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A STUDY OF COMMON NOISE IN MEAN FIELD GAMES

CHARLES BERTUCCI, CHARLES MEYNARD

ABSTRACT. This paper is concerned with the study of mean field games master equation involving an additional
variable modelling common noise. We address cases in which the dynamics of this variable can depend on the state
of the game, which requires in general additional monotonicity assumptions on the coefficients. We explore the link
between such a common noise and more traditional ones, as well as the links between different monotone regimes
for the master equation.
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1. INTRODUCTION

1.1. General introduction. This article is concerned with the study of mean field games (MFG) master equations
with a source of common randomness affecting all players. Master equations which are non-linear partial differential
equations (PDEs) on the space of probability measures, are usually satisfied by the value function of MFGs. The
existence of such a value over arbitrary long intervals of time is in general not clear, as solutions may blow-up in
finite time. However, it appears as a natural tool to study MFG, namely in the presence of so-called common noise,
whether it be exogenous as in or coming from a major player as in 29]. The source of noise we consider in
this article belongs to neither of those two categories: we investigate situations in which the dynamics of players is
affected by an endogenous noise process, which is to say that the dynamic of common noise is affected by the state
of the game. We believe it to be natural in many applications @ . This noise process can model environmental
factors or even an index followed by all players.

The existence of a solution to the master equation is intrinsically linked to uniqueness properties of equilibria to
the MFG, the very concept of value being undefined otherwise. Uniqueness almost always arises from monotonicity
conditions. We investigate the wellposedness of master equations with endogenous common noise under two different
types of monotonicity which are most frequently studied: flat monotonicity and displacement monotonicity.

Mean field games were introduced by Lasry and Lions in . First through a coupled forward backward
system of PDEs and then with the master equation for games with common noise . The existence of smooth
solutions to this equation was obtained in under what we call flat monotonicity in this paper (and is often
referred to as the Lasry-Lions monotone regime). In a series of paper wellposedness of the master
equation was also obtained with purely probabilistic arguments under different monotonicity assumptions the author
called displacement monotonicity. Other regime of wellposedness have been identified, most notably the potential
regime in which the master equation can be integrated into a HJB equation. Uniqueness can also be recovered
under different monotonicity conditions that we do not study here. There has also been a great deal of interest
in the definition of weak solutions to MFG. Whether it be at the level of the MFG system or directly on
the master equation , the wellposedness of smooth solutions imposing very strong restrictions on the
behavior of the data with respect to the measure argument. In this article, we shall use the concept of Lipschitz
solution introduced in [§].

Concerning MFG with common noise, we refer the reader to . A usual modelling of common noise is to
linearly impact the state of all players by a random shift. This gives rise to the presence of a second order infinite
dimensional term in the master equation . The common noise we here model does not raise such difficulty, as
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2 CHARLES BERTUCCI, CHARLES MEYNARD

it acts on the dynamics of players through a finite dimensional parameter. Such modelling has seen some interest
in the literature [4] especially in applications of MFG to real world phenomenon [6, [11]. In [7], monotonicity
conditions were given for the wellposedness of the corresponding problem in finite state space MFG. More recently,
some wellposedness results were given in [39] for situations in which the noise and control of players are decoupled.

Let us finally comment on one main problem in MFG theory that is closely related to the wellposedness of the
master equation but that we do not treat in this article: the convergence of the corresponding N —players game to
the MFG system [10]. A possible motivation for studying MFG is the definition of approximate controls for game
with a finite (but large) number of players [28].

1.2. Setting and motivation of our study. To introduce the equation we study in this paper, we start by
presenting a MFG. In MFGs, a continuum of players plays a differential games during which they interact with
each others through their distribution. Given a probability flow (12¢)c(o,7) for the distribution of players, the noise
process (6;):>0, observed by all players, evolves according to a stochastic differential equation, and a single player
of state (X;);>0 choose their control (a;);c(o,r] in such a way that it solves the following optimal control problem

T
sup E UO(X%,mT)f/ L(XZ, 0, as,mg)ds |,
« 0

dXél = _h(Xgaatvatvmt)dt tv QO—Ith +v 26dBtc7
det = 7b(0t7 mt)dt -+ RV 20’9dBf7

(1.1)

for some coefficients Uy, L, h, b and (W;)s>0 a Brownian motion independent of (B¢, B?)s>o. The process (B¢, B?)s>0
is a Brownian motion shared among all players and is the source of common noise associated to the filtration
Fy =0 (B¢, BY)s<i). The Brownian motion (B¢),>o is associated to a standard modelling of common randomness
in MFG that acts by translating the state of all players with the same shift, see [17,31]. In what follows, we refer
to this type of noise as additive common noise. In contrast, (W;);>o correspond to the noise that is unique to each
player. All players are affected by different Brownian motions independent of each other, this individual noise is
usually called idiosyncratic noise. The main novelty of this paper is the source of noise (BE)SZO and the associated
stochastic process (6s)s>0, common to all players and whose randomness has a direct effect on the coefficients of
the game.

A mean field equilibrium, whenever it exists, is characterized by a control (af)te[o,T], optimal for such that

my =L (Xf* |]-"t> .

The former being equivalent to writing that players are indeed distributed along m; for each realization of the
common noise. Due to the presence of common noise, expressing this equilibrium in terms of a forward-backward
system is depreciated, and we focus rather on the master equation

-0 U+ H(x,0,m,V,U(t,z,0,m)) +b(0,m) - VoU — c9gAgU
(00 +B) / divy (D, U] (t, 2.0, m, y)m(dy) — (o, + B)ALT
+ / DUt x,0,m.y) - DyH(y,0,m, V.U (t,y,0,m))m(dy)

25 / divy (DUl (t, . m, y)m(dy) — B / Te (D2, Ut 2. m. .o/ )] midy)m(dy’) = 0,

for (t,2,0,m) € (0,T) x R% x R™ x P(RY),
U(T,z,m) = Uy(z,0,m) for (x,0,m) € R? x R* x P(R%).

(1.2)

The solution U of this equation is the value function of the game, the derivation of this equation from the control
problem is done explicitly in |3} |31]. The hamiltonian

H(z,0,m,p) =inf {L(x,0,a,m) + h(z,0,a,m) - p}

comes from the optimization problem each player solves against the crowd of others players. The term D,,,U refers to
the derivative of U with respect to the measure argument (more precise statements will be made on this notion later
on). The presence of terms involving this derivative reflects the evolution of the distribution of players throughout
the game. Finally, U(t,z,0,m) is the value of the game for a player in state 2 whenever the time elapsed since the
beginning of the game is ¢, the distribution of all players is m and the realization of the exterior stochastic process is
0. Whenever U does not depend on 6 we get back the typical master equation associated to a mean field game, see
for instance [10]. Let us comment a bit more on modelling concerns behind this variable 6. In various applications,
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we believe it is natural for the drift b of such process to depend on the distribution and choices of players. This
justifies that b may depend on V,U and be of the form

b0, m) = b0, m,V,U(t,-0,m))

as this noise process is affected by the general direction (or control) of players. Moreover, the difficulty raised by
the presence of additive common noise and by the common noise process 8 are orthogonal, which is why we start
by studying the wellposedness of the following master equation

—oU + H(x,0,m,V,U(t,z,0,m)) +b(0,m,V,U(t,-,0,m))  VoU — 0,0, U — 09 AgU
—0, /divy (D, U](t,z, 60, m,y)m(dy) + /DmU(t,z,H,m,y) -DpH(y,0,m,V,U)m(dy) =0,

for (t,,8,m) € (0,T) x R x R x P(RY),
U(T,z,m) = Uy(x,0,m) for (z,0,m) € R x R" x P(RY).

(1.3)

and extend our results to the situation § # 0 at the end. Whenever b depends on 6 only, we will see that the general
theory of MFG adapts quite well. However, as soon as b depends on the measure argument or on the value function,
classical arguments fail and the theory must be adapted. Indeed, without further assumptions on the coefficients
singularities may appear in finite time as observed in [7].

1.3. Organization of the paper. In each Section of this article, our analysis relies on the concept of Lipschitz
solutions to the master equation [8] that we recall in Section In Section [3| we tackle the wellposedness of
(1.3) in the Lasry-Lions monotone regime. By adapting arguments from [10] we show the existence of a solution for
measure belonging to P;(R?). In contrast, in Section We consider the existence of solutions in the space Ps(R?) by
expending on Lions’s Hilbertian approach [31]. We highlight the equivalence between this method and displacement
monotonicity. Let us also mention that the analysis is carried in a slightly more general setting to account not
just for but also for equations stemming from mean field forward backward differential equations (FBSDE)
[15] and some extended MFG [33]. Finally, in Section [5] we tackle the original problem of (L.2). Our treatment
of additive common noise appears quite general and practical to handle the second order term coming from such
modelling.

1.4. Notation.

- Consider (d,q) € Nx R, d,q > 1, and let P(R?) be the set of (Borel) probability measures on R, we use
the usual notation

PuEh) = {ue P, [ faftutan) < 400}

for the set of all probability measures with a finite g—th moment.
- For two measures pu,v € P(R?) we define I'(u,v) to be the set of all probability measures v € P(R2?)
satisfying
YA XRY = u(A) AR x A) = v(A),
for all Borel set A on R,
- The Wasserstein g—distance between two measures belonging to Pq(Rd) is defined as

W) = (_nt [ o= yita(anan)

v€eT (1,v)

In what follows P,(R?) is always endowed with the associated Wasserstein distance, (P,,W,) being a
complete metric space. Let us also remind that for W there is the following dual representation

W)= s ([ ptomtan - [ etawian).

for ||¢||Lip the usual Lipschitz semi-norm

lp(z) — p(y)]
lellLip = sup —————.
(z,y) ‘x - y|
Ay

- We say that a function U : P,(R?) — R? is Lipschitz if

3C >0, ¥(w) € (Py®RY), U —U®)| < CWy(u,v).
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In which case we use the notation ||U||Lip(w,) for its Lipschitz semi-norm:

U(p) —UW)|
Uz = sup .
L P(Wq) y,,l/GPq(Td) Wq(,u7 l/)
n#v

- For a measure m € P(R?), and 1 < i < d, we use the notation 7m;m for the marginal of m over its first i
variables and 7_; for its marginal over the last ¢ variables. Which is to say that for any borel subset A of
Ri

mim(A) = m(A xR a_im(A) = m(R x A).

- Consider (2, F,P) a probability space,

- for ¢ > 0 we define

LIQRY) = {X Q= RY E[X]Y] < +oo}.

- Whenever a random variable X : Q — R? is distributed along pu € P(R?) we use equivalently the
notations £(X) = p or X ~ p.
- If another probability measure Q is defined on (2, F), the expectation under Q of a random variable
X : Q — R? is noted E? [X].
- Maxn(R) is the set of all matrices of size d xn with reals coefficients, with the notation M,,(R) = M, «,(R).
S, (R) is the subset of symmetric matrices of size n.

- By refers to the block matrix
o 1g g
Bd - < Id Id > )
with Iy the identity matrix of size d.

- Cp(R4,R¥) is the set of all continuous bounded functions from R? to R¥.

- For f: Rt xR¥xR™ x P(R?) — R? and a function b : R” x R? x C(R%,RY) — R we use either the notations
(t,0,m) — b0, m, f(t,-,0,m)) or (t,6,m) — b[f](t,0, m) to say b depends functionally on y — f(¢,y,0,m)
for a given (¢,0,m) € Rt x R" x P(RY).

- We say that U : P(R?) — R is derivable at m if there exists a continuous map 1 : R? — R such that

Vv € P(RY)  lim Ulm + (v =m)) = U(m)

e—0 e

= | ¢(@)(v —m)(d).
Rd
In this case we define the derivative of U at m, V,,U(m) to be one such ¢ such that
VU m)(y)m{dy) =0.
Whenever V,,,U(m) is differentiable, we define the Wasserstein derivative
DnU(m,y) = VyVnU(m)(y).
Derivatives of higher order on the space of measures can be defined by induction.
- U is said to belong to C* (P(R?)) whenever for all m € P(R?), V,,,U(m) : R¢ = R is C* and the mapping
{ P(RY) — CF(RY,R)
m = (y = ViU (m)(y))

is continuous for the topology of narrow convergence.
- Finally, for a measure i and a measurable function f, we use the notation fx for the pushforward of p by
f. In particular, for § € R? (idga + )4 p is defined as the pushforward of p by the map z + = + 6.

1.5. Preliminaries. In this article we work on a standard probability space (€,.A,P) featuring a collection of
Brownian motions. We start with a reminder on the behaviour of functions of measure at points of minimum

Proposition 1.1. Consider U € C** (P(R?)) and suppose that there exists mg € P(R?) such that

U(mo) = inf Ul(p).
(mo) ot (1)

Then

V6 € Cy(R%,RY) » Dy U(mo, y) - ¢(y)mo(dy) = 0.
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If furthermore U € C™2 (P(R?)) then

V¢ € Cy(R%,RY) g ¢(y) - Dy DU (mo,y) - d(y)mo(dy) > 0.
A more general result is proved in [4] Proposition 1.1. This proposition justifies a definition of viscosity solution

we will introduce later for a particular equation. Throughout this article we also use a simple adaptation of Lemma
2.3 of [36]

" Po(RY) x R2 5 R
Proposition 1.2. Let f:

p f { (2, y) = flp,z,y)

p € Pe(RY) x € RY and X,Y € L*(Q,R?) both with law p:

be a continuous function, symmetric in (x,y), such that for all

E[f(p, X,Y)] >0 and f(u,z,x) = 0.
Then the inequality holds pointwise:
V€ Pa(RY) (z,y) €R* f(p,x,y) > 0.

It suffices to notice that the proof they gave can be carried out under slightly more general assumptions.
Finally, we remind this singular Gronwall’s Lemma of which a proof can be found in [40].

Lemma 1.3. Let (us)scpo, be a positive bounded function such that for some p € [0,1)

1
1
Vi<t <C ——uds.
< u < —l—/o (l—s)Pu S

Then there exist a constant Cy depending on C' and t only such that

Vs <t wug < C’tects.

2. NOTION OF SOLUTION AND MONOTONICITY

In this article, to show the existence of solutions to for arbitrary time horizon T, we will work as follows:
we first show that there exists a solution until an eventual blow-up time 7., then we show that this solution does
not blow-up in finite time, thus implying global existence. Local in time existence is obtained by means of Lipschitz
solutions [8} [9], which is the notion of solution to the master equation we will be using throughout this article. We
remind the key ideas and main properties of such solutions thereafter. To prove that solutions do not blow up later
on, we will require some monotonicity assumptions on the data. We will show that wellposedness holds under two
different regimes of monotonicit that we remind at the end of this section.

2.1. Lipschitz solutions.

2.1.1. A first look.
Consider a solution U to the master equation

U + H(z,0,m,V,U(t,z,0,m)) + bV, U|(t,0,m) - VoU — 0,2, U — 59 AU
_gm/divy[DmU](t,x,0,m,y)m(dy) +/DmU(t,m,9,m,y) -DpH(y,0,m, V,U)m(dy),

for (t,x,0,m) € (0,T) x R? x R™ x P,(R?),
U(0,z,m) = Up(z,0,m) for (z,0,m) € R x R™ x Py (R?),

(2.1)

in which time has been reversed for convenience. Should V,U be known and Lipschitz, U can, at least formally,
be seen as satisfying a linear equation with Lipschitz coefficients. U is then easily defined by integrating through
the characteristics. This is the main idea behind Lipschitz solutions: Lipschitz regularity of V, U is sufficient to
be able to define solutions to the master equation. The interest of such solutions is twofold. First, we will see
that uniqueness always hold in this class of solutions. Second, since we do not ask for to hold pointwise but
define instead solutions by integrating through non-linear characteristics, for solutions to be well-defined locally in
time we do not need as much regularity on the data. In particular, no differentiability with respect to the measure
argument is required. We refer the interested reader to [8] as we present the main theory concisely thereafter.
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2.1.2. Definition and basic properties. Since we are interested in the regularity of V, U, a key idea in Lipschitz
solutions is to work directly on W = VU by deriving (2.1} with respect to x. We expect W to be a solution of

OW + DpH(z,0,m,W) -V, W +b[W](t,0,m) - VoW — 0, A; W — 59 AgW
+ / Dy H(y,0,m, W) - Dy W (t,2,0,m) (y)m(dy) — o / divy (Do W (t2.0.m) (y)ym(dy)
Rd Rd
= —D,H(z,0,m, W) in (0,T) x R x R" x P,(R?),
W (0,,0,m) = V,Up(z,0,m) for (z,0,m) € RY x R" x P,(R).
The proper definition of a solution W to this equation, with Lipschitz regularity only, is then done through a fixed
point. Consider a linear version of ([2.2)
0V + A(t,z,0,m) -V, V 4+ B(t,0,m) - VoV — 0, A,V —agApV
+/ A(t,y,0,m) - D,V (t,x,0,m)(y)m(dy) — O’m/ divy (D, V (t, 2,6, m)(y))m(dy)
R4 d

R
= E(t,x,0,m) in (0,T) x R x R" x P,(R%),
V(0,z,0,m) = Vy(z,0,m) for (z,0,m) € RY x R" x Pq(Rd),

for 4 vector fields (A, B, E,Vp) : (0,T) x R x R" x P, (RY) — (R?)? x R"™. A solution of this linear system is given
by integrating along the characteristics for all t < T
t

V(t,x,&,u) :E|:V()(Xta9tamt)+/ E(t_Sastesvms)dS

0
(2.4) dXs = —A(t — s, Xs,05,ms)ds + /20,dBs,
dfy = —B(t — 5,0,,ms)ds + \/209dB?,
dmgs = (—diV (A(t — 8, x, 05, ms)ms) + UxAxms) ds,

(2.2)

(2.3)

Xo==x,00=0,m0=p|,

for (Bs, B?)s>0 a d + n dimensional Brownian motion. As soon as (x,0, ) — (A, B)(s,x,0, ) is Lipschitz (with
respect to the W, distance for the measure argument) uniformly in s € (0,7T’), this system of a coupled SDE and
SPDE (X, 0s,ms)se(0,4 is well-defined (see [16]). If (Vp, ) is also Lipschitz, then it is easy to see that the function
V given by this formula is in fact Lipschitz itself. Consider now the functional ¢ that to a Lipschitz (4, B, E, Vp)
associate this function V, i.e.
(0,7) x R x R x P,(RY) — RE,

(t,z,0,p) — V(t,x,0,u),

where V' is given by (2.4). The definition of a Lipschitz solution to (2.2) is given by a fixed point of this operator.
Definition 2.1. Let T > 0, W : [0,T) x R? x R" x P,(R%) — R is said to be a Lipschitz solution of ([2.2)) if :

- W is Lipschitz in (x,0, n) uniformly in t € [0,a] for all a in [0,T).
- forallt <T:

¢(T3AaBaEa VO) - {

W =y(t, D,H(-,W),b[W],—D,H(-, W), V,Uy).
Following what we just saw on (2.3), such a definition makes sense provided (D,H, D;H,V;Up,b) are at least

Lipschitz in some sense. We shall work under the following assumptions
Hypothesis 2.2. 3C >0 V(.’L‘,y) € (Rd)27 (9?9/) € (Rn)27 (/’[’7 V) € (PLI(Rd))Qa (p7 q) € (Rd)ga

- |VeUo(2,0, ) = VaUo(y, 0", v)| < C (| —y| + [0 — 0] + Wy(p,v)).

- [DpH (2,0, p,p) = DpH(y,0',v,q)| < C(lx —y| +10 — 0’| + [p — q| + Wy (p,v)) -

- [DaH (2,0, p1,p) = Do H(y, 0, v,q)| < C(lz —yl+10 = 0'| + [p — gl + Wy(p,v)) .

- For any two continuous Lipschitz bounded f, g : R® — R?

600, 1, £()) = 0(0", v, g( )] < C (10 = 0| + (L + | fllLip + lgllLip) Wa (e, v) + [1f = gllso) -

It is necessary to assume the functional dependency of b is Lipschitz in the || - || norm, the norm for which the
fixed point definition of Lipschitz solutions is carried out. Letting the Lipschitz constant of b in W, depend on the
Lipschitz constant of its functionnal argument allows to consider functions of the form

710 = [ F(outdz)

which are natural in practice.

Theorem 2.3. Under Hypothesis[2.9 the following hold:

- There is always an existence time T > 0 such that there is a unique solution of (2.2) in the sense of
Definition on [0,T).
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- There exist T, > 0 and a maximal solution W defined on [0,T.[ such that for all Lipschitz solutions V
defined on [0,T): T < T. and Wlp ) =V.
- If T, < oo then tlirg W (t, ) Lip = +o0.
_, c

This is both a uniqueness and existence result. Uniqueness is a consequence of the Lipschitz regularity of
solutions, formally there can be at most one sufficiently smooth solution. This theorem is slightly different from
predating existence results on Lipschitz solution. The function W is here Lipschitz for the W, distance, while in
[8], the authors considered Lipschitz solutions with respect to Wj. The extension is very straightforward, the only
real difference being that we now need the following estimate for the distance between measures in W,.

Lemma 2.4. let ¢ > 1 and consider (u})i>0 weak solution to
Oy = —div (ci(t,2)p}) + oAy in (0,T) x RY, pf = po € Py(RY),

for i € {1,2} and two drifts c1,c2:0,T) x xR% — R? Lipschitz in x uniformly in t € [0,T). Then there exist C
depending only on ||c1||Lip A llc2||zip and T such that

t 3
Vi< T Wq<ui,u3><0( / ||c1<s,->—c2<s7->||gods) .
0

Proof. This well-known result can be obtained by taking (X});>0 solution to
dX} = c'(t, X))dt + 20,dW; X§= X, € LY(Q,RY),
for (W3)¢>0 a Brownian motion and £(X) = po and applying Gronwall’s Lemma to the quantity
£ B[l - X21).
O

Before we explain how W relates to the solution of the master equation, let us present the following property
that will be used extensively throughout this paper

Lemma 2.5. Let W be a Lipschitz solution to equation (2.2) on [0,T) for some T > 0. Then, for all s <t < T,
(7,0, 1) € RY x R™ x Py(RY), W satisfy the following dynamic programming principle

t—s
W(t, z, 07 ,u) =E |:W(37 Xt—sa et—sa mt—s) - / Da;H(Xua 9u7 My, W(t —u, Xua Gu, mu))du:| )
0
(2.5) dX, = —DyH(X,,0s,ms, W (t — 8, Xs,0s,m4))ds + 20,dB,  Xo =z,

dfs = —b[W](t — 5,05, ms)ds + \/209dB? 6y =0,
dms = (—div(DpH (z,0s, ms, W(t — s,x,05, ms))ms) + 0, 0,ms)ds  mg = p,

Proof. By definition of a Lipschitz solution
t
W(t,x,0,p) = E{VEUO(Xt,Ht,mt) — / D.H(Xs,0s,ms, W(t — s, X5, 0, ms))ds] .
0

Let us first remark that (X, 0y, m;);>0 satisfies the flow property. This is a natural consequence of the uniqueness
of solutions. As a consequence, letting (F,),>0 be the completed filtration associated to (B, Bﬁ)uzo, for any s < t,
it holds that

t
E WO(Xt70t7mt) _/ DwH(Xuaeuvmu7W(t_U/7Xu70u7mu))du
t—s

]:t—s:| = W(SaXt—Saet—S7mt—S) a.s.
This is obtained by first applying the flow property and then the definition of a Lipschitz solution. The dynamic
programming principle then follows by taking the expectation on both sides. 0

So long as a Lipschitz solution W to ([2.2)) exists, we define the solution of the original problem (2.1]) by integrating
along the characteristics of the equation with V,U replaced with W. Which is to say U is defined through

¢
Ut,z,0,m) = E[Uo(x + V20, B¢, 0:,my) — / H(t — 8,24 /20, By, 05, m,)ds| ,
0
(2.6) df, = —b[W](t — 5,05, ms) +200dB° 0y =,
dms = (—=div (D, H (x, 05, W (t — s, 2,05, ms), ms)Ms) + 05;A,ms)ds  mo =m,

for (Bs, BY)s>0 a Brownian motion and with the notation

H(t,z,0,m) = H(x,0, W(t,x,0,m),m).
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Formally we expect that W = V_U. At this point, it is not totally clear that this is indeed the case. Proving
this result is the object of the following Lemma, legitimating the function U defined by (12.6]) as the value function,
solution of the master equation.

Lemma 2.6. Assume Hypothesz's holds, and let U be defined through (2.6) for a Lipschitz solution W of (12.2])
defined on [0,T.). Then U is C! in x and the following equality holds

Vt<T. V,U(t,x,0,m)=WI(t x0,m)in R x R" x Py(R?).

Proof. We start by treating the case o, > 0 and (z,p) — (V,Uo(z,0,m), D, H(x,0,m,p), D,H(z,0,m,p)) is C*
uniformly in the other variables, we will extend the result to the general case at the end.

Step 1: under those condition U is C in x

We are going to show that under those conditions s + (x — W (s, x,-)) belongs to C°([0,],C*(R? R)) for any
t < T.. Indeed, it suffices to notice that the fixed point definition of Lipschitz solution can be carried out in the
Banach space

Cl:={f:]0,t] x R x R" x P,(R) = R | fllrip < +oo0, fisCtinx},
endowed with the norm || - [[c1
£ (s, 2,0, 1)

fe= sup + 1 fllzip-
(5,2,0,1)€[0,1] xRé xR x Py Ry L+ @] 4+ [0] + Wy (p, 0o, ,) ?

Let ¢ be defined as in Definition [2.I] and consider
¢V = (D H (- V),b(-, V), ~DoH(-, V), Vs Up).

We claim that ¢ sends C! into itself. Let V € CL, the fact that ¢(V) is Lipschitz has already been proven in
[8]. Now observe that in (0s,ms)s>0 do not depend on (X;)s>o. In light of the assumed regularity in z
of our coefficient, we may derive the whole equation with respect to the initial condition xo of (Xs)s>o showing
that V,¢(V) is indeed continuous (the wellposedness of the tangent process being trivial since the coefficients are
Lipschitz C1). The fixed point existence proof for Lipschitz solution is then done for the || - || as in [8].

Step 2: equality of V,U and W

We start by fixing t < T.. As long as W stays Lipschitz, classic estimates on the moments of (Xs,0s)se0,4
given by with respect to initial conditions hold. In , (0s,m5)se0, do not depend on (Bjs)s>0, hence the
expectations can be computed separately. In particular this allows to see that U depends on z through a convolution
with the heat kernel allowing to define its derivative through

. B
(2.7) V.U(t,2,0,m)=FE VIUo(x-i-v?Uth,@t,mt)—/ H(t— s,z + V20, By, 05, ms) —=—ds| .
0 V20,8

From its definition as a Lipschitz solution, W is given by

t
W(t7 Z, 07 m) - E |:VIU0(Xt7 6t7 mt) - / DJ,H(X.57 05; mg, W(t - S, Xsa Hsa m.s))ds:| )
0
dXs = —D,H(X,,0s,ms, W(t — s5,Xs,05,ms))ds +20,dBs Xy =z,
and (Ms)se(o, defined by

M, =Wt —u, Xy, 0u,my) — / D, H(X,0s, W(t —s,Xs,0s,m5), ms)ds
0

is consequently a martingale with respect to the natural filtration F of the Brownian motion (B‘Q,Bg)szo. Let
us now define Y,, = \/2%71 fou D,H(X,,05,W(t — s,Xs,05,ms), ms)dB, and the associated stochastic exponential
E(Yy) = Z,. Since coefficients are Lipschitz, Novikov’s condition is satisfied (see [27] Corollary 5.16), and so the
martingale exponential (Z)seo,4 is a true martingale. By Girsanov theorem (Z;)¢[o,4 define a new probability Q

under which (M;)4cjo,4 defined as
M, = M, — (M,Y),
is a martingale and (BS)SG[M] is a Brownian motion with

1 u
B, =B, — \/TTx/o D,H(X,,05,W(t —s,Xs,05,ms), mg)ds.
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Because the integral of a measurable function always has bounded variation, the covariation of M and Y is given
by the covariation between Y and (W (t — s, Xy, 0,,m5))sefo,¢- It is then a consequence of [22] Proposition 3.8 that
we have

(M,Y), = / D,H(X,,05, W(t —s,X5,05,mg),ms) - D, W (t — s, X, 05, mg)ds.
0
Using the fact that My = My = W(t,x,0,m), we get that
t
W(t,z,0,m) = EQ {VIUO(Xt,Gt,mt) —/ (DzH + D,H - D,W)(t — s, X5, 05, ms)ds
0

Remark now that (Xs).ejo,q is given by
Xs=x+ \/EBU
By an integration by part against the heat kernel, we see that W and V,U are given by the same formula, which
ends to show by uniqueness of Lipschitz solution that we have indeed
V.U =W.

Step 3: extension to general Lipschitz data

We now still assume that o, > 0, but remove the smoothness assumption on (V,Uy, D, H, D,H). In this case,
we introduce a C! regularization in (z,p) only (which can be done with any smooth compactly supported kernel)
(V.U§,DyH¢®, D,H¢®) that converges locally uniformly to (V,Uy, D H, D, H) and consider the associated sequence
of Lipschitz solution W¢. By the above proof, we have W& = V,U*® for any € > 0. Since we can find an existence
time which depends only on the Lipschitz constant of the data for Lipschitz solution, there exists 7' > 0 such that
for any e, W¢ is defined at least on [0, T) with a C'} norm independent of . By Arzela—Ascoli theorem, U¢ converges
locally uniformly toward a C! function in x along a subsequence. By stability of Lipschitz solutions, its gradient is
a Lipschitz solution of on [0,7T). Since such a solution is unique, (U )c>0 has a limit, and the whole sequence
converges locally uniformly to this element. Assume now that 7' < T, for T, the maximal time of existence for
Lipschitz solutions to This implies that there exists a constant C such that for any n > 0

IVoU(T =, )| Lip < C.
by considering a Lipschitz solution with initial condition
WO - vaO(T -, ')a

we can extend the C'! function U beyond T by repeating the above procedure. This bootstrapping argument allows
us to extend this solution up until 7, which guarantees that

Vi< T, V,U(,-)=W(t,-).
Whenever o, = 0 the idea is the same, but we furthermore consider a sequence of Lipschitz solutions with o, = ¢. [

2.2. Monotonicity in mean field games. In MFG, uniqueness of solutions appears as a key element to ob-
tain existence and regularity of solutions to the master equation. In this paragraph we present two notions of
monotonicity under which long time uniqueness of solutions is known.

a) Flat monotonicity

Definition 2.7. A function U : R? x P(R?) — R is said to be flat monotone or just monotone if it is monotone
seen as a function of measure only (ie U : P(R?) — (R? — R) ), which translates to

Y, v) € (PRY)” (U (o) = UC,w),n—v) 20,

where the bracket here design the duality product, which is to say for all continuous bounded function f
(o = [ Tutde).
Rd

This notion of monotonicity is what leads to the so called Lasry-Lions monotone regime. Uniqueness and
wellposedness were obtained in this regime for the MFG system |30} |31] and directly at the level of the master
equation [31}, [10] for games with common noise. We extend this setting to (1.3 in section

b) L? monotonicity
In contrast, we now introduce L?—monotonicity a concept closely related to displacement monotonicity [36) 23]
and to Lions’ Hilbertian lifting
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Definition 2.8. A function U : R? x Py(R?) — R? is L2—monotone if
V(X,Y) € (BA(QRY)" E[(U(X, £(X)) = U(Y, £(Y))) - (X = ¥)] > 0.

Consider Lions’ lift of U on the space of random variables U defined by

U-{ L2(Q,RY) — L2(Q,RY),
X e UX, L(X)).

The L?—monotonicity of U is equivalent to the monotonicity of U in the classical sense on the Hilbert space
(L3(9,R%), (-,-)|12), with the canonical inner product
) g L2(,RY) x L2(Q,R?) — R,
P (X,Y) = E[X Y,

hence the name. Let us remark that L?—monotonicity is a strong property that also implies monotonicity in a more
traditional sense

Lemma 2.9. Let U : R? x Py(RY) — R? be a continuous L?—monotone function then ¥Yu € Pa(RY), x +— Uz, p)
is monotone in the classical sense, which is to say

V(z,y) € (RY)?  (Uz,p) = Uly,p)) - (z —y) > 0.

This is a simple consequence of Proposition Wellposedness of the master equation with L2 —monotone data
was obtained in [31] for MFG without idiosyncratic noise with the Hilbertian approach. Wellposedness was also
obtained for more general MFG under displacement monotonicity |36 |23].

Definition 2.10. A function F : R? x Py(R?) — R is displacement monotone if and only if its gradient in the
space variable V,F is well defined and L?—monotone.

The reason we introduce the concept of L?—monotonicity is that in Section |4 in which we extend those ideas to
the context of , we do not need to make the assumption that our data are gradients, our method of proof being
heavily inspired by the Hilbertian formulation of MFG. In fact, one goal of Section [d]is to show that the Hilbertian
approach and the displacement monotone setting are one and the same in that they yield the same regularity theory,
something which is not always made clear in the literature.

3. WELLPOSEDNESS IN THE FLAT MONOTONE REGIME

For simplicity’s sake, we place ourselves on the d dimensional flat torus T%, but the results we obtain extend easily
to the whole space if growth conditions are imposed at infinity. In this setting we work with the W; Wasserstein
distance and wellposedness of the master equation will be obtained in P(T%). Throughout most of this section
we will also assume that b does not depend on VU, however the problem remains just as challenging as the main
difficulty comes from the coupled evolution of the noise and distribution of players. The master equation we now
consider is

U + H(x,0,m,V,U)+b(l,m) - VoU — 0,A, U — 5gAgU
—Ua:/divy[DmU](t,x,&m,y)m(dy) + | D,,U-D,Hdm,

for (t,z,0,m) € (0,T) x T¢ x " x P(T%),
U(0,2,0,m) = Uy(x,0,m) for (x,0,m) € T? x R" x P(T9).

We make the following assumption throughout this section

(3.1)

Hypothesis 3.1. (z,0,m,p) — H(x,0,m,p) is continuous on T¢ x R™ x P(T?) x R, V,Uy, D, H, D,H exists and
3C >0 V(z,y) € (T? (6,0) € (R")?, (u,v) € (P(T))?, (u,v) € (RT)?
- |szO<m7 eaﬂ) - vaO(y7é7~V)| < c (|LU - y| + ‘9 - é| +~W1(:U/7 V)) :
- |D1H(Z‘,9,M,U) _DEH(y7€aV7U)| < C(|Z‘ _y‘ + |6_ ?' + IU—U| +W1(M,l/)) .
|D,,H(x,9,u~,u) - DpH(y,Gly, V)| <C (lz =yl +10— 0] + [u—v] + Wi(p,v)).
160, 1) — b(8, )| < C (16 — 8] + Wi (1)) .
Those are only analogous of Hypothesis for the W; Wasserstein distance. Following Section [2] under Hy-

pothesis there always exists a W, Lipschitz solution to (3.1)) on sufficiently small time intervals. Throughout
this section, we will also use the assumption

Hypothesis 3.2. There exists a constant C such that ¥(z,0,u,p) € T? x R® x P(T9) x R,
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- |V Uo(z,0,p1)] < C,
- |DeH (2,0, pu,p)| + |DpH (2,0, p, p)| < C(1 + [pl),
-0, >0

In optimal control this is a somewhat usual assumption that is equivalent to saying the Hamiltonian (x, 6, u, p) +—
H(x,60,u,p) is Lipschitz in (x,p) locally in p and has at most quadratic growth in this last variable and that the
noise is non degenerate. Obviously the part on the initial condition implies that the terminal cost of the optimal
control problem solved by an individual player is Lipschitz in . Under those conditions the parabolic regularity
stemming from the idiosyncratic noise gives the following a priori estimate

Lemma 3.3. Under Hypothesis[3.1] and Hypothesis[3.3, for any T > 0 there exists a constant Cr such that for any
Lipschitz solution W to on [0,T,)

sup ”D:L’W(tv )”oo <Cr,
t<TAT,

holds

Proof. We begin by remarking that under Hypothesis [3:2] W stays bounded over time. Indeed, using the represen-
tation formula (2.5)) combined with the linear growth of D, H in p yields:

t
W (&, )llso < [Wolloo +C/O (L + W (E = 5,-)]|ocds.

From there on, an application of Gréonwall’s Lemma allows us to conclude to

W ()l < (IWolloo + Ct)e

for some C' depending on H. The key point is that with this bound on W we may make use of the fact that H is
locally Lipschitz in (z,p). Indeed, fix T > 0 and let ¢ < T, using the notation

H(t) x? 97 m) = H(x7 97 W(t7 x? 97 m))7

we get from ([2.7)):
‘W(t7xa9am)_W<t7y79?m)|§“v$U0||L74P|$_y|
B;

—d
V20,8 y

t
+ E[ / (H(t—s,x+v/20,Bs, 05, m)—H(t—s,y+v/20,Bs, 0s,m5))
0

Consequently, there exists a constant C depending on H, T, 0,, b, Uy such that

|W(ta Zz, 0» m) — W(ta Y, 97 m)|
|z —y|
Taking the supremum over x # y combined with a simple change of variable yields

1
Vit—s

We may conclude by using Lemma [T.3] to the existence of a constant C such that

vt<T HDQL’W(t7 )Hoo <Cr.

t
< |va0||Ll-p+c<1+/ S||D:,3W(t—s,')||oods>.
0

t
[1DW(t; oo < C+ IVaUollLip + C/ 1Dz W (s, )l oods-
0

O

In MFG, it is classical that parabolic regularity yields estimates [10|. Essentially, Lemma guarantees that
under Hypothesis the Lipschitz norm of W with respect to the state variable x stays bounded over time. Since
Lipschitz solutions are well defined so long as their Lipschitz norm do not blow up, this ensure any explosive behavior
will not come from x as soon as g, > 0. Under this assumption, we can focus on showing that W stays Lipschitz
with respect to the measure and noise argument, which are more problematic.

Remark 3.4. While the presence of non-degenerate idiosyncratic noise (ie o, > 0), is a reasonable and practical
assumption, it is not a necessary assumption. If we assume this noise to be degenerate, estimates on the space
variable can be recovered under different structural conditions on the Hamiltonian |38, [13]. To account for such
possible extensions, all intermediary lemmas in Section [3.1] are proved without the assumption that o, > 0.

3.1. Long time existence of Lipschitz solution.
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3.1.1. Autonomous noise process.
In this section, we consider the case of an autonomous noise process,

b0 b(0).

Because in such situation the noise evolves independently of the other variables and can essentially be seen as a
randomization of coefficients, we expect that previous existence theorems for smooth solutions [10] could be adapted
to this setting by studying the associated MFG system. We take another approach, though the method of proof is
still heavily based on an argument of propagation of monotonicity for solutions of the master equation presented in
[31, [10]. We carry out a proof directly at the level of the master equation, using the notion of Lipschitz solutions.
This will be insightful for more general b that we shall consider later on. To make the analysis easier we also make
the following assumption

Hypothesis 3.5. ~
H(z,0,m,p) = H(z,0,p) — f(x,0,m).

Furthermore, H is a—convex in p for some ag > 0 and Uy, f are flat monotone, which is to say that
n 2
vo € R ,(,LL,I/) € (P(Td)) (g(,@,u) - g(~,9,u),u - V> Z 07
forg=Uy org=f.

As is already well-known, the Hamiltonian being separated in the gradient and measure argument is not a
necessary condition, some more technical examples of sufficient conditions were given in Pierre Louis Lions’s Lectures
at College de France. It is however a convenient setting to prove the following lemma, which consists in an adaptation
of Theorem 4.3 (or alternatively Proposition 3.2 for a version without common noise) of [10] to Lipschitz solutions.

Lemma 3.6. Under Hypotheses and if b depends on 6 only and U is a Lipschitz solution of (3.1]) on [0,T.),
the following inequality holds

Vt<T. (6,1v)€R" x (P(TH)?,

t
<U(t7 '797.“) - U(tv Bl 9, V),H - V> > OéH]E |:/ ‘V”EU(t - 571'7983 ILLg)vaU(t -5, 08, VS)|2 (’u§+l/g)(dl')d5 .
0 JTd

with
d, = b(0,)ds + \/2od B’ 0.0 =0,
dps = (—div(F(z,0s, ps, W(t — 5,2,05, f15))) + 028z p15) ds  prs=o0 = p,
dvs = (—div(F(x,0s,vs, W(t — 5,2,05,05))) + 0, 8:05)ds  vs—g =V,

Proof. We start by assuming o, > 0. Let us recall that U is given by the Feynman-Kac representation (2.6, and
that (M#)sepo,, given by

S

Mﬁ = U(t - Sastgsvﬂs) - / H(XU,QU,W(t - U»Xu79uaﬂu)vﬂu)dua
0
dfs = b(0y)ds + \/209dB?,
dps = (—div (F(z, 0, ps, W(t — 8,2, 05, p1s))) + 020z i) ds
Xy =x++20,Bs,

with pis|s=0 = p, is a martingale. Of course, it follows that (M} — MY),c(0,4 is also a martingale. Let us now define
the change of probability % associated to the martingale exponential £(Y") for the process

1 S
Y/ =——+= D, H(t — uy, Xy, Oy, f1y)dBy.
s \/E/O p ( U, M )
Following a proof similar to the one of Lemma [2.6] we have
(32) U(ta fE,@,/,L) - U(t,l’, 03 V) = ]EQ [UO(Xt; atvﬂt) - UO(Xtv ota l/t)]

t
+EQ U (HY — H" + D,H" - (V,U* —V,UY))ds
0

with the notation H* = H(t — s, X4, 05, V,U"*) and V,U* = V,U(t — s, Xs,0s, pis). Let us also remark that the
dynamic of (us, Vs, 05)sefo,,) does not change under Q and that

XS:!E—/ Dpﬁf(t—u,Xu,9u7uu)du+\/2amBS
0
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for (Bs)s>0 a Brownian motion under Q. We now make the following observation: for any continuous bounded

function ¢ and s € [0,¢], one has
[ Bl utde) = | [ gt (as)].

This is a natural consequence of almost sure pathwise uniqueness for (u)sejo,4 [10]. Integrating with respect to p
on both sides of (3.2)) yields

<U(t7'a97:u)_U(t7'797V)7 > E eta/lt) ( et;Vt) Mt)]

+E [/ /1rd Sy g,us,ys)us(dx)ds} .

O(t,2,0,p,v) = H(t,z,0, 1) — H(t,x,0,v) + DpyH (t, 2,0, 1) - (Vo,U(t, 2,0, 1) — V,U(t, 2,0,v)).

A similar computation on v, using

for

Y = -

S

Dﬁt— Xu 911,7 'u.dB’U.
TU:E/O pH (t = u, Xy, 0y, 1)

combined with our assumptions on H (namely the monotonicity of f and the strong convexity of H) and Uy finally
gives:

t
<U(ta B 03 /U') - U(tv '707 V)a n—= V> Z O‘H]E |:/ |V1U(t -5, esaﬂs)ier(t -5, 05, l/s)|2 (:U‘S+VS)(dx)dS
0 JTd

Whenever the idiosyncratic noise is degenerate this result is proven by considering a converging sequence of Lipschitz
solution with o, = ¢, as we did in Lemma O

This inequality is the key element that allows us to get Lipschitz estimate in W) by the very method presented
in [10] Theorem 4.3.

Theorem 3.7. Assume Hypothesis[3.1} and [3.9 hold, and further assume that b is a function of 6 only. Then
there exists a unique Lipschitz solution to equation (3.1) on [0, +00).

Proof. Local existence follows from Hypothesis Lemma gives us an estimate on the Lipschitz norm of W in
x. Because the parameter 6 is associated to an autonomous drift, an estimate on the Lipschitz norm of W in 6 is
obtained by mean of Gronwall’s Lemma, so long as W is Lipschitz in the other variables. It only remains to show
that the inequality from Lemma [3.6] is sufficient to bound the Lipschitz norm of W in W;.

Let us first remark that thanks to the dual representation of the Wasserstein 1 distance:

<U(t, ) 9,,&) - U(t, ) 97 V),,u - V> S ”VmU(ta B 9, :u) - VmU(t7 R 9, V)||OOW1(M7 V)'
Fix t < T, and consider the solution to

dXt = F(Xfyes, Ms,s VmU(t -5, Xl osaﬂs)) =+ \/Est X5|S=0 = Xo ~ u,
ps = LIXE|(Ou)uss),
dfy = b(0s)ds + \/204dB? 6y = 4.

Similarly we define (XY),¢cj0+ with an initial condition
X;/|S=0 = )/0 ~ U,
Xo, Yy being chosen such that the optimal coupling between p and v is realized in W;. Letting s < t, we get

B[ - X7 < W)+ C [ B[XE - X2 du
0
t

+ CE [/ |V Ut —u, @, 04, ) — VLUt — u,, 0y, 14,)] ,uu(d:z:)du} ,
o Jra

where the constant C depends on H,t, ||V, U||ip(z) only. By Lemma and an application of Gronwall’s Lemma
we conclude to

Vs <t B (s, )] < C (Wil v) + VINLU 0 10) = VaU s 0,0) Wi (s 0) )

Thanks to this inequality, we may now estimate ||V,U(¢,-, 1) — Vo U(t,+,V)|co. Using the representation formula
(2.7) we get the following inequality:
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t
V.Ut 2,0, 1) —V,U(t,z,0,v) <CE [Wl(ut,yt) +/ Wl(us,ys)]
0

t
1
—l—C/ —E[|V,U({t —s,-,us) — VUt —s,-,0s)|| 0] ds,
7 [l ( ) ( Mloo]

for a constant C depending on ||V,Uo| ip, f> H, Uo. Applying Lemma to
s — E[HVIU(S? ) /‘Lt*S) - sz(S, ) ths)Hoo]
yields

Hsz(tv K N’) - sz(t, *y V)”OO <C (Wl(,ufa V) + \/vaU(tv ) M) - VzU(tv K V)Hoowl(p’v V)) )
for a constant C depending both on ¢ and the data of the problem. This yields the required Lipschitz estimate on
V. U=W in W;.
Because, we have estimates on the Lipschitz semi-norm of W in all variables for any time t < co we may then
conclude to the existence of the Lipschitz solution on any time interval. Indeed, if T, < oo held, then necessarily

Jim 7 24y = +oc,
which is absurd in light of the above proof. O

3.1.2. Toward more general noise models.

We now turn to more general choices of a function b, namely allowing it to depend on the measure argument.
For such models estimates presented in the above section fail in general [7]. Let us explain the strategy of proof in
this more convoluted case. The key point is that even when perturbed by this noise process, monotonicity should
still have a regularizing effect on the equation. The goal is still to get estimates on the equation by looking at the
quantity

(ta Ky V) = <U(ta " 0; ,LL) - U(ta '797 V)?:u - V>'
However since the evolution of # now depends on the measure argument, we cannot treat it as an independent
perturbation as in the previous section. In fact since the evolution of the noise process and the distribution of
players now depend on each other, it appears necessary to rather consider

(t“lhl/ﬁ’é) — <U(t,,9,/.l/) - U(t,~,8~,y)“u—l/>.

Obviously we don’t expect this quantity to stay positive for § # 6. A naive way to solve this problem is to add a
quadratic form in @ acting as a way to recover non-negativity (or as a penalization in some sense) by considering
instead

~ 1 - - -
(t, p,v,0,0) — 5(9 —6)-AO—-0)+(Ut,-,0,n) —U(t,,0,v),u—v),
for some matrix A > 0. We explain in a later section how this idea can be generalized to more general penalization.
Here we focus on a simple case in which we assume that H does not depend on 6.

Hypothesis 3.8.

H(xz,0,p,m)= H(z,p) — f(z,0,m),

for a function H oy —convex in p. Furthermore, there exists a symmetric matriz A € M,,(R) such that
¥(6,0) € R*™, (u,v) € (P(TY)’
1 ~ ~ -
(33) 5(0 - 0) ’ A(a - 0) + <U0('5 G,ILL) - UO('797 V)a B V> >0,

(34) <f('797:u) - f('?év I/),[L - V> + (b(evu) - b(9~7 V)) A(a - 5) > 0.

Remark 3.9. If Uj is strongly monotone, it is always possible to find a matrix A = ¢I,, such that (3.3]) holds. The
second part ([3.4) is a joint monotonicity assumptions on (f, Ab) in P(T%) x R™. It is a much stronger assumption,
which in most cases we expect is not going to be fulfilled unless either f or b is strongly monotone.

Example 3.10. Consider this simple model in dimension 1: Letting 6 represent the selling price of a product and
x the production of a firm. We fix

b0, =6 [ yuldy)

The term 78 models inflation while the price of the good decrease in function of the average production of each
company. For one single firm we set

f(x,@,u) =z0 — C(.’ﬂ)
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Thus the reward of a firm depends only on its choice of production x and the price of goods 8, the cost of production
for a given quantity = being c¢(z). Then for A = L (3.4) is verified for the couple (f, Ab).

a?

We can now show an equivalent to Lemma [3.6[in this new setting.

Lemma 3.11. Under Hypotheses and if U is a Lipschitz solution of (3.1 on [0,T¢.) as defined in (2.6,
then

Vi<T. (0,0,uv)e R x (P(Td))27

%(9 —0) - A6 —0) + (U, 0, 1) = U(t, -8, 0), p — v)

¢
(3.5) > agE [/ / |V U(t — 5,305, 1s) — Vo U(t — 5,2, 05, VS)’2 (s + vs)(dz)ds| .
o Jre
with
dfs = b(Bs, ps)ds + v/209dBY Os=0 =0,
df, = b(8,,v,)ds + v/2oqdB’ 0. — 0,

dus = (—div(F(z, st#s» Wit —s,z, QS,NS))) + 028z ps)ds  pis=o0 = p,
dvg = (fdifu (F(x, Os,vs, W(t — s,,05, 1/5))) + (TmAII/s) ds vs—g =v,

Proof. As in Lemma [3.0] it is sufficient to carry out the proof for o, > 0. Fix t < T, and consider

df, = b0, us)ds + ogdBY 0 =0
dps = (—diV(F(Z‘, Os, fhs, va(t — S 937#3)) + O'anc,U/s)dS Ho = [

and let (6, Vs)selo, be defined for the same Brownian motion (BY)s>¢ but with initial condition (,v). Observe
the dynamic of those 4 processes stays the same under the change of probability associated to the martingale
exponential of the stochastic process

1 s -
YoH = _\/E/o D,H(t —u, Xy, 04, fty,)dBy,
whenever (B,)s>0 is a Brownian motion independent of (Bg)szo. The change of probability is then carried out as
in Lemma the difference being the change of probability introduced now depends on the couples 0, u),(0,v).
Using this change of probability on the representation formula (2.6) and remarking (6, 0) satisfy

%(9 Gy A0 - 6) = %(@ — ) - A6, — G) + /t(b(es,us) b(@s,04) - A0 — G,)ds,
0

yields using Hypothesis [3.§|

%(9 —0) - A6 —0) + (Ut 0, 1) = U(t, -8, 0), j — v)

t
> agE [/ |V1U(t—s,x,057ps)—VxU(t—s,m,és,us)F (s + vs)(dx)ds| .
o Jra
O

A first remark is that for 8 = 6 we recover the same inequality we had in Lemma However, this inequality
is much stronger as it will also help us control the Lipschitz norm of V,U with respect to 6.

Theorem 3.12. Assume Hypotheses[3.1], and[3.8 hold. Then there exists a unique Lipschitz solution to equation
B1) on [0, +ox)

Proof. First, we prove a stability estimate with respect to initial conditions on the system

XXl = X, - / Dy H(X X0 X001 %00 7 Ut —u, X300, 0500 12X00)) + \/20,dBs,
0
S

0
X0l = L(X,|(01)1<u)-
The sketch of proof is similar to Theorem [3.7] but we now estimate

hs) s B|[XX00 = X200 11030 — 0207
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instead of fixing 6. Let Xy and Yy respectively be distributed along p and v and such that the optimal coupling in
W is realized. Hypothesis implies that

Vs <t h(s)<h(0)+ C/ (h(u) —|—E[/ |V U(t —u,x, 0500 -V, U(t - u,x,ﬂzo’é)muxo’e(dx)}) ,
0 Td

for a constant C' depending on H,b and ||V, U||1ip() which we know is bounded thanks to Lemma We now
apply Gronwall’s Lemma to s — h(s) and then use Lemma to deduce that

S

Vs <t E[Wi(uo?, v ) + 6300 — 6%

S C(Wl (/’(’7 I/) + |9 - él + \/vaU(t, B 9) :u) - V:DU(ta B é7 I/)||00W1(M7 V)7

for a constant C depending on H,b, o and ||V, U||Lip(z). We finally come back to the representation formula (2.7),
which yields by combining the above inequality with Lemma [1.3

I >0 ”vl’U(ta '791/1') - VIU(ta '757 V)HOO < C(Wl(lu‘vl/) + |9 - é')

Having estimates on the Lipschitz norm of V,U(¢,-) in all variables for any ¢ > 0, we conclude to the existence of
a Lipschitz solution on [0, 4+00). O

Remark 3.13. Some extensions to this result are possible. In particular, it is possible for b to depend on V, U
provided this dependency is such that

(36) |b(07 uava(ta B 03 /.t)) - b(éa V7V$U(t7 ) 57 V))|

< C(|9 - é| + Wl(/f'v V) + <|VIU(t’ K 0’ /‘) - VOEU(t» R é’ l/)|v M+ l/>)
So that the nonlinear term in V.U coming from b can be controlled by the convexity of H. It is also possible to take
a function H depending on € provided this dependency can be absorbed by the monotonicity of b. Those extensions

are straightforward by adapting slightly the above proof and changing appropriately equation in Hypothesis
which then becomes an interplay between H, f and b.

4. WELLPOSEDNESS UNDER LZ—MONOTONICITY

In this section, we are interested in the existence of solutions to the master equation in RYxR™ x Po(R%). In
the previous section, we worked directly at the level of the value function U to show the wellposedness of solutions.
Following Section [2] it is sufficient to show the Lipschitz solution W of do not blow up on the interval [0, 7).
The approach we take in this section is to present wellposedness results at the level of W which is more natural in
an L? monotone setting. Indeed, we consider instead this non-linear system of transport equations

OW + F(z,0,m, W) -V W + b[W](t,0,m) - VoW — 0, A, W — 09 AgW
+/ F(y,0,m,W) - Dp,,W(t,z,0,m)(y)m(dy) — o, / divy (D, W (t, x,0,m)(y))m(dy)
R4 R4

= G(z,0,m,W) in (0,T) x R x R™ x Py(R%),
W(0,x,60,m) = Wo(z,0,m) for (z,0,m) € R? x R™ x Py(RY).

(4.1)

We insist on the fact that W is a vector function taking values in R% and is indeed a system of non linear
PDEs. Recall that for (F,G,Wy) = (V,H,—V.H,V.U), is obtained from by taking the gradient in
of the equation, in which case W = V,U for U the solution of the master equation. Let us first remark that the
adaptation of the notion of Lipschitz solution to is not a problem, a solution being defined as a fixed point of
the associated linear transport problem.

We consider general data (F, G, Wy) instead of taking them as gradient (which correspond to the situation of a
MFG) for the following reason: Equation also corresponds to the equation satisfied by the decoupling field
of a general mean field forward backward stochastic differential equation (FBSDE) |2, [L5]. As a consequence, the
results we give in this section are also valid for mean field forward-backward stochastic differential equations and
some extended MFGs [33]. As in the previous section, we start with the case of an autonomous noise process.

4.1. Autonomous noise process.
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4.1.1. Propagation of monotonicity. We consider the following equation
OW + F(x,0,m,W) -V, W +b(0) - VoW — 0,0, W — 5gAgW
+/ F(y,0,m,W) - Dp,W(t,x,0,m)(y)m(dy) — oz / divy (Dm W (t, 2,0, m)(y))m(dy)
R4 d

R
= G(z,0,m, W) in (0,T) x R x R™ x Py(R%),
W(0,x,60,m) = Wo(z,0,m) for (z,0,m) € R? x R™ x Py(RY).

(4.2)

Even though the problem becomes simpler whenever the noise process (6;);>0 is autonomous, (4.2)) is still a system
of nonlinear transport equation on the space of measure. It is classic that such a system is usually well-posed only
up until a finite blow-up time without some assumptions on the coefficients. The following assumption

Hypothesis 4.1. The drift b is Lipschitz and F,G, Wy are Lipschitz on R? x R™ x Py(R%) for the Wy distance.

is in force throughout this section. Short time existence of Lipschitz solutions to follows naturally from
Theorem In his course at Collége de France [31], P.-L. Lions, showed through the Hilbertian approach that in
the absence of noise (i.e. without # and for o, = 0), L2—monotonicity of the data has a regularizing effect on the
equation . In this section we are going to show that such considerations still hold in this setting. Following
the works [7), |31] we expect that a good starting point to obtain some regularity on the solution of is to take
a look at the auxiliary function

(43) Z(tva’ 9) = /]de (W(t7x797:u“) - W(t’ yvgv V)) ' ('7; - y)’y(dl‘, dy)

for any v € T'(u, v), (u,v) € (P(Rd))2. One may remark that if we lift W on the space L?(2,R9), then
Z(t7£(X7 Y)vg) = <W(t7X70) - W(t,Y,9)7X - Y>L27

for any (X,Y) € (L*(Q, Rd))2. As such, the non-negativity of Z is equivalent to the L?—monotonicity of W. The
key difference with the Hilbertian approach is that we place ourselves directly at the level of probability measures,
which allows us to work with a more subtle notion of derivative. Let us first prove a uniqueness result for equation
(4.2) which we believe will help the reader understanding why looking at this function in indeed a good idea. We
start with a maximum principle for smooth functions on the space of probability measures. Since we are on an
unbounded space, we will need to impose growth conditions at infinity.

Definition 4.2. A function f : Po(R%) — R? has polynomial growth if there exists a constant C > 0 and an integer
q > 0 such that

We%m%|ﬂm<C<H(A,WMMQ3.

In particular for g =1 (resp. ¢ =2), f is said to have linear (resp. quadratic) growth at infinity.

Lemma 4.3. Let f : [0,T] x R" x Po(R2?) — R24 b : [0,T] x R™ x Po(R2?) — R™ be continuous functions with
linear growth. Suppose there exist Z, a smooth function with quadratic growth at infinity, satisfying

O Z +b(0,m) - VoZ — 09gNpZ
+ f(u,0,m) - Dy Z(t,m,0,u)ym(du) — crx/ Tr(BgDy [DinZ] (t,m,0,u)) m(du) > 0,
R2d R2d
for (t,m,0) € (0,T) x P2(R?4) x R™.

with Z|i—9 > 0. Then
Vt < T,¥(0,m) € R" x Po(R*!)  Z(t,0,m) > 0.

Proof. For m € P3(R%), we define

Bam) = ([ lafmia))

Let B : s +— ae®® with o > 0, and consider t < T. We claim that

Za: (5:m,0) = Z(5,m,0) + B(s) (14 E}(m) + 10F) + 7

reach a point of minimum in [0,%) x P2 (R?¢) x R™. Indeed, since Z has at most quadratic growth, There exists a
constant C such that the infimum of Z, is reached on the set

{(5,6,m) €0, — &] < Po(B¥) x B", Eym)|6] < C).
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By Markov inequality a subset of P5(R?) bounded for the pseudo-norm FEj3(-) is tight and is, as a consequence,
compact for the topology of narrow convergence by Prokhorov’s Theorem. Since probability measures belonging
to this set also have a uniformly integrable second moment (due to the bound on the third moment) this is a
compact set for the W topology (see [1]). As Z is continuous for this topology and m — [ |z|*m(dz) is lower
semi-continuous with respect to narrow convergence, Z, is a lower semi-continuous function for the W, topology
reaching its infimum in a compact. As a consequence, a minimum (s*,m*, 0*) is achieved in this set.

Let us now fix @ > 0 and assume by contradiction that there exists a point (s,m,#) such that Z,(s,m,0) < 0
holds. By assumptions on Z|;—( this means the minimum is not reached for s* = 0. Optimality conditions imply
by evaluating the equation satisfied by Z, at this point of minimum that

0= ﬁ +8'(s") (1 + E3(m*) + |0*|3)
+0(0%,m") - 38(s)0%|07| — 0, B(s™) (n + 1)07|

+3[3(s*)/f(u,9*7m*)'u|u|m*(du)fa:c/3[3(s*) (2d + 1)|u\+22““;"“ m* (du).

= lul

By the linear growth of f,b, there exists a constant ¢ depending on n,d, b, f, 0,0, such that

02 =g + (1)~ eBE N+ 107+ Em)).

Choosing A\g > ¢, we get a contradiction, hence
Zs > 0.

inf
[0,¢] X P2 (R24) xR™

Letting « tends to 0 ends the proof since the inequality holds for any ¢t < T O

We may now proceed to prove a uniqueness result based on this maximum principle under the following assump-
tion

Hypothesis 4.4. (6, X,Y,U,V) € R" x (L3(2,R%))",

E[(Wo(X. 0, £(X) = Wo(Y,0,£(Y))) - (X — V)] > 0,
E[F(X,0,L(X),U)—F(Y,0,L(Y),V)-(U-V)+ (G(X,0,L(X),U) - G(Y,0,L(Y),V))- (X =Y)] >0,

The assumption on W is exactly L?—monotonicity, while the condition imposed on (G, F') is a joint L?—monotonicity
in (z,W).

Proposition 4.5. Under Hypotheses and a smooth solution to is L%2-monotone
Proof. Let us define
Ve PR Z(t76) = [ V(006,10 = Wt 0.6, 5-0) - (o = ) (dudo).
Let us first take a look at the derivative of y — D, Z(t,~,0,y), DyD,Z, for a fixed (t,7,0). Letting y = (y1,y2) €

(Rd)z, taken at this point, it is a block matrix of the form

M M
DZID’YZ(tv'YapJJ) = ( (M1121)T M;; > )

Mll = Daztwyl : (yl - yQ) + (Dﬂ?Wyl + (DﬂCWyl)T + /Dy1D7nW1(ta U, [, eayl) ' (U - U)’Y(dua d’U),
My = =D, W¥ — (D,W*)",
May = D2WY - (yo — y1) + (Da WY + (D,W¥2)T — /Dy2me2(t, u,v,0,y2) - (u— v)y(du, dv),

Wyt = W(t,y1, u, 0),

Wv2 = W(t,yz2,v,0),

T4y =p T_ay = V.
Since the terms composing Mi5 and its transpose are the opposite of terms appearing in M1, Mas, they obviously
cancel out in

Tr (BdDmeZ(tv'Yapa y)) = (AmWyl - AIW”) : (yl - 92)

+ /(dwyl (mel)(t7 U, [y 97 yl) - divyz (DmW2)(ta v, Vv, m, 07 yQ)) ' (’LL - U)’Y(dua d’U)
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Expressing 9;Z using the fact that W is a solutions of (4.2)) and using the above equality, we get that Z is a solution
of

OZ +b0)-VoZ — 09N Z
+/RM ( 1;” )(u7v79,’7)-DWZ(t,%&u,v)y(du,dv)

(4.4) -0y » Tr (BdD(uyv) (D Z] (t,7, 0, u, U)) ~(du, dv)
= [ E = FY V- WO (dude) + (G- 6 (u = o)r(dudo),
R2d R2d

for (£,7,6) € (0,T) x Pa(R2) x R,

with W* = W (t, u, 0, mqy), W¥ = W(t,v,0,m_q7v), F* = F(u,0, 74y, W*) and so on. By assumptions on Wy, F, G
this leads to Z;—o > 0 and

0 Z + b(@) -VoZ — 09D Z
+/]1§2d < ?” ) -D,Z(t,7,0,u,v)y(du,dv) — o /de Tr (BdD(u,U) [D+Z] (t,fy,@,u,fu)) ~(du, dv) > 0,
for (£,7,0) € (0,T) x Po(R2) x R™.
By Lemma Z is non-negative, which implies that W is indeed L?—monotone. O

Remark 4.6. It is evident that this method of proof would still work if (G, F') were to depend on L(W (¢, X, 0, L(X)))
so long as the joint monotonicity condition is satisfied. This is also true for all results of wellposedness we present
in Section 4. Since this corresponds to some MFGs of control, it seems to be a possible interesting extension.

4.1.2. Ezistence of global Lipschitz solutions. The study of the auxiliary function Z gave us both a uniqueness
and a monotonicity result. Essentially, what we showed is that given a L2—monotone initial condition and some
assumptions on the data (F,G) the solution propagates monotonicity. However, monotonicity, usually only gives
a one-sided bound on the derivative. Since we are interested in getting Lipschitz estimates to show the long time
existence of Lipschitz solutions, we make stronger assumptions to get a bound from below.

Hypothesis 4.7. 3o >0 V(6,X,Y,U,V) € R" x (L2(,R?))",
(4.5) E[(Wo(X, 0, L(X) = Wo(Y,0,L(Y))) - (X = Y)] > a||[Wo(X, 0, L(X)) = Wo(Y, 6, L(Y))]|7,

E[(F(X,0,L(X),U) = F(Y,0,L(Y),V))- (U —=V)+ (G(X,0,L(X),U) = G(Y,0,L(Y),V)) - (X =Y)]
(4.6) > aAren[(i)nl]HG(X, 0, L(X),\U+ (1 —=NV) = G(Y,0,LY),\U + (1= \)V)|2..

Remark 4.8. The last inequality may appear unusual, this is a way of translating the fact that the function
(X,U0)— (F(X,L(X),U),G(X,L(X),U)) is monotone, with a monotonicity in X that is not too degenerate. For
Lipschitz data (F,G), it is weaker than strong monotonicity for which the inequality would be

> allX Y|,

as it allows for G to be degenerate monotone and bounded. We already made such remark in the case of finite state
space mean field game (see 7] Corollary 3.13) and extend it here to this setting.

Example 4.9. A simple example, satisfying the requirements of Hypothesis is to take F(z, 0, p,u) = F(u) for
any monotone function F' and
Gr)=2" AL
Such G is not strongly monotone but satisfy
V(z,y) eR? (G(z) — G(y)) - (x —y) > |G(x) = G(y)*.
Under Hypothesis we can show that the relation (4.5) propagates for any time. This will be done by mean

of another, closely related, auxiliary function
.7 Zs(t.7.6) =

\/R?d <(W(t7 u, 97 ﬂ-d’Y) - W(tv v, 9, W—drY)) ' (U - U) - ﬂ(t”W(ta u, 07 ﬂ-d’)/) - W(tv v, 97 7T—d7)|2>7(du5 dv)a

for some smooth function of time 8 to be determined later on. While the key idea is still to apply the maximum
principle, we now work with Lipschitz solutions. As a consequence, it is necessary to adapt the arguments of
Proposition [£.5] to non-smooth functions.
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To that end, we use tools from the theory of viscosity solutions to show that Zg satisfies a comparison principle
with 0. The developments thereafter are very much in the spirit of 7], though some arguments have to be adapted
to account for the fact that we are now considering an equation on the space of measure. First, we have to be
clear by what we mean by viscosity solutions. In utmost generality, the adaptation of the theory of viscosity
solutions to equations on the space of measure is a notoriously difficult problem. Since we are here interested
in comparison argument of with a smooth function (namely the constant function equal to 0, to show non
negativity), comparison arguments are much simpler. The extension of viscosity solutions to our problem raises
few difficulties. Let (k,l) € N2 be a symmetric, positive semi-definite & x k matrix, H be a continuous mapping
from R* x R* x P(R!) x R x R¥ — R and f a continuous bounded function from R* x R¥ x Py(R!) x Rl — R
Consider the following nonlinear partial differential equation

QUL 0, 1) +H (O, U(t,0, 1), Vol (t,0, 1)) — Tr (TDFGU(L, 0, 1))

(E) + /Rl f(t797/‘L7 y) : Dmu(tv 97#7 y):u’(dy) - /]Rl Tr (BlDmeu(t’ 97M’y)) M(dy) = 07
for (t,0, ) in (0,T) x RF x Py(R).

We introduce the space of test function Hyess: a smooth function ¢ : [0, 7] X R x Py (Rl) is said to belong to Hiest
if
-3C >0, YueP(R) [o(, w2 <C
- V(t,0,1), y— Dno(t,0,un,y),y — DyDnyo(t, 0, 1, y) are continuous and
[Dinp(t, 0, 1, y)| + | Dy Do p(t, 0, 1, y)| < C(1+[y|*™"),
with ¢ = sup{p, u € P,(R")}, uniformly in (¢, u, 0)

Definition 4.10. Let u : (0,T) x R¥ x Po(RY) — R be a continuous function. We say that u is a viscosity
supersolution of if for any function ¢ € Hyesr such that a point of minimum (t*, 0%, u*) of u — ¢ is achieved in
(0,T) x RF x Py(RY) the following holds

atQP(t*,o*,M*) + H(t*,0*,u*,u(t*,0*,u*),Vq<p(t*,0*,,u*)) - TT(FD(?QD(t*,G*HU,*))

+/ f(t*,t?*,u*yfv)~me(t*,0*,u*,x)u*(dfv)*/ Tr(BiDyDpp(t*, 07, p*, x)) pu*(dx) > 0.
R! R!

One can readily check that as soon as I is indeed symmetric positive semi-definite(in which case degenerate ellipticity
holds) a classical supersolution of (F) is indeed a viscosity supersolution thanks to Proposition thereby justifying
this definition. We may now state the following lemma

Lemma 4.11. Consider W a Lipschitz solution to (4.2) defined on [0,T) for some T > 0, and let Zg be defined as
in (A7) for a C positive function of time 3. Then, Zg is a viscosity supersolution of

8tZB(t707’Y) + b(e) ! VGZB - O'GAQZB

Fu
+ /]RZd < v > . D’yZﬁ(ty 97 v, U, ’U)")/(du, dU) — Oy / Tr (BD(uﬁv)Dﬂ/Zg(t, 9, Y, U, U)) ’y(du, d?))

R2d
(4.8) ::AMGW—Fﬂ4ww—wwwuwmo+émmw—co.m—vmu%mo
—25(t)/ (G* —GY) - (W" — W*)y(du, dv) — % W — WY2y(du, dv),
R2d R2d

for (t,0,7) € (0,T) x R™ x Py(R*).
with W* = W (t,u, 0, mq7y), WY = W(t,v,0,m_q7), F* = F(u, 0, 7qy, W*) and so on.

Proof. Step 1: an inequality satisfied by Z
Fix (t,20,v0,00,%) € [0,T) x (R)? x (R™)? x Py (R2?), we are first going to take a look at

V(t,z0, Yo, 00, mo) = (W (t, xo, 00, Tamo) — W (t, o, 0o, 7—q4m0), To — Yo)-

Our goal here is to show Zz satisfy a dynamic programming principle in the form of an inequality. For that we are
going to go all the way from V' to Zg while using the dynamic programming principle satisfied by W. Which is
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why we introduce the following SDE-SPDE system

dfs = —b(05)ds + /209dBS  0;—0 = b0,
dX, = _F(X379sa s W(t — 8, X5, 05, ,Us))ds + \/Est Xi=0 = Zo,
dY:s - *F(Ysa 03’ Vg, W(t - S, Y;;, 057 Vs))ds + \/Est Y;E:O = Yo,
F(z,0q, pus, W(t — s,2,05, us))

(3 2 _
dys = (=div <( F(y,0s,vs, W(t — s,y,0s, Vs)) > 73) o lr (BD(x’y)fys))dS V=0 = 70,
for (Bf,BS)SZO a d 4+ n dimensional Brownian motion, with the notation ps; = mgvs, Vs = T_g7vs. Since t < T,

and W is Lipschitz at least up until 7', the well-posedness of (7s)sejo,4) and hence of (X, Ys)se(o, s fairly simple
[16]. Throughout the proof we will be using the notation W* = W (t — s, X, 05, us), F¥ = F(Xg, 05, s, WF),

G* = G(Xs, 05, s, WZ) and similarly WY = W (t — s, Ys, 05, v5) and so on. By the dynamic programming principle
satisfied by W, we know

t—s
V(t0 0,00, m0) = E| W3 = Wi =+ [ (6= Gla = gy
0
Because (Xs)sefo,4 and (Ys)sejo,+) have been generated with the same set of Brownian motion the following holds
t—s
r—y=Xis—Yis +/ (F7 — FY)du.
0

From which we get

(49) V(ta Z0,Y0, 007 ’70) = E’[V(S; ths; }/;f787 etfs; ’ths)]
t—s
+E[/ (GE — Gl — )+ (FE — FY,W? —st>>du} .
0

We are also going to need the following formula

(4.10) Vs € [O,t] |W(t,!L‘0, 90,#0) — W(t,yo, 0o, Z/Q)|2 <E

t—s
’WS‘” - WY +/ (G — GY)du
0

|

which is a consequence of Jensen inequality applied to (2.5)). Let us now take 3 be a C! positive function of time,
and consider

A(t, 0, y0,00,70) = V (t, %0, Yo, b0, Y0) — BE) W (£, 20,00, o) — W (t, 4o, 0o, v0) |,
= V(t, 20,90, 00,70) —B(s) [W(t, 20, 00, t10) — W (t, Yo, b0, 0) |
T T
— (B(t) = B(s)|W(t, 20,00, o) — W (t, 0,00, v0)|*-

Applying (4.9) to I and (4.10]) to IT leads to the following inequality:

t—s
A(t7x07y03 00770) > E[A(SvXt—san—saet—sa’Yt—s) + / (<Gi - Ggax - y> + <sz - Fga Wsz - W9y>) du
0

2 t—s
+2/ (GE —GY, WT —Wdu
0

t—s
- ﬁ(S)E[ JRRGAEAT
0
- (B(t) - /6(5))|W(t,$0, 907,“0) - W(t7y07 907 V0)|2'
We may finally take a look at our end goal

Zs(t,v0,00) = /2d A(t, o, yo, 0o, v0)v0(dxo, dyo).
R L

For that, let us first remind that for any continuous function f, s < t letting F¢ = o((04)u<s)

Vs <t /dela[f (6, ) 09) | 3o (dizo, dyo) = /RMIE[IE[J‘ ()00} o do, dyo)| 7] ]
= E[f(z,y)7s(dz, dy)].
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which is a consequence of almost sure pathwise uniqueness to our SPDE [16]. With that in mind, it is easy to see
that

/ . E[A(S, Xf_os, )/ty_os’ et—sa '-Yt—s)] '-YO(d‘T()a dy()) =E |;/ A(Sa Z,Y, 0t—57 ’Yt—s)'yt—s(dxa dy):| ’
R2 R
= ]E[Z(S7 Ot_s,mt_s)] .

2d

Finally, we obtain the inequality satisfied by Z

t—s
Z(t,00,70) > E [z<s,etsms> + / / (GE — GY,z — y) + (FF — FY, W? — W§’>)Vo(d$7dy)] du
R24 JQ
s 2

-8 [

(111) = (3= ) [ | Wt 0,p0) = Wt 80,0) 0l ).

t7
/ (G — G¥)du
0

t—s
+2 / (GZ — G, WE — W3>du] Yolda, dy)
0

Step 2: wviscosity supersolution
Let ¢ € Hiest and assume that there exists (¢*,60*,v*) such that

min(Z — @) = Z(t*,0%,7") — (", 0",7").
By adding a constant to ¢ if necessary, we may assume without loss of generality that this minimum is equal to
0. Because we must have Z(s,0;_s,vi—s) > ©(8,0i—s,7:—s) and the equality holds at (¢*,6*,7*), ¢ satisfies the
inequality (4.11)) for any s < ¢. Applying Lemma 5.15 of [10] to ¢, and dividing by ¢ — s we can take the limit
without much difficulty. Pointwise convergence holds thanks to the mean value theorem, and we may directly apply

the dominated convergence theorem as we have uniform bounds on ¢, 9, Vo, D3¢ and the integral terms in
Dy, DyD.p. O

Remark 4.12. Observe that the proof still works if we only assume a test function ¢ satisfy the assumptions we
put on test functions in Hyes: only in a neighbourhood of the point of minimum (¢*,6*,+*). Indeed, by introducing
an appropriate sequence of stopping time we can then bound ¢, and since the convergence of y:«_4 to v* holds in
the W, topology for ¢ = sup{p,7* € P,(R")} we know that for t* — s sufficiently small (£* — s, 0«5, V~—s) belongs
to any neighbourhood (in W,), letting the conclusion be unchanged. In particular, this justifies that we may take

1
t—s’

1 (s,0,7) = 10" — B3 () —
as we did in the proof of Proposition [£.5]
With this technical lemma proven, we may use a comparison principle with 0 to show the following

Lemma 4.13. Under Hypothesis and if W is a Lipschitz solution to (4.2) on [0,T) for some T >0, then
there exists a strictly positive function of time B such that

vt <T, (v,0) € Po(R*™) xR"  Zs(t,0,7) >0,
for Zg defined as in (4.7)).
Proof. We first make the following observation: fixing (¢,,0), for any A € [0, 1]

/R (G G (W= Wy (du, do)

< / G, 7ay, O, A+ (1 — NW®) — G0, 7, 0, AW + (1 — \)YW®) 2, dv)
R2d

HAG Ly +1) [ W = W Py(du, o),
R2

with the notation W% = W (¢t,u, 0, 747), W* = W(t,v, 0, 7_g7) that we remind. As a consequence, under Hypothesis
for any (t,7,6) € [0,T.) x P2(R2?) x R" the following holds

/ (F— F*) - (W* — W*)dy + / (G" — G*) - (u — v)y(du, dv)
R2d R2d
~26(0) [ (G =GN =W (o) = [ W o)
de ]RZd
>0,
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for B(t) = Boe ** with (B, k) chosen such that:

60 < Q,
kE>1+4|GLip-

For such a 3, we recover using Lemma that Zz is a viscosity supersolution of
0tZg(t, 0, m) + b(@) -VoZg — O’gAng

+/ ( ?m; ) - D, Z(t,0, m,u,v)m(du, dv) — az/ Tr (BD(U)U)DmZB(u&m?u,U)) m(du, dv)
R2d R2d

>0

with
Zgli=0 > 0.

Since W is Lipschitz, Zg is a continuous function with at most quadratic growth. Fixing ¢t < T" and using the same
reasoning as in the proof of Lemma this means the function

Zo: (5,0,7) = Zp(s,0,7) + ae™ (1 + E5(7) + 0]*) + %

reaches a minimum (s*,6*,7*) with s* < ¢, for any positive a, k. Fixing o > 0, we now assume by contradiction
that there exists a point (s,0,v) with s < ¢ such that Z,(s,0,7) < 0. By assumption[4.7] this implies the minimum
of Z, is not reached for s* = 0. Using the viscosity property at this point of minimum, we find that there exists a
constant ¢ depending on t and the linear growth of F,G,b, W such that

o Ks™ *13 3%
——Fae™ (k—c)(1+ |0 E .

For k > ¢ we get a contradiction yielding

0>

Zy > 0.

inf
[0,8) xR x P (R24)
Since this is true for any a > 0 and ¢ < T', the lemma is proved. O

It now remains to show that the non negativity of Zg is a sufficiently strong property to get Lipschitz estimates
on the solution W. We first remark that this gives directly an estimate on the Lipschitz norm in the state variable
T.

Lemma 4.14. Let W : R? x Po(R?) — R? be a continuous function such that for some 3 > 0 and for all
(X,Y) € (L*(Q,RY))?

(4.12) E[(W(X,L(X)) = W(Y,L(Y))) - (X = Y)] > BE[|[W(X, L(X)) = W(Y,L(Y))]*],
then

S WXL Y) € (LR E[|W(X, L(X)) — W(Y, L(V))P] < ZE[|X - Y[?]

- MW lLip) = ej)UI(DRd)IIW(wu))HLip <3

Proof. The first part of the claim is just a direct consequence of applying Cauchy-Schwartz inequality in (L2(€2,R9), (-, )| 2)
to (4.12)). As for the second part, we define

flsa,y) = Wz, ) = Wy, p) - (& —y) = BIW (2, 1) = Wy, w)|.
As a direct consequence of the above inequality, for any X,Y both of law u
ELf (1, X, Y)] > 0.
Let us also observe that f is a continuous, symmetric function of (z,y) € R?? such that
Yue P(RY VeeRY f(u,z,z)=0.
We may now call upon Proposition to conclude that
VuePRY), V(z,y) eR* f(u,z,y)>0.

From the non-negativity of f and an application of Cauchy-Schwartz inequality we finally conclude that

1
Wl Lipz) == sap [|[W (-, 0, 1)lLip < -
HEP,(RY) B
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The non negativity of Zg for a Lipschitz solution defined on [0,T) is equivalent to V¢t < T,0 € R",(X,Y) €
(L2 QRN X ~ Y ~v

E[(W(t7X7 97/1“) - W(ta Y. 0, V)) ’ (X - Y)} 2 B(t)E HW(t,X, 97/‘) - W(tv Y0, V)|2] :

Fixing (t,0), the above lemma can be applied to deduce an estimate on the Lipschitz norm of W in z. To show
that W is also Lipschitz in Py(R?), the trick is to notice that the inequality implied by the first claim

(4.13) Y(X,Y) € (L*(Q,RY)? E[|[W(tX,0,L(X)) - W(tY,0,L(Y))] <

1 2
< Gl YT,

is sufficient to get a Lipschitz estimate in W5 for Lipschitz solutions.

Theorem 4.15. Under Hypothesis and Hypothesis there exists a unique Lipschitz solution to (4.2) on
[0, 4+00).

Proof. Local existence of a Lipschitz solution on [0,7.) for some T, > 0 follows from Theorem [2.3] Thanks to
Lemma and we know there exists a function 3 of the form S(t) = Bpe "' such that

1
vVt < T, W(t, ) L < —,
c H ( )Hsz(z) > ﬁ(t)
and (4.13) holds. We are now going to use this inequality to get a stability estimate with respect to initial conditions
for the following stochastic Fokker-Planck equation

d:uf;o = (—le (F(:I:7 037 W(t - 5,7, 087 :ugo)) =+ O.HC'A/“LI;O) ds o € 7)2(]Rd)7
dfs = —b(0,)ds + \/209dB? 6y =0 € R".
Since t < T,, W is Lipschitz in both the space and the measure variable and so existence of a strong solution to

this system is not a problem. Consider two initial conditions pg, vy € P2(RY) and let py € I'(p0,10) be chosen as
an optimal coupling for W,. We define (ps)sejo,¢ by

_ . F(x»as,ﬂdpmw(t_S,%gs,ﬁdps)) 2
s = (_d”(< F(y, 00,7 ape, W(t — 5,9, 00, 7_qps)) ) P2) 77T (BDEp0:) ) ds

s<t<T,, {

By pathwise almost sure uniqueness [16], it holds that
Vs <t maps = ph® m_gps = p° a.s.

Let us now fix w € Q up to a negligible set. Since py € Pa(R?4) so does ps(w) := p¥. Using the definition of a weak
solution combined with the dominated convergence theorem we get that for any s <t

[l = ol ) = W )

+ / / (F (2, 0us maply, W(t — u,x,0umap5y)) — F(Y, Ous T—aply, W(t — u,0u, m—ap)) - (x — y) iy (dz, dy)du.
0 R2d
Using (4.13)) we deduce that
1 S
[l o) < WGo,m) + U+ [ Flein + 35 [ [ o = wl i, dy)an
R2d B2(s)" Jo Jrea
Since this is true for almost every w Gronwall’s Lemma allows us to conclude that there exists a constant C

Vs <t Wa(pho, u®) < CWsa(uo, o) a.s

The strength of this estimate is that the constant C does not depend directly on the Lipschitz constant of W in W,
but rather on the Lipschitz constant of its lift
W LQ(Q,Rd) — LQ(Q,Rd)
’ X —W(t X, 0,L(X))

on L%(Q,R?) which we know is bounded by % thanks to (4.13]). As W is given by the representation formula

(2.5)), thanks to the above estimates we deduce that

t
‘W(t,l‘, 9,#0) - W(taxa 05 VO)‘ <C <1 +i+ / ||W(S7 ')”LiP(WZ)dS) WQ(HOa VO)a
0

for a constant C depending on || F|| Lip, |WollLip, |G| Lip and [[W (2, -)|| Lip(z)- Dividing by Wa(po, o) and taking the
supremum for pg # vy, we apply Gronwall’s Lemma to conclude that there exists another constant such that

Vs <t [[W (s, )llLipows) < C.
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Let us remark that since (05)s>0 is an autonomous process with a Lipschitz driver, and F, G, Wy are also Lipschitz
in 0, a similar argument gives estimates on ||[W (%, )| Lip(9)

Conclusion

Now that we have estimates on the Lipschitz constant of W in RY x R x Py(R%), we may conclude to the
existence of a Lipschitz solution on any time interval. Let us assume by contradiction that 7. < T for some 7" > 0.
Then

Jim [ (8, ) 5p = +0
must hold. However, we have a uniform estimate on the Lipschitz semi-norm of W in time that holds for any ¢ < T,

with a constant depending on T, || F'|| £ip, |b]| zip, || Wol| ip, @ only. Obviously, this contradicts the claim that T, < T.
Because it is true for any 7' < oo, we conclude to the existence of a Lipschitz solution on any time interval. O

4.2. Comparison with previous results on MFG master equations. As mentioned before, the above exis-
tence result applies to the MFG master equation whenever F' = D,H,G = —D,H and W, = V,Uy. However,
the hypotheses we made are different from the conditions found in the literature on displacement monotone mean
field games (36} |23} |34]. Forgetting the common noise 6, the usual assumptions are as follows

Hypothesis 4.16. V(X,Y,U,V) € R" x (L2(Q,R?))",
E[(Wo(X, L(X) = Wo(Y, L(Y))) - (X =Y)] >0,
E[F(X,L(X),U) — F(Y,L(Y),V)- (U= V) + (G(X, L(X),U) — G(Y,L(Y),V)) - (X —=Y)] >0,
(414) Ja > 07 V(x,p,qﬁn) € RSd X P2(Rd) (F(w,m,p) - F(‘r7m7q>) ! (p - (]) Z O“p - Q|2

Obviously, Hypothesis [£.7] and Hypothesis [£.16] are in dichotomy. This is mainly due to two differences, the
first one is that we did not assume that the functions (F, G, W) were gradients, to account for mean field forward
backward differential equations. This has its importance as the following holds:

Lemma 4.17. Let x + U(x) be a C* function with a Lipschitz continuous gradient, the following two propositions
are equivalent

(i) Y(z,y) € (RF)?
(VU(z) = VU(y)) - (x —y) > 0.
(ii) 3a >0, VY(x,y)€ (RY)?
(VU(z) = VU(y)) - (= = y) 2 a|V,U(z) = VU (y)[.
Proof. (it) = (i) is self-evident. As for the other implication, since (¢) implies that « — U(z) is a convex function
with a Lipschitz gradient, it is a classic result from convex analysis [26] that

V(z,y) € (RY)? (VU(z) = VU(y)) - (x —y) > %lVU(l’) - VU(@y)l%,
where L = ||VU||Lip- O

The other point being that the strategy of proof is slightly different in [36,[23]. The strong joint L?—monotonicity
Hypothesis [L.7) gives us directly an estimate on the Lipschitz norm of W in W, while in their approach it is obtained
by a weaker monotonicity assumption combined with strong convexity of the Hamiltonian in the non-linearity. A
reasonable question is whether we can present a long time existence result for Lipschitz solutions to that
resolves to previous results given in the displacement monotone framework whenever (F, G, W) are gradients.

Theorem 4.18. Under Hypothesis [&.4), if ¥(z,y,p,q,0, 1) € (R)* x R™ x Py(RY)
(4.15) F(x,0,1,p) = F(y,0,1.9)) - (p = q) + (G(2,0, 1, p) = G(y,0,11,9)) - (v = y) > anlp — I,
Then there exists a unique Lipschitz solution to (4.2) on [0, +00).

Proof. The fact that under (4.15]) we can estimate the Lipschitz norm of W in by coming back to the characteristics
of W is well known |31} [7]. Once the Lipschitz norm in z is bounded, an estimate in Wy follows from adapting
Proposition 3.4 of [34] to Lipschitz solutions. O

We now show that whenever (F,G) are gradients (4.15)) holds under Hypothesis
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Lemma 4.19. Let F,G be continuous functions such that ¥(x,y,p, q) € (R?)*

(4.16) (F(z,p) = F(y,q)) - (p —q) + (G(z,p) = G(y,q)) - (x —y) 2 0.
If there exists a function H : (RY)? — R such that F = D,H,G = —D,H and H is ayg—strongly convex in p
uniformly in x, then V(x,y,p,q) € (R%)4
(F(z,p) = F(y,q)) - (p— q) + (G(z,p) = G(y,9) - (x —y)
> apglp—ql*.

Proof. We first assume that H is C2.
(F(z,p) = F(y,q) - (p — @) + (G(z,p) — G(y,q) - (z —y)

1 2 2
_ P—q \ D,H D3, H B _ [ pP—q
_/0 <my) (DﬁpH _DeH (1=t)z+ty,(1—t)p+tq) r—y dt,

1 2
p—q DiH  Opym) ) ) ( p—q )
= : —t)z +ty, (1 — t)p + tq) - dt,
/0 < z -y ) ( Oniywy —per ) (Dot (L=nptia) {5,
> aglp —q

Whenever H is only C', we consider a sequence H, obtained by a monotonicity preserving regularization. This can
be done by convolution with a smooth, compactly supported, positive kernel of mass 1. Since H. satisfies (4.16)), is
a g —strongly convex in p and converges to H in C', the result is obtained by taking the limit. O

Remark 4.20. In fact, this shows that assuming F, G are the gradient of an Hamiltonian is a very constraining
assumption. In general, it is not sufficient for G to be monotone in x and F in p to get joint monotonicity which is
much stronger. However, in the gradient case this becomes a sufficient assumption as the cross derivatives cancel
out.

Remark 4.21. It might appear surprising that under strong monotonicity in p, we can show the existence of solu-
tions under weaker assumptions on the monotonicity of Wy. It was already observed in [31] that strong monotonicity
in p has a greater regularizing effect on the equation and allows starting from less regular initial data.

4.3. Noise depending on the distribution of players. We now turn back to the original problem of
W + F(z,0,m, W) -V, W + b[W|(t,0,m) - VoW — 0, A, W — g9 AgW
+/ F(y,0,m,W)- D, W(t,z,0,m)(y)m(dy) — am/ divy (D, W (¢, z, 6, m)(y))m(dy)
“ = G(z,0,m,W) in (0,T) x R% x Hfél" x Py(RY),
W(0,x,60,m) = Wo(z,0,m) for (z,0,m) € R? x R™ x Py(RY).

We now make a precise statement on the regularity of b with respect to its functionnal argument

Hypothesis 4.22. 3C >0 Y(z,y) € (R)?,(6,0) € (R™)2, (1, v) € (P2(RH))?, (u,v) € (R%)?,
B |W0(.T,0,/1,) - WO(:%?? V)| < C (|IL’ - y| + |9 - 0~| + I/VQUL?V)) . B
- |F(z,0,p,u) — F(y,0,v,0)| + |G(x,0, p,u) — G(y,0,v,v)| < C (Jz—y|+ |0 — 0] + [u — v| + Wa(p,v)) .
- For any two continuous functions f,g: R? — R? and any coupling v € T'(i, )

b(0, 11, £(-)) = b(0, v, 9(-)| < C <I9 — 0l + Wa(u,v) + \//(Rd)2 |f(z) — g(y)Qv(dw,dy)> .

Obviously, this restricts quite a bit how b may depend on W in general. From a probabilistic point of view, it is
natural to assume that the dependency of b on W be of the form

b(0, 11, W (t, -, 0, 1)) = b(0, 1, W (t,-, 0, 1) p0).

If b is Lipschitz for W, in its last variable, then Hypothesis holds. We do not require b to be of this form and
keep only this continuity assumption.

Example 4.23. Hypothesis holds for coefficient b of the form

b0, p, W(t, 0, 1)) =b (97% /Rd h(y, 0, 1, W(t,y,0, u))u(dy)) ,
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whenever b and h are Lipschitz functions in all variable. In particular, if we come back to the original problem this
allows to take a b that depends on the average control of the players

/d VpH(y, 0,1,V U(t,y,0, 1) pu(dy).
R

Remark 4.24. Results obtained in this section still hold if b depends on z so long as it is in a Lipschitz fashion.
We do not treat directly this case since this changes completely the interpretation of the noise process 6 and such
situation does not correspond to any mean field game no matter the coefficients. Nevertheless, it is a natural
extension for mean field forward-backward systems.

4.3.1. Ezistence of solutions. Just as the finite dimensional counterpart of this equation, some results were already
given on the associated mean field forward backward stochastic differential equation under G—monotonicity |2} [37]
whenever o, = 0. However, we here also treat situations in which o, > 0, which raises some issues and does not allow
us to use directly those results. We give new existence results for this equation, in dichotomy with G-monotonicity,
in particular those results may be of interest for mean field forward backward stochastic differential equations
outside mean field games theory. They consist in an extension to nonlinear systems of transport equations on the
space of measures of a method we first developed in [7] for nonlinear systems of transport equations. Whenever b
depends on m (whether it be directly or through W), the evolution of the distribution of players is coupled with
the noise process and its dynamic cannot be considered independently. This raise the question of what kind of
monotonicity is natural in this case. If the solution W of were to take value in R"*¢ instead of R?, then at
least formally by rewriting the equation in function a new state variable £ = (z,0) we expect to fall back in the
case of that we treated. For mean field games we know that this is not true, however it is always possible to
find a function (¢, z, 60, u) — V(t,x,0, u) € R™ satisfying

OV + F(z,0,m, W) -V, V +bW](t,0,m) - VoV — 0,0,V — 0gAgV
+/ F(y,0,m, W) - D V(t,x,0,m)(y)m(dy) — Uz/ divy (D V (£, 2,0, m)(y))m(dy)
d d

(417) R R
=Gy (z,0,m,W,V) in (0,T) x R x R" x Py(R?),
V(0,z,0,m) = Vy(z,0,m) for (z,0,m) € RY x R" x Py(R?),

for some coefficients (Vj, Gy), so as to complete in R™*" the equation satisfied by W in R?. The remaining question
is to know under which condition does there exist a V' satisfying (4.17) and such that the couple (W, V) is jointly
L?—monotone in the sense that V(X,Y) € (L?(Q,R%))2,(0,0) € (R")?

E[(W(t, X,0,L(X)) = W(,Y,0,L(Y))- (X =Y)+ (V(t,X,0,L(X)) - V(t,Y,0,L(Y))) - (0 — )] >0.

Whenever such V' can be constructed, we expect some regularity can be obtained on solutions by working as we
did in the autonomous case but on the couple (W, V) instead of just W. This gives a different interpretation to the
completion argument we presented in the previous section. We first focus on the simplest possible choice of such
function V' = Ap for some positive matrix A, as we did in section [3] Expending on the idea we presented on the
autonomous case, we define

Z5(t,7,0,0) =

%(9 —0)-A-(6-0)+ / (W (t,u, 0, way) — W (t,0,0,7_47)) - (u—v)) y(du, dv)
R2d

(4.18) —B(t) /Rz,i W (t,u,0,m47) — W(t,v, 0, 7_q7)|*v(du, dv)

We observe that this new function also satisfy an equation in the viscosity sense.
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Lemma 4.25. Consider W a Lipschitz solution on [0,T) for some T > 0 and let Zg‘ be defined as in (4.18)) for
some A € S,,(R) and a C' function of time 3. Then ZE‘ s a viscosity supersolution of

0,24(0.0.0.m) + 0 -4 23+ V328 — oy Tr (B,D% 5 7))

Fu _ _
+/R% ( Jan ) ~DmZ§(t,9,9,m,u,v)m(du, dv) — o, /]RM Tr (BdD(uyv)DmZg‘(t,&9,m7u,v)) m(du, dv)

(4.19) = /de (F* — FY) - (W" = W"Ym(du, dv) + /RM(G" - GY) - (u—v)m(du,dv)
TAWM — %) - (6 0)
u v u v dﬁ
—25(t) /de<G -GY) - (W* = W")m(du,dv) — -
for (t,0,0,m) € (0,T) x R®™ x Py(R>*?).

W — W?2m(du, dv)

with W* = W (t,u,0,mgm), W* = W(t,v,0,m_qm), F* = F(u,0,m7qm,W"), G* = G(v,0,7_qm,W?), b’ =
b[W](t, 0, mam) and so on.

Proof. Because the proof is very similar to the one of Lemma [£.11] we focus on the new part only, the rest following
from previously introduced arguments. For ¢ < T', we define

d, = —b[W](t — 5,0, jus)ds + v/209dB? 0o = o,

d, = —b[W](t — 5,04, v)ds + \/209dB?  01—o = 0o,
dX, = —F(Xs, 05, pus, W(t — s, X, 05, p1s))ds + v/20,dB;  Xi—o = xo,
4Y, = —F (Y, 00,10, W(t — 5, Yy, 00, v))ds + v20,dB,s  Yieo = yo,

dms _ (—diV (( F(‘T;Q’Vsaﬂsaw(t — S,IaQSvﬂs)) ) ms) _i_o_er\r (BD2

F(y7937V3a W(t - 5’y,9s,Vs)) @, y)ms>)d5 =0 = 1o-

We still use the same notation W2 = W(t — s, 8, Xy, 1s), however now W¢ = W(t — s,0,,Ys,v,) and b% =
b(0s, s, W(t — s,-,0s, 1s)) even though it does not depend on z. We have to introduce a doubling of variable in 6
as we did in the measure variable to account for the fact that b is not autonomous anymore. By Ito’s lemma, for
any s <t

1 ~ - 1 - - t—s
5(90 —00)-A- (0o —0o) = 5(@—5 —0i—s) A (O—s — Oi—s) + / A —bY) - (0, — 6y)du,
0

as (GS)Sgt,(és)sgt have been generated with the same Brownian motion. In this way, we treated the new term
associated to A. There is no particular difficulty in extended the computations of Lemma to the two others
terms involving W. When integrating with respect to mg there is no further difficulty as (93753)56[07t] does not
depend on the initial conditions (xo,y0) of (X, Ys)se[o.4-

To propagate the non-negativity of Z ,1347 we are going to need some monotonicity assumptions not just on (G, F)

but rather on (G, F, Ab). At least formally, if we can find a A for which furthermore Z E‘It:(’ > 0, then we expect
that the long time existence of a Lipschitz solution can be proved. This is exactly the monotonicity we ask in the
following Hypothesis,

Hypothesis 4.26. There exists A € S,(R) and an o > 0, such that for any (0,0, X,Y) € (R")? x (L*(Q,R%))*
and f.g € Cy(R", R?)

E[L(0 ) A-(0—0)+ (Wo(X.0, LX) ~ Wo(¥..£(Y))) - (X ~ V)

(4.20) > a (|[Wo(X. 6, L(X)) = Wo(Y. 0, L(Y))|72) ,

E[(F(X,0,L(X), f(X)) = F(Y,0,L(Y),
(4.21) +E[(G(X, 0, L(X), (X)) = G(Y,0,L(Y),9(Y))) - (X = Y)]
+(b(0, £(X), £(-)) = b(0, L(Y),9()) - A- (0 — 0)
2 o min [|G(X, 0, L(X), t(X) + (1 = )g(Y) ~ G(Y,0,L(Y),tf(X) + (1= t)g(Y))]Z--

9(Y)) - (f(X) - g(Y))]
(
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Remark 4.27. The second part of this assumption is stated slightly differently than its counterpart in Hypothesis
Essentially, it is still the same idea, except we now require the random variables corresponding to the non-
linearity to be functions of X and Y to account for the functional dependency of b. As in Hypothesis this
joint monotonicity assumption is in general not going to be satisfied unless each of the coefficients is in some sense
strongly monotone.

Example 4.28. Let

G(x,0,u,p) = G(x,0),
for a function G such that % (DmC;’ + DzGT) > agly and

F(,’E,07/14,p) = afpp,
for some ap > 0 (which correspond to a Hamiltonian with a purely quadratic non-linearity). Take
b(0, 1, () = b(0 Fye1),
for a function b satisfying %(ng + Dgb") > apI,, and Lipschitz in W, in the second variable. If
(4.22) dagar(as)® > [IDeG %112 ipom,):
then there exists an @ > 0 and a matrix A = al,, such that (4.21]) holds.

Indeed, we are looking for a constant a > 0 such that the matrix

ag—¢ 0 —1[|DyGll s
1 0 aF _%||bHLiP(W2) >0,
—311DoGllos =216l Lipows) aqp —¢€

for some € > 0. For such a to exists, a sufficient condition is to ask for both matrix

< ag — 31D Gl > < oF _%”?HMMWQ) )

—311DoGll 300 =5 bl Lipovs) 2000
to be definite positive. This is true as soon as
2 DyG||?
QW 1DeG s
||bHLip(W2) 2aGay

Let us insist on the fact that this not a smallness assumption on b. Replacing b with nb for some n << 1 yields the
same condition (4.22) as n cancels out in this equation.

Lemma 4.29. Let W be a Lipschitz solution to (A1) on [0,T). Under Hypothesis[4.22, if there exists A € S,(R)
such that Hypothesis holds then there exists a strictly positive function of time (3 :[0,T) — RT* such that

vt <T,(6,0,7) € (R")* x Po(R*)  Z3(t,0,6,7) >0,
for Zg‘ as defined in (4.18)).
Proof. Observe that we still have for any A € [0,1]

/ (G = G, W" — W"Ym(du, dv)
R2d

< / |G(w, mgm, 0, \W*® + (1 — NWY) = G (v, 7—q, 0, \W" + (1 — \)W?)|?>m(du, dv)
R2d

1
2
1
@G i + 2) / W — W o (du, d).

2/ Josa

As a consequence, under Hypothesis for B(t) = Boe™ 7" with By sufficiently small and ~ sufficiently big, Z E‘ is
a viscosity supersolution of

& Z5 (t,0,0,m) +b" - VoZf +b" - V525 —ogTr (Bmpfeyg)zg‘)

+/ ( ?v > -DmZg‘(tﬂ,é,m,u,v)m(du,dv) - aw/ Tr (BdD(u’v)DmZg‘(t,@,g, m,u,v)) m(du, dv) > 0,
R2d R2d

satisfying Z§|t:0 >0on (0,7). By a comparison principle with 0 as conducted in Lemma we deduce that
VE<T V(0,0,m)eR> x Py(R*)  Zf(t,0,6,m) > 0.
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It now remains to show that this monotonicity estimate is sufficient to get Lipschitz estimates on solutions of

(.1).
Theorem 4.30. Under Hypothesis and Hypothesis there exists a unique Lipschitz solution W to (4.1]) on
[0, +00).

Proof. Local existence of a Lipschitz solution W on a time interval [0,7.) is a direct consequence of Hypothesis
[4:22] We now show that W does not blow up in finite time.

Step 1: Lipschitz estimate in L?

From Lemma we now that there exists a function 8 : R* — R™* such that Z /g‘ is positive for any ¢ < T,. For

6 = 0 this gives that for any t < T,, (§,X,Y) € R" x (L?(Q,R%))?
E[(W(thv 0) ‘C(X)) - W(ta }/a 0) ‘C(Y))) ’ (X - Y)] > ﬁ(t)”W(th797£(X)) - W(t7Y707£(Y))HL2'

By Lemma [£.14] this implies that
1

Bt)
It only remains to get a Lipschitz estimate in the noise variable # and the measure argument. Let us first introduce
an alternate Lipschitz semi-norm in L2, for a function L?(2,RY) x R™ > (X,0) + U(X, ) we denote

IU(X,0) -~ U(Y, é)HL2.
(x,v,0,0) 10 —=0]+[|X =YL

W&, ) Lip) <

||UHLip(L2) =

We also denote

|U(X,0) —U(Y,0)]|r2
UllLip(L2).z := sup ,
10l zinceo), (X,Y,0) X —Y|L-

and similarly we define ||U||Lip(z2,0 by

U(X,0)-U(X,0
||U||Lip(L2)’9 = Ssup ” ( ) ~( )HL2
(X,0,6) |60 — 0|

We are now going to show that W is Lipschitz with respect to this L? norrrﬂ Remember that the non negativity
of Z g‘ is equivalent to

(4.23) Y(t, X,Y,0,0) € (0,T.) x L*(Q,R*) x R®™
1 . _ -
5(0 —0)-A-(6-10) +E[(W(t,X,9,L'(X) - W(t,Y,0,L(Y))) - (X — Y)]
Taking this expression for # = 0 and X =Y gives
1+ Al
Wt ) ipzz),0 IWE )l Lipr2), < O

Step 2: Lipschitz estimate in R™ x Po(R?)

It is a priori not trivial that the Lipschitz estimates in L? we just got translates into Lipschitz estimates for the
norms of interest. To get estimates for the Euclidean and Wasserstein distance we proceed as we did in Theorem
by proving that this L? Lipschitz norm is sufficient to get Lipschitz continuity in W, with respect to initial
condition for the following SDE-SPDE system

dptof = (—div (F(x,@s,,ug‘o’e, W(t —s,z,0,, ,uf;o’e))) + UIAML’;O’Q) ds g € Po(R?),
doro? = —p[W](t — s, 0100 pho9ds + \/26,dB? 0y =0 € R™.

There is no difficulty in extending the previous result by looking at the quantity

E[WQZ(/LHO’QO, ’ul/méo) 4 |0?0,90 _ égo,éo‘ﬂ ,

LSince this is the semi-norm of the lift of W, (X,0) — W(t,X,0,L(X)), it is weaker than the usual Lipschitz semi-norm. See for

exemple
X —E[X]

97
1+ /E[(X - E[X])?]

seen as a fonction (z, 0, u) — U(z, 0, ) this function is only locally Lipschitz but [[W||p;,(L2),9 =1

W (X,0,L(X)) =
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and applying Gronwall’s Lemma. It is however important to remark that this is where the dynamics we imposed
on b in Hypothesis comes into play. Indeed, this proof only works because
W)t — 5030, p2X0%) — Bt — 5,610 2o )
< € (JpX0rt0 — gV0 o 4 | XX0lo - X000 || o Wt — 5, X X000, %000) — W (1 — 5, X000, g0 00) |5 )

Once the Lipschitz continuity of this system with respect to initial conditions is established, an estimate on
Wl Lipows) and [[W|Lip,e is simply given by Grénwall’s Lemma.
Step 3: Conclusion
Since we now have Lipschitz estimates on W on any time interval, we get by a proof by contradiction that T, = +o0
must hold. As a consequence, there is indeed existence of a unique Lipschitz solution on [0, +00).

O

4.3.2. Extensions and applications. We now come back on a possible application of those results outside of mean
field games: the solvability of forward-backward mean field systems. Whenever W is smooth the fact that it is
a decoupling field for one such system is a direct consequence of Ito’s lemma. We claim that it is still true for
Lipschitz solutions. In particular, the existence of a Lipschitz solution to gives an existence result for the
associated FBSDE

Lemma 4.31. Suppose there exists a Lipschitz solution W to (4.1) on [0,T] and that b is of the form

b(0, L(X), f(-)) = b(8, L(X, (X))
We define

t
Xt =To — / F(XS,HS, ‘C(XSKHU)’U,SS)a W(T - 57Xsy asaE(Xs|(9u)u§s)))ds + Vv ZUwBta
¢
0; = 0o — / b(0s, L(X | (0)u<s)s W(T — 8,05, L(Xs|(0u)u<s)))ds + /209 BY,
0
for (Bs, B)s>0 a Brownian motion on R¥*™, (xg,00) € R4™.  Letting W, = W(T — t,X;,0;) and F be the

natural filtration associated to (Bs, BY)s>0, there exists a square integrable F-predictable process (Zs)sepo,m) such
that ¥t € [0, T

t
X, = 2 _/ F(Xs, 00, L(Xo|(Bu)uss), Wo)ds + v/Zo3 By,
9
(4.24) 0, = 0y — / b(0s, L(X s, W) |(0u)uss)ds + /209 B,
0
T T
Wt = W()(XT, 0T, E(XT‘(au)ugT)) + / G(Xs, esaﬁ(XsKeu)ugs)a Ws)ds - / Zs : d(Bsa 33)7
t t

Proof. Since W is Lipschitz on [0, T, (X, 05)seco,1) is well-defined (see [18]). Let us also recall that following the
proof of Proposition the stochastic process (M;)sepo,r) defined by

t
Mt = W(T - t,Xt,Qt, E(Xt|(QU)uSt)) Jr/ G(XS,QS, E(XSKQu)uSs)a W(t - SaXsa 057 E(Xs|(9u)u55)))d5a
0
is a F—martingale. Gronwall’s Lemma yields estimates on the second moments of (X5, 05)sefo,r] and so (Ms>s€[0,T]

is a square integrable martingale. By the martingale representation theorem, there exists (Zs)seo, 7], a square
integrable, predictable, F—adapted process such that

t
VE<T M, =M +/ Z, - d(By, Wy).
0
Using the equality
T
My =M+ [ 2B W),
t
for this process (Zs).ejo, 1], we get exactly
T T
Wi = WalXr. O, £(Xr|B)uer) + [ G0, LOLIOuce) Wolds = [ Zed(Bo, W),
t t

which ends the proof. d



32 CHARLES BERTUCCI, CHARLES MEYNARD

Remark 4.32. Local solvability of forward-backward stochastic systems with Lipschitz coefficients is already well
known, Lipschitz solutions appear as another way to prove this result by showing directly the existence of a Lipschitz
decoupling field. In the particular case of mean field games, the stochastic forward backward differential system
corresponds to the optimality conditions given by Pontryagin maximum principle.

Many extensions and adaptations of Theorem [£:30] are also possible. In particular, strong monotonicity in the
state variable in can always be traded for strong monotonicity in W as in |31} |7, |23]. We focus rather on the
choice of a function V' to complete . In the above section, we explored the most simple case of a linear function
of #. We now present how this idea can be extended to more general functions, leading to different monotonicity
conditions. A simple general choice is to take

V(t,z,0,u) = Agd + AwW (t,z,0,n) + Az,

for some matrix (A, Aw) € (den(R))2 ,Ap € M, (R). In which case V satisfy (in the sense of Lipschitz
solution) for
Gy = A, F + Aw G + Ayb.

Since both Gy and V' are explicit, Hypothesiscan be checked easily for the couple (W, V). A notable extension

being the situation
V =AwW,

which corresponds, up to rescaling of W by a d x d matrix M (which is always possible as the general form of
the equation is conserved by this linear shift), to G—monotonicity for mean field forward backward differential
equations [37} 2].

Remark 4.33. Different choice of functions V' are also possible in the results we presented in Section 3] The proof
can be adapted to consider a more general function V : RT x R™ x P;(T%) — R™ instead of § > Af for V Lipschitz
solution to

OV (t,m,0)+b- VoV —0gAgV
4 [ Vot D Vi)~ o, [ div, (DuV)mldy) = R6.m,0.0)
Td Td
provided a monotonicity estimate a la (3.3) is satisfied for (Uy, V') and (b, R, H, f).

5. PRESENCE OF ADDITIVE COMMON NOISE

In this section we make the link between common noise through a noise process impacting the coefficients of the
game as presented in the master equation and the more usual additive common noise that has already been
widely studied. In particular, this will help us show how every result presented in this paper extend to the presence
of a Brownian additive common noise (Bf);>o even when it is correlated with the Brownian motion driving the
noise process (BY);>.

5.1. From additive common noise to noise as an additional variable. Consider the following master equation
associated to a mean field game with common noise

—0U — (0, + B)AU + H(z,m, D, U)
(6e+ ) / divy Do) (2, m, y)m(dy) + / Dyld - DyHdm

—26/divl.[DmZ/{}(t,x,m,y)]m(dy) — ﬁ/Tr (D2, U(t,z,m,y,y")] m(dy)m(dy’)

for (t,z,m) € (0,T) x R? x P(RY),
with U(T, x,m) = Up(z, m),

Due to the presence of additive common noise, a second order term in the measure argument appears in the
equation. Strong assumptions on the data are usually necessary to be able to define a solution to the problem twice
differentiable in the measure argument [10]. However, we claim that by adding another variable to the equation it
is possible to rewrite this equation without second order derivatives in the measure argument. For that, let us first
come back to the game representation of a mean field game associated to . Given the distribution of players
at all times (1t ):e[0,77, each player solves the following optimal control problem

(5.1)

T
sup E uO(X%’,U/T) _/ L(ngas>//fs)d5‘| ;
e 0

dX® = —h(XE, ay, py)dt + v/ 20,dW; + \/2BdB¢,
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for (Ws)s>0 a Brownian motion independent of (B¢),>¢. By analogy with the previous sections let us define
0, = \/2B8B;.
Introducing Y,* = X* — 0;, for any control o we observe that

d}/;a = —h(}/;a —|— Ot,at,,ut)dt + \/QUdet7
d6; = /2BdBe.

This simple computation allows to rewrite the optimal control problem in function of the controlled process (Y;):co,7]
and the noise process (04 );c[o,r]- By definition of (6;),c[o, 1) it is progressively measurable with respect to the filtration
associated to the common noise, as such for any control «

L (X?\(Bg)se[o,t]) = (idga + 0;) 4L (YQQKBE)se[o,t]) .
Using the characterisation of the mean field equilibrium, this heuristic hints at the idea of studying
V(t,y,0,m) =U(t,y+ 0, (idga + 0)xm).
Indeed, we observe that if I/ is a smooth solution of then V solves
-0V — 0, AV — BAGV + H(y + 0, (idga + 0)xm, D, V)
—Uz/divz [DV](t,y,0,m, z)m(dz) + /DmV(t,y, 0,m,z) - DyH(z + 0, (idga + 6)m, V,V)m(dz)

for (¢t,y,0,m) € (0,T) x R? x R% x P(R?),
with V(T,y,0,m) =Uy(y + 0, (idga + 0)zm),

(5.2)

which is exactly an equation of the same form as (1.3), with the new hamiltonian
H(y,0,m,p) = H(y + 0, (idga + 0)ym, p).

Remark 5.1. Observe that monotone functions are left monotone through this transformation. Indeed, assume
that U : R? x P;(R?) — R is flat monotone, then for any (u,v) € (P (]Rd))2
(U(- + 0, (idga + 0) 411) — U(- + 6, (idga + 0) 1), — v)
=<U(-, (ide + 9)#/,6) — U(~, (ide + 9)#1/), (idga + 9)#,u — (idga + 9)#7/> > 0.
A simple calculation shows that this is also true for L?—monotone functions. This is not the first time transfor-
mations of this kind are used in mean field games, in fact this has become a somewhat classic argument in the

study of the stochastic forward backward mean field game system, see [10]) in which it was observed that a similar
transformation leads to a system with a forward stochastic (Fokker—Planck) equation with finite variation.

We believe such a transformation is particularly suited for the study of weak solutions to the master equation,
in particular those based on comparison argument as in [4] or this work, as this bypass the need to tackle second
order derivatives on the space of measures. Even for smooth solution, it is relevant. Indeed, assuming that

0 — f((idga + 0)pxm),

is a C? function is weaker than the existence of a second derivative in the measure argument, in this way we may
define solutions of mean field games that are smooth in the sense that (5.2)) is satisfied without needing the existence
of a smooth second derivative in the measure argument. For a solution I/ that is in fact smooth in the measure
argument

AgU(t,x + 0, (idga + 0)m)|o=0

= A U(t,y,m) + / Tr [Dfnml/l} (t,z,m,y,y )m(dy)m(dy') + 2/ divy [Dld] (t, z,m, y)m(dy).
Rd Rd
Obviously if all derivatives are smooth then Ayl is well-defined, the observation we are here making is just that
for it to be well-defined we do not need to be able to make sense of each of the integrated term on their own.

Example 5.2. Consider the average distance between two players
Utm) = [ ly =o' mldymay).
R

For measures in P;(R?), U is well-defined and continuous (it is even Lipschitz in W,). However, it does not admit
a continuous Wasserstein derivative y + D,,U(m,y) at every point (for example for m = §, for some x € R?),
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and much less a continuous second order derivative with respect to measures. Nevertheless, 6 — U((idga + 8)xm)
belongs to C*° and
AgU ((tdga + 0)xm)]o—o = 0.

5.2. Application to Lipschitz solutions. Let us now detail how to adapt this idea to Lipschitz solutions. Firstly,
let us mention that Lipschitz solutions are easily adapted to the presence of additive common noise. We refer to the
original paper [8] for the presentation of such results in details. In the context of the nonlinear transport equation

W + F(x,m,W) -V, W — (o, + B) A, W
+/ F(y,m, W) - Dp,W(t,z,m)(y)m(dy) —Ua:/ divy (D W (t, z,m)(y))m(dy)
R Rd

fQﬂ/divz[DmW](t,x,m, y)|m(dy) — B/Tr (D2, . W(t,z,m,y,y")] m(dy)m(dy’)

= G(x,m,W) in (0,T) x R* x P, (RY),
W(0,z,m) = Wy(x,m) for (z,m) € R x P (R?).

the representation formula for Lipschitz solution becomes

W (t, 2, ) = E{Wo(Xt,mt) 4 /t G(X i, Wt — S,Xs,ms))ds} ,
0
(5.4) dX, = —F(Xs,ms, W(t — 5, Xy, ms))ds + /20,dB, + /26dBS X, = z,
dmg = (—div (F(z,ms, W(t — s,z,ms))ms) + (0 + 5)Arms) ds — div (\/ﬁmsng) mo = {4,
for two independent Brownian motions (Bs)s>o and (BS)s>o. We make the heuristic presented above rigorous
directly at the level of the nonlinear transport equation which includes as a particular case.
Lemma 5.3. Let W be a Lipschitz solution of
OW — a3 A W — BAGW + F(x 4 0, (idga + 0) pm, W) - V, W
o, / div, Do W(t, 7,0, m, y)lm(dy) + / DWW (t,2,0,m,y) - F(y + 6, (idga + 6)m, Wm(dy)
= Gz +0, (idga + 0)wm, W) in (0,T) x R x RY x P, (RY),
with W(0,z,0,m) = Wy(zx + 0, (idga + 8)xm),
on [0,T), then
- Y(t,z,m) € [0,T) x R? x P, (RY),
0 W(t,x—0,0,(idga — 60)xm)
is a constant function.

- We: (t,z,m) = W(t,x,0,m) is a Lipschitz solution of (5.3) on [0,T).

Proof. The first claim is quite straightforward to prove, as it is just a simple matter of rewriting the system satisfied
by (Xs,0s,ms)se(0,. Indeed, for any (t,0,y, 1),

W(t, Yy — 9, 9, (ide — p)#/,L) = E[W?(Xt -+ gtv (ide + Ht)#mt)]
$E| [ GOX 0 lida + 0. g W)
0

dX, = —F(Xs + 0, (idga + 05) pgms, Wi)ds + /20,dBs Xo =y — 0,
dfs = \/2BdB? 6y =0,
dmgs = (—div (F(z + 05, (idga + 85)gms, W(t — s, 2,05, ms))ms) + 0,A;mg)ds  my = (idga — ) x4,
Ws=W(t — s, Xs,0s,ms).
By rewriting this system in function of (X, + 0)s>0 and (ms#(idga + 6))s>0 we get

W(t,y — 0,0, (idga — 0)4p) = E[W(t)(Xt + 0y, (idga + 0) 5my)]
+E [/ G(Xs + s, (idga + 05)2ms, W)ds| ,
0

dX, = —DyH (X, + 05, (idga + 05) pms, Wy)ds + /20,dBs X =y,
df, = \/28dB? 6, =0,
dmgs = (—div (DpH (2 + 6, (idga + 65)pms, W(t — s,2 — 0,05 + 0, (idga — 0)pms))ms) + 0. Azmy) ds,
mo=pu We=W({t—sXs—0,05+0,(idga — 0)xms).
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Fixing 6, let us observe that both (t,y,0,m) — W(t,y — 0,0 + 0, (idga — 0)xm) and (t,y,0,m) — W (t,y,0,m) are
fixed points of this equation. By uniqueness of the fixed point for Lipschitz solution, we necessarily have

Vi < T, (y,m) € R x Py(RY), W(t,y,0,m) =W(t,y— 0,0, (idga — 0)5m).
In particular, this implies that for any ¢ < T, (y,0,m)
W(t,y,0,m)=W(t,y+0,0,(idga + 6)xm).
A result that we may apply directly to rewrite
W(t,y,0,u) = E|Wo(Xy, (idga + 0¢)xmy) + /t G(Xs, (idga + 05)ms, Ws)ds} ,
dXs = —F(Xs, (idga + 05) g ms, Ws)ds + &EdBS +/28dB° X, =y,

db, = \/2BdB? 6y =0,
dms = (—div (F(z + 8, (idga + 05)ms, W(t — s,z + 05,0, (idga + 05)ms))ms) + 0, Azmy) ds,
mo=pu W= W(t -5, Xs,0, (ide + 95)#7213).

Since it is classical in MFG |10} [8] that under this definition, ms = (idga + 05)xms is a solution of
dinng = (—div (DyH (x, tite, W(ft — 5,2,m))ms) + (04 + B)Agms) ds — div (\/ﬁmsdBf) o = 1,
we conclude by uniqueness of Lipschitz solution that
(t,z,m) — W(t,x,0,m)
is indeed a Lipschitz solution of . (]

We now explain how this Lemma can be used to show the addition of additive common noise in ([1.3)) is non-
consequential.

Corollary 5.4. Under the same Hypothesis as in Theorem there exists a unique Lipschitz solution to the
equation

W + F(z,0,m,W) -V, W +b(0,m,W(t,-,0,m)) - VoW — (0, + B) AW — g9 AgW

+/ F(y,0,m,W) - D,W(t,x,0,m)(y)m(dy) — UI/ divy (D, W (t, 2,0, m)(y))m(dy)
Rd Rd

=28 [ div, (Do W)(t,2,0.m,)m(dy) ~ 6 [ 7 [D2, W (8,0, 5.5")] m{dy)m(dy)

=G(2,0,m, W) in (0,T) x R x R™ x P,(R?),
W(0,x,60,m) = Wo(z,0,m) for (x,6,m) € R? x R™ x Py(R?).

for any T > 0.

Proof. Rather than working directly on the Lipschitz solution to this equation we may consider an equation with
additional variables and without any additive common noise using Lemma [5.3] The variable coming from common
noise (say 67) is treated like an autonomous noise process as in Section and a doubling of variable (6,0) is
made in the variable associated to the noise process b only. From there on, there is no difficulty in extending the
arguments of section O

Obviously, this is also true for all other long time existence results presented in this paper, in particular Theorem
0. 12l

Remark 5.5. This stays true even when the Brownian motion associated to the common noise (B¢)s>¢ is correlated
with the common noise from the noise process (B?)s>0. Indeed, the only change in this case is that there is now a
cross derivatives term

Ty (FD2

(eﬁ,a,é)W> ’

with a matrix I of the form
Fﬂ Fcrass 1—‘cross
Fcross F@ FO > 0.
Fcross FO FO
At a point of minimum this term with cross derivatives has a sign, and so there is no further difficulty in applying
the maximum principle.
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