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Abstract. We analyze a (possibly degenerate) second order mean field
games system of partial differential equations. The distinguishing fea-
tures of the model considered are (1) that it is not uniformly parabolic,
including the first order case as a possibility, and (2) the coupling is a local
operator on the density. As a result we look for weak, not smooth, solu-
tions. Our main result is the existence and uniqueness of suitably defined
weak solutions, which are characterized as minimizers of two optimal con-
trol problems. We also show that such solutions are stable with respect to
the data, so that in particular the degenerate case can be approximated
by a uniformly parabolic (viscous) perturbation.
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1. Introduction

This paper is devoted to the analysis of second order mean field games systems
with a local coupling. The general form of these systems is:

(i) —0kp — Aij0i¢ + H(z, D) = f(x,m(t,z))
(iii) m(0) = mo, ¢(z,T) = ¢r(x)

where A : R? — R4 is symmetric and nonnegative, the Hamiltonian H :
R? x R? — R is convex in the second variable, the coupling f : R? x [0, +-00) —
[0,400) is increasing with respect to the second variable, mg is a probability
density and ¢r : RY — R is a given function. The functions H and f, and
the matrix A, could as well depend on time, but since this does not give any
additional difficulty, we will avoid it just to simplify notations.

Mean field game systems (MFG systems) have been introduced simulta-
neously by Lasry and Lions [17-19,21] and Huang et al. [15] to describe Nash
equilibria in differential games with infinitely many players. The first unknown
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¢ = o(t,x) is the value function of an optimal control problem of a typical
small player. In this control problem, the dynamics is given by the controlled
stochastic differential equation

dX, = vyds + $(X,)dB,,

where (v,) is the control, (By) is a Brownian motion and £X7 = A. The cost
is given by

. [ [ G+ 1Ko, X0 ds + 00X

where H* is the Fenchel conjugate of H with respect to the second variable.
For each time ¢ € [0, T] the quantity m(¢,x) denotes the density of population
of small players at position z. In the control problem the term involving f
formalizes the fact that the cost of the player depends on this density m. As ¢ is
the value function of this control problem, the optimal control of a typical small
player is formally given by the feedback (t,2) — —D,H(z, D¢(t,x)). Hence
the second equation (1)-(ii) is the Kolmogorov equation of the process (Xj)
when the small player plays in an optimal way. By the mean field approach,
this equation also describes the evolution of the whole population density as
all players play in an optimal way.

MFG systems with uniformly parabolic diffusions—typically A;;0;;¢ =
A¢—have been the object of several contributions, either by PDE methods
(see, e.g., [7,12,13,17-19,21,23]) or by stochastic techniques (see, e.g., [2,15]):
in this setting one often expects the solutions to be smooth, at least if the
coupling is nonlocal and regularizing or if it has a “small growth”. This is still
the case for a logarithmic coupling: f(m) = In(m), as recently proved in [11].
The case of local couplings with an arbitrary growth has been discussed in [7]
for purely quadratic hamiltonians (i.e. H = |D¢|?), in which case solutions
are proved to be smooth, and in [23] for general hamiltonians, by proving
existence and uniqueness of weak solutions. Here we concentrate on degenerate
parabolic equations. In this case the usual fixed point techniques used to prove
the existence of solutions in the uniformly parabolic setting break down by
lack of regularity. One then has to rely on convex optimization methods: this
idea, which goes back to the analysis of some optimal transport problems (see
[1,5]), has already been used to study first order MFG systems (i.e., A = 0):
see [3,4,14]. However it was not clear in these papers wether the weak solution
was stable with respect to viscous approximation, i.e., if we could obtain weak
solutions of the first order MFG systems by passing to the limit in uniformly
parabolic ones. This issue has partially motivated our study.

In this paper we show the existence and uniqueness of a weak solution for
the degenerate mean field game system (1) as well as the stability of solutions
with respect to perturbation of the data: this includes of course stability by
viscous approximation.

Concerning existence and uniqueness of solutions, the paper improves the
existing results in two directions. First we consider non uniformly parabolic
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second order MFG systems, which have never been considered before. The in-
troduction of second order derivatives induces several issues: in particular, in
contrast with the first order equations, we do not expect the function ¢ to be
BV (as in [4,14]), which obliges us to be very careful about trace properties.
Secondly—and this is new even for first order MFG systems—we drop a re-
striction between the growth condition of H and the growth condition of f,
restriction which was mandatory in the previous papers: see [3,4]. To overcome
the difficulty, we provide new integral estimates for subsolutions of Hamilton—
Jacobi equations with unbounded right-hand side (Theorems 3.1 and 3.3). We
think that these results are of independent interest.

With these estimates in hand, the structure of proof for the existence and
uniqueness follows roughly the lines already developed in [3-5,14]: basically
it amounts to show that the MFG system can be viewed as an optimality
condition for two convex problems, the first one being an optimal control of
Hamilton—Jacobi equation, the second one an optimal control problem for the
Fokker—Planck equation (see Sect. 4 for details). A byproduct of this approach
is the stability of weak solutions with respect to the data (Theorem 6.5), which
can be obtained by I'—convergence techniques.

The paper is organized as follows. First we introduce the notation and
assumptions needed throughout the paper (Sect. 2). Then (Sect. 3) we give
our new estimates for subsolutions of Hamilton—Jacobi equations with a su-
perlinear growth in the gradient variable and an unbounded right-hand side.
In Sect. 4, we introduce the two optimal control problems and show that they
are in duality while in Sect. 5 we show that the optimal control problem for
the Hamilton—Jacobi equation has a “relaxed solution.” Section 6 is devoted to
the analysis of the MFG system (existence, uniqueness and characterization).
In the last section we discuss the stability of solutions.

2. Notations and assumptions

Notations We denote by (z,y) the Euclidean scalar product of two vectors
z,y € R? and by |z| the Euclidean norm of x. We use conventions on repeated
indices: for instance, if a,b € R?, we often write a;b; for the scalar product
(a,b). More generally, if A and B are two square symmetric matrices of size
d x d, we write A;;B;; for Tr(AB).

To avoid further difficulties arising from boundary issues, we work in the
flat d—dimensional torus T¢ = R4\Z9. We denote by P(T?) the set of Borel
probability measures over T¢. It is endowed with the Kantorovich-Rubinstein
distance (which metricizes the weak-* convergence):

di(m,m’) :=sup [ ¢d(m —m')
¢ JTd
where the supremum is taken over the set of Lipschitz continuous maps ¢ :
T¢ — R which are Lipschitz continuous of constant 1.
For k,n € N and T > 0, we denote by C*([0,T] x T¢ R") the space of
maps ¢ = ¢(t,z) of class C¥ in time and space with values in R™. For p € [1, o0]
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and T > 0, we denote by LP(T%) and LP((0,T) x T¢) the set of p—integrable
maps over T? and [0, 7] x T¢ respectively. We often abbreviate L?(T?) and
LP((0,T) x T?) into LP. We denote by ||f||, the LP —norm of a map f € LP.
Assumptions We now collect the assumptions on the coupling f, the Hamil-
tonian A and the initial and terminal conditions mg and ¢7. These conditions
are supposed to hold throughout the paper.
(H1) (Conditions on the coupling) the coupling f : T¢ x [0, +00) — R is con-
tinuous in both variables, increasing with respect to the second variable
m, and there exist ¢ > 1 and C; such that

1
6\m|q71 — Oy < flz,m) < Cylm|T Y +C1 ¥Ym >0. (2)
1
Moreover we ask the following normalization condition to hold:
f(x,00=0 VaeT% (3)

We denote by p the conjugate of ¢: 1/p+1/q = 1.

(H2) (Conditions on the Hamiltonian) The Hamiltonian H : T¢ x RY — R
is continuous in both variables, convex and differentiable in the second
variable, with D, H continuous in both variables, and has a superlinear
growth in the gradient variable: there exist » > 1 and Cy > 0 such that

L - <@ < D0 V@ eTIxRL  (4)
rCo r

We note for later use that the Fenchel conjugate H* of H with respect
to the second variable, i.e., H*(z,§) := supega(§, () — H(w,(), is con-
tinuous and satisfies similar inequalities

L . Co\
Sl -GS H' @, < 2+ G V(@ €T xR (5)

7,/

where 7’ is the conjugate of r: % + % =1

(H3) (Conditions on A) there exists a Lipschitz continuous map ¥ : T¢ —
R%*P guch that ¥X7 = A : let C3 be a constant such that

2(2) = B(y)| < Cslz —y| Va,y €T (6)
Moreover we suppose that
either r > p or Ais constant. (7)

We recall that p is the conjugate of q.

(H4) (Conditions on the initial and terminal data) ¢r : T — R is of class

C2, while my : T — R is a C! positive density (namely mg > 0 and

Jpa modz = 1).

Condition (3) is just a normalization condition, which we may assume
without loss of generality. Indeed, if all the conditions (H1)...(H4) but (3)
hold, then one just needs to replace f(z,m) by f(z,m)— f(x,0) and H(x,p)
by H(z,p) — f(z,0): the new H and f still satisfy the above conditions
(H1)...(H4) with (3). Note that assumption (H1) does not allow couplings
which are not bounded below, in contrast with [4,11].
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Let us set

/ flz,m)dr ifm>0
0

+00 otherwise

F(z,m) =

Then F is continuous on T¢ x (0, +-00), differentiable and strictly convex in m
and satisfies

L|m|qul§F(x,m)§%|m|q+01 VYm >0 (8)

(changing the constant C; if necessary). Let F* be the Fenchel conjugate of F'
with respect to the second variable. Note that F*(x,a) = 0 for a < 0 because
F(xz,m) is nonnegative and equal to 400 for m < 0. Moreover,

Z%|a\p—01§F*(ama)§%|a|p+01 Ya > 0. (9)

Some comments on the growth condition on the data are now in order. If
A is constant (as, for instance, in the first order case), we do not require any
relation between the growth of H and the growth of F: both maps just need
to be superlinear. This is an extension compared to [3,4]. The price to pay
is that we can no longer guarantee the boundedness of solutions. When the
diffusion depends on the space variable, we need the relation r» > p, where p is
the growth of F'*: this is required by a regularization procedure in Lemma 5.3.
Note that our growth conditions prevent couplings f with a slow growth; this
is due to the possibly degenerate character of the diffusion, such restrictions
are not needed in the uniformly parabolic case (see [11-13,23]).

3. Basic estimates on solutions of Hamilton—Jacobi equations

In this section we prove estimates in Lebesgue spaces for subsolutions of
Hamilton—Jacobi equations of the form

{ (i) =0 — Aij(2)0i;¢ + H(z, D) < a(t, x) (10)
(i) ¢(, T) < or(x)

in terms of Lebesgue norms of o and ¢p. We assume that (4) and (6) hold,
and (10) is understood in the sense of distributions. This means that D¢ € L”
and, for any nonnegative test function ¢ € C°((0, 7] x T%),

T
- / C(T)br + / / 90,C + (DC, ADG) + C(0:Ay;0;6 + H(z, D)
Td o Jrd

SR

The estimates will be a consequence of the divergence structure of second order
terms.



1292 P. Cardaliaguet et al. NoDEA

Theorem 3.1. Assume that ¢ € L"((0,T); WL (T%)) is a nonnegative function
satisfying, in distributional sense,
{ (i) =0 — 0i (Aij (2);6) + co | Dg[" < a(t, )
(i) ¢(z, T) < ¢r(x)
for some nonnegative, bounded Lipschitz matriz A;;, and some r > 1, ¢y > 0,

a € LP((0,T) x TY) and ¢r € L>(T?). Then, there exists a constant C' =
C(p7 d7 T, Co, T7 ||a||L7’((O,T)><Td)7 ||¢T||L”(Td)) such that

(11)

19l oo ((0,7), L7 (Tey) + |9l L7 0,17y xT2) < C

d(r(p— T d . .
W V) and v = J2 ifp < 1+ 2 and g = 5 = +oo if

where 1 =
p>1+ %.
We note for later use that v > r.

Proof. Up to a rescaling, we may assume that ¢y = 1. We first claim that, for
any real function g € W1*°(R) which is nondecreasing, and nonnegative in
R, we have

[ G+ [ [ 106 o(0) dwa

T
< /T /T Joa(o)drdt + | G(or)da (12)

for a.e. 7 € (0,T), where G(r) = [/ g(s)ds.
There are several possible ways to justify (12), one is to use regularization.
We first extend ¢ to (0,7 + 1] x T? by defining ¢ = ¢7 on [T,T + 1].
Then it still holds in the sense of distributions

~0u6 — 0i (Aij(1,2)9;0) + | DOI" x(o,1) < i(t, ) (13)

where A;(t,z) = Aij(w)x0,r)(t) and a(t,z) = aft,z)xo,r)(t). Let € be a
standard convolution kernel in (¢, ) defined on R¥*!, with support in the unit
ball of R and £°(t, ) = £((t, @) /€) /() €5 >0, [pars 6t @)dtdr = 1,
for all ¢ > 0. Let ¢, = £€x ¢ and a, = £ x@. Then ¢, a. are C°° and converge
to ¢, a in their respective Lebesgue spaces. Convolving &€ with (13) we obtain
on (e, +1) x T

~0hge — 0, (Aij (1,2)9;6.) + |&c* (DY)]” < aclt,2) + R

where Dé = D¢x 0,1y and we used the fact that D¢ +— [D¢|" is convex, and
where ff6 = —61' (Aij(t, x)@d)e) + 55 * 61 (AIJ (t, $)8]¢)
Using the notation (cf. [9])
[, e(f) =& x (cf) — (€ f)

we can rewrite R, as R. = [&,0;A;](0;0) + &, Aij0;](9;6). Invoking [9,
Lemma IL1], we have that R — 0 in L", since D¢ € L" and A;; is Lip-
schitz.
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Multiplying by g(¢.) and integrating over [r,T + €] x T%, for 7 € (¢, T),
it follows

/w G(rbe(f))d:cf/w G(¢e(T+e))dx+/TT/Td Aij(2)0;6ed (¢)Dspedadt

o [ e wdrgtoodri< [ [ gtoom(ta)dsd
T Td T T4
n / o /T g(6Redadt

Since [T fru Aij(2)0;¢eg' (6)Didedadt > 0, and since ¢ (T + €) = £ x o, we
obtain

/ G(pe(T ))da:f/ G(& x ¢r) dar+/T+6/ &% (DP)|" g(pe)dardt

T+He T+e
/ / (Pe)axe(t,x da:dt—i—/ / (¢pe)Redadt

Since g is bounded, while R, and «, converge in L"((0,7) x T?) and in
LP((0,T) x T?) respectively, we can pass to the limit as e goes to zero and
for almost every T we get (12).

Now we proceed with the desired estimate. First we observe that, up to
replacing ¢(r) with g(r A k), we can assume that ¢ is bounded and that g may
be any C' function. In particular, we take g(¢) = ¢(°~V" for ¢ > 1, obtaining

1
w_1r+1/,“”“lyﬂm” / [ 1o aaa

/ / ad TV dpdt 4 — ¢" Dt g
Td (c—Tr+1 )

Let us denote henceforth by ¢ possibly different constants only depending on
r, o, d and T. By arbitrariness of 7, the previous inequality implies
—1r+1

g o||lr
% HLW((O T)L<a—1)r+1 () + D¢ ||L"‘((0,T)><’ﬂ‘d)

< c/ / ad "I dzdt + ¢ qﬁ(a Drtt g
Td Td

On the other hand, by interpolation we have (see e.g. [8, Proposition 3.1,
Chapter 1])

nr
””Hqu((o’T)de) <c ||v||Ldoo((o,T);Ln(Td))”DUHTLT(((),T)XW) where ¢ = r d+n

(14)

for any v € L"((0,T); W (T?)) such that [y, v(t)dz = 0 a.e. in (0,T). So we
deduce that
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T 143
HQSU”%Q((O,T)X’W) < C{/ / a(b(g*l)r d:cdt+/ d)(;—l)r-‘rl d:U}
0 Td Td
T q
+c/ ( (/)(t)a dm) dt
0 Td

for n = % and g =1 %rd. We choose o such that

oq=(o—1)rp/
and therefore, by Holder inequality, we conclude

o 1+ % o % (1+3)
l|l® HLq((o T)xTd) = CHQ||L;)(L1(07T)XW [ ”LQ((O TYxT4)

1+5 T q
< ¢(o 1)T+1 > + C/ < ¢(t)a dl’) dt .
0 Td

Since [}, ¢(t) dx is estimated in terms of |[a|[ 11 ((o,7)xTe) and [|¢7] 1 (pa), the
last term can be absorbed into the left-hand side up to a constant C' =
C(llellzr 0,7y x4y |67 L1 (7)) - Moreover, since p < 1+g, we have ﬁ(l—kg) <
q. Hence we end up with an estimate
1671 T4 ((0,7yxray < ClllellLeo,myxme); 16T | Lio-1r+1(Ta)) -
Computing the value of ¢ in terms of r and p we get
_rp(1+d) d(r(p—1)+1)
d—r(p-1) d—r(p—1)
so the first part of the Theorem is proved.
Finally, we prove the L>° estimate by using a strategy which goes back to
[24]. To this purpose, we replace ¢ with ¢ — k and use (12) with g(s) = (s4)";
for any k > ||¢7|| Lo (ra) We obtain

Lo+ [ [ po-rgras [ [ aeorg i

with o = /. Using as before the embedding (14) we get

(& = k)T a0,y xmey < c{/OT /Tda(qs—k)i d:cdt}
+c/T</ (6 — k)7 dx)th
< c{/ /Td (¢ — k)2 dxdt}

+c/0 Hx : o(t) > k}|q‘1Ad(¢—k)iqudt,

where, using that o = 7/, we have

and (c—1)r+1=

+a

4

d

o+1
T+ T 1
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Notice that [{z : ¢(t) > k}| is uniformly small provided k is large, only
depending on ||a|z1 and ||¢r||p1. Therefore, absorbing the last term in the
left-hand side we deduce

T
H((b_k)z-H%q(((),T)de) SC{/O /Tda((z)_k)i dl‘dt}

for some ¢ = c(||a L1 ((0,7)xT4), [|¢T |1 (Tay). One can check that, since r > 1,
(15) implies ¢ > 1+ 7% and, in particular, %—l—% < 1. Thus, by Holder inequality
we get

1+5

H(d)_ k)inLq((o T)xT4)
1+Z
<cll(@ =Rl L

where Ay := {(t,x) : ¢(t,z) > k}. Since, for any h > k we have

(=5=35)0+%)
((0,T)xT4) ||OéHLp((OT X T) |Ak| a P a)

T
/ (¢ — k) dadt > |Ap|(h — k)71
0o Jrd
we end up with the inequality

_1 T oq—o(1+7 2= (+3)
|Ah|1 q(Hd)(h— K)o 1+3) < (¢ — k)+||iq((o,q{"i)x11‘d)
11 -
< C||a||Lp((OT 1) |Ak|(1 a p)(l"rd)

which means that

Ayl <C [Axl” Vh > k>
| h| < m = ||¢T||L°C(']I‘d)
. (1-1-Ly(1+1)
for some C = C(||a\|Lp((O’T)XTd)), some 6 > 0 and with 8 = 17(11( )

One can check that § > 1 since p > 1 + %. Therefore, by a classical iteration
lemma (see e.g. [24]), it follows that |Ag,| = 0 for some (explicit) ko > 0,
which in particular implies the desired bound in terms of ||c||zr((0,7)xT¢) and

Pl Lo (-

Remark 3.2. The assumption that ¢ is nonnegative can be dropped and in
this case the estimates are given on ¢, ; indeed, if ¢ satisfies (11), then ¢
also does. This can be seen in the previous proof by taking g = g(r), with
g(0) =0.

Let us also stress that the Lipschitz continuity of the matrix A was only
used to recover the estimate from the distributional formulation (namely, to
be sure that ¢ is limit of solutions of smooth approximating problems). The
constant C' of the estimate, however, does not depend on A in any way; in
particular, the estimate will hold uniformly for any viscous approximation to
possibly less regular matrices.

As a corollary, we deduce the following result for problem (10).
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Theorem 3.3. Assume that (4) and (6) hold true and let ¢ satisfy (10) with
a € LP((0,T)xT?), ¢pr € L=(T?). Then, ¢ satisfies the estimates of Theorem
8.1. In particular, if ¢ is bounded below, we have

19l oo ((0,7), L7 (Te)) + |9l L7 (0, 7)xT2) < C

d(r(p— r d . .
7((19;@1151) d—pﬁz;)r—i) ifp <1+ % and n = v = oo if

p>1+ %, with a constant C' depending on T,p,d,r,Cs,C3 [appearing in (4)
and (6)] and on ”O‘HLP((O,T)de)v ||¢T||Lv(w) and ||¢—||Loo(1rd)~

where 1 = and v =

4. Two optimization problems

Mean field games systems with local coupling can be studied as an optimality
condition between two problems in duality.

The first optimization problem is described as follows: let us denote by
Ko the set of maps ¢ € C2([0,T] x T?) such that ¢(T,z) = ¢7(x) and define,
on Ky, the functional

T
6) = / / F* (2, ~0,6(t, x) — Ayiyé + H(z, D(t,))) dadt
0 T

; (0, z)dmo(x). (16)
T
Then the problem consists in optimizing
inf . 17
nt A(9) (17)

For the second optimization problem, let K; be the set of pairs (m,w) €
LY((0,T) x T¢) x L*((0,T) x T%,R?) such that m(t,z) > 0 a.., with [,
m(t,z)dr =1 for a.e. t € (0,T), and which satisfy in the sense of distributions
the continuity equation

orm — 05 (A (x)m) + div(w) = 01in (0,T7) x T, m(0) =mo.  (18)

On the set K1, let us define the following functional

B(m, w) / m(t, ) ( 7—w(t’x)> + F(z,m(t,z)) dadt

Td m(tvx)

where, for m(t,z) = 07 we impose that

w(t,x)) _ {—l—oo if w(t,z) #0

t2)H* (z, — .
m(t, o) (ac m(t, x) 0 if w(t,z) =0
Since H* and F are bounded from below and m > 0 a.e., the first integral in
B(m,w) is well defined in R U {+o00}.

In order to give a meaning to the last integral [, ¢7(z)m(T,z)dx , we
use the standard fact that the measure m(t) is actually defined for any ¢ (see

Lemma 4.1 below). Indeed, let us define v(t,z) = —% if m(t,z) > 0 and
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v(t,x) = 0 otherwise. Thanks to the growth of H* (see (5)), B(m,w) is infinite
if m|v|”" & L'(dzdt). Therefore, we can assume without loss of generality that
mlv|”" € LY(dzdt), or, equivalently, that v € L™ (m dadt). In this case equation
(18) can be rewritten as a Kolmogorov equation

oym — 9;j(Aij(x)m) — div(mv) = 01in (0,T) x T%, ~ m(0) = mg.  (19)

Lemma 4.1. There is a constant C, depending on || —w/m|| ;.. and on [|Al|s,
such that

dy(m(t),m(t')) < Clt —t/|zVF vt €[0,T).
For the sake of completeness, we give the proof here.

Proof. We first extend the pair (m,w) to [~1,7] x T? by defining m =
mo on [~1,0] and w(s,x) = 0 for (s,z) € (—1,0) x T¢. Note that dym —
9ij (A (t, 2)m)+div(w) = 0 holds in the sense of distributions on (—1,7) x T¢,
where Ay;(t,x) = Aj;j(x) if t € (0,T) and A;;(t,z) = 0 otherwise. Let & be
a standard convolution kernel in (¢, x), with a support contained in the unit
ball of R and £°(t, ) = £((t,x)/€) /()™ €5 > 0, [pars E(F, x)dtdr = 1,
for all € > 0. Let m, = £ xm and w. = £° x w. Then m.,w. are C* and
Jpame(t,x)dx =1 for all t € (~1 4 ¢, T —€) and € > 0 small enough.
Convolving £¢ with (18), we obtain

deme — 0ij(€° % (A (t,)m)) + div(we) = 0in (—1/2,T — €) x T,
with

me(=1/2.0) = [ [ €50 = yymotududs.

The equation can be rewritten as

Ogme — 8ij(14~1§j(t,x)me)) —div(mev) =0 in (=1/2,T —¢€) x T (20)

where A; = 756*(72”7”) and ve = — 2=,
Let us consider the following stochastic differential equations defined for
all e >0

21
X, =26 : (21)

{ dX§ =v.(t, X5)dt + S (X§)dBf te[-1/2,T — ¢
—1/2

—1/2
where dBj is a standard d-dimensional Brownian motion over some probabil-
ity space (Q,4,P), .57 = A€, and the initial condition 25,9 € LY(T?) is
random, independent of (Bf) and with law m.(—1/2,-).

For all € > 0, the vector field v, is continuous, uniformly Lipschitz con-
tinuous in space and bounded. Therefore, there exists a unique solution to
(21). Moreover, as a consequence of Ito’s formula, we have that, if the density
L(Z§) = £ *xmyg, then m(t) = L(X[) solves (20) in the sense of distributions.

Let d; be the Kantorovich-Rubinstein distance on P(T?) and v, €
II(me(t), me(s)) the law of the pair (Xf,XS) for 0 < s < ¢t < T, where
II(me(t),m(s)) is the set of Borel probability measures g on T x T? such
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that (A x T?) = m.(t, A) and p(T¢ x A) = m(s, A) for any Borel set A € T¢.
We have

dy (me(t), me(s)) < / & — ylde(z,y) = B[ X{ — X

Td xTd
t
[ saxsjas, ]

t t 1/2
< / |ve (T, ) |me (T, x)dedr + (E {/ EJJ:(X;)M-])
s JTd s

t
g// lve(T, 2)|me (7, 2)dadT + || Al CJt — 5|2
s JTd

Moreover,

BX; - X3 < B[ foclr Xo)ldr] + B [

Recalling the definition of v, we have that m6|ve|r/ = ‘w:,‘jl
Me

Jw|”

LY([0,T] x Td) for all € > 0. Indeed, the function (m,w) — -"5— is con-
vex and ‘T! - belongs to L*([0,7] x T4). Thus
/ / € “”', d:cd7</ / €€ dadr <
e (£ xm)r ! Td
Therefore, using Holder inequality,

d1(me(t), </ /Td ve(T, )| me(r, a:)d:cd7> ’

x(/ me(T,x)dde) + [ AlClt — 5|
s JTd

1
7

’
IIT

r’'—1
1

jw|”
mr’fl

1 1
< [t —s]" + [ Allo|t — 5]

1

Letting ¢ — 0 we have m. — m in L'([0,7] x T?) and for a.e. 7 € [0,7],
me(7) — m(7) in L'(T?), moreover for a.e. 0 < s <t <T

lim dy (m(t), me(s)) = da(m(t), m(s)).
Thus for ae. 0<s<t<T

dy(m(t), m(s)) <

" Alloclt = s

The second optimal control problem is the following:

inf  B(m,w). 22
(inf (m,w) (22)
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Lemma 4.2. We have

inf A(¢) =— min  B(m,w).
nf (®) i (m, w)

Moreover, the minimum in the right-hand side is achieved by a unique pair

(m,w) € K1 satisfying (m,w) € LI((0,T) x T¢) x L7+ ((0,7) x T4).

Remark 4.3. Note that %qqfl > 1 because ' > 1 and ¢ > 1.

Proof. The strategy of proof—which is very close to the corresponding one in
[3-5]—consists in applying the Fenchel-Rockafellar duality theorem (cf. e.g.,
[10]). In order to do so, it is better to reformulate the first optimization problem
(17) in a more suitable form. Let Ey = C2([0,T] x T¢) and E; = C°([0,T] x
T4 R) x C°([0,T] x T4, R?). We define on Ej the functional

F(p) == [ mo(x)p(0, x)dx + xs5(¢),

Td
where yg is the characteristic function of the set S = {¢ € Ey, ¢(T,-) = o1},
ie., xs(¢) =0if ¢ € S and +oo otherwise. For (a,b) € Ey, we define

G(a,b) = /0 /Td F*(z,—a(t,x) + H(x,b(t,x))) dxdt.

The functional F is convex and lower semi-continuous on Fy while G is
convex and continuous on E;. Let A : £y — E; be the bounded linear operator
defined by A(¢) = (0r¢ + Ai;0i;0, D). We can observe that

¢i€n}£0 A(¢) = ¢i€n£0 {F(¢) +G(A(¢))}.

It is easy to verify that the qualification hypothesis, that ensures the stability
of the above optimization problem, holds. Indeed, there is a map ¢ such that
F(p) < 400 and such that G is continuous at A(¢): it is enough to take
o(t,7) = b (x).

Therefore we can apply the Fenchel-Rockafellar duality theorem, which
states that

inf {F(¢)+G(A(¢))} = max {-F*(A"(m,w))—G"(=(m,w))}

PEEy (m,w)eE]
where F is the dual space of Ej, i.e., the set of vector valued Radon measures
(m,w) over [0,7] x T¢ with values in R x R% E} is the dual space of Ej,
A* : E{ — Ej is the dual operator of A and F* and G* are the convex
conjugates of F and G respectively. By a direct computation we have

F* (A" (m,w))
» or(z)dm(T,z)  if Oym—0;;(A;ym)+div(w)=0, m(0)=myg

+00 otherwise

where the equation dym — 0;;(A;;m) + div(w) = 0, m(0) = m¢ holds in the
sense of distributions. Following [3], we have G*(m,w) = +oo if (m,w) ¢ L
and, if (m,w) € L*,
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T
G*(m,w) = / K*(z,m(t,x),w(t, z))dtdx,
0 Jrd

where
F(x,—m) —mH*(z,—) ifm>0
K*(x,m,w)=<¢ 0 ifm=0w=0
+00 otherwhise
is the convex conjugate of
K(z,a,b) = F*(z,—a+ H(z,b)) V(z,a,b) € T¢ x R x R%,
Therefore

max  {—F" (A% (m, w)) = G*(=(m,w))}

(m,w)eE]

T w
= max {/0 /Td —F(x,m) —mH"(x, —E) dtdx — » dr(x)m(T, x) dx}

where the last maximum is taken over the L' maps (m,w) such that m > 0
a.e. and

oym — 0;;(Ai;m) + div(w) = 0, m(0) =mg

holds in the sense of distributions. Since [, mo = 1, it follows that [, m(t) =
1 for any ¢ € [0,T]. Thus the pair (m,w) belongs to the set ;1 and the first
part of the statement is proved.

Take now an optimal (m,w) € Ky in the above system. Observe that
due to optimality we have w(t,z) = 0 for all (t,z) € [0,T] x T such that
m(t,z) = 0. The growth conditions (4) and (8) imply

T
c> / / F(z,m)+mH"(z, fg) dtde + [ ¢r(z)m(T,z) dx
Td Td

//< |m|Q+—\“” m+1)dmdt—||¢;p||oo.
»

Therefore m € L9. Moreover, by Holder inequality, we also have

T r'q r'q
[ el = [ i
o Jra {m>0}
Ty
< )T // W " <o
- ! {m>0} M~ -

so that w € L7+a-1. Finally, a minimizer to (22) should be unique, because
the set Ky is convex and the maps F(z,-) and H*(z,-) are strictly convex:
thus m is unique and so is 2% in {m > 0}. As w = 0 in {m = 0}, uniqueness

of w follows as well. O
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5. Analysis of the optimal control of the HJ equation

In general, we do not expect problem (17) to have a solution. In this section
we exhibit a relaxation for (17) (Proposition 5.2) and show that this relaxed
problem has at least one solution (Proposition 5.4).

5.1. The relaxed problem
Recall that the exponents n > 1 and v > 1 are defined in Theorem 3.3. Let
K be the set of pairs (¢,a) € LY((0,T) x T?¢) x LP((0,T) x T¢) such that
D¢ € L™((0,T) x T¢) and which satisfy in the sense of distributions

=0 — Aij(2)0ij¢ + H(z, Dg) < o, ¢(T,-) < ¢r (23)

(for the precise meaning of the inequality, see the beginning of Sect. 3). The
following statement explains that ¢ has a “trace” in a weak sense.

Lemma 5.1. Let (¢, ) € K. Then, for any Lipschitz continuous map ¢ : T —
R, the map t — [, ¢( d)(t x)dm has a BV representative on [0,T]. Moreover,
if we denote by [, ((x)p(tT, x)dx its right limit at t € [0,T), then the map

¢— de C(aj)¢(t+,x)dx is continuous in L (T9).

As a consequence, for any nonnegative C'! map 9 : [0,7] x T? — R, one
can write the integration by parts formula: for any 0 <t¢; <ty < T,

to to

[ [

Proof of Lemma 5.1. One easily checks that, for any Lipschitz continuous,
nonnegative map ¢ : T — R,

/ Co(t) / (D¢, ADG(1) + C(0: Ai0;6 + H(x, Do) — a) <0,

holds in the sense of distributions. As the second integral is in L*((0,7')), the
map t — de Co(t) is BV. If now ( is Lipschitz continuous and changes sign, one

can write ( = (T — (¢~ and the maptﬁde Co(t) de Cro(t) deC é(1)
still BV. The continuity with respect to ( comes from the L°°((O T),L" (']I‘d))
estimate on ¢ given in Theorem 3.3. g

We extend the functional A to K by setting

T
Aw.0) = [ [ Fr(ata) dadt— [ 60.2pmo(e) do Vida) € K
o Jrd Td
The next proposition explains that the problem

nf A(0.0) (24)
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is the relaxed problem of (17). For this we first note that
inf  A(¢,a) = inf Ao, ) (25)

(p,)EK (p,a)EK, >0 a.e.
because one can always replace o by « V 0 since F*(x, ) = 0 for o < 0.

Proposition 5.2. We have
inf A(¢)= inf A(¢, ).

€K (p,a)eK
The proof requires the following inequality:

Lemma 5.3. Let (¢,a) € K and (m,w) € Ky. Assume that mH* (-, —w/m) €
LY((0,T) x T and m € L9((0,T) x T%). Then

{/ﬂrdm(b}}/j/@lm(a+H*($7—Z>) >0 (26)
[/Tdmd’};‘L/ot/wm(04+H*(w7—:1)) > 0.

Moreover, if equality holds in the inequality (26) for t = 0, then w = —mD,
H(z,D¢) a.e.

Proof. We first extend the pair (m,w) to [~1,T + 1] x T¢ by defining m = my
on [—1,0], m =m(T) on [T,T+1] and w(s,z) = 0 for (s,z) € (=1,0)U(T, T+
)><']I‘d Note that Oym—0;;(Aqj(t, x)m)+div(w) = 0 on (=1, T+1) x T, where
Agj(t,x) = Aj;(x) if t € (0,T) and Az(t,2) = 0 otherwise. Let £¢ = £(t, x) be
a smooth convolution kernel with support in B; we smoothen the pair (m,w)
in a standard way into (m.,w.). Then (m.,w,.) solves

and

Ome — 0ij(Ajyme) + div(we) = ;R in (—1/2,T +1/2) (27)
in the sense of distributions, where
= [, 0;A](m) + [€°, Ai;05)(m). (28)
Here we use again the commutator notation (cf. [9])
€5, c(f) =& % (ef) — (€ + ) - (29)
Invoking [9, Lemma IL1], we have that R. — 0 in L9, since m € L7 and
Aij e Whee,

Let us fix time ¢t € (0,7) at which ¢(tT) = ¢(t7) = ¢(¢) in L7(T) and
me(t) converges to m(t). By the inequality satisfied by (¢, ), we have

T
/ 90+ 90, (Aym) +mH(w, D6) + [ mc()p(t) — m(T)or

Td
/ [ am..
Td

v (27) we have

T ) T
/ $0ime + 0,00, (Am.) = / / “0i6R. + (D, w.).
t Td t Td
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On the other hand, by convexity of H,

/tT [ —merr (;p > / /T (w., DY) + m.H(z,Dg).  (30)

Collecting the above (in)equalities we obtain

Tdme(t)¢(t)§ Tdme ¢T+/ /Tdme<a+H*< w>)+3J¢R

By assumption (7) which states that r > p, and since D¢ € L", we have
[[9;¢Re — 0 as e — 0. Following the proof of Lemma 2.7 in [4] we have

T
/ / —mH” (J: —) / —mH* (x, —B> as e — 0.
Td t Td m

The continuity of ¢ — m(t) in P(T?) given by Lemma 4.1 implies the conver-
gence

me(T)pr — | m(T)ér.
Td Td

Recalling that ¢ € LY((0,T) x T4), m € L9((0,T) x T¢) and v > p, m.o

strongly converges to m¢ in L' ((0,T)x T%) and, therefore, up to a subsequence,
Jpa me(t)p(t) — [ra m(t)o(t) a.e. Hence

T w
[ mo) < [ myor+ / /T (ot b (2. -2)).

We can argue similarly in the time interval [0,¢] and obtain

» mop(0) < » m(t)p(t) —|—/Ot /Tdm <a+H* (m,—%)) .

Let us assume finally that the following equality holds:

o]+ [ [l () =0

Then there is an equality in inequality (26) for almost all ¢. Fix such at € (0,T)
and let

E, () = {(s,y)  set,T], m (H (y f%) +H(x,D¢)) > —(w, Do) +a}.



1304 P. Cardaliaguet et al. NoDEA

If |E,(t)| > 0, then for € > 0 small enough, the set
* We
Eeo(t):=A(s,y), s€lt,T], me(H(y, ——=)+H(z, D¢)) 2 —(we, D) +0/2}

has a measure larger than |E,(t)|/2. Coming back to inequality (30), we have

/tL‘WH”“%* /“AJ%D¢+W (2, D9) — |E, (1) /4

Then inequality (26) becomes

[ moo0) < | m(T)¢T+/tT/Wm(a+H* (x—%)) — B, (t)]o/4,

which contradicts the fact that there is an equality in (26). So |E,(t)| = 0 for
any o and for a.e. ¢, which shows that m(H*(y, — )+ H(x, D¢)) = —(w, D¢)
a.e. Thus w = —mD,H(z,D¢) holds a.e. in {m > 0} and, as w = 0 in
{m =0}, a.e. in (0,7T) x T O

Proof of Proposition 5.2. We follow the argument developed by Graber in [14].
Inequality infyex, A(P) > inf (4 0)exc A(¢, ) being obvious, let us check the
reverse one. Let (¢, a) € K. For any (m,w) € Ky with mH*(-,—%) € L', we
have, by Lemma 5.3,

a)>AjAym—ﬂm%-me@

T
> / —mH (2, — L) — F(m) — [ m(T)ér = —B(m, w)
0 Td m Td
Taking the sup with respect to (m,w) in the right-hand side we obtain thanks
to Lemma 4.2:

Alp,a) > — inf  B(m,w)= inf A(9).

(m,w)ek, $eKo
O

5.2. Existence of a solution for the relaxed problem

The next proposition explains the interest of considering the relaxed problem
(24) instead of the original one (17).

Proposition 5.4. The relazed problem (24) has at least one solution (¢,a) € K
which is bounded below by a constant depending on ||¢r|c2, on ||Aijllco and
on |[H(:, Dér)[oo-

Proof. We start with the construction of a suitable minimizing sequence. Let
(¢n) be a minimizing sequence for problem (17) and let us set
an(t7 {E) = max{O ) _8tén(t7 {E) - Aijaij(lgn(t {,13) + H(l‘, D(Z’;n(u .Z‘))} (31)

By Proposition 5.2 and the fact that F*(z,a) = 0 if o < 0, the pair ((;Nﬁn, Q)
is also a minimizing sequence of (24). Let ¢ be the unique viscosity solution
to
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As ¢ is C?, Y(t,x) > ¢r(x) — O(T — t), where the constant C' depends
on [|¢r|cz, on ||Aij|lco and on ||H(-, Dér)|lec. Let ¢y, be the (continuous)
viscosity solution to

—0¢pn — Aij(2)0ijpn + H(x, D) = vy, (T, ) = 7. (32)

By comparison, ¢, > ¢, V ¥. As H is convex, (32) holds in the sense of
distributions (see [16]). Therefore the sequence (¢y, ) is still minimizing,
with the following bound below for (¢,,):

On(t,z) 2 ¢r(z) — C(T — ). (33)

Step 1 We claim that (o, ) is bounded in LP((0,7) x T¢). For this, we integrate
(32) against mg on (0,T) x T

Gn(O)mo + / 07 [ 0imoAs;0;6, + (8;As;)mod; 6 + moH (x, Déy)
Td y Td

T
S/ moan+/ prmyg.
o Jra Td

As (1/Cy) < mgy < Cy for some Cy > 0, ||[Dmolle < +00 and H is coercive,
we get

1 T
6u0mo+ 5 [ [ 1D6nl" < Colanlly +C: (34)
Td 0 Td

On the other hand, as (¢,,) is a minimizing sequence and F* is coercive,

1 T
6”(1””5 — / Dn(0)mg < / / F*(z,ap) — dn(0)mo+C < C.
Td 0o Jra Td

Adding the previous inequalities, we get

Loally+ % [ [ 1061 < Collanly + €

“Gn T~ n = Qp i

c"“Me e ) Jra 0lnllp

so that (a,) is bounded in LP((0,T) x T?) while (D¢,) is bounded in L".

Step 2 We show here that (¢, o,) has a limit. As (a,) is bounded in L? and
(¢n) is uniformly bounded below thanks to (33), Theorem 3.3 implies that
(¢n) is bounded in L7. So we can assume with loss of generality that o, — &
in LP, ¢, — ¢ in LY and D¢,, — D¢ in L" where, in view of the convexity of
H, the pair (¢,a) belongs to K.

Step 3 We now prove that (¢, @) is a minimizer. By weak lower semicontinuity
arguments, we have

T T
liminf/ / F*(z,ap) Z/ / F*(z,&).
" 0 JTd 0 JTd

Let (o (t) = [pa modn(t) and ((t) = [1a mod(t). Then ((,) converges weak* to
¢ in L™ thanks to Theorem 3.3. As

=601+ [ (Dmo, AD0(0) + (034,000 + H(z, Do) — an) <0,
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we also have by coercivity of H and thanks to the bound on (a,):
Gu(0) = Ot < Cult) Vit € [0,T).
Letting n — 4o00:

1 —
7/

limsuan( )—Cter < ((t) a.e te]0,T],

so that limsup,, ¢,(0) < [;. mod(0). Hence

hmmf/ /Td (z, ) / modn (0 / /’]I‘d F*(z,a mogZ;(O)

and (¢, @) is a minimum. O

Remark 5.5. If » > 2 and p > 14 d/r, then by [6] the sequence (¢,,) built at
the beginning of the proof is uniformly Holder continuous. Hence so is ¢.

6. Existence and uniqueness of a solution for the MFG system

In this section we show that the MFG system (1) has a unique weak solution
and prove the stability of this solution with respect to the data.
6.1. Definition of weak solutions
The variational method described above provides weak solutions for the MFG
system. By a weak solution, we mean the following;:
Definition 6.1. We say that a pair (¢, m) € LY((0,T) x T¢) x L4((0,T) x T¢)
is a weak solution to (1) if
(i) the following integrability conditions hold:
D¢ € L, mH*(-,D,H(-,D¢)) € L' and mD,H(-,D¢)) € L*.
(ii) Equation (1)-(i) holds in the following sense: inequality
— 01— 0i(Aij(2)0;0)+(0i Aij)9; 0+ H(x, DY) < f(z,m) in (0,T) x T?,
(35)
with ¢(T,-) < ¢r, holds in the sense of distributions,
(iii) Equation (1)-(ii) holds:
Oym—0;; (A (x)ym) —div(mD, H(x, D¢))) =0 in (0, T)x T, m(0)=my

(36)
in the sense of distributions,
(iv) The following equality holds:
T
/ m(t,x) (f(z,m(t,z)) + H (x, DpH(z, D$)(t, x))) dxdt
Td
+ [ m(T,z)pr(x) — mo(x)p(0, z)dx = 0. (37)

Td
Notice that last term in (37) is well defined due to Lemma 5.1.
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Our main result is the following existence and uniqueness theorem:

Theorem 6.2. There ezists a weak solution (¢, m) to the MFG system (1).
Moreover this solution is unique in the following sense: if (¢, m) and (¢',m’)
are two solutions, then m =m’ a.e. and ¢ = ¢’ in {m > 0}.

Finally, there exists a solution which is bounded below by a constant de-
pending on [|¢r(lc2, on [|Aillco and on ||H(:, Dér)||sc-

Remark 6.3. Under the assumptions of Remark 5.5, i.e., if r > 2 and p >
1+ d/r, the ¢-component of the solution is locally Hélder continuous.
6.2. Existence of a weak solution

The first step towards the proof of Theorem 6.2 consists in showing a one-to-
one equivalence between solutions of the MFG system and the two optimization
problems (22) and (24).

Theorem 6.4. Let (m,w) € Ky be a minimizer of (22) and (¢,&) € K be a
minimizer of (24). Then (¢,m) is a weak solution of the mean field games
system (1) and w = —mD,H(-, Dg) while & = f(-,m) a.e..

Conversely, any weak solution (¢, m) of (1) is such that the pair (m, —mD,H
(-, D)) is the minimizer of (22) while (¢, f(-,m)) is a minimizer of (24).

Proof. Let (m,w) € K1 be a minimizer of Problem (22) and (¢,a) € K be a
minimizer of Problem (24). Due to Lemma 4.2 and Proposition 5.2, we have
T _
/ / F*(z,a) + F(xz,m) + mH* (x,fg> dxdt
0 Td m

+ [ ¢rm(T) — ¢p(0)modz = 0.

Td
We show that & = f(x,m). Indeed, by convexity of F,
F*(xz,a(t,z)) + F(x,m(t,z)) — a(t,z)m(t,z) >0, (38)

hence

/OT /Td a(t,z)m(t, ) + mH* (x _%) dxdt + /Td drm(T) — $(0)modz < 0.

Thanks to Lemma 5.3, the above inequality is in fact an equality,
w = —mDyH(-, D¢) a.e. and the equality holds almost everywhere in Eq. (38).
Therefore,

«

(t,z) = f(z,m(t,x)) (39)
almost everywhere and (37) holds:

T _
/ fm+mH* (3:, —?) dxdt + drm(T) — ¢(0)modz = 0.
o Jrd m Td

In particular mH*(-, D,H (-, D¢)) € L.
Moreover, since (¢, @) € K and Eq. (39) holds, we have —0;¢ — Aijaijq3+
H(x,D¢$) < f(x,m) in the sense of distributions and ¢(T') < ¢r.
Furthermore, since (¢,a) € K and w = —mD,H(-,D¢), we have that
mD,H (-, D$) € L* and (36) holds in the sense of distributions.
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Therefore (¢,7m) is a solution in the sense of Definition 6.1.

Suppose now that (¢,m) is a weak solution of (1) as in Definition 6.1.
Set w = —mD,H (-, D¢) and a(t,z) = f(x,m(t,z)). By definition of weak
solution w,a € L', m € L9 and ¢ € LY. Moreover, since m € L9, the growth
condition (8) implies that & € LP. Therefore (m,w) € K1 and (¢, @) € K.

It remains to show that (¢, @) minimizes A and (m, @) minimizes B.

Let (¢/,&') € K. By the convexity of F in the second variable, we have

T
A(d,a') = /0 » F*(z,& (t,x))dzdt — [ ¢ (0,2)mo(x)dx

Td

T
> /0 /Td F*(z,a(t,z)) + 0o F* (x,a(t, z)) (& (t,z) — a(t, z))dzdt
¢'(0, x)mo (x)da

Td

T
> / (@, alt, ) + mlt2)(@ (t,2) - alt2))dudi
/ @0,z Ymo(x
> A3a) + / [ (b, 0)(@ (t.) = ) o
+ [ 60.2) = 3(0,2))mo(e)de

Due to Eq. (37) and Lemma 5.3 applied to (¢',a’) and (

3 I
§,‘
I
g
<
3

/ m(t,z) (&' (t,x) — a(t, z))dzdt —l—/ (6(0,z) — ¢'(0,2))mo(z)dx
o Jrd

Td

_ /0 ! [ e, a)a (1, 2) ) G,-Zi’x))dmt

+ » ér(x)m(T, z) — ¢' (0, x)mo(z)dx > 0.

Hence,

and (¢, @) is a minimizer of A.
The argument for (m,w) is similar. Let (7, @) minimize B. Then be-
cause F' is convex in the second variable, we have

B(m',w'") = | ¢rm/(T / m H* (m —_> + F(z,m)

Td

> [ oratys [ (o 20) 4 Fem+ m)on - m)

Td

=/, oprm/(T) + //m’H* (x—;_l;,> + F(x,m) + a(m' —m)
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= B(m,w) +/ drm/ (T) — mog(0) +/ m' H* (m—%) +am’
Td m
> B(m,w).

Here we used Eq. (37) in the next to last line, and we applied Lemma 5.3 to
(¢, @) and (', @) in the last line. Therefore (/m,w) is a minimizer of B. O

6.3. Uniqueness of the weak solution

Proof of Theorem 6.2 (uniqueness part). Let (¢,7m) be a weak solution to (1).
In view of Theorem 6.4, the pair (m, —mD,H(-, D¢)) is the minimizer of (22)
while (¢, f(-,7m)) is a solution of (24). In particular, m is unique because of
the uniqueness of the solution of (22).

Let now (¢1,m) and (¢a,m) be two weak solutions of (1), and set @ =
f(-,m). Let ¢ = ¢1 V ¢o. Assume for now that ¢ is a subsolution of (23) in
the sense of distributions. Then (¢,a) € K, and so because — [ ¢(0)mg <
— [ ¢1(0)mg we have that (¢, @) is also a solution of (24). Indeed, one deduces
from Lemma 5.3 that for a.e. t € [0,T], (¢, @) and (¢, @), are both minimizers
of the problem

T
inf /75 » F*(z,a) — » m(t)o(t).

(p,)eK

In particular, [, m(t)¢(t) = [ram(t)P1(t). As 1 < ¢, this implies that ¢; = ¢
a.e. in {m > 0}. The same argument, replacing ¢; with ¢o, shows that ¢ = ¢
a.e. in {/m > 0}, and uniqueness is proved.

The main difficulty is to show that ¢ = ¢; V ¢ is indeed a subsolution

of (23) in the sense of distributions, i.e.

T
- / ((T)ér + / / 30, + (D¢, ADG) + ((0,Ay;0,0 + H(x, D))
T4 0 Td

S/OT/Tdac (40)

for any nonnegative smooth map ¢ with support in (0,77 x T<.
Let € > 0. Introduce the following translation and extension of (¢, &),
k=1,2:

- B Gr(t+2e,x) ift €[—2¢,T — 2e¢)
Pilt @) = { or(z) if t € [T —2¢,T + 2¢] 4D
and
&t ) = { a(t + 2€, 1) %ft € [—2¢,T — 2¢) 42)
A ift €T —2¢T + 2¢]

where A = max, H(z, Do (x)) + A;j(2)0;jé7(x). Then we have that
— i1, — Aij0ijon + H(z, Doy) < & (43)

in the sense of distributions on (—2¢, T + 2¢) x T<.
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For now we will fix a smooth vector field ¢ on [0, T] x T%. Notice that
— 0 — Aij0ijon + ¢ Doy < G+ H* (,9) (44)

in the sense of distributions on (—2¢, T + 2¢) x T<.

Let & be a smooth convolution kernel in R*+! with support in the unit
ball, with &' > 0 and [¢' = 1. Then define the standard mollifier sequence
E(t, ) = e 91EN (¢, ) J€). Set ¢S = £ % ¢ and af = £° + &. By taking the
convolution we have, in a pointwise sense,

— 05, — AijOijdf, + 1 Do < af + £ X H* () + RE — S5 (45)
on [0,T] x T%, where

RF = (€5, 4;;0,](0idr),  SF =[5, ¢](Doy). (46)

Here we use the same commutator notation as in (29). Invoking [9, Lemma
I1.1], we have that R¥ and S¥, k = 1,2 are smooth functions which converge
to zero in L", since A;; € W™ is given and ¢ may also be chosen in Wwhee,

Define R, := max{R! — S!, R? — §2}. This, too, converges to zero in L".
Moreover, for k= 1,2

—019), — Aij0ij 0% + - Doy < o + &+ H () + Re (47)

holds in a pointwise sense, hence also in a viscosity sense. By standard results,
(47) holds also for ¢ := ¢ V ¢5 in a viscosity sense. The result of [16] implies
that it also holds in the sense of distributions, that is, for any smooth map ¢
with support in (0,7] x T we have

T
- / C(T)e(T) + / / 60, + (DC, ADG) + C(0iAyyd;6° + Dok - 1)
T 0 Td
T
S/ C(a€+§E*H*(~71/J)+RE). (48)
0 Td

By construction, ¢¢(T) = ¢ for all e > 0. Observe that ¢¢ — ¢ in L7 and
D¢ — D¢ in L", as these sequences are only slight adaptations of classical
convolutions of ¢ and Dé. Finally, note that o — @& in LP, while ExH* (-, 1)) —
H*(-,%) uniformly. Letting ¢ — 0+, we are left with

T
- / C(T)dr + / / 30:C + (DC, AD@) + C(0:A0;0;6 + 1 - DY)
Td 0 Td

T
< /O [ s H (). (49)

Now since 1 is an arbitrary smooth vector field, we may take a sequence that
approximates 0,H (x, D¢) in L™ . By the convexity of H(x,-) this yields (40),
as desired. O
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6.4. Stability

We now consider the stability of solutions with respect to the data: assume that
(A™), (H™), (f™), (mg) and (¢%) converge to A, H, f, mg and ¢ respectively.
We investigate the convergence of the corresponding solution (¢™, m™) to the
solution (¢, m). For this we assume that the A™, H", f™, m{ and ¢%. satisfy
conditions (H1)...(H4) uniformly with respect to n. More precisely we suppose
the following;:
(H1") The f, : T¢ x [0, +00) — R are continuous in both variables, increasing
with respect to the second variable m, and there exist ¢ > 1 and C4
such that

1
?'m‘q_l —Cy < fYx,m) < Cim|T +C; Ym >0, Vn e N.
1

and
f"(z,0) =0 VzeT¢ VneN.

Moreover we suppose that (f™) converges locally uniformly to f which
satisfies (H1).

(H2’) The Hamiltonians H™ : T¢ x R? — R are continuous in both variables,
convex and differentiable in the second variable, with D, H" continuous
in both variables, and have a superlinear growth in the gradient variable:
there exist » > 1 and Cy > 0 such that

1
e~ Cy < H'(@,6) < el +Cy (w,6) €T x RY, e N,
2

We also suppose that the (H™) converge locally uniformly to H which
satisfies condition (H2).

(H3") There exists a constant C3 > 0 and continuous maps X" : T¢ — RI*D
such that ¥7(X")T = A" and

=" (2) - £"(y)| < Cale —y| Va,yeT?, ¥neN
with
either r > p or the A™ are constant in space-time for all n € N.
We suppose that the (A™) converge locally uniformly to A.
(H4’) The ¢% : T¢ — R converge to ¢ in C?(T?), while the m% : T¢ — R

converge to mg in C'' and are uniformly bounded below: there exists a
constant Cy > 0 such that mg > Cy for all n.

Note that the limit A, H, f, mo and ¢ satisfies assumptions (H1)...(H4).

Theorem 6.5. Let (¢™, m™) be a weak solution of (1) associated with A™, H",
f™ and with the initial and terminal conditions mg and ¢}.. Assume also that
the sequence (¢™) is uniformly bounded below. Then (m'™) converges strongly
to m in L9 while ¢" converges weakly and up to a subsequence to a map ¢ in
L7, where the pair (¢,m) is a weak solution to (1).

Note that the existence of a solution (¢™, m™), such that ¢” is bounded
by below, is ensured by Theorem 6.2.
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The result is a simple consequence of Theorem 6.4 and of the I'-
convergence of the corresponding variational problems.

Proof. Let us set w™ = —m"™D,H"(-, D¢")) and o™ = f(-,m"). Let K" be
the set of pairs (¢,a) € LY((0,T) x T%) x LP((0,T) x T%) such that D¢ €
L7((0,T) x T?) and which satisfy in the sense of distributions

=09 — Aj;(2)0i;0 + H"(x, D) < o, &(T,") < o7 (50)
We consider the functionals A™ and B™ defined on K™ and K respectively by

T
A (b,0) = /0 /T ) ) dadt = [ 0(0.0pm ) da

and

w(t, )

B (m,w) = /OT » m(t,x)(H™)* <:c, m(t,x)) + F"(x,m(t,x)) dxdt

+ o (x)m(T, x)dx
Td

where (H™)*, F™ and (F™)* are defined from H™ and f™ as usual. According
to the second part of Theorem 6.4, the pair (m™, w™) is a minimizer of problem
(22) associated with B", while the pair (¢", @™) is a minimizer of problem (24)
associated with A".

We claim that

lim sup inf A" < mf A and lim sup inf B" < 1nf B. (51)

n— 400 n—+oo K1

Let us explain the proof for A™, the proof for B™ being similar. For this we
consider the class K5 of C? maps such that (T, -) < ¢%. Following Proposition
5.2, we have

T
inf / / (F")* (2, — ) — AT ()03 + H™ (z, D)) dacdt
Td

ey Jo
—/ P(0)mgydx = inf A™.
Td g
Let v € C? with ¥(T,-) = ¢7. As the map ™ := 1) — ||¢" — ¢r|| belongs to

K%, we have

T
lim sup 1an < lim sup/ (F")" (w, =0pp™ — A 090"
Td

n—+oo K n—-—+00

JrH"(a:,Dw"))d:rdtf/ Y™ (0)mgdx
Td

T
= lim sup/ » (F"™)" (2, =0pp — Af; 0457

n—-+o0o

B (@, D))dadt = | (O mide + 63 = o)
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T
< / F* (x, —0) — Aijaiﬂﬁ + I’I($7 Dw))dacdt
0 Td

— | ¥Y(0)mpdzx.
Td

This proves claim (51).
Combining (51) with Lemma 4.2 and Proposition 5.2, we have

lim sup inf A" < 1nf A = —inf B < —limsupinf B"

n—-+oo Kn K1 n—-+oo K1
= liminf(—inf B") < liminfinf A".
n—-+oo Ky n—+too Kn

Since the left-hand side is not larger then the right-hand side, the above in-
equalities are in fact equalities, which shows that

ir}%f.A = —i}ng = lim inf A" =— lim infB". (52)

n—-+oo Kn n—-+oo K1

We now show that the sequence (m'™, w™) converges to a minimizer of B.
Using the estimates established for the proof of Proposition 5.2, we have

™| e + ||wn||L$ + | = /m < C. (53)

By Lemma 4.1, this implies that the maps ¢ — m"(t) are uniformly Holder
continuous in P(T9). Hence there is a subsequence of (m™,w™) (still denoted

in the same way) which converges weakly in L7 x L7+ to some (m,w) € Ky
and which is such that (m™(t)) converges to (m(t)) in C°([0,T], P(T%)). Then,
for any £ € L°°((0,T) x T?,R?) and o € L>=((0,T) x T?¢) we have

lim inf B (m™,w™) > lim 1nf/ (& w H(z,§)
Td

n—-+oo n—-+oo

+om" — F*(z,0)dxdt + / m"(T)¢hdx
Td

/ (€, w (x,€) + om — F*(z,0)dzxdt
Td

m(T)¢prdz

Td
Taking the supremum with respect to (§,0) and using (52) then gives

%f[j’— lim inf B" = liminf B"(m",w"™) > B(m,w).

n—oo Ky n—-+oo

Hence (m,w) minimizes B. Moreover we note for later use that the above
equalities entail that
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T T
/ F(z,m)dzdt = lim / / F"(xz,m")dxdt.
0o Jrd n=+e0 Jo Jrd

In order to prove the strong convergence of (m™,w™), we rely on a stan-
dard argument using Young measures. Let us define the sequence of measures
(u™) on [0,T] x T x R by du™(t,x,p) = dtdwdd,,n .)(p). In view of (53),
the sequence (u™) is tight and therefore converges weakly to some measure
p which can be disintegrated into du(t, x, p) = dpy . (p)dtdz. Then following
Theorem 6.11 of [22], we have, as the F™ are bounded below:

/ F(xz,m)dzdt = lim F"(z,m"™)dzdt
Td

n—-+4oo Td

/ / /Fxpdum p)dxdt,
Td
where, by convexity of F,

/OT AdAF(x,p)dut7z(P)dxdt2/OT/Td F(wv/deMt,z(p))dl‘dt
/OT/WF(x,m)dxdt.

By strict convexity of F, this implies that 11 » = dpy(¢,4) a-e., which means that
the sequence (m'™) actually strongly converges to m in L? (Proposition 6.12
of [22]). The strong convergence of the sequence (w™) can be checked in the
same way, by using the strict convexity of H*. So we have checked that any
converging subsequence of (m™, w™) strongly converges to a minimizer (m, @)
of B on K. Since this minimizer is unique, the full sequence (m™, w™) strongly
converges to (m,w).

Next we turn to the convergence of (¢™, a™). The growth condition (2) on
f implies that the sequence (o™ = f"(-,m™)) converges in LP to & := f(-,m).
As (¢™) is uniformly bounded below, Theorem 3.3 implies that

9™ (| Lo< (0,7), L7 (Tayy + 19" | L7 ((0,7) x 1) < C.

The end of the proof follows closely the argument in Proposition 5.4: (D¢") is
bounded in L", so that, up to a subsequence, (¢™) converges weakly to some ¢
in L7 while D¢™ converges weakly to D¢ in L”. Using the same argument as
in Proposition 5.4, one can check that (¢, @) belongs to K and is a minimizer
of A over K. Theorem 6.4 then states that the pair (¢,7m) is a solution to the
MFG problem (1). O
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