (a) with the choice of B in (3.7) and
the parameter I'g = 0. As a consequence, FBSDEs (1.3) have a unique global solution.

Proor. We still use the notations 0 := 0 (s, X, £(X), P, Q) and ¢’ := 0 (s, X', £(X'),
P’, Q"). From (3.11) and (3.19), we know that

(3.24) ]E|:(F(s,X’,P/, Q) —F(s. X, P, Q))T(X’ - X)

+ (B(s, X', P, Q") —B(s, X, P, 0)) (P — P)

+) (A X' P.Q)—AI(s.X. P, 0)) (0" - Q")}

Jj=1

’ n AN T ’
_ gl (Px£i (S_)’(wa(X),v) XX
Dy f1 (X, £(X), D) 0 =9

/ n oanT ’
[ (o (s,_)‘(wa(X):v) x-x\|
Dy fo (X, £(X). ) B — D
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Since f7 satisfies (3.14) and (3.15), from (3.18), we then obtain
T

D X', (XN, 0 X X
625 —el| (P21 6. ' (XL LD, 9) 1 (X7 =2

Dy fi (X, £(X).9) o —d

<—2E[Ay |0~ 4 Ae| X' = X P]+ Lol X'~ X215~ 02 + Ll X'~ X 3.
Since fj satisfies the displacement quasi-monotonicity condition (3.20), we have
A T

(3.26) —E[(Dx fo(s. X".£(X").0) — Dx fo (5. X.£(X).0)) (X'=X)| <Am | X' — X3
As fo is convex in v, we know that
327)  —E[(Dy fols. X. £(X).9') = Dy fos. X. 2(X).9)) (' —9)] <.

Combining (3.21) with an application of Cauchy—Schwarz inequality, we also have

(X', £(X")

)
ozt ) D) = 20X =X Lal =i,

—E{(vao(& )

(3.28)

Al

/
—{ (Defols. X', 2000 | ) (=20} = X=Xl

From (3.26)—(3.28), we deduce that

D, fi (X" LX), 0" ' X' —-X
(329 —E 0N (5,4 ’ R Y o~

Dy fo (X, £(X),0) b — D

<Al X = X134 3L X = X[2]18" = 2.
Combining (3.24), (3.25) and (3.29), from Young’s inequality, we have
(3.30)
E[(F(s, X' P'.Q)—F(s.X.P.Q)) (X' = X)

+ (B(s.X'.P', Q") —B(s, X. P, 0)) (P’ — P)

n
+ > (A X P Q) Al (s, X. P.0)) (0" — Q")}
j=1
< 2210 =0 )13—Q@Ax —Am— L) | X' = X3+ (Lo +3L) |1 X' = X |12 =02
FEA Ly + 3ly)?
< —Av”v/ - v”% - (2/\x _/\m - Lx - %) ”X/ - X”%
v

< —Ay|8" =013,
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where the last inequality follows in light of 2A, — A,, > Ly + M . Therefore,
Condition 2.1 (i) (a) is valid with the choice of B in (3.7) for Ag = )t and Ig=0. =

In the proof of Theorem 3.5, we have shown that Condition 3.3 for the running
cost functional f ensures that the S-monotonicity in Condition 2.1 holds with the
parameter I'g = 0. As two particular cases of Condition 3.3, the classical displacement
monotonicity [1,2,27,28] and the small mean field effect [8] can both be viewed as
a condition to guarantee this f-monotonicity. We also refer to [14, Remark 7.2] and
[11, Section 2.1] for more detailed discussions on the relationship between the small
mean field effect and displacement monotonicity condition. As a direct consequence
of Theorems 3.1, 3.2 and 3.5, we obtain the following solvability of MFG (1.1)—(1.2).

CoRrROLLARY 3.6. Under Assumptions (A1)—(A3), (3.3) gives a local solution of MFG
(1.1)—=(1.2). Furthermore, under assumptions in Theorem 3.5, (3.3) is the unique global
solution.

So far, we focus on the convexity setting on the terminal functional g; actually, our
stochastic control method can be applied to some more general cases beyond usual
convex settings. To this point, we first introduce the recent work of [41], in which the
authors use an analytical method to study the MFG master equation with o being a
constant and in the absence of the displacement monotonicity condition; particularly,
they assume certain non-convexity of the terminal cost g. More precisely, g is assumed
to satisfy an anti-monotonicity condition, while the Hamiltonian H takes the form
H(s,m, p) = (Aox, p) + Ho(x,m, p), where Hy satisfies appropriate regularity
conditions; see [41, Assumption 6.1] for details.

We now give a viewpoint of the above conditions from the control theoretical per-
spective. In our previous work [8], we can see that with a stochastic control approach,
the convexity of g is also not necessary for the local solvability of the FBSDEs asso-
ciated with the MFG. Actually, even for the global solvability, the convexity and the
displacement monotonicity condition of g are not necessary either; indeed, we may
use the following condition on g: there exists some [, > 0, such that for any & and &’
on the same probability space,

(3.31) IE[(Dxg(, (&) — Dxg (5. 25) (€ — ]| < L& — €112,

which resembles the anti-monotonicity condition [41, (1.5)]. Here, we assume that the
running cost functional f satisfies Condition 3.3, which allows the Hamiltonian H to
be a general one; and due to the page limit, we only give a sketch of motivation for
a simple case with o being constant. In view of the continuation method, we should
study the continuity of the solution of the following FBSDEs in initial £ € iét, with
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aninput (1°,17,1%) € £3(0,T) x £3(0.T) x £% _:

s s
X5 = E +/ [VDpH(r, eri(xr)7pr, Qr) + Irb]dr +/ odB,,
t t

(3.32) 4§ Py =yDyg(Xr.£(X7)) + 18

T T
+/ [yD:H (r, X», £(X;), Py, O;) +1,f]dr—/ 0,dB,,

where y € [0, 1]. For any two initials ! and £2 and any two inputs ((/2)!, (1/)*, (18)")
and ((1%)2, (17)2, (18)?), we denote by (X!, P!, O',v') and (X2, P2, 02, v?) the
corresponding solutions of FBSDESs (3.32) and denote AX := X’ — X (we also adopt
similar notations for all other differences). Then, from (3.30), we know that

E[y[Dxg(X7. £(XF))—Dxg(X7. éﬁ(X}))]TAXT +(AI®)TAXT—(AP)TAE]

T 2
L, + 3l
<& [y = aulan = (2= hn = L= E YA as
t v

T
+E/ (IAPS]-|AI2| + |AX,] - |ALZ |)ds.
t

Then, from (3.31), we know that

r Ly + 31,)?
(3.33) yIE/ [Av|Avs|2 + (ux Ay — Ly — %) |AXS|2}ds
t v

< E[ylgmxTP AP, |AE| + |AX7]- |AL%]
T
+/ (IAP|-|AT?] +|AXS|-|AISf|)ds].
t

By applying [td’s formula on | A X|? and then using Young’s inequality, we can compute
that

E[|AX7|?]
T
= E[|A§|2 + 2)// [(AX,)Thi(s)AXs + (AXs) T ba(s) Avg]ds
t

T
+ 2/ INHE |AXs|ds}
t

T T
§E[|Ag|2+2yL/ (|AXS|2+|AXS|-|AvS|)ds+2/ |AI] - |AX|ds]
t t

T 2
L,+3l
< ]E|:|AE|2+VA/ [AU|AUS|2+(2/\x_Am_Lx_—( v4':k x) )|AXS|2:|dSi|
t v
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where

LAy + LyJ22 + Ay 24y — Ay — Ly — Lo

2
Ao(2hx = A — Ly — 3007

A

Then, by substituting (3.33) into the above inequality, we know that
(1= yAl)E[|AX7[]
< (4 + D IAEP + AP - 1A + |aXr |17
T
+/ (IAPs| - |AL2| + |AXS] - |AL] | + |A XS] - |Alf|)ds}-
t

If
(3.34) Alg <1,

by noting that y € [0, 1], we have

E[|AX7]?] < CE[msF AP |- |A]] + |AX7 |- |1¥]
T
+ [ Q8- 1az v 18K a1 s |
t
where C is a constant depending only on (L, Ax, Ay, Am, Ly, Ly, Ix, lg) and it is

independent of y. Substituting the last estimate back into (3.33), we know that for any
e >0,

T
(3.35) yE / |Avg|ds
t
sCE[|AE|2+|API|-|A5|+|AXT|-|A1g|
T
+ [ aria+iax): |A1sf|)ds]
t

§£IE[ sup |AXg[*> 4+ sup |APs|2]

t<s<T t<s<T
1 T
+ C(l + —)E[|A§|2 + |AIE? +/ (115 + |A1sf|2)ds].
€ t
With standard estimates for SDEs, we know that

T
(3.36) E[ sup |AXS|2] §C(L,T)IE[|A$|2+/ (ylAvs|2+|AISb|2)ds]
t

t<s<T
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and then, with (3.36) and standard estimates for BSDEs,

T
(3.37) ]E|: sup |APS|2+/ |AQS|2ds]

t<s<T t
T
< C(L, T)E[|Alg|2 + / (v1Avg* + |A1Sf|2)ds}.
t
Substituting (3.36) and (3.37) into (3.35), we can see that by choosing & small enough,

T T
(3.38) yIEZ[ |Avg|?ds < CE[|A§|2 +|AT8? +/ (IAIEP? + |Alsf|2)ds].
t

t
From (3.36)—(3.38), we obtain that

T
(3.39) E[ sup |AX;|? 4+ sup |APS|2+/ |AQS|2ds:|
t

t<s<T t<s<T
T
< CE|Iagl + 1017+ [ (ar2P 1AL/ P)ds |
t

where the constant C is independent of y. In view of the estimate (3.39), we can
recursively enlarge the parameter y in FBSDEs (3.32) by using the Banach fixed point
theorem; since C is independent of y, we can obtain the global solvability. This approach
is typical in the method of continuation in coefficients proposed in [31]. The above
sketchy argument will work as long as the condition (3.34) holds; this in turn allows a
flexibility to free g from being convex, indeed; we also refer to [41, Theorem 7.1] for
similar conditions. We shall provide more details in our future work.

4. SorLvaBILITY OF THE MFTC PROBLEM

We consider the solvability of the MFTC problem (1.4). As in Section 3, we first give a
sufficient condition of a maximum principle for the MFTC problem (1.4) and then show
that the convexity assumption on f is actually the 8-monotonicity condition (Condi-
tion 2.1 (i)) for the well-posedness of FBSDEs (1.5) in view of the S-monotonicity in
Condition 2.1.

4.1. Maximum principle

We take the following assumptions on coeflicients.
(B1) The functions b and ¢ are linear. That is,

b5, x.11,8) = Bo(s) + br(s)x + ba(s)v + ba(s) /R "y miay).

(5,5, m,) = Go(s) + 01 ()% + 2(5) + 03(5) [R "y may).
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with all the norms of bgy(s), b1(s), ba(s), bz(s), ao(s), o1(s), 02(s), 03(s) being
bounded by L.

(B2) The functions f and g have a quadratic growth (3.1). The derivatives D f,
D,f,D, %, Dygand D, ‘Zl—ﬁ exist, and they are continuous in all of their own argu-
ments and satisfy

(D, Dy) £ (s, X' ', 0) = (D, D) £ (s, x,m.0)| < LI —x|+ [0/ = v+ Wa(m,m")),
|Deg(',m)=Dyg(x',m')| < L(x' x|+ Wa(m, m")),

and for any square-integrable random variables £ and £’ on the same probability space,
daf df
E||Dy - o (5. X" 2(6). V) €) ]

< L(Ix" = x> + v = of* + & = £113).

} L(w = xP + [ — £2).

5. x", L), V) () —

d dg
E||D,ZE (', £E) &) - Dy 22 (v £(®))
L d Y dv
(B3) The terminal cost functional g is convex, that is,

@n g £E) - g(x. 26)
dg
- (Dl @) 0+ B[ (0, % 20 @) ¢ 0]

And there exists A > 0 such that for any square-integrable random variables & and &’
on the same probability space,

Fs.x", L), V') = f(s,x, L(§).v)

T
D, f x'—x
>
o df i
+ Al [T+ E Dya(s,x, LE).v)E | ¢ -8
Under above assumptions, we have the following sufficient maximum principle for

MFTC (1.4).

Tueorem 4.1. Under Assumptions (B1)—(B3), suppose that FBSDEs (1.5) have a
uniqueness solution (X, P, Q) € §2 5, T)x £2 5, T)x (éﬁ (¢t,T))". Then, the MFTC
problem (1.4) has a unique optimal control vs := (s, X, £(Xs), Ps, Qs), s € [t, T},
where the map U is defined in (3.2).

The proof of Theorem 4.1 is similar to that in [10] and is thus omitted here.
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4.2. Well-posedness of the forward-backward system

We shall use Lemma 2.1 to give the well-posedness of our FBSDEs (1.5), which can
be viewed as a subcase of FBSDEs (2.1) by setting
B(s,X,P,Q):= DyH(s, X, £(X), P, Q),
A(s,X,P,Q):= DgH (s, X. £(X)., P, Q),
F(s,X,P,Q):=—DyxH(s. X, £(X), P, Q)
= IE[Dydd—I;I(s, X.2(x),P.0)x)]
dg

G(X) := Dxg(X, £(X)) + E[Dya

4.2)

(X.£00)x)].

for X, P € L2(Q,F,P;R") and Q € L%(Q,F, P; R™™"), where X, P and O are
respectively independent copies of X, P and Q. We now show that Assumptions
(B1)—(B3) can ensure the B-monotonicity in Condition 2.1 and then imply with the
global well-posedness of FBSDEs (1.5). The choices of F and G in (4.2) are different
from that in (3.6) due to the arithmetic difference between the backward equation in
FBSDEs (1.5) and in FBSDE:s (1.3) respectively, which is because the state process
of the MFTC problem (1.4) depends simultaneously on the distribution of the current
controlled state, while the state process of MFG (1.1)—(1.2) depends on the equilibrium
distribution from the population.

THeOREM 4.2. Under Assumptions (B1)—(B3), coefficients in (4.2) satisfy Condition 2.1
with the map
B(s, X, P, Q) := (s, X, £(X), P, Q)

and the parameter I'g = 0. As a consequence, FBSDEs (1.5) have a unique adapted
solution.

Proor. Here, we check Condition 2.1 (i). From (4.2), Assumption (B1) and the defini-
tion of (-) in (3.2), we can write

B(s, X, P, Q) = bo(s) + b1(s)X + ba(s)0 + b3(s)E[X],
Al (s, X, P, Q) = 0 (s) + 0] (5)X + 0§ () + o] (5)E[X],

F(s, X, P, Q) = =bi(s) TP =3 0] (5)TQ7 = Dy f (s, X, £(X), 0)
j=1
T ol (B0 [p. Y
— ba)E[P]-Y o] ()" E[Q’]-E|D, %
j=1

v

(s, % 200).5) ()],
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where 9 := 9(s, X, £(X), P, Q) and 7 is an independent copy of 0; the map 0(-) is
defined in (3.2). Then, we can compute that

4.3) E[(F(s, X', P',Q")—F(s, X, P, Q) (X' = X)

+ (B(s, X', P, Q") —B(s, X, P, Q) (P — P)

+> (A X PO~ A (s.X. P.0) (0" — Q’)]

j=1
’ noandT ,
- _E Dy f (S’_)‘(X,éﬁ(X)iv) ){ _{(
Duf (X, £(X), ) B — b
=7 ~ . T
+]E[Dycdl_‘];(s,X/’i(X/),ﬁ/)(X/)—Dy%(S,X‘:,i(X)’ﬁ)(X)} (X/—X)},

By Fubini’s lemma, we know that

daf

_ — B T
E{IE[D df(s,X’,éﬁ(X’),ﬁ’)(X’)—DyE(s,f,l’(X),ﬁ)(X)} (X’—X)}

Ydv

_ E{E[(Dy Z,f (5. X', £(X"),9')(X') = D, Zf

Vv Vv

.
(s,X,x(X),ﬁ)(iZ)) (?—X‘)}};

then, from (4.3) and the convexity of f in Assumption (B3), we know that Condi-
tion 2.1 (i) (a) is valid with the map
B(s, X, P,Q):=0(s. X, £(X), P, Q)

by setting Ag = 24 and I'g = 0. In a similar way, we can show that Condition 2.1 (i) (b)
is also satisfied. ]

5. THE CASE FOR GENERIC DRIFT

So far we mainly focused on the case when b is linear in x and v. We next proceed on
the more general setting such that b can be non-linear in x, v and m. We study both
MFG (1.3) and the MFTC problem (1.4) with a generic b.

5.1. Mean field games with generic drifts

In this subsection, we shall give the solvability of MFG (1.1)—(1.2) without Assump-
tion (A1); instead, we adopt the following assumptions on » and o.
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(A1’) The coefficient b grows linearly and is L-Lipschitz continuous in (x, v) and
[n-Lipschitz continuous in m; it is continuously differentiable in x and v, with the
derivatives Db and D, b being bounded by L. Moreover, for any s € [0, T], x, x’ € R”,
v, v € R? and m,m’ € P»(R"),

(5.1) |(Dxb, Dyb)(s,x'.m’, v") — (Dxb, Dyb)(s, x,m,v)|
Ly|x" — x|+ Ly|v' —v| + Ly Wa(m,m’) .
T LA XV X ol V] + Wa(m, So) v Wa(m!, bo)

and there exists A, > 0 such that
(5.2) (Dyb)(Dyb) T (s, x,m,v) = Apl,, V(s.x,v) €[0,T] x R" x R?.

The coeflicient o is linear in x as o (s, x) = go(s) + o1 (s)x, with the norms of matrices
09 and o7 being bounded by L.
In the condition (5.1), if the coefficient b demanded is linear in x and v, then

X _Jv _ gm __
b_Lb_ -

Therefore, (A1’) extends the linear assumption on b in Assumption (A1). Our Assump-
tion (A1’) is also used in [13, 14] for the solvability of first-order MFGs and MFTC
problems with a generic b. We also refer to [28] for similar conditions to obtain the
solvability of mean field game master equation with an analytical approach, but on
the Hamiltonian functional H, not the individual assumptions on the drift functional
b and on the cost functionals. In view of Assumption (A1’), the system of FBSDEs
associated with the MFG is as follows:

X, =&+ /sb(r’ X, £(X,), v,)dr + /s [o0(r) + 01(r) X, ]dB,,

T
Py = _/ 0,dB, + ng(XT,:K(XT))

(5.3) -
+/ [Dxb(r’ Xr’i(Xr)’vr)TPr
+3 (07 (0) T QF + D f (r X £(X)), U,)]dr,
j=1
subject to

(54)  Dyb(s. Xs. £(X,).v5) Py + Dy f (5. X, £(X,).v5) =0, s €[t T].

We first give the corresponding maximum principle to hold for the MFG with
Assumption (A1").
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THEOREM 5.1. Under Assumptions (A1), (A2) and (A3), suppose that | satisfies the
convexity (3.15) with constants

(5.5 Ax =

If FBSDEs (5.3)—(5.4) have a unique solution
(X, P,0,0) € S2(t,T) x S3(t, T) x (£%(t, T))" x £%(t. T),
then v is the unique solution of MFG (1.1)—(1.2).

Proor. We now prove the coercive property for J. For any control v € :Eé(t, T), we
denote by XV the corresponding state. From Assumptions (A2) and the convexity of f
and g, we have

(5.6) J(v:E(Xy),t <s<T)—J(0:£(Xy),t <s<T)

TVl [ Dy T X — X,
e (8
+/\x|st_fs|2+kv|vs_5s|2:|ds+ng(fT)T(X;’_)?T)}‘

By applying It6’s formula on FST (Xy — X;) and taking expectation, we have

E[Dxg(X7)T (X} — X7)]

T n
= E[f P [b(s, X2, L(X,),v5) =b (s, Xy, £(Xs), 05)]+)_(Q]) 07 (s)(X) = X)
t j=1

_ [Dxb(s, Xy, £(X,), 05) " Py + > (07 (s))" Q!
Jj=1 -
+ Dy f (s, X5, £(X), ﬁs)] (X2 - )?s)dsi|
T — — —
= IE|:/ [b(s, X, £(Xs), vs) — b(s, X5, £(Xy), U)
t

— Db(s, X5, 55) (X2 = X3) | Py— Do f (5, Xy, 2(X5), 55) (X2 — fs)ds}.

From the first-order condition (5.4), we know that

(5.7) Dyb(s, Xy, £(X5),55) " Ps + Dy f (s, Xy, £(X5), 55) = 0,
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and therefore,

5.8)  E[Dyg(Xr) (X} — X1)]
T _ X7, vg
~ IE|:/ [b(s,.,:e(xs),-) | E; ;))
Vg — Ug
Dy f ' XV —X
{()esmon] (372)4]

In view of (5.7), the condition (5.2) and the Schur complement, we can compute that

— T
— [(Dxb, Dvb)(s, )?s, ;ﬁ()?s)’ ﬁs)] (Xs - g(s) i| Fs

Fs = _[((Dvb)T(Dvb))_l(Dvb)T(s’ )?s’ cf()?s)’ ﬁs)](va)(S, Ys’ °<(i(Xs)7 ﬁs)

(also see the following Remark 5.1), and then, from (A2), we know that

_ L2 _ _
(5.9) | Py| < E[l + | Xs| + Wa(L(Xs). 80) + |Usl]-

Again from (5.7), we know that

(Do f (5. X5 £(X). ) |01 s

= —[Dyb(s, X5, £(Xy), 5) | Ps + Do f (s, X5, £(X,),0)] " o,
and from the convexity assumption (3.15), we have
2h0|Us| < [Dyb (s, X5, £(X), U5)| - | Ps| + | Dy f (5. X5, £(Xy),0)]
= L(l + |)?s| + Wz(i’(fs)ﬁo) + |13s|)

Therefore, we deduce from the condition (5.1) that

T v
E[/ [%-»Ms),-) (X %)

5.10 _
( ) (XS’ l_)S)

— T
— [(Dxb. Dyb)(s. K. £(Xs). )] (i‘) - f)} Fs}

<L—2E T(LX|X”—)?|2+L”|v — U5]%) ds
= )Lb . blds N blls N .
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Substituting (5.10) into (5.8), we know that

T D, — = _ ! X? _)?s Y, v X
E{/t [(Dvi) (S,XS,JC(XS),US):| ( vss 3, ) ds+Dyxg(Xr) (X} — XT)}
2 T —
> —QEU (Lp1X) = Xsl? + Lylvs — mzyn}.

Combining the last inequality and (5.6), from (5.5), we know that
L2Lv T
10 =960 (0= 22 )z [ o= s |
b t

from which we obtain the claimed coerciveness, which shows that v is a solution

for MFG (1.1)—(1.2). And the proof for the uniqueness result is similar to that for
Theorem 3.1. L

ReEMARK 5.1. In the proof of Theorem 5.1, the condition (5.9) is also known as a cone
property (cone condition) which was first proposed in [13, 14] for the study on the
first-order mean field theory. We would like to emphasize that the cone condition is
satisfied under Assumptions (A1’), (A2) and (A3), which does not require additional
assumption. We now show that Assumption (A1") and Condition 3.3 can ensure the
B-monotonicity corresponding to FBSDEs (5.3) and then guarantee the global well-
posedness of FBSDEs (1.3).

THEOREM 5.2. Under Assumptions (Al'), (A2) and (A3), suppose that the terminal cost
functional g satisfies the displacement monotonicity condition (3.9), and the running
cost functional f satisfies Condition 3.3. Then, when

2L71y, | 3L (L3 +L3)hn

(5.11) Ay—2kLY, 2A —Ap > Lo+ = e

+kQLE+LT)

121, 3L3LYI, 2
+ Ly+3lc+ + b +2ka) ,
4Av( TR A2 b
where
L2
5.12 k = )
(5.12) "

FBSDEs (1.3) have a unique global solution.

Proor. We shall show that the coefficients of FBSDEs (5.3) satisfy Condition 2.1.
Fors e [t,T], X, X', P, P’ € L?2(Q,F,P;R"), 0, Q' € L>(Q,F,P; R™™) and
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V,V' e L3(Q,F,P;R?) respectively satisfying

(5.13)

Dyb(s, X, £(X), V) P + D, f (s, X, £(X),V) =0,
Dyb(s. X', LX), V') P + Dy f (5. X', £(X), V') =0,

we can compute that

(5.14)

E{(b(s, X, &(X"). V') =b(s, X, £(X),V)) (P’ = P)

+3 (o] ' = X)) "0 — 07)

Jj=1

_ [Dxb(s, X, X", V) P+ > (o] ())' Q"

j=1

+ Dy f (5. X', £(X)), V') = Db(s, X, £(X), V) P

n

.
+3 (07() " Q7 + Dy f(s. X. £(X), V)] (X' — X)}

Jj=1

= B{— [b(s, X. £(X). V) = b(s, X', £(X"), V')

— Dyb(s, X', £(X), V') (X = X)] (P’ - P)

— [(Dxb(s. X', 2(X"), V') = Db(s, X, 2(X), V))(X' = X)]" P

~[Dxf (5. X' LX), V') = D f (5. X, £(X). V)] (X' = X))

= ]E{[b(s, X, £(X'), V) =b(s. X, £(X), V)]T(P’ —P)

+ [b(s. X' L(X), V') + b(s, X, L(X"). V)

—b(s, X, £(X), V) = b(s, X', £(X"), V)] P

b(s,- £(X'),")

X, V)
X"V

b(s.- £(X),")

X",V
(X, V)

~[(Dxb, Dyb) (s, X, £(X), V)] ()Ii::

[ (D.f (s -)'(X"f(X’W’) Tx-x
\DuSf) (X £(X). V) Vi—v ]|

121

]
—[(Dxb,Dvb)(s,X”f(X')’V')]();:)v(’)} ’

)]
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From (5.13) and Assumptions (A1’) and (A2), we can compute that
[P’ —P|
- X' E(X, V)
= [[((Dub) T (D)) ™ (D) (5. X', LX), V) (Do £)(s. - '(
‘[(( ) (Dyb))  (Dyb) " (s (X", V)](Dy f)(s,) (X, £(X). V)
X/,:C(X’),V/)

T -1 T (
@@y 06|

}(va)(s,X, £(X),V)
X' LX), V)
X, £(X),V)
(X', £(X"), V)
(Dvb)(s") ‘ (X,i(X), V)

- L2+3L3LZ X - X| + L2+3L3Lz Vv
“\Ap Ai Ab li

L (
< E'(DUf)(s,-) ' (

n 3L?
2
A’b

Dy (5, X, £(X). V)|

L? 3Ly
— X), (X'
(5 + =5 mateco. 20,
and therefore,
(5.15) E{[b(s, X, £(X"), V) = b(s, X, £(X), V)] (P' — P)}
2021,  3L3(L} + LMy,
< m X/_X 2
= (5 T i i
L2,  3L3LYIn
“ V=Vl | X = X]>.
(5 + 25 v = Va1 = i,

As in (5.9), from (5.13), the condition (5.2) and Assumption (A2), we also have the
cone properties

|P| < k(1 +|X|+ Wa(£(X),8) + V]),
[P < k(14 |X'| + Wa(L£(X),80) + |V']),
where constant k is defined in (5.12); therefore, from the condition (5.1), we know that

(5.16)
E{[b(s, X E(X), V') +b(s, X, £L(X). V)

—b(s, X, £(X), V) = b(s, X', £(X"), V)] P

X, V)

) [b(s"’i(X/)") X', V')

~[(Dxb, Dyb)(s, X', £(X"), V"] (ﬁ:i)} P’
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T
(X', V" X'—X
—1b(s,-, £(X),- —|(Dyb, Dyb)(s, X, L(X),V P
[(s R P (R RETEE P21 o
<kLF(IX' X3+ 1V =Vll2 - |1 X' =X |l2) + 2k LE| X = X |34+ 2k L} |V =V |3

Since f satisfies Condition 3.3, from the proof of Theorem 3.5 (also referring to (3.25),
(3.29) and (3.30)), we know that

.
D f (X 2x) )] (x - x
5.17 El _ ,
o { [(va) ) ‘ (X, 2(X),V) V-V
< =210 = 013 — @Ax — Am — L)X = X3
+ (Ly + 3| X = X2 |V = V.

Substituting (5.15)—(5.17) back into (5.14), from Young’s inequality and condition
(5.2), we know that

the left-hand side of (5.14)
<~y = 2kLp)|V' = V3

L?1] 3L3LY]
(Lot 3t 20 20 o - X - VI
b
21.2] 3L3(LEX+ L™
_ (zkx—km—Lx— n_ L i) m—k<ng+L2"))||x’—X||§
b

< —(Ay —2kL)V' = V3.

from which we know that Condition 2.1 (i) (a) is valid with Ag = A, — 2kL} and
I'g = 0. Since g satisfies the displacement monotonicity condition, from (3.10), we
know that Condition 2.1 (i) (b) is satisfied. As a consequence of Lemma 2.1, we obtain
the well-posedness of FBSDE:s (5.3). ]

REmaRrk 5.2. In the relation (5.11), the parameters are not the optimal, but we do not
drill down into the details in this article. The condition (5.11) in Theorem 5.2 seems
to be restrictive; however, when the coefficient b is linear in x and v and does not
functionally depend on m, then Ly = Ly = L}’ = I, = 0, and the conditions above
are reduced to that in Condition 3.3.

As adirect consequence of Theorems 5.1 and 5.2, we obtain the following solvability
of the MFG with the generic b.

CoroLLARY 5.3. Under assumptions in Theorem 5.2, MFG (1.1)—(1.2) has a unique
global solution.
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The further Jacobian (and Hessian) flows for the FBSDEs and classical solutions to
the associated master equations for MFGs under non-linear settings are studied in our
new article [7].

5.2. Relation with the mean field game HJB-FP system
MFG (1.1)—(1.2) is associated with the following HIB-FP system:
v H (s, x)
+ H(s, x,m"*(s), Dyv"H (s, x), %D?cvt’“(s,x)a(s, x,m”“(s))) =0,
selt,T),

(G.18) 9m"* + div[Dp H (5. x,m"H(s), Dxv"* (s, x))m"*]

n
— Y Oy, 0x; [aij (s x.mP())ym" ] = 0. s € (1. T],

i,j=1
mit(t) =, V(T x) = g(x,m"(T)),

where a;; (s, x,m) := %(O’JT)U (s, x,m). This HIB-FP system is related to our FBSDEs
(1.3) in the following manner: suppose that (X*-§, P%¢, Q%) is an adapted solution of
FBSDEs (1.3) with initial condition X tt £ = & ~ w; then,

(5.19) mbl(s) = L(X5E),  DyvH(s, X15) = PLE, s e, T).

This relation (5.19) also gives a decoupling field of FBSDEs (1.3). The HIB-FP system
(5.18) is widely studied in the contemporary literature; see [18, 20, 29, 37-39] for
instance. In such works, o is usually assumed to be constant or non-degenerate, and
system (5.18) can be studied via the solution a parabolic equation. For the existence
result for system (5.18) and also the solution regularity, the regularity of the functional
Hamiltonian H (s, x, m, p, q) is directly assumed. For the uniqueness result for system
(5.18), some monotonicity conditions are required for H and g. The Lasry-Lions
monotonicity condition:

/R [gCem') — gr.m)) o’ = my(dx) = 0,

which is introduced by Lasry and Lions [37,38] and then used in the literature [20,29],
is now well known. Its relation with the displacement monotonicity condition is referred
toin [1,11,28,30].

In our work, to see the matter from the control perspective more clearly, we give
conditions directly on coefficients b, o and f, rather than on the induced functional



ON MEAN FIELD MONOTONICITY CONDITIONS 125

Hamiltonian H as in the above mentioned literature studying the HIB-FP system (5.18)
via analytical methods. However, we can show that our assumptions on b, o, f for
the control method are related to those on H for the analytical method. For example,
. 2L2LY . .

we show that the condition A, > Th in Theorem 5.2 can guarantee the concavity
for the Hamiltonian functional H in p; this concavity assumption is widely used in
the existing literature, such as [18,20,28,29,36]. For convenience, we here prove the
particular case when the dimension n = d = 1 and the coefficients b and f are twice
differentiable in v although we do not need coefficients to be twice differentiable just
for the sake of the well-posedness of the MFGs and MFTC problem. We have

(5.20) D;H(s, xX,m,p,q) = Dp[b(s, x,m,0(s, x,m, p))]

= Dyb(s,x,m, (s, x,m, p))Dp0(s, x,m, p).
From the first-order optimality condition, we know that
Dvb(s,x,m, 0(s,x,m, p)) p+ va(s,x,m, 0(s, x,m, p)) =0,
and by differentiating p in this last equation, we have
[Dl%b(s,x,m, f}(s,x,m,p)) p+ D%f(s,x,m, ﬁ(s,x,m,p))]Dpﬁ(s,x,m, p)
= —Dvb(s,x,m, 0(s,x,m, p)).

Then, in view of the condition (5.2), we know that
|Dyb|?
(D3b)(Dy f) — (D3 f)(Dyd)

we shall explain its well-posedness without exploding to infinity in the following.

Dyi(s.x,m, p) = (s,x,m,f)(s,x,m,p));

Substituting this last expression into (5.20), we can compute that

|Dyb|?

(Dvb)(DZBY(DvS) 12
Dub? D3 f

D;H(s,x,m,p) = (s.x,m,0(s,x,m, p)).

From Assumption (A1’), we know that

(Dub)(D3DY(Dy f)| _ L7Ly
Db T

. . . . . 2L2LY .
and together with the convexity of f in v, the inequality A, > 9 L yields that

D;H(s, x,m, p,q) < 0, which implies that H is concave in p.
In the HIB-FP system (5.18), if we define

U(t,x, ) == v""(t,x), (. x,pn) €[0,T] x R" x P»(R"),

then, from system (5.18), we can immediately see that it satisfies the following MFG
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master equation:
1
o, U(t,x, ) + H(t, x,u, DU, x, i), EDiU(t,x, wyo(t, x, u))

n T dU
D H k] ’ 7DXU ’ k] D - ’ ’
(5.21) +/R [ pH(ty. 1 (t.y.pn) Dy 7 X ))

d
5T (0002 0 () [ty =0, 1€ f0.7),

U(T,x, 1) = g(x,p), V(x,pu) € R" x Pr(R").

The solution of the master equation (5.21) is a decoupling field of the mean field game
HIJIB-FP system (5.18):

v (s, x) == U(s,x,m""(s)), (s,x) € [t,T] x R";

we also refer to [8, 11,36] for more discussions on the relations between the mean field
game master equation and the HIB-FP system. The master equation (5.21) is widely
studied in the existing literature; see [28,4 1] for an analytical method for well-posedness
when o is constant, and also see our previous work [8] for a probabilistic approach
when b is linear. Note that in [40], an analytical approach is used to study the HIB-FP
equations for MFGs under displacement monotonicity conditions on the cost function,
assuming the special drift 5> = v and the constant diffusion o. Our coefficients b and o
are fairly general. From [8, 1 1], we see that the classical solution of the master equation
(5.21) or the HIB-FP equations (5.18) requires more restrictive assumptions and higher
regularity on coefficients than just the solution of the MFG. Therefore, the stochastic
control method in the paper allows us to include more cases and also to impose fewer
regularity conditions on the coefficients, so as to guarantee the solvability of the original
mean field problem.

5.3. Mean field type control problems with generic drifts

We next study the solvability of the MFTC problem (1.4) without Assumption (B1);
instead, we take the following assumptions on b and o':

(B1”) The coefficient b grows linearly and is L-Lipschitz continuous in (x, v, m); it
is continuously differentiable in x, v and m, with the derivatives Db, Db and D,, Z—ﬁ
being bounded by L, and they are L-Lipschitz continuous in (x, v, m). Moreover, for
anys € [0,T], x,x’ e R", v,v" € R and square-integrable random variables £ and
&’ on the same probability space,

(X', £, V")
(x. Z(§).v)

db Lylx/=x+ Lyl —o+ LY I €3
—E[Dy—/(s,x, £(§), r— b b b 2
2 ox 26 S)Hf1+|x|v|x’|+|v|v|v'|+||f;||zv||s'||2

b(s,-)

—[(De. Db (s, x. £(6).v)] (Xi - x)

v —V
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and there exists A > 0, such that
(Dyb)(Dyb) T (s, x,m,v) > Apl,, V(s.x,v) €[0,T] x R" x R?.

The coefficient o is linearin (x,v) as o (s, x,m) = 0o(s) + 01(s)x + 03(s) f]g ym(dy),
with the norms of matrices 0y, 01 and o3 being bounded by L.

REMARK 5.3. Assumption (B1’) is different from Assumption (A1’). This is because
the state process of the MFTC problem (1.4) depends simultaneously on the distribution
of the current controlled state, while the state process of MFG (1.1)—(1.2) depends
on the population equilibrium distribution. In Assumption (B1’), when the coefficient
b is linear in (x,m, v), then Ly = L} = L}' = 0. Therefore, (B1’) is a non-linear
extension of the linear assumption on b in Assumption (B1).

We also need the following strong convexity on f:

(B3’) The functional g satisfies the convexity (4.1), and there exist A, > 0 and
Ax» Am > 0, such that for any square-integrable random variables & and &” on the same
probability space,

(5.22)
fs.x" £, V) = f(s.x, L), v)

§
) [(g;) (5.5 £(6), ”)} (i _ i) +B[(0) 9 0., 20.0)(0) € =)

+ AoV = v + Axlx = x? + A€~ £5.

In view of Assumption (B1’), the system of FBSDEs associated with the MFTC
problem (1.4) are as follows:
(5.23)

Xs = é'f'/sb(r’ Xr, L(Xr), Ur)dr+/s{00(r)+al(r)xr +U3(r)E[Xr]}dBr7
T
— [ 0rdB, + Dug(Xr. £0r) Dag (X1 £0Xr)
+E[ 0, %8 (%7, 2(xm) (x|
T
+/ {D b(r, Xy, £(Xr), vr) TP, +Z ol () 0}

DS (r X 2060 0) + E[BT(D, T K 200, 57) (X))

Ydv

+Z(a3f(r))T j [ af rX,,éE(X)v,)(X)]}dr selt, T],
j=1
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with the condition

(524)  Dyb(s, X, £(X5),v5) " Py + Dy f (5. X, £(X5),v5) =0, s € [t,T].
We now give the corresponding maximum principle for MFTC (1.4) with a generic b.
TuEOREM 5.4. Under Assumptions (B1"), (B2) and (B3'), suppose that

(5.25) Ay +Am = k(LE+ L), Ay > kLY,

where the constant k is defined in (5.12). If FBSDEs (5.23)—(5.24) have a solution
(X.P,0.,0) e S2 5, T)x s2 5, T)x (SC (, T))" x ié([ T), then, v is the unique
optimal control of the MFTC problem (1.4).

Proor. Similar to the proof of Theorem 5.1, we estimate the difference J(v) — J(v)
for any control v € £2 (¢, T). From Assumption (B3'), denoting by X" the state process
corresponding to a control v, we have

(5.26)
J(v) — J (D)

T T _
Dxf v v = U_XS = 12 v 2
>E s, Xs, L(Xs), Us o +Ay|vs—Ug|"+Ax X:_Xs

~ df _ - = T = = .2
+E[(DyE(S,XS,:fi(Xs),vs)(Xs)) (X;J—Xs)]+km||Xs”—Xsllz ds

—_\T - =
+ng(YT)T(X;w—)?T)+IE|:(Dy%(XT,$()?T))()?T)) (X;—XT)]}.

By applying 1t6’s formula to the product I_’ST Xy - X,) and then taking expectation,
we have

E[Drg(Xr) (X} — X1)] + EIE[(Dy;Z—g()?}, z()?T))(YT))T(X; ~ X7)]

£ S =
==/ AlE " Lo ]+ Z<Q )Tod (EIXY - X,

— [Dab(s, Xy £(X,).55) " Py + Dx f (s, Xs, L(Xy). T5)] (X2 — Xy)

&
o0

[’T(Dy%(s,xfs,i(fs% ) - B

‘;E@T‘%j (08 - X]-B[(0, 5 6. T 2000 5) (o) (7~ Kot
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By Fubini’s lemma, we know that
i) EE[(D ydv(xr LX) (X)) (X2 — X1)]
= EE[(D, % (X7, £(Xr)(X1)) (X% — X1)],
(i) EE[PyT(Dy % (s, Xy, £(Xy), 5) (X)) (X2 — Xy)]
:EE[ﬁT(D @(S,)?swf(ys),ﬁs)(f ))(ﬁ _Ys)],
i) EE[0)Tod (5)(XY - Xp)] = EE[0] Tof (5)(XT7 - Xy)].
(v) EE[(D,% (s, Xy, £(Xy), 50)(Xy)) | (XY — X,)]
— EE[(D, % (s, X,, £(X,), 5)(X,)) T (X7 — X,)].

Therefore, we know that
C\T/ vy ¥ = dg = = =\ v
E\Dxg(Xr) (X7 = X7) + E| ( Dy (X7, £(X7))(XT) ) (X} = X7)

T (X7 £(X?). ;) - _
_ T . N N _ v
B E{/; PS [b(s, ) ‘ (st I()?S)3 l_)S) DXb(S’ Xs’i(XS)’US)(XS XS)
—E|BT (Dy%(s, X, £(%y), vs)&i))o?i’ - 7)]]

- Dxf(S, Ys, o‘“j()?s)v ES)T(XSU - )?s)

~[ df _ _ ~\T — =
—-E (Dyd—(s, X, £(Xs), ﬁs)(Xs)) (X — Xs):|ds}.
| v

From (5.24), we know that

(5.27)

~\T — =
E{ng(YT)T(X% - Xr)+ E[(Dy%(fn a‘i()?r))()?r)) Xy — XT)}
| (Dxf
+/t Dyt (s, X5, £(Xy), 0s) —Us
]ds}

]E[(D Z—f(s X, £(Xy), 0s) (X; ))
(X2, LX), vs) _ =\ [XV X
{ b( )' (%, £(X,). 5) —[(Dxb,Dvb)(s,Xs,:C(Xs),vs)](vs_ﬁs)

- E[(Dy%(s, Ko (00,5 (00 ) (- Z)Hds}.
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In view of (5.24) and Assumption (B1’), we can compute that

Py = —[((Dob)(Dub)T) ™ (Dub) (s, X, £(Xy), 5) [(Du ) (5. X, LX), 55),
and then, as in (5.9), we have the following cone property:
(5.28) |Ps| < k(1 + | Xs| + Wa(£(Xs). o) + |Us]).

where the constant k is defined in (5.12). Therefore, we deduce from Assumption (B1)
that

(5.29)

T (X7, £(X]). vs) _ _ o [xv =X,
T . s K i s
IE{/[ P [b(s, ) ‘ (%, £(%). 55) [(Dxb,Dvb)(s,Xs,éC(XS),vs)]( vs_ﬁs)

_E[ﬁ;(nyj—’j(s,fs,x(fs),ﬁs)(’i»o?? - 'i)ﬂds}

T ~ e
< k]E{/ [LEIXY — Xs|* + Lp|vs — 05> + L) | XY — XSII%]ds}.
t
Substituting (5.29) into (5.27), we know that

NT
E{ngo?T)T(X% %)+ E[(Dy%(n x(;m)(;m) (7 — XT)]

T T v_ Yy
+[t [(ng:) (. )?s,:ﬁ()?s),ﬁs):| (Jis 3 g(s) ds
T _\T -
+/ E[(Dy%(svfswf(fs)’ﬁs)(fs)) (X;)_Xs):|ds}
T
> —k]E[/ (L3 + LX) — Xs|* + LY |vs — 6s|2ds].

Combining the last inequality with (5.26), we know that

Jw) = J(®)
T —
> IE{/ [(e A —K (L3 + L) [ XY — X, 2+ (o —k LE) 05— 75 ?] ds}
t T
> (A — kL;;)E[ [ - f)s|2ds},

and from (5.25), we obtain the desired result. ]
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We next show that Assumption (B1’) and the strong convexity condition in (B3') yield
that the coefficients of FBSDEs (5.23) satisfy the S-monotonicity, which consequently
implies the global well-posedness of FBSDEs (5.23).

THEOREM 5.5. Under Assumptions (B1'), (B2) and (B3'), suppose that conditions in
(5.25) hold; then FBSDEs (5.23) have a unique global solution.

Proor. We shall show that the coefficients of FBSDEs (5.23) satisfy Condition 2.1.
Fors € [t,T], X, X', P, P’ € L?2(Q,F,P;R"), 0, Q' € L>(Q,F,P; R™™) and
V.V’ e L*(Q,7,P;R?) satisfying

Dyb(s, X, £(X), V) P + Dy f (s, X, £(X), V) = 0,

(5.30) J
Dyb(s. X', 2(X"). V') P+ Dy, f(s. X . £(X"). V') =

and by Fubini’s lemma, we can compute that

(5.31)

E{[b(s, X', £(X), V') = b(s, X, £(X), V)] (P' = P)

+ 3 [o{ )X’ = X) + 6] GEX' — X]] (27 — 0%)

j=1

_ {Dxb(s, X' &(X"), V') P’ = Dyb(s. X, £(X). V)" P
[ (D (s X LX), V)(X))]

- 77 (0,506 K 20 ) )|

Z 6] () (0”7 =01+ > ({()) "E[Q” — 07]

j=1
Dif(s. X', £(X"), V') = Dy f (s, X. £(X). V)

ﬁl

ﬁl

ﬁl

[D (5. X", (X)), V') (X' )]

ﬁl

.
[ (s, X, £(X), V)(X)” (X’—X)}

_ IE{ _ [b(s, ) ‘ (X’ LYY (s XX V)X — X
(X', 2X"), V)
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= db S/ NS, / i i ’
—E[DyE(S,X,éC(X),V)(X)i|(X—X):| P

[ 20

(X/, ;C(X/), V/) - Dxb(S, X, I(X), V)(X _ X)

[ db, ~ , i
—E[DyE(S,X,éC(X),V)(X)](X —X)] P
— (Daf (s, X', 2(X'), V') = Dy f (5. X, £(X), V)) (X' = X)

[ df, —~ ~ d - . T
_E[Dyd—];( ,X’,:ﬁ(X’),V’)(X')—Dyd—f:( ,X,:C(X),V)(X)} (X’—X)}

B . (X, £(X).V) , noont [ X=X

™ db / 1 NIvG T 7 T ’
—E[DyE(S,X,éC(X),V)(X)(X—X)H P

oo | 001

(X", 2(X"). V")

— [(Dxb, Dyb)(s. X, £(X), V)] (1{ _ f/()

[ db -~ -1
—E[Dyd—(s,x,;ﬁ()(),V)(X)(X’—X)H P

X’,éC(X’),V’) Ty _x
(X, Z(X),V) V' -V
d !/
_E[( v 1 (5. X, 2X).V)(X)=D d—f( X, £(X), V)(X))(X X)}}

Similar to (5.28), from (5.30) and Assumptions (B1’) and (B2), we have
[P'| < k(1 + |X'| + Wa(L(X").80) + |V']).
Therefore, from Assumption (B1'), we arrive with the following:

(X, £(X), V)
(X', L(X"), V')

™ db v INRTZ ’ / i /
_E[DyE(S,X,éC(X),V)(X)}(X—X)] P}

(5.32) ]E{— |:b(s’ ) ‘ —[(Dxb, Dvb)(s, X', cf(X/), V/)] (X—X/)

V-V’

<KkE[(L} + L)X = X|>+ LYV = V[*].



ON MEAN FIELD MONOTONICITY CONDITIONS 133

In a similar fashion, we also have
X, £(X),V)

X'-X
X/,QC(X/),V/)_[(Dxb’ Dvb)(S, X,i(XLV)]( )

V'—-v

(5.33) E{—[b(s,-) ‘ E

[ db, - , T
_E[DyE(S,X,éC(X),V)(X)](X —X)} P}
<KE[(Ly + LMHIX = XP?+ LYV = V[

Since f satisfies Assumption (B3’), we know that

.
D.f (X7, L. V)| (X7 - X
(5.34) E{ - [(va) s) ‘ (X. 2(X).V) ] (V' - V)

—]E[(Dyjf (s,x/,x(x/),v/)(?)—pyjf

Vv v

-
(5. X. £(X), V)(f)) (X’—f)}}
< 201V = VI3 =20 + )X = X|3.
Substituting (5.32)—(5.34) back into (5.31), we conclude with the following:
the left-hand side of (5.31)
< =2y = kLYIV' = VI3 =2[Ax + Am = k(L + LP]IX = XII3,

from which we know that Condition 2.1 (i) (a) is valid with Ag = 24, — 2k L} and
I'g = 0. In a similar way, we can show that Condition 2.1 (i) (b) is also satisfied.
Therefore, as a consequence of Lemma 2.1, we obtain the well-posedness of FBSDEs
(5.23). [

As an immediate consequence of Theorems 5.4 and 5.5, we obtain the following
solvability of the MFTC problem (1.4) with a generic b.

CoroLLARY 5.6. Under assumptions in Theorem 5.5, the MFTC problem (1.4) has a
unique optimal control.
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