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Introduction

We consider the following second order mean field games (MFG) system
with degenerate diffusion and a local coupling

—0tp — Ajj0jjo + H(x, D¢) = f(x, m(x, t))
0rm — 0j(Ajm) — div(mDpH(x, D)) = 0
m(0) = mo, &(x, T) = ¢7(x)

where
e A:RY — RI*9 is symmetric and nonnegative
@ the Hamiltonian H : RY x R? — R is convex in the second variable
@ the coupling f : R9 x [0, +00) — [0, +00) is increasing with respect
to the second variable

©

mg is a probability density
@ ¢7 :RY = R is a given function

Introduced by Lasry and Lions and by Huang, Caines and Malhamé to
describe Nash equilibria in differential games with infinitely many players
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The optimal control problem of a typical small player
o(t, x) is the value function

Dynamics :
dXs = asds + X(s, X;)dBs,

where (as) is the control, (Bs) is a d—dimensional Brownian motion and
IyT=A

Cost :

)
B | [ H (5. X~ + F(Xe (s, X)) ds+ 6r(Xr)
0

Vt € [0, T] m(t, x) denotes the density of population of small players at
position x

the optimal control is formally given by the feedback
(t,x) = —=DpH(x, Dé(t, x))

the second equation in (MFG) is the Kolmogorov equation of the process
(Xs) when the small player plays in an optimal way
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In the MFG systems with uniformly parabolic diffusions (typically
Ajj0ij» = A¢) the solutions are smooth, (at least if the coupling is
nonlocal and regularizing or if it has a “small growth")

Analysis by PDE methods : see Cardaliaguet, Lasry, Lions and Porretta
(2012), Lasry and Lions (2006, 2007), Gomes, Pimentel and
Sanchez-Morgado (2013), Lions (2011), Porretta (2013)

Analysis by stochastic techniques : see Carmona and Delarue (2013),
Huang, Malhamé and Caines (2006)

The case of couplings with an arbitrary growth has been discussed in
Cardaliaguet, Lasry, Lions and Porretta (2012) (for quadratic
hamiltonians and smooth solutions) and in Porretta (2013) (for more
general hamiltonians but weak solutions)
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We consider degenerate parabolic equations : lack of regularity = break
down of the uniformly parabolic techniques

IDEA : use convex optimization methods from optimal transport
problems (see Benamou and Brenier (2000), Cardaliaguet, Carlier and
Nazaret (2012))

These techniques were already used to study first order MFG systems
(i.e., A=0): see Cardaliaguet (2013), Cardaliaguet and Graber (2013),
Graber (2013)

We show the existence and uniqueness of a weak solution for the
degenerate MFG system as well as the stability of solutions with respect
to perturbation of the data
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Assumptions

(H1) f:T9 x [0,4+0c) — R is continuous in both variables, increasing
wrt the second variable m, and 9 > 1, (; s.t.

1
?|m|q*1 —G<fx,m<GmTr+CG VYm>0
1

Moreover f(x,0)=0  V¥x & T¢
(H2) H:T? x RY — R is continuous in both variables, convex and

differentiable in the second variable, with D,H continuous in both
variable, and 3r > 1, (; > 0 s.t.

1 C.
=l - G<HX <+ G V(g €T xR
2
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Assumptions

(H3) A:T9 — R9%9 is Lipschitz continuous with symmetric nonnegative
values: 3C3 > 0 s.t.
AX) —AY)| < Glx —y|  Vx,y €eT9 ¢eR?

Moreover, either r > p or A= 0, where % + % =1

(H4) ¢ : T9 — R is of class C?, while mg : TY — R is a C! positive
density
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Assumptions

(H3) A:T9 — R9%9 is Lipschitz continuous with symmetric nonnegative
values: 3C3 > 0 s.t.

A(x) —A(Y)| < Glx—y|  Vx,yeT9 £eR?

Moreover, either r > p or A= 0, where % + % =1

(H4) ¢ : T9 — R is of class C?, while mg : TY — R is a C! positive
density

The Fenchel conjugate H* of H wrt the second variable is continuous and

1 / C ’
€] — G < HY(x,6) < 21|+ G Y(x,€) e T? x RY
r'Co r

1 1
where r’ is s.t. : -+==1
roor
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Let Fx, m) = /o f(x,7)dr if m>0
400 otherwise

Then F is continuous on T? x (0, 400), derivable and strictly convex in
m and

1
—|m|7 — G < F(x,m) < Elmlq +CG  Vm>0
qCy q

Let F* be the Fenchel conjugate of F wrt the second variable then
F*(x,a) = 0 for a < 0, moreover,

1
—a|p—C1§F*(x,a)§&|a|p+C1 Ya>0,
pCy P

where pisst. : 1/p+1/g=1
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Key point : integral estimates

Assume that (H2) and (H3) hold true and let ¢ satisfy

{ -0t — Ajj(x)0ji¢ + H(x, Do) < a(t, x)
¢(x, T) < o7(x)
in the sense of distribution, with a € LP((0, T) x T9), ¢7 € L>°(T9)

i.e. for any nonnegative test function ¢ € C2°((0, T] x T9),

)
- / «(T)br+ / / 60:C + (DC, AD@) + C(0iAs0;6 + H(x, D§)) <
Td 0 Td

[ L
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Key point : integral estimates

Theorem

Then, if ¢ is bounded below, we have

91l Lo 0,7y, Ly H Dl o (0, 7y ey < € (Ha”LP((O,T)X'[F") + H¢T|\Lm(1rd))

where m = % and v = drf(r%:fi) ifp<1+¢

N ; d
and m=r~y=+o0ifp>1+¢,

with a constant C depending on T,p,d,r, (3, C3 and on
Ha”LP((O,T)x’]I“”)v ||¢T||Lm(1rd) and [[¢— |
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Key point : integral estimates

Theorem

Then, if ¢ is bounded below, we have

160l 0, 7y.mizay HI 0,74y < € (Iliogo, ryxrey + 167 | miray)

where m = % and v = drf(r%:fi) ifp<1+¢

andm=r~=+o0ifp>1+4,

with a constant C depending on T,p,d,r, Co, C3 and on
||a||LP((0,T)><’]1‘"’)7 ||¢T||L'"(’H‘d) and ||¢—||oc.

When r > 2 and p > 1+ d/r, Cardaliaguet and Silvestre 2012 proved
that the solution ¢ is locally Holder continuous, with Holder modulus

depending only on the growth condition of H, the L* bound on u and
the LP norm of «
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Optimal control problems in duality
An optimal control problem for a backward HJ equation :

the state variable ¢ is controlled by a distributed control
a:(0,T) x TY — R in order to minimize the criterium

-
| [, F eate) dxde— [ o0.x)dmo(x)
0 Td Td
when the state ¢ is driven by

{ —0:d — Ajj(x)0jip + H(x, D¢) = a(t, x)
o(x, T) = ¢7(x)

Precisely : ¢|€n}£ A(9)

where Ko := {¢ € C%([0, T] x T9)| #(T,x) = ¢7(x)} and

T
Al¢) = /o /ﬂ‘d F* (x, —=0:p(t, x) — AjjOjj¢ + H(x, Do(t,x))) dxdt

— (0, x)dmo(x)

Td
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The second optimal control problem is an optimal control problem for a
Fokker-Plank equation :

we control the state variable m through a vector field
v:(0,T) x T¢ — R? in order to minimize

-

/ / m(t, x)H* (x, —v(t, x))+F(x, m(t,x)) dxdt+ [ ¢ (x)m(T,x)dx
0 Td Td

when m solves the Fokker-Plank equation

0¢m — 0ji(Ajj(x)m) + div(mv) =0
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Precisely : ( in)f . B(m, w)
m,w)ey

where
Ky ;:{(m, w) € LY((0, T) x T9) x L*((0, T) x T¢, RY)
m(t,x) >0 a.e.,/ m(t,x)dx =1 for a.e. t € (0,T), and
Td

dem — 9(A;(x)m) + div(w) = 0in (0, T) x T?, m(0) = mo

in the sense of distribution}

B(m,w)_/T/Wm(tx (x-m
/ dT(x)m(T, x)dx

for m(t,x) =0, m(t,x)H* (x, —W(t’x)) = { oo if W(?X) i 8

) + F(x, m(t, x)) dxdt
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Lemma

We have
inf A(¢)=— min  B(mw
PEKo ((b) (m,w)e, ( / )
Moreover, the minimum in the right-hand side is achieved by a unique
pair (m, w) € Ky satisfying

(m, W) € L9((0, T) x T9) x L7a=5((0, T) x T¢)

IDEA : Use the Fenchel-Rockafellar duality Theorem



Introduction Optimal control problems in duality Existence and uniqueness Stability

Relaxation

Let
K= {(¢, @) € LY((0, T) x T?) x LP((0, T) x "er)‘ D¢ € L7((0, T) x T9)
and which satisfies in the sense of distribution

— 00— Aj(x)950 + H(x,Do) <o, o(T,) < o7}

Due to the presence of second order derivatives we do not expect the
function ¢ to be BV (as in the first order case)

What about trace properties 7 ¢ has a trace in a weak sense
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Lemma

Let (¢,a) € K. Then, for any Lipschitz continuous map ¢ : T4 — R, the
map t — / C(x)o(t, x)dx has a BV representative on [0, T].
Td

Moreover, if we denote by | ((x)¢(t™, x)dx its right limit at t € [0, T),
Td

then the map ¢ — / C(x)p(t+, x)dx is continuous in L™ (T9).
Td
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Lemma

Let (¢,a) € K. Then, for any Lipschitz continuous map ¢ : T4 — R, the
map t — / C(x)o(t, x)dx has a BV representative on [0, T].
Td

Moreover, if we denote by | ((x)¢(t™, x)dx its right limit at t € [0, T),
Td

then the map ¢ — / C(x)p(t+, x)dx is continuous in L™ (T9).
Td

= for any nonnegative C* map ¢ : [0, T] x T¢ — R, one can write the
integration by part formula: forany 0 <t; <t < T,

—[ / <¢] + [T [ 60 + (D¢, ADG) + c(@iAz030 + H(x. Do) <
el ts t; J1d

[ Lo
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Proof :
For any Lipschitz continuous, nonnegative map ¢,

d

~ % [, co0)+ [ (DG ADo)) + (01450 + Hix, D) — ) < 0
in the sense of distribution

As the second integral is in L'((0, T)), the map t — [L.4 (o(t) is BV

If now ( is Lipschitz continuous and changes sign, one can write

g = <+ - C_ and the map t — f’]l'cl <¢ f'[[‘cl §+¢ f'ﬂ'dc (b
still BV

The continuity with respect to ¢ comes from the L>°((0, T), L™(T?))
estimate on ¢
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We extend the functional A to K

a) = /0 ! /Tr F(xa(x, 1)) ddt - /T 6%, 0)mo(x) o ¥(6,0) € K

Proposition

We have

nf A(¢) = o Ao, )
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Lemma

Let (¢p,a) € K and (m,w) € K;.
Assume that mH*(-,—w/m) € L}((0, T) x T¢) and m € L9.

Then, for a.e. t € [0, T], m(t)p(t) is integrable and

L[] Lt 2 2o
[/T" m</)} :J - /ot/qyd m (a +H(x, _%))

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

and
0.

Y
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Proof :

Inequality |nf A((b) (¢|nf A(¢,a) holds obviously
a)ek

Let (¢, ) € K, then ¥(m, w) € K1 with mH*(-, —w/m) € L' we have,

A(6,0) = //F _/¢ -
/ /Tf”” Fm / mo(0)
/ /ﬂ'd_mH X__)‘F(m)—/w m(T)pr = —B(m, w)

Taking the sup with respect to (m, w) in the right-hand side

v

Y

A(p,a) > — inf  B(m,w) = inf A(¢)

(m,w)ek, $eKo
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Proposition

The relaxed problem has at least one solution (¢,&) € K which is
bounded below by a constant depending on ||¢7||c2, on ||Ajjl|ce and on

IH(:, Do 7)loo-

Therefore, thanks to the equivalence, we have a infimum for A over Kq
and a minimum for B over K

min A(¢,a) = ¢i€nlioA(¢) = — min_ B(m,w)

(p,)EK (mw)eKy
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Existence and uniqueness

We say that a pair (¢, m) € L7((0, T) x T9) x L9((0, T) x T?) is a weak
solution to (MFG) if

(i) Dp € L7, mH*(-, DyH(-,Dg)) € L1 and mD,H(-, D)) € L

(ii) The following inequality holds in the sense of distribution

—0:p—0;(A;j(x)0;0)+(8:A;)0;0+H(x, Dp) < f(x,m) in (0, T)xT?,

with ¢( T7 ) < ¢T
(iii) The following equation holds in the sense of distribution

dem—0;(A;(x)m)—div(mD,H(x, D$))) = 0in (0, T)xT9, m(0) = mq

(iv) The following equality holds :

/0 /11‘4 m(t,x) (f(x, m(t,x)) + H*(x, DpH(x, D¢)(t, x))) dxdt
+ / m(T, x)é7(x) — mo(x)#(0, x)dx = 0

Td
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Theorem

There exists a weak solution (¢, m) to (MFG).

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
depending on ||¢7]|c2, on ||Ajjl|co and on ||H(-, Do1)||so-
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Proof :

Let (M, w) € K1 be a minimizer of min(m wyex, B(m, w)
and (¢, &) € K be a minimizer of min(y o)ex A(9, @)

We have —B(m, w) = A(¢,a)

T _
/ / F*(x, &)+ F(x, M)+ mH* (X, —¥> dsdtt [ 7m(T)=3(0)modx = 0
o J1d m md

By convexity of F,

hence

/ /I[‘d am+ mH* <x ——) dxdt+/ ¢pTm(T) — ¢(0)modx <0

Therefore w = —mD,H(-, D¢) a.e. and a(t,x) = f(x, m(t, x)) a.e.

and (¢, m) is a weak solution
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Recall that :
Lemma

Let (¢, ) € K and (m, w) € K1. Assume that
mH*(-, —w/m) € L*((0, T) x T¢) and m € L9.

Then, for a.e. t € [0, T], m(t)p(t) is integrable and

[/T"m¢]j+/tT/qrdm(a+H*(X’_%)> >0
[/Tdm¢];+/0t/qrdm(a+H*(x,_%))

Moreover, if equality holds in the first inequality for t = 0, then
w = —mDpH(x, D¢) a.e.

and

Y

0.
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Conversely, using the convexity of F and the Lemma, we can show that
any weak solution (¢, m) of (MFG) is such that :

the pair (M, —MmD,H(-, Dg)) is the minimizer of min(m wyeic, B(m, w)
while (¢, f(-, m)) is a minimizer of min g ayex A(¢, @)

Uniqueness : Since the solution of min(,, w)eic, B(m, w) is unique m is
unique

The proof of the uniqueness of ¢ is more technical
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Stability

Assume that (A"), (H"), (f") m§ and ¢% satisfy conditions (H1)...(H4)
uniformly with respect to n and converge to A, H, f, mg and ¢ locally
uniformly.

Theorem

Let (¢", m") be a weak solution of (MFG) 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 (MFG).

In particular the weak solution is stable with respect to viscous
approximation
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P. Cardaliaguet, J. Graber, A. Porretta and D. Tonon, Second order mean
field games with degenerate diffusion and local coupling, in preparation
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