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CHAPTER 1

Introduction

La théorie des jeux & champ moyen permet I’étude de systémes dans lesquels une infinité
de joueurs interagissent. Ces joueurs sont supposés indiscernables, interchangeables et
parfaitement rationnels. c¢’est-a-dire que chaque joueur posséde un but et agit toujours de
maniére optimale pour I'atteindre, malgré la présence d’autres joueurs qui sont interchange-
ables de son point de vue. Leurs interactions ont lieu a travers des quantités moyennes
agrégées qui dépendent symétriquement et faiblement de chaque joueur. De telles interac-
tions sont appelées & champ moyen. Cette terminologie vient de la physique statistique et
plus particuliérement de I’étude de systémes mécaniques dans lesquels un grand nombre de
particules interagissent (comme les particules subatomiques, ou les étoiles d’une galaxie).

Lorsque le nombre de joueurs est fini, la théorie des jeux s’intéresse souvent aux équili-
bres de Nash dont la théorie est antérieure a celle des jeux & champ moyen. Les applications
des équilibres de Nash avec un grand nombre de joueurs sont nombreuses et variées. En
économie, le comportement d’un agent dépend souvent de quantités macro-économiques
dont les valeurs résultent des habitudes de consommation de l’ensemble des agents de
maniére statistique & travers la loi de l'offre et la demande. En dynamique des populations
(humaines, animales, bactériennes ... ), des phénoménes de foules naissent du mouvement
individuel de chaque agent. D’autres exemples viennent des réseaux sociaux, de la finance,
de I’économie des énergies fossiles et renouvelables . . . L’apparition de situations d’équilibre
dans de tels cas est observée. Cependant, ’analyse théorique de ces problémes s’avére sou-
vent difficile et leur résolution numérique totalement impossible & cause du grand nombre
de joueurs. C’est ici que la théorie des jeux & champ moyen apporte une réponse. Le
passage a une infinité de joueurs engendre des simplifications permettant ’étude du com-
portement statistique des joueurs. La solution d’un jeu & champ moyen peut ensuite étre
utilisée comme une bonne approximation d’un équilibre de Nash avec un nombre fini de
joueurs, lorsque ce nombre est trés grand.

La théorie des jeux a champ moyen est assez récente puisqu’elle date des années 2005-
2006, et des travaux indépendants de Jean-Michel Lasry et Pierre-Louis Lions [82, 83, 84],
et de Minyi Y. Huang, Peter E. Caines et Roland E. Malhamé [69, 70].

1.1 La théorie des jeux a champ moyen

1.1.1 Le jeu & N joueurs

Nous introduisons ici le cadre mathématique le plus élémentaire possible. Nous considérons
des jeux différentiels, dont la théorie a été introduite par R. Isaac [72] et N.S. Pontryagin
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[93]. Dans un jeu différentiel, les variables de temps et d’espace sont continues. On note
N > 1 le nombre de joueurs. L’horizon de temps est noté T' > 0 et on suppose pour éviter
des détails technique que 1'état des joueurs évolue dans T¢ = R?/Z? le tore de dimension
d > 1. L’état du joueur d’indice i € {1,2,..., N} varie selon un processus aléatoire noté
(XZ) 1e[0.T] qui satisfait ’équation différentielle stochastique suivante,

dX? = aidt + V2wdW}, Xj=a'ec T,

ou v > 0 est le coefficient de diffusion, (Wj )1 <j<N sont N mouvements browniens in-

dépendants, et o' est le controle le contréle du joueur. Nous supposons que o' est un
processus markovien dépendant de I'état de tous les joueurs ; en particulier il est de la

forme o} = o' (t, (Xg ) e >, oll o est maintenant une fonction mesurable par rapport
<<

a la tribu borélienne de [0,77] x (Td)N dans T?. Le joueur d’indice i cherche & minimiser

son coiit individuel donné par

J(of, (7)) = E { /0 L (t, X}, 4, mi) dt +g (X%r,m’T)] ,

ott L : [0, T] x T4 x R x P (']I‘d) — R? est le Lagrangien, g est le cotit terminal, m} = Z(SXJ-
t
J#i
est la mesure empirique des autres joueurs, P (Td) est 'espace des mesures de probabilité
sur T4, et § est la mesure de Dirac. On fait 'hypothése de coercivité suivante:

(1.1.1) i 12 0m)|

= +OO’
|a] =00 |l

pour tout (¢,z,m) € [0,7] x T? x P (T?). Rappelons la définition d'un équilibre de Nash :

Définition 1.1.1. Un équilibre de Nash (en boucle fermée) du systéme a N joueurs décrit
ci-dessus est un N-uplet (ozl, e aN) de fonctions mesurables de [0,T] x (’]I‘d)N dans R?,

tel que
J (o/, (oﬂ)j#) <J (a, (oﬂ)j#> ,
pour tout i € {1,...,N} et a:[0,T] x (Td)N — R? mesurable.

Définissons H le Hamiltonien du systéme & N joueurs comme la transformée de Legendre-
Fenchel de L par rapport a «, c.-a-d.

H (t,x,p,m)= sup —p-a— L(t,z,a,m).
acRd
pour (t,z,p,m) € [0,7] x T? x R? x P (T?). Nous définissons le systéme de Nash a N
joueurs par les équations suivantes:
(1.1.2)

N
— 9N — I/Z ijvN’i + H (t,xi, waN’i,méV’i) + Z ijvN’i - H, (t, a7, ijvNJ, mi\”) =0,
=1 J#i
vNUT,x) =g (mz,mi\”) ,
; N ; . .
ott o™ 1 [0, T) x (']I‘d) — Retm)? = Z 0,5, pouri € {1,..., N}. Lorsqu'une solution au
J#i

systéme précédent existe et est réguliére, un équilibre de Nash est donné par les fonctions
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de controle o(t,z) = —H, (t,fc, Vzwi(t,w),m;). Dans ce cas, 1’équation stochastique
satisfaite par I’état d’un joueur devient :

(1.1.3)  dXi=—H, (t, X{, V0™ (8 X)) ,mﬁf) dt + V2udWi, Xi=z'e T
Lorsque les joueurs utilisent ces controles, vV est appelée fonction valeur du joueur i, et
représente le cofit le plus faible en moyenne que le joueur ¢ puisse atteindre entre les temps
t et T si son état est donné par x au temps t.

Le systéme (1.1.2) est un systéme de N équations de Hamilton-Jacobi couplées. Nous
renvoyons aux travaux de M.G. Crandall et P.L. Lions [51], pour une étude approfondie des
équations de Hamilton-Jacobi et du cadre dans lequel elles sont bien posées: la théorie des
solutions de viscosité. Nous renvoyons aux travaux de A. Bensoussan et J. Frehse [18, 19]
pour une étude du systéme (1.1.2).

La principale difficulté dans 1’étude du systéme (1.1.2) consiste en le fait qu'un joueur,
lorsqu’il change de stratégie, affecte I’ensemble des autres joueurs. Ainsi l'existence et
I'unicité de solutions de (1.1.2) sont en général des problémes compliqués. Sous des hy-
pothéses de croissance sur le Hamiltonien H, le livre d’O.A. Ladyzenskaja, V.A. Solonnikov,
et N.N Ural’ceva [81] apporte des éléments de réponse. Cependant, lorsque le nombre de
joueurs est grand, toute étude qualitative ou quantitative du comportement des solutions
de (1.1.2) devient impossible & cause du nombre d’équations et de leur fort couplage.

Contrairement & ce que laisse penser la remarque précédente, la structure des équilibres
de Nash devrait se simplifier lorsque le nombre de joueurs devient trés grand puisque 'effet
de chaque joueur sur le systéme devient négligeable et que les lois de la statistique devraient
s’appliquer. C’est 'idée fondatrice de la théorie des jeux & champ moyen, développée en
méme temps dans les travaux initiaux indépendants de Jean-Michel Lasry et Pierre-Louis
Lions [82, 83, 84|, et de Minyi Y. Huang, Peter E. Caines et Roland E. Malhamé [69, 70].

1.1.2 Le systéme de jeu & champ moyen

Pour commencer, plagons nous directement & la limite N = oo, lorsqu’une infinité de
joueurs interagissent a travers leur distribution statistique. Un joueur représentatif a alors
une influence nulle sur le systéme total. Son état (Xt)te[o 7] est donné par

(114) dXt == Oétdt + vV 21/th,

ot W est un mouvement brownien, « est le contrble, et Xy est un processus aléatoire
indépendant de W et & valeur dans T? de loi £ (X() = mg. Le joueur représentatif cherche
4 minimiser son cofit, donné par

T
(1.1.5) J(a,m)=E [/0 L(t, Xy, 04,m(t)) dt + g (X7, m(T))|,

out— m(t)eP (Td) est une prédiction de la distribution statistique des autres joueurs a
tous les temps ¢t € [0,7] ; P (’]I‘d) est ensemble des mesures de probabilité sur T¢. La loi des
grands nombres et la limite de champ moyen donne la condition d’équilibre m(t) = £ (X;)
pour tout ¢ € [0,7]. Dans ce cas, le systéme d’EDPs prend la forme suivante :

(1.1.6)
— Owu(t, ) — vAu(t,z) + H(t,z,Vyu(t,x),m(t)) =0 sur (0,7) x T,
ym(t,x) — vAm(t,z) — div(Hy(t, z, Vou(t, x), m(t))m(t,z)) =0 sur (0,T) x T¢,
u(T,z) = g(x,m(T)) sur T¢,
m(0) = my.
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La fonction valeur du joueur représentatif est ici notée u. Elle satisfait une équation de
Hamilton-Jacobi-Bellman rétrograde en temps qui rappelle celle du systéme & N joueurs

(1.1.2). Cette derniére équation est cependant plus simple puisqu’elle est posée sur (0,7") X

T? au lieu de (0,T) x (']I‘d)N . de plus le terme de couplage faisant intervenir les vV a

disparu. La seconde équation est une équation de Fokker-Planck-Kolmogorov qui traduit
I’évolution de la distribution statistique des joueurs lorsqu’ils suivent la stratégie optimale
donnée par a(t,x) = —Hp, (t,z, Vyu(t,x), m(t)).

Le systéme (1.1.6) n’est plus un systéme d’évolution (c.-a-d. le temps s’écoule dans
une direction), puisqu’il contient une équation rétrograde en temps et une équation posée
dans le sens naturel du temps. Les systémes de ce type sont en général difficiles & étudier.
Cependant, (1.1.6) a une structure particuliére : I’équation de Fokker-Planck-Kolmogorov
est le dual de ’équation linéarisée de Hamilton-Jacobi-Bellman. Cette structure simplifie
I'étude de (1.1.6), permettant notamment d’obtenir des estimations a priori sur les solu-
tions. L’existence de solutions est traitée dans de nombreux travaux [17, 20, 32, 34, 36, 37,
39, 41, 61, 64, 69, 71, 68, 85, 87|. Un critére d’unicité pour la solution du systéme de jeu a
champ moyen a été présenté par J.M. Lasry et P.L. Lions dans leurs premiers travaux sur
la théorie des jeux a champ moyen [85] Théoréme 2.5 :

Théoréme 1.1.2. Supposons que H est séparé, c’est-a-dire de la forme

(1.1.7) H (t,x,p,m)=H (t,z,p) — f (t,z,m),

et que les fonctions f et g sont monotones au sens de Lasry-Lions, c’est-a-dire qu’elles
vérifient

/Tdf (t,x,ml) —f (t,a:,mQ) d(m1 —m2) (x) >0,

(1.1.8)
/[rd g (x,ml) -9 (m,mQ) d (m1 — m2) (x) >0,

pour tout t € [0,T] et m*, m? € P (Td). Il existe au plus une solution a (1.1.6).

Les inégalités (1.1.8) peuvent s’interpréter comme une aversion de la part de chaque
joueur aux zones a forte densité de population. Dans ses cours au Collége de France [87],
P.L. Lions étend ce résultat d’unicité au cas ot H est non-séparé et dépend localement de
m ; remplagant la premiére inégalité de (1.1.8) par ’hypothése que la matrice M, définie
par

M= (mep (t,z,p,m) HHppy (t,x,p,m)) ’
%Hpm (t,:ﬁ,p,ﬂ”&) _Hm (t,:n,p,m)

soit symétrique définie positive pour tout (t,x,p,m) € [0,T] x T¢ x R% x R,

De tels résultats d’unicité ne sont pas transposables au systéme de Nash & N joueurs
(1.1.2). De plus, la résolution d’approximation numérique de (1.1.6) parait possible, con-
trairement & celle de (1.1.2) si le nombre de joueurs est grand. Nous renvoyons a la
littérature sur les applications numeériques des MFGs [3, 4, 5, 6, 9, 14, 27, 29, 31, 44, 45].

Il faut aussi comprendre en quoi le systéme 1.1.6 est bien la limite en un certain sens
du systéme de Nash 1.1.2 lorsque le nombre de joueurs tend vers Iinfini. On sépare les
résultats dans cette direction en deux catégories :

(a) le fait qu’une solution du systéme de jeu a champ moyen (1.1.6) soit une bonne
approximation d’un équilibre de Nash & N joueurs, lorsque N est grand ;
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(b) la convergence des équilibres de Nash vers des solutions du systéme de jeu a champ
moyen, lorsque le nombre de joueurs tend vers 'infini.

Le premier point a été établi dés les prémisses de la théorie des jeux & champ moyen [69], et
semble maintenant bien compris et appréhendé par la littérature existante [39, 71, 68, 77].
Le second point (b) reste quant & lui un probléme ouvert. Citons quelques travaux récents
qui en donnent des réponses partielles : le livre de P. Cardaliaguet, F. Delarue, J-M. Lasry
et P-L. Lions [35] ; le livre de R. Carmona et F. Delarue [42] ; et l'article de D. Lacker
[80]. Dans [35], les auteurs s’intéressent a la master equation, qui est une EDP (équation
aux dérivées partielles) non-locale non-linéaire posée sur ’espace infini-dimensionnel des
mesures de probabilités. Le systéme (1.1.6) peut-étre dérivé de la master equation par
une méthode des caractéristiques en dimension infini le long des mesures de distribution
des états. Par conséquent, 'existence et I'unicité d’une solution réguliére de la master
equation sont trés liées a celles du systéeme (1.1.6) ainsi qu’a sa stabilité par rapport a
la condition initiale mg. Il est démontré dans [35] que, sous certaines hypothéses, une
solution de la master equation existe, elle est unique et réguliére, et c’est la limite des
solutions du systéme (1.1.2), voir [35] théoréme 2.4.8. Un résultat similaire est présenté
dans [42], théoréme 6.28, permettant de traiter le cas linéaire-quadratique. Dans [53, 54],
F. Delarue, D. Lacker et R. Kavita poursuivent les mémes idées pour obtenir un théoréme
central limite et un principe de grande déviation. Nous renvoyons a [87] pour plus de
résultats sur la master equation.

Cependant, les résultats précédents dépendent de 'unicité des solutions du systéme
(1.1.6), et donc de I'hypothése de monotonie de Lasry-Lions (1.1.8). En particulier, dans
le cas non-monotone, ’approche par la master equation échoue. D. Lacker [80], propose une
définition de solution faible pour le systéme de jeu & champ moyen, et montre que lorsque
I’espace des controles est compact, alors les équilibres de Nash a N joueurs convergent vers
de telles solutions faibles.

1.1.3 Jeux a champ moyen de controle

Dans les deux parties précédentes, nous avons considéré des interactions de type champ
moyen qui font uniquement intervenir la distribution statistique de l'état des joueurs.
Pourtant, la majeure partie des résultats démontrés dans cette thése porte sur des jeux
dont les interactions peuvent faire intervenir la distribution jointe des états et des controles
des joueurs. Nous utiliserons les dénominations jeur de contréles et jeur a champ moyen
de controles (introduite dans [38]) pour faire référence a de tels jeux.

Pour introduire la théorie des jeux a champ moyen de contréle, nous nous placons
encore une fois dans le cadre mathématique le plus élémentaire. Ainsi nous considérons
toujours des jeux posés dans le tore de dimension d, T¢ ; nous nous placons a la limite
N = oo ; I’état d’un joueur représentatif est donné par (1.1.4) ; on remplace le cotit d’'un
joueur (1.1.5) par le coit :

T
(1.1.9) J(a,p)=E [/0 L(t, X, ap,pu(t))dt + g (Xp,m(T)) |,

ou u(t) est la loi jointe de I’état et du controle des joueurs au temps t € [0,7], c.-a-d.
p(t) = L (Xy, o) 5 et m(t) est la premiére marginale de u(t), c’est-a-dire la loi des états
des joueurs m(t) = £ (X¢). Dans ce cas le systéme de jeux a champ moyen 1.1.6 est
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remplacé par le systéme de jeu & champ moyen de controle,

(1.1.10a) — Owu — vAu+ H(z, Vu(t,x), u(t) =0 sur (0,7) x T¢,
(1.1.10b)  Oym — vAm — div(Hp(z, Vyu(t, ), u(t))m) =0 sur (0,7) x T¢,
(L1.10¢)  pu(t) = (Lo, —Hy (-, Vau(t, ), (1)) ) #m(t) sur [0, ),
(1.1.10d)  w(T,z) = g(x,m(T)) sur T9,
(1.1.10e) m(0) = my,

ot H est la transformée de Legendre de L par rapport a o, et (Id, —H, (-, Vaul(t,-), u(t))) #m(t)
est la mesure image de m(t) par I'application « — —H, (z, V,u(t,z), u(t)). Les applica-
tions des jeux & champ moyen de controéles sont nombreuses et variées dans des domaines
tels que I’économie, la finance, ’énergie, les mouvements de population. .. Citons par ex-
emple [38, 43, 41, 75] pour un modéle de stratégie optimale de trading a haute fréquence
(appelé parfois modele d’Almgren et Chriss) ; [25, 47, 62, 65, 73, 75, 76] pour le modéle

de Bertrand et Cournot de production de ressources épuisables ; [11] pour une application

au marché de P'électricité ; [2, 75, 76] pour des modéles de mouvement de population ; [66]
pour une application a la vente d’espaces publicitaires sur internet utilisant I’apprentissage
par renforcement.

Malgré I'intérét que présentent les jeux & champ moyen de contréle dans de nombreuses
applications, le nombre de résultats et de travaux théoriques dans ce domaine est faible. La
majorité des questions qui ont été résolues pour les jeux & champ moyen sans interaction
par le contréle, sont encore des questions ouvertes pour les jeux & champ moyen de controle.

En effet, ’étude du systéme (1.1.10) s’avére en général bien plus compliquée que celle
de (1.1.6). Il existe deux difficultés majeures inhérentes a (1.1.10) et qui sont absentes de
(1.1.6) :

Pbl la loi jointe de I’état et du controle des joueurs est donnée par une équation de point
fixe (méme lorsque u et m sont donnés) ;

Pb2 T’équation de Hamilton-Jacobi-Bellman dépend de maniére non-locale du controle
optimal, les estimées a priori sont alors plus difficiles & obtenir.

Pour répondre au premier point, il faut supposer que le probléme de point fixe (1.1.10¢)
satisfait par u est bien posé. Nous distinguons trois cas étudiés dans la littérature, qui
fournissent une telle propriété d’inversion :

H1 H est séparé, c.-a-d.

(1.1.11) H(t,z,p,p) = H (t,2,p) — f(t,z, p),
pour tout (¢, z,p, p) € [0,T] x T? x R? x P (T? x RY) ;

H2 la fonction L est monotone, au sens ot elle vérifie I'inégalité suivante

(1.1.12) / L (t,a:, oz,,ul) —L (t,a:, a,,uz) d (ul — ,u2) (x,a) >0,
Tdx R4

pour tout (t,z) € [0,7] x T et pu', p? € P (T? x RY) ;

H3 pour tout (¢, z,p,m) € [0, T]xTIxRIx P (']I‘d)7 lapplication o — —H,, (¢, z,p, (14, ) #m)
est une contraction pour une certaine métrique sur ’espace des fonctions de controle.
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En fait, H1 peut-étre vue comme un cas particulier de chacun des deux autres cas. Cette
hypothése est utilisée dans [41, 43] ; I'existence et 'unicité dans ce cas, lorsque 1’ensemble
des controle est supposé compact, sont démontrées dans [43]. L’hypothése H2 est étudiée
dans [38, 41, 76] : V'unicité des solutions est démontrée [41, 76] ; l'existence de solutions
faibles est étudiée dans [38], lorsque l'opérateur de diffusion est potentiellement dégénéré,
et la dépendance de H en pu est uniformément borné ; lorsque 'opérateur de diffusion
est non-dégénéré, le résultat d’existence le plus général se trouve dans |76], ot L est sup-
posé similaire & une fonction puissance en « et p d’exposant quelconque dans (1,00).
L’hypothése H3 est introduite dans [75] et des résultats d’existence sont prouvés dans
différentes situations. L’unicité parait peu probable si aucune des hypothéses H1 et H2
n’est satisfaite ; un exemple ol une approximation numérique de (1.1.10) admet plusieurs
solutions est présenté dans [2].

Pour illustrer la difficulté Pb2, comparons les résultats obtenus lorsque le principe
du maximum est appliqué aux systémes de jeux & champ moyen avec et sans interaction
par la loi du controle : si le Hamiltonien H de (1.1.6) est suffisamment régulier alors
H(t,z,0,m) est uniformément borné en (t,xz,m) (puisque (P(Td) est compact pour la
plupart des topologies usuelles), on obtient ainsi une borne uniforme sur |u| ; sous des
hypotheéses de régularité similaires sur H pour le systéme (1.1.10), on obtient en général
uniquement une estimation de |u| qui dépend de p. Les autres estimées usuelles sur u et m
souffrent du méme probléme dans le systéme (1.1.10). Cette difficulté n’a pu étre résolue
pour l'instant qu’en ajoutant des hypothéses supplémentaires qui ne sont pas nécessaires
pour (1.1.6). Le seul cas ou les résultats des systémes (1.1.6) et (1.1.10) semblent similaires
(mais cela demande plus de travail pour (1.1.10)) est le cas monotone, c’est-a-dire lorsque
L satisfait H2, comme démontré dans [76].

Ajoutons qu’il existe d’autres résultats sur les jeux & champ moyen de controle. Le cas
stationnaire est étudié dans [59], l'existence de solutions est démontrée lorsque certains
paramétres de couplage en la loi de contrdle sont petits. Dans [60], le systéme du premier
ordre (c.-a-d. lorsque v = 0) est étudié par des méthodes probabilistes, et un résultat
d’existence est démontré, sous des conditions de croissances de le Hamiltonien. Un résultat
d’unicité est énoncé dans [24], pour un cas particulier de (1.1.10) ou l'interaction par le
controle est simple (elle dépend de la moyenne des controdles).

1.2 Organisation de la thése

Les résultats de cette thése sont divisés en quatre chapitres qui correspondent tous & un
article de recherche. Les chapitres 2 et 4 sont des pré-prints disponibles dur arxiv, ils
correspondent respectivement a |75] et [76]. Le chapitre 3 est un travail en collaboration
avec Y. Achdou accepté pour publication dans le journal AIMS Mathematics in Engineering
[2]. Le chapitre 5 a été réalisé en collaboration avec L.M. Bricenio, D. Kalise, M. Lauriére,
A. Matéos Gonzalez et F.J. Silva ; il est publi¢ dans ESAIM : Proc. Surveys |27].

Le chapitre 2 introduit une nouvelle hypothése de structure sur le Hamiltonien sous
laquelle plusieurs résultats d’existence pour (1.1.10) sont démontrés. Cette hypothése de
structure a déja été mentionnée formellement plus haut, voir : H3. Nous ne faisons pas
d’hypothése de monotonie dans ce chapitre. Dans ce cas, I'unicité n’est pas vérifiée en
général (un exemple de non-unicité est montré dans le chapitre 3). Nous supposons que
le Hamiltonien se comporte asymptotiquement comme une fonction puissance en ses argu-
ments, dont I’exposant est quelconque. Nous démontrons alors I'existence de solutions a
(1.1.10) sous des jeux d’hypothéses différentes, détaillées plus loin. L’unicité est démon-
trée uniquement lorsque T est assez petit. Ces résultats peuvent ensuite étre étendus au
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systéme de jeux & champ moyen de controle posé sur R? plutot que sur T¢ par la méthode
introduite au chapitre 4. Nous présentons aussi quatre applications des résultats énoncés.

Le chapitre 3 reprend une application introduite dans le chapitre 2 dans le cas quadra-
tique et est consacré & des simulations numériques. Pour cela nous adaptons, aux jeux a
champs moyen de controle, un schéma numérique inspiré de celui introduit par Y. Achdou
et I. Capuzzo-Dolcetta [3, 6] pour le systéme de jeux a champ moyen sans interaction par
le controle. Dans cette application, les agents essaient d’aller dans la méme direction que
la moyenne des agents autour d’eux. Cela rappelle le modeéle de Cucker et Smale [52], et
semble trés bien adapté a des modéles de mouvement de foules de piétions ou au trafic
routier. L’hypothése de monotonie n’est pas vérifiée, et nous exhibons, dans un cas partic-
ulier, plusieurs solutions au méme systéme de jeu & champ moyen de controéle discret. Nous
présentons un autre exemple dans lequel notre modéle permet de simuler un phénomeéne de
queue (les joueurs ralentissent en amont d’un obstacle et forme une queue), qui est difficile
a obtenir avec d’autres modéles. Nous faisons aussi une analyse de I'influence des différents
paramétres de notre modéle.

Dans le chapitre 4, nous nous intéressons a une extension du systéme (1.1.10) posé
sur R? plutot que sur T¢, et on I'on autorise les agents a avoir des fonctions de drift
générales. Nous nous concentrons sur le cas monotone, c.-a-d. lorsque le Lagrangien satis-
fait I’hypothése H2. Nous supposons que le Hamiltonien se comporte asymptotiquement
comme une fonction puissance en ses arguments, dont I’exposant est supérieur a un. Dans
ce cas, nous sommes capables d’obtenir des résultats d’existence et d’unicité similaires a
ceux obtenus pour 1.1.6, au prix d’efforts supplémentaires. Nous introduisons aussi une
méthode permettant d’étendre les résultats d’existence sur le tore a l'existence sur I’espace
euclidien ; et une méthode pour généraliser I’existence de solution & des fonction de drifts
générales.

Dans le chapitre 5, nous étudions une approche numeérique pour le systéme (1.1.6) avec
couplage local. La discrétisation que nous considérons résulte d’une approche variation-
nelle décrite, pour le probléme stationnaire, dans [29] et méne au schéma aux différences
finies introduit par Achdou et Capuzzo-Dolcetta dans |3, 6]. Dans le but de résoudre des
problémes variationnels en dimension finie, les auteurs de [29] implémentent un algorithme
primal-dual introduit par Chambolle et Pock dans [46], qui consiste & résoudre itérative-
ment des systémes linéaires et a appliquer un opérateur proximal. Nous appliquons cette
méthode a un jeu & champ moyen dépendant du temps et, lorsque le paramétre de viscosité
est assez grand, nous améliorons la résolution du systéme linéaire en remplacant l'approche
directe utilisée dans [29] par des algorithmes itératifs préconditionnés. L’algorithme qui
semble donner les meilleurs résultats numériques ici utilise un préconditionnement par une
méthode de multigrille.

1.2.1 A propos des solutions classiques du systéme de jeu 4 champ
moyen de controle

Nous présentons ici les résultats principaux et les idées du chapitre 2, [75]. Nous donnons
des résultats d’existence de solution au systéme (1.1.10) sous I'hypothése H3 qui sera écrite
rigoureusement ci-dessous.

Dans ce chapitre, une solution du systéme (1.1.10) est un triplet (u,m, u) tel que :

e u est une solution classique de I’équation de Hamilton-Jacobi-Bellman (1.1.10a) ;

e m est uniformément continue et sa densité par rapport a la mesure de Lebegues est
une solution au sens des distributions de l’équation de Fokker-Planck-Kolmogorov
(1.1.10b) ;
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e 1:[0,T] — P (T% x R?) satisfait (1.1.10c) en tout ¢ € [0, 7.

Remarquons que si (u,m, p) est une solution de (1.1.10), alors le flot de mesures pu(t)
satisfaisant (1.1.10c) a une forme particuliére : chaque mesure p(t) est la mesure image
d’une mesure de probabilité définie sur T¢, et sa seconde marginale est supportée sur un
compacte.

L’hypothése de structure centrale (FP1 et FP2) dans ce chapitre est qu'il existe A\g €
[0,1) tel que :

‘Hp (x,p, (Id7 a) #m> - HP (x,p, (Id7 &) #m)’ < )\()”CM - &HL‘JO(m)

(1.2.1) 3
|Hy (,p, (Ia, @) #m)| < Co (1+1p|"") + Xollev]l oo (g

pour tout (x,p,m) € T4 x RY x P (']I‘d) et a,@ € L™ (m) ; ou C est une constante positive,
q € (1,00) est 'exposant de croissance de le Hamiltonien, gy € [1,00| est 'exposant
d’intégration de l'interaction & champ moyen de controle.

Une analyse rapide des termes dans (1.2.1) nous donne que |Hp|, [p|?7! et ||a|| 14 (m) Sont
tous trois homogénes a la norme euclidienne d’un contréle ; ainsi les exposants dans (1.2.1)
sont critiques, au sens ol aucun d’eux ne peut étre pris plus grand sans rendre le systéme
inhomogéne. La méme analyse dimensionnelle implique que si q est 'exposant de croissance
asymptotique de H en p, alors ¢’ = q%l sera I’exposant de croissance asymptotique de H en
p. De telles considérations apparaissent dans les hypotheéses de croissance de le Hamiltonien
qui sont détaillées dans la partie 2.2.2 du chapitre 2.

L’hypothése \g < 1 est ici essentielle pour prouver que (1.1.10c) admet un point fixe.
Nous renvoyons a la remarque 3.4.3 au chapitre 3 pour un exemple ot il n’existe pas de
solution & 1.1.10, ni & son équivalent & N joueurs, dans le cas A\g = 1.

Nous faisons également des hypothéses de régularité sur H et nous supposons que la
dépendance de g et H, respectivement en m et la premiére marginale de pu, est non-locale et
uniformément borné. Dans ce cadre, il existe une solution au systéme de jeu & champ moyen
sans interaction de controle (1.1.6). Cependant, pour le systéme (1.1.10), des hypothéses
supplémentaires sont nécessaires. Nous montrons alors I’existence de solution dans chacun
des cas suivant :

e si 'exposant asymptotique de H en p est sous-critique ;
e si 'exposant asymptotique de H, en p est faible ;

e lorsque certains paramétres sont petits ;

e pour un horizon de temps 1" court.

L’une des principales difficultés pour prouver 'existence de solutions vient du fait qu’on
n’arrive pas a obtenir les mémes estimations a priori que dans les cas plus classiques (voir
Pb2). En particulier, nous n’avons pas d’estimation a priori uniforme sur |u| en général.
Une contribution notable est que nous introduisons alors une méthode de type Bernstein
pour 'équation de Hamilton-Jacobi (1.1.10a) qui ne demande aucune estimée sur |u|. Nous
sommes alors capables de donner une estimation de |V u| qui dépend de maniére au plus
linéaire de sup |u|. Une telle inégalité nous semble optimale, puisque pour des raisons
d’homogénéité évidentes, la dépendance ne devrait pas étre plus faible que linéaire.

La question de l'unicité est abordée rapidement : nous montrons que la solution de
(1.1.10), dans le cas d’un horizon de temps court, est unique. L’unicité ne devrait pas sub-
sister pour des horizons de temps arbitrairement grands comme le laisse présager certains
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résultats numériques réalisés dans le chapitre 3 (ou plusieurs solutions du méme systéme
discrétisé sont exhibées).

Tous les résultats de ce chapitre traitent du systéme (1.1.10) qui est posé sur le tore
T<. 11 serait plus réaliste pour beaucoup d’applications de considérer plutot un systéme de
jeu a champ moyen posé sur R%. Nous insistons sur le fait qu’il est possible d’étendre les
résultats de ce chapitre & R¢, en utilisant la méthode introduite dans le chapitre 4.

Enfin, nous donnons quatre applications des résultats théoriques de ce chapitre ; cha-
cune s’inspire de modéles existants dans la littérature et en propose une extension qui peut
s’avérer souhaitable :

e un modéle de production de ressources épuisables, dans lequel un agent produit
plusieurs types de ressources ; notre contribution consiste a autoriser le prix de ces
ressources & &tre négativement corrélé ;

e un modéle de trading & haute fréquence dans lequel on introduit un prix de type
bid-and-ask ;

e un modeéle de déplacement des oiseaux migrateurs (le flocking model en anglais in-
troduit par Cucker et Smale [52]) du premier ordre, c.-a-d. sans accélération et avec
une interaction par les vitesses ;

e un modele de déplacement de population, aussi inspiré du modéle de Cuker et Smale.

1.2.2 Approximation par la méthode des différences finies du systéme
de jeu a champ moyen de controle

Ce chapitre est issu d’un travail en collaboration avec Y. Achdou. Il est consacré a I’étude
numérique d’'un modéle de dynamique des populations introduit dans le chapitre 2. Pour
qu’un tel modéle soit plus réaliste, I'espace des états est ici €2 un compact a bord régulier
inclus dans R,

Si u(t) est la loi jointe de I’état et du controle des joueurs au temps t € [0, T, on définit
V(t,z) le déplacement moyen en x € ) par

1
1.2.2 Vit,x) = / aK(x,y)du(t,y, a),
(1:2:2) 60) = 7027 o e K0 0:0)

ou K : Q x Q — R4 est un noyau markovien et Z(¢,x) est une constante de normalisation
définie par Z(t,z) = f(y 2)EQxRY K (z,y)du(t,y). Nous prendrons ensuite K(x, ) a support
compact dans une boule centrée en x. Formellement, V(¢,2) est une moyenne pondérée

des controles des joueurs autour de z. Nous définissons le Lagrangien L : R? x R¢ — R par

=0,

0
L(a,V):§|a—)\V\2+T|a . (V) eRY x RY,

ol A\ et 0 sont deux constantes telles que A < 1 et 6 € [0,1]. Heuristiquement, si A > 0
alors chaque joueur préfére aller dans une direction similaire & la direction moyenne des
joueurs autour de lui (représenté par V) ; si A < 0, alors chaque joueur préfére s’opposer
a la foule en allant dans la direction contraire a V.

10
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Le systéme de jeu & champ moyen de controle est donné par :

(o — vau+ % Vau — AOV] — ie VP = f(z,m), in (0,7) x 9,

Bum — vAm — div (Veu — MNV)m) = 0, in (0,7) x Q,

(1.23) V(t,z) = _Z(tl,:c) /Q(qu(t,y) — AV (t,y)) K(x,y)dm(t,y), in (0,7) x Q,
Z(t,x) = / K(x,y)dm(t,y), in (0,7) x Q,

u(T,x) = gz:zz:), in Q,

m(0,x) = mo(z), in Q,

ou f:Q xRy — R est une fonction locale définie par f(x,m) = cm + fo(x), pour ¢ > 0
et fo une fonction de 2 dans R ; ¢ : @ — R est le colit terminal. Les conditions au bord
sur 0€) peuvent étre des conditions de Neumann ou de Dirichlet.

Pour faire des simulations numériques de ce modéle, nous adaptons une méthode des
différences finies, introduite par Y. Achdou et I. Capuzzo-Dolcetta [3, 6], & ce modéle de jeu
a champ moyen de contréle. Ceci est ici possible car la dynamique du systéme ne dépend de
la loi jointe de ’état et du controle p (qui est un objet de dimension infinie) que de maniére
indirecte a travers le déplacement moyen V' (¢, ) qui est un objet fini-dimensionnel.

L’algorithme de résolution numérique consiste en une méthode de continuation sur une

suite décroissante de coefficients de viscosités v* > 12 > ... > v® > 0, pour s > 1. Pour
5 €{2,...,s}, nous résolvons le systéme de jeu & champ moyen avec v* par une méthode
51

de Newton en se servant de la solution obtenue avec v*~* comme choix initial. L’itération
de la méthode de Newton est faite sur le couple (f, V), ou f est le terme de droite dans
I'équation de Hamilton-Jacobi de (1.2.3), de la maniére suivante :

1. nous obtenons w la solution de I’équation de Hamilton-Jacobi discrétisée avec V'
comme déplacement moyen et f comme second membre ;

2. nous résolvons I’équation de Fokker-Planck discrétisée en utilisant le triplet (u, f, V) ;
3. nous mettons & jour f avec la formule f = cm + fy ;

4. nous mettons a jour V en résolvant le probléme de point fixe en V' par une méthode
d’itération de Picard (V est le point fixe d’'un opérateur contractant).

Nous analysons deux exemples dans lesquels nous prenons A > 0 (c.-a-d. un joueur
préfere aller dans le sens de la foule autour de lui) :

e un domaine carré ; les joueurs sont initialement regroupés dans le coin inférieur
gauche et le coin supérieur droit ; leur objectif est d’arriver dans I'un des deux autres
coins avant en un temps donné ;

e un hall rectangulaire que doivent traverser les joueurs, avec une entrée & gauche et
une sortie a droite.

Nous exhibons plusieurs solutions différentes dans le premier exemple. Nous pouvons
alors imaginer que le systéme (1.2.3) posséde aussi plusieurs solutions. Un phénoméne de
rassemblement a lieu, comme dans le modéle de Cucker et Smale [52]. Dans le second ex-
emple, nous mettons en lumiére un autre effet intéressant de notre modéle avec interaction
par la vitesse : les joueurs anticipent leur ralentissement (ou accélération) futur, créant

11
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un phénoméne de queue qu’il est difficile de faire émerger d’un modéle mathématique en
général.

Nous nous intéressons aussi au nombre d’itérations nécessaires a notre algorithme pour
différent choix de parameétres et différents pas de discrétisation. En particulier, nous con-
statons que le nombre d’itérations semble dépendre faiblement du nombre total de points
de discrétisation.

1.2.3 Jeux a champ moyen avec interactions monotones par la loi des
états et des controles des joueurs

Contrairement aux systémes considérés jusque la, nous nous placons cette fois dans ’espace
euclidien R?, et nous autorisons la dynamique des joueurs & avoir une forme générale. Plus
précisément, I'état d'un joueur, X; € R? satisfait maintenant 1’équation stochastique
suivante :

dX; = b(t, Xp, o) dt + vV 2udW,,

oit b: [0,T] x R? x R? i RY. Nous renvoyons & la remarque 4.2.9iv) pour le cas ot I'on
autorise b a dépendre de p4(t) la loi jointe de I’état et du controle, c.-a-d. pq(t) = £ (Xy, on)
pour t € [0, T]. Nous introduisons p(t) la loi jointe de 'état et du drift.

Nous supposons que b est inversible par rapport a «, et nous appelons son inverse
a*: 0,T] x R? x R? — R?. Le systéme que I'on considére est alors :

(1.2.4)
(— Owu(t,x) — vAu(t,z) + H (t, 2, Vou(t, z), pa(t)) = f(t,z,m(t)) in (0,T) x R?,
om(t,xz) — vAm(t,z) — div (H, (t, 2, Vau(t, ), pa(t)) m) =0 in (0,T) x RY,
o (t) = K%i)) > <:c,a* (t,x,5>>]#ub(t) in [0, 77,
(8) = (Lo —Hy (8-, Vou(t, ), pa(t)) ) #m() in [0,7],
uw(T,z) = g(x,m(T)) in RY,
m(0,x) = mp(x) in R%.

L’hypothése principale est une hypothése de monotonie, voir H2. Nous supposons de plus
que

e la dynamique b et le Lagrangien L se comportent asymptotiquement comme des
puissances de leurs arguments,

e f et g sont non-locales, réguliéres et uniformément bornées ainsi que leurs dérivées.

Sous de telles hypothéses, nous prouvons 'existence et I'unicité de la solution de (1.2.4).
Nous obtenons de ce fait des résultats comparables & ceux contenus dans la littérature sur
le systéme (1.1.6) sous des hypothéses similaires.

L’unicité est obtenue par la méme méthode que pour le systéme (1.1.6). La majeure
partie du chapitre est alors consacrée a la preuve de 'existence de solution. Les grandes
étapes de cette preuve sont:

e nous commencons par regarder le systéme (1.1.10) posé sur le tore T¢ et avec b = « ;

e nous montrons qu'il existe un unique point fixe (1.1.10c) en utilisant principalement
I’hypothése de monotonie H2 et le théoréme de point fixe de Leray-Schauder ;

e nous obtenons des estimations a priori uniformes sur les solutions de (1.2.4) ;

12
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e le théoréme de point fixe de Leray-Schauder permet de prouver l’existence de solution
a(l.24);

e toujours lorsque b = «, nous étendons le résultat d’existence précédent du tore a
I’espace euclidien en faisant tendre le diamétre du tore vers l'infini, grace a des
propriétés de compacité induites par les estimations a priori obtenues précédemment ;

e nous généralisons au cas ol b est quelconque, la preuve consiste a : exprimer le prob-
léme de controle optimial du systéme (1.2.4) comme un nouveau probléme d’optimisation
sur le drift plutot que sur le controle ; puis appliquer les résultats des points précé-
dents.

Il est important de préciser que les deux méthodes, introduites dans ce travail, qui nous per-

mettent d’étendre notre résultat d’existence (d’abord a R puis a des dynamiques générales)

préservent la monotonie du Lagrangien. Nous pensons qu’elles peuvent étre adaptées a

d’autres situations. En particulier, elles permettent d’étendre les résultats du chapitre 2.
Nous présentons deux applications :

e un modéle de production de ressources épuisables en dimensions d > 1 : nous général-
isons substantiellement les résultats d’existence et d’unicité démontrées dans [25] ;

e le modéle de mouvement de population introduit dans le chapitre 2 et étudié numérique-
ment dans le chapitre 3, dans le cas ou un agent cherche & aller dans la direction
opposée & la direction moyenne de la foule.

1.2.4 Un algorithme primal-dual pour des jeux & champ moyen dy-
namique du second-ordre et a couplage local

Ce chapitre est issu d’un travail en collaboration avec L.M. Bricenio, D. Kalise, M. Lau-
riere, A. Matéos Gonzalez et F.J. Silva. Contrairement aux précédents travaux, nous nous
intéressons ici & un systéme de jeu & champ moyen sans interaction de contréle. Nous
supposons que H est a variables séparées, c.-a-d. de la forme (1.1.7) ; la fonction de cou-
plage f: T¢ x Ry — R et le cotit terminal ¢ : T? x R, — R sont des fonctions locales et
croissantes.
Nous considérons I'interpretation variationnelle du systéme (1.1.6),

(1.2.5)

inf (1, ) fo Jpa [B(x, m(t, ), w(t,z)) + F(z,m(t,z))| de + [pq Gz, m(T, x))dx
tel que  Oym — vAm +div(w) =0 in T¢ x (0,7),
m(-,0) = mo(-) in T
ot B: T xR xR - RU{+oo} et F,;G:T% xR — RU {+oco} sont définies par

mL(xz,—) sim >0,

B(z,m,w) =< 0 si (m,w) = (0,0),
+00 sinon,
(x,m")dm’ sim >0, "dm' sim >0,
F(x,m)= I - G(z,m) = Io"g
400 sinon, +00 sinon.

Si L est convexe, le systéme (1.2.5) est convexe. Par conséquent, nous pouvons utiliser des
méthodes de dualité pour prouver I'existence et 1'unicité de la solution. Nous renvoyons a
[37] pour une analyse rigoureuse.
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Dans ce chapitre, nous discrétisons (1.2.5) par la méthode des différences finies in-
troduites dans [3, 6]. Ensuite, nous résolvons numériquement le systéme discrétisé par
I'algorithme de Chamboll-Pock [46]. Cette méthode a déja été utilisée dans le cas station-
naire dans [29]. Cependant, dans le cas dynamique (c.-a-d. nous ajoutons une dimension
temporelle supplémentaire), la complexité numérique du calcul demande parfois un nombre
d’itérations trés grand qui rend prohibitif I'utilisation de cette méthode. Nous proposons ici
des méthodes de préconditionnement pour passer outre cette difficulté. En particulier, nous
adaptons une stratégie de préconditionnement reposant sur une méthode multigrille, intro-
duite dans [8]. Lorsque le paramétre de viscosité n’est pas trés faible, nous arrivons ainsi
a résoudre rapidement le probléme discrétisé. Les vitesses de convergence pour plusieurs
choix de paramétres et plusieurs coeflicients de viscosité sont présentées.

1.2.5 Perspectives et travaux futurs

Comme nous ’avons décrit dans la partie 1.1, I'une des questions fondamentales de la
théorie des jeux & champ moyen est la convergence des équilibres de Nash a N joueurs
vers les solutions du systéme de jeu & champ moyen. Si cette question a déja obtenu des
réponses partielles dans le cas de jeux sans interactions de contréle ; aucun travail n’a été
réalisé & notre connaissance dans le cas de jeux & champ moyen de controle (dans le cas
closed-loop). J'effectue actuellement un tel travail de recherche dans un cas particulier,
lorsque I’horizon est court. L’idée que la convergence des équilibres de Nash devrait avoir
lieu en temps court (au moins pour les jeux sans interaction de contrdle) a été évoquée par
P.L. Lions dans ses cours au collége de France [87].

Il serait aussi intéressant d’étudier la master equation avec interactions de controle. Les
résultats du chapitre 4 laissent penser que si les interactions sont monotones, les résultats
sur les systémes de jeu & champ moyen avec et sans interaction de controéle sont similaires.
Dans ce cas, nous pouvons nous demander dans quelle mesure il est possible d’étendre les
résultats existants sur la master equation au cas des jeux avec interactions monotones par
le controle.

J’aimerais aussi étendre I’étude des systémes de jeu & champ moyen de controle étudiés
dans cette thése au cas ou linteraction par la loi du controle n’est pas markovienne. A
notre connaissance, aucun résultat théorique n’existe dans ce cas dans la littérature EDP.
Pourtant, il existe des applications en finance (et certainement dans d’autres domaines)
d’un tel systéme : par exemple le modéle d’Almgren et Chriss de trading haute fréquence,
dont la version & champ moyen est discutée dans la partie 2.6.2, fait intervenir le prix
d’actifs financiers dépendant de la loi des controles des joueurs & tous les instants an-
térieurs. Dans la littérature disponible, on a toujours fait une simplification permettant
de ne considérer que des interactions markoviennes. Cependant, il parait peu probable
que cette simplification reste pertinente dans des applications plus réalistes. Les résultats
du chapitre 2 semblent pouvoir étre étendus a cette situation. Une étude approfondie fait
partie de mes projets de recherche.

Enfin, j’aimerais étudier les liens entre la théorie des jeux a champ moyen et le machine
learning. Les raisons pour lesquelles les méthodes récentes de deep learning sont aussi
efficaces sont encore mal connues & ’heure actuelle. Il semble que I'une des principales
difficultés dans I’étude théorique de ces méthodes vienne du grand nombre de paramétres
dans les réseaux de neurones. L’architecture des réseaux de neurones modernes fait na-
turellement intervenir des interactions de type champ moyen entre les neurones. Nous
pouvons alors imaginer que certains outils de la théorie des jeux & champ moyen peuvent
s’appliquer a des questions actuelles de la recherche en machine learning et deep learn-
ing. Nous renvoyons & [49, 67, 74, 88, 99, 98], pour des travaux sur le comportement
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asymptotique de réseaux de neurones, lorsque le nombre de neurones tend vers l'infinie.
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CHAPTER 2

On Classical Solutions to the Mean Field
Game System of Controls

We consider a class of mean field games in which the optimal strategy of a representative
agent depends on the statistical distribution of the states and controls.

We prove some existence results for the forward-backward system of PDEs under rather
natural assumptions. The main step of the proof consists of obtaining a priori estimates
on the gradient of the value function by Bernstein’s method. Uniqueness is also proved
under more restrictive assumptions.

Finally, we discuss some examples to which the previously mentioned existence (and
possibly uniqueness) results apply.
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2.1 Introduction

The theory of Mean Field Games (MFG for short) has been introduced in the independent
works of J.M. Lasry and P.L. Lions [83, 84, 85|, and of M.Y. Huang, P.E. Caines and
R.Malhamé [69, 70]. It aims at studying deterministic or stochastic differential games
(Nash equilibria) as the number of agents tends to infinity. The agents are supposed to
be rational (given a cost to be minimized, they always choose the optimal strategies),
and indistinguishable. Furthermore, the agents interact via some empirical averages of
quantities which depend on the state variable.

At the limit when N — +o00, the game may be modeled by a system of two coupled
partial differential equations (PDEs), which is named the MFG system. On the one hand,
there is a Fokker-Planck-Kolmogorov equation describing the evolution of the statistical
distribution m of the state variable; this equation is a forward in time parabolic equation,
and the initial distribution at time ¢ = 0 is given. On the other hand, the optimal value of
a generic agent at some time ¢ and state x is noted u(t, ) and is defined as the lowest cost
that a representative agent can achieve from time ¢ to T if it is at state x at time t. The
value function satisfies a Hamilton-Jacobi-Bellman equation posed backward in time with
a terminal condition involving a terminal cost. In the present work, we will restrict our
attention to the case when the costs and the dynamics are periodic in the state variable,
and we will work in the d-dimensional torus T¢ (as it is often done in the MFG literature for
simplicity). We will take a finite horizon time 7" > 0, and will only consider second-order
non-degenerate MFG systems. In this case, the MFG system is often written as:

(2.1.1a)  — Owu(t,x) — vAu(t,z) + H(t,z, Vau(t,x)) = f(z,m(t)) in (0,7) x T,
(2.1.1b) Oym(t,z) — vAm(t,z) — div(H,(t,x, Vau(t,z))m) =0 in (0,T) x T,
(2.1.1c) w(T,z) = g(z,m(T)) in T,
(2.1.1d) m(0,z) = mp(x) in T¢.

We refer the reader to [35] for some theoretical results on the convergence of the N-agents
Nash equilibrium to the solutions of the MFG system. For a thorough study of the well-
posedness of the MF'G system, see the videos of P.L.Lions’ lecture at the Collége de France,
and some lecture notes [33].

There is also an important literature on the probabilistic aspects of MFGs, see 39, 79|
for some examples and [41, 42| for a detailed presentation of the probabilistic viewpoint.

For applications of MFGs, numerical simulations are crucial because it is most often
impossible to find explicit or semi-explicit solutions to the MFG system. We refer to [3]
for a survey on finite difference methods and to [7| for applications to crowd motion.

Most of the literature on MFGs is focused on the case when the mean field interactions
only involves the distributions of states. Here we will consider a more general situation
in which the cost of an individual agent depends on the joint distribution p of states and
optimal strategies. To underline this, we choose to use the terminology Mean Field Games
of Controls (MFGCs) for this class of MFGs; the latter terminology was introduced in [38].
Within this framework, the usual MFG system (2.1.1) is replaced by the following MFGC
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system,

(2.1.2a) — Owu(t,z) —vAu(t,z) + H(z, Vyu(t,z),u(t)) =0 in (0,7) x T¢,
(2.1.2b) Oym(t,z) — vAm(t,x) — div(Hp(z, Vyu(t,x), u(t))m) =0 in (0,7) x T,
(21.20) pu(t) = (La —Hy (-, Vorut, ), (1)) ) #em(2) in [0, ),
(2.1.2d) u(T,z) = g(z,m(T)) in T¢,
(2.1.2¢) m(0,z) = mo(x) in T

We would like to point out two of the main difficulties that one may encounter when
studying (2.1.2) and which are not present in the study of (2.1.1).

1) The joint law of states and controls satisfies a fixed point relation described by
(2.1.2¢).

2) The HJB equation (2.1.2a) is non-local with respect to V u. Consequently, it is
much more difficult to obtain uniform a priori estimates on v and the its derivatives.

Difficulty 1) is in general not straightforward and one needs to make assumptions for the
fixed point in p to have a unique solution when (V,u, m) are given. An example in which
this fixed point relation does not admit any solution is given in |2| Remark 4.3.

Let us provide a simple illustration for describing difficulty 2) by comparing the results
obtained when we apply the maximum principle on parabolic equations to (2.1.1a) and
(2.1.2a) respectively: if u satisfies (2.1.1a) where f and g are assumed to be uniformly
bounded with respect to m, then wu is uniformly bounded; under the same assumption on
g, if w is a solution to (2.1.2a) and H is not uniformly bounded with respect to p, we can
only say that u is bounded in absolute value by a constant depending on . The other
estimates used in the usual arguments of existence in MFG sytems suffer the same lack
of uniformity with respect to u. Conversely, the estimates of u depend on V,u. It is not
obvious a priori how to combine the estimates on p and (u,m) in order to obtain uniform
estimates on u. Consequently, compactness results are harder to obtain for (2.1.2) than
for (2.1.1).

The main assumption of this paper, namely FP1 and FP2 described below, is an
original structural assumption designed to address difficulty 1). In particular, it implies
that the map

p i = (Lo, —Hy (, Vau(t, ), ) #m,

is a contraction in a convenient metric space, when (¢, u, m) are given.

Moreover, we also assume that the Hamiltonian H(x, p, 1) behaves like a power function
when p tends to infinity. See paragraph 2.2.2 for more details.

The main objective of this work is to discuss existence of the solutions of the MFGC
system (2.1.2) within this framework. We will also give a uniqueness result under a short
time horizon assumption. We refer to [2] for a numerical application with multiple solu-
tions. Indeed, uniqueness does not hold in general for arbitrary time horizon. It can be
obtained though, under a monotonicity assumption which is investigated in the companion
paper |76]. In |76], existence and uniqueness of solutions of the MFGC system are proved
under the above-mentioned monotonicity assumption and with Hamitonian having similar
growth as in the present paper. This monotonicity condition implies that the agents favor
moving in a direction opposite to the mainstream. Such an assumption is adapted to some
models coming from finance or economy; and may be unrealistic in several situations, in
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particular in models of crowd motions. This explains why here we introduce a new struc-
tural assumption and refrain from assuming monotonicity or investigating uniqueness in
the general case.

Related literature

In the first articles devoted to MFGCs, [59, 60], D. Gomes and his collaborators have
given several existence results for MFGCs in various cases, using the terminology extended
MFGs instead of MFGCs. For instance, [60] contains existence results for stationary games
(infinite horizon) under the assumption that some of the parameters involved in the models
are small. We refer to [24, 38, 43, 41, 76] for other existence and uniqueness results for
MFGC systems.

Uniqueness is a major issue in MFG theory, it has been proved for (2.1.1) in [85, 87|
under an assumption called the Lasry-Lions monotonicity on the coupling function f and
the terminal cost g in the case of non-local coupling. This assumption has been extended
to MFGC and discussed in [59, 41, 76] in which uniqueness is proved. It translates the fact
that the agents prefer directions opposite to the mainstream direction; therefore it is not
adapted to a large class of MFGC systems like crowd motion models in which an agent is
more likely to go in the mainstream direction.

The latter example of population dynamic is the typical application we had in mind
when writing the assumptions in the present paper, see paragraphs 2.6.3 and 2.6.4. To
our knowledge, existence results for such MFGC systems have not been discussed in the
literature before. Uniqueness should not hold in general but under a short-time assumption.
We refer to [2] in which the MFGC system is discretized using a finite-difference scheme and
simulations are provided where the approximating discrete MFGC system admits several
different solutions.

For other applications of MFGCs we refer to [38] for an model of optimal trading,
[25, 47, 62, 65, 73] in the case of competition between firms producing the same goods, or
[11] for energy storage.

Organization of the paper

Section 2.2 describes the notations, assumptions and main results in this paper. In Section
2.3, we address difficulty 1) which consists of inverting the fixed point relation in p (2.1.2c)
and providing estimates on the resulting flow of measures. Section 2.4 is devoted to proving
a priori estimates on the solutions to (2.1.2) and addresses difficulty 2). Section 2.5 contains
the proofs of the main results. Finally, we discuss several applications in Section 2.6.
Namely, we study

the Bertrand and Cournot competition for exhaustible ressources and introduce an
extension to negatively correlated ressources (for instance gold and other raw mate-
rials);

a model of price impact for high-frequency trading by Almgren and Chriss in which
we discuss the possibility for the bid and ask prices to be different;

a first-order flocking model;

e a crowd motion model.
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2.2 Notations and assumptions

2.2.1 Notations and definitions

The spaces of probability measures are equipped with the weak™® topology. We denote by
P (']I‘d X Rd) the subset of measures p in P (Td X Rd) with a second marginal compactly
supported. For p € Py (Rd X ]Rd) and ¢ € [1,00), we define the quantities Ag(x) and
Aso () by,

1

(2.2.1) Ag(n) = (/Rded jal? dps (%04)) "

Aoo(u) = sup{]a] ) (LE,O() € Suppu} :

Jensen inequality states that,

(2.2.2) Agu (1) < Agy (1),

for any 1 < ¢ < g2 < oo.

For R > 0, we denote by P r (Rd X Rd) the subset of measures p in Py (Rd X Rd)
such that A (1) < R. The probability measures p involved in (2.1.2) have a particular
form, since they are the images of a measure m on T? by (I, «), where « is a bounded
measurable functions from T? to R?; in particular they are supported on the graph of a.
For m € P (']I‘d), we call P, (Td X Rd) the set of such measures. For u € P, (Td X Rd),
we set a* to be the unique element of L* (m) such that p = (I, a*) #m. Here, Ag(p)
and Ao (p) defined in (2.2.1) are given by

Aé(ﬂ) = Ha#HLl?(m)u

(2.2.3)
Aoo(:u’) = HQ#HLOO(m)'

If X is a normed space and | - |x is its norm, for n > 1 we denote by C? (X;R")
the set of bounded continuous functions from X to R"; it is endowed with the norm
Joll.o = sup,cx [v()]x-

We define C%! ([0, 7] x T%R) as the set of the functions v € CY ([0,7] x T%R) dif-
ferentiable at any point with respect to the state variable, and such that its gradient
satisfies Vv € C° ([O,T] X Td;Rd). This is a Banach space equipped with the norm
[ollgon = lvlloe + I Vavllso-

For g € (0,1) and n > 1, we denote by ok L ([O,T] X "JI‘d;]R") the parabolic space of
Holder continuous functions which is commonly defined by

5 v e C%0,T) x T4 R™),3C > 0 s.t. V(ty, z1), (tz, z2) € [0,T] x T,
o ([O,T} X Td;R”) - 5
o(t1, 21) — v(t2, 22)| < C (lz1 — w2|® + [t — ta]) 2
This is a Banach space equipped with the norm,
v(t1, 21) — v(t2, z2)|

= vl +  sup B
(t1,21)#(t2,22) (‘.%1 — .7}2|2 + |t1 - t2|) 2

Ioll g,

The space C%’HB([O, T] x T4 R) is defined as the set of the functions v € C%([0, T] x
T? R) such that Vv € o1 ([0, 7] x T4 R"™) and which admits a finite norm defined by,

v(t1, x) — v(ta, )|
+ 1+8 = HUHoo + Hvxv”cg,g + Sup

o]l 14s
¢z (t1,2)#(t2,2)€[0,T]x T4 ‘tl _t2|#
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We set C12 ([0,T] x T%R) to be the set of functions which admit first derivative with
resepct to time and second derivatives with respect to the state variables, such that these
derivatives are continuous with respect to time and state.

Throughout the paper, what we call a solution to (2.1.2) is precisely defined by the
following definition.

Definition 2.2.1. The triple (u,m,p) is a solution to (2.1.2) if u € CH2([0,T] x T¢)
is a pointwise solution to the Hamilton-Jacobi-Bellman equation (2.1.2a) with terminal
condition (2.1.2d), m € C° ([O,T] X Td;R) s solution to the Fokker-Planck-Kolmogorov
equation (2.1.2b) in the sense of distribution with initial condition (2.1.2e), and p €
O ([O,T]; Peo (Td X Rd)) satisfies (2.1.2¢) at any t € [0,T].

A simple way to overcome difficulty 2) is to assume that the Hamiltonian H and some
of its derivatives admit uniform bounds with respect to . In this case, the well-posedness
of the MFGC system with a possibly degenerate diffusion is investigated in [38]|. Here we
avoid such an assumption for (2.1.2) but we introduce the following approximating system
which satisfies it,

(2.24a) — oM —vAUM + H(z,Vu ( z), M (t)) = in (0,7) x T4,
(2.2.4b) 9ymM —vAMM — div(H,(z, Vou (t, ), u™ (¢ )) ) in (0,7) x T,
(2240) 1M (t) = [1,Tos (~Hy (¥ < )M (0))] #m in (0.7,
(2.2.4d) «™(T,z) = g(z,m™(T)) in T¢,
(2.2.4¢) mM(0) = my,

where M is a positive constant and T is a truncation map defined by

v if jv| < M,
Ty(v) =< M
m(v) —v otherwise.

|v]
The latter definition can be naturally extended to the case when M = oo by taking
Too = Idga. In this case systems (2.1.2) and (2.2.4) coincide. A solution to (2.2.4) is
defined by replacing (2.1.2) by (2.2.4) in Definition 2.2.1.
If M < oo and ( M. M,,uM) is a solution to (2.2.4), u™(t) is compactly supported
in Bpa(0, M) the closed ball in R? centered at 0 with radius M, for any ¢ € [0, T]. Conse-
quently, ™ and m™ should satisfy estimates depending on M and uniform with respect

to u™. Therefore, compactness results for (2.2.4) should be less demanding than for (2.1.2)
and difficulty 2) should vanish.

2.2.2 Assumptions

Let us start with some reasonable assumptions about the regularity and the boundedness
of the Hamiltonian, the terminal cost and the inital distribution of agents. We introduce
two constants: Cp > 0 and Sy € (0, 1).

Al H = H(x,p,u) is convex with respect to p, and differentiable with respect to (z,p);
H), is locally fp-Hoélder continuous with respect to p; H and H), are continuous with
respect to p1 on P p (Td X Rd) for any R > 0, where P g (']I‘d X Rd) is defined in
paragraph 2.2.1 and equipped with the weak™® topology.
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A2 g:T4xP (']I‘d) — R is continuous, and we suppose that x — g(x, m) is in C?+ho (’]I‘d),
with a norm bounded uniformly with respect to m, i.e.

lg(-,m)llge+s0 < Co,  ¥m € P(T).

A3 mg € P(T?) is absolutely continuous with respect to the Lebesgue measure on T¢
and we also name my its density (abuse of notation). Assume that mg € C%(T9)
and is positive (see Remark 2.2.2 below to drop out the positivity assumption).

These assumptions are not restrictive when looking for solutions with the regularity given
in Definition 2.2.1. However, they can be relaxed if we are interested in weaker solutions
of systems (2.1.2).

In this paper we consider nonlocal coupling through the controls. More precisely, we
assume that these interactions involve the quantity Ag,(u) defined in (2.2.1).

Let us introduce the assumptions used to address difficulty 1) which consists of solving
the fixed point relations in p given in (2.1.2¢) and (2.2.4c), when (u, m) are fixed and have
the same regularity as in Definition 2.2.1. We introduce Ao € [0,1), for all (z,p,m) €
T¢ x R% x P (']I‘d), and p, put, p? € Py, (']I‘d X Rd), we assume that,

FP1 |Hy(z,p, p)] < Co(1+[pl77") + AoAgy (1)

FP2 |H,(z,p, u) = Hy(w,p. )| < dofja” — o]

L0 (m)’

These structural assumptions for MFGC are new in the literature and participate to the
originality and novelty of the results presented in this paper. Moreover they do not seem
to be restrictive as it is explained in what follows.
We recall that the optimal control of a representative agent is given by o = —H,, (z, V,u, p1).

Since Ay, () is homogeneous to the norm of a control, we cannot expect the dependency
of H, upon p to involve an exponent larger than one. Moreover if m is the first marginal
of p1, taking the L% (m)-norm in FP1 makes Ay (1) appear in both sides of the resulting
inequality; this explains the form of the right-hand side in FP1 and the necessity of choos-
ing Ag smaller than 1. Similar arguments can provide insights on FP2, by noticing that if

would be the associated

1 2
A4, was seen as a norm on P, (T? x Rd) then Ha“ — ot
L0 (m)

distance. We refer to Remark 4.3 in 2] for a concrete example of a MFGC system which
does not admit solution if A\g = 1.

As in a large part of the literature on MFG or HJB equations, we consider Hamiltonians
that are power-like functions in p at least asymptotically. Let ¢ € (1, 00) be this asymptotic

exponent, and ¢’ the conjugate exponent of ¢ defined by ¢ = qzl. Namely, we assume

that H satisfies the following inequalities, for all z € T4, p € R, m € fP(’H‘d), and
€ Py (T x RY),

B1 |H(z,0,p)| < Co+ Ay (1), with Ay > 0.
B2 [Ho(x,p, 1) < Co (14 plt + Agy ()7 )

B3 Hy,(xz,p,p)-p—H(z,p, ) > Cg_l (]p|q — My, (u)q’) —Cp, where \1 is a nonnegative

(1-Xo)?
)y
ca

constant satisfying 0 < \; <
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One may notice that the dependencies of H upon p and p involve different exponents
(which happen to be equal when ¢ = 2). Indeed the Legendre transform applied to a
power-like function make the exponent change into its conjugate. Since H is defined as
the Legendre transform of the Lagrangian L, the exponent in the dependency of L upon «
should be ¢’. Moreover, Ay, (1) is homogeneous to the norm of a control, therefore L should
at most involve Ay (11)? . Going back to the Hamiltonian by the Legendre transform, the
exponent on Ay, (1) stays the same which explains the right-hand side in B1-B3. One may
find the above-mentioned growth conditions on L in [76].

Assumption B3 is a convexity property of H with respect to p. In MFG without
coupling through the controls, such an assumption is common, the only difference is that
the term in A, (p) does not appear. This assumption will be particularly useful to obtain
energy integral estimates by taking advantage of the duality properties of the forward-
backward systems (2.1.2a), (2.1.2b) and (2.2.4a), (2.2.4b). The inequality satisfied by A
is needed in the calculation for getting these estimates. Let us mention that the right-hand
side in this inequality comes from the estimates in Lemma 2.3.1, and that the constant Cj
can be identified with the one in FP1.

In order to obtain classical solutions of the HJB equations (2.1.2a) and (2.2.4a), we
need Holder continuity of (¢, z) — H (x, Vyu(t, z), u(t)). While the space regularity of the
latter map is straightforward here, its time regularity may be more demanding and we need
assumptions which allow one to compare H at different measures u', u? € Poo (Td X Rd).
Assumption FP2 is not enough since it requires p' and p? to share the same marginal
with respect to T¢.

T For R > 0, there exists a constant Cr > 0 such that
H (2,p,1") = H (2,0,12)] < Cr ([ = 2|2+ o' = o] ),
(o]
[y (2.9, 1) = Hy (2.9, 12)] < Cr ([ = m?|[ 2+ o' =] ).

for (z,p,m’, ') such that (z,p) € T¢x R? with [p| < R, m’ € P (T¢) NC° (T?) with
m! >Ryt € P, (Td X ]Rd) with o' € C° (Td X Rd) and Ha“iH <R,i=1,2.

One may notice that when p! and p? have the same first marginal with respect to T¢ the
second inequality in T is implied by FP2. If one is only interested in weak solution to
(2.1.2), T can be removed.

Remark 2.2.2. Letting Cr depends on H(mz)le was motivated by models of popula-

o)

tion dynamics which are discussed in paragraphs 2.6.3 and 2.6.4. The drawback of this
assumption is that we have to assume that the initial distribution of agents mg is positive.

All the results in this paper hold if we do not assume mg to be positive in A3, and we
remove the condition m* > R~ in T.

2.2.3 Main results

We recall that assumptions FP1 and FP2 are designed to address difficulty 1), and T to
obtain time regularity of the fixed point p in 2.1.2¢ or 2.2.4c. More precisely, we state the
following lemma that will be proved in Section 2.3.

Lemma 2.2.3. Assume A1, FP1, FP2 and T. Take p € 3 ([0, T x Td;Rd) and m €
c%B (10, 7] x T¢) such that m > R™' and m(t) € P (T) fort € [0,T], where B € (0,1)
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Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

and R > 0 are constants. For any t € [0,T], there exists a unique u(t) € P (’]I‘d X Rd)
satisfying
/LM(t) = [Id)TM <_Hp ('ap(t7 )aﬂM(t)))] #m(t)7

86
where M € (0,00]. Moreover, the map (t, ) — o () is in C 2 55 ([0, T] x T%RY),
and its associated morm can be estimated from above by a constant which depends on
ol s ., llmll s ., and the constants in the assumptions.
cz? cz?

In Section 2.4, we prove the a priori estimates stated in the following lemma.

Lemma 2.2.4. Assume A1-A3, B2, B3, FP1, FP2 and T. If (u,m, u) is a solution to
(2.2.4) for M € (0,00], then

o [Voull, <C(1+|ully) and |lull, < C (14 ||Vaulll), where C is independent of
M and depends only on the constants in the assumptions,

® m is positive,

ue C T2 ([0, T] x T?),

m e C28([0,T] x T4 R),

(t,z) — B (x) is in 3 ([0, T] x T%RY),

where B € (0,63). Moreover,
above depend only on HUHOO7

m_l}loo and the norms associated with the last three items

malﬂoo, B and the constants in the assumptions.

These estimates are weaker than their equivalents for MFG systems without interaction
through controls. In particular, w is not uniformly bounded in ||-|| -norm. However, we
believe that our estimate of ||V u/| ., is the best that we can achieve in our framework since
its right-hand side should be at least linear with respect to ||ul|,,. To our knowledge, such
an estimate for systems of MFG with nonlocal dependency on V,u (or more generally for
MFG systems in which we do not have a uniform a priori estimate on ) is new in the
literature.

Here, these a priori estimates are not sufficient to address the difficulty 2) and to obtain
existence of solutions. However, existence can be obtained under several different kinds of
assumptions; below, we supply a list of existence results under various assumptions:

Theorem 2.2.5. Assume A1-A3, B1-B3, FP1, FP2, T. There exists a solution to
(2.1.2) if one of the following assertions is satisfied

a) qo < ¢ and |H(z,0,u)| < Co <1 + Ay (u)q>, where ¢ is a constant satisfying ¢ < ¢’
(Proposition 2.5.4),

b) g0 < ¢ and M\ + Cpre < (I_C# where A1 and Ao are respectively defined in B3 and

0

B1, the Cy on the left-hand side comes from CO_1 in B3 and the Cy on the right-hand
side comes from FP1 (Proposition 2.5.3),

c) |H(z,0,p)] < Co (1 + Ay (,u)q/_1>, for any (z,p) € T? x P (T? x RY) (Proposition
2.5.5),

d) |Hy(z,p, p)| < Co (1 + |pl + Ag, (M)q/*l), for any (z,p, ) € T x R x P (T¢ x RY)
(Proposition 2.5.6),
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2.3. The fixed point relation in g and the proof of Lemma 2.2.3

e) T < Ty, where Ty is a constant depending on the constants in the assumptions (Propo-
sition 2.5.8).

An other additional assumption under which existence holds is the monotonicity con-
dition addressed in [76].
We also give a uniqueness result under a short time horizon assumption.

Theorem 2.2.6 (Uniqueness with short time horizon). Assume A1, A2, A3, B1, B2,
B3, FP1, FP2, and that the following three assumptions are satisfied,

e H, is locally Lipschitz continuous with respect to p,
e g satisfies
(2'2'5) Hg<'7ml) - g('ﬂm2)Hcl+B < C()qu (m17m2) )

or any m', m? € P (T%), where q1 € [1,00) and W,, is the qi-Wassertein distance
f Y q « q
on measures,

e the two inequalities in T hold when we replace Hml — mQHfE by We, (ml,mz).
There exists Ty > 0 such that if T < Ty then there is at most one solution to (2.1.2).

We believe that this uniqueness result can be easily extended to more general Hamilto-
nians, but that the short-time assumption is essential. Indeed numerical examples in which
non-uniqueness occurs are presented in [2|. In these examples, we consider groups of agents
who start from some crowded areas at time ¢t = 0, and travel through the domain to arrive
at some target areas. Imposing a short time assumption in such an example results in the
agents not trying to reach the targets at all. Indeed in this case the kinetic cost makes it
more expensive for them to cross the domain very quickly before the end of the game than
to do nothing and just wait passively at their starting point. For this reason we were not
interested in finding less restrictive assumptions in Theorem 2.2.6. This theorem should
be only seen as an example of uniqueness result with a short time horizon assumption. In
particular we wanted the proof in paragraph 2.5.4 to stay simple.

Remark 2.2.7. i) In this work, we only consider MFGC systems in the d-dimensional
torus T¢. However, we belicve that our existence results (Theorem 2.2.5) hold under
the same assumptions on the Euclidean space RY, and that the method introduced in
[76] to pass from T to RY can applied here.

it) We did not include the case ¢ = 1 in this work (i.e. when the Hamiltonian is Lipschitz
continuous in p). In this case, systems (2.1.2) and (2.2.4) coincide when M is large
enough, therefore there exists a solution to (2.1.2) under assumptions A1-A3, B1-
B3, FP1, FP2 and T, by the same arguments as in Lemma 2.5.1.

2.3 The fixed point relation in i and the proof of Lemma
2.2.3

We recall that (2.1.2) and (2.2.4) conincide when M = co. Here, we take M € (0, o).

The following lemma takes advantage of the structural assumptions FP1 and FP2 to
solve the fixed point relations (2.1.2c¢) and (2.2.4c) which consists of difficulty 1). It also
states a priori estimates on g which will be of great use in the next section to obtain a
priori estimates on u and its derivatives.
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Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

Lemma 2.3.1. Assume Al, FP1 and FP2. Take p € C° (']I‘d;Rd), and m € P(T?). The
following two assertions are satisfied.

(i) There exists a unique p™ € P(T? x R?) such that

(2.3.1) pM = [1q, Toag (—Hp (- p(-), ™)) ] #m.

For any G € [1, 0], it satisfies

(2.3.2) Ag (uM) < 1 f’o}\o (1 + H'p|(11HLmax(q0"”(m)> '

(i) The map (p,m) — M given by (2.3.1), is continuous from C° (T4 R?) x P(T?)

to P(T x RY). We recall that the spaces of measures are equipped with the weak-*

topology.

Proof. (i) Let us define the following map,

co (’]I‘d;Rd) S0 (Td;Rd)
Pl m) - T  RY
o —
T TM (_Hp (x,p(l‘), (Id7 Oé) #m)) .

This map is well defined by (A1). It is Ag-Lipschitz continuous by FP2 and the
fact that T}, is 1-Lipschitz continuous, we recall that A9 < 1. Therefore it admits a
unique fixed point by the Banach fixed point theorem. If uM € P (Td X Rd) satisfies

(2.3.1) then o™ is the only fixed point of @é\;[ m)" Conversely, if we denote by « the

fixed point of (I)é\;[m)v then p™ defined by puM = (I, o) #m satisfies (2.3.1). This
implies that (2.3.1) admits a unique fixed point that we name p™ in what follows.

From FP1, M satisfies,

-

Li(m)
< |Co (1 1p1771) + Do ()]

Li(m)

< Cy (1 + H\plq”H i ) + XoAg (1),

Li(m)

for ¢ > qo, where we obtained the last line by using the triangle inequality for the
Li-norm, and (2.2.2). This implies (2.3.2) for any § > go. Then we extend this result
to 1 < ¢ < qo by combining (2.2.2) and (2.3.2) applied to qo.

Let (p",m™)nen € (C° (T4 x RY) ;[P(Td))N be a convergent sequence to (p,m) in
cP (Td; ]Rd) x P (Td). We define pV as before, and (HN’n)neN the fixed points satis-
fying

(2.3.3) pN" = [Ig, Tag (—Hyp (0" (), V")) ] #m”

for n € N. The sequence (p"),, < is bounded in CcO (Td; Rd), thus (2.3.2) with ¢ = oo
yields that (,u,N ”)n oy are uniformly compactly supported. The sequence (MN ”) is

compact in P (']Td X Rd) endowed with the weak-* topology. Let iz be the limit of
a subsequence (MN ’@(”))n N for ¢ : N — N an increasing function. By continuity
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2.3. The fixed point relation in g and the proof of Lemma 2.2.3

of H, and Ty, we can pass to the limit in (2.3.3) taken at ¢(n) when n tends to
infinity, this gives that i satisfies the same fixed point relation as p. By uniqueness
of this fixed point, we deduce that gz = p. This implies that the entire sequence
(,uN’") tends to pu.

Therefore the map (p, m) — u™ is continuous from C° (Td; Rd) x P (Td) to P (’]I‘d X Rd).
O

In particular if g9 < ¢/, (2.2.2) and (2.3.2) yield

Co —1
(2.3.4) Aqo(ﬂ) < Aq’(ﬂ) < m (1 + HpH%q(m)> )
and then we use the inequality (a + b)q/ < 0(‘;,11 + ( 1_2;,71 which holds for a,b > 0 and

for any 6 € (0,1), to obtain

/ Cq/ ) —d
2.35) M) < s (07 4 =0 l)-

If ¢ € [1, 0] without restriction, we obtain

o
(2.3.6) Ay ()? < (1—0&0)q' (917(1 +(1—0)1 Hp||go) .

These latter three inequalities will be of great use in Section 2.4 for getting a priori esti-
mates.

Given (u, m) as regular as in definition 2.2.1, we can use Lemma 2.3.1 to prove that the
fixed point relations (2.1.2c) and (2.2.4c) are well-posed, and that if (u, m, u) is a solution
to (2.1.2) or (2.2.4) then pu is continuous with respect to time. However, we need a better
regularity in time to get classical solution of the HJB equations (2.1.2a) and (2.2.4a). In
Lemma 2.3.2, we use T to obtain an estimate of the distance between two fixed points
of (2.3.1) associated with different (u, m). We will be particularly interested in using this
estimate on a solution to (2.2.4) at different times.

Lemma 2.3.2. Assume A1, FP1, FP2 and T. Take p',p*> € C° (Td;Rd), and m',m? €
P (']I‘d) nco (']I‘d; ]R) some positive probability measures. We define u', u?> € P (']I‘d X Rd) as
the fized point in (i) in Lemma 2.3.1 associated with (pl,ml) and (p2,m2), respectively.
There exists a constant C such that

(2.3.7) Ha“l - a“ZHOO <C (le —p?| 2+ [|mt - mszE) :

where C' depends on HpiHoo’

(mi)f1 H , fori = 1,2, and the constants in the assumptions.
o0

Proof. We define i by = (Id, a“1> #m?2. The triangle inequality and the fact that Ty,

is a contraction imply that for any x € T¢,

o (2) = o ()| < |Hy (2.9 (), 1) = Hy (.02 (@), 1%)|
< [H, (2.9 (@), p") ~ Hy (x.' (2), 1)
+ |Hy (2,9 (2), ) — Hy (2,9 (2), 1)
+ }Hp (xapl(‘r)v” ) - HP (l’,p2(l'),u2)|
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The measures ' and 7z are the image measures by the same function (Id, oz“1>, of m' and

m? respectively. From T, we obtain

’Hp (:E,pl(a:),ul) - H, (x,pl(a:),ﬁ)‘ < CRHml — m2| fg,

()|
Aso (,u’) can be estimated from above by a quantity which only depends on H piuoo and the

constants in the assumptions, by (2.3.2).
Since fi and g2 have the same marginal with respect to T¢, FP2 yields that,

where R = max (H piHOO, ) and Cg is the constant defined in T. We recall that

1 (25 0),7) = Hy (20 (0)002)| < o — 0

o)

Then H,, is locally Sp-Hélder continuous by Al so,

B
|Hy (z,p" (), 1*) — Hy (z,p*(), )| < Cjp" = p°||20
for some constant C'. Combining the latter four inequalities, we obtain,

= < (=) s -]

which implies (2.3.7) up to replacing C' with (1 — )\0)71 max (C, CR). O

Lemma 2.2.3 is a straightfoward consequence of Lemmas 2.3.1 and 2.3.2.

2.4 A priori estimates and the proof of Lemma 2.2.4

Here we take M € (0,00], and (u,m, ) a solution to (2.2.4) defined in Definition 2.2.1.
We will look for estimates independent of M which allow us to address difficulty 2). These
a priori estimates imply compactness results and play an essential role in the proofs of
existence in Section 2.5.

2.4.1 A priori estimates on u

When we consider MFG without interactions through controls and with bounded coupling
function and terminal cost, we can apply the maximum principle on parabolic differential
equations to (2.4.3) below and get an a priori estimates of ||u|| ., which only depends on
the constants in the assumptions. However, for MFGC systems and more generally for
HJB equations with non-local interactions in V u, it is not possible to get such a strong
a priori estimate directly from the maximum principle. Instead we get (2.4.1) and (2.4.2)
which involve non-local quantities depending on V u.

Lemma 2.4.1. Under assumptions A1, A2, B1, FP1, FP2, and qy < ¢, for 6§ € (0,1)
u satisfies,
(2.4.1)

A CY , (7
ulloo < Co(1+T) + ﬁ (91q T+(1-6)"1 / / |V ul? dm(t,a:)dt) ,
0) 0 Jrd

where Ao is defined in B1. More generally, for any qo € [1,00] u satisfies,

A CY

(2.4.2) fullo <Co(1+T)+ T 07

(=T + (-0 192,
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2.4. A priori estimates and the proof of Lemma 2.2.4

Proof. Here, we can rewrite (2.2.4a) in the following way,
1
(2.4.3) — Owu(t,z) — vAu(t,z) + [/ Hp(x,svxu,u(t))ds] -Vgu(t,z) = —H(z,0, u(t)),
0

for (t,x) € (0,7)x T?. The maximum principle for parabolic second-order equation applies
to u and —u,

T
(2.4.4) lully < (T, +/0 1H (0, u(t)) ] .

Moreover, |H (x,0, u(t)) | < Co+ A2y, (,u(t))q/ and |u(T,z)| < Cp come from B1 and A2,
respectively. We combine the latter inequalities with (2.3.5) and (2.3.6) to get (2.4.1) when
qo < ¢, and (2.4.2) respectively. O

The non-local term in (2.4.1) involving V,u corresponds roughly speaking to an energy.
Moreover this is a quantity that naturally appears in MFG literature thanks to duality
properties in the forward-backward systems (2.1.1), (2.1.2), or (2.2.4). More precisely, the
FPK equations is the dual equation of the linearized HJB equation with respect to wu.
Lemma 2.4.2 provides an a priori estimate of this quantity.

Lemma 2.4.2. Under assumptions A1, A2, B3, FP1, FP2, and qy < ¢, the following
inequality 1s satisfied,

T
(2.4.5) / Vul? dm(t, z)dt <
0 Td

’ —1 ’
e , MCIT
1-— 1+T T P a———
( (1 _ 9)(1’—1(1 _ )\O)q/> (COHU‘HOO + CO( + ) + eq/_l(l — )\O)q/ )

(1-0)4~1(1—Xg)4’

7
q
CO

for any 0 € (0,1) such that A\; <

Proof. We multiply (2.2.4a) by —m and (2.2.4b) by u; we add up and integrate over
(0,T) x T? the resulting quantities; after performing some integrations by part, we obtain

T
/0 » [Hp (x,Vau(t,z), u(t)) - Vou — H (x, Vyu(t, x), u(t))] dm(t, x)dt

= (0, 2)dm®(z) — T, m m (T, x
_/Td (0, 2)dm®(z) /g<, (T))dm(T, z),

Td

that we can combine with B3 and A2 to get,
T T /
00—1/ / Voul? dm(t, 2)dt < ||ull. + Co(1+T) +C’0_1/\1/ Ag (u(t)) dt.
0o Jrd 0

We integrate (2.3.5) over (0,7,

T : cd : (T
| Aty dtgﬁ(elqm(l—e)lq Iy |vxuqdm<t,x>dt),
0 (1—Xo)? o Jra

(1-0)7~1(1-2)7
cd
inequality in B3. The latter three inequalities imply (2.4.5). O

where we can choose 6 € (0,1) such that A\; < , since A1 satisfies the
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Roughly speaking, Lemma 2.4.1 with ¢y < ¢’ and Lemma 2.4.2 provide opposite inequal-
ities which may become complementary under a smallness condition on the parameters,
implying a uniform estimate on ||u||,,. This condition is explicitely given in the following
corollary.

Corollary 2.4.3. Under Assumptions A1, A2, B1, B3, FP1, FP2, qy < ¢, and \ +

Core < (1_0);9)q , u is bounded by a quantity which only depends on the constants in the
0
assumptions.

Proof. Combing (2.4.1) and (2.4.5) results in,

/ , -1
X G A CY
T=a7 11— 1" aogr s ) Il TCo

-1

1—0)=1(1 = \)?

scm(( ) q(, 0 —M) [l + Co
CO

lulloo <

(1-0)7 1 (1-20)7

where 6 € (0, 1) may be chosen such that A +CpAgy < o7 , and Cy is a positive

0
constant depending on the constants in the assumptions and 6. This implies

-1
— )1 =\
(1=0)7 (1= )7 M) e

ulloo < | 1= CoAz ( p
CO

G

/_ / -1
where Cpo (ue)ql(,l)‘o)q — /\1> < 1, which concludes the proof. O

Let us mention that in the assumption A + Cplo < (1—029)‘1 in Corollary 2.4.3, the

0

constant Cp in the left-hand side comes from the C, !'in B3, and the Cj in the right-hand
side comes from FP1.

2.4.2 A priori estimates on m

In order for the HJB equations (2.1.2a) and (2.2.4a) to admit classical solutions, we want
@ to be regular in time. Since m is the marginal of y with respect to T?, we first prove
that m is regular in the following lemma. Moreover, we also prove that m stays positive,
which is required in Lemma 2.2.3 to obtain time regularity on pu.

Lemma 2.4.4. Under assumptions A1, A3, FP1, FP2, m is in oL L ([O,T] X ’]I‘d;]R) for

B € (0,80) and its 38 ([O,T] X Td,R) -norm can be estimated from above by a constant
which depends on |[mol| s, |Vatlls, B and the constants in the assumptions.

Furthermore, m is positive everywhere and admits a positive lower bound which only
depends on HmalHoo, |Vaull, and the constants in the assumptions.

Proof. The distribution of agents m satisfies the second-order parabolic FPK equation
(2.2.4b), which is supplemented with a Sy-Holder continuous initial condition. Theorem
2.1 section V.2 in [81] states that m is uniformly bounded by a constant which depends
on ||mollo and ||Hp (-, Vou, )|l This, (FP1) and (2.3.4) yield that mH, (-, Vou, pr, m)
is bounded by a constant which depends on ||mg| ., ||Vaull,, and the constant of the

assumptions. Finally, Theorem 6.29 in [86] yields that m € 3P ([0,T] x T?) for B €
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2.4. A priori estimates and the proof of Lemma 2.2.4

(0, Bo), and its associated norm can be estimated from above by a constant which depends
on ||[mol| s, [|Vatll o, B and the constants in the assumptions.

We define T. = inf ({t € [0, 7], | m(t)_lHoo > u{T}), for 0 <e < Hm&le. In
particular T, is positive, since we proved in the latter paragraph that m is continuous. On
[0, T] x T¢ we define the function n by n = m™!, it satisfies the following partial differential
equation in the sense of viscosity,

|Vzn]2
b

On — vAn —div (an) + 2a - Vyn = —2v
n

supplemented with the initial condition n(0) = mg ', where a(t, x) = —H, (z, Vyu(t, z), u(t))
for (t,2) € [0,T] x T¢. We define #i as the unique weak solution of the following partial
differential equation defined on [0, 7] x T,

(2.4.6) O — vAn — div (an) + 2a - Vi =0,

supplemented with the initial condition 72(0) = mg'. Theorem 2.1 section V.2 in [81] states
that 7 is bounded from above by a constant which depends on Hmaluoo, la|l, and 7'
Moreover, n is a subsolution of the restriction of (2.4.6) to [0, 7.] x T, with the same initial
condition as 1. Therefore, by a comparison argument for second-order parabolic equations
in divergence form (Theorem 9.7 in [86] for instance), n and 7 satisfy n < n. This implies
that there exists C' a positive constant independent of T;, such that ||n[,, < C. We
conclude the proof by taking e = 271C~! and recalling that |||, can be estimated from
above using FP1 and (2.3.4). O

2.4.3 A priori estimates on derivatives of u

Bernstein methods are useful tools when studying HJB equations or MFG systems. They
allow one to obtain a priori estimates on V, u by considering the partial differential equa-
tions satisfied by some well-chosen functions depending on v and V, u. See for example
the video of the lecture of P.L. Lions on November the 23rd 2018 [87], in which Bernstein
estimates are derived for MFG systems without interactions through controls. More pre-
cisely, P.L. Lions used the function defined by \Vzu|2 e~ for small . Here this method
might work only if we knew a uniform estimates on ||u||, and if ¢ = 2. After significant
changes in the latter method, we can derive an estimate on u which is weaker than the
one for MFG without interactions through controls. Namely, we state that ||V,u| is
bounded by a quantity that depends linearly on [ju||, by studying the functions w and
¢ defined in (2.4.11) below. To our knowledge, such estimates for systems of MFG with
nonlocal dependency on V,u (or more generally for MFG systems in which we do not have
a uniform a priori estimate on u) are new in the literature. We believe that this result may
hold for more general HJB equations with nonlocal dependency on V u.

Lemma 2.4.5. Under assumptions A1, A2, B2, B3, FP1 and FP2, there exists C > 0
depending only on the constants of the assumptions, such that

(2.47) IVt < € (14 ma ).

for any t € [0,T].

Proof. In what follows, we only prove that (2.4.7) holds for t = 0, however the proof does
not use additional information available at ¢ = 0 (the initial condition on m for example),
so it can be repeated for any ¢ € [0,7] and the constant C in (2.4.7) does not depend on ¢.
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Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

Here we wish to differentiate (2.2.4a) with respect to x; however we did not assume
in Definition 2.2.1 enough regularity on u for such an operation to have sense pointwisely
on (0,T) x T?. Especially the time derivative of V,u and the third derivatives of u with
respect to x are not required to exist. This leads us to introducing p € C*° ([—%, %)d) a
non-negative mollifier such that p(z) = 0 if |z| > § and [z p(z)dz = 1. We introduce
p° =569 (3) and u®(t) = p° * u(t), for any 0 < § < 1 and ¢ € [0, 7], where % denotes the
convolution operator.

Thus u® depends smoothly on the state variable and its partial derivatives in space at
any order have the same regularity in time as u, moreover it solves the following partial

differential equation with final condition,

(2.4.8) { — O’ (t, ) — vAW (t, ) + p* x (H (-, Vault, ), u(t)) () =0 in (0,T) x T
4. ué(T’;p) — pé* (g(-,m(T,"))) (x) n ’]l‘d,

Let us take the gradient with respect to the state variable of the latter equation and the
scalar product of the resulting equality with V,u?,

1 2
(249 - 5@ ‘un‘s‘ — vVl - A (qu5> + V- Dixu‘sHp (x, Vzu‘s, u)
+ Voul - HS (2, Vau, p) = Vou® - RO(t, z),
where H? and R® are defined by

Hé(‘r’p7 :u) = p6 * (H(ap()nu‘)) (‘T)a
Ra(t,m) = D?c,zuéHp (xv vxuéa M) - pé * (Di,zUHp (s Vzuyﬂ)) .

By simple calculus, we notice that

2
d 2 ) é
V. |Veu ‘ = 2D2 W0V,

)

2 2
A ‘VIU‘S‘ = ov,u0 - A (qu‘s) +2 ‘Di’mu‘; (

that we can combine with (2.4.9) and obtain

1 2 2 2 1 2
(2.4.10) — 56,5 ‘Vmu‘s‘ — %A ‘qu‘s‘ +v ‘Di’xué‘ + ivx qu‘s‘ - Hy, (m, qu‘s,,u)

= —V,ul - HS (2, Vu, p) + Voul - R(t, x).

We define the functions ¢ and w® by

o(v) = exp (exp <— <a + bHuH(;lv))) , for |v] < ||ul| o,

(2.4.11)
WOt 2) = o (T — 1, 7)) ‘kuéf (T —t,1),

where @ > 1 and b > 0 are constants that will be defined below. The derivatives of ¢ are
given by

-1 _—(a ul| o
o' (v) = —blluf Le (eHll) o (),

(2.4.12) (o) = B2 ]| 2o~ (@) (1 + e ()Y (o),
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2.4. A priori estimates and the proof of Lemma 2.2.4

which implies that ¢ and ¢’ satisfy,

1 S g@(v) S ee—a+b

(2.4.13)

/
b —1 —a—b < ‘90 (’U)‘ <b —1 —a-‘y—b‘
Jul e < P < bl e
Roughly speaking, we introduced a and b in order to have ||| |[¢~* HOO and [[']] || (¢) 7! Hoo
as close as possible to 1. This will be achieved by taking a large enough, and b small enough.
For simplicity of the notations, we will omit to write the argument of ¢ since it is
always uf.

The derivatives of w? verify the following equalities,

2 /
— 0y ‘qu‘;‘ = g’ + %w‘s&gu‘s,

2 ¢
©Vy qu‘s‘ = V,uw’ — ;w‘sku(s,
2 / / "o — 9 ()2 2
pA ’qu‘s) = Auw’® — gw‘SAu‘S — 2£wa5 S Vud — M (w5> .
2 2 ¥

We multiply (2.4.10) by 2¢ and use the latter equalities in the resulting relation,
/ 2
(2.4.14) o’ — vAwW + V'’ - H, <w, Vul, u) + 21/£V$w‘S -Vl + v ‘D?E xu‘s‘
(p b
/

¢ 5 5 5 5 Pl —2(9) [ 5\
= —w’ | -0’ — vAu’ + Vu® - H, (az,qu ,,u)] —V— (w )
¥ ¥

— 20V’ - HY (2, Vau, 1) + 20Vl - RO (t, ).
We can rewrite the first line of (2.4.8) in the following way,
—9ud —vAW = —H (m, qu‘;,,u> - Q°,
where Q? is defined by,
QO (t, ) = H° (z, Vou(t), u(t)) — H (m Vil (t, z), u(t)) .
This and (2.4.14) imply that
! 2
(2.4.15) O’ — vAwW® + V' - H, (3:, Vmu‘s, u) + 2U%wa6 S Vul + 2up ‘D;Iu‘s‘
/ "o 9( 2 2
= gw‘S [qué -Hp, (azjvxu‘;,,u) —H (x,VIué,uﬂ — VM (w‘s)
P ¥

— 20V’ - HS (2, Vau, p) + 20V ,u - RO(t,z) — ¢ |V ué‘QQ‘;(t x)
x T y Vo, T ) T ) .

In the following we will estimate from above the right-hand side of the latter expression.
We notice that the second term of the right-hand side is negative since

(2.4.16) "o —2 () >0.

We notice that R? and Q° are uniformly convergent to 0 as § tends to 0, so we can assume
that,
€

< 5
2e||Vaull o + 1€l oo VaullS

(2.4.17) HR‘sHOO+ HQSHOO
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Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

for 6 small enough and depending on € > 0.
The first term in the last line of (2.4.15) can be bounded using B2,

(24.18)  —20V,u® - H (2, Vyu, u) < QCocpHqu‘sHoo (1 + [Vaulll, + Ag, (u(t))q/> :

In fact we are going to use the latter inequality to obtain (2.4.19) below, only by noticing

that using (2.3.6), the right-hand side involves only terms with exponents in Hw‘SHOO or

HwOHOO not larger than 1%

Then we use B3 on the first term of the right-hand side of (2.4.15) since ¢’ < 0,

/

/ 1_;,_2
ﬁwé [qu‘s - Hp (x,qu‘s,u) —H (x,qué,,uﬂ < —Co_l |30 |q (w‘s) ?
¥ pite

/

+0Eﬂ5 C*Aﬁﬂ5A )4
0¢w+ 0o M a0 (1) .

aq
The term involving — (w‘;) 2 5 a key element in this proof. On the one hand, it will

allow us to cancel the term in w®A, (u(t))q/. On the other hand, we will use the fact that
it has a larger exponent than any of the remaining terms.
From (2.3.6) and (2.4.13), we obtain
|| q ~1_—a+b Cg, 1—¢' 1—4'||, 0[5
A () < Bl e = (01 -0 )

where 6 € (0,1) will be defined below. Then (2.4.13) implies,
e

—1 —qg—b —9e—atbd
g 2 e e

Combining the latter six inequalities, (2.4.15), and the fact that Hw‘SHOO < HwHoon” HoonOHOO <

e (=) HwOHOO, we obtain the following partial differential inequality,

/
(2.4.19) o’ — vAW + Vyw’ - H, (:U, Vol ,u) + QV%waé Vel

'] e—a(eb_e—b
*1€7a+b )\103 16 ( )
o0 (1—-6)1=9(1— )¢

W)
[o.¢]

—1 —1 —q—b —de—atd s 144
< —Cgtblulte e 3 (W)

1 0132
+e+4 Capo (1 + ||u||oo> <1 + [lw?]] 2 >

where Cp ¢ is a positive constant which only depends on the constants in the assumptions
1+qg

and in (a,b,0). We systematically used the inequality HwOH; <1+ Honog on every

term of the form HwOHZO with 0 < 7r < %.

1
Let us mention the following result: the function y* defined by y* = max (yo, K~ *|f ]\&)
is a super-solution of the following differential equation,
y'(t) = =Ky + f(1)
y(0) =yo

posed on [0, T'], where k and yo are positive constants and f is a bounded positive function.
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2.4. A priori estimates and the proof of Lemma 2.2.4

This and [|w(0)||
to (2.4.19) is given by

< eC2 which comes from A2 and (2.4.13), yield that a super-solution

)\108/6%6%67&%66_@(6b76_b) ot

(1—0)7-1(1 — \o)?

9

q 1+4q
10?2 + Cuno (1 + flull) (1 Tl +z—:>

where we replace C,p ¢ with Cy 59 + (eC’g)H%.

From a comparison argument for parabolic second-order equation, w® is not larger than
the latter expression. This result holds for w® by letting 6 and ¢ tend to 0, thus w® verifies
the following inequality,

)

q' 2b ge*“H’eeﬂl(Eb_eib)
)l < 2
oo (1 — 9)‘1,_1(1 — /\o)q/

a 1+g
o1 + Cuo 1+ ) (14 ) 5°).

By B3, we can choose a > 1 large enough, b > 0 and 6 € (0,1) small enough such that

/ g —a+b —afb__.—b

A CE e2be2® e’ (e ¢ )
(1-0)4"=1(1-X0)’

< 1. This implies

. Lt
(2.4.20) Hongg < Capo (14 [Julls) <1 + Honojq> )

—1
—a —a(_b__—b
/\103/“@2%%6 . ("=") C

(1-0)7~1(1-x0) a,b,f-

where we increased C, ¢ into (1 —

1
We make out two cases: the first case is when Hongo < 2Cap0 (1 +||ull, ). The

1
second case is when HwOHEO > 2Cap0 (1 + |Jull ). In the latter case, (2.4.20) implies that
o

|
o0

< %HwOHi <1 + Hwougq>, which implies that HwOHOO < 1. Therefore, in any

of the two latter cases we obtain
1
[w][2, < 1+2Cap0 (1+ Jull) -
This and (2.4.13) yield (2.4.7) when ¢ = 0, this concludes the proof. O

Now, we can combine the estimates obtained in this section with classical results on
parabolic second-order equations and get further estimates of u and its derivatives and on
m.

Lemma 2.4.6. Assume Al, A2, B2, B3, FP1, FP2 and T. The function u is in
C1+§72+/B ([O,T] X Td) for any B € (O,/B(Q)), where By was introduced in the assumptions.

8 ‘ ‘
Its CYT22TB norm can be bounded by a quantity depending only on llullo, B, and the
constants in the assumptions.

Proof. Lemma 2.4.5 states that | V,u||, is bounded by a quantity which depends on ||u||
and the constants in the assumptions. So is Ay, (u) by (2.3.2). Then u is the solution of
the heat equation with a right-hand side equal to —H (z, V,u, 1) which is bounded in
L. Classical results (see for example Theorem 6.48 in [86]) state that for any 5 € (0,1),
the C %+§’1+B—norm of u is bounded by a constant which depends on the L°-norm of the
right-hand side, the terminal condition, and .
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Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

Lemma 2.4.4 yields that m is in c58 ([0, 7] x ']I'd) for 8 € (0, By), is positive, and that
both its '3+ ([0,T] x T%)-norm and its lower bound depend on |[uf, !
the constant of the assumptions.

EL
Therefore, Lemma 2.2.3 yields that [(t,z) — o*®)(z)] € C 2P0 ([0, 7] x T4 RY).
From A1, H is locally Lipschitz continuous with respect to (x,p). This and T imply
85
that [(t,2) — H (t, Veu (t,z), u(t))] € C = Fho ([0, 7] x T?). Thus w is the solution of the
86

backward heat equation with a right-hand side in C “2%:Pho supplemented with terminal
condition in C?*50. Classical results (see for instance Theorem 4.9 in [86]) yield that u is in

B8 B8 B85
O3RN 2 0 and its O 2288 norm depends on g, m(T))||q2+6, and the C 2B
norm of the right-hand side. We recall that § is any constant in (0, 8p). The proof of the
lemma is complete.

mngoo, B, and

BB
Following precisely the dependencies in the above estimates, we obtain that the C 1+75%.2+650

norm of u can be estimated from above by a constant which depends on ||ul|, ||mg IHOO,
B, and the constants in the assumptions.

The conclusions of Lemmas 2.4.1, 2.4.4, 2.4.5 and 2.4.6 are summarized in Lemma
2.2.4.

2.5 [Existence and uniqueness results under additional as-
sumptions

2.5.1 Solving the MFGC systems for M < oo

Lemma 2.5.1. Under assumptions A1-A3, B2, B3, FP1, FP2, T and M € (0,00),
there exists at least one solution to (2.2.4).

Proof. For (u,m) € C%! ([0, T] x T%R)xC° ([0,T]; P (T?)), we define u* € C° ([0, T]; P (T? x R?))
by
M (t) = [La, Tar (—H, (-, Vau(t, ), 1™ (t)))] #m(t) in [0, 77,

M

using Lemma 2.2.3. Then we define v as the viscosity solution of the following backward

HJB equation with a final condition,
5. uM(T, z) = g(x,m(t)).

We can rewrite the first line of the latter system in the following way,
1
—0u™ — vAuM + v, uM / H, (z, SVIUM,,U,M(t)) ds=—H (x,O,,uM(t)) ,
0

where the right-hand side is bounded using Ao (p(t)) < M, B1 and (2.2.2). The maximum
principle for second-order parabolic equation provides that u is bounded. Here, the proof
of Lemma 2.4.5 can be repeated to prove that ||V,u|| ., is bounded by a constant which
depends on M and the constants in the assumptions. Then with the same argument as in
Lemma 2.4.6, u™ is bounded in C%+§’1+B—norm, for all g € (0,1).

We define mM as the solution in the sense of distributions of the following Fokker-
Planck-Kolmogorov equation with an initial condition,

{@mi\/l(t,x) —vAmM(t,z) + div (b(t,z)m™) =0 in (0,T) x T¢,

mM(O) = my,

37



2.5. Existence and uniqueness results under additional assumptions

with b(t,z) = —H, (2, VouM (¢, 2), 4™ (t)) which is a continuous function with respect to

(t,z). Using the same arguments as in Lemma 2.4.4, we get that m € C58 (Td;R) for
B €(0,B).

Moreover, ||uHC1 ||m||cg , are bounded by a constant which depends on M,
2 27

+5,148°
B and the constants in the assumptions. The map (u,m) — p™ is continuous from
C% ([0,7] x T4 R) x C° (0, T]; P (T%)) to C° ([0, T); P (T¢ x R?)) by Lemma 2.3.1. The
map (m, p™) — «M is continuous from C° ([0,7];P (T¢)) x C° ([0, T]; P (T x R?)) to
C%! ([0, T] x T%R) by the stability of the solutions of viscosity. The map (uM, pM)
mM is continuous from C%! ([0, 7] x T4 R) xC ([0, T]; P (T4 x R?)) to C° ([0, T]; P (T?))
by linearity of the FPK equation.
Thus the map (u,m) — (u™, m™) is continuous from C%! ([0, T] x T%R)xCP ([0, T]; P (T?))
to itself. Its fixed points are exactly the solutions to (2.2.4). The image of this map is a
subset of a convex compact set. Therefore, there exists a fixed point by Schauder theorem,
see [56] Corollary 11.2.
Using the same arguments as in the proof of Lemma 2.4.6, such a fixed point u satisfies

w e CIF A28 ([0,T] x T4 R) for amy 5 € (0,52). :

Considering M < oo in (2.2.4) consists of enforcing the condition A (p(t)) < M, i.e.
the fact that the support of u(t) is embedded in the compact set T¢ x Bga (0, M), for
t € [0,T]. Therefore, the interactions through controls are uniformly bounded. Lemma
2.5.1 relies on that to state the existence of solutions to (2.2.4). For M = oo, we can not
obtain such a uniform estimate by combining only the results of Section 2.4. However if
such an estimate exists, the result of Lemma 2.5.1 holds for M = oo and yields the existence
of solutions to (2.1.2). More precisely, if a solution to (2.2.4) satisfies Ao (11(t)) < M for
any t € [0,7], then it is also a solution to (2.1.2). This is summarized in the following
Corollary.

Corollary 2.5.2. Under the same assumptions as in Lemma 2.5.1, if, for any M > 0,
any solution (u,m,u) to (2.2.4) satisfies ||ul|, < C, or ||Vaull,, < C, for some C > 0,
then there exists at least one solution to (2.1.2).

Proof. By Lemma 2.5.1, we define (u,m, p) as a solution to (2.2.4) for M € (0,00) that
will be defined later. By Lemma 2.2.4, assuming that ||u|| ., is bounded is equivalent to
assuming that ||V,ul| is bounded. Therefore, without loss of generality, we can assume
that ||Vgull,, < C. From FP1 and (2.3.4), we obtain

20Co

| Hy (2, Vo, )| oo < Co (14 C771) +
— 0

(1+cCr ).
We define M = 1+ Cjy (1 + qul) + % (1 + C’qfl), then the truncation T, leaves
—H, (-, VyuM, i) unchanged. Hence (u, m, p) is a solution to (2.1.2). O

2.5.2 Existence results when ¢y < ¢

When ¢y < ¢/, we can use integral energy estimates. More precisely, inequalities (2.4.1)
and (2.4.5) hold. Therefore, the assumptions under which we can prove existence should
be weaker than in the case gy > ¢’ in which we have less estimates at our disposal.

In particular, Corollary 2.4.3 provides a uniform estimate on |ju| ., under suitable
assumptions. Corollary 2.5.2 then yields the existence of a solution to (2.1.2): hence we
may state the following theorem:
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Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

Proposition 2.5.3 (Existence of solution with small non-linearitz’es) Under assumptions
A1-A3, B1-B3, FP1, FP2, T, qy < ¢, and \{ + Co)a < % there exists at least

0
one solution to (2.1.2).

Instead of assuming that the multiplicative parameters are small like in Proposition
2.5.3; we suppose in Propositions 2.5.5 below the exponent for the interactions through
controls is in fact smaller than the one appearing in B1.

Proposition 2.5.4. Assume A1-A3, B2, B3, FP1, FP2, T, ¢y < ¢/, and that H satisfies
’H(J;‘, Ovﬂ)‘ < Co (1 + Aqo (:U')q) )

for (xz,pu) € T4 x P (Td X Rd), where ¢ € [0,¢") is a constant. There exists a solution to

(2.1.2).

Proof. Let (u,m,p) be a solution to (2.2.4) for M € (0,00). From A2, (2.4.4) and the
new assumption, we obtain that,

T
Jullo < Co1+7)+Co [ A (ule))Tdt
0

g T ’ qil
<Co(14T)+CoT </ Agy (u(t))? dt> ,
0

where the second line is obtained by a Hélder inequality, since ¢ < ¢’. Let us recall that

the inequality (a + b)ﬁ < av + b7 holds for any a,b > 0. The latter two inequalities and
(2.3.5) with 6 =  imply,

T Z
lul. <C+C (/ / \qu(t7a:)|qdm(t,x)dt> "
0 Td

where C' > 0 is a constant which depends on the constants in the assumptions. This and
(2.4.5) yield that,

g
Jull o < C + Cllul|é,

up changmg the value of C'. Let us make out two cases: the first case is when [ju||

(QC)q —4. The second case is when ||ul|,, (QC)q -4, which implies ||Jul|, < C + §Hu||Oo
In any of the two cases, w is uniformly bounded w1th respect to M. The desired result
then stems from Corollary 2.5.2. 0

2.5.3 Existence results which do not need the assumption ¢y < ¢’

Here, we do not make the assumption gy < ¢’. We can still obtain an existence result
in the same spirit as the one provided in Proposition 2.5.4. In the following proposition,
the exponent for the interactions through controls is assumed to be smaller than the one
appearing in B1 or in Proposition 2.5.4.

Proposition 2.5.5. Assume A1-A3, B2, B3, FP1, FP2, T, and that H satisfies
(25.2) [H (2,0, 2)] < Co (1+ Mgy (1)" )

for any (z,p1) € T4 x P (T x RY). There exists a solution to (2.1.2).
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Proof. Take (u,m, u) a solution to (2.2.4) for M € (0,00). Let us combine (2.4.3), (2.3.6)
<

for =1, (2.4.7), (2.5.2), and the inequality (a + b)% a + b which holds for a,b > 0;
this yields

1
(2.5.3) —Owu—vAu+Vyu- /0 H, (z,sVu(t,z), u(t))ds < C <1 + max. ||U(5)Hoo> ,

for a constant C' > 0 which depends only on the constants in the assumptions. We
recall that ||u(T)|l,, < Co by A2. We consider y,,y_ € C ([0,T];R) defined as y (t) =
Ct+Coeft and y_(t) = —Ct—Coe®* such that they are solution to the following differential
equations

By a comparison argument for second-order parabolic equation we obtain,
—CT — CoelT <y (T —t) <u(t,x) < yu(t) < CT + Coe’T,

for (¢t,2) € [0,T] x T?. Therefore u is uniformly bounded with respect to M. The desired
result then stems from Corollary 2.5.2. O

In Propotitions 2.5.4 and 2.5.5, we changed the exponent appearing in B1. In the
following proposition, we assume a smaller exponent than the one appearing in B2 instead.

Proposition 2.5.6 (Ezistence with more restrictive assumptions on H,). Assume A1-A3,
B1, B3, FP1, FP2, T, and the following inequality,

(2.5.4) [Hy (e, 12)] < Co (14 [p] + Mgy (17 )

for any (x,p, ) € T x R x P (']Td X Rd). There exists at least one solution to (2.1.2).

Proof. Take (u, m, p) a solution to (2.2.4), for M € (0, c0).
First step: we prove the following inequality,

t<s<T

(2.5.5) IVeu@®)]3, < C (1 + sup IIU(S)\OO> :

for any ¢t € [0,T], where C' > 0 is a constant depending only on the constants in the
assumptions. We will only prove this inequality for ¢ = 0, however the proof does not use
the additional information available at ¢ = 0 (the initial condition on m for example), so
it can be repeated for any ¢t € [0,7] and the constant C' in (2.5.5) does not depend on t.

We introduce ¢, w%, a,b,d and € as in the proof of Lemma 2.4.5. Using (2.5.4) instead
of B2, we obtain

—2g0qu5 . Hg‘g (x, Vyu,pu) < 2CO<pHun6HOO (1 + HVQ;U‘SHOO + Ay (u(t))q,_1> .

From this and (2.3.2), one may notice that the right-hand side of the latter inequality only
involves terms with exponents in Hw(SHOO or Honoo nor larger than § (1 + (¢ — 1)(¢’ — 1)) =
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1. This and the same arguments as in the proof of Lemma 2.4.5 between (2.4.18) and
(2.4.19), lead to the following inequality,

/
o’ — vAW® + V- H, (x, Vul, u) — 2V£V$w5 v
¥
/! —a(,b__,—b
—1,—a+b MGy e S wOHH%
o0 (1—0)1=7(1 = \)? 00

e+ Cano (14 Il ) (1+[[0”]],)

-1 -1, —a—b, —de-att 5 +3
< —Cg bllull e e 8 (w?) T 4 bijul

instead of (2.4.19), where the novelty is the exponent on HwOHOO at the last line which
changed from % to 1. Then following the same steps as in the proof of Lemma 2.4.5 until
the end, we obtain that,

IVaullfe < Capo (1+llulls) -

This concludes the first step of the proof.
Second step: obtaining a uniform estimate on u.
Using B1, (2.3.6) with = 1 and (2.5.5), we obtain that,

[H (2,0, 1(®)] < Co (14 Agy (1))

q'+1 q -1
<2Cy + W (1+ IVau@)lL)

<C (1 + max HU(S)IIOO> ;

t<s<T

where the constant C' from the previous step may have been increased. This implies that u
satisfies the same partial differential inequality as in the proof of Proposition 2.5.5, namely
(2.5.3). Therefore the same arguments as in Proposition 2.5.5 apply and we conclude that
there exists a solution to (2.1.2). O

Remark 2.5.7. Note that the exponent ¢ — 1 actually appears in several applications:
for instance, the price impact model described in paragraph 2.6.2 in the quadratic case
(i.e. ¢ =2) withe =0 (i.e. when the bidding and asking prices are equal), satisfies the
assumptions in both Propositions 2.5.5 and 2.5.6 with an exponent exactly equal to ¢’ — 1.

2.5.4 Existence and uniqueness results with a short-time horizon as-
sumption

Under a short-time horizon assumption, existence and even uniqueness of solutions are
well-known in the MFG literature. Indeed, when the time horizon is small, one may obtain
strong a priori estimates under non-restrictive assumptions. These estimates combined
with Corollary 2.5.2 yield existence of solution to (2.1.2) as stated in the following propo-
sition.

Proposition 2.5.8 (Existence with short time horizon). Assume A1, A2-B1, B2-FP1,
FP2, and T. There exists Ty > 0 such that, if T < Ty then there exists a solution to
(2.1.2).

Proof. Take (u,m, ) a solution to (2.2.4) for M € (0,00). We combine (2.4.3), FP1,
(2.3.6), (2.4.7), and the convex inequality (a + b)? < 2971 (a9 + b?), and we obtain

1
(2.5.6) — O —vAu+ Vyu -/0 H, (z,sVu(t,x), pu(t))ds < C <1 + max Hu(s)\|go> ,

t<s<T
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where C is a positive constant which depends only on the constants in the assumptions.
We recall that ||u(T)||,, < Co by A2. Let us consider the following differential equation,

y'(t)=C(1+y?)
y(0) = Co.

loo

There exists Ty > 0 such that the latter differential equation admits a bounded solution
on [0,Tp]. We suppose that T' < Ty, then (¢,2) — y(T — t) is a super-solution to (2.5.6).
Hence by a comparison principle, we get that u < y. The same argument applies in order
to prove that u > —y. Therefore u is uniformly bounded with respect to M, and there
exists a solution to (2.1.2) by Corollary 2.5.2. O

We will now prove Theorem 2.2.6 which states that uniqueness is achieved under a short-
time horizon assumption. We believe that this uniqueness result can be easily extended
to more general Hamiltonians, but that the short-time assumption is essential. Indeed,
numerical simulations in [2| show that uniqueness does not hold for the discrete MFGC
system obtained by approximating (2.1.2) with finite differences; we believe that uniqueness
does not hold for (2.1.2) either. Theorem 2.2.6 should be interpreted only as a simple
example of uniqueness result with a short-time horizon assumption.

Proof of Theorem 2.2.6. We suppose that T7 < Ty, where Ty was defined in Proposition
2.5.8, so that a solution to (2.1.2) satisfies uniform estimates on ||ul| _, [|u||¢1.2 and ||m?||co
by Lemma 2.4.6, for i = 1,2. Take (u!,m!, ') and (u?, m?, u?) two solutions to (2.1.2).
We define v = u! —u?, m =m! —m? and o = at' — o’
In this proof C' > 0 is a constant which may differ from line to line and depends only
on the constants in the assumptions, ||uf||c1,2 and ||m?| o, for i = 1,2.
We can repeat the proof of Lemma 2.3.2 replacing Hml — mQHQ and le — szfg re-
2Hﬂo
o

spectively with Wy, (ml, m2) and le —p everywhere and we obtain that,

(25.7) lo(®)le < € (IVau(t) g + Wy (m' (1), m*(1)))
for any t € [0,T]. Let us consider X! and X? two random processes defined by

dX} = o™ (t, X)dt + V2udW,
dX2 = o (t, X2)dt + V2udW,
Xg = X5 =X°,

where X0 is a random variable on T? with law m° and W is a Brownian motion independent
of X°. The respective laws of (th, ot (t,th)) and (th, ok’ (t,Xf)) are ! (t) and p2(t).
Then we obtain,
» 2 .
/ ol (s,X)) —at (s,X2)ds }
0

q17 L

q1 dS

B [lx} - XF|"]% ~ B |

t
< / E Ha“l (S,X;l) — o (s,Xf)
0

t
< / E Hoz“l (S,XSI) — (s,Xf)
0

where we used the triangle inequality for the L%-norm twice. By the first additional
assumption of the theorem and A1, at s Lipschitz continuous with respect to x and its

q17 L

42

" +E Hoz“l (S,Xf) — o (S,Xf)

1
q17 5

q
]1d8,



Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

Lipschitz constant depends on HuiHCm and Ay (,ul). Using the estimates from the proof
of Proposition 2.5.8, it only depends on the constants in the assumptions. This, the latter
inequality and (2.5.7) imply

1

t 1
E Hth - Xf‘(n] a < C’/ E HXSI - Xf‘tn]H ds+CT sup (vau(t')HOO + Wy, (ml(t'),mQ(t'))) .
0

0<t'<T
This and Gronwall’s inequality yield that,

sup E Hth - Xf|q1] a < CT sup (||[Vou®)|ly + We (m'(t),m*(1))).
0<t<T 0<t<T

From now on, we assume that 7 < 5, so that (1 — CT) > 3. Since Wy, (m!(t),m?(t)) <
1
E Hth - th‘ql] 7 we obtain:

(2.5.8) sup Wy, (m'(t),m*(t)) < CT sup |Vyu(t)| ..
0<t<T 0<t<T

Hence u satisfies the following equation,

{ — O —vAu = —H (ZL', qul,,ul) + H (;E, Vmu2,u2) ,
w(T,z) = g(x,m"(T)) — g(x,m*(T)).

The right-hand side of the first line can be estimated in absolute value from above as
follows:

H (2, Voul, i) = H (2, Vou?, p?)| < C sup |[Vou(?)|.,
0<t'<T

by T, (2.5.7) and (2.5.8). Since u(T,-) € C'™P (T?), Theorem 6.48 in [86] yields that
u € C3r3Ies ([0,T] x T?) and it satisfies:

sup [|Vou(t)|l o < [|Va (9(m"(T)) = g(-,m*(T))) ||
te[0,7]

+CT b (19500 + loCm () = g TDllenss)

This, (2.2.5) and (2.5.8) yield,

sup | Vou(t)|o, < CT? sup [[Vu(t)]...
te[0,T] t€[0,T7]

Thus if we suppose furthermore that T' < C’f%, then V,u = 0, so m = 0 by (2.5.8), then
p! = p? by (2.5.7), and finally u' and u? solve the same Hamilton-Jacobi-Bellman equation
with the same terminal condition, so by uniqueness u = 0.
Therefore, we proved the uniqueness for 7' < T} where 77 is defined by 17 = min Ty, (C _%, C _1) .
O

2.6 Applications

Here, we are going to work on T¢, while it would be more realistic to work in the whole
space R? for the applications considered below. We would like to recall that the existence
results contained in the present work hold for MFGC systems on R? using the method
introduced in [76] to pass from the torus to the whole Euclidean space. Therefore, the
conclusions of this section may be adapted to treat the same applications on R,
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2.6.1 Exhaustible ressource model with nonpositively correlated ressources

This model is often referred to as Bertrand and Cournot competition model for exhaustible
ressources, introduced in the independent works of Cournot [50] and Bertrand [23]; its mean
field game version in dimension one was introduced in [65] and numerically analyzed in
[47]; for theoretical results see [25, 62, 73, 63]. We consider a continuum of producers
selling exhaustible ressources. The production of a representative agent is (g¢).e(o,77; the
agents differ in their production capacities X; € T (the state variable), that satifies,

dXt = —qtdt + Vv 21/th,

where v > 0 and W is a Brownian motion. Each producer is selling a different ressource
and has her own consumers. However, the ressources are substitutable and any consumer
may change her mind and buy from a competitor depending on the degree of competition
in the game (which is characterized by € in the linear demand case below for instance).
Therefore, the selling price per unit of ressource that a producer can make when she sales
q units of ressource, depends naturally on ¢ and on the quantity produced by the other
agents. The price satisfies a supply-demand relationship, and is given by P (¢,q), where g
is the aggregate demand which depends on the overall distribution of productions of the
agents. A producer tries to maximize her profit, or equivalently to minimize the following
quantity,

T
E [ | =Plaay ad+ g (x|
0

where g is a terminal cost which often penalizes the producers who have non-zero produc-
tion capacities at the end of the game. In the Cournot competition, see [50], a producer is
controling her production g. Like the MFG version of the Bertrand and Cournot compe-
tition introduced in [47], here we consider the Bertrand formulation [23|, where an agent
directly controls her selling price & = P(q,q). After inverting the latter equality, the pro-
duction can be viewed as a function of the price and the mean field. Mathematically this
corresponds to writing ¢ = Q (o, @).

In [47], the authors considered a linear demand system depending on gy, = [ ¢(x)dm(z)
and a price satisfying o = Bin(¢,Giy) = 1 — ¢ — €Gp;,- In this case, the running cost L'
and its Legendre transform H'™ are defined by

. 1
Lhn — 2 € —
(o, ) =« —|—1+6aa %
. 1 € 1 \?
lin — - v —
H™ (p.p) = § <p+1+€a 1+€> ,

where a,p € R, p € P(T x R) and @ is defined by @ =[5 adu(y,@). Therefore the
system of MFGC has the following form,

1 e 1\?
—u—vAu+ -~ (V a-— =0
U — vV u—|—4< mu—|—1+5a 1+6> )

8tm—VAm—div<1<qu+ c o — 1 m>:O,
2 1+4+¢

_ 1 e _ 1
(1) :—/Tz <V$u+ ) -
u(T,z) = g(x),

(m(0,x) = mp(x),

(2.6.1)

N—— —
U
L
o~
=
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Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

for (t,z) € [0,7] x T. Roughly speaking, ¢ = 0 corresponds to a monopoly in which
a producer does not suffer from competition, and she plays as if she was alone in the
game. Conversely, € = oo stands for all the producers selling the same ressource and the
consumers not having any preference.

Here, Theorem 2.2.5 d) implies the following existence result.

Proposition 2.6.1. If my and g satisfy A2 and A3, there exists a solution to (2.6.1) for
any € € (0,00).

To prove it, we may take ¢ =2, ¢ = 1, \g = ﬁ, A1 =1,and Cy = % in FP1; then

we check the assumptions of Theorem 2.2.5 d). In this case, the inequality in B3 has the

2
form 1 < (%—ii) , and is satisfied for any ¢ € (0, c0).

Here, the Lagrangian L' satisfies a monotonicity assumption, but the latter existence
result does not take advantage of it. We refer to [76] for a uniqueness result and an other
existence result for the solution to (2.6.1) using this monotonicity assumption. General-
izations of (2.6.1) to larger dimensions with more general Hamiltonians and prices are also
discussed in [76] under the monotonicty assumption.

In what follows, we provide a simple example of a generalization of (2.6.1) in which the
monotonicity assumption does not hold and the results in [76] do not apply anymore. How-
ever, the results in the present work may hold in some cases even without the monotonicity
assumption.

Let us consider a model in which every producer sells d different kinds of ressources.
The price of each ressource depends on the mean field like in (2.6.1). Namely, we take
Q = Ma — o which is now a d-dimensional vector and where M € R?*? is a given matrix.
This leads to the following MFGC system,

— Owu — VAU + i (Vau+ Ma)? = f(x,m),

Om — vAm — div <; (Vzyu+ Ma@) m) =0,

(2.6.2) N

a(t) = — (Id + 2M) Vu(t, z)dm(t, x),
Rd

w(T,z) = g(x),
m(0,x) = mo(z),

Proposition 2.6.2. Assume A2, A3, that M has an operator norm smaller than 1, and
that f is continuous, and differentiable with respect to x with continuous derivatives. There
exists a solution to (2.6.3).

The proof consists in taking g =2, gqo =1, \y =1, Cy = % in FP1, and Ay = %,

where || M]|| is the operator norm of M; and we check the assumptions of Theorem 2.2.5
d).

The monotonicity assumption discussed in [76] is equivalent to assuming that M is a
positive semi-definite matrix. Here, we do not make such an assumpion.

What we have in mind in the latter example is the case where the prices of the different
ressources may be negatively correlated, like cars and oil (if the production of cars increases,
then the demand for oil also increases and the price of oil rises while the price of cars
decreases), or pesticides and medicines, or gold and other raw materiels. To our knowledge,
such a generalization of the exhaustible ressource model to negatively correlated ressources
is new in the MFG literature.
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More generally, we believe that our results hold for the following MFGC system under
various different sets of assumptions that we will not detailed here,

( — Ou —vAu+ H (z,Vou+ Q(t,x, 1)) = f(t,z,m(t)),

Om — vAm — div (Hp (z, Vau + Q(t, z, 1)) m) =0,
(263) (t) = (L= Hy (. Vou(t. ) + Q(t, -, u(0)) #m(1)
u(T,z) = g(x,m(T)),

\m(ov :E) = mg(l‘),

where @ : [0,7] x T? x P (T? x RY) — R? is a vector characterizing the mean field inter-
actions.

2.6.2 Price impact models with bid and ask prices

The price impact model without bid and ask prices is inspired by the Almgren and Chriss’s
model [13], and was introduced in the MFG literature in [38] and [43] where existence and
uniqueness results are proved when the admissible controls stay in a compact set. Here we
consider an extension with bid and ask prices.

We suppose that a continuum of agents are trading an asset, the state of a representative
agent is X; the amount of this asset she owns. Her control « is the quantity she buys (if
a > 0) or sell (if & < 0). The state space is the one-dimensional torus T, and X; is given
by,

dXt = Oétdt + O'th,

where W is a Brownian motion, and o > 0 is a real constant. We define S; as the asking
price of the asset, and e (u(t)) as the difference between the bidding and asking prices,
where p(t) is the law of (X¢, a¢). The agent buys at the bidding price S + ¢ (pt), thus her
cash is given by

dKy = — (auSp + aue (u(t)) + £ow)) dt,

where /¢ is a differentiable function standing for the transaction cost. The price Sy evolves
accordingly with the amount of transactions at time ¢, it satisfies the following SDE,

ds; = A (u(t)) dt,

where A (u(t)) = /TFXRKI(a)du(t,x, a),

The wealth of a representative agent is given by V; = Vi + X¢S¢ + K; and it satisfies the
following SDE,

(2.6.4) AV = (XA (u(t)) — £ (ag) — e (u(t)) ) dt + o Spd W

The objective function that she will try to maximize is given by,

E[VT— /0 C (Xdt — (X))

where f and g are penalization costs for holding stocks. Here, the Lagrangian and Hamil-
tonian are given by,

LPI (ac,a,,u) = E(a) +ae (M) —zA (M) )
H™ (z,p,p) = h(p+e (1) +zA (),
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for (z,a, ) € T x R x P(T x R), where h is the Legendre transform of ¢.

The linear-quadratic case with ¢ = 0 is treated in [41]. Here, taking e = 0 corresponds
to assuming that the bidding and asking prices coincide. In this case the optimal control
is given by —hy(p) and does not depend explicitely on p. If € # 0, the optimal control
depends explicitely on p and LF! is not separable in o and j, this prevents us from using
the results in [41].

Let us give an example of choices for the functions ¢ and € under which our result apply
and a solution of the MFGC price impact model exists.

Proposition 2.6.3. Assume A2, A3, that f is Cl,land that ¢ and € are respectively given

by l(a) = % and € (p) = g(foR|a|2d,u (:E,oz))Q, where 0 < & < 3. There exists a
solution to (2.1.2) with HFT,

This existence result is a consequence of 2.2.5 ¢), where the assumptions are satisfied
forgq=qy =2, Ag=¢, \1 = i and Cp = 1 in FP1. We would like to insist on the fact
that Theorem 2.2.5 ¢) provides the existence of solutions for a wild class of Hamiltonian,
larger than the one of the latter proposition and which goes beyond the linear-quadratic
case.

Let us mention that we would be interested in defining the bidding price by (1 + €)S;,
where € > 0. The associated MFGC system cannot be using the conclusions of the present
work because the mean field interaction at time ¢ would depend not only on p; but on
(1s)sejoy- However, we believe that existence holds under similar assumptions as here,
and we plan to prove it in forthcoming works.

2.6.3 First-order flocking model with velocity as controls

Cucker and Smale proposed a form of Vicseck model in [52] to illustrate the behavior of
flocks of birds. This model is of second-order in the sense that the state of an agent is given
by a couple (z,v) standing for her position and velocity respectively, and the equation of
evolution of her state involves considering her acceleration.

A game version of this model in which an agent controls her acceleration has been
introduced in [91], the authors derived a MFG formulation in the infinite horizon case.
Here we are interested in the finite horizon problem which was studied in [43, 41]. This
model is still of second-order. More precisely the state of an agent is given by (X¢, V4):e(o,7)
respectively her position and velocity, two random processes which satisfy the following
system of stochastic differential equations,

dX; = Vidt,
dVy = apdt + odWy,

where a; is the individual’s acceleration vector and her control, W is a d-dimensional
Brownian motion, and o € R?*? is a positive definite matrix. The cost that a representative
agent tries to minimize is given by

/TW+1
0o 2 2

where p(t) € P (Td X Rd) is the joint distribution of states and velocities of the agents, ¢ is
a C' nonincreasing function, and f is a C'' function modeling the spatial preferences of the
agents (for instance, we can take f significantly smaller in some areas which corresponds
to where the food is).

2
E

/Td (v =Vi) o (o — X{|) du(t, z,v)

+ f(Xt)dt] )
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Here we consider an alternative viewpoint in which an agent directly controls her ve-
locity. This is a first-order model since the state of an agent is now given by a vector of
T?, and the acceleration does not appear anymore in the dynamics of a given agent, which
is given by

dXt = Oétdt + O'th.

Here, the cost that an agent tries to minimize is given by

T 2
1
E[/ Joof* | 1
0 2 2

First-order physical models are generally easier to study than second-order models. How-
ever the price we paid here to go from a second-order model to a first-order model is
to consider a MFGC system instead of a MFG system without interaction through the
controls.

Ifpe® (Td X ]Rd) and m € P (Td) are such that m is the marginal of p with respect
to T¢, we define A(z, ;1) and Z(z, i) by,

2

+ (X)) dt] .

[, @=a)¢ (e X)) du(t..)
Td x R4

Awa) = [ G o=yl du(y. ).

Za) = [ ola = ol) dm(y).

for x € T?. We define the Lagrangian of the first-order flocking model by,

2
1
P (o) = 0 4 2 |2, ) — Al )+ S (@),
for (z,c,p) € T4 x RY x P (Td X Rd), and the Hamiltonian by,

1
(14 Z(x, 1)?)

for p € R, such that H™™ is the Legendre’s transform of LFM,

H™ (@,p, ) = 5 (Ipf —22(x. A p) - p— [Alw.1)) — f2).

Proposition 2.6.4. Under assumptions A2 and A3, there exists Ty > 0 such that if
T < Ty, there exists a unique solution to (2.1.2) with H™™.

Hereafter, we present an other model for crowd motion which is very similar to the
first-order flocking model discussed above. The main difference between these two models
is the normalization constants. However, the assumptions and conclusions of this work
are more adapted to the following crowd motion model and we can derive more existence
results for it. We believe that these results can be adapted to the first-order Cucker-Smale
system.

2.6.4 A model of crowd motion

This model of crowd motion has been numerically studied in [2] in the quadratic case,
and has some similarities with the first-order flocking model presented in the previous
paragraph. For (z,p) € T x P (T? x R?), we define V (z, 1) and Zy, (z, 1) by

1
ZQO (fUaM)
1

Zgo(, 1) = </Td k(w,y)q6dm(y)> "

V(z, pn) = /deRd ak(x,y)du(y, a),
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where g € (1,0], gj is the conjugate exponent of qg, k : T¢ x T? — R is a nonnegative
C! kernel, and m € P (’]I‘d) is the marginal of p with respect to T¢. The quantity V (z, )
is called the average drift.

The state of a representative agent is given by her position X; € T and she controls
her velocity ay,

dXt = Oétdt + v 2Vth.
Her objective is to minimize the cost given by,

/

T _ " /
B[ fo = W uo)| o+ 157 bl + £+ 06
0o @ b

where —1 < A < 1 and 0 < 6 < 1 are two constants standing for the preference of an
individual to have a similar (resp. opposite) control as the mainstream when A > 0 (resp.
A< 0), f and g are respectively the running cost and the terminal cost which encode the
spatial preferences of the agents, and a’,b’ > 1 are exponents.

Here, we take ¢ = min(a, b). In this model we define the Lagrangian by,

0 ~ a 1-4
(2.6.5) L(z,a,p) = i AV(x,p)| + 7

ol
and the Hamiltonian as its Legendre transform. If a = b = 2, H is given by

_N%(1-9)
2

P 5
H(z,p,p) = =~ — Mp - V(z, 1)

If 6 = 1, H satisfies
1 ~
H(z,p,p) = —Ip|* = xp- V(2 ).
For other choices of the parameters a,b and 6, H does not admit an explicit form.

Proposition 2.6.5. Assume that g and mg satisfy A2 and A3 respectively. There exists
a solution to (2.1.2) where H is the Legendre transform of L given in (2.6.5), under one
of the following assertions,

a) o < q and a#b,
b) qo < ¢ and one of the following assertions is satisfied,
i) 6 < b,
i) 0>1— 0,
i) ’X‘ < Mo,
where 0y, Ao € (0,1) are constants coming from Theorem 2.2.5 ¢),
c) =1,
d) k(x,y) is constant,

e) T < Ty, where Ty is a positive constant coming from Theorem 2.2.5 e).
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Proof. We refer to the appendix, Lemma 2.6.7 for the proof that H satisfies A1-A3, B1-
B3, FP1-FP2, and T. The existence results c), d) and e) are direct consequences of
Theorem 2.2.5 ¢), d) and e) respectively.

We define L(a, V') by
a 1-46

+ W

for o, V € RY, H (p,V) as the Legendre transform of L with respect to its first argument,
and a(p, V') as the unique control which achieves the maximum in the definition of H (it
is unique because L is strictly convex with respect to «).

Proof of a). Take V € R? and o = (0, V), since a achieves the maximum in the
definition of H(0, V'), we know that

a—\V

~ 0 ,
L(OL,V) = ; |a|b )

a’'—2

Ozﬁ)a—XV (= AV)+(1-0)|a)’ 2a,

which implies

a’'—1

(2.6.6) e(a—Xv —(1-0)|al,

and then

(2.6.7)
(' =2)(»'—1) , ~ (a'=2)(¥'—1)
(9“‘1(1 — 9)2_“\05\ -1 4+ (1— 9)\04\17 _2) o= /\Ha_l(l — 9)2_“]a] a’ 1

The two latter equalities yield Vhrf |a(0, V)| = +00. We make out two cases:
— 400

(a’=2)(b'—1)

e if @ > b then we have o1

< b =2 and |af = K (|V]). Therefore, (2.6.7)
oo
yields
b/_l_(a/f%)(bl/fl)

@l T 2 o v)),
andb’—l—w—@>l, s0 we obtain

a’—1 b1
b—1
lal = 0 (IvI+),
+oo

which yields
70.v)= 0, (M) + 2 (M=),

with o/ < ¥/, and 2216 < ¥/, and b = q.

e if a < b then we have W_j)# >b —2 and a = XV++0 (IV]). Therefore, (2.6.7)

yields
b9 (a/—2/)£b/—1) %
1+ +O V| o/ 1 a=)\V.

We notice that b — 2 — @=2O=D _ v'—a’ 0, and we obtain

a’ —1 a’'—1

a=AV+ 0 <yV|1+’Zw-“1> — W+ 0 (m%i),
+oo “+o00
This implies
A0.v)= 0 (W) + 0 (vP)
) +OO ) +OO )]

with b’ < @, and %a’ <d,and a=q.
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We conclude by (2.6.8) and Theorem 2.2.5 a).
Proof of b)
Here, we assume that a = b since the case a # b is addressed in a).
Take V € R? and a = (0, V). In this case, H (0, V) admits an explicit form given by

~a

Al 0(1—0)2 + (1 —6)6°
a’ ((1 _ g)a—l + ea—l)a,

v

fI(O,V):—’

Therefore, taking X, 0 or (1 — 6) small enough allows one to conclude by (2.6.8) and
Theorem 2.2.5 b).
O

Appendix: verification of the assumptions for the model of
crowd motion

We start by establishing some properties of the function V in the following lemma.

Lemma 2.6.6. The function V is C* with respect to x and it satisfies

(2.6.8) IV i)l < Ago (1)

where p € P (’]I‘d X Rd).
Forme® (Td) and pt, u? € P, (Td X Rd), the following inequality is satisfied,

1 2 ! :
(2.6.9) HV (‘a# ) -V ('wu )Hoo S HaH —af L9 (m)

For R > 0, there exists Cr > 0 a constant such that,
(2.6.10) IV ety =V )l < Cr ([ = o[+ m =m?|,.),

for (mi,,ui) such that m' € iP(’]I‘d) nco (Td) with m* > R,y € P (']Td X Rd) with
ot e 0 (']Td X ]Rd) and ’ a“iH <R,i=1,2.

Proof. The function V has at least the same regularity as k£ with respect to the state
variable since V' is the convolution product of k£ with a probability measure. Then (2.6.8)
and (2.6.9) are straightforward using Holder inequality. Let us take the same notation as
in (2.6.10), for x € T¢ we get

1 ) )
‘V (x,pl) -V (x,MQ)‘ < m /1rd k(z,y) ’au (y) — a* (y)’ dm' ()
1 2
+ W/w k(x,y) ‘a“ (y)’ Im! (y) — m*(y)| dy

1 1
+ —
Zago (xa,ul) Zgy (xaUQ)

2 1 2
L - yn 1 2
oy fo Bt =

|Zao (2,18%) = Zgo (. 17)] -

[, kw0 ) am (0
T

1
Hau o

IN

o0

+ 1 Ha,u2
Zgo (w, ut)

L0 (m?)
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1 BN
Moreover, we know that Zg, (z,u') > R % <de k(0, y)quy> % > 0 where the right-hand
side does not depend on x, and

i=1,2
1 AT ! 1 2
(2
< 7 (minza @) [ Oyt =]
1
< b ([ 0.upta) ot |
>~ q(,) T ) o
147
The latter two chains of inequalities imply (2.6.10) with Cr =1+ R i + qi,RQ. O
0

Here, we assume 6 € (0,1). Indeed, H admits an explicit form when § = 0 or 6 = 1,
then checking A1-A3, B1-B3, FP1-FP2, and T is straightforward.

Lemma 2.6.7. Assumptions Al, B1-B3, FP1, FP2, and T are satisfied when L is
defined in (2.6.5).

Proof. We define E, H and « as in the proof of 2.6.5.

Checking A1, B1 and B2.

The Legendre transform of a function is convex, therefore H is convex with respect to
p. Since L is strictly convex, H is differentiable with respect to p. Moreover, o = —H,
thus H, is continuous by the Maximum theorem. Then H(z,p,u) = p - H, (z,p, ) —
L(x,—Hp,(x,p, 1), 1), so H is continuous. Finally, H is differentiable with respect to = by
the envelop theorem and

(2.6.11) Hy (z,p,pt) = — Ly (2, —Hp (v,p, 1) , 1) ,

for (z,p, ) € T? x R x P (T4 x RY).
Using the growth properties of L, we can prove that there exists Cy > 0 such that

(2.6.12) |Hy (t,2,p, )] < Co (1+[pl7" + Ay (1)
(2.6.13) [H (2,0, )] < Co (14 [pl7 + Ay (1))
(2.6.14) [ (8,0, 1)] < Co (14 [pl* + Ag (1))

for any (z,p,p) € T4 xR x P (Rd X Rd). We refer to [76] Lemma 2.5 for a complete proof.

One may prove that the function h : z € R — |2|% € R satisfies h(z) — h(y) — Vh(y) -
(y—z) > C§1|y — z[max(@2) for y, 2 € R such that |y| < R, |2| < R, where Cr > 0 is a
constant. This implies that for R > 0 there exists Cr > 0 a constant such that L satisfies

L(z,0% 1) — L (z,0" i) — (a® = a') - Lo (z,a', 1) = O |a® — o} "02)

for (al,a2,u) € R? x RY x Py (’]Td X ]Rd), such that }ai‘ < R and Ay (1) < R. This
implies

(a2 — al) : (La (iL‘, a2,u) — L, (x, al,u)) > 2C§1 |a2 — al‘max(q,’m .
Take p* € R? and o = -H, (ac,pi,,u), i = 1,2. Recalling the conjugacy relation p’ =

—L, (x, al, /J,) we obtain that Hj, is locally Holder continuous with respect to p.
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Checking B3.
Take (p,V) € R?*? and a = a(p, V), the optimal control a satisfies

(2615) p= _Daz(a’ V) — _0|a _ Xv|a’—2(a _ XV) _ (1 _ 9)|a‘b1_2a7
If (p,V) # (0,0), this implies
—p+ M|a — V|72V

(2616) = ~ / / )
Bloc— AV|7=2 + (1 6)[af? 2
and
_ _ (1 _ b —2
(2.6.17) a—\V = p+ M1 =)o’V

C fla— AV[Y2 4 (1 - 6)|aft -2
From (2.6.15), we deduce that

~ 1 / 1
Oloc — AV |71 > §|p], or (1—0)alt’~t> §\p|
We recall that o = —H)p(p, V'), hence

Hy(p,V)-p—H(p,V) = L(a,V)

o o~

)

= i (1P pl®
— 2aq/Qa—1" be’(l _ e)b—l )

which implies B3.
Proof that o is differentiable with respect to V' at (0,0).
Take V € R that will eventually tend to 0 and e = (0, V). From (2.6.15) we obtain

a’'—2

m:ﬂa—Xv (@—AW)+(1-0)|a’2a,

Let us recall inequalities (2.6.6) and (2.6.7).

e if a > b then W—j)# < b —2, and we obtain the following expansion as |V| tends
to 0, _
a=\V+o(|V]).

e if a = b we obtain,

- 9(171
(2.6.18) o=\ —V.
ga-l 4 (1—6)"

(a’=2)(b/ 1)
a’—1

e if a < b then
to 0,

> b — 2, and we obtain the following estimate as |V tends

a=o(|V]).

Therefore the derivatives of o with respect to V' in any of the above three cases are:

Ay ifb<a
D ~ ea—l
2.6.19 a(0,0) = { X I, ifb=a
( ) ve(0,0) T
0 if b > a.
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€ R4 js not larger than \.

Here, the norm of a square matrix A € R?*? is defined by || A|| = Sup x4 ‘T}—X'l Let us

introduce

Proof that the operator norm of Dy a = (avj ai)1<ij<d

a—\V
vt =1, 3v40 ‘ai— =l B =14+ (d —2)vivf,
« / T
Vo = 105&0@’ C=1;+ (b — 2)’02’1)2 .

We recall that if v; # 0, then viviT is the orthogonal projection onto Ruv; for ¢ =1, 2.

If @ = AV =0 then (p,V) = (0,0), we see on (2.6.19) that Dy« is a positive semi-
definite matrix with eigenvalues in [—\, A]. Therefore, we can now assume that (o, V') #
0,0). -

Let us assume temporarily that a’ # 2, # 2, a— AV # 0, « # 0. Then we differentiate
the i-th component of (2.6.15) with respect to V7,

e <avj ol — XéiJ)
Z (s~ Aay) (o~ 3V (0~ 30%)

d
+ (1= 0)a” 20y0' + (1 — ) (¥ — 2)|a)’* Z@Vjakaiak.
k=1

0:0‘04—XV

CL/

+0(a’ —2) ’a—XV

This implies

~ 1a’'=2 ~ b9
0=10 ‘a | B (Dva - )Jd) +(1-6)|a)'2CDya,
and thus
-1
. 1—-6 b -2
(2.6.20) Dya =X |I;+ %B*lc
0 (a 3V

We can check that this last equation holds in the general case for any (e, V') # (0,0),d’,b'.

o If (a/ —2)v; =0 (i.e. B=1y) or (' —2)vy =0 (i.e. C = 1), then (2.6.20) yields
that Dy« is a positive definite matrix with eigenvalues in (=, \).

o If (a/ —2)v1 #0, (V) —2)ve # 0 and vy, vy are aligned, Then B and C commute
and B~1C is a positive definite matrix. Then (2.6.20) yields that Dy« is a positive
definite matrix with eigenvalues in (—\, \).

e The last case consists of assuming that (¢’ —2)vy # 0, (b — 2)vy # 0, and vy, v2
(=)' -2
bla—xv|"
subspaces Span(vi,vs) and {v1,vs}" are stable by Dya, B,C. The restriction of

Dy a to {v1,ve} is positive definite with eigenvalues in (—\, A).

Let us denote by g, E, C e Max2(R) respectively the restriction of Dy, B and C
to Span(vi,vz). We notice that

are linearly independent. We define k by k = > 0. The two orthogonal

B l=1,+ ((a/ — 1)71 — 1) vlvf‘,
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Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

thus the eigenvalues of B~'areland (a'—1)7! < 1sincea’ > 2. The eigenvalues of C
are 1 and ()’—1) > 1. Lemma 2.6.8 below yields that M = (I;+kB~1C)(I4+kCB™1)

is a positive definite matrix with eigenvalues not smaller than 1. This implies

JAX|? = X (M1X, X)
< M| x 2.

This concludes the proof that the norm of Dy« is not larger than A.

Proof of FP2. N
Take (p, V!, V?) € R3 and ' = —H, (p, V%) ,i = 1,2, then

Hy (p, Vi) = Hy (p, Vz)’ < s1[1p] {IDve(p, sVi + (1 - )Va) ||} [V = V2
s€|0,1

<AVE-v?|.
Combining the latter inequality and (2.6.9), we conclude that FP2 is satisfied.

Proof of FP1.
Let (p,V) € R?? we take o = —H, (p, V).

e We suppose b’ > a/, we make out two cases: the first case is when |a| < |p|*~!; the

1
second case is when |a| > |p|°®~! = |p|”-T which implies

—p+ M| — AV |72y
flac — AV |9 =2 4 (1 — §)] |t/ 2
|p|
(1—0)|ef"~2
b/

<(1—0)7Yp| Y

o] <

IN

+ AV

S,

using (2.6.16). We recall that 1 — Z::% =b—1, hence

(2.6.21) [y (0, V)] = lal < (1= ) p 4+ AV,

e We suppose that b < a’, we make out two cases: the first case is when |a — A\V| <

~ 1
|p|*~1; the second case is when |a — AV| > [p|«~* which implies

—p+ M| — AV |72y

o] < =~ ,
fla — AV |2 4 (1 - 0) ||V 2
< #/ + AV
Ol — AV |¥'—2

—1 l—ﬁ
<0 ‘p| o'—1 4 /\|V‘7

where we used (2.6.16). From the equality 1 — Zij =a — 1, we deduce
(2.6.22) [Hy (p, V)] = || <67 p|* ™t + AV,
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This concludes the proof of FP1.

Proof of T.

We proved above that « is locally Lipschitz continuous with respect to V' and we recall
that L is C'. Therefore H is also locally Lipschitz with respect to V. This and (2.6.10)
implies that T holds. O

Lemma 2.6.8. Let B,C € Maxa (R) be two positive definite matrices with eigenvalues
(1,7) and (1,s) respectively, and 0 < r < 1,s > 1. Then for any k > 0 the matriz M
defined by

M = I;+ k(BC + CB) + k*BC*?B,

1s positive definite with eigenvalues not smaller than 1.

Proof. We can assume that B, C have the following form:

(10 B 1 0\, .
C—<0 s)’ B—U(0 r)U,WlthUGOQ(R),

since the eigenvalues of M are invariant by taking the conjugate of B and C' by the same

0 -1
imply that we can assume that U admits a positive determinant, and thus we can write it

as
U:<CO.SX sinx>’
—siny cosy

with x € [0,27). In this case, M is given by

. . . 1
orthogonal matrix. The same argument and noticing that C' commutes with < 0 >,

M = I;+ k(BC + CB) + k*BC*B

10 10 10 10 10 1 0 1
T T 2 T

I+ kU (0 ) U(O ) +k<0 ) U <0 ) Utk (O ) U <0 52> U(O
We name M the matrix in the last line of the latter calculation, M and M have the same

eigenvalues. Let us compute M

= cos? x(1 + k)% + sin? x(1 + ks)? —k(s—1)[1+ 7+ kr(l+ s)]cos xsin x
 \—k(s—1)[1+r+kr(1+s)]cosxsinx cos? x(1 + krs)? + sin? x (1 + kr)? ’

its trace is given by
tr(M) = cos® x(1 4 k)% + sin® x(1 + kr)? + cos® x(1 + krs)? + sin® x(1 + ks)?,
and its determinant by

det(M) = (14 k)%(1 + krs)? cos® x + (1 + kr)?(1 + ks)? sin x
+2(1 + k) (1 + kr)(1 + ks)(1 + krs) cos® x sin® x
= [(1+k)(1 + krs) cos® x + (1 + kr)(1 + ks) sin? X]2 .

The eigenvalues of M are the roots of the following second-order polynomial function,
X2 — tr(M)X + det(M),

its smallest root is

3 (@D — V(1) ~ D) )
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Chapter 2. On Classical Solutions to the Mean Field Game System of Controls

which is not smaller than 1 if and only if
— — —~ 2
tr2(M) — 4 det(M) < (tr(M) - 2) .

Therefore, it is sufficient to check that tr(M ) < det(M) + 1 to conclude. We define the
function f: R — R by

f@) = A+ k)21 +krs)?z? + (14 kr)*(1 + ks)?(1 — )2
+ 21+ k)1 + kr)(1 + ks)(1 + krs)z(1 — x) cos® x(1 + k)?
+sin? x(1 + kr)? + cos? x(1 + krs)? + sin® (1 + ks)? + 1.

This is a second-order polynomial in z with
F0)=((1+kr)>—1) (1 +ks)>—1) >0
£ = (1482 = 1) (14 krs)2 = 1) 20,
(@) = 2[(1+ k)1 + krs) — (1 + kr)(1 + ks)]?.
If (14+k)(1+krs)—(14+kr)(14+ks) = 0, then f is linear and thus f(z) > 0 for all z € [0, 1].

If (1+k)(14+krs)—(1+kr)(1+ks) # 0, then the minimum of this polynomial function
on R is obtained at zy;, defined as

(14+E)2 4+ (1 + krs)? — (1 +ks)? — (1 — kr)?
201 + k)1 + krs) — (14 kr)(1 + ks))?

=)A=k +2(1—r)(1 - s)k

S 2[(A+ k)1 + krs) — (L4 kr)(1 4+ k)2~

Lmin =

since 0 <r <1,s >1and k > 0. Thus f has no local minimum on [0, 1], then f(z) > 0
for all x € [0, 1] since f(0) > 0 and f(1) > 0.

Since det(M) — tr(M) + 1 = f(cos? x) > 0, this concludes the proof of the lemma. [
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CHAPTER 3

Mean Field Games of Controls: Finite
Difference Approximations

Joint work with Yves Achdou.

We consider a class of mean field games in which the agents interact through both their
states and controls, and we focus on situations in which a generic agent tries to adjust her
speed (control) to an average speed (the average is made in a neighborhood in the state
space). In such cases, the monotonicity assumptions that are frequently made in the theory
of mean field games do not hold, and uniqueness cannot be expected in general.

Such model lead to systems of forward-backward nonlinear nonlocal parabolic equa-
tions; the latter are supplemented with various kinds of boundary conditions, in particular
Neumann-like boundary conditions stemming from reflection conditions on the underlying
controled stochastic processes.

The present work deals with numerical approximations of the above mentioned systems.
After describing the finite difference scheme, we propose an iterative method for solving the
systems of nonlinear equations that arise in the discrete setting; it combines a continuation
method, Newton iterations and inner loops of a bigradient like solver.

The numerical method is used for simulating two examples. We also make experiments
on the behaviour of the iterative algorithm when the parameters of the model vary.
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3.1. Introduction

3.1 Introduction

The theory of mean field games, (MFGs for short), aims at studying deterministic or
stochastic differential games (Nash equilibria) as the number of agents tends to infinity. It
supposes that the rational agents are indistinguishable and individually have a negligible
influence on the game, and that each individual strategy is influenced by some averages
of quantities depending on the states (or the controls as in the present work) of the other
agents. MFGs have been introduced in the pioneering works of J-M. Lasry and P-L. Lions
[83, 84, 85]. Independently and at approximately the same time, the notion of mean field
games arose in the engineering literature, see the works of M.Y. Huang, P.E. Caines and
R.Malhamé (69, 70].

The present work deals with numerical approximations of mean field games in which the
agents interact through both their states and controls; it follows a more theoretical work
by the second author, [75], which is devoted to the mathematical analysis of the related
systems of nonlocal partial differential equations. There is not much literature on MFGs in
which the agents also interact through their controls, see [60, 59, 38, 41, 25, 75]. To stress
the fact that the latter situation is considered, we will sometimes use the terminology mean
field games of control and the acronym MFGC.

The MFGC that is considered in the present work is described by the following system
of nonlocal partial differential equations:

(— Owu — vAu+ H (2, Vau(t,z), u(t)) = f(z,m(t)) in[0,T) x Q,

Oym — vAm — div (Hp (x, Vau(t, x), u(t))m) =0 in (0,7] x Q,

(3.1.1) p(t) = (Lo, —Hy (-, Vau(t, ), (1)) ) (1) in [0,7],
u(T, ) = o(z) in 0,

m(0,x) = mo(x) in Q.

Here, the state space Q is a bounded domain of R? with a piecewise smooth boundary,
while the controls are vectors of R?. The time horizon is T > 0, and the parameter v > 0 is
linked to the level of noise in the trajectories (the dynamics of a given agent is described by
dX; = aydt++/2vdB; where (By) is a standard d-dimensional Brownian motion and oy € R?
is the control at time ¢). A special feature of the present model is that the third argument
of the Hamiltonian H is a probability measure pu(t) € P (Q X Rd), which stands for the
joint probability of the states and optimal controls of the agents at time ¢. In (3.1.1),
u: [0,7] x Q2 — Rand m : [0,7] x Q — R, respectively stand for the value function
of a representative agent and the distribution of states. The first, respectively second
line in (3.1.1) is the Hamilton-Jacobi-Bellman equation (HJB for short) which leads to
the optimal control of a representative agent, respectively the Fokker-Planck-Kolmogorov
equation (FP for short) which describes the transport-diffusion of the distribution of states
by the optimal control law. The HJB equation is a backward w.r.t. time parabolic equation
and is supplemented with a condition at ¢t = T" which involves the terminal cost function
¢ : Q0 = R, whereas the FP equation is forward w.r.t. time and is supplemented with an
initial condition, which translates the fact that the initial distribution of states is known.
The HJB equation also involves the so-called coupling function f : Q x Ry — R, or, in
other words, f(X;, m(t,X(t))) is part of the running cost of a representative agent. We
shall discuss later the boundary conditions on (0,7) x 9 associated with the first two
equations in (3.1.1). The third equation in (3.1.1) gives the connection between f(t) and
m(t), and shows in particular that p(t) is supported by a d-dimensional geometrical object,
namely the graph of the feedback law: Q — R? z — —H,(z, Vu(t, ), u(t)).
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3.1.1 A brief discussion on the mathematical analysis of (3.1.1)

Recall that the Hamiltonian of the problem is (x,p, ) — H(x,p, ), (z,p, ) € Q x R x
P (2 x RY).

From the viewpoint of mathematical analysis, a priori estimates for (3.1.1) are more
difficult to obtain than in the case when the agents interact only via the distribution
of states m. Indeed, in the latter case, if for example the costs f and ¢ are uniformly
bounded, then a priori estimates on ||u||,, stem from the maximum principle for second-
order parabolic equations. By contrast, since the Hamiltonian in (3.1.1) depends non-
locally on V,u, the maximum principle applied to the HJB equation only permits to
bound ||ul|,, by a quantity which depends (quadratically under standard assumptions on
H) on ||V ul|,, and this information may be useless without additional arguments.

If the agents interact only through the distribution of states and if the Hamiltonian
depends separately on p and m, a natural assumption is that the latter is monotone with
respect to m, see [83, 84, 85]; it implies existence and uniqueness of solutions, see in [87, 85].
Such an assumption is quite sensible in many situations, since it models the aversion of
the agents to highly crowded regions of the state space. It is possible to extend these
arguments to MFGCs, see [41] for a probabilistic point of view and [38] for a PDE point
of view, and the monotonicity assumption then means that the agents favor controls that
are opposite to the main stream. In [75] and in the present work, we prefer to avoid such
an assumption, because it is generally not satisfied, at least in models of crowd motion:
indeed, in models of traffic or pedestrian flows, a generic agent would rather try to adjust
her speed (control) to the average speed in a neighborhood of her position.

The third equation in (3.1.1) can be seen as a fixed point problem for p given u and
m, which turns to be well-posed under the Lasry-Lions monotonicity assumption adapted
to MFGC, provided that v and m are smooth enough. We shall replace this assumption
by a new structural condition which has been introduced in |75], namely that H, depends
linearly on the variable p and is a contraction with respect to u (using a suitable distance
on probability measures). In the context of crowd motion, this structural condition is
satisfied if the representative agent targets controls that are proportional to an average of
the controls chosen by the other agents nearby, with a positive proportionality coefficient
smaller than one. Were this coefficient equal to or larger than one, it would be easy to
cook up examples in which there is no solution to (3.1.1) or even to the N-agent game, see
Remark 3.4.3 below.

In [75], the focus is put on the existence of solutions rather than on their uniqueness.
Indeed, without the monotonicity condition, uniqueness is unlikely in general if 7" is not
small. Consider for example a game in which the function ¢ has two perfectly symmetrical
minima (the targets), f = 0 and where the initial distribution of states has the same
symmetry. If H depends on |Vu(t,z)| only (no interaction through the controls), then
a representative agent will simply travel to the minimum which is closest to her initial
position. On the contrary, if the representative agent favors a control close to the average
one, then there are at least two symmetrical solutions in which the whole distribution
moves toward one of the two minima.

Going back to existence results, it is now frequent in the MFG literature to obtain
energy estimates by testing the HJB equation by m, the FP equation by u, summing
the resulting equations, integrating in the time and state variables then making suitable
integrations by parts. If the value function is uniformly bounded from below (which is often
the case even if there are interactions through the controls), this results in a relationship
between the L™ ([O, T); Lt (Q))—norm of the positive part of v and the L2, ([0, T] x Q; Rd)—
norm of V, u; this observation can then be used to obtain additional a priori estimates,
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which may be combined with the ones obtained from the maximum principle and discussed
above, and finally with Bernstein method. This strategy has been implemented in [75] and
leads to the existence of a solution to (3.1.1) under suitable assumptions. Existence was
proved in [75] for periodic problems in any of the following cases:

e short time horizon
e monotonicity

e small enough parameters (in particular the contraction factor mentioned above, see
the parameters A and 6 in (3.1.7)-(3.1.10) below)

e weak dependency of the average drift on the state variable

Note that in [43], existence and uniqueness have been proved with probabilistic arguments
in the case where the Hamiltonian depends separately on p and u.

3.1.2 A more detailed description of the considered class of MFGCs

For any x € 09, let n(x) be the outward pointing unit normal vector to 92 at x. The
dynamics of a representative agent is given by

(3.1.2) dX; = apdt + V2vdB; — 2vn(Xy)dL;, X, €Q, 0<t<T,

where (Bt),c(o,r) is @ standard d-dimensional Brownian motion, (at)iejo,r] is the control,

a stochastic process adapted to (B;) with values in R?, L, is the local time of the process
X; on 9€). We assume that X|;_y is a random variable in Q, independent of (B;) for all
t > 0, whose law is £ (X\tzo) = mg.
In what follows, the part of the running cost which models the interactions via the controls
will involve an average drift V € R¢:

1
3.1.3 Vit,x) = / aK (x,y)du(t,y, a),
( ) ( ) Z(t7$) (y,0) EQ xR ( ) ( )

for (t,z) € [0,T] x Q, where K is a nonnegative kernel, Z(t,x) = [, K(x,y)dm(t,y) is
a normalization factor, pu(t,-,-) is the law of the joint dlstrlbutlon of the states and the
controls, and m(t, ) is the law of the distribution of states.

Hereafter, we are going to focus in MFGCs in which the cost to be minimized by a repre-
sentative agent is

(3.1.4)
T —
gy =& | [ (5l = AVt X0 + 257 foul (e, X0) 4 fo(X0) ) e+ 0(r)|.

where A, # are real numbers such that —1 < A < 1 and 0 < # < 1. This leads us to define
the Lagrangian

9 1-6
(3.1.5) L(o, V) = 5 o — AV 4+ — la)?, (o, V) eR? xRY,

which is convex with respect to «, and its Legendre transform (with respect to «):

20

(3.1.6) H(p,V)= \p AV |? — T

VP, (pV)eRY xR
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With this definition of the running cost, the first three lines of (3.1.1) can be written as
follows:

(3.1.7)  — 0w —vAu+ = |Vmu—)\0V| ——|V\ =cm + fo(x), in [0,7) x Q,

(3.1.8)  9ym —vAm — d1v (Vyu—XV)m) =0, in (0,7] x Q,

(3.1.9) V(t,z)= _Z(tlx) /Q (Vyu(t,y) — AV (t,y)) K(x,y)dm(t,y), in (0,T) x Q,

(3.1.10) Z(t,x) = / K(z,y)dm(t,y), in [0,7) x €,
Q

(3.1.11) w(T,z) = ¢(x), in Q,

(3.1.12) m(0,x) = mp(x), in Q.

We can now specify the boundary conditions on (0,7") x 99Q. First, assuming that w is
smooth enough, the optimal control of a representative player is given by the feedback law:

a*(t,z) = —(qu(ua:) - /\GV(t,x)).
The reflection condition at the boundary translates into the Neumann boundary conditions:

(3.1.13) t,x) =0, on [0,7) x 9.

Now, from the definition of m, / m(t, x)(z)de = </ mo(z) V(X z) dx) for all smooth

enough test-function v such that ad’( ) = 0 on 9. Taking the time derivative of the latter
equality, and using (3.1.13), we deduce that
om
(3.1.14) Va—(t,x) —NOm(t,z)V(t,x) - n(z) =0, on (0,7] x 0.
n
Note that (3.1.8), (3.1.13) and (3.1.14) imply that the total mass [, m(t, z)dx is conserved.
We have studied or will sometimes consider other kinds of boundary conditions on some
parts of the boundary, for example:

e periodic conditions, i.e. we set (3.1.7)-(3.1.12)) in the flat torus = R?/Z4

e At a part of the boundary standing for an exit, there is an exit cost. This yields a
Dirichlet condition on w. The Dirichlet condition on m: m = 0 at exits, means that
the agents stop taking part in the mean field game as soon as they reach the exit.
Such boundary conditions will be simulated numerically in paragraph 3.4.2 below.

e If a part of the boundary stands for an entrance, then it is natural to impose a
Dirichlet condition on u to prevent the agents from crossing the entrance outward,
and a flux-like condition on m to specify the entering flux of agents, see also paragraph
3.4.2 below.

3.1.3 Organization of the paper

Section 3.2 is devoted to the description of the finite difference scheme; it is based on a
monotone upwind scheme for the HJB equation, and a scheme for the FP equation which
is obtained by differentiating the discrete HJB equation and taking the adjoint. It is an
extension of the finite difference schemes proposed and studied by the first author and I.
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3.2. Finite difference methods

Capuzzo-Dolcetta in |6, 3] for simpler MFGs. Designing an efficient strategy for solving
the system of non linear equations arising in the discrete version of MFGCs is a challenging
task, in particular because

e the underlying system of PDEs is forward-backward and cannot be solved by simply
marching in time

e there is no underlying variational structure
e Equation (3.1.9) is non local.

In Section 3.3, we propose a strategy for solving the system of non linear equations: it
is a continuation method in which the viscosity parameter (for instance) is progressively
decreased to the desired value, and for each value of the latter parameter, the system of
non linear equations is solved by a Newton method with inner iterations of a bi-gradient
like algorithm.

Finally, in Section 3.4, we discuss the results of numerical simulations in two cases. In
the first example, we show in particular that there exist multiple solutions and we discuss
how the iteration count of the solver is affected by the variation of the parameters in the
model. The second case is a model for a crowd of agents crossing a rectangular hall from
an entrance to an exit: we consider situations in which queues occur, and we show how
the solution depends on the parameters.

3.2 Finite difference methods

In order to approximate (3.1.7)-(3.1.12) numerically, we propose a finite difference method
reminiscent of that introduced in [6, 3| for MFGs without coupling through the controls.
The important features of such methods are as follows

e they are based on monotone finite difference schemes for (3.1.7). Hence, a comparison
principle still holds at the discrete level.

e the special structure of (3.1.7)-(3.1.8) is preserved at the discrete level, namely that
the FP equation can be obtained by differentiating the HJB equation w.r.t. » and
by taking the adjoint of the resulting equation. This results in a monotone approxi-
mation of (3.1.8), which ensures that the discrete version of m remains non negative
at all time if mg is non negative. The discrete FP equation will also preserve mass.

To simplify the discussion, let us focus on the case when d = 2 and = (0,1)2. More
complex domains (even with holes) can be handled by the present method, but an addi-
tional effort would be needed if the domain had boundaries not aligned with the axes of
the underlying grid that will be introduced soon. We also assume for simplicity that the
boundary conditions are of the type (3.1.13)-(3.1.14) on the whole 0.

3.2.1 Notations and definitions

For two positive integers Np, Ny, we set At = T'/Nr, the time step, and h = 1/Ny, the step
related to the state variables. Consider the set of discrete times Ta; = {ty, = kAt,k =0,...,Np}
and the grid Qp, = {x;; = (ih,jh),i,7 =0,..., Np}.

The goal will be to approximate wu (tx,x; ;) and m (tx,z; ;) respectively by uf] and
m¥ ., for all k € {0,..., N7} and (4,5) € {0,..., Ny}?, by solving the discrete version of

17] ’
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Chapter 3. Mean Field Games of Controls: Finite Difference Approximations

(3.1.7)-(3.1.14) arising from the finite difference scheme.

Let us define the discrete time derivative of y : Tas X 2, — R by the collection of real
numbers:
k+1 k
Yij —Yij

(3.2.1) Dyl = N

fork=0,...,Npr—1,4,5=0,..., Np.
Given a grid function y : Q; — R, we introduce the first order right sided difference
operators

(D+y). o Yit+1,5 — yi,j’

(322) R
+ _ Yij i,

(DQ y)zg = I 5

and the five point discrete laplace operator:

1
(3.2.3) (Bry)ij = =73 Wig = Yirly = Yi1g — Yig+1 = Yig-1),

for all (7, 7) such that 0 < 4,5 < Np,. Note that the definition of these operators at boundary
nodes of 25 needs to extend the grid function y on a layer of nodes outside €. This is
done by using discrete versions of the Neumann conditions (3.1.13)- (3.1.14): assume that
the boundary condition for y is of the type g—z = z, where 2z is a given continuous function.
Let (zf’ j) is a suitable grid function approximating z. We then choose the discrete version
of the latter equation (first order scheme):

k _k k k _ k k
Y1 =Y Thay; and Yy, 15 = YN, ;T RN, g

(3.2.4) k k k k k k
Yi—1=Yiot+ hzo and  yin, 11 =Yin, TN,

fori,j=0,...,Nyand k=0,..., Np.

Remark 3.2.1. We have chosen a first order scheme for the boundary condition in order to
preserve the monotonicity of the discrete Hamiltonian at boundary nodes, see later. Since
the overall scheme is monotone as it was already mentioned above, thus first order, it would
be pointless to choose a higher order scheme for the boundary conditions.

Remark 3.2.2. Note that the previously mentioned discrete operators are not needed at
the nodes of Oy, at which Dirichlet boundary conditions are imposed.

For a grid function V' : Q5 — R, we define the value of V' at half-integer indices by
linear interpolation:

(3.2.5)
Vi1, + Vi . .
Vi+%,j = %, Vf%,j :VOJ, and VNth%,j ZVNh,j7 0<1<N,—1,0< 7 < Ny,
Viga1 + Vi ‘ .
Vijey === Vi =Vig, and V1 =Viy,, 0<i<Np0<j<N, -1

In order to define the Godunov scheme for (3.1.7), we introduce the map ®: for two
grid functions y : @, — R and V : Q;, — R?, the grid function ®(y,V) : Q; — R* is
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3.2. Finite difference methods

defined by
_(ny)i,j - Aevﬂ%,y,l}
- (ny)i_ —ABV;_1 1}
(3.2.6) By, V)i = S b 20 fori,j =0,..., Ny,
_(D2 y)i,j - /\avi,jﬁ-%z} B
- _(D;y)i,jfl )‘9‘/;,3—%,2L_

Finally, let us introduce the function g : R* x R? — R:
)\ 0
(3.2.7) 9(¢,V) =5 \ P == VIP
3.2.2 The scheme

With the ingredients defined in paragraph 3.2.1, we are ready to propose the discrete
version of (3.1.7)- (3.1.10):

(3.2.8) - Dtuﬁj —v (Ahuk). +g <(I> <u’f’ Vk) N >Vzkg> = cmfjl + fo(xi ),
Z’J
(3.2.9) Dy —v (Ahmkﬂ) T (cp (uk Vk) ,mk+1)' =0,
1,7 ]
1,s y 1
(3.2.10) Viga =i Z <+SS - /\9%’fs,1> K (@i, ars) my Lt
7] T8
1 k -1
(3.2.11) Vide =i Z (* - AHWL,z) K (@i, wrs) my
’.] ]
(3212) 28 ="K (w20 mbt,

fori,7=0,...,Np, k=0,..., Np — 1, where the discrete transport operator T is defined
by

1
(3:213) T(g,m)y; = 7 (=4igaimij + i-1,41Mi-1,j + ij.2Mij — dis152Mi+1

for any i, = 0,...,Np,. Note that (3.2.6) is not enough in order to fully determine
T(®(u, V), m) at the boundary nodes. We also need the following quantities:

D, V) 140 = |(DFw)_y ;= M0Vosa| = DVosal,

(u, V)N, 4152 = = {(DTU)N;“J' - )‘eth,j,l} L=~ POVNGal_

(3.2.14)
P(u,V)i—13= [(D;U)i7_1 - )\9‘/1',0,2} = [M0Vioaly

P(u,V)in,+14 = — {(D;u)ith - )\QVi,NhQL =—[AVin, 2] ,

for i,7 = 0,..., Ny, where the last identity in each line comes from (3.2.16) below. The
discrete version of (3.1.11) and (3.1.12) is

(3.2.15) ufvf = ¢(x;;), and mgj =mo (zi;), 0<1i,5 <N
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Chapter 3. Mean Field Games of Controls: Finite Difference Approximations

The discrete version of (3.1.13)- (3.1.14) is

uk
(3.2.16) { .

’L

1,j

_ ok
= U0

k+1
_17]

k+1

My — My,

mz -1

k+1

(v
(
( k+1
(

k
Up,j

and

and

k+1)

k+1

k+1)

k+1

V m; N — My N1

v
v
(3.2.17)
v
fori,7=0,...

,Npand k=0,...

k _ k
UN+1,j = UN,5»

k _ .k
Ui N+1 = Ui N

Satasn X
) +h[pevi,] .

—h [)‘0‘/10 1_ N

) b poviy]

Ny — 1.

k+1

my +h
k+1

my = h
mi 4+ h
k+1

mp N — h

Aevo’fjﬁl}

2ovk |

k+1
m_la.]

k41
MN+1j

k k+1
)‘evi,o,l] LS|

20V

k+1

M N1

Note that (3.2.8) is an implicit scheme for (3.1.7), (recall that (3.1.7) is backward w.r.t.
time), whereas (3.2.9) is an implicit scheme for (3.1.8), (recall that (3.1.8) is forward w.r.t.
time). This explains why no restriction is made on the time step.

The discrete Hamiltonian introduced in (3.2.7) g : R* x R? = R, (¢, V) + g(q, V), has
the following properties:

H1 (monotonicity) if ¢ = (q1, g2, 43, q4), then g is nonincreasing with respect to ¢; and
g3 and nondecreasing with respect to g and g4

H2 (ConSiStenCY) g (q17 q1,43,43, V) =H (qlu qs, V)

H3 (regularity) g is C*.

Remark 3.2.3. We aim at using Newton iterations in order to solve the system of non-
linear equations arising from the discrete scheme. For that purpose, we need to linearize
the discrete version of the Fokker-Planck equation. Therefore, for another small positive
parameter £, we may replace the definition (3.2.6) of ® by the following:

[(p+
:(Dl y)” - )‘HVH%J,J .
—[(Dfy). = rev_s
(3.218)  @(y,V)i; = . o T e fori,j=0,...,Np,
:(DQ y)@j - )‘9‘/;,]4-%,2} .
+
- _(D2 y)i,]—l AV Lo te
where the C* approzimation a — a4 . of a— ay = algsq is defined by
1/ _lal
(3.2.19) Gre =3 (e 2 1) e+ 1,00,
and a_ . = a4 . —a. We may modify (3.2.14) and (3.2.17) accordingly.
Lemma 3.2.4. Assume that (u,m,V) satisfies (3.2.8)-(3.2.12), (3.2.15), and (3.2.16),

(3.2.17).
The total mass of m is preserved, i.e.

k _ 0
Z mi; = Z My js

1<i,j<Np 1<i,j<Np

(3.2.20)
Nr.

foranyk=0,---,
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3.2. Finite difference methods

Proof. From (3.2.3), we deduce that

Np
k+1 _ v Z k+1 k+1 k+1 k+1
(3.2.21) Z v (Am )ij =12 (mNh+1J my, —mZy; +mg; >
0<%,j<Np, ’ Jj=0
Nh
k+1 kL k+1 k+1
"‘Z( My Ny+1 ~ My N, — My 1 T My )]

Then we sum (3.2.13) for 4,5 =0,..., Np:

(3.2.22)
Np

2: T@ﬂn%j:;;Ez_ﬁNmﬁﬂnij+q+WJ"LLj+qu"mJ_quH$WnNmHJ

0<i,j<Np, Jj=1

Np,

1
+ 7 Z —Qi,Ny,,3Mi N, + ¢i,—1,3M4,—1 + i,0,4M%,0 — Gi,Ny+1,4M7%, Ny +1-

i=1
From (3.2.6), (3.2.14), (3.2.16) and (3.2.17), the sums of the right hand sides of (3.2.22)
and (3.2.21) vanish if ¢ = ® (uk, Vk), for any k=0,..., Np — 1.

From the observations above, summing (3.2.9) on 4,5 = 0,..., Ny, yields
k+1 _ k
> omilt= ) mi
0<4,j<Np, 0<,j<Np,
then the desired result. O

3.2.3 Solving the discrete version of the Hamilton-Jacobi-Bellman equa-
tion

For brevity, we will use the notation (yf ;) for a grid function, omitting that the indices i, j
take their values in {0, ..., Nj,} and that k takes its values in {0, ..., Np}. This paragraph
is devoted to solving the System of nonlinear equations satisfied by the grid function (uiC j),

given the grid functions (m’ ;) and (Vk) Let f = (”ij) denote the grid function defined

by

Z]

(3.2.23) ffj k+1 + fo (i)

We may then rewrite (3.2.8),(3.2.16) and the first identity in (3.2.15) in the compact form

(3.2.24) uza(ﬁvy

Finding w given m and V amounts to solving a discrete version of a nonlinear parabolic
equation posed backward in time with Neumann boundary conditions. This is much simpler
than solving the complete forward-backward system for (u,m,V’), because a backward
time-marching procedure can be used. Since, as it was already observed above, the scheme
is implicit, each time step consists of solving the discrete version of a nonlinear elliptic
partial differential equation which is local because V is given. Starting from the terminal
time step Ny for which (3.2.15) gives an explicit formula for u™7, the k-th step of the
backward loop consists of computing u* by solving (3.2.8) and (3.2.16) given ubtl mbtl
and V*. This is done by means of Newton iterations.
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Chapter 3. Mean Field Games of Controls: Finite Difference Approximations

For completeness, let us give a few details on Newton iterations. We introduce the
operator R,,,
(3.2.25) Ry (v, 0", f1, V"), = u;j—U;j + At |:—I/ (Ahu’)i’j +g (CIJ (u', V’)i’j , VZ']) — fl’]] ,
for v/, v/, f' : Q) = R, V' : Q — R2?, and 4,5 = 0,...,N,. Note that in (3.2.25), ' is
extended outside €, thanks to (3.2.16). We aim at approximating the solution of

(3.2.26) Ry (v, uF L, fE VF) = 0.

Starting from an initial guess noted u*° : Q;, — R, the Newton iterations consist of
computing by induction a sequence u** of approximations of the solution to (3.2.26):
given u®, P+ is found by solving the system of linear equations

kil k1 Fkoyok) oo k4l kil kl . k+1 Fk 1k
duRu(u U ,f,V)(u —u )——]Ru(u U ,f,V).

In the latter equation, the Jacobian matrix d,R, (uk’e,ukﬂ, fk, Vk> is sparse since the

PDE is local, and invertible since the scheme is monotone. Note that d, R, (uk’e ,uktL fk, Vk)

depends neither on «**! nor on fk, so we can write it d,R, (uk’e, o Vk). The system of

linear equations is solved by using special algorithms for sparse matrices. In the numer-
ical simulations presented below, we use the C-library UMFPACK, see [1]|, implementing
unsymmetric multifrontal method and direct sparse LU factorization.

Note that one may choose the initial guess u° = u**t1. The Newton iterations are
stopped when the residual |R,, (u®, u*+1, fE, V*)| is small enough, say for £ = £5. Then
we set u¥ = uF0. Tt is well known that the Newton algorithm for (3.2.8) is equivalent to
an optimal policy iteration algorithm, that it is convergent for any initial guess, and that
the convergence is quadratic.

3.2.4 Solving the discrete version of the Fokker-Planck-Kolmogorov equa-
tion

This paragraph is devoted to solving the system of linear equations satisfied by the grid
function (mfj), given the grid functions (uf]) and (Vzkj) We may then rewrite (3.2.9), (3.2.17)

and the second identity in (3.2.15) in the compact form
(3.2.27) m=F, (u,V).

Finding m given u and V amounts to solving a discrete version of a linear parabolic equation
posed forward in time with Neumann boundary conditions. Since the scheme is implicit,
each time step consists of solving the discrete version of a linear elliptic partial differential
equation which is local. Starting from the terminal time step 0 for which (3.2.15) gives an
explicit formula for m?, the k-th step of the forward loop consists of computing m*+! by
solving (3.2.9), (3.2.17) given mF, u**1 and V*. It is easy to see that the matrix of the
latter system of linear equations is exactly the transposed of d,R,, (uk, S Vk) which has
been introduced in the previous paragraph. Therefore, it is sparse and invertible. In the
numerical simulations presented below, we use the C-library UMFPACK again.

3.3 Newton algorithms for solving the whole system (3.2.8)-
(3.2.17)

The solution of the system of nonlinear equations (3.2.8)-(3.2.17 is not easy because
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3.3. Newton algorithms for solving the whole system (3.2.8)-(3.2.17)

1. the system is the discrete version of a system of forward-backward equations, which
precludes a simple time marching algorithm

2. The easiest instances of MFGs can be interpreted as optimal control problems driven
by a partial differential equation, which opens the way to algorithms based on the
variational structure. In the MFGC considered here, there is no underlying varia-
tional principle and these algorithms cannot be used.

Following previous works of the first author, see [3], we choose to use a continuation method
(for example with respect to the viscosity parameter v) in which every system of nonlinear
equations (given the parameter of the continuation method) is solved by means of Newton
iterations. With Newton algorithm, it is important to have a good initial guess of the
solution; for that, we take advantage of the continuation method by choosing the initial
guess as the solution obtained with the previous value of the parameter. Alternatively,
we have sometimes taken the initial guess from the simulation of the same problem on a
coarser grid, using interpolation.

It is also important to implement the Newton algorithm on a “well conditioned” system.
Therefore, we shall not directly address (3.2.8)-(3.2.17), but we shall rather eliminate the
unknowns u and m by using the time-marching loops described in paragraphs 3.2.3 and
3.2.4 and see (3.2.8)-(3.2.17) as a fixed point problem for (f, V).

Before describing the algorithm, we need to provide a numerical method for obtaining
the average drift given u and m, i.e. for solving (3.2.10)-(3.2.11) at least approximately.

3.3.1 The coupling cost and the average drift

Let us introduce Fy which maps the grid function m defined on Ta; x € to the grid
function f given in (3.2.23). We also define the maps Z and V by

(331) Z(m/)i,j = Z K (l’i,j, :UT,S) my s
r+1l,s 'r 1,s m;" S
(3.32) VW, m/ V)i =— Z < - MV}’,S,1> K (@i, xr.s) 2y’
/L?]
1 ~1 m,
(3.3.3) V(' ,m',V')ijo=— Z <+ - AW/,S,2> K (25, r.s) Z(mr})s. ;
Z?]

for u/,m': Q, =R, V':Q, - R%2andi,j=0,...,Np.

It can be proved exactly in the same manner as in the continuous case, see |75, Lemma
2.4], that V' — V(u/,m’, V') is a contraction in the maximum-norm for instance, with a
contraction factor |A|6.

For a positive integer L, we define the map Fy by :

(3.3.4) Fy (u,m,V) = V|,
(3.3.5) vk = vkl fork=0,...,Np—1,

where VF0 = V¥ and the sequence VL is defined by the following induction:

(3.3.6) VR = (uk,mk+1, V/W—l) . 1<(<L

Remark 3.3.1. 1. With a slight abuse of notation, if L = oo, then VF is the fized point
of the map V' — V (uk, mbt, V’).
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2. The induction (3.53.6) corresponds to Jacobi iterations and can be easily parallelised.
It is also possible to implement Gauss-Seidel iterations, which are a little more com-
plex to write. They consist of using the components of VRE as soon as they are
obtained (instead of those of VF'=1) in order to compute the components of V!
which have not been obtained yet . In our implementation, we have in fact used the
Gauss-Seidel iterations with a lexicographic ordering of the components of the grid
functions.

Remark 3.3.2. As we shall see in paragraph 3.4.1.4, the choice of L does not impact the
convergence of the overall iterative algorithm. Therefore, a good choice turns out to be
L=1.

3.3.2 The linearized operators
3.3.2.1 Notation

Let u,m, f : Tap X Q5 — R be generic grid functions standing respectively for discrete
versions of the value function, the law of the distribution of states, the right hand side
of the discrete HJB equation (3.2.8). Let V : Tap x €5, — R? be a generic grid function
standing for the average drift. Let us introduce the operators obtained by differentiation
of the maps Fy, F,, and Fy:

B'Uz,f:Df‘(‘:Fu(f7V)7 B’U,,V:DVS:’U,(f7V)7
(3 3 7) Bm7V = Du?m(u, V), Bm,V - vafm(ua V)7
- C&Jﬂ ::1)"¥Tf(nl% Cﬁﬂu ::ZDHSR/(U,WQ,Vu,

CRCWL::JDW;TV(uaTn7‘/% CR@V‘::J)V{TV(U,TR,‘/)

In the three paragraphs below, we explain how these differential operators can be computed.

3.3.2.2 Linearized Hamilton-Jacobi-Bellman equation

The variation du of u = F,(f, V) induced by variations df and dV of f and V is given by

(3.3.8) du= (Byys Buyv) (j{;) :

More explicitly, du is obtained by linearizing (3.2.8), (3.2.16) and (3.2.15). It satisfies

(3.3.9)

~Dyduf v (Apdu®) 4@ (b, VE) (a0 (uF VE) (@b avh)) -X20vEav = dr;,
1,7 2,) 2y}

for i,7 = 0,...,Np and k = 0,..., Np. The first (respectively second) inner product

appearing in (3.3.9) takes place in R* (respectively R?). The set of equations (3.3.9) is

supplemented with the terminal condition

(3.3.10) du]' T =0,
and the boundary conditions
k. _ gk k _ .k
(3 3 11) du_lv] - duOvj’ duNh+17] - duthj’
duﬁ,l = duﬁo, duf’NhH = duﬁNh.

Given df and dV, the variation du is found by solving (3.3.9),(3.3.10) and (3.3.11). This
is done by marching backward in time and at each time step solving a system of linear
equations with a sparse and invertible matrix (of the same form as in the Newton iterations
described in 3.2.3). Again, we use the library UMFPACK for that.
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3.3. Newton algorithms for solving the whole system (3.2.8)-(3.2.17)

3.3.2.3 Linearized Kolmogorov-Fokker-Planck equation

The variation dm of m = F,,(u, V') induced by variations du and dV of v and V is given
by

(3.3.12) dm = (Bpu Bmv) (j;j) .

The grid function dm is obtained by linearizing (3.2.9), (3.2.17) and (3.2.15). It satisfies
(3.3.13)

Dtdmﬁj—y (Ahdmkﬂ)”—%,j (dCID (uk, Vk) (duk,de)),mk+1) —Tij (<I> (uk,Vk) ,dmk"’l) =0,

’

fori,j=0,...,Npand kK =0,..., Np. The set of equations (3.3.13) is supplemented with
the initial condition

(3.3.14) dmd, =0, i,j=0,...,]Np,

and the boundary conditions

(3.3.15) _
v (amEth —amfE) 20V L dmgS 2OV amtt =,

v (dmf\fjl ?Vfl ]) +h [)\9‘/1%,1: N dm?\f? —h _/\HVJ@JJ} B dm?\;ﬁrlu =0,

v (dmfS —dmlst) - vk, Ldmlt b 2oV | amitt =,

v (dmft = amfShy ) Hh M0V L dml = h 20V dmlEl =0

Here again, (3.3.13), (3.3.14) and (3.3.15) is solved by marching in time and solving a
system of linear equations at each time step (using UMFPACK).

3.3.2.4 Linearized coupling costs and average drifts

The variation of f=5 #(m) induced by a variation dm of m is obviously given by d ﬁk] =

cdm ”, hence Cy ,dm = cdm.

Let us turn to the variation of V = Fv (u,m, V) induced by the variations du, dm and dV/
of u, m and V. Differentiating (3.3.4)-(3.3.6) leads to

dVHE0 = dv*,
dvE — (duk7mk+1’ dea) +d,V (uk’ mk 1 ‘71@,@71) dm* 1,
dvh = dvhr,

see (3.3.6) for the definition of VAL
This permits to compute

B du
av = (Cv,u Cvim CV,V) 27‘7}

To sumarize,

(di>zc dm |,  with C:(CO gfm CO )
Vi V,m 'A%

) )
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3.3.3 The algorithm for solving (3.2.8)-(3.2.17)
We see (3.2.8)-(3.2.17) as a fixed point problem for the pair (f, V'), which we write

(3316) 9f(f7 V) = Oa and 9V(f7 V) = 07

where G, Gy are defined by

(3.3.17) (V) = [=TFroTun(Tulf,V),V),

(3.3.18) Sv(f,V) = V -9y ("fu(f, V) Im (Fulf, V), V), V>'

Remark 3.3.3. Given u and m, V. — W = Fy (u,m,V) is obtained as follows: for
each k, computing W* consists of iterating W* x VE(uF, m*+1 WF) L times starting from
W* = V¥, Recall that V(u*, m**1 ) is in (3.3.2) and (3.3.3), and is a contraction with
a unique fized point. Therefore, Fy (u,m,-) has also a unique fixed point which does not
depend on L. Since F,, and F, do not depend on L, neither do the the solutions of (3.3.16).

The Newton iterations involve the Jacobian A(f, V') of the map (f, V) — <9f(f, V), Sv(f, V)) .

We set

Af,f(f,v):ngf(f,V), Af,V(f¢V):DV9f(fav)7
(3.3.19)

AV,f(fa V) :ng‘/(fv V)7 AV,V(fa V) :DVSV(fa V),

and the blocks of the Jacobian A(f, V') are defined by:
(3320) Af,f(f, V) = In— Cf,mBm,uBu,fa

(3.3.21)  Arv(f.V) = —Cim(BmuBuyv + Bmyv),
(3.3.22)  Ays(f,V) = —CvuBuf— CvmBmuBuf,
(3.3.23) Ayy(f,V) = Iy —CvuBuv —Cvm (BmuBuyv + Bny) —Cvy,

where By f, By, Bmu, Bm,yv, Cvu, Cvm, Cyy are given by (3.3.7) with u = F,(f,V)
and m = F,,(u, V). In an equivalent manner, we can write

(3.3.24)
’ CV,uBu,f + CV,mBm,uBu,f CV,uBu,V + C’V,m (Bm,uBu,V + Bm,V) + CV,V ’
or

In  Ongon
(3.3.25)  A(f,V) = [3N_<0N Ctm 0N,2N> B By (Buyf Bm‘,)'
CV,u CV,m CV,V 02N,N IZN
Oon,ny  Don

Every Newton iteration for solving (3.3.16) consists of solving a system of linear equations
of the form

{+1 ¢ I8 Va4
oo (=N (G5 V)
In our implementation, this system is solved iteratively by BiCGStab algorithm, see [101].
Note that BiCGStab algorithm only requires a function that computes

A (1),

for any grid functions f :Tar X Qp — R and Vo Tar x Qp — R2. Ths is done using (3.3.25)
and combining the methods described in paragraph 3.3.2. The assembly of the Jacobian
matrix is not needed.
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3.4 Numerical simulations

We are going to discuss the results of numerical simulations in two cases, both related to
crowd motion.

3.4.1 First example

3.4.1.1 Description of the model

The state space is the square = (—0.5,0.5)% and the time horizon is T' = 1.
We consider the MFGC described by (3.1.7)-(3.1.14), in which

1.

The kernel k in (3.1.9) is radial, i.e. of the form K(z,y) = K,(Jz — y|). Here
7+ K,(r) is a non-increasing C* function defined on R, with

(3.4.1) K,(r)=0, ifr>p, and K,(r)=1, ifr <0.9p,

for a positive number p > 0, which is the radius of the disc in the state space that a
reprensative agent uses for computing the average of the controls.

The parameter c in (3.1.7) is chosen as ¢ = 1072, Recall that the cost cm(t, z) reflects
the aversion of a representative player to crowded regions of the state space.

At time ¢t = 0, the agents are distributed in the top-right and the bottom-left corners
of the domain 2, see the left part of Figure 3.1. The density is piecewise constant,
with values appearing on Figure 3.1.

The terminal cost is also piecewise constant. It takes a small value in the top-left
and the bottom-right corners of the domain €2, see the right part of Figure 3.1 for
the chosen values. This cost attracts the agents to the latter two corners of €.

The function fp in (3.1.7) is chosen to be proportional to the terminal cost, with a
factor 0.1. This term is linked to the running cost and has the same effect as the
terminal cost.

Recall that the boundary conditions (3.1.13)-(3.2.17) rule out the entry or exit of
agents. The total mass of m is conserved.

Remark 3.4.1. Note that the problem is symmetric with respect to the two diagonals of
the square domain. The grid of the domain is chosen to have the same symmetry.

Remark 3.4.2. The two parts of the running cost: em(t, X¢) and g la — AV (t, X)) may
have competing effects: indeed, the former cost may incitate the agents to spread all over
the state space, whereas the latter may result in the agents selecting the same controls
therefore staying grouped. Although the constant ¢ = 1072 seems small, it is chosen in
such a way that the above-mentioned two costs have the same orders of magnitude for e.g.
=1 and A =0.9.

Initial distribution Terminal cost
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Figure 3.1 — Example 1. Left: the initial distribution of states. Right: the terminal cost.

3.4.1.2 The results of the simulations: discussion

In the present simulation, we choose the parameters as follows:
v =103, 0 =1, A =0.9, p=0.2, c=1073.

On Figure 3.2, we display snapshots of m, u and the optimal feedback law at several times.
Since both the problem and the grid are symmetric with respect to the two diagonals, m,
u and the feedback have the same symmetry for all times. Let us describe the evolution of
the distribution of states, that we can name “gathering-kissing-splitting” referring to the
“drafing-kissing-tumbling” phenomenon in fluid mechanics (for the interaction of particles
in a fluid).

e The term em(t, X;) in the running cost prevents the part of the distribution initially
supported in one of the opposite corners (say the bottom-left corner) to travel directly
to one of the targets (say the bottom-right corner). On the other hand, the interaction
through controls prevents this part of the distribution to split into two equal parts
which would travel directly to the two targets, because the agents favor controls close
to the local average. Therefore, the part of the distribution initially supported in one
of the opposite corners first travels to the center of the domain. This is the gathering
phase of the evolution.

e The two parts of the distribution reach the center of the domain, where the local
average of the velocity becomes small; the dominating cost then becomes the one
which attracts the agents to the bottom-right and top-left corners. Because of the
repulsive effect due to the part ecm(t, X;) of the running cost, the part of the distri-
bution initially supported in one of the opposite corners (say the bottom-left corner)
and having traveled toward the center of the domains splits into two parts which
make each a ninety-degrees turn. This is the kissing phase of the evolution.

o After the kissing phase, the distribution of states splits into parts which travel to
the targets.

Finally, we see that the paths followed by the agents is far from being a shortest path to
the targets.

Let us compare these results with a simulation of the MFG obtained by cancelling either
6 or X\ in (3.1.7)-(3.1.14) while keeping all the other parameters and the grid unchanged.
Since the problems remains symmetric with respect to the two diagonals, the obtained
results have the same symmetry. On Figure 3.3, we display snapshots of m, u and the
optimal feedback law at several times. We see that the evolution is quite different from
that displayed on Figure 3.2, since the two parts of the distribution initially supported in
two opposite corners of the domain symmetrically split into two parts each, which travels
directly to the targets. The initial splitting phase is due to the coupling cost em(t, X;)
which favors the spread of the distribution. The path followed by the agents is close to a
shortest path to the targets.
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Figure 3.2 — Example 1. Gathering-kissing-splitting; snapshots at ¢

Left: contours of m. Center: contours of u. Right: optimal feedback «.
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back a.

3.4.1.3 Non-uniqueness of solutions

The solution of the MFGC displayed on Figure 3.2 is likely to be unstable because the
paths followed by the agents are significantly longer than the shortest paths to the tar-
gets. We expect that there are other solutions. We are going to see that this is indeed
the case. For that purpose, we are going to introduce a vanishing perturbation of the
initial distribution which breaks the symmetry of the problem. This will lead to different
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solutions to (3.1.7)-(3.1.14). An example of perturbation is displayed on Figure 3.4. It
consists of adding very little mass at the top and the bottom of the domain; the perturbed
distribution is no longer symmetric with respect to the diagonals. We expect that the
agents initially distributed near the bottom target will go to the right, and that all the
agents initially distributed at the bottom of the domain will follow them, because of the
interaction through controls. Similarly, we expect that all the agents initially located at
the top of the domain will go to the left.

In our simulations, we use a continuation method, i.e. we consider perturbations corre-
sponding to a decreasing sequence of nonnegative parameters (m,)nco,...n. The last value
7wy = 0 corresponds to the distribution displayed on the left of Figure 3.1. For each new
value 7,41 of the parameter, we initialize the Newton iterations described in Section 3.3
by the solution corresponding to the preceding value 7,. For positive values of 7,, the
simulated solution is not symmetric with respect to the diagonals, and this property is
preserved for the last value my = 0.

Initial Condition 0<t<T
~w - —
104 L —

. e (1074)" _‘_.

Figure 3.4 — Example 1. A continuation method leading to a different solution. Left: a
vanishing perturbation of the initial distribution. Right: the expected evolution of the
distribution.

On Figure 3.5, we display three different solutions (the distribution of states at different
times) obtained with three different sequences of vanishing perturbations of the initial
distribution displayed on Figure 3.1: the solution displayed on the left corresponds to the
sequence of perturbations displayed on Figure 3.4; applying to the pertubation a symmetry
with respect to a diagonal, we obtain the solution displayed on the center; the solution
displayed on the right is obtained by another kind of perturbation symmetric with respect
to one diagonal only, located at the top and at the left of the domain: for this solution,
we again notice gathering and kissing phases, and that the paths followed by the agents
deviate from the shortest ones.
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Figure 3.5 — Example 1. Different solutions obtained by adding vanishing perturbations
to the initial distribution of states. The distribution at time t = 0,0.2,0.4,0.6,0.8,1. The
three columns correspond to three different sequences of perturbations.

3.4.1.4 Behaviour of the algorithm

In this paragraph, we investigate how the behaviour of the algorithm described in Sec-
tion 3.3 is affected by the variations of the parameters in the model. Recall that the
algorithm is based on Newton iterations with a BiCGStab inner loop at each step.

We start by the grid size and the viscosity parameter v: in the experiments reported
below, the stopping criterion for the outer Newton iteration is that the normalized Eu-
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clidean norm of the residual is smaller than 10~8. The stopping criterion for the inner
BiCGStab iterations is that the ratio of the norms of the current and the initial residuals
is smaller than 10~7 (hence, it involves a relative error). The parameters of the model are
set to

6=1, A=0.09, c=1073, p=0.2, L=1.

Table 3.1 displays the iterations counts for the outer Newton and the inner BiCGStab
loops for different viscosities and grid sizes. We notice that the number of iterations is
not very sensitive to the grid size, as expected because the map § — Iz, with G defined in
(3.3.17) (3.3.18), is the discrete version of a map which has compactness properties. The
iteration counts increase as v is decreased.

Table 3.1 — Number of outer Newton iterations and average number of inner BiCGStab
iterations per Newton step (the stopping criteria are given in the text) with different
viscosities and grid sizes.

v 26 x 26 x 26 51 x 51 x 51 76 X 76 X 76 101 x 101 x 101
Newton | BiCGStab || Newton | BiCGStab || Newton | BiCGStab || Newton | BiCGStab
0.5 3 13.67 3 12.67 3 15 3 14.33
0.1 9 14.67 10 21.9 12 15.08 12 18.25
0.05 4 16.5 4 17.25 4 16.25 4 19.25
0.01 4 42.5 4 29 5 30.4 5 28.8

Table 3.2 displays the iteration counts for different choices of A and 6, and fixed values
the other parameters:

v=1073, c=1073, p=0.2, L=1,

with a 101 x 101 nodes grid and 101 time steps.

In fact, the numbers in Table 3.2 are obtained by running a continuation method in 6

and \: for each cell of the table, the solution corresponding either to the left or the upper
neighboring cell is used as an initial guess for the Newton iterations. If a cell has two such
neighbors, the choice of the initial guess is made as follows: in the top-right triangular
part of the table, strictly above the diagonal, we choose the initial guess corresponding
to the left neighboring cell. In the bottom-left triangular part of the table, including the
diagonal, we choose the initial guess corresponding to the cell immediately above.
We see that changing A and 6 mostly impacts the number of iterations of the inner loop.
A reason for that is that V is obtained by solving a linear fixed point problem whose
contraction factor is A@. Hence, it is sensible that the number of iterations necessary to
solve the systems of linear equations arising in the Newton steps increases as Af tends to
1.

Recall that we use a continuation method, consisting of decreasing progressively v until
it reaches the desired value; in Figure 3.6 (respectively Figure 3.7), we plot the average
number of BiCGStab iterations versus v, (respectively the number of Newton iterations
versus v) for different values of A\, 6 and ¢. The stopping criteria have been described above.
The grid contains 101 x 101 nodes and there are 101 time steps. We recover the information
contained in Tables 3.1 and 3.2, i.e. that v mostly impacts the number of iterations in the
inner loop. We also notice that when v is large, the number of iterations seems to depend
more on A and # than on ¢ and that it becomes highly sensitive to ¢ when v is small, but
we do not really know how to explain this. The number of iterations in the outer Newton
loop seems much less sensitive than the number of inner BiCGStab iterations. Looking
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Table 3.2 — Sensitivity to A and 6.

(a) Average number of BiCGStab iterations.

(b) number of Newton iterations.

A\ o 0.2 | 04 0.6 0.8 1 A\ o 02|04 /106]08]|1
0.2 3.5 | 4.5 7 8 8 0.2 2 2 2 2 12
0.4 4.5 7 8 9 10.67 | 0.4 2 3 2 3 13
0.6 ) 8 9 12 15.67 || 0.6 2 3 3 3 13
0.8 7 | 8.67 | 10.67 | 15.67 | 27.25 || 0.8 3 3 3 3 |4
0.9 7.33 | 8.67 12 18 40 | 0.9 3 3 3 3 |6

at the overall number of BiCGStab iterations, they are not very different for the choices

(A, 0,c) = (0.9,1,0) and (X, 6,c) =

iterations but less BiCGStab iterations per Newton steps.

90

80

o A=09,0=1,c=0.1
- A=09,0=1,¢=0
A=0=0,c=0.1

(0,0,0.1), since the latter case needs more Newton
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Figure 3.6 — Average number of iterations of BiCGStab iterations per Newton step versus
v for different choices of A, € and c.
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Figure 3.7 — Number of iterations of Newton iterations versus v for different choices of A,

0 and c.

Finally, we investigate the sensitivity of the algorithm to L, the number of fixed point
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iterations yielding a proxy of V, see paragraph 3.3.1. Table 3.3 contains the iteration
counts of the inner and outer loops for different values of v and L, and two choices of (), 0)
(all the other parameters are fixed ¢ = 1073, p = 0.2). We notice that the choice of L
seems to have little impact on the iteration count. For these reasons, L = 1 appears to be
a good choice.

Table 3.3 — Number of outer Newton iterations and average number of inner BiCGStab
iterations per Newton step (the stopping criteria are given in the text) with different
viscosities and L.

A=60=0.38
L 1 2 3 5
v
Newton | BiCGStab || Newton | BiCGStab || Newton | BiCGStab || Newton | BiCGStab
0.1 3 7.33 3 6 3 6 3 5.33
0.01 3 13.67 3 13 3 15.33 3 13.67
0.001 2 14.5 2 14.5 2 17.5 2 16
0.0001 3 22 3 22.67 3 22.33 3 24.67
A=09,0=1
L 1 2 3 5
v
Newton | BiCGStab || Newton | BiCGStab || Newton | BiCGStab || Newton | BiCGStab
0.1 4 26.75 4 19.75 4 19.5 4 19.25
0.01 4 29 4 25.75 5 28 5 29
0.001 3 36.67 3 34 3 38.67 3 37.67
0.0001 3 55 3 58.33 3 64 3 63.33

3.4.2 Second example

As a second example, we consider a model for a crowd crossing a hall, with an entrance
at the left and an exit at the right. Roughly speaking, a generic agent will interact with
those located in a cone ahead of her.

3.4.2.1 Description of the model

The state space is the rectangle 2 = (—1,1) x (—0.1,0.1) and the time horizon is 7' = 8.
Let ¢ denote the length of the bottom and upper sides of 9Q: ¢ = 2.

The boundary of € is split into three parts I'yvp, I'yny and I'pp which respectively
stand for an entrance, some walls and an exit:

(3.4.2)
FDD = {1}X[*0.05, 0.05], FND = {*1}X[*0.05, 0.05], FNN = 8@\ (FDD N FND) s

and we consider the following boundary conditions:

a—g(t,w) =0

(3:4.3) V%%(t,x)—)\Hm(t,x)V(t,ag-n(:n) = O} on Lnw,
u(t,r) = 6

B4 ) e Tl V) o) = | O T
u(t,z) = —4

(3.4.5) mit. ) 0} on I'pp,
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where H is defined below.
The system of PDEs is still (3.1.7)-(3.1.10), with the following new features:

e compared to (3.1.5), the part ot the running cost accounting for the interaction
through controls is multiplied by a positive normalization factor a:

0 1-40
(3.4.6) Lo, V) = a§|a —AV|? + aT|a|2,

and the associated Hamiltonian by the Legendre’s transform is

a|p 2 DR

4. Hip, :,’,_w ‘—7 .
(3.47) V)= 5|2 20v| " Py
We choose the normalization factor a as follows:
(3.4.8) a=a(l— X6,
where @ is a positive constant (independent of A or #). As we shall see later, the
normalization allows us to compare the solutions obtained with different values of
A and 6. We shall also see that this normalization is specific to the example under
consideration and may not be relevant in other situations.

e The kernel K is given by

(3.4.9) K(z,y) = 1y >0, Kp(|lz — y[)r(|w]),

where w is the angle made by the vector y — 2 with the vector (1,0) and

1. k, is defined as in the first example

2. k is a nonincreasing C! function defined such that

o 1, if 0<w<0.9wy,
1 0, if w > wo,

for a given angle wy € (0, F).
e The parameter ¢ in (3.1.7) is chosen to be zero

e We shall consider various functions fp modeling the cost for staying at a given point
in the domain.

The initial condition is mg(z) = 10~ for all z € 2, and the terminal cost is 0.

3.4.2.2 The case when f is constant: comparisons with a one-dimensional
problem

In this paragraph, we choose fo(z) = F for all x € .
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Simplification: a one-shot one-dimensional game We approximate the MFGC by
a one-shot one-dimensional game. The state space is the interval [0, ¢]. The points z = 0
and x = £ respectively stand for an entrance and an exit. When she enters the domain, a
representative agent chooses her drift & € Ry once and for all, and her dynamics is given
by #/(t) = « for t = £/a. The distribution of drifts is a probability measure 1 on Ry and
the average drift is V = fa €R, adp(a). There is no entry or exit costs.

With the running cost L(a, V) + F, where L is given by (3.4.6), the mean field Nash
equilibrium reads

14 0 1-10
support(u) C argmin, — <a (2(a — )\V)2 + 2@2) i F) .
o

Given V', one checks that the unique solution of the minimization problem in « is

oF + a9A2V2>5

a

(3.4.10) a*(V) = <

Hence p = 44+ (v, and the static mean field Nash equilibrium reads

b, (2F+a0/\2v2>%7
a

which yields

(3.4.11) at =V = <a(12—F€)\2)>

This leads us to choose a = a/(1 —6A?), which yields a* =V = % Note that the value
corresponding to the mean field Nash equilibrium is

NI

0 0 . ., 1-0, .. 1M

Remark 3.4.3. Note that if 06 = X\ = 1, then (3.4.10) implies that «*(V) > V, while
an equilibrium corresponds to V.= o*(V'). Thus, there is no mean field equilibrium if

0=x1x=1.

Remark 3.4.4 (Comparison with the one-shot mean field type control problem). The
Nash equilibrium must be distinguished from the situation in which the drift of the agents
1s determined in order to minimize the global cost; the latter problem belongs to the class
of mean field type control problems (MFTC for short)) studied by A. Bensoussan and his
collaborators, [21] and R. Carmona and F. Delarue, [}0].

In this case, the problem reads

L Sl L) 35

Looking for the solution as the Dirac mass dqo=+, we see that o** minimizes

1 0 y 1-6 ,
— = (o — -7 F
o <a<2(a Aa)” + 5 a>—|— ),
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thus

o 2F :
R P IY S U A

The value of the problem is

1202

ST AN L aFa(l — A20) = Jyre,
BV 5 ( ) = Jurc

JMFTC’ = f\/QFCL(l — )\9(2 — /\)) S 5\/2Fa

from Young’s inequality y < L —|— S, withy = \/1=X(2—-X) and z = V1 —X20. The
value of the MFTC is lower than the value of the MFG, which is natural since in the former
case, the agents are collaborating to minimize the global cost. Moreover, the values of the
two problems coincide only if A\ = 0 , i.e. when there are no interactions through controls.

Comparison with the one-shot one-dimensional problem We have made numerical
simulations of the MFGC described in paragraph 3.4.2.1 with fo(z) = F =1 for all z € ),
a=a(l —X%0)"! and a = 2. We wish to compare the results with the explicit formulas
obtained above for the one-shot one-dimensional MFG. If the latter problem is a good

approximation of the former one, we should find «y close to 4/ 2f = 1, therefore mostly

independent of A and 6. Note that the approximation by the one—shot one-dimension
mean field game is sensible only if the time remaining to the horizon is large enough,
i.e. significantly larger than ¢/a* = ¢. If T —t is small, then the optimal strategy for a
representative player located on the left part of the domain is not to move.

On Figure 3.8, we display the norm of the optimal feedback for several values of A and
0. We see that the optimal drift is close to 1 in agreement with the explicit formula found
for the simplified one-shot one-dimensional MFG. We also see that the agents located at
the bottom and top of 2 head toward the center of the domain (i.e. 2 = 0) before reaching
the exit. Thus, the second coordinate of o gets large and there are singularities on both
sides of the exit, whose amplitude increases as Af tends to 1.

A=0.9,60=09

Figure 3.8 — Example 2, fo(x) = 1. The optimal feedback « for different choices of A and
0att="T/2.
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3.4.2.3 Queues

Here, we choose f as follows:

4, if =< 0.1,
folz) = 1, if z>0.1,

2.5 — 1bx, otherwise;

hence, an agent pays a cost for staying in €2 which is higher in the left part of the domain.

The parameters are

v=0001, a=2  A=095  0=095  p=025  wy=

w3

The grid has 101 x 21 nodes and there are 101 time steps.

The evolution of the distribution of states and of the optimal feedback is displayed on
Figure 3.9. We compare these results with a simulation of the MFG obtained by cancelling
either 6 or A while keeping all the other parameters and the grid unchanged, see Figure
3.10. On Figure 3.9, we see that a well distributed queue takes place from the entrance to
the exit, by contrast with Figure 3.10 where we see that the agent rush and accumulate in
the right part of the domain. Similarly, the deceleration is much stiffer in the latter case.
It is not surprising that the interactions through controls have the effect of smoothing the
distribution of states and the optimal feedback law. On the bottom of Figure 3.10, we
see that when t is close to the horizon, the distribution is mainly concentrated near the
middle of the domain but slightly on the right: this corresponds to the agents that have
reached the zone where fy has the smaller value, i.e. 1, but for which reaching the exit
before T' becomes too costly. There is also a smaller bump near the entrance corresponding
to agents that would pay too high a cost to reach the right part of the domain before T
These phenomena are clearly a side effects due to the finite horizon. These side effects are
also present on Figure 3.9, but they are attenuated by the interaction through the controls.

Remark 3.4.5. In models accounting for congestion effects, the cost of motion depends
on the density of the distribution of states and gets higher in the crowded regions. We
refer to [87] for a pioneering discussion of MFG models including congestion, to [10] for
the analysis of the system of PDEs that arise with these models, and to [7] for numerical
stmulations. Such models also permit to describe queueing phenomena, because the agents
located in crowded regions pay a large cost for moving. In [7], since the congestion effects
are taken into account in a local manner, the queues take place in small regions of the
state domain. By contrast, the present nonlocal model accounts for the fact that the agents
anticipate low speed regions, making the traffic more fluid and the distribution of state
smoother. Although it is quite possible to do, we have not incorporated congestion effects
in the present model. We plan to do it in forthcoming works.
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Figure 3.9 — Example 2. Interaction via controls: snapshots at ¢t = 0,0.4,0.8,2,4,7. Left:
the distribution of states. Center: the norm of the optimal feedback. Right: the optimal
feedback.
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Figure 3.10 — Example 2. Same parameters except A0 = 0: snapshots at t =
0,0.4,0.8,2,4,7. Left: the distribution of states. Center: the norm of the optimal feedback.
Right: the optimal feedback.

3.4.2.4 Stationary regime

We now look for a stationary equilibrium. For that, we use an iterative method in order
to progressively diminish the effects of the initial and terminal conditions: starting from
(u®,m°, V?), the numerical solution of the finite horizon problem described above, we
construct a sequence of approximate solutions (uz ,mt, VZ) ¢>1 by the following induction:
(uF1, mf1 V1) is the solution of the finite horizon problem with the same system of
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PDEs in (0,7 x ©, the same boundary conditions on (0,7") x 02, and the new initial and
terminal conditions as follows:

T

(3.4.13) u (T, x) = ut (2,30) , x € Q,
T

(3.4.14) m0,2) = mt <2,$> ) x €.

As £ tends to +o00, we observe that (u’, m?, V%) converge to time-independent functions.
At the limit, we obtain a steady solution of

AU+ L [ 2Vu = MV = eV = em+ fo(x), i Q,
—vAm — div ((%Vmu — )\HV) m) =0, in Q,

1 1 .
Viz) = —Z(:L‘)/Q (avmu(y) - AGV(y)) K(z,y)dm(y), in £,
Z(x) = o K(z,y)dm(y), in Q,

with the boundary conditions on 9 given by (3.4.3)-(3.4.5).
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(a) A=60=0.5and p=0.25 (b) A=60=0.75 and p = 0.25 (c) A=60=0.95and p=0.25

(d)A=60=0.5and p=0.5 (e) A=60=0.75and p=0.5 (f) A =6=0.95and p=10.5

(j)A=60=0and p=10.5 (k) A=60=0.75and p=0.5 1)) A=60=0.95and p=0.5

Figure 3.11
Example 2. Solutions of the stationary problem for different choices of A\, 8 and p. Top six
figures: the distribution of states m. Bottom six figures: norm of the optimal controls.
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CHAPTER 4

Mean Field Games with monotonous
interactions through the law of states and
controls of the agents

We consider a class of Mean Field Games in which the agents may interact through the
statistical distribution of their states and controls. It is supposed that the Hamiltonian
behaves like a power of its arguments as they tend to infinity, with an exponent larger than
one. A monotonicity assumption is also made. Existence and uniqueness are proved using
a priori estimates which stem from the monotonicity assumptions and Leray-Schauder
theorem. Applications of the results are given.
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4.1 Introduction

The theory of Mean Field Games (MFG for short) aims at studying deterministic or
stochastic differential games (Nash equilibria) as the number of agents tends to infinity. It
has been introduced in the independent works of J.M. Lasry and P.L. Lions [83, 84, 85],
and of M.Y. Huang, P.E. Caines and R.Malhamé [69, 70]. The agents are supposed to be
rational (given a cost to be minimized, they always choose the optimal strategies), and in-
distinguishable. Furthermore, the agents interact via some empirical averages of quantities
which depend on the state variable.

The most common Mean Field Game systems, in which the agents may interact only
through their states can often be summarized by a system of two coupled partial differential
equations which is named the MFG system. On the one hand, the optimal value of a generic
agent at some time t and state x is denoted by w(t,x) and is defined as the lowest cost
that a representative agent can achieve from time ¢ to T if it is at state x at time t. The
value function satisfies a Hamilton-Jacobi-Bellman equation posed backward in time with a
terminal condition involving a terminal cost. On the other hand, there is a Fokker-Planck-
Kolmogorov equation describing the evolution of the statistical distribution m of the state
variable; this equation is a forward in time parabolic equation, and the initial distribution
at time t = 0 is given. Here we take a finite horizon time 7' > 0, and we only consider
second-order nondegenerate MFG systems. In this case, the MFG system is often written
as:

— Qwu(t, x) — vAu(t,x) + H(t,z,Vou(t,z)) = f(t,z,m(t)) in (0,T) x RY,

om(t,x) — vAm(t,x) — div(Hp(t, z, Vyu(t,z))m) = 0 in (0,7) x Rd,
(4.1.1) - md
u(T,z) = g(x,m(T)) in R,
m(0,x) = mp(x) in RY.

We refer the reader to [35] for some theoretical results on the convergence of the N-agent
Nash equilibrium to the solutions of the MFG system. For a thorough study of the well-
posedness of the MFG system, see the videos of P.L. Lions’ lecture at the Collége de France,
and the lecture notes [33].

In this paper we are considering a class of Mean Field Games in which agents may
interact through their states and controls. To underline this, we choose to use the ter-
minology Mean Field Games of Controls (MFGCs); this terminology was introduced in
[38].

Since the agents are assumed to be indistinguishable, a representative agent may be
described by her state, which is a random process with value in R¢ denoted by (Xt)eelo,1)
and satisfying the following stochastic differential equation,

(412) dXt = b(t,Xt,Oét) dt + \/2Vth,

where X is a random process whose law is denoted by my, (Wt)te[o,T] is a Brownian
motion on R? independefn with X, and «; is the control chosen by the agent at time t.
The diffusion coefficient v is assumed to be uncontrolled, constant and positive. The drift
b naturally depends on the control, and may also depend on the time and the state; see
Remark 4.2.9iv) below for allowing b to depend on i, the joint distribution of states and
controls of the agents. At the equilibrium p, should be the law of the state and the control
of the representative agent, i.e. pq(t) = £ (X, on), for t € [0,7]. The aim of an agent is
to minimize the functional given by,

T
(4.1.3) E [/0 L(t, X, o, pua (1)) + f (8, Xe,m(t)) dt + g (X, m(T))] ,
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where m(t) is the distribution of agents at time ¢, which should satisfy m(t) = £ (X})
at the equilibrium. The coupling function f and the terminal cost g depend on m in a
nonlocal manner. From L the Lagrangian and b the drift, we define H the Hamiltonian
by,

(4.1.4) H (t,z,p, o) = sup —p-b(t,z,a) — L (t,z, e, piq) ,

a€eRd

for (t,z) € [0,7] x R%, p € R? and po € P (R? x RY), where P (R? x R?) is the set
of probability measures on R x R?. Under some assumptions on b and L that will be
introduced later, there exists a unique o which achieves the supremum in the latter equality

and it also satisfies,
b(t,z,a) = —H, (t,2,p, fta) -

In an attempt to keep this paper easy to read, we introduce up as the joint law of states
and drifts defined by

(4.1.5) () = (72,0 (1)) #tta

where 7, : (2, ) — z is the projection onto the first variable, b (¢) is the map (z, @) — b (¢, z, ),
and (7733, b (t))#,ua is the pushforward measure of u, by the map (z, ) — (x,b (¢, z, a)).

We believe that the fixed point relation satisfied by p, at equilibrium is more clear if

we distinguish up from p,. We assume that b is invertible with respect to «, we denote

a* 1 [0,T] x RY x R? — R? its inverse map, see Assumption B1 below. This implies that

the equality (4.1.5) can be inverted to express p, in term of p; and we obtain (4.1.6¢)
below. Within this framework, the usual MFG system (4.1.1) is replaced by the following
Mean Field Game of Controls (MFGC for short) system,

(4.1.6a) — 0w —vAu+ H (t,z,Vau(t,z), ua(t)) = f(t, z,m(t)) in (0,T) x RY,
(4.1.6b)  Oym —vAm —div (H) (t,z, Vyu(t, x), pa(t)) m) =0 in (0,7) x RY,
(4.1.6¢)  palt) = (m, )#Mb in [0, 77,
(4.1.6d) jup(t) = (Lo —Hy (t, -, Varult, ). pa(£)) ) #hm(t) in [0, 7],
(4.1.6e) u(T,x) = g(z,m(T)) in RY,
(4.1.6f)  m(0,z) = mo(zx) in RY,

where o (t) is the map (z,b) — a* (t, x, lN)) The structural assumption under which we

prove existence and uniqueness of the solution to (4.1.6) is that L satisfies the following
inequality,

/Rd Rd (L (t’x’a’ul) - L (t’x’a’“2)) d(”l *l‘2) (z,a) > 0.
X

for any t € [0,T], pu', u? € P (Rd X Rd). This is the Lasry-Lions monotonicity assumption
extended to MFGC that will be referred to as A3. This assumption is particularly adapted
to applications in economics or finance.

This work follows naturally the analysis in [75] in which a MFGC system in the d-
dimensional torus and with b = « is considered. In [75], the monotonicity assumption
is replaced by another structural assumption, namely that the optimal control —H, is a
contraction with respect to the second marginal of 1 (when the other arguments and the
first marginal are fixed) and that it is bounded by a quantity that depends linearly on the
second marginal of u with a coefficient smaller than 1.
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Related works

Monotonicity assumptions for MFGC like A3 have already been discussed in [38, 41, 59].
In [59], the authors proved uniqueness of the solution to (4.1.6) with b = a and v = 0 when
it exists. In [41] Section 4.6, existence and uniqueness are proved in the quadratic case
with a uniformly convex Lagrangian and under an additional linear growth assumption on
H,. In [38], the existence of weak solutions to a MFGC system with a possibly degenerate
diffusion operator is proved assuming that the inequalities satisfied by H, its derivatives
or the optimal control (here defined in B1 as a*), are uniform with respect to the joint
law of states and controls pq.

A particular application of MFGC satisfying A3, namely the Bertrand and Cournot
competition for exhaustible ressource described in paragraph 4.3.1, has been broadly in-
vestigated in the literature. Let us mention a non exhaustive list of such works: [25, 47,
62, 65, 73]. Its mean field version has been introduced in [65], and obtained from the
N-agent game in [47] in the case of a linear supply-demand function. A generalization to
the multi-dimensional case is discussed in [25], and an extension to negatively correlated
ressources is addressed in [75].

A class of MFGC in which the Lagrangian depends separately on a and pu, has been
investigated in [43] and [41]. In this case, A3 is naturally satisfied since the left-hand side
of the inequality is identically equal to 0. An existence result is proved in [43] under the
additional assumption that the set of admissible controls is compact. The existence of
solution is also proved in [41] Theorem 4.65 when the dependency of L upon p is uniformly
bounded with respect to u.

The non-monotone case has been studied in [60, 75]. In [60], an existence result is
proved in the stationary setting and under the assumption that the dependence of H on
p is small. In [75], the existence of solutions to the MFGC system in the d-dimensional
torus and with b = « is discussed under similar growth assumptions as here. Existence of
solutions to a MFGC system posed on the d-dimensional torus and with b = a was proved
in [75] in any of the following cases:

e short time horizon,

e small enough parameters,

e weak dependency of H upon pu,
e weak dependency of H, upon u,

and uniqueness is proved only for a short time horizon. Indeed without a monotonicity
assumption, it is unlikely that uniqueness holds in general, numerical examples of non-
uniqueness of solutions to discrete approximations of (4.1.6) with b = o and in a bounded
domain are showed in [2].

Organization of the paper

In Section 4.2, the notations and the assumptions are described, the case when the control
is equal to the drift is discussed. The main results of the paper, namely the existence and
uniqueness of solution to (4.1.6), are stated in paragraph 4.2.3. We give some insights
on our strategy for proving the main results in paragraph 4.2.3. Two applications of the
MFGC system (4.1.6) are presented in Section 4.3. Section 4.4 is devoted to solving the
fixed point relation in the joint law of state and control in the particular case when the drift
is equal to the control. Section 4.5 consists in giving a priori estimates for a MFGC system
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posed on the d-dimensional torus. In Section 4.6, we prove existence and uniqueness of the
solution to (4.1.6) and of an intermediate MFGC system.

4.2 Assumptions

4.2.1 Notations

The spaces of probability measures are equipped with the weak* topology. We denote
by Po (Rd) the subset of P (Rd) of probability measures with finite second moments, and
Poo (Rd X Rd) the subset of measures p in P (Rd X Rd) with a second marginal compactly
supported. For p € Py (Rd X Rd) and § € [1,00), we define the quantities Ag(p) and

o M = ([ lalfnea))".
Aecl) = sup {Jo] . (z.0) € supp )

For R > 0, we denote by P r (Rd X Rd) the subset of measures p in Py (Rd X Rd) such
that Ao () < R. The probability measures p, and i, involved in (4.1.6), have a particular
form, since they are the images of a measure m on R? by (I, a) and (I4,b) respectively,
where a and b are bounded measurable functions from R¢ to R?; in particular they are
supported on the graph of o and b respectively. For m € P (Rd), we call P, (Rd X Rd)
the set of such measures. For u € P, (Rd X ]Rd), we set o to be the unique element of
L*> (m) such that p = (Ig, o) #m. Here, Ag(p) and Ao (p) defined in (4.2.1) are given by

¢ (1) = 1"l Lo (.

A
(4.2.2)
Aco (1) = [l oo (1) -
Let C° ([0,T] x R4 R™) be the set of bounded continuous functions from [0, 7] x R? to
R”, for n a positive integer. We define C%! ([O,T] X Rd;R) as the set of the functions
veC° ([0, T] x Rd;R) differentiable at any point with respect to the state variable, and
whose its gradient Vyv is in C? ([0, 7] x R%;R?) the set of continuous functions from
(0,77 x R? to RY. We shall have the use of the parabolic spaces of Holder continuous
functions C’g’ﬁ([O,T] x R%; R™) defined for any 8 € (0,1) and n > 1 by,
5 . ve C[0,T] x RLR™),3C > 0 s.t. V(ty, 1), (to, z2) € [0,T] x R,
o1 ([O,T} x R ;R”) - P
v(ty, 21) — v(ta, 22)| < C (lz1 — wa|® + [t — to])

This is a Banach space equipped with the norm,

[v(t1, 1) — v(t2, 22)|
Hchg,B = vl +  sup
(tre)#(t2,m2) (|21 — 29]? + [t — ta])

o[@

Then i 48 d.

we introduce the Banach space C 2 ([0,T] x R%:R) for 5 € (0,1) as the set of
the functions v € C%1(]0,T] x R%;R) such that Vv € 3P ([0, T) x R%R™) and which
admits a finite norm defined by,

[o(t1, ) = v(t2, 2)]
[0l 58,105 = 0l + Va0l g+ sup

48 1+8
oz (b,0) A (2,0 E0TIXRE [ty — to| 2
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When the drift b is equal to the control «, (4.1.6) can be simplified in the following

System,

(4.23a) — 0w —vAu+ H (t,z,Vyu(t,x), u(t)) = f(t,x,m(t)) in (0,7) x RY,
(4.2.3b)  Om —vAm —div (Hy (t,z, Vyu(t,x), u(t)) m) =0 in (0,T) x RY,
(4:23¢) () = (Lay —Hy (&, Vou(t, ), u(1)) ) #em(t) in [0,7],
(4.2.3d) w(T,z) = g(x,m(T)) in RY,
(4.2.3¢)  m(0,2) = mo(x) in R%,

Here, making a distinction between u, and uy is pointless since they coincide. Therefore,
we simply use the notation u. For the system (4.2.3), the Hamiltonian is defined as the
Legendre transform of L,

(424) H(tamvau) = Sup —p-oz—L(t,:v,oz,,u).
a€cRd

Definition 4.2.1. We say that (u, m, o, ptp) s a solution to (4.1.6) if

o uec(COl ([O, T] x R R) is a solution to the heat equation in the sense of distributions
with a right-hand side equal to (t,z) — f(t,x,m(t))—H (t,z, Vyu, pu(t)), and satisfies
the terminal condition (4.1.6e),

e m € CO([0,T];P (RY)) is a solution to (4.1.6b) in the sense of distributions, and
satisfies the initial condition (4.1.6f),

o ua(t), m(t) € P (R x RY) satisfy (4.1.6¢) and (4.1.6d) for any t € [0,T).

We say that (u,m,p) is a solution to (4.2.3) if u and m respectively satisfy the first two
points of the latter definition with (4.2.3) instead of (4.1.6), and if u(t) € P (R? x RY)
satisfies (4.2.3¢) for any t € [0,T].

4.2.2 Hypotheses

The monotonicity assumption made in this paper concerns the Lagrangian. For this reason
and the fact that sometimes it may be hard to obtain an explicit form of the Hamiltonian
(like in the example of paragraph 4.3.2 below), all the assumptions will be formulated in
term of the Lagrangian and never in term of the Hamiltonian. In particular, working with
the Lagrangian gives more flexibility in the arguments of the proofs.

The constants entering the assumptions are Cy a positive constant, ¢ € (1,00) an
exponent, ¢ = q%’l its conjugate exponent, and 5y € (0,1) a Holder exponent.

Al L:[0,T]x RIx R x P (Rd X ]Rd) — R is differentiable with respect to (x, «); L and
its derivatives are continuous on [0,7] x R% x R? x Poo.r (]Rd X Rd) for any R > 0;
we recall that P g (Rd X Rd) is endowed with the weak™ topology on measures; we
use the notation L, L, and L, o) for respectively the first-order derivatives of L
with respect to z, @ and (z, «) .

A2 The maximum in (4.1.4) is achieved at a unique a € R?.

A3 L satisfies the following monotonicity condition,

/Rd Lmad) = L(te,a ) d(p! = pf) (@,0) 2.0
X

for any t € [0, 7], pt', u? € P (R? x RY).
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A4 L(t,z,0,1) > C5lal? — C (1 + Ay (N)q’), where Ay is defined in (4.2.1),

A5 |L(t. @0, 0)] < Co (1+|al? + Ay (1)), and |Lo(t @, 0, )] < Co (14 Jal? + Ay (1)),

A6 fRd \x|2dm0(m) < Co, HmOHC,ﬁo < Co, Hf(tf’m)HCl < Cy, ”g('7m)”02+50 < Cy, for
any ¢ € [0,7] and m € P (R?).

Assumption A3 can be interpreted as a natural extension of the Lasry-Lions monotonicity
condition to MFGC. Roughly speaking, the Lasry-Lions monotonicity condition in the
case of MFG without interaction through controls, translates the fact that the agents have
aversion for crowed regions of the state space. In the case of MFGC, the monotonicity
condition implies that the agents favor moving in a direction opposite to the mainstream.
Such an assumption is adapted to models of agents trading goods or financial assets. Indeed
in most of the models coming from economics or finance, a buyer may prefer to buy when
no one else is buying, and conversely a seller may prefer to sell when no one else is selling.

Assumptions A4 and A5 imply that at least asymptotically when « tends to infinity,
L behaves like a power of a of exponent ¢’. Under the monotonicity assumption A3,
uniqueness is in general easier to obtain than existence. For uniqueness, we assume that f
and ¢ are also monotonous, this is the purpose of the following assumption.

U For m',m?> € P (Rd), and t € [0, 7], assume that,

L (tmmt) = £ (b)) d (! =) (@) 0,
/Rd (g (ac,ml) —g ([I;,m2)) d(ml _ mz) () > 0.

In fact, assuming that f satisfies the inequality in U, implies that we can take f = 0 up
to replacing L by L 4+ f and H by H — f. However, since U is not assumed for proving
the existence of solutions, we have chosen to write this assumption explicitly, and keeping
f # 0 is not pointless.

Let us now make assumptions on the drift function b, which concern the system (4.1.6),

B1 There exists a function a* : [0, T] x R x R? — R? such that the map b of (t, x, l;)

is the inverse map of a ~ b(t,z,a), for any (t,x) € [0,T] x R, Moreover a* is
continuous, differentiable with respect to & and b, with continuous derivatives.

B2 b and o* satisfy

b, 2, o, pa)| < Co (14 |al®),
‘a* (tvxal;?Hb) ‘qo + Oé; <t7x767ub) ‘qo < C'0 (1 + |l~)|) )

for some exponent gg such that 0 < g9 < ¢'.

The inequalities in B2 mean that |b| behaves asymptotically like a power of a with exponent
qo, when |a] is large.
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4.2.3 Main results

The two main results in this work are Theorems 4.2.2 and 4.2.3 below, which respectively
state the existence and uniqueness of the solution to (4.1.6).

Theorem 4.2.2. Under assumptions A1-A3, U and B1 there is at most one solution to
(4.1.6).

Uniqueness results for MFGC systems with a monotonicity assumption have been
proved in [59] and [41]. In [59], uniqueness is proved when the diffusion coefficient is
equal to 0 and the drift is equal to the control, i.e. ¥ =0 and b = «. In [41] Section 4.6,
the authors stated uniqueness in the quadratic case. Theorem 4.2.2 is new in the sense
that it yields uniqueness for a large new class of Lagrangians and drift functions. Indeed,
beside the monotonicity assumption A3 and U, we only assume that L satisfies A1 and
A2, and that the drift b is invertible in the sense of B1.

Theorem 4.2.3. Under assumptions A1-A6 and B1-B2, there exists a solution to (4.1.6).

The existence of solutions of the MFGC system is in general much more demanding
than for MFG systems without interactions through the controls. Under monotonicity
assumptions similar to A3, existence has been proved in [41] Section 4.6, for quadratic and
uniform convex Lagrangians with a growth condition on the derivatives of the Hamiltonian.
In [38], the existence of weak solutions of the monotonous MFGC system is discussed with a
possibly degenerate diffusion operator, under assumptions which are uniform with respect
to the joint law of states and controls.

Here, we prove existence of solutions of the monotonous MFGC system for a large class
of Lagrangians and the drifts. Namely, we assume that the Lagrangians and drifts behave
asymptotically like a power of «; we allow them to have a growth in the law of the controls
of at most the same order as the order of dependency upon a.

Before starting the discussion on existence of solutions to the MFGC systems (4.1.6)
and (4.2.3), we introduce a new MFGC system set in the torus, so that the solutions should
have more compactness properties. We define Tg = R / (aZd) the d-dimensional torus of
radius a > 0. Namely, we consider:

(4.2.5a)  — 0w —vAu+ H (t,z,Vyu(t,z), u(t)) = f(t, m(t)) in (0,7) x T,
(4.2.5b)  Oym — vAm — div (H, (t x Vmu( ,x), 1(t))m) = in (0,7) x T,
(4.2.5¢)  pult) = (Id, —H,(t,-,V u(®)) #m(t) in [0, 7],
(4.25d)  w(T,z) = g(z,m(T)) in T4,
(4.2.5¢)  m(0,z) = mp(x) in T¢.

All the assumptions in paragraph 4.2.2 are stated in RY. When considering that L :
[0,T] x T? x R x P (T4 x R?) — R (like in (4.2.5)) satisfies one of those assumptions, we
shall simply replace R? by ']I‘g as the state set in the chosen assumption.

The fixed point satisfied by the joint law of states and controls, namely (4.1.6¢)-(4.1.6d),
(4.2.3¢) or (4.2.5¢), may be a difficult issue for MFGC systems. Here, using mainly the
monotonicity assumption A3 and the compactness of the state space of (4.2.5), we prove
in Section 4.4 the following lemma which states well-posedness for the fixed point (4.2.5¢),
and ensures continuity with respect to time.

Lemma 4.2.4. Assume A1-A5. Let p € C°([0,T] x T4 RY) and m € C° ([0,T); P (T?))
be such that t — p(t,-) is continuous with respect to the topology of the local uniform
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convergence and m(t) admits a finite second moment uniformly bounded with respect to
t €10,T)]. For any t € [0,T), there ezists a unique pu(t) € P (T2 x R?) such that

,u(t) = (Idv _Hp (tv '7p(t7 ')7 :u(t))) #m(t)

Moreover, the map t — u(t) is continuous where P (Tg X ]Rd) is equipped with the weak*
topology.

The next step in our strategy for proving existence is to look for a priori estimates for
the solutions of the MFGC systems and obtain compactness results to use a fixed point
theorem. In section 4.5, we prove the a priori estimates stated in the following lemma for
solutions to (4.2.5).

Lemma 4.2.5. Assume A1-A6. If (u,m,p) is a solution to (4.2.5), then ||ul| ., [[Vzull o

and sup Ao (u(t)) are uniformly bounded by a constant independent of a.
t€[0,T]

Let us mention that the a priori estimates of Lemma 4.2.5 rely on the monotonicity
assumption on L and a Bernstein method introduced in [75]. To our knowledge, these
are the first results in the literature of MFGC which use the monotonicity assumption for

getting a priori estimates. They are the key ingredients of the proof of the existence of
solutions to (4.2.5) in the following theorem, proved in paragraph 4.6.1.

Theorem 4.2.6. Under assumptions A1-A6, there exists a solution to system (4.2.5).

Therefore, for any a > 0 we can construct a solution to (4.2.5) which satisfies uniform
estimates with respect to a. This allows us to construct a compact sequence of approxi-
mating solutions to (4.2.3). Passing to the limit for a subsequence allows us to generalize
the conclusion of Theorem 4.2.6 to system (4.2.3). This leads to the following theorem
proved in paragraph 4.6.2.

Theorem 4.2.7. Under assumptions A1-AG6, there exists a solution to (4.2.3).

Uniqueness relies on the monotonicity assumptions A3 and U, the following theorem
is proved in paragraph 4.6.3.

Theorem 4.2.8. Under assumptions A1-A3 and U, there is at most one solution to
(4.2.3) or (4.2.5).

The idea to pass from (4.2.3) to (4.1.6), is to change the optimization problem in «
into a new optimization problem expressed in term of b. In paragraph 4.6.4, we prove the
equivalence between the solutions of these two optimization problems. A first existence
results for (4.1.6) is stated in Corollary 4.6.3 which uses this equivalence. Theorem 4.2.3 is
a consequence of Corollary 4.6.3 with more tractable assumptions. Let us mention that for
proving Theorem 4.2.3, the structure of the Lagrangian should be invariant when passing
from one optimization problem to the other. In particular, one may figure out that the
assumptions on the Lagrangian behaving asymptotically like a power of « are preserved
under our assumptions on the drift function b.

Finally, Theorem 4.2.2 is a consequence of Theorem 4.2.8 and the above-mentioned
equivalence between the two optimization problems.

Remark 4.2.9. i) If the Lagrangian admits the following form,

L(t,z,o,p) = LO(t,z,0) + L (t, ),
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we say that the Lagrangian is separated. Then A3 is automatically satisfied since the
left-hand side of the inequality is identically equal to 0. In this case, the assumptions
on L are satisfied if LY behaves asymptotically like a power of o of exponenent ¢,
and L' at most involves Ay, (u)q/

Here, we do not provide an explicit application in which the Lagrangian is separated,
however this is a general hypothesis in the MFGC' literature. Therefore, our frame-
work in the present paper can be seen as an extension of the case when L is separated.

i1) All our assumptions are uniform with respect to the state variable x. In particular,
we restrain from considering more general functions f and g since this topic has been
investigated in the literature devoted to MFG systems without interaction through
controls; we believe that the same tools can be applied to the present case, and that
our results may be extended so.

i11) We did not address the case without diffusion, i.e. v = 0. However, all the a priori
estimates of Sections 4.4 and 4.5 are uniform with respect to v. Here, the diffusion is
used to easily obtain compactness results which are central for proving our existence
results since the proofs rely on a fixed point theorem and approximating sequences of
solutions. Using weaker topological spaces and tools from the literature devoted to
weak solutions of systems of MFGs without interaction through controls, we believe
that we can extend our results to weak solutions to MFGC systems without diffusion
or with possibly degenerate diffusion operators. We plan to address this question in
forthcoming works.

iv) We may also assume that b and o* depend on p, and up respectively, i.e. b, a* :
[0,T] x R? x RY x P (Rd X ]Rd) — Re. In this case, Theorems 4.2.2 and 4.2.3 hold if
we replace A3 by the following monotonicity condition:

A’3 Foranyt € [0,T] and u* € P (Rd X Rd), i=1,2, we set i, = (ﬂm,a* (t, ui))#,ui
and Jit, = (ﬂx,a* (t,ﬂ?’*i))#,ui. We assume that L satisfies

/Rd Rd (L (t,x,a,u(ll) - L (t7x7047/7(21)) du(ll(m,a)
X
+/ (L (t.a,a,p13) = Ltz 0, g,)) dp?(z, @) 2 0.
Rd xR

In this case, we may relax Assumption B2 by adding the terms CoAy (pa)™ and

CoA ¢ () to the right-hand sides of the first and second inequalities respectively.

0
When B1 holds and o does not depend on uy, Assumptions A’3 and A3 are equiv-
alent.

General outline

The present work aims at proving Theorems 4.2.2 and 4.2.3. We list below the main steps
of our analysis to make it easier for the reader to understand the structure of the proofs.

I We solve the fixed point (4.2.5¢) in p, which proves Lemma 4.2.4, in three steps:

I.a in Lemma 4.4.1 we state a priori estimates for a solution of (4.2.5¢);
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I.b using the Leray-Schauder fixed point theorm (Theorem 4.4.2), we solve the fixed
point (4.2.5¢) at any time ¢t € [0,7], in Lemma 4.4.3;

I.c we prove that the fixed point u(t) defined at any ¢ € [0,7] in step Lb, is
continuous with respect to time (Lemma 4.4.4); this implies lemma 4.2.4.

IT We prove the existence of a solution to (4.2.5), stated in Theorem 4.2.6, in two steps:

IT.a we obtain a priori estimates for solutions to (4.2.5) (Lemmas 4.2.5 and 4.5.1);

IL.b in paragraph 4.6.1, we use Leray-Schauder fixed point theorem (Theorem 4.4.2)
and the estimates of step Il.a to conclude.

ITT We prove existence and uniqueness of the solution to (4.2.3) (Theorems 4.2.7 and
1.2.8):

III.a the proof of Theorem 4.2.7 is given in paragraph 4.6.2;
II1.b the proof of Theorem 4.2.8 is given in paragraph 4.6.3;

IV The proof of existence and uniqueness of the solution to (4.1.6) (Theorems 4.2.2 and
4.2.3) is given in paragraph 4.6.4.

Contribution

An important novelty in the present work comes from the assumptions we are considering.
On the one hand, we consider a general class of monotonous Lagrangians which behave
asymptotically like a power of o with any exponent in (1,00) (while most of the results
in the literature only address the quadratic case with uniformly convex Lagrangian); they
may depend on moments of p, at most of the same order as the above-mentioned exponent
of L in «; we do not require them to depend separately on (x,«) and p,. On the other
hand, the drift functions are also general since we allow them to behave like power functions
and to be not separated too. See the assumptions in paragraph 4.2.2 for more details.

Moreover, most contributions focus on MFG systems stated on T¢ for simplicity. Here,
we introduce a method to extend an existence result for a MFGC system stated on the
torus to its counterpart on the whole Euclidean space. In particular, this method holds
for MFG system without interaction through controls and the proof becomes easier. See
paragraph 4.6.2. We also introduce a method to extend the well-posedness of MFGC (or
MFG) systems to general drift functions, see paragraph 4.6.4. We would like to insist
on the fact that our techniques are designed in order to preserve the structure of the
Lagrangian when passing from one setting to another. Here, namely it preserves the
monotonicity assumption A3. Furthermore, these methods apply to the conclusions of
[75] and consequently generalize them.

4.2.4 Properties of the Lagrangian and the Hamiltonian in (4.2.3) and
(4.2.5)

Here, we write the results and the proofs for the Lagrangian and Hamiltonian involved
in system (4.2.3). However, none of the arguments below is specific to the domain R,
therefore the conclusions hold and the proofs can be repeated for the Lagrangian and
Hamiltonian involved in (4.2.5).

We start by proving that under the assumptions of paragraph 4.2.2, when b = «, L is
strictly convex.
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Lemma 4.2.10. If L is coercive and differentiable with respect to o, and b = «, assuming
that L s strictly convex is equivalent to A2.

Proof. If L is stricly convex and coercive, it is straightforward to check A2.
Conversely, we take (¢, z,p) € [0,T] x R x P (R? x RY). We set {(a) = L (¢, 2, a, ).
It is sufficient to prove that ¢ is strictly convex.
First step: proving that £ is convex.
We define £** as the biconjugate of ¢, £** is in particular the Legendre transform of
H (t,z,-,p). The map ¢** is convex and continuous since ¢ is coercive, and it satisfies
£ < {. In what follows, we will prove that ¢** = ¢.
We assume by contradiction that £** # £: there exists a® € R¢ such that £** (ao) <
l (ao). We recall that £ and £** admit the same convex envelope, therefore by Carathéorthéodory’s

€ (Rd)d+1 and (\') € (Ry)*! such that
d+1 d+1 d+1

o _Zx Lo (a ZAZ a'), and ;x’:

Using the inequality ** < ¢, we obtain that

theorem, there exists (ai)

1<i<d+1 1<i<d+1

d+1 d+1

E** Z)\z z 2 Z)\%** (az
=1

This inequality is in fact an equality since £** is convex, which implies that £** (oﬂ') =/ (ozi)
for any i € {1,2,...,d+ 1}. Take p € 9¢** ("), where 9¢** (o) is the subdifferential of
¢ at o®. Fori € {1,...,d+ 1}, this implies
g(az) — (az) > * (a[)) +p- (Oéi _a0) .

Multiplying the latter inequality by A’ and taking the sum over 4, yield that it is in fact
an equality. Then, it is straightforward to check that p € 9¢** (o/) for any 4; this implies
that p = V¢ (ai), since £** (ai) =/ (o/) and / is differentiable with respect to a. The
maximum in the definition of H(¢,z, —p, ) is achieved at any o', this is a contracdition
with A2. Therefore ¢/ = £** and £ is convex.

Second step: £ is striclty convex.

By definition of the subdifferential of a convex function, o € R% achieves the maximum

in the definition of H (t,z, -Vl (a), ). Using the fact that this maximum is unique by
A2, we obtain the strict convexity of ¢, and the one of L with respect to a. O

In paragraph 4.2.2, we assume that L behaves at infinity as a power of a of exponent ¢'.
Because of the conjugacy relation between L and H, it implies that H behaves at infinity
like a power of p of exponent q.

Lemma 4.2.11. Under assumptions A1, A2, A4 and A5, the map H, defined in 4.2.4,
is differentiable with respect to x and p, H and its derivatives are continuous on [0,T] X
R? x R% x Pog R (Rd X Rd) for any R > 0. Moreover there exists C’o > 0 a constant which
only depends on Cy and q such that

(4.2.6) |H, (8,2, p, 1)) < Co (14 [p|*7" + Ay (1) 4
(4.2.7) [H (t 2., )] < Co (14 Ipl* + Ag (1)),
(4.2.8) p- Hy(t,x,p,1) — H (t,2,p, ) > Cy ' |p|? - (1 +Ag (u)q') :
(4.2.9) [ (t,2,p,2)] < Co (14 bl + Ay (1))
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for any (t,z) € [0,T) x R?, p € R? and p € P (R? x RY).

Up to replacing Cy with max(C, 5’0), we can assume that the inequalities in Lemma
4.2.11 are satisfied with Cj instead of 50.

Let us notice that it is possible and not more difficult to extend the results stated in
Lemma 4.2.11 to the Hamiltonian used in (4.1.6) and defined in (4.1.4), however we will
not have any use of such results in the present paper.

Proof. First step: differentiability of H in p, and continuity of H and H,.

For (t,z, 1) € [0,T] x R? x P (Rd X Rd), the map a +— L (¢, z, a, 1) is stricly convex by
Lemma 4.2.10 and coercive by A4; Theorem 26.6 in [97] implies that H is differentiable with
respect to p, the map a — —L,, (¢, x, o, p) is invertible; its iverse map is p — —H), (¢, x, p, 1)
by [97] Theorem 26.5. Theorem 26.6 in [97] also implies that the maximum in 4.2.4 is
achieved by a unique control given by —H, (t,z,p, ). In the next step, we prove 4.2.6
which implies that H, maps the bounded subsets of [0,7] x R? x R? x P g (Rd X Rd)
for R > 0 into relatively compact subspaces of R% we recall that L, is continuous on
[0,T] x R x RY x Pog g (R x RY); therefore H, is likewise continuous on the same space.
We recall that H satisfies

H(ta z,p, /J') =p- Hp <t7x7p7 M) - L (tv xz, _Hp (tv .’L',p,/.l,) au) ;

therefore H is also continuous on the same spaces.

Second step: proving the first three inequalities of the Lemma. Using the growth as-
sumptions on L, we first prove (4.2.6). On the one hand we have that

H <t7x7p7 M) > —L (t7$7 Oalu') > _CO (1 + Aq’(:u)q/) 5

by A4 and the condition of optimality in (4.2.4). On the other hand, A5, the fact that
—H, (t, . p, ) satisfies the optimality condition in (4.2.4), and the Young inequality y-z <
% + % for y, z € RY, yield that,
H (t7$7p7“) =pP- Hp (t,:n,p,,u) - L (ta z, _Hp (ta x,p, M) ,/,L)

q

1 e s _ ) )
< g Hp (b po )+ =2 gl = Ot [y (62,9, )|+ Co (14 Ag (1))
l/
1 ¢ C8 g J
< —— [, (t,2,p, )| + =2 |pl? + Co (1+ Ay (1))
qto q
Therefore, using the latter two chains of inequalities, and the fact that % =q—1, we
obtain that,
1 e :
(4.2.10) oo Ho ()l < =0 ol +2C0 (14 A (1))

1 1 1
This and the inequality |y + z|<" < |y|7 + |z|¢ for y,z € R, imply that
1
|Hy (t,2,p, 1) < CEHpl"! + (2aC3) 7 (14 Ay (1) -
From A5 and (4.2.10), we obtain that,
|H (t7x7p7u)‘ = ‘p ’ Hp (t7x7p7 /’L) - L (t7x7 _Hp (@%I%H) 7M)|

q H t,x, , q ’ /
gi'+| p q,p D ¢, (14 1Hy (12,2, )]+ Mg ()" )

1 cl 1 ’
< (g4 3o (12 (v o) ) (14 ag0a).
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We still have to prove (4.2.8). Let € be a positive constant depending only on Cj such that
e — Coe? > S, by the optimality condition in (4.2.4) used with a = —e|p|?~2p, we have,

H (t,:n,p,,u) > 6|p|q - L (t,l’, _5’p|q_2p7 ,LL)
> el = Co (14 <l + Ay (07

£ ’
> ol = Co (1+ Ay (1))
Then from A5,
H(t7x7p7 M) =p- Hp (tvxapa M) - L (t7x7 _Hp (t7337p7N) 7/")

€ 4ge! / / /
< Z|p‘q + (q/) |Hp (taxapa M)’q + CO (1 + |HP (t,:ﬂ,p, M)|q + Aq’(#)q ) .

Qo

Combining the latter two chains of inequalities, there exists C' a positive constant depending
only on Cj such that

[Hy (2.9, )] = CMplt = € (14 Ay (1))
This and A4 yield that

p-Hy(t,@,p,p) — H (t,x,p,p) = Lt @, —Hy (t,2,p,11) , 1)
> Cy | Hy (82,0, 1)| = Co (1+ Ay (1))
> (CoC) " bl = (Co+ G5 'C) (1 + Ag ().
Third step: the smothness properties and the last inequality.
From (4.2.6), —Hp(t, z,p, i) is locally uniformly bounded, therefore we can reduce the
set of admissible controls o in (4.2.4) from R? to a compact subset of R?. Within this

framework, the envelop theorem states that H is differentiable in x and its derivatives are
defined by,

H:E (ta z,p, /J’) = _Lil? (t’ z, _Hp (ta z,p, M) a:u) .

The continuity property of H, relies on the ones of L, and H,. Moreover, from A5 and
(4.2.10), we obtain

(L (8, 0)| < CE )7+ Co (14 24C2) (14 Ay (7).

This concludes the proof. O

4.3 Applications

4.3.1 Exhaustible ressource model

This model is often referred to as Bertrand and Cournot competition model for exhaustible
ressources, introduced in the independent works of Cournot [50] and Bertrand [23]; its mean
field game version in dimension one was introduced in [65] and numerically analyzed in
[47]; for theoretical results see [25, 62, 73, 63]. We consider a continuum of producers
selling exhaustible ressources. The production of a representative agent A reprensentative
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agent contols her production a; > 0; the agents differ in their production capacity X; € R
(the state variable), that satifies,

dXy = —apdt + V20dWry,

where ¥ > 0 and W is a d-dimensional Brownian motion. Each producer is selling a
different ressource and has her own consumers. However, the ressources are substitutable
and any consumer may change her mind and buy from a competitor depending on the
degree of competition in the game (which stands for ¢ in the linear demand case below
for instance). Therefore the selling price per unit of ressource that a producer can make
when she sales o units of ressource, depends naturally on o and on the quantity produced
by the other agents. The price satisfies a supply-demand relationship, and is given by
P (a,@), where @ is the accumulated demand which depends on the overall distribution
of productions of the agents. A producer tries to maximize her profit, or equivalently to
minimize the following quantity,

T
E |:/ —P(at,at) . qtdt +g (XT) R
0

where ¢ is a terminal cost which often penalizes the producers who have non-zero pro-
duction capacity at the end of the game. In [47], the authors considered a linear demand
system depending on @y, = foR adp(x, ) where p is the joint law of states and controls,

and a price defines by Pin(«, @jin) = 1 — a — eagiy. In this case, L the running cost, and
Hyy, its Legendre transform are defined by

L' (o, ) = ® + cad — a,
; 1
th (p“u) — 1 (p + a0 — 1)2’

where a,p € R, p € P(R xR) and @ is defined by @ = [, o &du(y,@). Therefore the
system of MFGC has the following form,

1
— O — vAu + Z(V,,;u—l—s@— 12 =0,
1
om — vAm — div <2 (Vyu+ca — 1)m> =0,

a(t) =— /Rd % (Vau +ea(t) — 1) dm(t, z),

u(T,z) = g(x),
m(0,x) = mo(x),

for (t,z) € [0,T] x R. Roughly speaking, e = 0 corresponds to a monopolist who does not
suffer from competition, and she plays as if she was alone in the game. Conversely, € = oo
stands for all the producers selling the same ressource and the consumers not having any
a priori preference.

Let us consider the following generalization of the latter system to the d-dimensional
case with a more general Hamiltonian and interaction through controls,
(— Ou— vAu+ H (t, 2, Vyu + go(z:)TP(t)) = f(t,z,m(t)),

Oym — vAm — div (H, (t, @, Vou + @(x)TP(t)) m) =0,
(4.3.1) P(t)=1v (t, — /]Rd o(z)Hy (t,z,Vou+ Lp(x)TP(t)) dm(t,x)) ,

U(T,LL‘) = g(m,m(T)),
m(0,z) = mo(x),
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where ¢ : R i R4 and ¥ : R? —» R4? are given functions. The counterpart of the
latter system posed on T? has been introduced in [25]. Theorem 4.2.2 and 4.2.3 provide
the existence and the uniqueness respectively of the solution of this MFGC system.

Proposition 4.3.1. Assume A1, A2, U. If the function U is continuous, ¥(t,-) is mono-
tone, locally Lipschitz continuous, and admits at most a power-like growth of exponent ¢’ —1
with a coefficient uniform in t € [0,T)], there exists at most one solution to (4.3.1).

Proposition 4.3.2. Assume A1, A2, A4-A6, and that V satisfies the same assumptions
as in Proposition 4.5.1. There exists a solution to (4.3.1).

Proof. Take the drift function as b = . We define the Lagrangian ¢ by
C(t 3,0, ) = L (t,2,0) + p(@)a - Pt,n) + f(t,z,m),

where L is the Legendre transform of the map H in (4.3.1), and P(¢, p) is defined by
P(t,p) = U (t,fRded go(x)ad,u(:c,a)), for (t,z,c,m,p) € [0,T] x R? x R x P (RY) x
P (Rd X Rd) such that m is the first marginal of u. We take h as the Legendre transform
of ¢ with respect to a.

If ¥ satisfies the assumptions in 4.3.1, any of the assumptions A1, A2, A4, or A5 is
preserved by replacing L by £. Moreover, a straightforward calculation yields that

/ (€ (t,af, Q, ul) —/f (t,x, a,,uQ)) d (,ul - ,u2) (z, )
R4 xR4

:@@Mw—PaMﬂy/' o(@)ad (4 — 12) (z,0),

R xR4

for t € [0,7] and p!,p? € P (R? x R?). This and the monotonicity of ¥ implies that ¢
satisfies A3. Therefore, Propositions 4.3.1 and 4.3.2 are direct consequences of Theorems
4.2.2 and 4.2.3 respectively. O

In [25], similar existence and uniqueness results for the counterpart of (4.3.1) posed on
T? are given in the quadratic setting, with a uniformly convex Lagrangian and ¥ being the
gradient of a convex map. Here, we generalize their results to a wider class of Lagrangians
and functions U.

For an extension of this model to the case when ¥ is non-monotone, see [75].

4.3.2 A model of crowd motion

This model of crowd motion has been introduced in [75] in the non-monotone setting. It has
been numerically studied in [2] in the quadratic non-monotone case. For y € P (Rd X Rd)
we define V(i) the average drift by,

1

Vi) = m

[, @)tz
R4 xR4

1

where Z(p) is a normalization constant defined by Z(u) = (fRdX]Rd E(x)Ddu(x, a)) " for

some constant q; € [g,00] where ¢ is defined below. To be consistent with the notations
used in [75], k : R? — R, is a non-negative kernel. By convention, if Z (1) = 0, we take
V(n) =0.
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The state of a representative agent is given by her position X; € R% which she controls
through her velocity « via the following stochastic differential equation,

dX: = opdt + V2udW;.

Her objective is to minimize the cost functional given by,

o™ + f(t, Xe,m(t))dt + g(X7,m(T))|,

T
0

5[ [ Sl v p+

0 2 a
where A > 0 and 0 < 6 <1 are two constants standing for the intensity of the preference
of an individual to have an opposite control as the stream one, and @’ > 1 is an exponent.
In this model we define the Lagrangian L by,

0 s 1—16 /
L (.’L’,Oé,/ﬁ) = 5 |Oé + AV(M)‘ + 7 ’a’a ’
and the Hamiltonian H as its Legendre transform. The map H does not admit an ex/plicit
form for every choice of the parameters a’. We take ¢’ = max(2,d’), and ¢ = L+ its
q

conjugate exponent.

Here, since the control is equal to the drift, the MFGC system is of the form of (4.2.3).
Therefore, the following proposition is a consequence of Theorems 4.2.2 and 4.2.3.

Proposition 4.3.3. Under assumption A6, there exists a solution to the above MFGC
system of crowd motion.
Under assumption U, this solution is unique.

The proof is straightforward, it consists in checking that L satisfies A1-A5.
For existence results of the MFGC system of this model with A\ < 0, see [75].

4.4 The fixed point (4.2.5¢) and the proof of Lemma 4.2.4

This section is devoted to step I. In paragraph 4.4.1, we state a priori estimates on a fixed
point of (4.2.5¢) (Lemma 4.4.1); then we we use these estimates and Leray-Schauder fixed
point theorem (Theorem 4.4.2) and obtain the existence of a fixed point (4.2.5¢c) at any
time ¢t € [0,7] (Lemma 4.4.3). We address the continuity with respect to time of the fixed
point, i.e. step I.c, in Lemma 4.4.4.

In this section and the next one, we work on T¢ = R?/ (aZd) T¢ the d-dimensional torus
of radius a > 0. Here we take L : [0, 7] x T? x R x P (T¢ x R?) — R. All the assumptions
in paragraph 4.2.2 are stated in R? but, when considering that L satisfies one of those
assumptions, we shall simply replace R? by T? as the state set in the chosen assumption
(note that we keep R? as the set of admissible controls). The initial distribution myq is
now in P (’]I‘ﬁf). The Hamiltonian H is still defined as the Legendre transform of L, i.e. it
satisfies (4.2.4).

4.4.1 Leray-Schauder Theorem for solving the fixed point in p

We start by stating a priori estimates for solutions of the fixed point in p (4.2.5¢), involving
Ay (1) and Ao (1) defined in (4.2.1).

Lemma 4.4.1. Assume that L satisfies A1-A5 For any t € [0,T], m € P (T%) and
peC? (Tg; Rd), if there exists p € P (Tg X ]Rd) such that

(4.4.1) p=(Ig, —Hp (t,,p(-), n)) #m,

109



4.4. The fixed point (4.2.5¢) and the proof of Lemma 4.2.4

then it satisfies

’ q/ q_l 200 4
(142) Mg )Y <acg+ D e
(4.4.3) Aco (1) < Co (1+ [[pllog + Ag (1)) -
Proof. We use A3 with m ® dp and p satisfying (4.4.1),
(4.4.4)
[, @t - Ltwame ) duwar [ (LEo0.me5) - Lt.o,0.4) dn) = 0.
Td x R4 Td
From A5, we obtain
(4.4.5) / L(t,z,0,m® &) dm(x) < Cp.
T4
The latter two inequalities, A4 and the convexity of L (stated in Lemma 4.2.10) yield
C’O_1 |a|QI du(:v,a) _CO < C10_‘_/ (L (t,m,a“(:v),,u) —L(t,x,(),,u))dm(:v)
T4 xR4 Td

<CO+/ Oé'La (tvxaamu)du(xaa)a
Td x R4

where o* is defined in paragraph 4.2.1. We recall that p(x) = —L, (t,z,o*(x), u). Using

c9z9

which holds for any vy, z, ¢ > 0, we obtain

q
1 / 20 7’ /

o [ el duta,a) < 200 + ERD" / pa)ftdm(a) + o [ ol duta,a).
Co T4 x R4 2CO Td xR4

This, the equality %4—1 = ¢, and (4.2.6) imply (4.4.2) and (4.4.3), we recall that we assume
Co = Co. O

Here, we shall use Leray-Schauder fixed point theorem as stated in [56] Theorem 11.6.

Theorem 4.4.2 (Leray-Schauder fixed point theorem). Let B be a Banach space and let ¥
be a compact mapping from [0,1] x B into B such that ¥(0,x) =0 for all x € B. Suppose
that there exists a constant C' such that

[zl < C,

for all (0,z) € [0,1] X B satisfying x = W(0,z). Then the mapping V(1,-) of B into itself
has a fized point.

From Lemma 4.4.1 and Theorem 4.4.2, we obtain the following existence result for a
fixed point (4.2.5¢).

Lemma 4.4.3. Assume A1-A5. Fort € [0,T], m € P (T¢) and p € C° (T%;R?), there
exists a unique p € P (']I‘g X Rd) such that p = (Iq,—H, (t,-,p(-), 1)) #m. Moreover, p
satisfies the inequality stated in Lemma 4.4.1.

In the following proof, we will take advantage of the flexibily offered when making all
assumptions on the Lagrangian, instead of the Hamiltonian. We will introduce a sequence
of new Lagrangians. The associated Hamiltonians may not admit explicit form; therefore
it would be difficult to check assumptions on them. Here on the one hand, checking the
assumptions on the new Lagrangians is straightforward. On the other hand, we obtain the
same conclusions on the new Hamiltonian as stated in Lemma 4.2.11.
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Proof. Take (t,p, m) satisfying the same assumptions as (¢, p,m) in Lemma 4.4.3. In order
to use the Leray-Schauder fixed point theorem later, we introduce the following family of
Lagrangians indexed by A € [0, 1],

(4.4.6) LPA (2,0, 1) = AL (t, 2, 0 1) + (1 — N) (’C;‘Iq -« p(a:)) ,

for (z, o, p) € T x R? x P (T2 x R?). We denote by HP* the Legendre transform of LP.
For A = 0 it satisfies

_ 1
(4.4.7) HPO (2,p, ) = =Bl

From Young inequality, we obtain that

Therefore, up to changing Cj into max (2%1,, %HpH OO,C()), we may assume that LP*

satisfies A1-A5, with the same constant Cjy for any A € [0,1]. The map (A, x,p,u) —
—Hg’)‘ (z,p, p) is continuous on [0,1] x T x R? x P g (T4 x R?), for any R > 0, by the
same arguments as in the proof of Lemma 4.2.11.

For a € CY (T4 RY), weset pp = (Ig, ) #m € P (T x R?) and a(z) = —Hg“\ (z,p(z), p),
for € T¢. We define the map ¥, from [0, 1] x C° (T%¢;R?) to C° (T¢; R?), by ¥ (A, a) = @.
If « is a fixed point of ¥(1,-), then p defined as above satisfies the fixed point in Lemma
4.4.3. Conversely, if u satisfies the fixed point in Lemma 4.4.3, then o* (defined in para-
graph 4.2.1) is a fixed point of ¥(1, ).

The map V¥ is continuous by the continuity of (X, z, p, u) — —Hg”\ (x,p, ). For R >0,
the set Ag, defined by Ag = [0,1] x T¢ x Bga (0, R) X Poo g (T x R?), is compact. By
Heine theorem, the map (A, z, p, u) — ng’)‘ (z,p, p) is uniformly continuous on Ag. Here,
note that we use the fact that P (’]I‘g X Rd) is a metric space since the weak™ topology
coincides with the topology induced by the 1-Wassertein distance on P g (Tg X ]Rd).
Heine theorem also implies that p is uniformly continuous. Therefore, ¥ is a compact
mapping from [0, 1] x C° (T4;R) to C° (T¢;R?), i.e. it maps bounded subsets of [0,1] x
O (Tg;Rd) into relatively compact subsets of C? (’]I‘g;Rd): this comes from the latter
observation and Arzela-Ascoli theorem.

Take o a fixed point of W(A, -), for A € [0,1], Lemma 4.4.1 implies that ||« is bounded
by a constant C' which does not depend on A.

Moreover, it is straightforward to check that ¥(0,-) = 0. Leray-Schauder Theorem
4.4.2 implies that there exists a fixed point of the map « — ¥ (1, ), which concludes the
existence part of the proof.

The proof of uniqueness relies on A3 and the strict convexity of L, see [38] Lemma 5.2
for the detailed proof. O

4.4.2 The continuity of the fixed point in time

The fixed point result stated in Lemma 4.4.3 yields the existence of a map (¢,p,m) — u.
The continuity of this map is addressed in the following lemma:

Lemma 4.4.4. Assume A1-A5. Let (t",m",p"),cy be a sequence in [0,T] x P (']Tfll) X
o (Tg;Rd). Assume that
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[ ] tn —n—o00 t e [O,TL

n ; ; 0 d. d
o (p"),cn 18 uniformly convergent to p € C (Ta,R ),
o (m"),cn tends to m in the weak™ topology.

We define u™ and p as the unique solutions of the fized point relation of Lemma 4.4.3
respectively associated to (t",m™,p") and (t,m,p), for n € N. Then the sequence (u"), cx
tends to u in P (Tg X Rd) equipped with the weak™ topology.

Proof. The sequence (p"),,cy it is uniformly bounded in the norm ||-|| . Therefore (u™), oy
is uniformly compactly supported by Lemma 4.4.1. Thus we can extract a subsequence
(M‘p(n))nEN convergent to some limit j € P (]Rd X Rd) in the weak* toplogy on measures.

We recall that o is defined in paragraph 4.2.1. Here, since x#™ and p are fixed points
like in Lemma 4.4.3, they satisfy:

o () = —H, (ﬁp(n)’ ,p?™ (2), Mso(n)) 7

O"u(x) = _Hp (ta x,p(x),u) 5

for € T¢ and n € N. From the continuity of H, stated in Lemma 4.2.11, (a‘P(”))neN
tends uniformly to the function & : x — —H, (t,z, p, 1). Then ((Id, oﬂ’(”)) #m")neN tends
to (I4, @) #m in the weak™ topology. Hence p satisfies the same fixed point relation as p;
by uniqueness we deduce that 1 = . This implies that all the convergent subsequences of
(U™)en have the same limit 4, thus the whole sequence converges to . O

Lemma 4.4.3 states that for all time the fixed point (4.2.5¢) has a unique solution. Then
Lemma 4.4.4 yields the continuity of the map defined by the fixed point under suitable
assumptions. Therefore, the conclusion of step I.c and the Lemma 4.2.4 are straightforward
consequences of these two lemmas.

Remark 4.4.5. All the conclusions of this section hold when we relax Assumption A3,
assuming that the inequality holds only when p' and p? have the same first marginal.
Some applications of MFGC do not satisfy A3, but satisfy the above-mentioned relaxed
monotonicity assumption. This is the case of the MFG version of the Almgren and Chriss’
model for price impact and high-frenquency trading, discussed in [38, /1, /3, 75].
Howewver, the a priori estimates in the next section do not hold under this relaxed mono-
tonicity assumption. We refer to [75] for estimates which do not rely on A3 (Assumptions
FP1 and FP2 in [75] are unnecessary if L satisfies the relaxed monotonicity assumption,).

4.5 A priori estimates for the solutions to (4.2.5)

In order to use the Leray-Schauder fixed point theorem later, we introduce the following
family of Lagrangians indexed by 6 € (0, 1],

(4.5.1) L? (t,z,a,pu) = 0L (t,w, 0 e, @(,u)) ,

where the map © : P (T x RY) — P (T¢ x R?) is defined by O(p) = (Ig® 07 14) #p.
Then the Hamiltonian defined as the Legendre transform of L is given by

(4.5.2) HY (t,z,p,p) = 0H (t,2,p,0()) .
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The definition of the Hamiltonian can naturally be extended to § = 0 by H° = 0, the
associated Lagrangian is L = 0 if a = 0 and L° = oo otherwise. We introduce the
following system of MFGC,

(4.5.32)  — O —vAu+ HO (t, 2, Vyu(t,z), u(t)) = 0f(t, z, m(t)) in (0,7) x T,
(4.5.3b)  Oym — vAm — div (Hg (t,z, Vyu(t,x), u(t)) m) =0 in (0,7) x T,
(453C) :U’(t> - (Idv _Hg (ta K vxu(tv ')7 :U’(t»)#m(t) in [07 T]a
(4.5.3d)  u(T,z) = Og(x, m(T)) in T¢,
(4.5.3¢) m(0,z) = mo(x) in T¢.

When 6 = 1, the latter system coincides with (4.2.5). When 6 = 0, (4.5.3) consists in a
situation in which the state of a representative agent satisfies a non-controlled stochastic
differential equation. Alternatively it can be interpreted as a game in which the agents
pay an infinite price as soon as they try to use a control different than 0. In particular the
case # = 0 is specific and easier than the case when 6 > 0. Therefore, in the rest of this
section, we only consider 0 € (0, 1].

Let us mention that assumptions A1-A3 are preserved when replacing L and H by LY
and HY respectively. Moreover the inequalities from A4, A5, become respectively

(4.5.4) L0tz 0, p) > C710 7 |l — Cof — Cob T Ay ()7
(455) L (1,2, 0, )| < Cof + o™~ (Jol? + Ay (1)),

since Ay (©(p)) = 071 Ay (). Furthermore, the conclusions of Lemma 4.2.11 hold and the
inequalities become respectively

(4.5.6) HE (t,2,p, )| < Cob (1+[p|7 ") + Coly (1),
(4.5.7) HY (t,2,p,1)| < Co (14 [p|?) + Cob ™" Ay ()",
(458)  p-H) (ta,p, ) — H (ta,p, 1) 2 Cg '0lp|* — Cof — Cob' ™ Ay ()7,
(4.5.9) HY (t,2,p, )| < Cob (1 + [pl?) + Cob" ™7 Ay ()7 .

We recall that without loss of generality, we assumed 50 = (Cy where 60 is defined in
Lemma 4.2.11.

Instead of proving Lemma 4.2.5 and step II.a, we address the more general following
lemma which provides a priori estimates not only for solutions to (4.2.5) but also for
solutions to (4.5.3). This will help to use the Leray-Schauder theorem in the next section.

Lemma 4.5.1. Under assumptions A1-A6, there exists a positive constant C which only
depends on the constants in the assumptions and not on a or 08, such that the solution to

(4.5.3) satisfies: ||ul|, < CO, [|[Vaul o, < CO2 and sup A (u(t)) < C46.
t€[0,T]

Proof. First step: controlling fOT Ay (u()? dt
Let us take (X, «) defined by

oy = a#(t) (ta Xt) = 7Hg (ta Xt7 vxu(ta Xt)’ /‘L(t)) ’
dXt = Oétdt + Vv QVdBt,
XO = é ~ My,
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where (Bt)¢[o 7] is @ Brownian motion independent of .

The function u is the value function of an optimization problem, i.e. the lowest cost
that a representative agent can achieve from time ¢ to T" if Xy = x, when the probability
measures m and p are fixed, i.e.

(4.5.10)

T
Osefyr) = argminE [ |8 (s X2 o) +05 (5. X2 ) s + g (X5 m<T>)} |
o t
where for a control o/, we define
dX¢ = oldt + v 2wdB),
X§ =¢ ~my,

and (Bj),¢o,r] is @ Brownian motion independent of {’. Let us recall that for any ¢ € [0, 77,
m,(t) is the law of X;, and p(t) is the law of (X;, a;). We introduce X the stochastic process

defined by
{dXt =2vdB,,
5(10 = f ~ mg.

We set m(t) = £(X;) and fi(t) = £(X;) @ &y for ¢ € [0,T]. For the strategy consisting in
taking o/ = 0, (4.5.10) yields the inequality:

T T
/ / LY (., @ ult)) dpu(t, 2, 0)dt+ / 0f (t,2,m(t)) dm(t,2)dt+ | 6 (z,m(T))dm(T,z)
0 JTdxrd o Jrd Tg

T T
< / / LY (.2, , plt)) dfi(t, o, @) dt+ / 0 (.2, m(t)) din(t,a)dt+ | 69 (x,m(T)) din(T,x).
0 JTdxRd 0o Jrd Td

This and A6 imply that,
T
(4.5.11) / / LY (t,z, a, u(t)) du(t, z, a)dt
0 JTdxRd

T
< / / LY (t, @, o, u(t)) di(t, z, )dt + 2Cof (1 4+ T)..
0 JTdxRd

Assumption A3 with (u(t), pu(t)) yields

4s12) [ LsapO)ditaa) s [ 1 ra o) de.)
Td x R4 Td xRd

< / LY (t, 2, u(t)) du(t, z, ) + / LY (t, @, a, (1)) djit, , ).
Tdx R4 Td xRd

Moreover, from A5 we obtain that,

(4.5.13) /T . L (¢, 2, 00, (1)) Fi(t, d(z, ) = /T 0L (., 0,i(t)) m(t, dz) < Cob.

Therefore from (A4), (4.5.11), (4.5.12) and (4.5.13), we obtain,

T T
/ / (G50 Jal? — Cot) du(t, 2.0t < / / L0 (1, 2 e, () dp(t, , o)t
o Jrg 0 JTdxRd
< Cof(2+ 3T).
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This implies
T , ,

(4.5.14) / Ay (u(e)? dt < 20267 (14 27).
0

Second step: the uniform estimate on |lul|
Let us rewrite (4.5.3a) in the following way,

—Ou — vAu + [/1 Hg(t, x, sVgu, u(t))ds] Veu = HO(t, 2,0, u(t)) + 0f(t,z,m(t)),
0

for (t,z) € (0,7) x T¢. The maximum principle for second-order parabolic equation, A6,
and (4.2.7) yield that

T
[ullo < Cof(1 +2T) + 0091_(1,/0 Ay (u(t)? dt,

which implies that u is uniformly bounded using the conclusion of the previous step.
Third step: the uniform estimate on ||Vaul| .
The proof of this step relies on the same Bernstein-like method introduced in [75]
Lemma 6.5. We refer to the proof of the latter results for more details in the derivation of
the equations below.

Let us introduce p € C* <[—%, %)d> a nonnegative mollifier such that p(z) = 0 if

lz| > ¢ and f[_%7%>d p(x)de = 1. For any 0 < § < 1 and t € [0,7], we introduce

pd =" (3) and u’(t) = p® x u(t) with » being the convolution operator with respect to
the state variable.

Possibly after modifying the constant C' appearing in the first step, we can assume that
|ully, + (14 Co) 07 fOT Ay (u(s))q, ds < C using the first two steps in such a way that
C' depends only on the constants in the assumptions, and not on #. Then we introduce
¢:[~C,C] — R% and w® defined by
(4.5.15)

p(v) = exp (exp (—v)),

wWo(t,z) = <u5(T )+ (14 Co) o7 /TT_t Ay (u(s))? ds) )vxuéf (T — t,2),

for (t,z) € [0,T] x T¢, v € Bga (0,C). In particular ¢’ < 0, and ¢, 1/p, —¢' and —1/¢’
are uniformly bounded. We refer to the proof of Lemma 6.5 in [75] for the derivation of
the following partial differential equation satisfied by w?,

/ 2
(4.5.16) o’ — vAwW + Vyw’ - Hg (:U, Vol u) + 2V£wa5 Vel + 2uvp ‘Di xué‘
@ k)

= Z/wd |:qu6 . Hg (33, Vmué,/‘) - i (m’ Vmu57u) + 1+ Co) el_q/Aq/ (/l)q,}

"o 9 ()2 2
— VW <w5> — 20V, u’ - HY (x, V.t u) + 200V’ - f2 (z,m) + RO(t, z)

in which H?, f, f°, u, v’ and p are taken at time T'— ¢ and w® at time ¢, and where f?
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and R?, are defined by,
Fo(z,m) =p° * (f(-,m)) (x),
Rt z) = — (vzufsf 75 (B Vo)) (@) — B (2, V00 1)
—2V,u’ - [ (0 % HY (- Vo), 1)) (@) = HE (2, Vou o)
+20V,ul - [D?mu‘ng (1‘ V,u, u) — Pk (Dg,qug (-, Vau, ,u))} .

From (4.5.8), we obtain that
qu‘s-Hg (ac, qu5,u> —H? (x, Vot ,LL)+(1 + Co) 91_(1/1\(1/ () > Cy'o ‘qu6‘q+91_q/Aq/ (1)? —Cob.
Therefore, using A6, (4.5.16), (4.5.9), the facts that ¢’ < 0, that ¢"¢p — 2 ((p’)2 > 0, that
o, oL, o, (¢ )71 are bounded, and the latter inequality, we get
(4.5.17) O’ — vAW® + Vud - Hg (m, qu‘s, ,u) + 21/:(;,wa5 -V ul
< —Cc1 (0 (w‘S)% + 017qlAq/ (u)q/> w’

+C (w5)5 [0 +6 (w5>é +6 (w‘s)% +OT A, (u)ql + HR‘SHOO,

up to updating C. We notice that the terms with the highest exponents in w? and Ay (,u)q/
in the right-hand side of the latter inequality is non-positive. Let us use Young inequalities
and obtain

/

1
5 / 1 ’
(w5> Ay ()7 <ewAy (W) + ZgAq’ (",

2
q 142 —24q T g2—24
(wa>q§€(w5) L at2-2 <€(q+~2)) e
q—+2 24

for any ¢ < 1+ 4 and ¢ > 0. Using systematically these two inequalities in (4.5.17) and
taking € small enough we finally obtain,

/
8tw5—1/Aw6+V$w6~Hg (x, un‘s, ,u) —2V£Vzw5-vxu5 < C; <0 + Gl_q,Aq/ (p)? )—i—HR(SH )
2 00
where C. is a constant which depends on £ and the constants in the assumtions. From A6,

the initial condition of w? is bounded. Therefore the maximum principle for second-order
parabolic equations implies that

(4.5.18) Hw‘sH <C. <9+9T+91—‘//TA(1, (M(t))q'dt>+THR5H .
o A o

Let us point out that V u is the solution of the following backward d-dimensional parabolic
equation,

—0Vu — VAV, u + D%qup (x,Vyu,u) = Vyf(z,m) — Hy (x,Vyu,p),
which has bounded coefficients and right-hand side, and a terminal condition in C''*50 (T9).

Theorem 6.48 in [36] states that V,u and D2 ,u are continuous. This and the continuity of

116



Chapter 4. Mean Field Games with monotonous interactions through the law of states
and controls of the agents

H? and H? stated in Lemma 4.2.11 imply that R® is uniformly convergent to 0 when & tends
to 0. We conclude this step of the proof by passing to the limit in (4.5.18) as § tends to
0, using the estimate on fOT Ay (,u(t))ql dt computed in the first step. We obtain that V, u
is uniformly bounded by a constant which depends on the constants in the assumptions,
and depends linearly on 2.

Fourth step: obtaining uniform estimates on Ay (1) and Ao (j).

Repeating the calculation in the proof of Lemma 4.4.1 with L satisfying (4.5.4) and
(4.5.5), we obtain:

(4.5.19) Ay (n(t)? <4C567 + 07 IV ()| o oy

()" (2Co)"
q

This and the third step of this proof yield that sup,co Ay (u(t)) < CO for some C

depending only on the constants of the assumptions. We conclude that sup,c(o 77 Aco (1(%))

satisfies a similar inequality using (4.5.6). O

4.6 Existence and Uniqueness Results

Paragraph 4.6.1 is devoted to proving the existence of solutions to (4.2.5), which is step
I1.b. In paragraph 4.6.2, we propose a method to extend the existence result to system
(4.2.3) which is stated on R?; this concludes step ITI.a. This method relies on compactness
results using the uniform estimates of V,u that we obtained in Lemma 4.5.1. In paragraph
4.6.3, we prove step IIL.b, namely the uniqueness of the solution to (4.2.3) and (4.2.5).
Then the main results of the paper and step IV are addressed in paragraph 4.6.4. We
introduce a one-to-one correspondance between solutions to (4.1.6) and (4.2.3), which
allows us to obtain directly the existence and the uniqueness of the solution to (4.1.6) from
the ones to (4.2.3).

4.6.1 Proof of Theorem 4.2.6: existence of solutions to (4.2.5)

We will use the a priori estimates stated in Section 4.5 and the latter fixed point theorem,
in order to achieve step II.b and prove the existence of solutions to (4.2.5).

Proof of Theorem 4.2.6. We would like to use the Leray-Schauder theorem 4.4.2 on a map
which takes a flow of measures (mt)te[O,T] € (fP (Tg))[O’T] as an argument. However,

P (']I‘ff) is not a Banach space. A way to go through this difficulty is to compose the latter
map with a continuous map from a convenient Banach space to the set of such flows of
measures. Here, we consider the map introduced in [25], namely p : C° ([0, 7] x T R) —
CY ([0,T] x T4 R) defined by

My (t,x) —a™? [y (t,y)dy
max (1, [ iy (t,y) dy)

+ afd,

p(m)(t, x) =

where m (¢, 7) = max (0,7m(t,r)). We will also have the use of 1" defined as the unique
weak solution of

(4.6.1) oy’ —vAm® =0on (0,7) x T¢,  and m°(0, ) = m°.

We are now ready to construct the map ¥ on which we will use the Leray-Schauder theorem
4.4.2. Take 6 € [0,1], u € C®([0,T] x T4 R) and m € CY ([0,T] x T4 R). We define
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m = p (m+m°) and (u, ) € CO ([0, T]; P (T2 x RY)) x C° ([0, 7] x T4;R?) by,
at,z) = —HG (t,z, Vyu(t,x), u(t))
p(t) = (La, alt, ) #m(t).

This definition comes from the conclusions of Lemma 4.2.4 when 8 > 0. For 6§ = 0, it
simply consists in taking o = 0 and p(t) = m(t) ® d9. Here we can repeat the calculation
and obtain inequality (4.5.19). This and (4.5.6) implies that |la||,, is bounded by C@ for
some constant C' > 0 which depends on ||V,u| ., and is independent of 6 and a.

Then we define m the solution in the sense of distributions of

oym — vAm + div (am) = 0,

supplemented with the initial condition m(0, -) = m°, with m® being Bo-Holder continuous.
Theorem 2.1 section V.2 in [81] states that 72 is uniformly bounded by a constant which
depends on ||mgl|,, and ||| ,,. Theorem 6.29 in [86] yields that m € 3P ([0,T] x T?) for
B € (0, Bo), and that its associated norm can be estimated from above by a constant which
depends on [|[Vyul|., B, a and the constants in the assumptions. The same arguments
applied to m° defined in (4.6.1) imply that m° is in 0P ([0,T] x T¢) and its associated
norm is bounded.

Then we take i(t) = (Ig, a(t,-)) #m(t) for any t € [0,T], and u € C%! ([0, 7] x T4 R)
the unique solution in the sense of distributions of the following heat equation with bounded
right-hand side,

_8tﬂ —VvAu = _He (tal‘a Vzuaﬁ(t)) + Qf(l"m(t))a

supplemented with the terminal condition %(7,-) = 0g (-,m(T")) which is in C**% (T4).

Classical results (see for example Theorem 6.48 in [86]) state that u is in C3t+51+8

its associated norm is bounded by a constant which depends on [|V,ul|, 8, a and the
constants in the assumptions.

We can now construct the map ¥ : (6, u, m) (H,W — ﬁzo), from C%1 ([0, T] x T4, R) X
CY ([0, T] x T¢;R?) into itself. This map is continuous and compact, it satisfies ¥ (0, u, m) =
0 for any (u,m). In particular, the fact that |||/, < C8 in the previous paragraph, im-
plies that m tends to m° and @ tends to 0 as 6 tends to 0. This gives the continuity of
U at @ = 0. Moreover the fixed points of U(#) are exactly the solutions to (4.5.3), which
are uniformly bounded by Lemma (4.5.1). Therefore, by the Leray-Schauder fixed point
theorem 4.4.2, there exists a solution to (4.2.5). O

and

4.6.2 Proof of Theorem 4.2.7: passing from the torus to R?

The purpose of this paragraph is to extend the existence result to the system (4.2.3) and
achieve step IIl.a.

Proof of Theorem 4.2.7. First step: constructing a sequence of approximate solutions.
For a > 0 we define m%?® = 7n%#mY, where 7¢ : R4 — ’]I‘g is the quotient map. Let
@:T! — R be the canonical injection from the one-dimensional torus of radius a to R,
which image is [—%, %) Take ¢ € C? (R;R) periodic with a period equal to 1 and such
that,

~ 1
)=, il <5,

(4.6.2) L1

5| < Ie1. mrmwxe[—y2],
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We define ¢ : T¢ — RY by ¢%(x); = (MZ (a‘lxa(:vi)) for i =1,...,d, this is a C? function.
Since ¥ (5) has a period of a, the function ¥ o 7% : R? — R satisfies

(4.6.3) Vo (x); = ap (%) ;

fori = 1,...,d and € R? and is a C? function. We are ready to construct periodic
approximations of L, f and ¢ defined by,

L* (ta €T, &, M) =L (t7 Qz[)a(x)v «, (W ® Id) #/’L) )
fe@tz,m) = f (¢, %), #m),
9" (z,m) = g (V*(x), p*4m)

for (t,z) € [0,T] x T¢, « € R, p € P (T4 x RY). Let H* be the periodic Hamiltonian
associated with L* by the Legendre transform:

H (t,z,p, p) = H (t,9"(x), p, (V" @ La) #4) -
Let us point out that the fact that L, H, f and g satisfy A1-A6, implies that L*, H?,
J’ instead of Cy. So we can define
(@, m®, i) a solution to (4.2.5) with H?, f ¢% and m% instead of H, f, g and m®. We
define u® € C° ([O,T] X Rd;R), m® e CY ([O,T]; P (Rd)) and p € C° ([O,T];iP (Rd X Rd))
respectively by

u'(t,x) = a® (t,7%(x)), m(t) = #m(t), and  po(t) = (V" © La) #p° (1),

for (t,x) € [0,T] x R%

Second step: Proving that m® is compact.

We are going to use the Arzela-Ascoli Theorem on C° ([0,T7; (P (R?),W1)) (P (R?)
is endowed with the 1-Wassertein distance). First we prove that for any ¢ € [0,7],
the sequence (m®(t)),.; is compact with the 1-Wassertein distance, by proving that
Jga [2[2dm®(t, z) is uniformly bounded in a. At time ¢ = 0, we have

f* and g% satisfy these assumptions too with C(])

2 a _ a ~a0 a o @ 2 mox l’2 mﬂx
[ a0 = [P ance) = [ pror @) < [ jafan) <

using (4.6.2), (4.6.3) and A6. Let us differentiate [pq |z[2dm®(t, ) with respect to time,
perform some integrations by part and obtain that

d

& | afdmt.) = dt/yw )2 (¢, )

y 07 () (uArfna(t,x) — div (aﬁ“(t)(x)ma(t’ x)>> "

AR
v 0 7 (X1 ) o010 e
~ 112

o et / v (@)
ee} o0 Tg

T

< 2ud‘ b

NN

T

< 2ud‘ b

NN

Rd
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We recall that (¢, z) — o ®) () is uniformly bounded with respect to ¢ and @ by Lemma
4.5.1. Therefore, the latter two inequalities and a comparison principle for ordinary dif-
ferential equation imply that [pq |z|2dm?(t, ) is uniformly bounded with respect to a and
t.

We define X* a random process on R% by

dX} = o ® (7% (X})) dt + V2vdB,, and £ (Xg) =mP,

where B is a Brownian motion on R? independent of YS. For t,s € [0,T], we have that,

1
2]2

We define X¢ = 7@ (Y?) € T¢ and X§ = ° ()?f) € RY, for t € [0,7]. One may check

1
B (X - X2|] <E[|%; - X’

1
2

+E

2

¢
<E / v 2vdW,

t
/ o () dy

P ()

< V2udt — s\% + [t —s| sup
r€[0,T]

o0

that the law of )Zf satisfies the same Fokker-Planck equation in the sense of distributions
as m?(t) by testing it with C* ((0,T) x T) test functions. Therefore, the law of X is
m®(t) and the law of X is m?(t). By definition of the 1-Wassertein distance, we obtain

Wi (m (t),m*(s)) < E[|X} — X{]]
<E[[gon (X;) - 9" on® (X)]]

S

< ||| B0 - X3])
< ‘ 0 (\/QVd]t — s]% + |t —s| sup Ha“a(r) ) ,
o0 rel0,T7] o0

where we used (4.6.3) and the mean value theorem to pass from the second to the third
line in the latter chain of inequalities. Therefore by the Arzela-Ascoli theorem, (m?), is
relatively compact in C° ([0, TY; (iP (Rd) ,Wl)).

Third Step: passing to the limit for a subsequence.

We recall that 4% and V, 4% are uniformly bounded with respect to a, so are u® and
V,u®. Moreover u® satisfies the following PDE,

—owu® —vAu®* + H (t, 9 o (x), Vaul(t, z), p*(t)) = f (¢, 9% o (x), m(t)),

for (t,2) € (0,7) x Bga (0,a), we recall that ¢® o 7%(z) = x if || < §. For ag > 0, we
choose a such that a > 4 (ag + 1), this implies that u* satisfies a backward heat equation on
Bga (0, a0 + 1) with a bounded right-hand side, a bounded terminal condition, and bounded
boundary conditions. Classical results on the heat equation (see for example Theorem 6.48

in [86]) state that u® is in C3t+51+8 ([0,T] x Bga (0,a0) ; R) and that its associated norm is
bounded by a constant which depends on the constants in the assumptions and ag, but not
on a. Therefore (ufBRd(O’a0)>a>1 is a compact sequence in C%! ([0, T] x Bga (0,a9) ; R) for

any ag > 0. Then by a diagonal extraction method, there exists a,, an increasing sequence
tending to +o0 in Ry such that

@ s in C° ({o,T], (‘.P <Rd> ,W1)> :

u —u locally in C!,
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for some (u m) € C% ([0, T) x R4 R) x CO ([0, T; (P (R?) ,Wh)). Let us prove that for
t €10,T], u*(t) converges to a fixed point of (4.2.3c) when n tends to infinity; indeed we
notice that

o (t) = (W™ @ Ig) #p (1)

(
=" ® Id) # [(Iq, —Hy™ (t,-, Voa™ (t, 7% 0 ™ (), 1 (t))) #m" ]
= (%, —Hy (6, 9" (), Vau™ (8,4 (), u® (1)) #m™

(Id7 H ty -, Vau'n (t, ) “uan (t))) #mr

In particular, o () = ") 6 ) 50 | o™ (t) is not larger than Haﬁa" (®)

HLoo(m) HL°°(m)
since the support of m®» is contained in the image of the support of m? by **. We proved
in the previous step that (m®(t)),~, is compact in (P (R?),W1), and so is (u®(t)),,»; in
(iP (Rd X Rd) ,Wl), since they are the pushforward measures of (m®(t)), -, by (Id, at*" (t)).
Let p(t) € P (R? x R?) be the limit of a convergent subsequence of (4 (t)),~;. Passing
to the limit in the weak™ topology in the latter chain of equalities implies that

pu(t) = (g, —Hp (£, Vau (¢, ), p(t))) #mf(t).

Moreover, the uniqueness of the fixed point 4.2.3c holds here, see [38] Lemma 5.2 for the
proof. We obtained that there exists a unique fixed point satisfying 4.2.3c, and that it is
the limit of any convergent subsequence of (u%*(t)). This implies that the whole sequence
(1 (t)),,>1 tends to p(t) in (P (R? x RY) , W7).

Let us point out that m®» satisfies

om™ — vAm —div (H) (¢, z, Vu, p)m) =0

in the sense of distributions on (0,7") x B (0, %"), by the definitions of ¥ and 1;/; Fur-
thermore, at time ¢ = 0 we know that m% (0) = (¢ om)#m°. We recall that
Yoo (z) = x for & € Bga (0,%). This implies that m®(0) tends to m® in the
weak™ topology of P (]Rd).

Finally we obtain that (u,m,p) is a solution to (4.2.3), by passing to the limit as n
tends to infinity in the equations satisfied by (u®", ma, p%). O

Remark 4.6.1. In the above proof, we obtain that there exists a unique fixed point satis-
fying 4.2.8c. We have thereby extended the conclusions of Lemma 4.4.3 to system 4.2.3.
Similarly, one may extend the conclusions of Lemma 4.2.4 to system (4.2.3).

4.6.3 Proof of Theorem 4.2.8: uniqueness of the solutions to (4.2.3) and
(4.2.5)

Step III.b, namely the uniqueness of the solution to (4.2.3), is obtained from the mono-
tonicity assumptions A3 and U, and the same arguments as in the case of MFG without
interaction through controls.

Proof of Theorem 4.2.8. Here, we write the proof for the system (4.2.3). However, none of
the arguments below is specific to the domain R?, therefore this proof can be repeated for
(4.2.5).
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We suppose that (u',m', u!) and (u?, m?, u?) are two solutions to (4.2.3). Now stan-
dard arguments (see [85]) lead to

(4.6.4)
0 —/ /]Rd (u —u?) - H, (t,x,qul,ul) - H (t,x,qul,ul) + H (t,x,qu2,u2)] dm!(t,z)
/ / (u? —ul) - H, (t,CL',VI’U,Q,,LLZ) —H (t,x,vxu2,u2) + H (t,x,vxul,,ul)] dm?(t, z)
R4
/ /R Pt mM(©)) — f(t, 2, m>(1)) dm (t, 2) — m2(¢, 2))dt
+/ (9(x,m"(T)) = g(x,m*(T))) d(m*(T, ) — m*(T, x)).
R4

Recall that

L (t x, ot ,u ) =V, u'- H, (t,x,Vmui,ui) —H (t,:L‘,qui,ui) ,
(4.6.5) ,
Vu' = —Lg, (t xz, ot ,u)

because L is the Legendre tranform of H. From U, (4.6.4) and (4.6.5), we obtain that,

(4.6.6)
0 >/ / t x, ot ) ) L <t,x,a“2,u2> — <a“1 —a“2> - L (t,:c,a“z,,uQ” dm!(t, z)dt
Rd

+/ / L t,:c,oz“Q,;ﬂ) —L (t,a:,oz“l,,u1> — (oz“Q — a“l) - Lq (t,a:,a“l,ulﬂ dm?(t, z)dt
0 R4

The function L is strictly convex in « by Lemma 4.2.10, which implies that,

L(tma ,,u) L(txa ,u)—(a“l—a“2>-L (txa ,M)ZO,
(4.6.7) ) )
L(taca,,u) L<txa,,u>—<a“—a“>~L (txa,u)ZO,

and (4.6.7) turn to identities if and only if o = a#*. The latter inequalities and (4.6.6)
yield

T 1 1 T 2 2
02/ / [L (t,x,a“ ,u1> —L(t,x,a“ ,,uQ)}dmldt—i—/ / [L (t,x,a“ ,u2) —L(t,x,a“ ,,ul)} d
0 JR4 0 JR4
T
= / / [L (t,x, a, ul) —L (t,x, Q, ,u2)] d (ul — /J,Z) (t,z, v)dt.
0 JRiIxRI

Assumption A3 turns the latter inequality into an equality. This, the case of equality in
(4.6.7) and the continuity of ot and ot yield that ot = a#*. This implies that m! = m?
by the uniqueness of the solution to (4.2.3b), (4.2.3e). Therefore, we obtain u! = u?, and
then u! = u? by the uniqueness of the solution to (4.2.3a),4.2.3d. O]

4.6.4 Theorems 4.2.2 and 4.2.3: existence and uniqueness of the solution
o (4.1.6)

So far, no distinction has been made between p, and p,, because they coincide for (4.2.3)
and (4.2.5). Now they may differ since the drift function and the control may be different.
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In this case pp defined by up(t) = (Wx,b(t))#ua(t) is naturally the joint law of the
states and the drifts. The idea here to pass from (4.2.3) to (4.1.6), is to assume that b
is invertible with respect to «, which changes the optimization problem in « into a new
optimization problem expressed in term of b. This consists in changing the Lagrangian
from L (¢, x, a, po) into

LY (t, 2,0, wp) = L (t, x, o (t,x, b, ), <7rz, o (t))#ub> .
The Hamiltonian H? defined as the Legendre transform of L? is given by
(4.6.8) H (t,z,p, ) = H (t,x,p, (Wx,a* (t))#ub> .
Conversely, we can obtain L and H from L? and H® with the following relations,

L(t,x, a,p,) =L° (t,x, b(t,z,a, pa) (7rx, b(t))#,ua> ,

H(t,x,p, pa) = H° (t,x,p, (Wx7b(tvﬂa>>#ﬂa> :

Now we can state the following lemma which allows us to pass from (4.2.3) to (4.1.6), or
vice versa.

Lemma 4.6.2. Under assumption B1, (u,m, fio, p) is a solution to (4.1.6) if and only if
(u,m, ) s a solution to (4.2.3) with H® instead of H.

The proof is straightforward and only consists in checking on the one hand, that (4.1.6a)
and (4.1.6b) are respectively equivalent to (4.2.3a) and (4.2.3b) with H? instead of H; on
the other hand, that (4.1.6¢c) and (4.1.6d) are equivalent to (4.2.3c) with H® where we
take pp = p and p, defined by (4.1.6¢).

The following existence theorem is a direct consequence of Lemma 4.6.2, and Theorem
4.2.7.

Corollary 4.6.3. If L’ satisfies A1-A6, and b satisfies B1, there exists a solution to
(4.1.6).

Theorem 4.2.3, i.e. the existence part of step IV, is a consequence of the latter existence
result in which the assumptions on L? are stated on L instead, which makes them more
tractable. However, we have to make the additional B2.

If L and b satisfy the assumptions of Theorem 4.2.3, it is straightforward to check that
LY satisfies A1-A5. Therefore, Theorem 4.2.3 is a consequence of Corollary 4.6.3. Finally,
Theorem 4.2.2 and the uniqueness part of step IV are direct consequences of Theorem
4.2.8 and Lemma 4.6.2.
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CHAPTER D

On the implementation of a primal-dual
algorithm for second order time-dependent
mean field games with local couplings

Joint work with L.M. Briceno, D. Kalise, M. Lauriére, A. Matéos Gonzalez and F.J. Silva.

We study a numerical approximation of a time-dependent Mean Field Game (MFG)
system with local couplings. The discretization we consider stems from a variational ap-
proach described in [29] for the stationary problem and leads to the finite difference scheme
introduced by Achdou and Capuzzo-Dolcetta in [6]. In order to solve the finite dimensional
variational problems, in [29] the authors implement the primal-dual algorithm introduced
by Chambolle and Pock in [46], whose core consists in iteratively solving linear systems and
applying a proximity operator. We apply that method to time-dependent MFG and, for
large viscosity parameters, we improve the linear system solution by replacing the direct
approach used in [29] by suitable preconditioned iterative algorithms.

Nous étudions une approche numérique pour un systéme de jeu & champ moyen avec
couplage local. La discrétisation que nous considérons résulte d’une approche variationnelle
décrite, pour le probléme stationnaire, dans [29] et méne au schéma aux différences finies
introduit par Achdou et Capuzzo-Dolcetta dans [6]. Dans le but de résoudre des prob-
lémes variationnels en dimension finie, dans [29] les auteurs implémentent un algorithme
primal-dual introduit par Chambolle et Pock dans [46], dont I’essence consiste a résoudre
itérativement des systémes linéaires et & appliquer un opérateur proximal. Nous appliquons
cette méthode & un jeu & champ moyen dépendant du temps et, lorsque le paramétre de
viscosité est assez grand, nous améliorons la résolution du systéme linéaire en remplacant
I'approche directe utilisée dans [29] par des algorithmes itératifs préconditionnés.
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5.1. Introduction

5.1 Introduction

In this work we consider the following MFG system with local couplings

— O — vAu+ H(z,Vu) = f(z,m(z,t)) in T x [0,T],
(MFQ) oym — vAm — div(V,H (z, Du)m) = 0 in T¢ x [0, T7,
m(-,-) =mo(-), u(-,T)=g(,m(,T)) in T¢.

In the notation above v > 0, d € N, T? is the d-dimensional torus, H : T¢ x R — R is
jointly continuous and convex with respect to its second variable, f, g : T x R — R are
continuous functions and mg € L'(T?) satisfies mg > 0 and [, mo(z)dz = 1.

System (MFG) has been introduced by J.-M. Lasry and P.-L. Lions in [84, 85] in order
to describe the asymptotic behaviour of symmetric stochastic differential games as the
number of players tends to infinity. Several analytical techniques can be used to prove
the existence of solutions to (MFG) under various assumptions on the data. Despite the
recent introduction of the MFG system, the literature dedicated to its theoretical study
is already too rich to be covered exhaustively in this introduction. The interested reader
may refer to the monographs |21, 61|, the surveys |33, 58| and the references therein for
the state of the art of the subject.

A useful approach that can be used to establish the existence of solutions to (MFG)
is the variational one, already presented in [85]. The main idea behind is that, at least
formally, system (MFG) can be seen as the first order optimality condition associated to
minimizers of the following optimization problem
(P)

inf () fo Jra [b(z, m(z,t), w(zx, 1)) + F(x,m(z,t))] dz + [pa G(x, m(z,T))dz

subject to  9ym — vAm +div(w) =0 in T? x (0,7,
m(-,0) =mo(-) in T

(provided that they exist). In (P), the functions b : T? x R x R — R U {400} and F,
G: T4 xR — RU{+oco} are defined as follows

(5.1.1)
mH*(x,—%) if m >0,
b(x,m,w) =< 0 if (m,w) = (0,0),
400 otherwise,
fo Ndm' if m >0, fo (x,m)dm' if m >0,

400 otherwise, 400 otherwise,

F(z,m):= { G(z,m) := {

where, in the definition of b, H*(x,-) denotes the Legendre-Fenchel conjugate of H(x,-).
Under the assumption that f(x,-) and g(z,-) are non-decreasing, problem (P) is shown
to be a convex optimization problem and convex duality techniques can be successfully
applied in order to provide existence and uniqueness results to (MFG). This argument has
been made rigorous in several articles: let us mention [34, 36| in the context of first order
MFGs (v = 0), the paper [37] for degenerate second order MFGs, and finally [89, 90| for
ergodic second order MFGs.

The variational approach described above has also been successful in the numerical
resolution of system (MFG). In this direction, we mention the article [78] dealing with
applications in economics, the paper [4] concerned with the so-called planning problem
in MFGs, the works [16, 14] focused on the resolution of a discretization of (P) by the
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Alternating Direction Method of Multipliers (ADMM) and [29] where several first order
methods are implemented and compared for the stationary version of (MFG). Let us
mention that the variational approach is closely related to the so-called mean field optimal
control problem, for which numerical methods have been studied in [30, 12|, among others.

In this paper we consider a finite difference discretization of problem (P). Assuming
that f(z,-) and g(z, -) are non-decreasing, the discretization that we consider is such that it
preserves the convexity properties of problem (P) and the first order optimality conditions
for its solutions, which are shown to exist, coincide with the finite difference scheme for
MFGs introduced in [6]. A very nice feature of this approach is that the solutions of the
resulting discretized MFGs are shown to converge to the solutions of (MFG). We refer the
reader to [5], where the convergence result is obtained under the assumption that (MFG)
admits a unique classical solution, and to [9] in the framework of weak solutions (see [95] for
the definition of this notion). We solve the discrete convex optimization problem by using
the primal-dual algorithm introduced in [46]. As was pointed out in [29] (see also [92] in the
context of transport problems), the primal-dual algorithm we consider seems to be faster
than the ADMM when v in (MFQG) is small (or null). On the other hand, the efficiency of
both methods is arguable when v is large. This is due to the fact that, in both algorithms,
at each iteration one has to invert a matrix whose condition number importantly increases
as the viscosity parameter increases. Naturally, preconditioning strategies (see e.g. [22])
can then be used in order to improve the efficiency of both algorithms. This strategy has
been already successfully implemented in [14] for the ADMM.

Our main objective in the present work is to take a closer look at the phenomenon
described at the end of previous paragraph when considering the primal-dual algorithm.
Therefore, we focus our analysis in the case where v > 0. We have implemented stan-
dard indirect methods for solving the linear systems appearing in the computation of the
iterates of the primal-dual algorithm. As our numerical results suggest, it is very im-
portant to design suitable preconditioning strategies in order to be able to find solutions
of the discretization of problem (P) efficiently, and in a robust way with respect to the
viscosity parameter. For this, we explore different preconditioning strategies, and in par-
ticular, multigrid preconditioning (see also |8, 14|, where multigrid strategies have been
implemented for other solution methods).

The article is organized as follows. In section 5.2 we introduce some standard notation
and we recall the finite difference scheme for (MFG) introduced in [6]. The variational
interpretation of this finite difference scheme is discussed in section 5.3. Next, in section
5.4, we recall the primal-dual algorithm introduced in [46] and we consider its application
to the discretization of (P). In section 5.5, we summarize the preconditioning strategies
that we consider and we discuss a numerical example, which is the time-dependent version
of one of the examples treated in [6, 29].

5.2 Preliminaries and the finite difference scheme

In this section we introduce some basic notation and present the finite difference scheme
introduced in [6], whose efficient resolution will be the main subject of this article. For
the sake of simplicity, we will assume that d = 2 and that given ¢ > 1, with conjugate
exponent denoted by ¢’ = q/(q — 1), the Hamiltonian H : T? x R? — R has the form

1 /
H(xz,p) = ?]p|q VaeT? peR2
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In this case the function b defined in (5.1.1) takes the form

|wl?

P it m >0,
b(z,m,w) =14 0 if (m,w) = (0,0),
+00 otherwise.

Let Np, N, be positive integers and set At = T'/Np, the time step, and h = 1/Np, the
space step. We associate to these steps a time grid Ta; := {tx, = kAt ; k =0,...,Np}
and a space grid T3 := {x;; = (ih,jh) ; i, j € Z}. Since T3 intends to discretize T?,
we impose the identification z; ; = Z(; mod Ny),(j mod Ny)> which allows to assume that ¢,
j €{0,...,N, —1}. A function y := T? x [0,7] — R is approximated by its values at
(xij,tr) € T% X Ta¢, which we denote by yzkj = y(xij,tg). Given y : T}% — R we define
the first order finite difference operators

1? ‘?' 9, 1 '7‘
(D1y)ij == M7 and (Day);, = M,

h h
(5.2.1) [Drylij = ((D19)ig, (D1Y)i-1,4, (D2y)ij, (D2y)ij-1),
[Dryl; ; = (D1y)i, —(D1y)i 1 (Day)i ;s —(Day) 1),
where, for every a € R, we set at := max(a,0) and a~ := a™ — a. The discrete Laplacian

operator Apy : Ti — R is defined by

1
(Apy)ij == _ﬁ(élyi,j — Yit1,j — Yi-1,j — Yij+1 — Yij—1)-

For y : Ta+ — R we define the discrete time derivative

T At

The Godunov-type finite difference discretization of (MFG) introduced in [6] is as follows:
ﬁndu,m:T%x‘TAtﬁRsuchthat forall 0<%, < Nj—1and 0 <k < Np—1 we have

~Dyuf; — v(Apu¥)ij + Gl[Dpubl; |7 = flaig,mifh),

7/7]
(MFGp At) Dtmﬁj — v(ApmFTY); o — Ty (uF, mA L) =0,
N N
mO,J =g, = g(@igm ),
where
(5.2.2) mij = / mo(x)dz > 0,
\x -731]‘00<*

and the operator T(u/,m’) : T2 — R, with «/,m’ : T2 — R, is defined by

Tig(ulym) = & (=l D)y Dy + il D)o (Dy)

T 2—¢q
+m;+17j%‘[Dhu’]i+Lj|q71(Dlu/)i ml L HDhu] |q t (D)

i—1,j5

mz]q”Dhu] ‘q 1(D2u) +ml] 1qHDhu]zj 1"1 1(D2u)” 1
— = 2—q

+m;,j+1%”Dhu/]i,j+l|q_l(DQUI)i mi g |[Dhu] |" (Do )i 1)
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with the convention:

_— —

— 2—
(5.2.3) |[Dhu/]i’quftf[Dhu’]m =01if ¢ > 0 and [Dpu/]; ; = 0.

The existence of a solution (u»2f, m"At) of system (MFGy, a¢) is proved in [6, Theorem

6] as a consequence of Brouwer fixed point theorem. Furthermore, if we assume that f
and ¢ are increasing with respect to their second argument, and one of them is strictly
increasing, this solution is unique when h is small enough (see [6, Theorem 7]). As we will
see in the next section, these results can also be obtained by variational arguments. The
convergence, as h and At tend to 0, of suitable extensions of u2* and m4¢ to T? x [0, T
to a solution (u,m) of (MFG) is proved in [5] under the assumption that (u,m) is unique
and sufficiently regular. The later smoothness assumption has been relaxed in [9].

5.3 The finite dimensional variational problem and the dis-
crete MFG system

Following |29] in the stationary case and [4] for the planning problem, we introduce some
finite-dimensional operators that will allow us to write easily a finite dimensional version
of problem (P). Denoting by R the set of non-negative real numbers and by R_ the

set of non-positive real numbers, we define K := Ry x R_ x Ry x R_ and for v =
(v, 0?3 y®)) € R* we denote by Pr(v) = ((vM)+, —(v®)~, (@) +, —(®)~) its
orthogonal projection onto K. Let M := RWTHDXNuxNu g .— (RH)NrxNaxNn and

U := RNTXNoxXNi et A: M — U and B : W — U be the linear operators defined by
(5.3.1) (Am); = Dymy; — v(Apm* )5,
(Bw)¥; = (D1w™ M),y j + (D1w™ @), j + (Dawh®); 51 + (Dawh ™), 5,

forall 0 <i,7 < Np, —1and 0 < k < Np — 1. One can easily check (see e.g. [6]) that the
corresponding dual operators are given by

(B*u)f; = —[Dpu®];; forall 0 <k < Np—1,
Ak = DT —p(ApFTY s, 1<k < Np—1,
1, 1,7 )

(5.3.2) « 0 Loy
(A u)zy = _7Atui,ja
1
(AT = e (g,

for all u € U. For later use, notice that
Ker(B*) ={ueU|Vk=0,...,Nr — 1 there exists ¢ € R such that uf] =cp Vi,j},
and so

(5.3.3) Im(B) = Ker(B*)* = {u eU| Y ul;=0 Vk=0,...,Ny - 1}.
i

Let us define b: R x R — R U {400}

 ifm>0weEK,
(5.3.4) b(m,w) =< 0, if (m,w) = (0,0),
400, otherwise,
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and the functions B, F: M x W = R, G : M x W — M x RVeXNn a9

B(m,w) := Z b(mﬁj,wﬁjl),
1<k<Nr,
0<¢,j<Np—1

1 N
(5.3.5) Fm) = Y, Flgmi)+y D, Glugmy),
1<k<Nr, 0<,j<Np—1
0<4,j<Np—1

§(m,w) := (Am+ Bw,m°).

Note that if (m,w) € M x W is such that G(m,w) = (0,m), where we recall that m is
defined in (5.2.2), then

(5.3.6) h?y mi;=1 Yk=0,...,Np.
1,7

Indeed, by periodicity, — Zm(AhmkH)i,g‘ =0and Zi’j(Bw)f’j =0forallk=0,..., Ny —
1. This implies that

k+1 k
i Mig i M

— ko _
0= Z(Am + Bw)w A7 N

1]

and so h? i mﬁj = h? Z” m;j =1forall k=0,...,Np.
The discretization of the variational problem (P) that we consider is

(Ph.at) inf B(m,w) + F(m), subject to G(m,w) = (0,m),
(m,w)eMXW

where we recall that F' and G in (5.3.5) are defined in (5.1.1).
We have the following result

Theorem 5.3.1. For any v > 0 problem (Pj a¢) admits at least one solution (m"At, wh5t)

and associated to it there exists uAt : M x W — R such that (MFGp,a¢) holds true.
Moreover, (mh’At)ﬁj >0 forallk=1,...,Np,i,j=0,...,N, — 1.

In order to prove the result above, let us first show a lemma that implies the feasibility
of the constraints in (Pp ay).

Lemma 5.3.2. There exists (m,w) € M x W such that

: ) S(m,w) = (0,m), wy; €int(K) Vi, j=1,...,Ny—1, k=1,...,Np—1,
5.3.7 ’

my; >0, Vi, j=1,...,Ny—1, k=1,...,Nr,
Proof. Let us define fngj = m;; and fnf] ;=1 for all Kk = 1,..., Ny and 4, j. Since

h? ;;mi;=1forallk=0,...,Np, by (5.3.3) and the definition of A we easily get that
Am € Im(B). Therefore, there exists w € W satisfying G(m,w) = (0,7m). Then, given
6 >0, weset forall k=0,..., Np —1 and i, j

;= (“A’k’(l) + maxc a4 8,00 — maxap P — 6, ® 4 maxify? + 6,050 — maxaf Y - 5) ,
,] > 1,] > 1,] > 1,] >
which satisfies u]f“;j € int(K) and (Bw)* = (Bw)*. The result follows. O
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Now, we prove the existence of solutions to (Pp a¢).

h,At’ wh,At)

Lemma 5.3.3. Problem (Pj, a¢) admits at least one solution (m and every such

solution satisfies (m/ At) >0 forallk=1,...,Np, 4, j=0,...,N, — 1.

Proof. Let (m",w"™) be a minimizing sequence for (Pj a:). Lemma 5.3.2 implies that
B(m,w) + F(m) < +oo. Therefore, there exists a constant C; > 0 such that

(5.3.8) B(m",w") +F(m") < Cp forall n eN.

As a consequence, by definition of b, (m")fj >0 for all 4, j and k and (w")* € K for all k.
Since Am™+ Bw" = 0, relation (5.3.6) implies that h? Zm(m”)”
exists Cy > 0 (independent of n) such that supi,jyk(m”)fij < Cy. Using that, if (m )ZJ > 0,

= 1. In particular, there

(w1

—1
qC3

b((m™);, (w™)F;) =

)

and that F(m") is uniformly bounded (because F' and G are continuous and m™ is
bounded), relation (5.3.8) yields the existence of C3 > 0 (independent of n) such that

sup; ; i ](w”),’fj| < C3. Thus, there exists (m™2f whAt) € M x W such that, up to some

subsequence, m™ — mM2t and w” — W™ as n — oco. Since §(m™, w") = (0,m) we

obtain that G(m/At, wAt) = (0,m), The lower semicontinuity of B 4+ F implies that

B(mAt WA £ FmhAY < lim B(m™, w) + F(m™),

n—0o0

which implies that (m™Af whA) solves (Pp, a¢). Finally, if (m,w) € M x W solves (Pj, a)

and mF ;=0 for some ¢, j and k =1,..., Np, then, by the definition of B, we must have

that wf] 1 = 0. Thus, the constraint (Am + Bw)k 1 = 0 can be written as

kfl
1] k‘
——xr — pe(m 2+1]+mz 1g+ng+1+m,g 1)

k—1,(1) k—1,(2) wrETHG) wETH®

Wity Wiy, ig—1  _ Wig41

= - n

Since the left hand side above is non-positive and the right hand side is non-negative (by
definition of K), we deduce that all the terms above are zero. By repeating the argument
at the indexes neighboring (i,7), we deduce that m* = 0 and so h? irj mﬁj = 0 which,
by (5.3.6), contradicts G(m,w) = (0,m). The result follows. O

Remark 5.3.4. Notice that the proof of the existence of a solution to (Phat) also works
when v = 0.

Proof of Theorem 5.5.1. By Lemma 5.3.3 we know that there exists a solution (mh’m, wh’At)

h,At
1,
existence of u»2t such that (MFGp,,a¢) holds true. For notational convenience we will omit

the superindexes h and At. Define the Lagrangian £ := Mx W xUx RN»*No 5 RU{+00},
associated to (Pp a¢), as

to (Py ) and m; > 0 for all 4, j. Thus, in order to conclude it suffices to show the

L(m,w,u,\) = B(m,w)+ F(m)— (u, Am + Bw) — (\,m" — m)

(5.3.9)
w) + F(m) — (A*u,m) — (B*u,w) — (\,m" — m).

I
od
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Note that the linear mapping M > m + (Am,m) € U x RV»*Nr ig invertible as it is
shown by its matrix representation (see (5.4.7) in the next section). As a consequence § is
surjective and, hence, by standard arguments, there exists (u, A) € U x RN»*Nn such that

(5.3.10)
S . .
Ozamﬁj[;(m,w,u,)\) l,( ,g)q+f(xw, mf) —[A*)f;, Vk=1,...,Np—1,Vij

0=0,0 L(m,w,u,\) =—X\;; — [A*u]?
¥

0=0 nL A i'NTl' Moy g L, miT) — AT Vg
NT (m7 w? u? ) q ( ) + f(xl,j? ] ) + Atg(xl,j7m1’] ) [ u]zJ Z?j?

Z]

k
|w;

] VZ,],

k—1
%

Pl — Bl + Ng(wfs!) Yk=1,...,Np, Vi,j,

(mf ;a1

k—1|g—
0e 8wi;1£(m,w,u, A) = ’wi’j ’q 2

where we have used deﬁnition (5.3.4) and that mk >0 forall k=1,..., Ny and all 7, j.

Defining ufY = g(xij,m ) by the last relation in (5.3.2), the third relation in (5.3.10)
can be rewritten as

N 1 ’wNT e N
—Dyu, T~ - v(ApuT ), —— = f(x;;,m; )
] 2Y) q/ (mi\’;T)q 2,79 1,7 /1

and hence, by the second relation in (5.3.2) and the first relation in (5.3.10), we have that

1wl o
(5.3.11) — Dyuf; —v(Apub);j+ = W = f(zijml) YEk=0,...,Np—1, ¥i, j.
1,J

The last relation in (5.3.10) yields that for all k =1,..., Np and all 7, j

k —1
‘i:r;i%jl);_Q [B*u]k—l k 1+N ( k: 1) if ’U) 7&0
¥

17‘7
[B*u]fj_l € Nk(0) if wkj =0,
which, by (5.3.2) and under the convention (5.2.3), is equivalent to
(5.3.12)
_ 1y 224 _ — 2—q — —
Wk = b Prc(— (D)5 )5 Prc(— (D) = b [Dped ), 37 (D],

Shifting the index k, the expression above yields

1 |wf;

¢ (mfhr ¢
which, combined with (5.3.11), implies the first equation in (MFGy, a¢). The second equa-

tion in (MFGyj, a¢) is a consequence of Am + Bw = 0 and the fact that (5.3.12) provides
the identity

q .

HDhuk]i,ﬂq, Vk=0,...,Nr—1, Vi, j,

,

The result follows. O

(Bw)f; = =Tij(u®,m"") VEk=0,. —1, Vi, j.

Remark 5.3.5. (i) The proof of the existence of solutions to (MFGy, a¢) in Theorem 5.3.1
provides an alternative argument to the one in [6], based on Brouwer fized-point theorem.
(ii) (Uniqueness) If f(z,-) and g(x,-) are increasing, with one of them being strictly in-
creasing, then (MFGyp a¢) has a unique solution. Indeed, under this assumption, the cost
functional in (P a¢) is conver w.r.t. (m,w) and strictly convex w.r.t. m. It is easy to
check that this implies that if (mqi,w1) and (ma,w2) are two solutions of (Ppa¢) then
m1 = my. Using this fact and the definition of b (see (5.3.4)), we also get that wi = ws.
Thus, under this monotonicity assumption, the solution (m™5t, wha4) to (P at) is unique.
Having this result, the uniqueness of u2t follows directly from [6, Lemma 1].
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5.4 A primal-dual algorithm

As discussed in [29], for solving the optimization problem
5.4.1 - L),
(5.4.1) min o (y) + ()

and its dual

(5.4.2) Jmin " (=0) +¢7(0),

where ¢: RV — RU {+o00} and 9: RY — R U {+o0} are convex ls.c. proper functions,
methods in |28, 46, 48, 55, 57| can be applied with guaranteed convergence under mild
assumptions. In [29], devoted to the stationary case, the method proposed in [46] has the
best performance when the viscosity parameter is small or zero. This method is inspired
by the first-order optimality conditions satisfied by a solution (g, ) to (5.4.1)-(5.4.2) under
standard qualification conditions, which reads (see [96, Theorem 8|)

(5.4.3) A—& € 890(A 7) o g% — T(A{ € 10p(y proxw(ng— T&)A = QA
y € 0Y*(5) &+ Y € yO*( Prox. (6 +74) = &,

where v > 0 and 7 > 0 are arbitrary and, given a ls.c. convex proper function ¢: RV —
]—OO, +OO]7

)+
?7)

ly — x|

o } = (T +9(y¢) Yz) VazeRN,

prox/y(é €T = argminyeRN {¢(y) +

Given # € [0, 1], 7 and  satisfying 7y < 1, and starting points (3°, 7°, 0°) € RN xRN xRM
the iterates {(y*,0%)}ren generated by

ohtl .= PIOX., » (o + 47",
(5.4.4) Yyt = prox ., (yF — roF ),
gk—i—l = yk—l-l 4 0(yk+1 _ yk)

converge to a primal-dual solution (g,0) to (5.4.1)-(5.4.2) (see, e.g., [46]).

In the case under study, the equations of the time-dependent discretization are very
similar to their stationary counterparts (see [29]). Specifically, the discrete linear operators
A and B defined in (5.3.1), by an abuse of notation, are represented by real matrices A and
B, of dimensions (N7 x N?)x ((Nr 4+ 1) x N?) and (Ny x N?)x (Nr x 4N?), respectively,
given by

—Addnz VL + Aildyg 0 .. 0
1 1 . :
0
0 0 —ﬁIng VL+§IdN§
and
M 0 0
O M --- 0
(5.4.6) B—|' 0
0 0 M
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where L € JV[N’%? N2 (R) is the matrix that represents —Aj on the torus T? and M €
M N2, 4N? (R) is the matrix representing the discrete divergence. Denoting by A and B the
((Nr+1) x N2) x (Nr 4+ 1) x N?) and ((Nr + 1) x N?) x (N x 4N}) real matrices

~ (ldyz 0 - 0 = (0 -0
(5.4.7) A.—( " ) and B.—( B >,

the constraint G(m,w) = (0,m) in (Pp a¢) can be rewritten as C(m,w) = (m,0), where
C:=[A|B].

Remark 5.4.1. (i) The matriz A is block lower triangular with invertible diagonal blocks
and, hence, it is invertible. Indeed, the first diagonal block IdNﬁ is obuviously invert-

ible and the other blocks, given by vL + ﬁIdNﬁf are also invertible because they are
strictly diagonally dominant.

(ii) Since A is invertible, the matriz
(5.4.8) Q:=CC* = AA* + BB*
18 positive definite and, hence, invertible.
Therefore, (P, a¢) is a particular instance of (5.4.1) with
p(m,w) = B(m,w) + F(m),  Y(m,w) = tker o+ {(my,wp)} (M, W),

where (my, wy) is a feasible vector (provided for instance by Lemma 5.3.2), and tier 04-{(m fwp)}
is the function defined as 0 for all (m,w) € ker C' + {(my,wy)} and 400, otherwise.
Since prox.,, = Id — yprox,, o(Id/y) = Id — yprox, o(Id/7y) (see e.g. [15, Section
24.2|) and
prox,: (m,w) — (m,w) — Cc*Q~H(C(m,w) — (m,0)),

we have
PIOX, gt (1, 0) > C*QH(Cm, w) — (1, 0)),

where @ is defined in (5.4.8). By setting y° = (m%,w?), 7° = (Mm%, @), 0¥ = (n%,2°) €
RNTxNji 5 RNT(4N?) | (5.4.4) becomes

(= @1 ([l(nm + !y + Bl + ~wlly — 7(7"71,0)) ,
pli+1] Al
(v[l+1]) = <B*Z[l+1]) )
(5.4.9) 1] mll 4 rpli+1]
(w[’“]) = ProXry, <wm 1 Tv[z+1]> ,
mli+1] mli+1] + e(m[H—l} _ m[l})
| <u~][l+1]> = (w[l+1] +9<w[l+1] _ wm)) )
and, if y7 < 1, the convergence of (ml!, wll) to a solution (1, 10) to (Pp, A¢) is guaranteed
together with the convergence of (nl!, vl!) to some (7, ) as I — co. In order to compute

the Lagrange multiplier & € U, which solves the first equation in (MFGyp a¢), note that
(5.3.9) can be written equivalently as

Llm,w,u,\) = @(m,w)— ((\u), Am + Bw) + (\, m)

(5.4.10) B << ) ( >>+<A,m>,
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and the optimality condition yields
A\ | .
(5.4.11) g | £ € 0p(im, w),

where (1, ) is the primal solution and 2 = (5\, @). Therefore, in order to approximate 2,
note that from (5.4.9) we have

ml —ml+1] A% 5 [l+1
(5.4.12) ( AT

wll ) B*z[z+1l) € dp(m! 1, wlth)

and, hence, since the algorithm generates converging sequences ml — 7 and vl - @
and 21 — 2 := Q7Y (A(A + ™) + B(d + ) — v(m,0)), the closedness of the graph of
Dy [15, Proposition 20.38] yields (5.4.11) and, hence, a good approximation of 2 is z[! for

[ large enough. For obtaining [u*]ivf, a good approximation is [um]ivf = g(z4, [ml) Ny,

1/7]

Remark 5.4.2. (i) In order to obtain an efficient algorithm, the computation of Prox., in
(5.4.9) should be fast. A complete study of prox,, is presented in [29, Section 3.2] showing
that its computation depends on the resolution of a real equation, which can be efficiently
solved.

(ii) An important step in (5.4.9) is the efficient computation of the inverse of Q. Different
preconditioning strategies to tackle this issue will be presented in the following section.

5.5 Preconditioning strategies

At the beginning of each iteration of the primal-dual algorithm (5.4.9), we require the
solution of a linear system

(5.5.1) Qz=b.

The purpose of this section is to discuss preconditioning strategies for the solution of this
linear system. For the stationary setting discussed in [29], the solution of such a system
via direct methods such as the backlash (mldivide) command in MATLAB ! was feasible
for relatively fine meshes (up to the order of 100 nodes per space dimension). However,
as shown in Table 5.1, introducing a temporal dimension and thus increasing the degrees
of freedom to N,% x Nrp significantly increases the computation time. Indeed, the use of
backlash on fine space and time grids — e.g. 1282 space grid points and 40 time steps —
requires an amount of RAM that is prohibitive on the machine used for our performance
tests 2, leading to “out of memory” errors. We mitigate this problem by exploring the
solution of (5.5.1) via preconditioned iterative methods, which perform efficiently for finer
space and time subdivisions and different viscosities.

We begin by illustrating the difficulties associated to the conditioning of the system in
(5.5.1). Table 5.2 shows the condition number of the system for different space-time dis-
cretizations and viscositiy values. Without any precoditioner, the condition numbers of
different discretizations scale up to 10%. The same Table shows that by selecting a suit-
able preconditioner, such as the modified incomplete Cholesky factorization [22] (michol
in MATLAB), the conditioning of the system is improved by 4 orders of magnitude.

"http://uk.mathworks.com/help/matlab/ref/mldivide.html
Intel Core i7-4600U @ 2.7GHz, 16GB RAM
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(a) Ny = 10 (b) Ny = 40
, N 16 32 64 128 | N 16 32 64 128
5x10° % 712 [ 627 | 452 | 4720 [5x 10 F | 242 | 569 | 15600 | [OOM]
5x103 | 629 | 60.6 | 345 | 3690 |5x 1073 || 188 | 496 | 14200 | [OOM]
5x10°2| 1.96 | 183 | 113 | 1340 |5x 10 2 || 810 | 145 | 5000 | [OOM]
0.5 118 | 941 | 56.1 | 660 0.5 450 | 723 | 2510 | [OOM]

Table 5.1 — MATLAB’s backslash computation times (seconds) for a single linear system
solved in (5.4.9) within the Chambolle-Pock algorithm under a tolerance equal to 10~ in
in normalized ¢2-norm. For fine meshes [OOM] indicates an out of memory error for the
tested architecture.

We have tested different choices of preconditioners and iterative methods for our prob-
lem. Since the matrix @ in our setting is sparse, symmetric, and positive-definite, we
have implemented an incomplete Cholesky factorization with diagonal scaling, a modified
incomplete Cholesky factorization, and multigrid preconditioning. As for the choice of the
iterative method, our tests included both preconditioned conjugate gradient (pcg), and
the biconjugate gradient stabilized method (BiCGStab). The interested reader will find in
[102, Chapters 6 and 8| a thorough description of the aforementioned methods, and in the
Appendix of this article performance tables for the different methods.

Our findings suggest that the use of an iterative pcg method, preconditioned by mod-
ified incomplete Cholesky factorization is satisfactory for small viscosities (v < 0.05).
However, this algorithm fails to converge for high viscosity systems on refined grids (v =
0.5, Np = 40, N € {64,128}). Exchanging the pcg method by a BiCGStab algorithm
preconditioned by modified incomplete Cholesky factorization slows down the process on
finer grids, but allows for convergence in the failure cases of pcg: v = 0.5, Ny =40, N, €
{64,128}.

In order to deal with (and exploit) the anisotropy of the system introduced by high
viscosities, we have devised an algorithm consisting in a multigrid preconditioner with
BiCGStab iterations akin to that described in Algorithm 1. It is the only among the tested
methods which performs consistently for different viscosities and space-time discretizations.
We discuss its implementation and assess its performance in the following section 5.5.1.

Table 5.2 — Condition numbers for ) without preconditioning (a), and with modified
incomplete Cholesky factorization preconditioning (b).

(a) No preconditioner (scaling 10%)

(b) michol preconditioning (scaling 10%)

DoF

DoF

, 322 x 1322 x 10(322 x 20 5 322 x 1 322 x 101322 x 20
5x 1077 [[ 4.2900 | 19.06 | 38.43 5x 107° [[ 0.04217 | 0.08535 | 0.1361
5x 1071 [[ 4.296 | 19.25 | 39.10 5x 10~% [[ 0.04218 | 0.08612 | 0.1370
5x 1073 || 4.751 | 22.77 | 48.90 5x 1073 || 0.04272 | 0.09325 | 0.1446
5x 1072 || 48.43 | 227.7 | 466.0 5x 1072 || 0.1025 | 0.2501 | 0.3579
0.5 4399 | 19250 | 36540 0.5 1.255 2.743 3.770
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Algorithm 1 Preconditioned BiCGStab

x; < BiCGStab(Qy, by, Pr,, Pr, xo, tol)
procedure BICGSTAB(Qy, by, Pr, Pg, xg, tol)
T 1= po := Qizo — by; 7o := po = Fro;  po = (ro,70); k:=0
while ||| > tol do
vk = QPRrpy
Vg = Prog
Gy = pr/(Ok, o)
Sk4+1 1= Tk — QUK
Sky1 = Prspia
ter = APRSk41
thr1 = Pripyr o
Ory1 = (Brytster1)/ (hat, thr1)
Tpt1 = Tg + QgPr + Wt15k+1
Thil = Skl — Wh1tpt1
Thtl = Sgr1 — Wkp1ley1
P+1 = (Prt1,Po)
Br1 = (C/@r1) (P+1/Pr)
Prr1 = Trp1 + Bry1(Dr — Ory10r)

k=k+1__
return x; := Prij

5.5.1 Multigrid preconditioner

We implement a multigrid preconditioned algorithm for solving (5.5.1). We refer the reader
to [100] for an introduction and an overview of multigrid methods. We briefly review the
main concepts behind the method. Consider two linear systems A;Z; = by and ApZo = by,
stemming from two discretizations of a linear PDE over the grids G; and Gy, respectively.
Assume also that G is a refinement of Gy. Loosely speaking, the main idea of the method
is that in order to find a good approximation of the solution Z; on the finer grid, we first
consider what is known as a smoothing step. This step consists in computing a few iterates
zi, ..., 27" with a standard indirect method, such as Jacobi or Gauss-Seidel, and to define
the residual r1 := by — Ayz]", which is shown to be smoother (less oscillatory) than the first
residual b; — Ayz'. Then, we consider in the coarser grid Gy the second system AgZo = b
with by = 71, where 71 is the restriction of r; to Gy. Assuming that we can compute a
good approximation of Zy, which we still denote by Zg, we then extend this solution to G
by using a linear interpolation. Calling e; the resulting vector, we update z* by redefining
it as 2" + e; and we end the procedure by applying again a few iterations, say ns, of a
smoothing method initialized at z7'. This last step is called post smoothing.

The previous paragraph introduced what is known as a two grid iteration. If we consider
more grids Gy, Gi,. .., Gg, where for each £k = 0,...,¢ — 1, Gy, € Gpy1, we can proceed
similarly and obtain a better approximation of the solution to A,Z, = by. As in the previous
case, we begin with the finest grid Gy and we perform 7; smoothing steps to obtain the
residual rp := by —Agacgl whose restriction to Gy_1 is denoted by 7. In this grid we consider
the system Ay_1xy_1 = #; and we perform again a smoothing step and a restriction of the
residual to Gy_5. The procedure continues until we get to the coarsest grid Gg, where
the solution ey to the corresponding linear system can be found easily (typically using a
direct method). Next, the solution e; on the grid G is corrected with the interpolation
of eg. Another post smoothing is performed to the corrected solution on G; and using its
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interpolation in the grid G5 we correct the previous solution on this grid. The smoothing,
interpolation and correction iterations end once we arrive to the finest grid Gy to obtain
the final approximation of Z,. The previous procedure is called a multigrid method with
a V-cycle. An alternative, to obtain a more accurate solution, is to proceed as before
going from Gy to Gy_1 and then for k = ¢ —1,...,1 to perform two consecutive coarse-
grid corrections, instead of one as in the V-cycle. The resulting procedure is known as
multigrid with a W-cycle. Finally, in between the V-cycle and the W-cycle, we have the
F-cycle, where in the process of going from the coarsest grid to the finest one, if a grid has
been reached for the first time, another correction with the coarser grids using a V-cycle
is performed.

In our context, we use one cycle of the multigrid algorithm, which is a linear operator as
a function of the residual on the finest grid, as a preconditioner for solving (5.5.1) with the
BiCGStab method. Since (@ is related to the finite difference discretization of the operator
—0% + v2A% — A and v is not necessarily small, as in [8], it is natural to consider the
refinements of the grid only in the space variable (we refer the reader to [100] for semi-
coarsening multigrid methods in the context of anisotropic operators). We suppose that
the spatial mesh is such that N, = H2¢, with H > 1 and ¢ is a positive integer (in the
numerical example in the next section H will be equal to 2 or 3, H? being the number of
spatial points in the coarsest grid).

Let us specify the main steps of the multigrid method we use as a preconditioner.

o Hierachy of Grids: Semi-coarsened grids G, with size (Np+1)H?2%¢ forallk =0... /.

o Cycle: We use the F-cycle.

o Restriction operator: As in [8], in order to restrict the residual on the grid Gy, to the
grid Gj,_1, we use the second-order operator Ry, : RZ*H)?*(Nr+1) _y R(2* ' H)*(Nr+1)
defined by

n 1
(R X)i; = 16 <

forn=0,...,Np,i,j=1,...,2"1H.

4X %05+ 2(X3i 4105 + X125 + X951 + X2ni,2j—1)>

n n n n
Xoi—12j—1 T X2i12j41 + Xoit1 251 + X2ip1,2j41

o Interpolation operator: We denote by I : R (Nr+1) _y REUH)(Nr+1) the
interpolation operator from the grid G_; to the grid G. We have chosen a standard
bilinear interpolation operator in the space variable, which is also a second-order
operator and dual to the restriction operator (I, = 4R;). According to [26], the sum
of the orders of R; and I, has to be at least equal to the degree of the differential
operator. In our context, both are equal to 4.

o Linear systems on the different grids: The linear systems are defined by the matrices
Qr ::AkA]:—i—BkB;:, k=0,...,74,

where we recall that A, and Bj are the finite difference discretizations of 9 — VA
and div(-), respectively, on the grid Gy, (see (5.3.1)).

© Smoother: Here we have used Gauss-Seidel iterations in the lexicographic order.
There is no reason for choosing the lexicographic order, other than its simplicity.
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o Solving the system on the coarsest grid Gy: We can use an exact solver such as
backlash in MATLAB. Indeed, in Gy the size of the system is really small with
respect to the size of the system on the grid Gy (in Gy, we can even store the inverse
of Qo and inversion at this level just becomes a matrix multiplication).

The multigrid preconditoning procedure is summarized in Algorithm 2.

Algorithm 2 Multigrid Preconditioner for Qpx; = by

Py, : y — MultigridSolver(¢, 0, y,cycle)
x; < BiCGStab(Qy, by, Pr, 14, o, tol)
procedure MULTIGRIDSOLVER/(k, x, bg,cycle)
if £k =0 then
Ty — Qalbk
else
x) <Perform 7n; steps of Gauss-Seidel from xj with by as second member.
Tp_1 <0
xg—1 < MultigridSolver(k — 1, zp_1, R (b, — Qrxr),cycle)
if cycle is W then
xg—1 < MultigridSolver(k — 1, zp_1, R (bx, — Qg ),cycle)
if cycle is F then
xg—1 < MultigridSolver(k — 1, zp_1, R (bx, — Qrzi),V)
Tp < Tk + Ikxk_l

x) <Perform 7 steps of Gauss-Seidel from xj with by as second member.
return xy,

5.5.2 Numerical Tests

In this section we present a test case considered in [6], for which the stationary solution
has been computed numerically in [29] using the primal-dual algorithm presented above.
The setting is as follows: we consider system (MFG) with g = 0 and

flx,y,m) := m? — H(z,y), H(z,y) = sin(2my) + sin(27x) 4 cos(2nz),

for all (z,y) € R? and m € Ry. This means that in the underlying differential game
modelled by (MFG), a typical agent aims to get closer to the maxima of H and, at the
same time, he/she is adverse to crowded regions (because of the presence of the m? term
in f).

We first validate the dynamic behavior of our solution. Figure 5.1 shows the evolution
of the mass at four different time steps. Starting from a constant initial density, the mass
converges to a steady state, and then, when ¢ gets close to the final time 7', the mass is
influenced by the final cost and converges to a final state. This behavior is referred to as
turnpike phenomenon in the literature [94]. It is illustrated by Figure 5.2, which displays as
a function of time ¢ the distance of the mass at time ¢ to the stationary state computed as
in [29]. In other words, denoting by m*> € RV»*Nn the solution to the discrete stationary
problem and by m € M the solution to the discrete evolutive problem, Figure 5.2 displays

1/2
the graph of k — ||meo — m*||s, = (h2 > i (mi5 — mfj)2) ,ke{0,...,Nr}.
For the multi-grid preconditioner, Table 5.3 shows the computation times for different

discretizations. It can be observed that finer meshes with 1283 degrees of freedom are
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a)i=0 b) t=0.1
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c)t=0.5

05 .05 05 .05
Figure 5.1 — Evolution of the density m obtained with the multi-grid preconditioner for

v=05T=1,Np =200 and N, = 128. At t = 0.12 the solution is close to the solution
of the associated stationary MFG.

25

distance

05 i

0 I L L L L L L L

time t

Figure 5.2 — Distance to the stationary solution at each time ¢ € [0,7], for v = 0.5,T =
2, N7 = 200 and N}, = 128. The distance is computed using the £? norm as explained in the
text. The turnpike phenomenon is observed as for a long time frame the time-dependent
mass approaches the solution of the stationary MFG.
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solvable within CPU times which outperfom others methods shown in the Appendix and
in [29]. Furthermore, the method is robust with respect to different viscosities.

From Table 5.3 we observe that most of the computational time is used for solving the
second proximal operator (the third equality of (5.4.9)), which does not use a multigrid
strategy but which is a pointwise operator (see Proposition 3.1 of [29]) and thus could be
fully paralellizable.

(a) Grid with 64 x 64 x 64 points. (b) Grid with 128 x 128 x 128 points.

v Total time | Time first prox | Iterations Total time | Time first prox | Iterations
0.6 116.3 |[s] 11.50 |s] 20 0.6 921.1 [s 107.2 [ 20
0.36 120.4 [s] 11.40 s 21 0.36 952.3 [s] 118.0 [ 21
0.2 119.0 [s] 11.26 [s] 22 0.2 1028.8 [s] 127.6 [s] 22
0.12 129.1 |s] 14.11 [ 22 0.12( | 1036.4 [s] 135.5 [ 23
0.046 | 225.0 [s] 23.28 [s] 390.046 | 1982.2 [s] 260.0 [s] 42

Table 5.3 — Time (in seconds) for the convergence of the Chambolle-Pock algorithm, cu-
mulative time of the first proximal operator with the multigrid preconditioner, and num-
ber of iterations, for different viscoty values v and two types of grids.
m =n2 = 2,T =1 and a tolerance between two iterations of the Chambolle-Pock algo-
rithm equal to 107% in normalized #?-norm.

Here we used

Unlike the stationary case, low viscosities seem to make the algorithm be slightly slower.
However, Table 5.4 shows that the average number of iterations of BiCGStab stays low
regardless of the viscosity. Indeed Table 5.3 shows that more Chambolle-Pock iterations
are needed to converge. The same behavior happens when we use a direct exact solver
instead of the multi-grid preconditioned BiCGStab algorithm.

(a) iterations to decrease the residual by a(b) iterations to solve the system with an er-

factor 1073. ror of 1078.
1% 32 x 32 x 32 64 X 64 X 64 128 x 128 x 128 14 32 x 32 x 32 64 X 64 X 64 128 x 128 x 128
0.6 1.65 1.86 2.33 0.6 3.33 3.40 3.38
0.36 1.62 1.90 2.43 0.36 3.10 3.21 3.83
0.2 1.68 1.93 2.59 0.2 3.07 3.31 4.20
0.12 1.84 2.25 2.65 0.12 3.25 3.73 4.64
0.046 1.68 2.05 2.63 0.046 2.88 3.59 4.67

Table 5.4 — Average number of iterations of the preconditioned BiCGStab with 1y = 12 =
2,T =1 and a tolerance between two iterations of the Chambolle-Pock algorithm equal to
1075 in normalized #?-norm.

Concluding Remarks. In this work we have developed a first-order primal-dual
algorithm for the solution of second-order, time-dependent mean field games. The proce-
dure consists of: a variational formulation for the MFG, its discretization via finite differ-
ences, the application Chambolle-Pock algorithm to the resulting minimization. While this
method has been studied for stationary MFG in [29], its numerical realization for time-
dependent MFGs was prohibitive in terms of computing time, as the Chambolle-Pock
iteration requires the solution of a large-scale linear system at each iteration. We have

overcome this difficulty by studying different preconditioning strategies for the associated
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linear system. Overall, the multigrid preconditioner with a BiCGStab iteration performs
satisfactorily for different discretizations and viscosity values.

Appendix

(a) Unpreconditioned (b) michol

Na 16 32 64 128 Nh
14 14

16 32 64 128

5x 1074 18,5 87,6 448 1720 5x107% 15,8 77,8 346 1390

5x1073 || 22,1 | 98,6 | 392 | 1750 | | 5x 1073 | 12,4 | 80,9 | 325 | 1244

5x 1072 || 20,7 | 93,4 | 607 | 8240 | |5x10"2 | 547 | 26,3 | 138 | 636

0.5 249 | 113 | X | X 0.5 369 | 165 | X | X

Table 5.5 — Conjugate Gradient computation times (s). (a) Unpreconditioned. (b) Precon-
ditioned with modified incomplete Cholesky factorization. Time discretization: Ny = 40.
[X] indicates no convergence.

(a) Unpreconditioned (b) michol
, N 8 16 32 64 %Nh 16 32 64 128

5x 1074 || 2.42 14.2 69.0 294 12101 15.7 80.4 412 1890

) 4
5x 1073 || 3.09 | 16.3 | 63.9 270 130103 || 122 | 82.2 369 1650
5x 1072 || 141 129 | 61.3 389 5370102 || 5.25 27.2 174 894

0.5 3.41 16.5 98.9 [X] [X]0.5 3.53 18.8 122 2120

Table 5.6 — BiCGStab computation times (s). (a) Unpreconditioned. (b) Preconditioned
with modified incomplete Cholesky factorization. Time discretization: Np = 40. [X]
indicates no convergence.
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Quelques contributions a la théorie des jeux a champ moyen
Résumé

Cette thése a pour objet d’étude la théorie des jeux a champs moyen. La majeure partie est
consacrée a des jeux a champ moyen dans lesquels les joueurs peuvent interagir a travers
la loi de leur état et de leur contréle ; nous utiliserons la terminologie jeu a champ moyen
de contréle pour désigner de tels jeux. Dans un premier temps, nous faisons une hypotheése
structure, qui consiste essentiellement a dire que la dynamique optimale dépend de la loi
de controle de facon lipschitzienne avec une constante inférieure a un. Dans ce cas, nous
prouvons plusieurs résultats d’existence de solutions au systéme de jeu & champ moyen de
controle, et un résultat d’unicité en temps court. Dans un second temps, nous mettons
en place un schéma numérique et faisons des simulations pour des modéles de mouvement
de populations. Dans un troisiéme temps, nous montrons ’existence et 1'unicité lorsque
Iinteraction par le contrdle satisfait une condition de monotonie. Le dernier chapitre
concerne un algorithme de résolution numérique pour des jeux & champ moyen de type
variationnel et sans interaction via la loi du controle ; nous utilisons une stratégie de
préconditionnement par une méthode de multi-grille pour obtenir une convergence rapide.

Mots-clefs: Jeux a champ moyen, systéme d’équations aux dérivées partielles, simu-
lations numériques.

Contributions to the theory of Mean Field Games
Abstract

This thesis deals with the theory of mean field games (MFG for short). The main part is
dedicated to a class of games in which agents may interact through their law of states and
controls; we use the terminology mean field games of controls (MFGC for short) to refer
to this class of games. First, we assume that the optimal dynamics depends upon the law
of controls in a Lipschitz way, with a Lipchitz constant smaller than one. In this case, we
give several existence results on the solutions of the MFGC system, and one uniqueness
result under a short-time horizon assumption. Second, we introduce a scheme and make
simulations for a model of crowd motion. Thrid, under a monotonicity assumption on the
interactions through the law of controls, we prove existence and uniqueness of the solution
of the MFGC system. Finally, we introduce an algorithm for solving MFG systems of
variational type, we use a preconditioned strategy based on a multigrid method.

Keywords: Mean Field Games, system of partial differential equations, numerical

simulations.
‘& Univer_sité
de Paris

Université de Paris
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