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ON LIPSCHITZ SOLUTIONS OF MEAN FIELD GAMES MASTER

EQUATIONS

CHARLES BERTUCCI', JEAN-MICHEL LASRY?, PIERRE-LOUIS LIONS?*

ABSTRACT. We develop a theory of existence and uniqueness of solutions of MFG
master equations when the initial condition is Lipschitz continuous. Namely, we show
that as long as the solution of the master equation is Lipschitz continuous in space,
it is uniquely defined. Because we do not impose any structural assumptions, such
as monotonicity for instance, there is a maximal time of existence for the notion of
solution we provide. We analyze three cases: the case of a finite state space, the case of
master equation set on a Hilbert space, and finally on the set of probability measures,
all in cases involving common noises. In the last case, the Lipschitz continuity we refer
to is on the gradient of the value function with respect to the state variable of the
player.
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INTRODUCTION

In this paper, we explain why there can be at most one ”sufficiently smooth” solution
of mean field games (MFG in short) master equations, in three different settings. We
first consider the case of a MFG master equation associated to a finite state space model.
In such a case, the master equation is a finite dimensional partial differential equation
PDE (in short). We then present analogue results in the so-called Hilbertian approach,
in which the master equation is a PDE set on a general Hilbert space; as well as a master
equation associated to a MFG with a continuous state space. Of course the concept of
a "sufficiently” smooth solution shall be detailed later on in the paper, and depends on
the setting of the equation, but it turns out that Lipschitz continuity in space/measure
is an important notion for the well posedness.

The mathematical study of MFG master equations have been initiated by the second
and third authors. These equations are PDE, which can be written in either finite or
infinite dimensional sets. They are an essential tool in the theory of MFG which are dy-
namic games involving non-atomic agents [18]. The main advantage of master equations
is that they allow to model a wide variety of games, namely ones involving so-called
common noises. We refer the reader to [19, 11, 13, 14, 3, 4] for more details on the study
of MFG master equations.

The main mathematical difficulty arising in the study of MFG master equations is
that, in general, such equations create shocks, or discontinuities. For instance, one of the
simplest and most famous PDE which can be a non trivial master equation is the Burger’s
equation. The so-called monotone regime has been identified in [18]. It prevents shocks
and allows to propagate some regularity for MFG master equations [19, 11, 4, 5, 7].
Hence in this monotone regime, one can study classical solutions of the problem on time
intervals of arbitrary length. Moreover, a weaker notion of monotone solution has been
introduced in [3, 4] and studied in [10]. It allows to deal with non-classical solutions
in the monotone regime. Let us also mention the work [22] which also deals with the
monotone regime. Other regimes of well-posedness exist, such as the so called displace-
ment monotone one, see for instance [15, 16]. However no proper notion of weak solution
exists in general.

Several results of well-posedness on short time horizons have been established, like
for instance [19, 14, 12, 2]. In these results, the authors prove that if the time horizon
is sufficiently small, then there always exists a unique classical solution of the master
equation. This approach is close to the the one we adopt here. In some sense our results

2



state that this idea can be pushed further, namely by using a weaker notion of solution.
Moreover, we can characterize this maximal time of well-posedness in terms of the Lip-
schitz regularity of the solution.

In this paper, we establish the fact that, starting from a sufficiently regular initial
condition, there exists exactly one solution of the master equation in a certain regularity
class up to a certain time, which depends on the initial condition. We believe this fact to
be quite general and to rely mostly on the form of the master equations. Even though it
seems unfeasible to treat all possible master equations at once, we give three examples
of settings in which this phenomenon happens to convince the reader of the generality
of this approach. We end the paper by discussing the implications that such results may
have as well as by giving some directions of extensions of this work.

Finally, let us insist on the fact that the approach we shall propose is clearly in the
spirit of the Cauchy-Lispchitz (or Picard-Lindel6f) theory of ordinary differential equa-
tions.

The rest of the paper is organized as follows. Section 1 presents our approach on the
more simple case of a finite state space. Section 2 generalizes this approach to master
equations set on Hilbert spaces and Section 3 treats the case of a continuous state space.
Finally we have gathered additional remarks and perspectives in Section 4.

1. THE CASE OF A FINITE STATE SPACE

For MFG with a finite (d > 1) number of states, the master equation generally takes
the following form

(1.1)
oU(t,x) + (F(z,U),VU(t,x) + AU (t,z) — (DS)*U(t, Sz)) = G(z,U) in (0,00) x O,

(1.2) U(0,z) = Up(z) in O,

where U : [0,00) x @ — R? and O is bounded domain of R?. The terms F : O x R — R?
and G : O x R? — R? model strategic interactions between the players, Uy is an initial
condition and the terms involving A > 0 and S : O — O model common noise in the
game. We refer to [19, 5] for more details on such models. For the rest of this section,
(-,-) denotes the euclidean scalar product of R?.

Remark 1.1. In this setting, for most of the model studied in the literature, the variable
x stands for the repartition of players. This choice of variable may seem strange since
x denotes the state of a single player in lots of models. However, because in several key
example of master equation this variable x does not stand for a repartition of players
[6, 1], we made this choice. A more general statement is that quite often master equations
can be of some importance in themselves, even though there is no proper underlying MFG.

Concerning the boundary conditions, we assume that O is smooth and that
(1.3) Yz € 00,¥p € RY, (n(x), F(z,p)) > 0,

which ensures that no additional boundary condition is needed. In the previous assump-
tion, n(z) stands for the normal vector to 9O, at the point x, pointing outward.
3



Remark 1.2. The smoothness of O is by no means important here. All the following
can be extended to non smooth O (which is often the case in applications). However, we
make this assumption to simplify the following discussion.

Accordingly, we also assume that S is such that S(O) C O.

1.1. The notion of Lipschitz solution for master equations. The main remark
at the origin of the notion of solution we propose here is the following: If we know the
map (¢t,x) — (F(z,U(t,z)), G(z,U(t,x))), then computing the solution of (1.1) reduces
to solving linear transport equation. Hence, a solution of (1.1) can be expressed a fixed
point of the composition of solving the linear transport equation and evaluating F' and G.

We now give a notion of solutions of the linear transport equation at interest, which is
by now standard, and refer to [20] for a presentation of recent developments on transport
equations. Consider the following transport equation of solution V : [0, 00) x O — R?

(1.4) OV (t,x) — (B(t,x), V)V (t,z) = A(t,z) in (0,00) x O,
with initial condition
(1.5) Vl]i=o(z) = Up(z) = in O.

In the previous, A, B : (0,00) x O — R% and Uy : © — RY. The linear transport equation
(1.4) can be solved by using the method of characteristics that we now recall briefly. Let
us assume that B is, uniformly in ¢, Lipschitz continuous in z. This implies that the
ordinary differential equation (ODE)
(16) 9 o(s) = Blt — 5, 2(5)),

ds
has a unique solution given any initial condition z € O and time interval [—t,t]. Fur-
thermore, assume that B satisfies (1.3) so that O is invariant by (1.6), i.e. z(s) € O for
all s € [0,t]. The method of characteristics states that a classical solution V of (1.4)
satisfies

(1.7) V(t,m):/o At — 5,2(s))ds + Up(z(1)).

Here, we shall use this relation as the notion of solution of (1.4).

Definition 1.3. Take a final time T, a time dependent vector field B : [0,T] x O — R?
satisfying (1.3) as well as being, uniformly in t, Lipschitz continuous in x € O. For A
and Uy continuous, the solution of (1.4) is the function defined for every (t,z) € [0, T]xO
by (1.7). In this case, we note

(1.8) V = U(T, A, B,Uj).

Remark 1.4. The previous definition indeed defines a mapping ¥ because we can con-
sider a solution of (1.6) from any initial condition and arbitrary time length.

We then provide the following definition of a Lipschitz solution of the master equation
(1.1).

Definition 1.5. A Lipschitz solution U of (1.1), on the time interval [0,T), is a function
such that
4



e U is Lipschitz in x € O, uniformly in t € [0,a] for any a < T.
e Foranyt<T

(1.9) U=1 (t, G(-,U) = MU — (DS)*U o S), —F(-,U), U0>.

This, quite classical, definition of a solution of a non-linear PDE has the advantage
that it allows us to define a concept of solution for merely Lipschitz (in the space variable)
functions. The following result is immediate.

Proposition 1.6. A classical solution of (1.1) is a Lipschitz solution of (1.1) in the
sense of Definition 1.5 on any time interval. Moreover a Lipschitz solution is a classical
solution if it is smooth.

Proof. First part of the claim.The proof of this result is a simple computation. Con-
sidering a classical solution U. Take the time derivative of both U and ¥(¢,G(-,U) —
MU = (DT)*U o T),F(-,U),Up). It is immediate to verify that they are actually the
same, hence that U is also a Lipschitz solution of (1.1).

Second part of the claim. Consider a smooth Lipschitz solution of (1.1) on [0,T).
Take t > 0,7 € O and denote by (z(s))sejo, the solution of

(1.10) df;f) = P(a(s), Ut — 5,5(5)))

with initial condition . Observe now that, for dt > 0 sufficiently small

(1.11) .,

U(t,x)=U(t—dt,z(dt)) = ; G(z(s),U(t—s,x(s))) =AU (t—s,x(s))—(DS(z(s)))*U(t—s, Sx(s)))ds.

Hence dividing the previous relation by dt and letting dt — 0, we recover that U indeed
solves (1.1). 0

1.2. The main result on Lipschitz solutions. In the spirit of the usual theory of
ODE, we are able to prove the following result for such Lipschitz solutions.

Theorem 1.7. Assume that F and G are locally Lipschitz functions, that S is smooth
and consider a Lipschitz initial condition Uy : O — R,

o There always exists a time T > 0 such that there exists a unique solution of (1.1)
in the sense of Definition 1.5 on [0,T).

e Moreover, there exists a maximal time T° € [0,00] and a solution U associated
to T such that, for any solution V' of the problem on an interval [0, T]: we have
that T' < T° and the restriction of U to [0,T) is equal to V.

o IfT° < o0, then ||DyU(t,")|loc = 00 ast — T°.

Remark 1.8. Let us insist on the fact that O is assumed to be bounded here, and hence
that Uy is bounded and that, for C > 0, F and G are Lipschitz continuous in x € O,
uniformly in |p| < C. Cases in which the domain of the equation is unbounded are
treated in the next section.
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Proof. Consider T' > 0 and introduce the mapping ® defined by

®:.F — Fy,
(1.12) .
U— Y (T,G(,U)—=\NU - (DS)*UoS),—F(-,U),Uy ),
where
(1.13) Ec:={U:[0,T) x O = R ||U]|oo < C, || DeUl|oc < C}.

Step 1: @ is well defined. First we want to show that ® is well defined, i.e. that
it takes its values in En,. Take U € E. The fact that ®(U) is bounded is a direct
consequence of (1.7). We now show that ||D,®(U)||c < oo. In fact, we are going to
show that as soon as A, B and Uy are Lipschitz in the space variable x, uniformly in
[0, T), then | D, U(T, A, B, Up)|lso < .
Let us denote by &(t, s, ) the flow of the ODE (1.6). That is, given ¢ > 0, an initial
condition z € O, {(t,s,x) = x(s) where (z(s))s>0 is the unique solution of (1.6).
Differentiating (1.7) with respect to z yields for t < T,z € O
(1.14)

t
D, (T, A,B,Upy)(t,x) = / Dy A(s,&(t,s,2))Dg&(t, s,x)ds + DyUp(z(t))Dg&(t, 1, x).
0
Let us recall that, since B is uniformly Lipschitz, the flow & is Lipschitz in x, uniformly

in t,s. Then the bound on ||D,V(T, A, B,Up)||~ follows, from which we deduce that
®(U) € Ex. Moreover, if T is chosen sufficiently small, then there exists C' such that

(1.15) sup || DyUlloo < C = sup [[Dy®(U)[|oe < C.
t<t1 t<t1

Hence, if T is sufficiently small and C sufficiently large, ® maps E¢ into itself.
Step 2: & is a contraction. We now show that ® is a contraction on E¢o for the
| - |[co norm, if 7" is chosen small enough and C' is chosen large enough. From (1.7), we

deduce that, for any U,V € B, t < T,z € O
(1.16)

(CI)(U) - (I)(V))(t7$) = /O G(fl(ta 3733)’ U(’S?gl(t? 8,$))) - G(&?(ta S, :E)v V(Sa£2(tv 8,1‘)))d$
—/\/O (DS(&u(t,5,2))) Ut — s, T(&1(s = t,x))) = (DS(&(t, 5,2)))"V(t — 5, 5(&a(t, s, 7)))ds

t
+ )‘/ V(t - Sa&Q(ta S, ZE)) - U(t - sagl(tv s,:v))ds,
0
+ U0(§1 (t> S, :L‘)) - UO(&Q(ta S, l’)),
where £ and & are the flows associated to respectively U and V', that is &1 (¢, -, -) is the
flow of the ODE
d

(1.17) %x(s) = —F(x(s),U(t — s,2(s))),
6



while &(t, -, ) is the flow of the same ODE when U is replaced by V. To deduce the
contraction property from (1.16), it suffices to show that

(118) |£1(t,8,.13) _52(t75?$)| StC”U_VHOO
Indeed if (1.18) holds, then we can bound the right hand side of (1.16) with
(1.19)

HCaClU = Voo + Ca(|U = Voo + [D2U||oClIU = V|oo))+
+ M(ID?S||oo[[U [ C U = Voo + [IDS5(1U = Voo + DU ClIU = Vo))
+ /\t<HU - VHOO + HDIUHOOCHU - VHOO) + HDJEUOHOOtC”U - VH007

where C¢ is the Lipschitz constant of G on {(z,p)|z € O, |p| < C}. Hence, we deduce
that for any C > 0 such that ®(Ec) C ®(E¢), there exists T > 0 such that ® is a
contraction on E¢ for the || - ||oo norm. It then remains to show (1.18). Let us compute,
for U,V € E¢

(1.20)

%(fl(tasvx) *52(@5"%)) :|F(€1(t,5,$),U(7§*S,fl(t,S,CE))) (52(7f ) (tis 52(7f § :E)))|

SIF(Gu(t, s,2), U(t = 5,61(t,5,2))) = F(&(t,5,2), V(E = s,81(t, 5, 7)))|
+ |F(§1(t7 S,l‘),V(t - Saél(t’ va))) F(fl(t S fL‘) (t - 5’52(t’ S,SL‘)))|
+ |F(§1(tvs’x)’v(t_5a€2(t’57$))) (52(75’8 fL‘) (t_5’£2(t’svx)))|

<Cr||lU = Vl]loo + Crl|D:V || l€1(t, 5, 2) — &a(t, 5, 7))
+ Crl&(t, s, z) — &t s, 2)|.
Defining I(s) = |£1(t, s, ) — &a(t, s, x)|, we recognize that it satisfies an inequality of the

form

d
ds
Hence, since 1(0) = 0, we obtain from Grénwall’s Lemma that I(s) < e“® — 1, from
which (1.18) follows.

(1.21) I(s) < C(1 + I(s)).

Step 3: Existence of a fixed point. Let us now remark that for C > 0, there
exists L > 0 such that for any U € E¢,|0:U||c < L. Hence, ®(E¢) is contained in
subset of uniformly Lipschitz and bounded functions on [0,7") x O.

We now take C' > 0 large enough so that ®(E¢) C Ec and T > 0 small enough so that

® is a contraction on (E¢, || - |[|co). Frollowing the classical proof of Picard’s fixed point
theorem, we deduce, using Step 2, that for any U € E¢, the sequence (®"(U))p>0 is a
Cauchy sequence in (E¢, || - [|s). Hence it converges, thanks to Ascoli-Arzela Theorem,

to a limit U* € F¢. From the continuity of ®, we deduce that U* is indeed a fixed point
of ®.

Step 4: Uniqueness of solutions and critical time of existence. To prove the
rest of the claim, let us consider

(1.22) T¢ = sup{T > 0|3 a Lipschitz solution of (1.1) on [0,T)},
7



and sequences (T}, )n>0, (Un)n>0 such that for all n > 0, U, is a Lipschitz solution of (1.1)
on [0,T,) and T), Ty—0o T¢. For n < m, consider T, = inf{t € [0,T},), 3z € O,U,(t,z) #
Un(t,x)}. If T, > —o0, then by using Step 2 on the initial condition Uy(z) = U, (t—e¢, x)
for € > 0 sufficiently small, we arrive at a contradiction. Hence we deduce that all the
Lipschitz solutions coincides up to time T°.

Let us now assume that 7° < oo and that there exists C' > 0 such that || D,Up||cc < C
for all n > 0. Consider 6 > 0. By applying Step 3 to the initial condition U, (T° — ¢, x),
for n such that T, > T° — §, we deduce that there exists a time of existence of a
solution € > 0, which is bounded from below by a constant which depends only on C,
thanks to the computation of the previous part of the proof. Hence, choosing § > 0
sufficiently small, we arrive at a contradiction since this allows to extend the solution
Uy, on [0,T,, — § + €), while being a solution of (1.1) on this time interval. Hence, we
necessary have that limy_,pe || D,U(¢,)||cc = +00 (in the case T° < 00).

d

Remark 1.9. Obviously the previous proof is very much in the spirit of the standard
theory of ODE. Maybe the main difference here is that we show that ® is a contraction
for the || - ||oo norm while we need to verify that it is defined from a space of Lipschitz
functions into itself.

1.3. Comparison with the usual notion of characteristics for MFG. Let us
recall that, in the MFG community, the notion of characteristics associated to (1.1) is
in general a forward backward system. In this setting, this system takes the form

(1.23) {iltY(t) =G(y(t),Y(t)) for t € (0,7),

—dy(t) = —F(y(t),Y (t)) for t € (0,T),

which is often associated with boundary conditions of the form Y (0) = Up(y(0)),y(T") =
xg, where zg € O, and T > 0.

In our approach, we do not need such complex forward-backward system of character-
istics, since, in particular, we can deal with only the forward equation (1.6). We believe
that this makes our approach easier to work with than most of the existing literature on
the construction of solution of the master equation in short time intervals.

1.4. Time regularity of Lipschitz solutions. We now explain why Lipschitz solu-
tions of (1.1) are necessary locally Lipschitz in t. Even though this was present in the
proof, we present the following argument as it is more intrinsic. To simplify the notation,
we consider the case A = 0, although this does not bear any importance. This fact is
quite simple and maybe the best understanding is through the fact, once a bound exists
on D,U, we can read a bound on 9;U on (1.1). A more rigorous approach consists in
making the computation, for U a Lipschitz solution of (1.1) and ¢t > s > 0,2 € O, and
8



x(+) the solution of (1.7) with initial condition z
(1.24)
U(t,x) = Us,2)| < |U (t,2) = U(s, x(t = 8))| + |U(s,2(t — 5)) = U(s, 2)|

— 8, x(8))ds'| + Clx(t — 5) — |

t—s

Ut — s, 2(s)))ds'| +C F(z(s),U(t —s',2(s")))ds

0
< C'|t— s|.

From this computation, we obtain the

Proposition 1.10. Under the assumptions of Theorem 1.7, consider the Lipschitz so-
lution U of (1.1) on the mazximal time of existence T¢. Then, for any T < T¢, U is
Lipschitz on [0,T] x O.

Remark 1.11. To avoid repeating the same argument multiple times, we shall not
present this result for the next cases, although they actually hold. Maybe the only point
of difference is that in general, the Lipschitz reqularity in time is only local in space,
which does not appear since O is bounded.

1.5. A strong-weak like uniqueness result. Even though there does not exist a
general notion of weak solution of MFG master equations, we explain why the existence
of a Lipschitz solution may yield uniqueness of solutions in a wider class of notion of
solutions. To present this idea, we show that any limit V' of a sequence of smooth
functions (V;)¢>o which are almost solution of (1.1), is actually equal to the Lipschitz
solution of (1.1) U, when U exists of course. Once again, we are in this section in the
case X\ = 0, to simplify notation. We can prove the following.

Proposition 1.12. Consider a Lipschitz solution U of (1.1) on the time interval [0,T°).
Assume that, for any T € (0,T°), there exists C > 0 such that for any e > 0, any classical
solution V¢ of

10:Ve + (F(x, Vi), Va) Ve — G, V)| < € in [0,T) x O,

|Ve(0,z) — Up(x)| <€ in O.
Then the following holds for some constant C' depending only on €,T, Uy, F' and G
(1.26) sup |U(t,x) — Ve(t,z)| < Ce.

t<T,xzcO

(1.25)

Proof. To simplify notation we omit the index ¢ on V. Let us consider ¢ > 0 and
i€ {l,..,d},x* € O such that

(1.27) Ult,z*) — Vi(t, 2*) = max{U’ (t,z) — VI(t,z)}
7,

Consider £ > 0 and the solution z(-) of the ODE

(1.28) %x(s) =—F(x(s),U(t + k — s,2(s))),

with initial condition z* and y(-) the solution of the ODE

() = —Fy(s), V(E+ 5 — 5,9(5))),

(1.29) -
9



with also initial condition x*. Let us now compute
Uit + k,z*) = Vit + r,x*) = Ul(t, z*) + Vi(t,z*)
=U'(t+r,2%) = U'(t,x(k)) = Vit + K, 2*) + V*
+ Ut 2(k) = U'(t, %) + Vit,2*) — Vi(t, y(k

(t,y(r))

)

S/ G'(s,U(t +k — s,2(s5))) = G'(s, V(t + £ — 5,y(s))) + eds
0

(1.30)

+U'(t,2(r)) = U'(t, y(k))-

Let us now remark that, since U is uniformly Lipschitz, we deduce that

(1.31) U (¢, 2(k)) = U'(t, (k)| < Cla(r) = y(x)].
From (1.28) and (1.29) we finally deduce that
(1.32) U (t, x(k)) = U'(t,y(k)] < CKIU = V]|os.

Hence, dividing by x and taking the limit x — 0 in (1.30), we obtain

L Uit 2%y = Vit a*) < CllUM ) — V(L | + €.

(1.33) 7

From this, we obtain that

(1.34) %IIU(t, )=Vt )lleo <CNUE ) = V(T )lloo + €.

Hence, we deduce from Gronwall’s Lemma that

(1.35) Ut ) =Vt oo + e < 26,

from which the Proposition immediately follows. O

Remark 1.13. From the previous result we can indeed deduce that the Lipschitz solutions
attracts the limits of approzimations of (1.1), since the constant C in (1.35) does not
depend on V..

2. THE HILBERTIAN CASE

In the so-called Hilbertian approach, introduced by the third author, the typical form
of a MFG master equation with common noise, is

(2.1) U Z)\ 0:U(t, X) + (F(X,U),V)U(t, X) = G(X,U) in (0,00) x H,
=1

where (H, (-, -)) is a real separable Hilbert space, with an orthonormal family (e;);>1 and
F,G: H x H— H. In the previous, the term (F(x,U), V)U is understood in the sense
that we are taking the Gateaux derivative of U in the direction F'(z,U) and 0;; refers
to the second order derivative with respect to e;.
The master equation (2.13) is related to more ”classical” master equations set on
the space of probability measures. A typical example of the latter is written below in
10



equation (3.34). The two approaches are concerned with the same model when:
H = L*(,RY),B = D,H

(2.2) o=0 =0,\ =00li<q, F(X,U) = D,H(X,U),
G(X,U)=-D,H(X,U, L(X)),

where (€2, A, P) is a standard probability space and £(X) denotes the law of the random

variable X, and when the first d components of (e;);>1 are the component of the canonical

basis of R?. In this case, we expect that given classical solutions U and U of respectively
(2.13) and (3.34), the following holds for all X € L?(Q,R%),

(2.3) VLUt X, L(X)) = U(t, X).

2.1. The deterministic case. As the theory of ODE in Hilbert spaces does not raise
any particular difficulty, we can easily adapt the results of the previous part to the
so-called deterministic equation (i.e. the case Vi, \; = 0)

(2.4) U + (F(z,U),V)U = G(z,U) in (0,00) x H,

(2.5) U(0,z2) = Up(z) in H.

In tis context, there is also an associated linear transport equation. Given two vectors
fields A, B : [0,T) x H — H, we say that V : [0,T) x H — H is a solution of the linear
transport equation

(2.6) oV — (B(t,x),V)V = A(t,z) in (0,T) x H
if V satisfies for all t € [0,T),x € H

(2.7) Vit z) = /t At — 5, €(t 5,2))ds + Up(€( 1, 7)),
0
where &(t, -, ) is the flow of the ODE

(2.8) (s) = B(t —s,z(s)).

ds”
Note that, as in the finite state space case, the flow is well defined as soon as B is
Lipschitz in z, uniformly in ¢ for instance. Hence in this case, the formula (2.7) makes
sense as soon as A and Uy are continuous for instance. We also define the operator ¥
with W(T, A, B,Uyp) is the function given by (2.7). As in the previous section we can
define a notion of Lipschitz solution and give a result of existence and uniqueness.

Definition 2.1. A Lipschitz solution U of (2.4) on the time interval [0,T) is a function
such that

e U is Lipschitz in x € H, uniformly for t € [0,«] for any o < T.
o Foranyt<T

(2.9) U:\Il<t,G(~,U),—F(-,U),Uo).
Theorem 2.2. Assume that F' and G are Lipschitz functions. For any Lipschitz initial

condition Uy : H — H:
11



e There always exists a time T > 0 such that there exists a unique solution of (1.1)
in the sense of Definition 2.1.

e There exists a mazimal time T € [0, 00] and a solution U associated to T such
that, for any solution V' of the problem on an interval [0, T]: we have that T < T*¢
and the restriction of U to [0,T) is equal to V.

o If the maximal time T€ is such that T¢ < oo, then || DyU(t)||co — 00 as t — T€.

Proof. This proof is very similar to the one in the finite state space case, hence we only
the detail the main difference which is the fact that we consider an unbounded initial
condition here. Since we assumed that F' and G are globally Lipschitz, the only point
where we need some uniform estimates on Lipschitz solutions is when we consider the
set Ec on which we want to use some fixed points results. In this setting, it is natural
to consider the set defined by

(210) Ec =X U:[0,T)x H—U,sup sup R 'U(t,z)| <C,||DxUle <Cp.
R>01t€[0,T),|z|<R

The argument of the previous proof can be carried on on those sets simply by remarking

that now, all the functional convergence shall be locally uniformly in x € H. O

As an application of the previous result, let us consider the case of the master equation
(2.11) U + (U, Vz)U =01in (0,00) x H,

with initial condition Uy(x) = A(z) for some linear operator A such that A* = A.
Remark that the solution of this master equation is simply given by U(t,z) = A(t)x,
where (A(t))¢>0 is the solution of

d

(2.12) %A(t) + A(t)? = 0.

Hence we are here in the situation 7¢ < oo except in the cases in which A > 0, which
corresponds to the monotone regime which is known to propagate Lipschitz regularity
for MFG master equation.

2.2. The case of common noise. We now turn to master equations involving a com-
mon noise, which is slightly more involved than the previous one. Moreover it will help us
to understand how to extend this mathematical analysis to the case of master equations
set on the space of probability measures. Recall that we are interested in the master
equation

(2.13)  oOU(t,x) — i Xi0yU(t,x) + (F(z,U),V)U(t,z) = G(z,U) in (0,00) x H.
i=1

The presence of second order terms in this master equation imposes to use stochastic
characteristics of the associated linear transport equation. Indeed, consider the linear
(possibly degenerate) parabolic equation

(2.14) OV — > N0V — (B(t,x), V)V = A(t,z) in (0,00) x H,
i=1
12



with initial condition

(2.15) Vl]i=o(z) = Up(x) in H,

where A, B : [0,00) x H — H and Uy : H — H. Let us consider, for ¢ > 0 the stochastic
differential equation (SDE in short) in H that we write component wise on the family
(ei)i>1

(2.16) dX! = B'(t — s, Xs)ds + / 2\ dW,

where (W?);<; is a collection of independent real Brownian motions on (£2, 4, P). In the
case in which B is Lipschitz in ¢ € H, uniformly in ¢, the SDE is well defined, it even

admits strong solutions. In this context, it is thus meaningful to introduce the following
Feynman-Kac representation formula for ¢t < T,z € H

(2.17) V(t,x)=E [/OtA(t — 5, X,)ds + Up(X)| Xo = x| ,

where (X;)s>0 is of course the solution of (2.16), conditioned here to take initial value
x. The function V defined by this formula is denoted once again by
(2.18) V = U(T, A,B,Up).

This remarks naturally leads us to the

Definition 2.3. Given a timeT > 0, a function U : [0,T) x H — H is called a Lipschitz
solution of (2.13) if

e U is Lipschitz in x € H, uniformly in t € [0,a] for any o € [0,T),
o Foranyt <T,
(2.19) U=Y(tG(-U),—F(,U),U).
As in the previous cases, we can establish the following Cauchy-Lipschitz like result.

Theorem 2.4. Assume that F' and G are Lipschitz functions and that Y2 Aj < oo.
For any Lipschitz initial condition Uy:

o There always exists a time T > 0 such that there exists a unique solution of
(2.13) in the sense of Definition 2.5.

o There exists a mazimal time T € [0, 00] and a solution U associated to T such
that, for any solution V' of the problem on an interval [0,T): we have that T < T°
and the restriction of U to [0,T) is equal to V.

o IfT°¢ < o0, then ||DyU(t)||oc — 00 ast — T°.

Proof. Consider T' > 0, a bounded Lipschitz function Uy and the function ® defined by
(220) CI)(U) = \I/(T¢G(7U)>_F(7U)7UO)
Let us consider the set E¢ for C' > 0, defined in (2.10).

Step 1: @ is well defined. Consider a function U : [0,7) x H — H which is,
uniformly in ¢, Lipschitz in £ € H. Then, uniformly in ¢, it is also the case for z —
F(z,U(t,x)) and * — G(z,U(t,z)). This implies that, given ¢ > 0 and an initial
condition, the SDE
(2.21) dX! = —F'(Xs, U(t — 8, Xs))ds + /2\dW?,

13



is well defined. Denote by (XY)e0,7) the strong solution of the previous SDE with
initial conditions x € H. Remark that, for any z € H, (XZ)s>0 satisfies

1

E[|X2|] < C/SE[|XS/|]ds’+E <§ :2>\i(W§)2>2
0 i
< c/s B Xy [Jds' + C(1+ 3 M),
0 i

Hence sup,>q E[|X{[] < oo and thus the function @ is indeed well defined on the set of
functions U such that || D,U||e < 00. It is valued in E.

(2.22)

Step 2: ®(E¢) C E¢ for C large enough and T small enough. From (2.22), we
immediately deduce that if T" is small enough and C is large enough, then U € E¢o =
|2(U)||co < C. Let us now compute for z,y € H and t > 0
(2.23)

B (¢, ) — BU) ty|—\ [/ GXE.U(t = 5,XD)) = G(XY, Ult — 5. X1))ds|
+ [E[Uo(XY) — Uo(XY)]]

<CE[|XT — XY[] + E [/ C|xT - X§|ds] |
0

The following estimate holds almost surely
(2.24) d(X} = X{) < | DxFlloolX{ = X + | DpFlloo || DUl oo | X} — X

Hence we deduce from Gronwall’s Lemma and from (2.23) that D,®(U) is uniformly
bounded and that, choosing T sufficiently small, we can guarantee that there exists
C > 0 such that

(2.25) sup |[DxU(t)||co < C = sup || Dx®(U)(t)||o < C.
t<T t<T

Step 3: @ is a contraction if T is small enough. Consider U,V € E¢, and let
us compute for t < T ,x € H

[@U)(,2) = 2(V)(t,2)| =

(2.26) _ ' . _
_ ’E [UO(Xt)—Uo(Xt)Jr/U G(XS,U(t—s,XS))—G(XS,V(t—s,XS))ds]

)

where (Xs)gep,7] is the strong solution of (2.16) with initial condition z and (Xs) s€[0,T]
is the strong solution of (2.16) with initial condition x when U has been replaced by V.
Hence, almost surely, we have the estimate

(2'27) d|X8 - XS‘ < HDZ'F”OO‘XS - Xs’ + HDPFHOO(HU - V”oo + HDJ?UHOO‘XS - Xs’)

From this estimate, we immediately deduce from (2.26) that ® is indeed a contraction
for the || - ||oo norm if 7" is small enough. The rest of the proof follows exactly the same
argument as the proof of Theorem 1.7.
O
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3. MASTER EQUATIONS ON THE SET OF PROBABILITY MEASURES

3.1. Setting and notation. In this section, we address master equations set on the
space of probability measures in cases with and without common noise. We start by
presenting the case of the master equation without common noise and we turn to the
general case later on. Hence we study first the PDE

U (t,z,m) + H(x,V U(t,z,m),m) — cAU(t,x,m)
+ [ B VLUt ym) DUt y)m(dy)
(31) Rd

— J’/ divy (DU (t, z,m,y))dm(y) = 0 in (0, 00) X T % P(Td),
Rd

(3.2) U(0,z,m) = Up(x,m) in T¢ x P(TY).

Here, T? is the d dimensional torus, P(T¢) is the set of probability measures on T¢,
H: (z,p,m) = Rand B : (z,p,m) — R? are given functions, 0,0’ > 0 are constants.

Remark 3.1. In a lot of cases studied in the literature, B is equal to DyH and o = o’.
Because these assumptions play no role here, we remove them, just as it was the case in
the previous sections.

Remark 3.2. The choice of the d dimensional torus T¢ as the state space does not
play any particular role except the one of simplifying the formulation of some statements
in the following. Moreover, the setting at hand is sometimes refers to as the one of
“extended MFG” as in [21].

Remark 3.3. The same study could be carried on if the coefficients o and o’ depend on
x and m, provided that this dependence is sufficiently smooth, but we do not consider
this case to keep the following more understandable.

The derivatives with respect to the measure argument are defined in the following
way. For a function F': P(T%) — R, when it is defined, we denote for m € P(T9),z € T¢

F(1-nh ho,) — F

(3.3) Vo F(m, z) = lim 1L =M+ hde) = F(m)

h—0 h
where 9, is the Dirac mass at . Furthermore, when it is defined, we note for m €
P(T),x € T4,
(3.4) Dy F(m,x) = V,V,F(m, ).
Let us remark that if V,,, F'(m, -) and D,,, F'(m, -) are well defined, then for m, m’ € P(T9),
¢: T4 - R?

F((1—=h)m+hm') — F(m)

(3.5) » Vi F(m,z)(m' —m)(dz) = flg% - ,
(3.6) Dy F(m. z) - $(x)m(dz) = lim \T4Fhdlym) = Fim)
Td h—0 h

where Tum denotes the image measure of the mesure m by the map 7.
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In all the following, we are going to equip P(T¢) with the Monge-Kantorovich distance
d; defined by

(3.7) di(m,m') = sup fd(m —m/).
LIV flloo<t /T4

This distance is a metric for the weak convergence of measures. Moreover, it is a norm
when extended to the set of measures on T?. Considering a function F' : T¢xP(T?¢) — RY,
we also introduce the notation

(3.8)

Lip(F) = sup [z — y| ™ [F(w,m) — F(y,m)| + sup d(m,m')"[F(z,m) — F(z,m)|.

T,y,m x,m,m’

Remark 3.4. Having chosen this distance, adapting the following results to master
equations which are set on sets of measures with different masses is quite immediate.
FEven though we are not going to discuss anymore this fact, we believe it is worth insisting
on the fact that the choice of dy is particularly natural because of all the MFG in which
the mass of players does not remain constant.

Several approaches can be taken here. We present one in details and sketch a second
one later on. This first approach is hinted by the previous section which suggests to
consider the PDE satisfies by the function W (t,z,m) := V,U(t,x,m) where U is the
value function of the MFG. If the value function U is indeed a (say classical) solution of
(3.1), then its spatial gradient W is a solution of

(3.9)
OW + DpH (z, W, m) - V., W — oc A, W (t,x,m)

+ dB(y7W(taya m)vm)DmW(t7$am7y)m(dy)
R

— 0// divy (D W (t, z,m,y))dm(y) = —VoH(z, W,m) in (0, 00) X T4 x P(TY),
Rd
The transport equation naturally associated to this previous nonlinear PDE is simply
OV (t,z,m) —b(t,z,m) -V, V(t,x,m) — oA V(t,x,m)

— U'/ divy (D, V(t,z,m,y))dm(y) = A(t,z,m) in (0, 00) x T % P(Td),
Rd

where b, B, A : [0,00) x T4 x P(T?) — R are given vector fields.

As in the previous settings, the solutions of the transport equation (3.10) are naturally
given by a representation formula. Moreover, from the presence of a second order term in
x, the evolution equation associated to this variable is stochastic. This does not raise any
particular mathematical difficulty. The associated Feynman-Kac representation formula

16



is then
(3.11)

t
vt e [0,T),z € T4 m, € P(TY, V(t,z,m.) =E {/ A(t — s, Xs,m(s))ds + Up(X¢,m(t)) |,
0

where (X5, m(s))s>o is the solution of the following SDE-PDE system
dXs =b(t — s, Xs,m(s))ds + vV20dWs; for s < t,

(3.12) . . )
Osm = —div(F(t — s,z,m(s))m(s)) + o’ Aym in (0,t) x T%,

with initial conditions x and my, where (Ws)s>¢ is a d dimensional Brownian motion on
a standard probability space (£2,.A,P). Let us recall that the link with equation (3.10)
can be observed by computing

(3.13) (dt)" 'V (t, 2, my) — E[V(t — dt, Xg¢, m(dt))]

and letting dt — 0.

We denote by ¥ the operator which is defined by the representation formula (3.11).
That is, the function V given by the right hand side of (3.11) is denoted by V =
U(T,b, F, A, Up).

3.2. Main definition and result. We can now easily state the following definition of
solution of (3.9).

Definition 3.5. Given an initial condition Uy, a Lipschitz solution of (3.9) on [0,T) is
a function W : [0,T) x T¢ x P(T4) — R? such that
o W is Lipschitz in x,m, uniformly in [0,t] for any t <T.
o Foranyt <T,
(3.14) W =V(t, DpH (z, W,m), B(x, W, m), —D, H(x, W,m), Up).
Remark 3.6. In this context, W is not asked to be a gradient in x.

We can produce the same type of result for this notion of solution.

Theorem 3.7. Assume that:
o The function H is such that D, H and D,H are globally Lipschitz functions.
e The function B is a globally Lipschitz function.
Then, for any initial condition Uy such that V, Uy is Lipschitz:
o There always exists a time T > 0 such that there exists a unique solution W of
(3.1) in the sense of Definition 3.5.
e There exists a mazimal time T € [0, 00] and a solution W associated to T such
that, for any solution V' of the problem on an interval [0,T]: we have that T < T*¢
and the restriction of W to [0,T) is equal to V.
o If T < oo, then Lip(W(t,-,-)) = oo ast — T°.

Proof. The proof of this result follows the same line of argument as the previous ones.

Consider a time 7' > 0, the map

(3.15) O(W) =U(T,DpH (z, W), B(x, W,m), —DyH(z, W,m), Up).
17



and the set

(3.16)  Ec:={W:[0,T] x T* x P(T%) = R, |W||s < C,sup Lip(W(t,-,-)) < C}.
t<T

Step 1: @ is well defined. Take W € E,. Setting b(t,z,m) = —D,H (z, W(t,z,m))

and F(t,z,m) = B(x,U(t,z,m),m), we remark that the system (3.12) always has strong

solutions for ¢ < T'. Hence from the continuity of V,Uy and V,H, we deduce that ® is
indeed well defined.

Let us now recall a standard estimate on Fokker-Planck equations. Consider m; and

me solutions of
dsm; — ' Agmy + div(b;(s, z)m;) = 0 in (0,T) x T¢ for i = 1,2,
mi|s=o0 = K,

(3.17)

where by, by : [0,T) x T — R? are both bounded in s, z, and Lipschitz continuous in z,
uniformly on [0,¢] for ¢ < T. Then, for any s <t < T, there exists C; depending only
on the bounds on b such that

(3.18) di(mi(s), ma(s)) < C’/O 161(s) — b2(s)||ccds.

This estimate is classical and a proof is provided in appendix for the sake of completeness.

Let us show that ®(Fy) C Ex. Consider W € E,, m; and mg and let us compute
fort < T,z € T,
(3.19)

| (W) (t,x,my) — P(W)(t,x,ms)| = E{/O —VH(X1 5, W(t —5,X1,5,mi(s)), m(s))
+ Vo H(Xo5, W (s, Xa,5,ma(s)), ma(s))ds
+ szO(Xl,ta ml(t)) — V;EUO(XQ’t, mg(t)) s

where the (X; s, m;(s))s>0 are the solutions of
(3.20) dX;s = DpH (X, W(t — s, X;s,mi(s)), mi(s))ds + V20dW, for s < t,
. dsm; = —div(B(z, W (t — s, 2,m;))m;) + o' Agm; in (0,t) x T,

with initial conditions m; and X; o = x. Furthermore, since W € E,, we can use the
estimate (3.18) to deduce that, for ¢ < T, there exists C' > 0, depending only on the
data of the problem, such that

(3.21) di(my(t), ma(t)) < VPt (my, my).
Moreover, the following holds almost surely

d|X1,s — Xos| <[|DppH ||ocLin(W)(d1(ma(s), ma(s)) + [ X1s — Xos])
(3.22) + [ DpaH [|oo| X1,s — X2]

< CLip(W)| X1, — Xo| + eHPMWITA, (my, my).
18



Hence, we obtain using Gronwall’s Lemma that, almost surely, for s < T
(3.23) | X175 — Xo| < (eCHPWIs _1)eCLPWITY (1m) my).

Using (3.21) and (3.23) in (3.19) and using the regularity assumptions on H and f, we
finally deduce that

(3.24) |D(W)(t,z,my) — DW)(t, z,ma)| < CeCYPMWITQ, (my,my),

where C' > 0 is a constant which depends only on Uy, H and B. The same type of result
is also true for estimating the Lipschitz constant of ®(W) in x but we do not present it
here. Thus, it follows that ®(Fs) C Fu.

Moreover, if C' is sufficiently large, then for T sufficiently small, ®(E¢) C E¢.

Step 2: ® is a contraction. We now show that, if T is small enough, then ® is a
contraction. Take Wy, Ws € E and compute for t < T,z € T4, m € P(T9)
(3.25)

‘(I)(Wl)(tvxvm) - (I)(WQ)(tax’m)‘ = ‘E|:/O _va(X1,57W1(t - 8>X1,Sum1(8))aml(8))
+ va(Xls; Wg(t — S, X27S, ?’)’LQ(S)), THQ(S))dS

)

+ Vo lUo(X14,ma (1) — VaUo(Xay, m2<t>>]

where the (Xj s, m;(s))s>0 are the solutions of
(3.26) dX; s = DpH (X s, Wi(t — s, Xis,mi(s)), mi(s))ds + vV20dW; for s < t,
' dsmi = —div(B(z, W;(t — s, z,m;), m;)m;) + o’ Agmy in (0,1) x T4,

with initial conditions m; = m and X;p = x. From estimate (3.18) and the regularity
of B, we obtain that for ¢ < T, there exists C > 0 such that
(3.27)

di(mq(t), ma(t)) < C/O Wit —s,-,mi(s)) — Wa(t — s, -, ma(s))]|ccds

< C/O Lip(Wl)dl(m1(8)7m2(5)) —+ HWl(t — S ) - WQ(t -5 ')HOOdS‘

Using once again Grénwall’s Lemma, we obtain that
(3.28) di(mi(t), ma(t)) < C(eCHPVIE _ 1)) — Wa| oo

Hence it follows that, for any « € (0,1), if T is chosen small enough (where C was
already chosen sufficiently large), for all Wy, W, € E¢

(3.29) dy (m1(t), ma(t)) < o[ Wi — Wal|so.

Using the same type of argument as in Step 1, we can obtain the same estimate (almost
surely) on | X1 — Xo¢|. From this, recalling (3.25), we finally obtain that

(3.30) [@(W1) — @(W2)|leo < af W1 — Wa|oo-

Hence @ is a contraction from (E¢, || - ||oo) into itself.
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Step 3: Existence of a fixed point. From the previous step, we deduce that
for W € E¢, (®"(W))n>0 is a Cauchy sequence. Moreover it is valued in E¢ and
(|10:@™(W)||oo )n>1 is a bounded sequence. From Ascoli-Arzela Theorem, we deduce
that (®"(W))n>0 converges uniformly to some W, € E¢. From the continuity of &,
(W) = W,.

The rest of the result follows quite easily from standard arguments. g

Moreover, we also have the

Corollary 3.8. The result of the Theorem remains true if the dependence on W in H
and B is non local, as long as the Lipschitz reqularity holds for the || - || norm.

Proof. 1t suffices to follow the previous proof and remark that we never used explicitly
that the dependence was local, and that we always used the || - || norm anyway. O

3.3. Return to the solutions of the initial master equation. To complete the
study of (3.1), we now explain how we can use the knowledge of the solutions of (3.9)
to define solutions of (3.1).

On the time interval [0,7") for T' > 0, if W is the unique Lipschitz solution of (3.9)
and U is the unique solution of (3.1), then we expect that V,U = W. Hence we expect
that U is a solution of

U + H(x, W (t,z,m),m) — oA U(t, z,m)

(3.31) R

- 0'// div, (DU (t, 2,m,y))dm(y) = 0 in (0,00) x T¢ x P(T9).
Rd

The previous PDE is a linear transport equation in U. Hence it can be dealt with by
means of the following representation formula, for t < T,z € P(T%), u € P(T%)

(3.32) U(t,z,u) =E [/0 —H (X, W(t —s,Xs,m(s)))ds + Up(X¢, m(t))]

where (X5, m(s))se(o, is the solution of
dXs = V20dW; for s € (0,1),
dym = —div(B(z, W (t — 5,2, m))m) + o’ Aym in (0,t) x T¢,

with initial conditions x and p. This leads us to the definition

(3.33)

Definition 3.9. A bounded function U : [0,T) x T¢ x P(T?) — R is a Lipschitz solution
of (3.1) on the time interval [0,T) if there exists W, Lipschitz solution of (3.9) on [0,T)
such that U satisfies (3.32).

Remark 3.10. Let us insist that we do not need to impose the facts that W satisfies
W = V.U nor that it is a gradient. Somehow, we translate here the fact that, given
the controls of the players, i.e. the function W, we can simply compute the value by
following the characteristics.
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Remark 3.11. This Definition makes clear that, in this setting, the appropriate Lips-
chitz reqularity is on W = V.U and not on U. This type of fact is often interpreted in
the literature as the fact that (3.1) is an equation on the controls of the players as well
as on the value.

As a consequence of Theorem 3.7, we obtain the

Theorem 3.12. Under the assumptions of Theorem 3.7:

o There exists T > 0 such that there is a Lipschitz solution U of (3.1) on [0,T).

e There is a mazimal time of existence T¢ € (0,00] and it is such that any Lips-
chitz solution V' of (3.1) on a time interval [0,T') is such that T < T° and the
restriction of U to [0,T) is equal to V.

Proof. This result is a direct application of Theorem 3.7. ]

Remark 3.13. Another notion of solution of (3.1) could have been introduced, based on
the existence of a solution of (3.9). Indeed we could have replaced all the terms involving
U in (3.1), except OU, by terms involving W. It then suffices to check that all the terms
in W are bounded and thus that this new equation characterizes 0,U. However, we did
not use this route since the one we choose allows us to avoid technical problems such as
giving a precise sense to the term VW, which should appear with this new method.

3.4. Master equations associated to common noise. As in the Hilbertian case, the
notion of Lipschitz solutions can easily be adapted to cases involving so-called common
noises. Let us recall that the presence of a common noise (which should probably be
called common shocks) in a MFG usually translates into the addition of terms in the
master equation, which can be either non-local or of higher order. We refer to [4] for
several examples of possible common noises. Even though the previous approach seems
quite general and should work in all the cases, we focus here on the following master
equation.

(3.34)
Ut z,m) + H(z,VU(t, z,m),m) — (0 + 00)AsU(t, z, m)

4 [ B VLU ym),m) DU (6, m.g)m(dy)
Rd
— (o' + 00)/ divy (DU (t, z,m,y))dm(y) — 200/ divy (DU (t, z, m,y))m(dy)
Rd Td
- 00/ Tr[D2, U(t,x,m,y, z)m(dy)m(dz) = 0 in (0,00) x T4 x P(T9),
T2d
with initial condition Uy : T x P(T%) — R. A study similar to the one we just conducted

can be done here. Indeed, we can consider first the equation satisfied by W = V,U. In
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this context, this PDE is
(3.35)
oW (t,xz,m) + DpH(x, W(t,z,m),m) - V,W(t,x,m) — (o + 00)A; W (t, z,m)

+/ B(y, W (t,y,m),m)D, W (t,z,m,y)m(dy) + V. H(z, W(t,z,m), m)

R4

- (a’—l—ao)/ divy (D, W (t, z,m,y))dm(y) — 200/ divy (D, W (t, z,m, y))m(dy)
Rd Td

- 00/ Tr[D2, W (t,z,m,y,z)m(dy)m(dz) = 0 in (0,00) x T¢ x P(T%).
T2d

Furthermore, associated to this equation, we can also consider the linear transport equa-
tion
(3.36)

6tV(t, xz, m) - b(t7 xz, m) : vxv(ta Zz, m) - (J + UO)AxV(ta Z, m)

4 / F(t,y,m) DV (¢, 2, m, y)m(dy)
Rd

— (0’ + 09) /Rd divy (D, V (t,z,m,y))dm(y) — 20 /rd divy (D V (¢, z,m,y))m(dy)

— 0'0/ TT[D,Qan(t,x,m,y, z)m(dy)m(dz) = A(t,x,m) in (0, 00) X T % P(Td),
T2d

which is associated to the system of SDE-stochastic PDE
(3.37)
dXs =b(t — s, X5, ms)ds + V20dWs + /200dW, for s € (0,t),

dmg = [(0 + 00)Apgm — div(F(t — 5,2, ms)ms)]ds — div(mev/200dW!) in (0,t) x T,

where (W;)i>0 and (W/);>0 are two independent Brownian motions on the standard
probability space (€2, .4, P). Note that the fact that (W’);>0 appears in the two equations
is fundamental to obtain the crossed derivatives term which is the term in 20¢ in (3.34).

Let us insist on the fact that the previous system has a unique strong solution as soon
as b and F' are Lipschitz in x,m, uniformly in time. Indeed, the additional Brownian
motion merely acts as a translation here and does not perturb too much the mathematical
analysis. As we did several times above, we can associate a representation formula to
(3.36) which reads for t > 0,2 € T4, u € P(T%)

t
(338) V(t7 z, ,U,) =E |:/ A(t -5, X57 ms)ds + UO(Xt7 mt) )
0

where (Xs,ms)se)o, 18 the unique (strong) solution of (3.37) with initial conditions x
and p. Denoting by W the operator defined by this formula, we can introduce the

Definition 3.14. Given T > 0, a Lipschitz solution of (3.35) on [0,T") is a function
W :[0,T) x T x P(T%) — R? such that

o W is Lipschitz in x,m, uniformly in t € [0,a] for a < T.

e The following holds for any t < T

(3.39) W =3¥(T, -V H(z,W),D,H(x, W,m), B(z, W,m), Uy).
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We can establish the following result

Theorem 3.15. Under the assumptions of Theorem 5.7:

o There always exists a time T' > 0 such that there exists a unique solution W of
(3.35) on [0,T) in the sense of Definition 3.14.

e There exists a mazimal time T € [0,00] and a solution W associated to T°
such that, for any solution V' of the problem on an interval [0,T): we have that
T < T¢ and the restriction of W to [0,T') is equal to V.

o [fT¢ < oo, then Lip(W(t,-,-)) — o0 ast — T°.

The previous statement is word for word the same as the one in the case ¢/ = 0 and
the same almost holds for their proofs. That is why we only sketch the proof here,
mainly by highlighting the main differences with the proof of Theorem 3.7.

Proof. We use the same notation as in the proof of Theorem 3.7.

The only key argument here consists in showing that the estimate (3.18) can also be
used in this stochastic case. Consider my and msy, two solutions of

(3.40) dm; s = [(0/+00)Azm; s —div(bi(s, x)m; s)|ds — div(m; sv/200dW?) in (0,t) x T,

for (W/)i>0 a standard Brownian motion and by, by : [0,00) x T¢ x P(T%) — R? two
bounded vector fields. Consider m; and ms given by

(3.41) Mi,s = (T ggrw) #Mis:

where 7, : T% — T¢ is the translation of = and T4 denotes the image measure of the
measure p by the map 7. Let us remark that, for any s > 0

(3.42) di(mis,mas) = di(My s, M)

We now observe that, by construction, for any w € €Q,

(3.43) Ay — o' A + div(byg) = 0 in (0,t) x T? x P(T9),
where b; (s, x) := bi(s, x + v/200W!). Remarking finally that

(3.44) b1 = b2lc = [1b1 — b2 o0

we deduce that the estimate (3.18) is satisfied almost surely (with a constant indepen-
dent of w € Q) in this stochastic case.

The rest of the proof follows the same argument as in the case without common
noise. g

As in the case without common noise, we can of course use a notion of solution of
(3.35) to establish a definition and results on solutions of (3.34). Although we do not

detail it here as it will merely be a copy of the previous case.
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3.5. Master equations involving the image measure. In several MFG models, see
for instance [13, 9, 5, 17], the dependence on m of the non-linearities D,H and B in
(3.1) happens through the image measure of m by a certain function of the gradient in
x of the value function. Hence, in such cases, the non-linearities have a form similar to
A:Tdx (T4 - R x P(T4) = R?

(3.45) Az, ¢,m) = A(z,m, ¢(z),9(d) pm).

where A : T x P(T4) x R x P(T4) — R%, ¢ : R? — R? and Tyzm denotes the image
measure of m by the map T'. The following result holds.

Proposition 3.16. If A is Lipschitz, then so is A on T% x Ec x P(T%), where E¢ is
the set of Lipschitz functions T — R% with Lipschitz constant at most C.

Proof. Let us first compute, for ¢, ¢’ two Lipschitz functions T¢ — R? with Lipschitz
constant C' and pu, i’ € P(T%)

(3.46)
di((d) g, (¢ gp') =  sup { FW(o(x)))pu(dz) — f(¢(¢’($)))ﬂ'(d$)}
I FllLip<t LJT Td
< o [ s [ swioenan)
v osw { [ o)) - fw@ @ |
Ifllzip<t LT
< ClYllLipdi (1, 1) + ¥l Liplld — ¢l oo-
Hence we deduce that A is Lipschitz continuous O

From this property, we easily deduce from Corollary 3.8 that Theorem 3.7 can be
extended to situations involving the image measure, that is master equation of the form

OU(t,x,m) + H(x,V,U(t,x,m),m,p(VaU)gm) — c A U(t,z,m)

+ B(ya va(tv Y, m)a m, ¢/(VxU)#m)DmU(t7 x,m, y)m(dy)
(3.47) iy

— O'// divy (D, U(t, z,m,y))dm(y) = 0 in (0, 00) X T4 x P(TY,
Rd
for 1) and 1)’ two Lipschitz functions.

4. COMMENTS AND FUTURE DEVELOPMENTS ON LIPSCHITZ SOLUTIONS OF MFG
MASTER EQUATIONS

We present in this sections several comments and future directions of research on
Lipschitz solutions of MFG master equations that we believe could be of interest.

4.1. Application to numerical computations. Let us precise what we believe to be

the principal application of the previous uniqueness result : the justification of numerical

computations. Indeed, if by using some abstract or black-box method, like neural net-

works for instance, one is able to exhibit a solution of a MFG master equation of one of
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the types presented above, then if it is a Lipschitz solution, it is necessary the unique one.

With the growing number of works on the use of machine learning techniques to solve
MFG master equation, and the lack of proof of convergence results, the results presented
above justify the following heuristic : if one Lipschitz solution has been selected, then it
have at least some meaning in the sense that it is the only one. Moreover, let us insist
that, because several machine learning methods are parametrized (neural networks for
instance). Hence establishing some regularity properties of the learned solution can be
done a priori.

4.2. Another representation formula. We provide here another approach to repre-
sent solutions of (3.1), in which we linearize only the transport term in m. To be more
precise, we consider the following equation

WV (t,z,m)+ H(x,V,V(t,x,m),m) — oA, V(t,x,m)
wy L Bm) DV m.gm(dy)
- O'// divy (D, V (t, 2, m, y))dm(y) = f(z,m) in (0,00) x T? x P(T%),
Rd

where B : [0,00) x T x P(T%) — R is a vector field. To this equation, we naturally
associates the system
dXs = agds + V20dWy for t > 0,

(4.2) d
Osm = —div(B(t — s,z,m)m) + o' Aym in (0,¢) x T,

where (as)s>0 represents the control of a player. In this framework, the natural repre-
sentation of a solution of (4.1) is

(4.3) V(t,z,n) = ing {/0 H* (XS, o, m(s))ds + Up( X7, m(t)) |,

where (X, m(s))se[o,q is the solution of (4.2) with initial conditions = and p and where
H* is the Fenchel conjugate of H with respect to its second argument. If the vector field
B is Lipschitz continuous, it is a standard result of stochastic optimal control that V is
indeed well defined. As in the previous case we denote by ¥ the operator defined by the
previous relation. That is, if V' is given by (4.3), then we denote

(4.4) V =V(t, B, Uy).
We can introduce the following notion of solution.

Definition 4.1. Given a time T and an initial condition Uy, a Lipschitz solution of
(3.1) is a function U : [0,T) x T¢ x P(T%) — R such that

e V.U is Lipschitz in x, m, uniformly in [0,t] for any t < T.

e Foranyt <T,

(4.5) U = U(t, DyH (z,V,U,m), Up).
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We do not provide a detailed mathematical study of this notion of solution, mainly
because it will be redundant with the one we provided in Section 3 and also more techni-
cal. Nonetheless, this notion of solution is easily interpretable in terms of game theory.
Indeed, in this context, ¥(¢, B,Up) is simply the operator which computes the value
associated to the best response strategy for a generic player, given that it anticipates
the vector field B. By anticipation of the vector field B, we mean that it anticipates
that the repartition of players is going to be driven by B. Hence, a fixed point of (4.5)
is easily interpretable in terms of a fixed point of a best reply operator.

Finally, this operator W is, in general in game theory contexts, of a practical use
outside of just defining a notion of equilibria for games. It can help to study procedures
such as fictitious play for instance.

4.3. Another notion of monotone solutions for MFG master equations. The
notion of Lipschitz solution we just presented is based on the idea that through some Lip-
schitz regularity, we can define characteristics for the equation and then a value through
a representation formula. Another natural regime in which the flow of an evolution
equation is well defined is the monotone one, see for instance [8]. We now make a brief
development on how we could use this idea to define a solution of the master equation,
in the same spirit as what we did for the Lipschitz regularity. We work in the case of
(2.4) to fix ideas.

In the setting of (2.13), we recall that the natural characteristics of the master equation
have the form

(4.6) d)éis) = —F(X(s),U(t - 5,X(5))),
with initial condition
(4.7) X(0) =z € H.

The previous ODE admits a unique solution as soon as (¢, X) — F(X,U(t, X)) is Lips-
chitz in X, uniformly in ¢. But is also the case when

(4.8) Vt>0,X,Y e H(F(X,U(t,X)) - F(Y,U(t,Y)),X =Y) >0.
Based on this remark, we can provide the following definition

Definition 4.2. For T > 0, given an initial condition Uy, a bounded function U :
[0,T] x H— H is a solution of (2.4) on [0,T] if

e Fort <T, U satisfies (4.8).
o Fort <T,x € H, U satisfies

(4.9) U(t,x):/o G(X (), U(t — 5, X (5)))ds + Up(X (1)),

where (X (s))sefo,q 5 the unique solution of (4.6) with initial condition x.

Obviously, this notion of monotonicity is different from the usual one in MFG theory
and one does not clearly imply the other.
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4.4. Master equations with control on the volatility. In the setting of Section
3, we can also consider master equations which are associated to a MFG in which the
players control the volatility of their trajectory. In such a setting, the master equations
takes the form of

8tU(t,x,m)+/ Tr(G(y, D2U(t,y,m),m) DN U (t, z,m, y)Im(dy)
Td
+ F(z, D2U(t,z,m),m) = 0 in (0,00) x T¢ x P(T9),

(4.10)

where F : T¢ x Sg(R) x P(T?) — R and G : T? x S4(R) x P(T?) — S4(R) are given
functions. Recall that D2¢ stands for the Hessian matrix of a function ¢ : T 5 R.

Previously, we developed a theory of Lipschitz solution of the master equation based
on the equation satisfied by W = V,U. In this context, we believe that a similar
approach can be developed based on properties of the equation satisfied by W = D2U.
However, a direct use of the argument of the previous proofs is not possible and new
results are here needed.
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APPENDIX A. PROOF OF THE ESTIMATE USED IN THE PROOF OF THEOREM 3.7
Remark that 4 = mj; — mg is a solution of
(A1) Orpt — o Ap + div(bp) = div((by — by)mg) in (0,1) x T4
Consider now ¢ < t; and a Lipschitz function ¢y : T — R and consider the solution ¢ of
—05¢ — AP —b- Ve =0in (0,) x T,
{¢|szt = ¢ in T%

Using the fact that p is in particular a weak solution of the previous PDE, we deduce
that

(A.3) /rd podps = /0 /I’d quﬁ(s,;) - (by — b2) (s, z)ma(s)(dx).

(A.2)



Then result then follows from standard parabolic estimates on (A.2).
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