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We study the forward-backward system of stochastic partial differential
equations describing a mean field game for a large population of small players
subject to both idiosyncratic and common noise. The unique feature of the
problem is that the idiosyncratic noise coefficient may be degenerate, so that
the system does not admit smooth solutions in general. We develop a new
notion of weak solutions for backward stochastic Hamilton-Jacobi-Bellman
equations, and use this to build probabilistically weak solutions of the mean
field game system. Under an additional monotonicity assumption, we prove
the uniqueness of a strong solution.

1. Introduction. We investigate a notion of weak solution for the following stochastic
Mean Field Games (MFG) system

(du; = [—BAw — tr(a¢(z, my)D?us) + Hy(x, Dug,my) — 28 div(ve)]dt
+ v - \/2BdW; in [0,T) x RY,

(1.1) dmy = div[8Dmy¢ + div(ai(z, m¢)me) + my Dy Hy(x, Duy,my)| dt

— div(me\/28dW;) in (0,7 x RY,

ur(z) = G(z,mr) and mo=1mg in R%

which describes a differential game with infinitely many small players subject to a common
noise, more precisely a Wiener process W with constant volatility 5 > 0, and an inhomoge-
neous idiosyncratic noise, the latter leading to the terms involving the possibly degenerate
diffusion matrix a. The system consists of a backward stochastic Hamilton-Jacobi-Bellman
(HJB) equation satisfied by the value function u of a typical player, and a forward Fokker-
Plank (FP) describing the evolution of the population density m. The third unknown, the
R%-valued map v in the backward HJB equation, ensures that u is adapted to the filtration
generated by the common noise 7. The Hamiltonian H : [0, 7] x R? x R? x P(R%) — R
(where P(R?) is the set of Borel probability measures on R%) is continuous and convex in
the gradient variable, the map a : [0,7] x R? x P(R?) — R?*¢ is continuous with values in
the set of symmetric nonnegative matrices, and G : R% x P(R) is the terminal cost. More
precise assumptions are listed later.

In [8], Cardaliaguet, Delarue, Lasry and Lions proved the existence and uniqueness of
classical solutions of (1.1) set on the torus for a nondegenerate matrix a, H with a sepa-
rated dependence on Du and m, and strictly monotone coupling functions. Cardaliaguet and
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Souganidis considered in [10] the first-order version of (1.1) set in the whole space when
there is no idiosyncratic noise, that is, a = 0 and 5 > 0.

The goal of the present note is to extend the results of [8] and [10] to the whole space with
nonzero but possibly degenerate a. As in [10], the main feature of the problem that distin-
guishes it from the existing literature on MFG systems with common noise is the nonexis-
tence of classical solutions in general, a fact that necessitates the introduction of a suitable
notion of weak solution. Due to the second-order nature of the system, the methods of [10]
are no longer applicable, and must be substantially revisited.

The starting point in the analysis is the observation that, because all players are affected
by the same noise W, the stochasticity can be cancelled out by shifting the density m of the
players along this noise. Indeed performing the change of variables

(1.2) ﬂt(x) = ut(:n + \/%Wt) and m;= (Id —\/%Wt)ﬁmt
and setting, for (¢, z,p,m) € [0,T] x R? x R? x P(R?),

(1.3) ay(x,m) = ay(x + /2B8Wy, (Id++/28W;)ym),
(1.4) Hy(z,p,m) = Hy(a + /2BWy, p, (Id+1/28W;)ym),
(1.5) G(z,m) = G(z + v/28Wr, (Id ++/28Wr)ym),

and

(1.6)  y(x) = vi(x — /28W;) — \/2BDuy(x — \/28W,;), and M, = /Ot Ve dW,
leads, at least formally, to the system
iy = [— tr (@ (2, 7g) D2iiy) + Hy(z, Dy, mt)] dt +dM, in[0,T) x R,
(1.7) i, = div [div(&’t(:r, e )ie) + iy Dy Hy (2, Dy, mt)} dt in (0,T] x R%,
ur(z) = Gz, mr), mo=mmg in R

Observe that the new functions a, H , and G are random and adapted to the common noise
W. Note also that, since they arise from a, H, and G through translations along W, they
retain whatever regularity and structural conditions were satisfied by the deterministic data
uniformly over m € P (see Remark 1.1 below).

Crucially, the new forward FP equation in (1.7) is no longer stochastic, and, therefore, can
be interpreted in the usual sense of distributions. On the other hand, the backward equation
for w still involves a stochastic correction term, namely, the martingale M.

1.1. Informal discussion of the main results. 'The first main task of the paper is to develop
a useful notion of weak solution for backward stochastic HIB equations of the form

ity = [— tr(@ (2) D) + Hy(x, Dﬂt)] dt +dM, in[0,T)xR? and
(1.8)
ur=G inRY,

where the unknowns (u, M) and the data a, H,and G are adapted to a common filtration and

M is a martingale taking values in a space of generalized functions (distributions).
Equations like (1.8) should typically be satisfied by the value function of optimal control

problems with random coefficients adapted to a given filtration, as studied by Peng [31], who
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proved existence and uniqueness of solutions for smooth data and uniformly elliptic a. They
can also be studied with the theory of path-dependent viscosity solutions, a notion which
involves taking derivatives on the path space; see for instance Qiu [32] and Qiu and Wei [33].
This theory allows for the treatment of more general equations than (1.8), for example, with
non-constant volatility 3, and, other than standard growth and regularity assumptions, few
conditions are required for the Hamiltonian. However, in our context, in order to study the
full system (1.7), in particular, the forward FP equation, an understanding of the gradient
Dy is required, which is not accessible in the path-dependent theory.

The strategy of [10] for the case a = 0 is to adapt the classical approach of Kruzhkov
[23] for forward Hamilton-Jacobi equations (see also Douglis [16], Evans [17, Section 3.3],
and Fleming [20]), in which solutions are understood in the almost-everywhere sense, and
well-posedness is established in the class of functions that are globally semiconcave in the
state variable. In the setting of [10], this means that the equation is understood as a stochastic
evolution satisfied for a.e. z € R?, with the martingale M taking values in L>(R?).

There are immediate obstacles in adapting these methods to the second-order equation
(1.8). As noted above, one cannot expect u to possess any additional regularity than in the
first-order setting. In fact, the inherently first-order arguments employed in [23, 16, 17, 20,
10] do not carry over to (1.8), whose solutions no longer have a finite domain of dependence.
In addition, (1.8) can no longer be interpreted in an almost-everywhere sense, because the
distribution tr(a; D) is not a function in general.

Instead, here we interpret (1.8) as a stochastic evolution in the space of distributions, or,
more precisely, locally finite measures (see Definition 3.1 below). Of central importance to
the well-posedness, just as in the first-order setting, is a global semiconcavity bound for the
solutions. The existence of such a solution (Theorem 3.1) relies on the propagation in time of
semiconcavity for deterministic HIB equations (that is, (1.8) with M = 0). This propagation
estimate (Proposition 2.1 below), as far as we know, does not appear in the literature in the
present generality.

The uniqueness and stability of solutions (Theorems 3.2 and 3.3) rely on the existence of a
smooth, positive supersolution ¥ of the forward-in-time, deterministic linearization of (1.8),
namely

dpp —tr[AY] + B-Dy >0 inR? x [0,7T7,

which holds uniformly over bounded A € S? and B € R?. When A = 0, it is enough to take
the indicator function of a ball with arbitrarily large radius shrinking at a fixed rate. For
A # 0, it is possible to find such a ) with exponential decay at infinity, but care must be
taken when using it as a test function, due to the fact that D%« is only locally bounded as a
measure.

Once the HJB equation (1.8) is well understood, we turn to the study of the system (1.7).
The existence and uniqueness of a probabilistically strong solution, that is, adapted to the
filtration of the common noise W, was proved directly in [10] in the first-order case a = 0
under the additional assumption that the Hamiltonian is of “separated” form, that is,

Ht(mvpvm) = gt(mvp) - Ft($7m)7

with the coupling functions F' and G strictly monotone. This latter assumption allows for a
direct proof of the uniqueness of the solution using the well-known “duality trick” of Lasry
and Lions [26].

Our second main contribution is to generalize the existence result by not only allowing for
a degenerate diffusion matrix, but also imposing only mild assumptions on the joint depen-
dence of a, H, G on u and m. In particular, under mild regularity assumptions with respect
to the measure variable m, we prove in Theorem 4.1 the existence of global, probabilistically
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weak solutions of (1.7). This is achieved by interpreting (1.7) as a fixed point problem for
m in a subset of L>(Q,C([0,T], Po(RY) N L>(R?))), where P is the space of probabil-
ity measures with finite second moment. The main issue with this strategy is the failure of
compactness, due to the fact that the probability space {2 may be quite large. Compactness
is restored by studying a variant of (1.7) in which the probability space is discretized in an
appropriate way. After invoking Kakutani’s fixed point theorem, a weak solution is obtained
upon taking weak limits.

The proof of Theorem 4.1 borrows several ideas from the work of Carmona, Delarue, and
Lacker [12], who study mean field games with common noise from a purely probabilistic
perspective. The main difference with our work is that we proceed at the PDE level and not in
the optimal control formulation, as we exploit the regularity properties of the value function
in the state variable x. We therefore bypass concerns about the existence or uniqueness of
optimal trajectories, instead developing an understanding of the PDE system itself.

The final main result of the paper (Theorem 4.2) is the uniqueness of solutions of (1.7)
under a monotonicity assumption. More precisely, borrowing terminology from the theory
of stochastic differential equations, it is shown that pathwise uniqueness holds, and thus, by
a Yamada-Watanabe-type argument, the unique solution is in fact strong in the probabilistic
sense, which means not only that (u, M, m) is adapted with respect to the filtration generated
by the common noise W, but also, can be represented as a measurable functional of the
Wiener process .

The uniqueness proof, whose essential method was introduced in [26], involves studying
the time evolution of the quantity

t— Rd(ﬁl(w) — u; (x)) (g (x) — i (x))de
for two solutions (u',m') and (u?,m?). For the particular system (1.7), such an argument
cannot proceed as stated, because neither m nor u is regular enough to be used as a test func-
tion in each others’ equations. The resulting analysis, which involves estimating commutators
after mollifying and localizing, relies precisely on the fact that D27 is a locally finite measure
for a solution u of the backward stochastic HIB equation.

1.2. Previous work on MFG. The MFG system, in the absence of common noise, was
introduced and studied by Lasry and Lions in [26, 24, 25]. In the presence of both idiosyn-
cratic and common noise, the stochastic MFG system was first investigated in [8] in which
the state space is the torus R%/Z?, and the existence and uniqueness of a strong solution was
established for separated Hamiltonians, strictly monotone coupling functions, and nondegen-
erate diffusion. The result was extended to R? by Carmona and Delarue in the monograph
[11].

An alternative analytic approach to study MFG equilibria with a common noise is the mas-
ter equation, introduced by Lasry and Lions and presented by Lions in [27], which is a de-
terministic, nonlinear, nonlocal transport equation in the space of probability measures. The
existence and uniqueness of classical solutions to the master equation was first established in
[8] (see also [11]). A related approach, presented in [27], is to lift probability measures to the
Hilbert space of L2-integrable random variables via their probability laws.

The master equation has recently attracted much attention, especially for problems with
common noise. In [7], Cardaliaguet, Cirant and Porretta build solutions using a splitting
method. The setting of a finite state space is investigated by Bertucci, Lasry and Lions [4, 5]
and Bayraktar, Cecchin, Cohen and Delarue [1]; in the latter work, it is also demonstrated that
common noise can restore uniqueness in the absence of monotonicity. Another approach to
uniqueness is explored by Gangbo, Mészaros, Mou and Zhang [21] via displacement con-
vexity. Various notions of weak solutions to master equations are proposed by Mou and
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Zhang [30] and Bertucci [2, 3]. Through a combination of the Hilbertian interpretation and
Bertucci’s notion of monotone solutions, Cardaliaguet and Souganidis build a unique, global,
weak solution to the master equation with common noise but without idiosyncratic noise [9];
we note that this approach does not seem to adapt to problems with idiosyncratic noise.

The analysis of MFG equilibria with a common noise can also be viewed from a purely
probabilistic viewpoint. This idea was first developed in [12], and indeed, our analysis of
probabilistically weak solutions of the MFG system borrows several ideas from this paper.
The existence results of [12] were recently extended by Djete [15] to MFG problems with an
interaction through the controls.

1.3. Main assumptions. Throughout the paper, we introduce diffusion coefficients,
Hamiltonians, and terminal data that, depending on the setting, take on different forms (ran-
dom or deterministic, coupling within the forward-backward system, monotonicity, etc.). We
collect and discuss here the basic assumptions that are used in all sections.

The degenerate diffusion matrices will always take the form

(1.9) A:=¥%", where, for some m <d, ¥ € C([0,T]; C(RE RP™)).
The terminal data will be a given function G such that
(1.10) G:RI SR s globally bounded, Lipschitz, and semiconcave.

Finally, the Hamiltonian H is assumed to have the following regularity and structural prop-
erties:

forall t € [0,T), H; € C*(R? x RY);
for all R > 0, RY x Bg 3 (z,p) — Hi(x,p)
(1.11) is uniformly bounded and Lipschitz for ¢ € [0, T];

[0,7] >t H¢(x,p) is continuous uniformly over (z,p) € R? x Bp; and

pr> He(x,p) is uniformly convex,
and
for some \g,Cp >0andallt € [0,T], p,q € RY, and |z| =1,
|DyHe(z,p)| < Co+ Ao(p - DpHyi(z,p) — He(z,p)) and
D2 Hy(x,p)q - q+ 2D, Hi(x,p)z - q+ Dl Hi(w,p)z - 2

+ Ao (DpHi(z,p) - p — Hi(z,p)) = —Co.

Condition (1.12), which appears also in [10, (1.10)(iii)], is an assumption on the nature of
the coupling between the x and p variables in . It also has a natural interpretation from the
viewpoint of the underlying stochastic control problem. Indeed, (1.12) is equivalent to the
following condition on the Legendre transform #; (x, ) = sup,(p - & — Hy(z,p)):

(1.12)

for all t € [0,7] and z, o € R,
(1.13) |DyHy (z, )| < Cop+ AoHf(z,«) and
D2 Hi(z,a) < (Co+ NoHj(x,a))1d.
The formula for the value function solving the terminal value problem

—0,U — tr[ Ay (2) DUy (x)] + Hy(z, DUy (2)) =0 in (0,7) xRY, Ur=g



is
T
(1.14) (t,x) —infE [/ H:(X;?"t’x,as)ds + g(X;“) ,
o t
where, for some m-dimensional Brownian motion B, X7 solves
dX;)‘vt’x = qeds + Es(Xf’t’x)dBS, s€[t,T],
)(aﬁﬂr__x
¢ = .

The infimum in (1.14) is taken over progressively measurable controls « : [t, 7] — R that
satisfy the admissibility criterion

T
E [/ sup ’H;‘(:E,as)ds] < 0.
t

zeR4

Formally differentiating (1.14) twice in the x-variable, one arrives at a semiconcavity bound
precisely when (1.9) and (1.10) hold, and when

E

T T

/ sup |Dz7-[:(:n,as)|ds+/ sup Dix’H;‘(x,as)z-zds] < 00.
t xcRd t xzeR? |z]=1

Then (1.13) is exactly what one needs in order for the latter to hold.

This demonstrates that (1.12) is the most natural assumption to make on # in order for
semiconcavity to hold for the value function U. These arguments can all be made rigorous,
but we choose instead to prove Proposition 2.1 below by performing the differentiation on
the level of the PDE, keeping with the theme of this paper.

REMARK 1.1. Observe that, if the functions H, G, and a in the original system (1.1)
satisfy assumptions (1.9) - (1.12) uniformly over m &€ P(Rd), then so do the transformed
functions H , G , and a defined via (1.3), (1.4), and (1.5), uniformly over the probability space
on which the Wiener process W is defined. This is a feature of the fact that the volatility (3
is constant in the state variable. This is not merely a simplification: the precise propagation
of semiconcavity proved in Proposition 2.1 below depends on the various constants in (1.9) -
(1.12) above.

1.4. Organization of the paper. In Section 2, we prove the propagation of semiconcavity
estimate for backward deterministic HIB equations, and also list some properties of semi-
concave functions that are used throughout the paper. Section 3 introduces the definition of
solutions for the backward stochastic HIB equation (1.8), including a discussion of stochastic
processes taking values in the space of locally finite measures, and establishes well-posedness
results. Section 4 involves the study of weak and strong solutions to the MFG system (1.7).

1.5. Notation. Given an open or closed domain U in Euclidean space, By denotes the
Borel o-algebra inside U and C(U) is the space of continuous functions on U endowed with
the topology of (local) uniform convergence, and C..(U) is the space of compactly supported
continuous functions on U. For a function f defined on a measure space A, we set || ||, 4=
esssupge 4 | f ()|, and, where it does not create confusion, we simply write || ||, = || flloo -

Throughout the paper, (generalized) function spaces X (R?) on all of R are simply denoted
by X when this does not cause confusion.
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We define D = C2°, and the space D’ of distributions consists of real-valued linear func-
tionals 7 : D — R satisfying the following local continuity property:

if {(¢n)nen, ¢} C C°, U supp ¢, is bounded, and
neN

D¥¢,, =% DF¢ uniformly for all k =0,1,2,..., then
T(¢n) == T(9),

where D¥¢ refers to the tensor of all partial derivatives of ¢ of order k. We often write

T(¢) =(T,¢).
The space of locally finite, signed, Radon measures on Rd is denoted by M, =
Mioe(RY). For 1 € My and f € C, {p, f) : fRd , and, for an open bounded

set U C R%, we write the total variation norm as

HNHTV(U) = sup (1, ).
feCeU), [Ifllo<1

We define the quasi-norm

el gy, = Znunw A2,

where Bp is the open ball centered at 0 and of radius R. We will say A C M, is bounded
if {||ptll oy, }pea is bounded, and, for p € [1,00] and a measure space (A, ),

1/p
LP(A, Mioe) i= {N3A—>Mloc‘ el 2o anyn) = </AH/~L(G)H” loc’v(da)> <OO},

with the usual modification if p = co. The metric (,v) — || — V||, makes M, into a
complete metric space with the topology of local convergence in total variation, and, simi-
larly, LP(A, Mio.) is a metric space with the metric (11, v) = [l = vl 1o 4 .-

The Sobolev space of functions f € L' for which the distributional derivative D f belongs
to L' is denoted W11, Its dual is a space of distributions:

Wb =T eD || T -1 = sup [7(2)l <00 .
D [0l

If f € L°°, then the distributional derivative D f belongs to W—Leo (Rd), and, more generally,
W10 (R%) consists of distributions of the form fy + D f; for fy, fi € L™, and, in fact,

[Tl 200 o= f{[| folloo + I filloo : T = fo+ Dfrs fo, fr € L7}
The space of probability measures on R? is denoted by 7(R?), and, for p > 0,

Pp(RY) := {,u € P(RY): /Rd |x[Pu(de) < oo} .

The p-Wasserstein distance d,, on P,(R?) is defined by

1/p
d () = in ( I - y|pdv<x,y>) |
v R4 xR4

where the infimum is taken over probability measures -y € P, (R? x R%) with first and second
marginal respectively p and p’. Given a probability space (£2,P), we write Ep := fQ dP.



Throughout, we fix p € C2(Rd) satistying p > 0, suppp C Bj, and fRd p =1, and, for
5 >0and z € R?, we set

(1.15) ps(z) = 5—1dp (5)-

The transpose of a matrix M is denoted by M ™. We define, for X € S¢, the space of d x d
symmetric matrices, the degenerate elliptic operator
m4(X) :=max Xv -v.
+(X) max

Note that m 4 (X) is the maximum of 0 and the largest eigenvalue of X, and therefore m
is increasing with respect to the partial order on S?. The Lebesgue measure on R is denoted
by L.

Throughout proofs, we denote by C' a positive constant that may change from line to
line, depending only on the relevant data in the assumptions of the corresponding theo-
rem/proposition/lemma.

2. Propagation of semiconcavity for deterministic HJB equations. The purpose of
this section is to prove that semiconcavity bounds propagate in time for solutions of the
deterministic HIB equation

— dyuy — trfag(x) D?uy) + Hy(x, Dug(x)) =0 in [0,7] x RY and
(2.1)
up=G inR

where a, H, and G are fixed and deterministic, and satisfy the assumptions from subsection
1.3.
Recall that a function u : R% — R is said to be semiconcave with constant C' > 0 if

u(x +h) 4+ u(z — h) — 2u(z) < CJh)*> forall z,h € RY.

The result below gives a precise estimate of the positive part of the maximal eigenvalue of the
density of the measure D?u, which, in turn, controls the semiconcavity constant (see Lemma
2.1 and Remark 2.1 below).

PROPOSITION 2.1.  Assume a, G, and H satisfy (1.9), (1.10), (1.11), and (1.12), and let
u be the unique viscosity solution of (2.1). Then, for all t € [0,T],

22 [utlloo <NGlloo + [1H-( 0)[ o (T = 1)

[

Moreover, u is semiconcave and Lipschitz in the x-variable, uniformly on [0,T] x R, and
there exists a constant C > 0 depending only onT" and the various data in those assumptions
such that, for all t € [0,T),

esssup { <m+ <%u£(w)>2 + |Dut(3«")|2> v - \/5/\out($)}+

23)  <C(T-1)

D2 2 1/2
+ T esssup {m+ <d7“(]($)> + |Dg(m)|2> —V2\og(z)
z€R? dL n

Finally, —tr[aD*u] € L>=([0,T], Moc(R?)), and (2.1) is satisfied in the distributional

sense.
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The fact that solutions of HIB equations are semiconcave is well known, and is a con-
sequence of the minimization problem that defines the value function u; see for instance
[6, 22, 28]. Note that these references do not provide bounds as in Proposition 2.1 in the
generality assumed here, since either the derivatives of H are assumed uniformly bounded,
or an a priori bound on || Du||  is assumed. The main feature of Proposition 2.1 is the prop-
agation of a bound for the quantity on the left-hand side of (2.3), which ultimately leads to
the semiconcavity and Lipschitz bounds for solutions of the stochastic HIB equation (1.8).

We summarize some properties and results concerning semiconcave functions used in the
proof of Proposition 2.1 and throughout the paper. For more details and explanations, see for
instance the book of Evans and Gariepy [18].

LEMMA 2.1.  Assume u : R — R is bounded and semiconcave, with semiconcavity con-
stant C' > 0. Then the following hold:

(a) The distribution D*u is a measure of the form D*u = f(x)dL — du, where y is nonneg-
ative and singular with respect to the Lebesgue measure L and f € LllOC (Rd; Sd) satisfies
f < C1d Lebesgue-a.e.

(b) The function  is Lipschitz, and | Dul|, < 2+/C |ul| . In particular, D*u € W =1,

(c) There exists a dimensional constant cq > 0 such that HD2UHMIOC(Rd) <cq(||Dul| o, +C).

(d) If (u™)pen : RT — R is a sequence of globally Lipschitz, semiconcave functions, uni-
formly in n € N, and, as n — oo, u™ converges locally uniformly to u, then, as n — oo,
Du™ converges almost everywhere to Du.

REMARK 2.1. The statement in part (a) is actually equivalent to semiconcavity. The
semiconcavity constant for a globally semiconcave function w is equal to

esssupm (dDzu(m)>
vere T\ dL ’

and, hence, the bound in Proposition 2.1 indeed propagates the semiconcavity estimate for u.
Throughout the rest of the paper, where it does not create confusion, we abuse notation and
denote by esssupm. (D?u) the semiconcavity constant for a function v : R — R.

Proposition 2.1, and in particular the estimate (2.3), is proved by differentiating the equa-
tion (2.1), and, as such, it is necessary to perform a regularization to make the arguments
rigorous. For 0 < e < 1, set a® = 00" 4+ ¢ld and G° = G * p. for p. as in (1.15), and con-
sider the classical solution u® of

— Opu§ — tr[a (x) D*us (x)] + Hy(z, Dui(x)) =0 in[0,7] x RY and
(2.4)
uf =G inRY

LEMMA 2.2.  The solution u® of (2.4) satisfies (2.2) and (2.3), where the constant C' > ()
is as in Proposition 2.1 and independent of € > (.

We first prove Proposition 2.1 with Lemma 2.2 in hand.

PROOF OF PROPOSITION 2.1. In view of Lemma 2.2, (u°)p<c<1 is uniformly bounded,
Lipschitz, and semiconcave in the space variable. The stability properties of viscosity solu-
tions imply that, as € — 0, u° converges locally uniformly in [0,7] x R? to u, and this then
yields the Lipschitz regularity and semiconcavity of .

As € — 0, D% converges to D2 in the sense of distributions, and, in view of Lemma
2.1(d), as € — 0, Du converges almost everywhere to Du. We conclude that, as € — 0, the
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left-hand side of (2.4) converges to the left-hand side of (2.1) in the sense of distributions.
The claim about — tr[a;(z) D?u;(x)] follows from Lemma 2.1(c).
Using Jensen’s inequality we see that, for all z € R9,

1/2
<m+ (DzGe(aj))2 + |DG€(:L')|2> —V2X\ G ()

<pes { <m+ (dng)Q ; |DG|2) o ﬁAoG} (2)

2\ 2 1/2
§esssup{m+ <dD29( )> +|Dg(3:)|2> —\/§Aog($)} =: M.

Jp— ac .

Rearranging terms in the bound (2.3) satisfied by u® gives, for all ¢ € [0, 77,

1/2
Dt < <[(C(T— t) 4+ eCT=OM +v2u5)? - \Duiﬂ ) Id.
+

As e — 0, the left- and right-hand sides above converge in the sense of distributions, yielding,
forall ¢ € [0, 77,
1/2
D%y, < ([(C(T — 1)+ eCTON 4 V/ou,)? — |Dut|2} +> Id.
In particular, the same bound holds for the density dgzu a.e. in view of Lemma 2.1(a). Rear-
ranging terms yields the desired bound (2.3). O

We now present the

PROOF OF LEMMA 2.2. Throughout the proof, we suppress the dependence on e, but
note that the solution « is smooth.

For £,n € R% and f : R? — R, we use the shorthand fe=&-Df and fp, = D?fn-n. We
also suppress dependence on (¢, x) below where it does not create confusion, and note that
the arguments of H and its derivatives will always be (z, Du).

Differentiating (2.4) twice leads to

(2.5) —Oyug — tr[aD?*ug] + Dy H - Dug — trlagD*u] + & - Dy Hy =0
and
— Oy — tr[aD?uyy] + DypH - Dy, — 2 tr[a, D?uy) — tr[a,, Du]
(2.6)
+ D2, Hn-n+2D2,Hn - Duy + D2 HDu,, - Du, =0.
We now set

= = €2 Inl*
U_U(tawafan) = ug—l—u,m — )\Ou 1+ 7 + T

and compute
D2 (ug + uyy) D*u 2D, (D?un)”
U = D*u 0 0

Dt
2D, (D%*un) 0 2D%y

z,8,m
D2y (1+%+%) Dugé  2nPDusy
— o £® Du uld 0
2|n|?n ® Du 0  2u(|n)?1d+2n®n)
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We then set
o o T Id00
A=A(t,x,&n) = | oc + oy octog, | +e{ 000 >0,
oy o 000

and add (2.5) and (2.6) and subtract the product of (2.1) with Ao(1 + |£|2/2 +|n|*/2). Using
the identities

ag=o0¢0" +oo{ and ay; =oy,0" + 20,0, +00,,,
we obtain, for a constant C' > 0 depending on ||o||~... and the bound for u,
—0,U —tr[AD, ¢, U]+ DpH - DU
+DyH - &+ D2, Hn-n+2D3 Hn - Du, + D2 HDu,, - Du,

€2 Inl* B

< C(IDutll oo + 1)(JE + nl")-
Using (1.12) and the inequalities

2 4
1+ S s e and p-DyH (D)~ H(wp) 2 H(x,0),
this further becomes, for a different constant,
(2.7) —0,U — tr[AD?, ¢ U]+ DpH - DU < C(|| Dugl o + 1)(1 + € + [n[*).

Now, for 1, d > 0 and some M (¢) to be determined, assume for the sake of contradiction that
U(t,x,&m) = MO+ €7+ [nl*) = 8lal® — u(T 1)

attains its maximum at some (to,xo,&o,70) With ty < 7. By standard arguments, we have
|zo| < C6~1/2 for some constant C' > 0. In view of (1.11), there exists C' > 0, depending on
|| Du/| ., (and therefore, a priori, on ¢) such that

‘Dtho (‘TO? Duto (.Z'()))’ < U
Plugging into (2.7) and using A > 0 yields

. 2 4
p—C8 —C8Y2 4 [~ M(tg) — CM — O(|| Duy| o, + 1)] (1 + % + %) <0.

A contradiction is reached upon taking § sufficiently small, depending on 1 and || Du|| ,, and
setting, for arbitrary a > 0,

T
M(t) == e Tt 4 C/ e“ (|| Dug| o, + 1)ds.
t
Taking first § — 0 and then y — 0, we deduce that, for all ¢ € [0, 7] and &, 7 € RY,

T
Ugn + Ut — {C’/t ec(s_t)(HDusHOo + 1)ds + Aous + ozeC(T_t)}

€2 [nlt
2.8) -<1+7 +7>

< sup {Gnn(w)—FGg(w)—[)\oG(x)—i-Oé] <1+g+%>}.

z,§,nERE 2
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Maximizing the right-hand side of (2.8) in £ and 7 yields

m(D*G(x))’ + |DG()P .
{ 2(a+ oG (2)) o ))}7

sup
rER?

which is nonpositive if we take

a = sup

1
zERC { \/5
(note that in that case o + A\gG(z) > 0 for all x € R%). Thus, (2.8) becomes, for all ¢ € [0,T]
and £,m € RY,

(m+ (D?G())* + |DG(x)]*)"/? - AOG(x)}+

2 4
Ut gy + Ut g — [C/ = (| Dug || o + 1)ds + Aoug + ae® T t] <1—|— €7 |772| ><O

Maximizing in £ and 7 gives, for all ¢ € [0, T,
my (D%u;)? + | Duy|?
2 [C ftT eC= (|| Dug|| o, + 1)ds + Aour + aeC(T—t)]

T
— c/ eCS (|| Dug ||+ 1)ds — Agus — ae®T=8 <.
t

Rearranging terms and using the definition of « yields that the quantity

1/2
Y= sup { (m+<D2ut<x>>2 + \Dw)r?) - x/ixow)}

Rd
xre +

satisfies
T
<O / €O (| Dug|l. + 1)ds + STy
t

From (2.2) and Cauchy-Schwartz inequality, we deduce || Dusl| ., < s + C, and so Gron-
wall’s inequality gives the desired bound

Y <C(T —t) 4+ Ty,
U

3. The backward stochastic HJB equation. We define a notion of a weak solution
(u, M) (Definition 3.1) for the terminal value problem

ity = [— tr (@, () D?0y) + Hy(x, Dﬂt)] dt +dM, =0 in(0,T) xR and
3.1)
ur=G onR%

More precisely, the solutions are weak in the PDE sense, and strong in the probabilistic sense,
since the unknown (u, M) is required to be adapted with respect to the given underlying
filtration.

The concept of solutions is based on a semiconcavity bound in space, which will imply in
particular that D% is a locally finite measure. We then prove the existence, uniqueness, and
stability of such solutions (Theorems 3.1, 3.2, and 3.3).

We fix a filtered probability space (€2, F,P) such that

(3.2) F = (Ft)ieo,r) s a filtration satisfying the usual conditions,
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and we assume that
a:Qx[0,T) xR - S%and H: Q x [0,7] x R? x R? — R are progressively

measurable with respect to [ and the Borel topology,
(3.3) ~
G:Q xR 5 Ris Fp ® Bra-measurable, and

@, G, H satisfy (1.9), (1.10), (1.11), and (1.12) uniformly over €.

Recall that equations such as (3.1) arise from transforming the HJB equation in the MFG
system (1.1) through the relations (1.2) - (1.6), and therefore (3.3) is completely natural (see
Remark 1.1). Note that, throughout this section, the explicit dependence of the data on the
Wiener process W is not used.

3.1. The definition of solutions. The notion of solution, and, in particular, the condition
on D?u, is motivated by Proposition 2.1, which indicates that D?% can be expected to belong
to Mjoe N W—hee,

In what follows, we make use of the quasinorm

HTHMIOCanLm = ”T”MIOC(Rd) v HTHWA,OO .

Just as for the quasinorm |-\, . this induces a metric on M. N W =1, We will say a
subset of M. N W ~1% is bounded if the quasinorm is uniformly bounded on this subset.

We will call a process X : 2 x [0, T] — M. N W 1% progressively measurable if  x
[0, 7] 3 (w,t) = (X¢(w), f) is progressively measurable for all f € C. U WL, and we will
say X is a martingale if (X, f) is a martingale for all f € C. UW b1,

REMARK 3.1. Much of the analysis to follow involves evaluating the relevant distribution-
valued stochastic processes at test functions. It is for this reason that we work with the above
notions of measurability/integrability, rather than dealing directly with the (strong) Borel
topology of the metric space M, N W =1,

We use the following infinite-dimensional generalization of the well-known fact that mar-
tingales adapted to right-continuous filtrations have cadlag versions.

LEMMA 3.1. Assume M is a progressively measurable martingale with respect to F
taking values in a bounded subset of Mioe N W =1, Then there exists a martingale M’ :
Q x [0,7] — Mige N W1 such that

(a) ForP-a.e. weX),
ts (M](w), f) is cadlag for all f € C,UWbHL,
(b) Forallt e |[0,T], My(w) = M/(w) for P-a.e. w € Q.

PROOF. Let F' C C, UW ! be countable and dense in both C.. and W', Then, for every
feF, (M,f)is areal-valued martingale. Therefore there exist events ', (Q¢);c[0,7] With

P(Q) =1 and P(€);) = 1 for all t € [0, 7], and, for all f € F, a martingale M7 such that
Mtf(w) = (M(w), f) forallte[0,T],we Y, and f € F,

and such that ¢ — Mtf (w) is cadlag for all w € .
By the boundedness of M, there exists C' > 0 such that, for all f,g € F, t € [0,T], and
w e Qt,

M (@) = ME ()] = |(Mi(@), F = ) < CIIF = gllegaa ANF = gl
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and therefore f — Mtf (w) extends continuously to an element of M, N W12 which we
denote by M/ (w).

For w € ', let I(w) := {t € [0,T] : w € }. Then, by Fubini’s theorem, there exists
Q" € of full probability such that, for all w € ", |[0, T|\I(w)| = 0, and so, for all w € "
allt € I(w) and f € C,UWDbL,

M (w) = (M](w), f).

Because w € /, t — Mtf(w) is cadlag for all f € F, and therefore for all f € C. U W!
by the boundedness of M and the density of F. Then, because I(w) has full measure, it

follows that, for any ¢ € [0,7] and w € Q, f s M (w) is a continuous linear map M} (w)
on WH1l U C,. By definition, M’ is a progressively measurable martingale taking values
in My, N WH1, with the cadlag property of (a) satisfied, and, for all ¢ € [0,7] and f €
whluc.,

(M](w), f) = (My(w), f) forallweQ,NQ".
Since P(2, N Q") =1 for all ¢ € [0, 77, (b) is satisfied. O

DEFINITION 3.1. The pair (u, M) is a solution of (3.1) if

(@) [0,7] x Q> (t,w) = u; € C(R?) is a cadlag process progressively measurable with
respect to the filtration F, with up = G,

(b) M :[0,T] x Q — Mioe(R?) N W=1>(RY) is a cadlag martingale with respect to the
filtration F,

(c) there exists a deterministic constant C' > 0 such that, with probability one and for a.e.
te 0,77,

| D] + esssupm (D*ae) + || Mel| pg,, -1 < €

and

(d) the following is satisfied in the distributional sense on R? and for all 0 < ¢ < T

~ T ~
(3.4) U =G+ / [tr (@,D%,) — H,(-, Dﬂr)] dr + M; — M.
t

REMARK 3.2. In view of the assumptions on the martingale M/ and Lemma 2.1(c), the
distributional equality (3.4) admits test functions f € C.(R%) U WLH(RY).

The following lemma is a useful tool in the proofs of existence and uniqueness of solutions.
LEMMA 3.2.  Assume that [0,T] x Q3 (t,w) — u; € C(RY) N L>®(R?) and M : [0,T] x
Q— MlOC(Rd) N W‘lvoo(]Rd) are F-progressively measurable cadlag processes, M is a

martingale, 11 € L>(Q x [0,T], Mioe(RY) N W—L2(R%)) is F-progressively measurable,
and, for all 0 < s <t <T, in the sense of distributions on R4,

t
3.5 ut—us:/ pedr + My — M.

Let ¢ € C*(R) N W2(R) be convex, and set vy(x) := ¢(us(x)) for (t,x) € [0,T] x R%
Then, for all nonnegative f such that f, % € C.([0,T] x RY) or f € WEL([0,T] x R%),

E/Rd ve(x) fr(x)dx —E/Rd vs(x) fs(z)dx

28 [ [+ [ o] ar
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The same is true if the equality in (3.5) is replaced with < (resp. >) and ¢ is non-increasing
(resp. non-decreasing).

PROOF. We prove only the claim when (3.5) holds with equality, because the other two
claims are argued similarly. Fix a partition P ={s =79 <7 <--- <7y =t} of [s,t]. Then,
by the convexity of ¢ and the nonnegativity of f,

/Rdvt(x)ft(x)dx _ /Rd vs() £ () da

([ ) = oot [ o @5 ) )
e
# [ o @) @) fr ) )

Foreveryn=1,2,...,N, ¢'(u,,_,)is F,, _ -measurable, and so, by the martingale property
for M, for P-a.e. w € (),

E [<MTn - MTn717¢,(uTn71)an71> | FTn—l] (W) =0.
The nested property of conditional expectations and (3.5) yield

v

= Ur,_, ()¢ (tr, , (2)) fr,_, (x)dx

N
> (]
n=1

N

Z ., (ur,
n=1

Tn

[ (n (o) =t )0 ) @) =B [ b, )

Tn—1

and so

E /R () fule)de ~ /R (@) )

t N 8 i
EE/S ;1[7."177_”)(7’) <<N7’7¢/(Urn1)f7'nl> —i—/Rd ’U—rn(g;) failﬂ) dx> dr.

Denote by 6 the process

N 9 ;
ZES) SETHRNRI(S) (PRIUMINY R Boy (TS Ko ) B A
n=1

Rd

Then ess SUp(,. ) e[s 1 x |0F| is bounded independently of P, and, as |P| — 0, with proba-
bility one and for almost every r € [s,t], 67 converges to

ofr(x
0 == <,ur7¢/(ur)f> + / 'Ur(x) féi )d:E

Ra

We conclude upon sending |P| — 0 and appealing to the dominated convergence theorem.
O

We will apply the preceding lemma with a particular class of test functions. For A > 0 and
K > 0, define

(] — Kt)+]?

(3.6) Py (t,x) :=exp (— V)

), (t,z) € [0,T] x R<
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LEMMA 3.3.  Forany A > 0and K > 0, ¥k belongs to C%([0,T] x R) nW2L([0,T] x
R?) and satisfies

0y x
ot

— )\m+(D2T,Z)>\,]C) — ’C|D¢)\Jg| >0 in[0,T] % R

PROOF. It is clear that the derivatives of 1)) x are continuous and belong to L'([0, 7] x
R%). To check the differential inequality, we compute

Ihrk [(lz] = K)+ 12 [[(z| = Kt)4]* | K(lz| = Kt)
ot _exp<_ 4A(1t+1)+ >[ 4)\(t+1); * 2)\(t+1)+ :

(=] = ’Ct)+]2> (] = Kt)+

ME+D) ) 1)
and
2 _ i (=] = Kt)4?
Dy (t,x) =sgn (|z| — Kt)exp < V)
| e[ —Kt I+ (\x!—lCt)2+ lz| - Kt 1 P
2]z A\t + 1) AN2(t+1)2  2z|A(t+1)  2A(t+1) '
The identity my (A2 ® # + B1d) = (B + A, )4 forall A, B € R and x € R yields
2 _ B [zl = Kt) 42
(D2 (t2) =sen (o]~ Kpyexp (- {2220

,[_ |z — Kt <(!w\—lCt)2 ol -kt 1 )}
uAt+1) " \AN(E+1)2 " 2uME+1)  22(t+1)) ],

B [(Jz] = Kt)1 2\ [ (2] — Kt)? 1
=sen. e~ ey (G0 ) (B o - )

We conclude that

L\ (D ) — KIDWs x|
(] = KON | (2] = Kt)* [ (=] - Kt)? 1
2 sgn (|| = Kt) exp <_ 4A(t+1)+ ) E+1)? <4>\(t+1)2 - 2(t+1)>+

K(lz| = Kt)  K(Jz| — Kt)

2A(t + 1) At +1)

> 0.

O

3.2. Existence. Using a discretization procedure, we prove here the existence of a solu-
tion of (3.1).

THEOREM 3.1.  Assume (3.2) and (3.3). Then there exists a solution (u, M) of (3.1) in
the sense of Definition 3.1.

Fix N € N and set

(3.7) N =" forn=0,1,2,...,2~.
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Define the time-discretized diffusion and Hamiltonian by

(3.8) ay =aw forte [t ), n=1,2,..2"
and
(3.9) HY :=Hy forte [N 1), n=1,2,...2",

as well as the right-continuous, piecewise-constant-in-time filtration FY = (F}Y )ielo,r) bY

(3.10) FY :=Fuw forte [th ,t)),n=1,2,...2Y FY=Fr.

Observe that, in view of the right-continuity of F implied by (3.2),

(3.11) FN* CFN forall NandFy= (| FY forallt € [0,7).
NeN

We now introduce a cadlag-in-time function @V : [0, 7] x R? x Q — R, with jumps oc-
curring at the partition points (3.7), as follows. We first set 17¥ := G in R?. Then, for
n=12,...,2", given @)\, define u" in [t} ;,¢]') as the solution of the terminal value
problem ’

-~ )Y -~ 2~ 7N ~Ny _ N d
trfa; D*up |+ HY (v,Duy’ ) =0 in [tX_1,t)) x R and
(3.12) ot
WY =E [ﬂﬁv

n

Ftﬂ in RY.
In other words, the jump discontinuity of ” at t2Y is of size

AMN = uﬁv —E |:utN

FX ] =122V 1.
Finally, define
(3.13) MN = > AM[ forte(0,TT].
n:N <t
LEMMA 3.4. The processes constructed above satisfy the following:

(a) The process (u}Y )eelo,1] IS FN-adapted, and the process (M} )ielo,1) s @ FN -martingale.
(b) There exists a constant C > 0 depending only on T and the data (through the assump-
tions listed in the statement of the theorem) such that

Nen (HUNH orixaxas 1P || 0 ryxanme + [O%i?fRdm+(D2aN)> <C.

(c) Forallt € [0,T) and in the sense of distributions in R?,
T ~
N =G+ / (tr[agvmagv] . H;V(.,Dagv)) ds — MY + MY
t

PROOF. We prove only (b), and then properties (a) and (c) are easily checked.
Fixn=0,1,...,2Y — 1. Combining the bound H H < H _ with (22) from
n+17 n+1
Proposition 2.1 yields, for some C' > 0 as in the statement of the lemma,

+O(tnyr —t) forallte [t el ).

U H < u
[z ol
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We then see inductively that, for all ¢ € [0, T,
7]l < 1G]l + C(T —1).

A similar argument, appealing to (2.3) from Proposition 2.1, gives, for all ¢t € [0,7] and
almost everywhere in R x Q,

1/2
dD%aN\?* N
(m+ < dﬁut ) + ‘DuiVP) - \/5)\011,,{\[

- o\ 2 1/2
lN Z Ck/2Y 4 eCT esssup <m+ <dD G> —|—|DG|2> — V200G

Rex O dL
k=0 x N
Combining the above with Lemma 2.1(b), the bound for |||, and
2V 1
r $ Ok T —1) T -1
9N N (,CT/2N _ 1) —
2N 2N (eCT/ 1) C
shows that
<dD2ﬂ{V >
sup esssup my < 00,
NEN[0,T]xRixQ dL
so that, by Lemma 2.1(a) and (b), o is uniformly semiconcave and Lipschitz. O

The proof of Theorem 3.1, as well as for the stability estimates to follow, involve bounding
the difference between uniformly Lipschitz solutions in certain Lebesgue spaces. The follow-
ing elementary lemma allows to translate the last bound to an estimate in the local-uniform
topology.

LEMMA 3.5. Let 1 < p < oo. Then there exists C = Cq, > 0 such that, for all w €
Whoo(RY) N LP(RY),

wlloe < C 1Dl ]}

PROOF. Fix z € RY. The function C,(y) := (|w(z)| — || Dwl| |y — x|), lies below the
graph of |w|, which implies that ||Cy |, < [|w][ .. For some ¢ = ¢4, > 0, we compute ||Cy ||, =

clw(z)|d+P HDwH;od, and the result follows upon rearranging terms and taking the supremum
over x € R%, O

PROOF OF THEOREM 3.1. Fix K, N € N with N < K, let ¢ : R — R be smooth, non-
negative, nonincreasing, and convex, and set

wh (2) = ¢ (@) (x) — () for (t,z) €[0,7] x R™.
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Let f:[0,7] x R? — R be smooth and nonnegative, with sufficient decay at infinity (to be
determined below). For 0 <t <t+h <T,

[ (Wi @) — @) i(a) ) d
Rd
t+h
[ v )
srg o+ [ (1D o) - B DR 0 ) -3 )
+wl K (z) 8{;8) ) da:] ds

+ Z /Aw z) fry (z)dz + /Aw ) fux (x)dx

E(t.t+h] L e(t,t+h]
where

Awg\,’K =¢ (ﬂi\zfv ﬂfz(v) —¢ (aizv— uff(\f —>
and

Awg{K :=¢<77i¥< U{i)—‘?(ﬂ%r—ﬁ{% )

The convexity of ¢ implies that

Awy = of (% -~y ) (AMY - An)

and
AwlE > ¢f (utk 7 _) (AMt]nX - AM{g) .
By definition, ¢/’ (ﬁtg,’_ — ﬁfi\,’_) is ;v -measurable, and so
E [Awgv’K ( th] > 0.
If tff is not equal to t% for some m =1,2,...,2V — 1, then AMt]g = Mg — Mg’_ =0.
Otherwise, ¢’ (ﬂ%,— — ﬂ{%_) is [Fyx -measurable. In any case, we have

E [Awi};’K ( th] >0.

Upon taking the expectation of (3.14), the nested property of conditional expectation, the
convexity of ¢, and the nonnegativity of @V imply that

B[ (e @ian(e) =™ @) @) da

t+h
> [k
t

i ([ﬁév (o, D (@) = FFX (a2, DT (2))) o (2)0 (0 (&) — T8 ()

— (tr[a) D*al —alf D*ul), foo' @l —ul))

s
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+ wl K (z) 9fs(x) ) d:z:] ds

0s
t+h
> / E| (—tr[al D*w) "] + ¢V, £)
t

4 / (b?!“(:s) - Dwl K () fo(@) + w K (2) af5ix)> dm] -
Rd
where
1 -
bV ;:/ D,HY (-, Dl + (1 —7) D) dr
0
and

M= @ k) |- @ @)%l + °Y (,Dul) - HE (Dl

For § > 0, let ps be as in (1.15) and define
1 ~
099 = [ DY (o Dlps <) + (1= 1) Dlps + 1)) dr
0

and
N.K,§ . ~N,K NK  1N,K,6 NK
NKS . ] +(bs ! >~Dws .

Then

sup HbiV’K’éH <|b|l, and
te[0,T o0

lim bN,K,é — bN,K

almost everywhere in [0, 7] x R? x Q,
6—0

and, in view of the convexity of H, the uniform semiconcavity bounds for 'V and @* implied
by Lemma 3.4(b), and (1.9),

Sup sup sup sup <div biv’K"s(x) + div div?iiv(:n)) < o0.
te[0,T) z€R? 6>0 N, K

We next write

B[ (6l @) @) =0l @) h(a) do

t+h
> [ B[ (—ul@ DRl )+ (0 1)
t

+ /R (biv (@) - Dwl K (@) fo(x) + wl () afgiw) ) dx] "
_/t+hIE / NK () 9fs() — tr[D*@ () f5(x))]
= ¢ Rdws x 0s ' I

= b0 (@) - D () — (dive]f ’K’é(w))fs($)> de+ (G50 £,) ] ds




MEAN FIELD GAMES WITH COMMON NOISE AND DEGENERATE IDIOSYNCRATIC NOISE 21

= o wVE ( Lfs(w)—r?i]vw 2fo(z
-/ E[/ ()( =5l () D2 o)

- (bév’K"s(a:) +2divay (m)) Df(x) — (div NS (1) + div divay (m)) fs(:n)> dz

T <C§V’K’5,fs>]ds

For suitable A and K depending only on ||a|| .., the constant C' from Lemma 3.4, and the
local bound for D, H and D, H from (1.11), we take f = 1)) x from Lemma 3.3 and set

N,K
W :ZE/ K @) o()de,
R
Then
.N.K N,K N,K,§ N,K,§ N,K,$
00 > —=Cry "+, ", where g, 2=E<Ct’ ’7¢/\,Ic,t>'

The uniform Lipschitz bound for w™NK | the fact that ) ALK E W21 and the dominated con-
vergence theorem yield, upon sending § — 0,

 N,K NK | NK N.K
> =Cv " 4,07, where g —E<Ct ,TJZ)/\,IC,t>'

We have fyrfpv K= 0, and so Gronwall’s inequality and the continuity of H and @ in time give,
for all t € [0, 7] and some sequence wy satisfying limy oo wy =0,

"yt <C/ NKdS<wN

We then take ¢(r) := r_ (which can be justified with a smooth approximation) and, upon
switching the roles of "V and u’¢, conclude that

sup B [ 3 (a) = (2)lco(o)d < .

t€[0,T)]
Lemma 3.5 with p = 1 and the uniform Lipschitz bounds for ", %, and v, x then give a
constant, independent of N and K, such that
(3.15) sup E sup ¢ (2) @l (2) — af (2)| 4 < Cwy.

t€[0,7] xz€R?

It follows that, as N — oo, ¥ converges, in L>([0,T], L™(Q,C(Bg))) for all R > 0,
to some limit u. Upon extracting a sub-sequence, we deduce that, as N — oo, P-almost
surely and for a.e. t € [0,7], )" converges locally uniformly to u;, and, moreover, because
of the uniform semiconcavity bound and Lemma 2.1(d), D} converges almost everywhere
to Duy. In view of (3.11), the process u is progressively measurable with respect to FF.

For any ¢ € [0, 77, in the sense of distributions,

t o~
MY = — g /0 [wfa) %)~ HY (. D) .

As N — oo, for a.e. t € [0,T] and P-a.s., the right-hand side converges in the distributional
sense to

t ~
(3.16) M, := iy — o — / [tr[asp%js] - HS(.,DaS)] ds € Migo(RY) N W1 (RY),
0
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The process M is progressively measurable with respect to [F because w is.
For fixed f € Cc(RY) U WHL(R?), ((M{, f))iejo.) is a martingale with respect to the
filtration FV. Fix 0 < s < t < T and A € F,. For any N eN, F, C Fév, and so

E[(MY — MY, 1] =0,

Sending N — oo and appealing to Lemma 3.4(b) and the dominated convergence theorem
yields E [(M; — My, )1 4] = 0. We conclude that M is a progressively measurable martin-
gale, and then, by Lemma 3.1, M has a version such that, with probability one, (M’, f) is
cadlag for all f € C,UWhL,

For t € [0, 77, define

~ T -
uy =G + M| — M} —/ [tr[ﬁsD%js] — Hy(-, Duy)| ds.
t

Then, for all t € [0, T, there exists 2; € F; with P(€;) = 1 such that @} (w) = u;(w) for all
w € {4, and so the same boundedness, Lipschitz regularity, and semiconcavity properties are
satisfied by @' It follows from Fubini’s theorem, that for P-a.e. w € 2, M’ is right-continuous
and

Hte[0,T]:w¢ N} =0.

Therefore, in the integration over s € [t,T] above, we may replace D, and D%t with
respectively D', and D4/, without affecting the value of the integral. For the rest of the
proof, we thus work with the versions of M and u for which (3.16) holds and (M, f) cadlag
forall fe C.UWDbL,

We next note that, by the semiconcavity and Lipschitz bounds for ,

t ~
tes / [tr['dsD2ﬂs]—Hs(-,Dﬂs) ds
0

is Lipschitz continuous with respect to the strong topology of M. N W ~1:°°, and therefore,
forall f € WhtUC,, t— (U}, f) is cadlag. Exploiting the uniform Lipschitz continuity of %
in space, it follows that, in fact, ¢ — w; is cadlag with respect to local-uniform convergence
in C'(R%). We conclude that t — M, is cadlag with respect to the strong topology of M, N
W12 induced by the quasinorm |||y, ~yr-1.. O

3.3. Sub/supersolutions and a comparison principle. 'We relax the notion of solutions of
(3.1) with the following definition.

DEFINITION 3.2.  The pair (u, M) is a sub- (resp. super-) solution of (3.1) if (a), (b), and
(c) from Definition 3.1 are satisfied, and if, with probability one and for 0 < t; <ty < T, in
the sense of distributions on R?,

to ~
(3.17) <+ / [10(@.0%,) — (-, Dit)] ds — M;, + My,
t1
(resp.
t2 ~
(3.18) Uy, > Uy, +/ [tr(?isDzﬂs) — HS(-,Dﬂs)] ds — My, + Mt1> .
ty

Uniqueness of solutions for (3.1) then follows from the following theorem and the fact
that solutions are both sub- and super-solutions.
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_ THEOREM 32.  Assume (3.2), (@, H',G") and (&, H?,G?) satisfy (3.3), H' < H? and
G' > G?, and let (EI Ml) and (N M2) be respectively a super- and sub-solution of (3.1)
corresponding to (H',G") and (H%, G?). Then t* > u2.

PROOF. Letv =u' —u? and M = M' — M?, and, for (t,z) € [0,T] x RY, define
1 ~
= / DH} (z,7Du; (z) + (1 — 7) D (z)) dr.
0
Then

—d’Ut [tr(atD ’Ut) — bt D’Ut] ds — th in [O,T]

Let¢p: R — R be C?, non-negative, non-increasing, and convex, and set w = ¢(v). Then, by
Lemma 3.2, for any nonnegative f € W21([0,7] x R)NC2([0,T] x RY) and 0 < s <t < T,

B[ w@)fia)de B [ (o) fife)ds
> [e

Ofy
(3.19) +wr($)%>dﬂj

t
[E

—(trfa,D%,], ¢ (v) fr) + /

Rd

<¢'(vr(ﬂf))br($) Dy () fr(x)

dr

Y

—<t1"[arD2wr]afr>+/ (br($) DwT( )fT( )
Rd

+ w,(z) 8fé£x) ) dx

Fix § > 0, let ps be as in (1.15), and, for ¢ € [0, 77, set

dr.

1 ~
B ::/ DHy (-, 7D(ps * ;) + (1 — 7)D(ps *u7)) dr.
0

Then, as 6 — 0, b° — b almost everywhere in [0, 7] x R? x Q. Moreover, because H'is
convex and u' and u? are globally Lipschitz and semiconcave, we have, for some C > 0
independent of ¢,

Hb5H <C and divk’ <C.

For r € [0, 77, set (2 := — (b, — b%) - Dw,. Continuing (3.19), we have

B[ w@fi@ds=E [ (e fife)ds
> [B| - (w02 ) +

Rd

+ () [8%77@ — divtd(z) fr(a:)} ) da:] dr

[ i) (P55~ divaivGan 11,0 - 00) - D1 (o)
Rd

(diV(bﬁ(w)wr(x))fr(w)

t
:/E
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-—dwbﬁ$lﬁ0@>dw—-thﬂ>]dr

/Rd wy(z) (8'@75?) — trfa, (@) D2 f, (x)] — (0)(z) + 2diva,(x)) - Df(z)

t
:/E

— (divbd(z) + div divar($))fr($)> dx — <§f, fr>] dr.

Then, if we choose A, K, and C' > 0 sufficiently large, depending only on |[a|| .., the local

bounds for Dpﬁ L and Dlz,pﬁ 1 and the Lipschitz and semiconcavity bounds for ' and %2,
and if we choose f = 1)) x from Lemma 3.3 and set

Vi ::E/ we(x)hy o (t, z)dx,
Rd
we conclude that, for ¢ € [0, 77,
e = —Cryp — <C?ﬂ/’)\,l€,t> .

By the dominated convergence theorem, using the fact that ¥ x(¢,-) € Wh!, upon sending
§ — 0, we have 4 > —Cy;. Gronwall’s inequality gives supejo )7 < eC(T=1)
other words,

1, Of, in

sup E QS(EI% (x)— ﬂ?(az))wA7;c(t, x)dx < CT-OF qﬁ(él () — C?(x))w)\,;c(t, x)dzx.
te[0,T] R4 R4

We then take ¢ to be such that ¢(r) > 0 if and only if 7 < 0. Using the fact that G* > G2 and
Yax > 0in [0,7] x R?, we conclude that, with probability one, u' > %2 in [0,7] x R, as
desired.

O

3.4. Stability. We now discuss stability for (3.1). This result is used later to prove the
existence of weak solutions to the mean field games system. It also immediately gives a van-
ishing viscosity type result relating solutions of (3.1) and solutions of the first order problem
considered in [10].

THEOREM 3.3. Assume (Zil,él,ﬁl) and (52,é2,ﬁ2) satisfy (3.2) and (3.3), and let
(', M) and (u?, M?) be the corresponding solutions of (3.1) in the sense of Definition 3.1.
Then, for all R > 0, there exists C' > 0 depending on R, d, the Lipschitz and semiconcavity
constants for u* and U2, and constants in the given assumptions, such that

d+2

sup B [ =7 g,

te[0,7

<CE| sup HE%—E?HCO,I—FHETI—]?W i —i—Hél—ézu .
t€[0,T) 00,[0,T|xR4x Be: 00

PROOF. We argue as in the proof of Theorem 3.2, and let v, M, b, b, ¢, w, and C5 be
defined in the same way. Defining also, for (¢,x) € [0,7] x R,

ki(z) == HE (x, DU (x)) — H} (v, DUf(z)),
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we deduce, by Lemma 3.2, for any f € W1(0,T] x RY) and 0< s <t < T,
B[ w@)fi@ds=E [ w.()file)ds
> [B[ - (tl@ - @ D%ulie o) + i D) + )
# ([ roto) + aivaen )] £
e | 2 vl o) e
- [=] [ wto (8@?) — D@ )1 ()]

— () D (@) - div bf(!ﬂ)ﬂ(ﬁ)) d — (oxl@ - EDT 00) 4 62+ fr) |ar

-/ E[ / wr<w><6fg—@)—tr[a’$<x>z>2fr<x>1—<b£<x>+2diva’2<x>>-Dfr<:c>
s Ré T

— (divbd(z) + div div5§($))fr($)> dx

= (1@ — @)D/ () + ¢ + v fr) ] dr.

We now take f =1, i as in Lemma 3.2 for A, K sufficiently large, depending only on the
data specified in the statement of the theorem, and set

wi=E [ wie)inlto)ds

Then, upon sending § — 0 and using the dominated convergence theorem, we have, for t €
0,77,
At > —Cy — E(tr[(a) —a;) D*uy16 (vi) + ke, oake) -

We further estimate, for some C' > 0 as in the statement of the theorem,

ke, oax)| <C sup  |H}(z,p) — HE(z,p),
(Z‘,p)eRdXBc

and

(el(@ —a) D% )e' (ve). vaer )

=~ [ D) | div(a} (@) ~ 3 ) () re (t,2)

+ (@ (@) — @ (@) Dor(a)" (vn(2)eax(t,)
+ (@ (z) = () D e t,2)6 (0 () ] v
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We then take ¢(r) = (r_)?. An application of Young’s inequality yields, for a different C' >
0,

Y= —Cv—CE (HE% = || o + Hﬁl B erj?2HOQ,[O,T]x]Rdec> '

Upon applying Gronwall’s inequality and repeating the argument after the switching the roles
of &' and u2, we obtain

sup E |€Z§(az) — ﬂ?($>|2¢)\7n(t,$)d$
tel0,7] JRe

< CE (Hél_ég(f + sup @}~ @] o + || B - B
[o¢]

t€[0,7] oo,[O,T]XRdXBc> '

The desired estimate now follows from Lemma 3.5 with p = 2, and the boundedness of G!
and G2. U

3.5. Optimal control representation. We finish this section by stating an optimal control
representation of the solution. The result, and proof, are similar to the first-order case in [10,
Proposition 2.7].

We assume without loss of generality that the probability space (£2,P) supports an m-
dimensional Brownian motion (B),¢[o,7] independent of IF. We then define the set of admis-
sible controls

C:={a e L>®([0,T] x & RY) : a is progressively measurable
with respect to the filtration generated by B}.

Given a € C, we denote by X*4% : [t T] x Q* — R? the unique solution of the stochastic
differential equation

AXO = qeds + 55(XSPVdBs, t<s<T
(3.20) { asds + o ) , <s<T,

a,t,x
X, =

Observe that X% is adapted to the filtration generated by F and B.

PROPOSITION 3.1. The unique solution u of (3.1) has the representation

T ~ ~
u(x) = ess iéle [/ H: (X2 ag)ds + G(X5) ‘Ft} .
ac t

PROOF. Fix N € N and let " be as in (3.12). Then, for any n =1,2,...,2" and t €

[tnN_l, tﬁlv ), the standard stochastic control formula (see [29]) gives

ty
ﬂiV(ZE) = eSaSel(Ijle [/ H57*(X§,I,Q7N,as)ds + ﬂgy7_(X:§’a7N)] ’
t

where X5%N golves

{ng,tmN:asds_i_&év(X;x,t,x,N)dBS’ t<s<T,

XN — g,
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The v -measurability of H N and ¢V (and therefore X*t*N) on [t,tY) yields, in view of

the definition of ui\fv s

uN (x) =ess iéle
aE

ty
[ o e[|
t

and an inductive argument leads to
acC

T ~ ~
(3.21) uN (r) =essinfE [/ HN*(XEmN 0)ds + GX N ‘ Fiv} :
t

There exists C' > 0 depending only on 7" and the Lipschitz constant of & in the R%-variable
such that, uniformly in (¢,z) € [0,T] x R%, a € C, N € N, and s € [t,T],

T
Bxiee - X < CE [ 6 -2, ds 2=
0

By Lemma 3.4,

DuN HOO’QX [0,T] xR is bounded uniformly in V. It follows that there exists
a deterministic M > 0 independent of N such that the essential infimum in (3.21) can be
restricted to a € C satisfying ||| . < M. Using the uniform continuity of & on [0, 7] x R?
and H* on [0,T] x R? x By, we may take the limit as N — oo in (3.21), which yields the

result. O

4. The MFG system. We now consider the MFG system (1.1). As discussed in the in-
troduction, this is done by studying the transformed system

iy = [~ tr(@(z, M) D*y) + Hy(a, Dy, )| dt +dM; in (0,T) x R,
(4.1) diy = div [div (@ (z, me)me) + My Dy Hy(z, DTy, )] dt in (0,T) x R,
ﬂT(ac) = é(x,ﬁ@T), mo = myg in Rd.

We begin by proving a general existence result, Theorem 4.1, under the assumption that a, G,
and H satisfy the same conditions as in Section 3, uniformly in the m-variable and Lipschitz
continuous with respect to the Wasserstein distance. Uniqueness of probabilistically strong
solutions is then established under an additional monotonicity condition in Theorem 4.2.

We remind the reader that (4.1) is formally derived from the original system (1.1) through
the relations given, for (t,z,p,m) € [0,T] x R? x R? x P(R%), by

(4.2) Ur(2) = ug(x +/28W2), g = (Id —/28W;)ymy,
(4.3) Gi(x,m) = ag(z + /28Wy, (1d++/28W,)ym),
(4.4) Hy(x,p,m) = Hy(z + v/28We, p, (1d++/28We)ym),
(4.5) G(z,m) = G(z + /28Wr, (Id+/2Wr)ym),
and

t
(4.6) (@) = vz — 2BW,) — /2BDu(x — /2BW;), and M, = /0 BdIW,.

Motivated by the theory of weak and strong solutions to stochastic ordinary differential
equations, we define a notion of probabilistically weak solutions of (4.1). More precisely, a
weak solution is characterized not only by the unknowns @, M, and m, but also the filtered
probability space and Wiener process .
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DEFINITION 4.1.  We say that (Q,F,P, W,u, M, m) is a weak solution of (4.1) if

(@) (Q,F,P) is a filtered probability space, with a complete right-continuous filtration [,

(b) The random variable 7 takes values in C/([0,77],P2(R?)) with P-probability one, 1 is
adapted to the filtration IF, and W is a d-dimensional F-Brownian motion,

(c) (u, M) satisfies, in the sense of Definition 3.1, the Hamilton-Jacobi equation

iy = [~ tr(@y(z, ) D*y) + Hy(z, Dy, my)|dt +dM; in (0,T) x RY,
(d) P-a.s. and in the sense of distributions, m solves the Fokker-Planck equation
diy = div [div (@ (z, W)y ) + My Dy Hy(z, Dy, iy)] dt in (0,T) x RY,

and _
(e) mo=mg and up = G(-,my) P-as.

We say that the solution is strong if (u, M, m) is adapted to the complete filtration generated
by W.

REMARK 4.1. In this paper, we give meaning to the original system (1.1) by solving
(4.1). We do not explore whether the weak solution of the transformed system leads to some
notion of solution (u, v, m), and indeed, it is not clear whether a process v as in (4.6) can be
extracted from a probabilistically weak solution (u, M, m). On the other hand, in the theory
of mean field games, one is typically interested in the value function u and the density of
agents m, which can be recovered as follows:

1’) = ﬂt(l’ + \/%Wt), my = (Id—\/ﬁWt)#ﬁ@t

REMARK 4.2. In view of (4.6) and Definition 4.1, the term div, v appearing in (1.1)
would be a distribution which is the derivative of a measure in M. The study of the trans-
formed system (4.1) then has another advantage: not only is the forward Fokker-Planck equa-
tion nonstochastic, but also, all terms in the Hamilton-Jacobi-Bellman are, at worst, distribu-
tions belonging to M. N W 1,

REMARK 4.3. It does not appear to be the case that the transformations (4.2) - (4.6) have
a regularizing or averaging effect, a phenomenon which has been exploited for ODEs with
rough or stochastic forcing [14, 19, 13]. This is because v and m are themselves stochastic
processes adapted to the same filtration as W.

4.1. Existence of a weak solution. 'We are able to prove the existence of a weak solution,
that is, the tuple (Q,F,P, W, w, M,m) satisfying Definition 4.1, under general assumptions
on the deterministic functions a, H, and G, recalling that a, H, and G are then defined with
the constructed Wiener process W through (4.3), (4.4), and (4.5).

In the case where a = 0, treated in [10], or in the nondegenerate setting of [8], existence
and uniqueness of a strong solution is established by assuming monotonicity and a separated
structure from the beginning. Our existence result is more general than these even when a is
either zero or nondegenerate, since we generalize to nonseparated dependence, and assume
nothing more about the dependence on the measure variable m except mild regularity.
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More precisely, we will assume that
(a.(-;m):[0,T] x R - S, G(-,m) : R? 5 R,
and H.(-,-,m) :[0,T] x RT x R - R
4.7) satisfy (1.9), (1.10), (1.11), and (1.12) uniformly over m € Pg(]Rd),

and, for all R > 0, uniformly over (¢,z,p) € [0,7] x R? x Bg,

m— (oy(x,m), G(x,m), H,(x,p,m)) is Lipschitz in the Py(R?) distance.
In order to exploit compactness in Pz (R?), we also assume that the initial distribution satisfies

4.8) mg € Pp(Rd) for some p > 2 and has a bounded density.
THEOREM 4.1. Assume (4.7) and (4.8). Then there exists a weak solution of (4.1).

4.1.1. The discretized system. As a first step, we construct a (strong) solution of a dis-
cretized version of (4.1). More precisely, rather than discretizing the time and state spaces, we
directly discretize the canonical probability space of paths. This leads to a fixed point prob-
lem on a metric space which, due to the finiteness of the probability space, is now compact,
for which Kakutani’s fixed point theorem is well-suited.

Let Q0 = C([0,T],R%), F0 = (F?)te[o,T] be the filtration generated by the canonical pro-
cess W € Q9 and PY be the Wiener measure on 2V, so that W is a Brownian motion under
PY.

The discretization of €2° is done through a certain projection map onto piecewise affine
paths, whose slopes lie in a finite but possibly large set. The properties of this construction
are outlined in the next lemma, whose proof we omit. A similar procedure is discussed in
detail in the work of Carmona, Delarue, and Lacker [12, 2.4.2].

LEMMA 4.1.  Forn €N, there exists a map 7" : Q° — QU such that the following hold:

(1) @™ is nonanticipative and Borel measurable,
(i) forany z € Q% andi=0,1,2,...,2" — 1, 7(x) is affine on
n Ti T(i+1)
[ti, ¢+1] = o on |’

(iii) the increments (7" (x)(tj 1) — 7" (x)(t}))i=0,1,2,... .27 —1 belong to a finite set depending
only on n, independent of x, and,

(v) ifF" = (F{‘)te[O’T} denotes the piecewise-constant, right-continuous filtration generated
by (W), then

lim Epo [ sup |7"(W); — Wt|] =0 and
n—00 te[0,7)
4.9)
UFy=F foralite(0,T).
neN

We now construct the discretized variant of (4.1) by defining a", H " and G" from a,
H and G just as in (4.3), (4.4) and (4.5), replacing W in each with the discrete projection
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7" (W). We then seek a solution (u”, M™, m™) of
dup = [~ tr(@ (x,mP) D*) + Hp (x, DAy, mi) ] dt +dMp in (0,T) x R,
4.10) < dmp = div[div(a@} (z, mp)my) + mp Dy Hp (x, Day, mi)]dt in (0,T) x R,
mi =g, up(zr) =G (z,mp) in R%

PROPOSITION 4.1.  There exists a solution (u™, M™, m™) of (4.10) adapted to the dis-
crete filtration F".

Proposition 4.1 is proved by setting up an appropriate fixed point problem. We define, for
R > 0 (recall that p > 2 is as in (4.8)),

M = {m € L=(Q%C([0,T], Po(RY) N L=([0,T] x RY)), m is F"-adapted, mq = o,

and [|m/ qoxjo7)xre + €sSSUP sup |z[Pmy(z)dx
' ' weQ® te[0,T] J R4

do(mg,m
+esssup  sup 2(751;) <Rj;,
weN’ 5,te(0,T7], s#£t ’3 - t‘ /

along with the metric

dag (m,m') =E

sup da(myg,m})| .
te[0,7

The space M’} contains the constant process 1myg, and is thus nonempty, as long as
R moll + [ faPmofa)d.
Rd

Moreover, (M, d ) is a convex and compact metric space. Indeed, because the processes
are [F*-adapted, they may be identified with random variables defined over a finite probability
space, and they take values in a compact subset of C'([0,77], P2 (R%)).

For a fixed m € M?";, we consider the backward stochastic Hamilton-Jacobi equation

dii™ = [ tr(@y (x, my) DA™ + Hp (z, DT ig) ] dt
(4.11) +dM™ in (0,T) x R,
™ () = G™ (2, mr) in RY
LEMMA 4.2. For any m € M7, there exists a unique solution (@™, M ™)) of (4.11),

and there exists a constant C > 0 that is independent of R and m € MY, such that, with
probability one,

a™| + ||IDa™|  +esssupmy (D*™) < C.
=]+l

o0
Moreover, the map
(M, dpgn) 30— DE™ e LY, L ([0, T] x RY))

IS continuous.
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PROOF. In view of (4.7), the random variables
() = (@ (@), Y (@, 70), G (7))

satisfy (3.3) for the filtered probability space (220, F",P?), with constants that are indepen-
dent of R and m. The existence and uniqueness of a solution satisfying the desired bounds
is then a consequence of Theorems 3.1 and 3.2, and the continuity statement follows from
the uniform Lipschitz continuity of (a", H n, é“) in the Py-variable, Theorem 3.3, Lemma
2.1(d), and the bounded convergence theorem. O

LEMMA 4.3. Fix m € M?%, and let (@™, M) be as in Lemma 4.2. Then there

exists a constant R > 0, independent of R and m, and an F"-adapted process | €
C([0,T),P2(RY)) N L>®([0,T] x R?) such that, with probability one,

d , ~
illcjorpess + sup [ JaPula)dz+  sup Ll 1)
t€[0,7] ste[0,T), st |8 — 1]

and, in the sense of distributions,
dpy = div [div (@} (z, ) ) + e D H(, DT )| dt in (0, T) x R,

(4.12)
Lo =1mg in Rd.

PROOF. For ¢ > 0, let p. be a standard mollifier as in (1.15), and set
a™e = p« 7™ and b (x) := —DpHP (x, DU (2), i)

We then consider the regularized equation

Ohpis = div [eDpis -+ div(@p (z, o)) — psbs] in (0,7) x RY,
(4.13)

s =g in RY.
With probability one, (4.13) is a uniformly elliptic equation with coefficients which are
smooth and bounded in space and measurable in time. Therefore, there exists a unique solu-
tion in the sense oj distributions, which is adapted to F", since @™, H™ and (™) are. Standard
arguments yield R independent of R, m, and € such that

do (1, us _
sup |z|Pu; (z)de +  sup (Mis’ffz) <R.
t€[0,7] J R4 s,te[0,T], st |5 — 1

By Lemma 4.2, @™ is uniformly Lipschitz continuous and semiconcave in space. This,
along with the uniform convexity of H™ in the gradient variable, implies that there exists
C > 0 independent of R, m, and € such that div, b* > —C. The maximum principle then
implies that ;¢ is bounded in L>(0° x [0, 7] x R?) independent of ¢, R, and m, and so,
enlarging Rif necessary,
1= =
lcgorpess+ s [ falui(ide+ s S <
t€[0,7] steo,1), st 15—t/
Exploiting the finiteness of the probability space (2°, F",PY), we then extract a subsequence
of (1°) that converges weakly-+ in L>(Q° x [0, T] x R?) to some p, which, with probability
one, is a solution of (4.12) with the desired properties. O

We now combine Lemmas 4.2 and 4.3 to set up the fixed point argument.
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PROOF OF PROPOSITION 4.1. Set R = R, where R is as in Lemma 4.3 (this is allowed
because R is independent of R). Given m € M, we let £(m) be the set of processes u
that solve (4.12) and satisfy the properties laid out in Lemma 4.3. This defines a map taking
values in convex subsets of M'y:

S ms E(m) € 2Mik,

and, in view of Lemma 4.2 and the uniform Lipschitz continuity of the data in the P,-variable,
the graph of £ is closed. By the Kakutani fixed point theorem, there exists m" € M7 such
that m™ € £(m™). Setting u" = u™") and M™ = M(™") gives the desired solution. O

4.1.2. The passage to the limit. We begin by embedding the discrete problem above into
a larger probability space. For R = R as in the proof of Proposition 4.1, we define

QF ::{w = (m,w) € C([0,T], P2(RY) x RY)
(4.14) NL>([0,7] x R, R x RY) - wg =0, mg =g, and
da(ms,
M| 10,7 x R + Sup / |z[Pmy(x)de +  sup 2(7717177/1;) <R5.
t€[0,7] s,tel0.T),s<t |5 — 1]

The set 2* is a Polish space with the metric defined, for w = (m,w) and w’ = (m/,w’), by

do-(w,w') = sup (da(ms,my) + [wy — wy) -
te[0,7
We denote by F = (IF;),c(o,r) the filtration on ©* generated by the canonical process w =
(m,w).
Let P(€2*) be the set of Borel probability measures on 2* with finite first order moment,
endowed with the distance defined, for P, P’ € P(Q*),

dp(Q*) (P, P,) = inf Eﬂ— [dQ (w, w)]
™
where the infimum is taken over the Borel probability measures 7 on * x * with first
marginal P and second marginal P’.

By Proposition 4.1, for all n € N, there exists a solution (u", M™,m") of the discrete
MEG system (4.10), which defines a probability measure P" on Q*:

(4.15) P" = (m",W),P’ € P(Q).

We can likewise express the various data as random variables on 2*. Abusing notation
slightly, we define, for n € N, (¢,2,p) € [0,T] x R? x R, and w = (m w) € QF,

(4.16) a(z,w) = ay(z + /287" (w)g, (Id ++/287" (w £)gme),
4.17) I?t”(x,p, Ht T+ \/777 W), p, ( Id+\/77r £)8m)s
(4.18) G (x, G(x + /2B7" (w)7, (1d++/2B87" (w)r)ymr),
4.19) uy (z,w) =uy (z, " (w)),

and

(4.20) M (w) = M (7" (w)).
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The filtration F™ on QY can be seen as a filtration on Q* generated by (m, w) +— 7™ (w). With
this notation, (u"™, M™), defined on the filtered probability space (2*,F", P™), solves, in the
sense of Definition 3.1,

{dﬂ? = [~ te(@} (z,w) D*u}) + H} (x, DU, w)]dt +dMp  in (0,T) x R,
4.21) _
W =G"(-,w) inR%

The weak solution of (4.1) is obtained by taking a weak limit, as n — oo, of P".

LEMMA 4.4. Up to a subsequence, as n — oo, P™ converges to some P € P(Q2*) with
respect to the distance dpq-). Moreover, if P denotes the natural right-continuous aug-
mentation of the filtration F by P-null sets, then the second component w of the canonical
process (m,w) € Q* is a F¥'-Brownian motion under P.

PROOF. The first marginal of P" is supported on a compact set of C([0, T], Po(R?)) that
is independent of 7, and the second marginal is the Wiener measure on C([0, 7], R%). It
follows that (P™),c is tight, and so the convergence along a subsequence is then a standard
consequence of the fact that weak convergence implies convergence in the dpq-) distance.

For all n, the random variable (m,w) ~ (w¢)iec[o,7] is @ Brownian motion under P",
and therefore the same is true for P. To finish the proof, it suffices to show that, for all
0<s<t<T, w —wsis independent of IE‘f .

Fix N € N, Borel functions ¢ : R — R and (U (R1+d)N —R,and 0 <851 <89 <-+- <
sy <s<t.Forn €N, we have

/Q* d(wy — ws)Y((myw)s,, (Myw)s,, ..., (M, w)s, )dP™ (m,w)

(4.22)
= ¢(wt - ’ws)T/) (ﬁl’?l ('7 w)> Wsy s ffL?g ('7 ’(U), Wsyy - ey ffL?N ('7 w)> wsN) dPO(w)
QO
Fori=1,2,...,N, my is F{ -measurable, and therefore ng,n -measurable, where £ is the

largest integer smaller than 2" s;. It follows that m} is independent of w; — wy, and so
o d(wy — wg ) (ﬁ@?l(-,w),wsl,ﬁ@g(-,w),wsw .. .,ﬁ@?N(',w),wsN) d]P’O(w)
= [ o(wy —ws)dP° (w)
Qo
R ol ) )0, ) B )
= o d(wy — ws)dP™(m,w) /Q P ((m',w')sl, (m/ ' )sy,s s (m',w')sN) dP™(m’ w").
Taking the limit along an appropriate subsequence as n — 0o, (4.22) becomes

Q*QS(wt —wg)Y((m,w)s,, (M, w)s,,...,(Mm,w)s, )dP(m,w)

:/ o (wy —ws)dP(m,w)/ Y ((m w)s,, (M, w)s,, ..., (m '), ) dP(m',w').
Q- Q-

Because N, (s1,582,...,5N), ¢, and 1) were arbitrary, this implies that, under P, w; — wy is
independent of [, and therefore the same is true for IE‘f . Ol
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The rest of this subsection is devoted to proving that the tuple (2*, FP, Pw,u, M, m) is a
weak solution of (4.1), where w and m stand for the processes (m,w) — w and (m,w) — m.
Accordingly, we now set, for (¢,z,p) € [0,7] x R x R? and w = (m, w) € Q¥,

(4.23) (2, w) = ay(x + /28wy, (Id ++/2Bwy )ymy),
(4.24) Hy(z,p,w) = Hy(x + /28wy, p, (Id++/2Bwy)ymy),
(4.25) Glz,w)=G(z + V2Bwr, (Id+\/ﬁwT)ﬁmT).

Observe that, in view of (4.7), for all L > 0, there exists C' = C, > 0 such that, for all n € N,
w,w' €Q* and t € (0,77,

Ha?(7w) _at('7w,)Hco,1(Rd) + Hﬁtn(a -,w) - ﬁt(‘, ',W,)

OO,RdXBL

426+ |DyHP (@) = Dyl o)

|Gy = G

oo,Re X By, oo,R4

< € (da- (@,6) + 17" () = 0l 1))

Now, for the probability space (2*, ¥, P), we consider the solution (u, M), in the sense of
Definition 3.1, of the backward stochastic Hamilton-Jacobi-Bellman equation

{dﬂt = [~ tr(@(z,w) D*Wy) + Hy(x, Dy, w)|dt +dM; in (0,T) x RY,
(4.27) -
Ur =G(-,w) inRY

LEMMA 4.5. Forn €N, let v be an optimal coupling between P™ and P. Then there
exists a subsequence (ny,)en such that, for all R > 0,

(4.28) lim sup / [sup [0 (2, w) — T (2, w")| T2 ] dy™ (w,w') =0
k=+4o0sefo,1) JarxQ* Lz€Br
and
(4.29) hm / / / | Duy'* — Dty (z, ") |dedtdy™ (w,w') = 0.
Q" xQ* Br

PROOF. For each n € N, the filtered probability space (Q2* x Q*, F" @ F,~™) and the
processes
O % Q5 (w,w) s (zi,"(-,w),ﬁ_"(-, -,w),é"(-,w),a.(-,w'),ﬁf.(.,-,w'),é(-,w'))
satisfy (3.2) and (3.3), and
(w,w) = (@"(,w), M"(-,w)) and (w,w’)— (a(-,w"), M(-,w"))
solve respectively (4.21) and (4.27) in the sense of Definition 3.1. Theorem 3.3 then gives,

for any R > 0 and some constants C, L > 0 depending on R, d, and the constants the as-
sumptions,

sup/ ) — (-, w) dy"™ (w,w")
te[0,7] QxQH H"O’BR
§C’/ sup ||ay (-, w) — a(- 01+HI§” w)— H(
Qo x (te[o,T}H $0w) e ( ) ( ) 00,[0,T]xR¢x By,

+ Hé"(-,w) — Q)

OO)ah”(w,(,u/).
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The convergence statement (4.28) now follows from (4.9), (4.26), and Lemma 4.4.
We now define Q := (Q*)N, and write @ = (w®,w!,w?,...) € 2. We define the cylindrical
filtration F on €2 by

Fi:=0 ((Wg)se[o,t]a (W;)se[o,tp s (W)sepg, n=1,2,.. )

By the Kolmogorov extension theorem, there exists a unique probability measure P on 2
such that, for any n € N and Borel measurable ® : (Q*)!*" — R,

/ B, wl, ... w")dP(@)

Q

::/ O, wl, .. wh)dy (wh,w?)dy? (W2, W0) - - dy (W™, WY).
Q)1

For (t,x,0) €[0,T] x R x  and n € N, define
UMz, @) = 0" (z,w") and  Up(z,®) := 4 (z,w°).
Then (4.28) can be rewritten as
lim sup / sup |UM™ (z,@) — Uy(z,@)|*2dP (@) = 0,
k=0 4ci0,7] JQ 2€Bg

which implies that, for some further subsequence, labeled again as (ny)xen, for all ¢ € [0, 77,
R >0, and P-a.s. in @,

lim sup |U™(z,o) — Uy(z,@)| =0.

k—00 2c By

Uniformly over ¢ € [0,7], P-a.e. @, and n € N, U(-,&) and U, (-, @) are globally Lipschitz
continuous and semiconcave, and so Lemma 2.1(d) and the dominated convergence theorem
imply that, for all R > 0,

T ~ -
lim / / / D™ (2,8) — DU (2, @)|dzdtdP (@) = 0,
QJo Br

k—o0

which is equivalent to (4.29).
O

PROOF OF THEOREM 4.1. As stated above, we establish the claim of the theorem by
proving that (Q*,FP , P,w,u, M,m) is a weak solution of (4.1). Properties (a), (c), and (e)
are true by construction, and (b) is a consequence of Lemma 4.4. It remains to show that the
process m solves, P-a.s., the Fokker-Planck equation associated to . To do this, it suffices
to show that, for all ¢ € C}((0,T) x R?) and A € FL,

= [ [ 0060 + re,) D61 )

— D¢y(x) -Dpﬁt(:n, Duy(z,w),w)|dzdtdP(w) = 0.

The canonical process (m,w) — m satisfies P"-a.s. the equation
(4.30) {dmt — div [div (@} (z,w)my) + me Dy H]'(z, DU, w)|dt in (0,T) x R,

my=myg in R,
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Let A’ € F7 and a P-null set N C Q) be such that A = A’ U N. We thus have
T
m = / / / my () [atqﬁt(w) +tr@ (z,w) D2y (x)
/ 0 Rd

— D¢y(x) - Dpﬁt"(:n, Duj (z, w),w)] dzxdtdP"(w) = 0.

Let R > 0 be such that supp ¢ C [0,7] x Bg. By (4.26), there exists a constant C' > 0 such
that, for all n € N,

Lol =L1a = I} < C|9llcrce (dP(Q*)(PnaP) +E || mn(w) — w]| 0 o177

T
+/ / / |Duj (z,w) —Dﬂﬂx,d)\d’y"(m,w’)),
QxqJo JBg

where, as in Lemma 4.5, v" is an optimal coupling between P™ and P. Sending n — oo
along the appropriate subsequence, we conclude from (4.9), Lemma 4.4, and Lemma 4.5 that
14 =0, and therefore T4 = I 4,y =0, because P(N) = 0.

O

4.2. Uniqueness. A weak solution in the sense of Definition 4.1 can be identified with
the law of (m, W) on the probability space * defined in (4.14). Indeed, (u, M) can then be
recovered by solving the backward stochastic HIB equation with the theory from Section 3.
This motivates the following definition.

DEFINITION 4.2. Uniqueness in law holds for (4.1) if, for any two weak solutions
(4, 5, P, Wi, g, M, my)i—1,2, we have

(7711, Wl)ﬁ]P)l = (ﬁlg, Wg)ﬁ]P)g in P(Q*)

Pathwise uniqueness holds if, for two solutions (u;, M;,m;);—1,2 defined on the same proba-
bility space with a given Wiener process W, we have u; = us, My = Mo, and m; = my with
probability one.

Under further structural assumptions, namely, the well-known Lasry-Lions monotonicity
conditions [26], we now establish pathwise uniqueness for the system (4.1).
In addition to (4.7) and (4.8), we assume that (abusing notation)

(4.31) a;(x,m) = a;(x) is independent of m € Py(R?),
(4.32) Hy(z,p,m) = Hy(z,p) — Fi(z,m) for (t,z,p,m) € [0,T] x RY x R? x Py(R?),
and the coupling functions F' and G are strictly monotone, that is,

(for all m, m’ € Po(R?) and t € 0,77,

/ (Fu(w,m) — Fy(,m"))(m — m')(dz) > 0 and
(4.33) R
/Rd(G(ac,m) — G(x,m"))(m —m/)(dx) >0,

with equality in either holding if and only if m = m’.
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Writing, for (t,z,m) € [0,T] x R? x Py(R%),

(4.34) Fy(x,m) := Fy(z + \/28W;, (1d++/28W,)ym),
the MFG system (4.1) then becomes

i, = [~ tr(ay(x) D*y) + Hy(x, DUy) — Fy(x,my)|dt +dM; in (0,T) x RY,
(4.35) < ding = div[div(@ (z)iy) + 7Dy Hy(z, D) |dt in (0,T) x RY,
ur(z) = G(z,mr), mo=1mg in R

THEOREM 4.2. Assume (4.7), (4.8), and (4.31) - (4.33). Then pathwise uniqueness holds
for (4.35) in the sense of Definition 4.2, and, moreover, every weak solution is a strong solu-
tion.

The argument is an adaptation of those in [25, 26], similar to [10]. Informally, one would
like to compute

4| (@)~ T (@) 6] () — ()

take expectations to cancel the martingale terms, and invoke the convexity of H and the
monotonicity of F' and G to show that m! = m?2. The main subtlety, which does not arise
in the first order setting of [10], is the possible discontinuity of m' and m? in the state
variable, which prevents them from being used as test functions in the distributional equality
in Definition 3.1. At the same time, &' and u° fail to be C'! in the state variable in general,
and so cannot be used as test functions for the Fokker-Planck equation.

We overcome this issue by introducing a standard mollifier and cutoff, and the resulting
commutators vanish in the limit precisely because D?u' and D?u? are locally finite Radon
measures.

PROOF OF THEOREM 4.2. It is enough to prove the pathwise uniqueness, since then, ar-
guing as in the classic paper of Yamada and Watanabe [34] (see also [12, Proposition 6.1]),
invoking the existence of a weak solution by Theorem 4.1, every solution is strong.

Let (Q,F,P,W, 4, M? m');—1 o be two weak solutions, defined on the same probability
space with the same Wiener process W. Let (p;)s=0 be as in (1.15) and let n € C°(R?) be
a standard cut-off function equal to 1 in B; and 0 outside of Bs, set nr(z) = n(z/R) for
z €R?, R >0, and define

m" =m'«ps and MmO .= msng, 1=1,2.
Then, for ¢ =1,2 and J, R > 0,

8 = div div [at(:c)m;*‘ﬂ + yr(z) div [m % <Dpflt(-, Da;)m;‘)}

(4.36) 4 '
+ oy () + 5, (2),
where
oy () := () div /R [an(y) — a (@) (y)ps (@ — y)dy
and

B (2) = — div [atmm;‘ﬁ] - Dyg(x) — g’ tr [ (z) D ng(z)] .
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Set aé,R — al,&,R _ a2,6,R and /BJ,R — /81,6,R _ ,82’5’R.
We then claim that

E /R d (é(g;,ml ) — é(x,m%)) (kO (z) — 2R (2))da
+E /0 ' / (Fiwm) = Pl i) ) (i} (@) — iy > (a) dodt

T ~
e[ p5<x>*D(om(a%—a%»(a:){mm)Dth(x,Da%(x»
0 R4
4.37)
— m?(z) Dy Hy(z, Da,%(a;))] dzdt

~E /0 ' /R d <f[t(x, Di} (z)) — Hy(x, Daf(x))) (mp P (2) — 20 (2))dadt

T
_ ”dlx _ﬂ2x Oéé’R.Z' 6’Rx di.
& [ [ (@) - B ) + 5 ) dec

We omit the full details of the argument, which is similar to [10, Theorem 3.3]. In short, for
a fine partition {0 =ty <t; <ty <--- <ty =T} of [0,77], the increments

[ @) = ) @) i )
- [ @ @) = (@) @) = @) da

are decomposed, using Definition 3.1 and (4.36); note that 7711’5’R,7712’5’R are smooth and

compactly supported in the state variable. Taking the expectation, exploiting the martingale
property of M* and M?, and sending the size of the partition to 0 then yields (4.37).

We have m!,m? € L>®(Q, (L>® N LY)([0,T] x RY)) and Du', Du? € L=(2 x [0,T] x
R9), as well as || Dngl|,, < CR~! for some universal constant C' > 0, and so, sending first
6 — 0 and then R — oo, the left-hand side of (4.37) becomes

B[ (Gl - Gla.i) () = i (0)do
ve [ ' [ (Bl = Fate, i) (k) — 2
+E [ ' | (@) = Do) k@)D, il Dt 0)

— m2(x)DyHy(z, Daf(x))] dxdt
=7 ) | (e, Dt @) e, D)) (7 0) = )
> [ (Glomh) = Gla.i)) (@) = i ) da

v [ [ (Ramt) - Remd) k) - e,
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where the inequality follows from the convexity of H.
Define p := D?(u} — u?), which belongs to L>([0, 7] x Q, Mioc(RY) N W1 OO(IRd))
view of Lemma 2.1(c) and the uniform Lipschitz and semiconcavity constants for %' and %>

Then
/ /Rd ) — 12 (z)) f’R(x)dxdt

:/0 [ <,Ut,77R/Rd(at(y)—at(-))(ﬁ#(y)_m?(y))pé(‘_y)dy>
- / (D () — Diiy (x)
Rd
| /R (@aly) — @) () — () ps (& — y)dy D () d
~1 o U2 T
+/]Rd(ut(x) t( ))
| D20n(a) [ (@) ~ @) b 0) ~ i )osCo )] dx] N

For fixed R > 0, the continuous function

v (o) | (@) = @) 0 () = 3 ) s = )

is supported in Bp, independently of §, and, as § — 0, it converges uniformly to 0. It follows
that the pairing of p with this function vanishes as 6 — 0, and, therefore,

lim/ / 2) — i2(2))a® (2)dz = 0.
0—0 R4
We also have

/ (@ () — T2(2)) B (@) da
Rd

- /R (mi (@) — i} ’é(w)) ay(x)Dng(z) - (DU} (z) — DU2(x))da,

and so, for some constant C' > 0 independent of § and R, with probability one,

~ SR C
—u2(x)) B (:E)d:Edt' < IR

Rd
We conclude, upon sending first § — 0 and then R — 0 on both sides of (4.37), that

B [ (Gl - o)) Gih (o) = () do

+ E/OT g (E(w,ﬁz%) . E(w,mf)) (il (z) — m2(z))dzdt < 0.

The strict monotonicity stated in (4.33) for G and F implies that G and F are strictly mono-
tone, and so We conclude that m! = m?. The proof is finished in view of Theorem 3.2, which
implies that u' = %2 and M = M?2. O
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