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Organisation du mémoire

La premiére partie de la thése est introductive et rédigée en francais. Elle permet de
replacer les travaux effectués dans leur contexte et d’y décrire les principaux outils et argu-
ments qui ont contribué a les mettre en forme. En conséquence, certaines notions basiques
d’analyse stochastique sont exposées. Les résultats y sont ensuite énoncés et les preuves
esquissées. Des perspectives sont finalement données.

Le reste du manuscrit se divise en deux parties regroupant les deux thémes abordés
durant cette thése. Chacun de ces thémes fait ’'objet d’un chapitre rédigé en anglais :

(1) Le premier chapitre traite de la résolubilité forte d’EDS dégénérées de dérive Hélder.
11 fait 'objet d’une pré-publication [CdR12| en révision aux annales de I'IHP.

(2) Le second chapitre est un travail effectué en collaboration avec Camilo Andrés Garcia
Trillos, et porte sur I’étude d’un schéma numérique de type cubature pour les EDSR de
McKean-Viasov. 1l fait 'objet d’une pré-publication [CARGT13| soumise & Stochastic
Processes and their applications.

Finalement, puisque certaines des perspectives énoncées dans I'introduction, ou que cer-
taines applications des résultats sont disponibles, on attache & chaque chapitre une annexe
explicitant ces calculs. Ainsi :

(a) L’annexe A traite de la différentiabilité par rapport a la condition initiale du flot ’EDS
dégénérées de dérive Holder et bornée.

(b) L’annexe B porte sur la différentiabilité du semi-groupe non homogene et du flot de
la solution d’équations différentielles stochastiques de McKean-Vlasov par rapport a la
condition initiale.

Ces annexes sont elles aussi rédigées en anglais.
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Introduction

0 Préliminaires : EDP et probabilités

Les liens qui unissent ’analyse stochastique et celle des équations aux dérivées partielles
sont au coeur des travaux présentés dans cette thése. Cette section, purement introductive,
vise a décrire briévement ces liens et & en présenter certaines conséquences et applica-
tions. Le tout a évidemment été choisi de maniére a introduire des outils utilisés pour la
démonstration des résultats de ce mémoire, et la présentation n’est par conséquent pas
exhaustive.

0.1 Représentation des solutions d’une EDP

La formule de Kolmogorov constitue le lien fondamental entre EDP et probabilités. Dans
le cadre de I’équation de la chaleur, la solution u de :

0 1
au(t,x) — §Au(t,:c) =0, V(t,z) e R"* xR u(0,z) = ¢(z),
s’écrit :
u(t, z) = Elp(x + By)l,
ou (Bt)¢>0 est un mouvement brownien sur un espace de probabilité (€2, A, P) muni d’une
filtration naturelle (F)o<t<7-

Cette représentation peut aussi se comprendre de la maniére suivante : en remontant le
long de la trajectoire d’un mouvement brownien depuis un certain temps ¢ > 0, la formule
d’It6 nous dit que la solution u est constante en espérance :

u(t — s, Bs) = u(t,x) + / 2u(t —r, By )dB,.
0 3x

C’est une martingale. L’'inversion de temps peut étre contournée en considérant le probléme
rétrograde avec comme condition terminale ¢ & un certain temps 7" > 0, et dans ce cas la
solution wu s’écrit

u(t,x) = E[¢(Bz")],

ou 'exposant (¢,z) indique les conditions initiales : (BY*, ¢ < s < T) est un mouvement
brownien partant a I'instant ¢ du point x. Plus généralement, si on note £ un opérateur
différentiel du second ordre :

d 92

d
L:=) bi(t,x Z_ 8%8% (0.1)

i=1



ot b et a sont des coefficients réguliers de RT x R? dans R? (resp. My(R))?!, et qu’on
s’intéresse au probleme de Cauchy? :

0
au(t,:ﬁ) + Lu(t,z) =0, ¥(t,z) € [0,T) x R, (0.2)
alors la solution réguliére u & ce probléme s’écrit :
u(t, z) = Elu(T, X5")).

Ici, la dynamique du processus (Xé’m, t < s <T) est donnée par ’équation différentielle
stochastique (EDS) suivante :

dX1® = b(s, X4)ds + (s, X2*)dB,, X" =, (03)

ou la matrice o est telle que oo* := a. On remet au paragraphe suivant la discussion sur
la résolubilité de cette équation.

Par ailleurs, dans le cas ot 'EDP a un terme source f : RT x R¢ — R régulier, la
solution s’écrit :

u(t,z) =E [U(T, X5*) + /tTf(s,Xg’x)ds} .

0.2 Solution d’une équation différentielle stochastique

Résolubilité forte. La notion de solution forte d’une équation différentielle stochas-
tique est trés proche de celle d’'une équation différentielle ordinaire. En particulier, sous
des conditions de régularité Lipschitz des coefficients, on peut montrer ’existence d’une
unique solution forte, c’est & dire un processus (X;, 0 <t < T) adapté a la filtration du
brownien vérifiant (0.3).

A linstar des équations différentielles ordinaires, il ne parait pas évident de pouvoir
s’affranchir des hypothéses de type Lipschitz sur les coefficients®. Par exemple, !’équa-
tion de Tanaka® n’admet pas de solutions fortes. Peut-on néanmoins donner un sens a la
résolubilité de cette équation ?

La réponse est oui. En probabilité, il est usuel de ramener 1’étude d’une variable aléatoire
a celle de sa loi : c’est ce que 'on appelle la résolubilité faible d’'une EDS.

Résolubilité faible et probléme de martingale. Une solution faible est un quin-
tuplet (€, (F1)i=0, P, (Bt)i=0, (X{)@>0))- Dit autrement, le brownien et sa filtration font
maintenant partie de la solution. La notion de solution faible est bien définie, puisque la
résolubilité forte implique la résolubilité faible (voir [YWT71]). La question est maintenant
de savoir quelles sont les conditions de résolubilité faible d’un systéme.

La réponse est donnée par Stroock et Varadhan dans [SV79|. L’approche entreprise est
ingénieuse : sur le modéle de la formule de Kolmogorov, le probléme est réinterprété en
un probleme de martingale. Les auteurs montrent que les systémes a dérives mesurables

1. L’ensemble des matrices réelles de taille d x d.
2. ici formulé de maniére rétrograde.

3. Tout du moins, pas sans contrepartie.

4. dX? =signe(X{)dB:, Xo==.



et bornées et a matrices de diffusions continues et uniformément non dégénérées® sont

résolubles au sens faible. Pour la démonstration, un résultat d’analyse sur les effets régu-
larisants des opérateurs elliptiques est nécessaire. Il s’agit d'un controle LL,, p > 1 sur les
dérivées d’ordre 2 de la solution de I'équation elliptique Lu(z) = f(z), Vz € RY, connu
sous le nom d’inégalité de Calderon-Zygmund.

Le constat est frappant : c’est Ueffet régularisant des opérateurs elliptiques qui permet
d’assouplir les conditions de résolubilité faible d’une EDS.

0.3 L’effet régularisant

Pour illustrer la notion d’effet régularisant, il faut revenir a la solution u de I’équation
de la chaleur : elle s’écrit comme la convoluée de la condition au bord ¢ avec la densité
gaussienne. Pour peu que cette condition au bord soit mesurable et bornée, la solution est
bornée et infiniment différentiable a dérivées bornées. C’est ce qu’on appelle l’effet régula-
risant du noyau de la chaleur sur la donnée ¢.

Cet effet subsiste dans le cas plus général d'un opérateur du type de £ défini par (0.1)
a coefficients réguliers et dont la matrice de diffusion est uniformément non-dégénérée. En
fait, c’est ’hypothése de non-dégénérescence qui est cruciale ici. Une belle illustration de
I’effet régularisant d’opérateurs elliptiques dont les coefficients sont seulement bornés est
le résultat de Krylov et Safonov obtenu en 1979 dans [KS79].

0.4 Probabilités de transitions.

Lorsque 'EDS est bien posée, la solution est markovienne. On peut alors définir la
famille d’opérateurs (P s)o<t<s qui & toute fonction mesurable bornée f de R? dans R fait
correspondre P o f (x) = E[f(X5)], ou (X5®, t < s < T) est la solution de (0.3).

La propriété de Markov se comprend comme une propriété de semi-groupe qui, ainsi
défini, est Fellerien. De plus, pour toute fonction f dans Cf(Rd,]R), on peut donner son
générateur infinitésimal G :

1
Gif = ll_r)f(l) ;(Pt,t+sf - )

soit encore s

E[f(X!)] - f(z) = / E[G, f(X!%)]dr, (0.4)

et on identifie formellement G a I'opérateur £ grace a la formule d’It6. Puisque la dyna-
mique infinitésimale suffit & caractériser le processus, 'unique solution faible de 'EDS (0.3)
est appelée processus de diffusion de générateur L.

Par ailleurs, I’équation (0.4) permet de déduire I’évolution de la probabilité de transition
du processus. Celle-ci est décrite par le probléme parabolique progressif associé a L avec
comme condition initiale une masse de Dirac :

G [ e@mste.d) = [ Lep@nostz,d). pooe fah) = 1.

pour toute fonction ¢ de R? dans R réguliére : ¢’est 'équation de Fokker-Planck.

5. .. 3A >0 tq V(t,z) € RT x RY, Yy € RY A~ < [a(t, z)y] - [y] < A, “” désignant le produit scalaire
euclidien.
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Lorsque cette probabilité admet une densité p(t, z;s,y)dy = . s(z,dy), celle-ci est la
solution fondamentale de l’opérateur 0y + L : elle vérifie le probléme parabolique associé a
L avec comme condition au bord la masse de Dirac.

Dans ce cas, les solutions du probléme de Cauchy s’obtiennent en intégrant la condition
au bord contre la solution fondamentale de 'EDP.

En conséquence, la solution de 'EDP hérite de la régularité de la solution fondamentale.
Lorsque celle-ci est réguliére, 'opérateur est hypoelliptique.

0.5 Hypoellipticité

De maniére concise, un opérateur du type £ ou 0; + L est dit hypoelliptique si, pour
toutes distributions u, Lu est réguliére implique que u est réguliére. Le lien étroit entre
effet régularisant et propagation du bruit permet de comprendre qu’ellipticité et régularité
des coefficients garantissent ’hypoellipticité.

Au contraire, obtenir un opérateur hypoelliptique alors que le bruit dégénére semble
moins évident. Cependant, I’ellipticité n’est pas une condition nécessaire & 'hypoellipticité.
En ce sens, l'exemple de Kolmogorov [Kol34] :

£r .= %Am + awlaaxz, (0.5)
constitue une trés belle illustration d’un opérateur hypoelliptique dont la matrice de dif-
fusion n’est pas elliptique. Lorsque o est non-nul, Kolmogrov a montré que £X admettait
une solution fondamentale p¥, gaussienne.

Cette constatation se généralise : c’est un résultat d’analyse trés célébre dit & Hormander
dans les années 60, [H667|. Soit {V;, 0 < i < d} une famille de champs de vecteurs réguliers
sur R, On introduit 'opérateur sous forme divergente A,

i 1 ¢ 0 < D
L i v i Y i
A=D Vi, *3 Z W a0 2= Vi, (0.6)

a contrario des opérateurs non-divergents du type de (0.1). Lorsque les crochets de Lie©
{Vi, 1 >0,[Vi,, Vi,], 01,12 > 0, [[Viy, Vis], Vis], s i1, 82,93 > 0, - - - }, évalués en chaque point x
engendrent R? tout entier, opérateur A est hypoelliptique.

Pour déduire de ce résultat les conditions d’existence d’une densité de transition du
processus de diffusion de générateur A, il faut appliquer le théoréme sur Rt x R? a I'opéra-
teur : 0; + .A. L’analogie avec (0.6) se fait en considérant la famille de champs de vecteurs
Vo, Vi, 1<i<d}ou Vy:=Vy+ 0.

0.6 Vers le(s) cas non linéaire(s)

Au dela de laffaiblissement des conditions d’ellipticité, 'extension de la formule de Kol-
mogorov aux EDP non-linéaires a motivé de nombreux travaux. Ici, on distingue deux
directions quant & la non-linéarité.

Les EDP semi-linéaires et équations différentielles stochastiques rétrogrades.
L’EDP dont la non-linéarité se concentre sur le terme source est dite semi-linéaire et s’écrit,

6. On rappelle que [Vi, V] = ViV, Vo — VoV, V1.

iv



de maniére générique :

ox

Pour la représentation probabiliste, I'idée consiste & séparer les deux termes : on attribue la
partie linéaire au processus de diffusion de générateur £ et en appliquant de facon formelle
la formule d’It6 & la solution u, on obtient pour le second processus la dynamique suivante :

O+ Lu(t,x) + f <t,x,u(t,x),08u(t,x)> =0, Y(t,x) € [0,T) xR, w(T,z)=¢(x).

T T
}/% = u(tth) = (b(XT) + / f(r7 XT7 }/;“7 ZT)d/r - / ZTdBT’ (07)
t t

ou l'on a posé (Z; = o(t, X¢)[0u/0x](t, Xt))e>0. La fonction f, faisant intervenir la non-
linéarité, est appelée le générateur de 'équation. C’est une EDS rétrograde (EDSR).

A priori le probléme semble mal posé : il faut résoudre une équation a deux incon-
nues dont chaque membre semble appartenir & une tribu différente. C’est en fait le second
probléme qui permet de fermer I’équation : le processus (Z;);>0 permet de ramener le géné-
rateur et la condition terminale dans la bonne tribu. Une solution est un couple (Y, Z;)i>0
progressivement mesurable et vérifiant (0.7).

On référe aux travaux fondateurs de Pardoux et Peng [PP90, PP92| pour une exposition
plus détaillée de ces méthodes.

Les équations de McKean-Viasov. On a vu que I’équation de Fokker-Planck décri-
vait la dynamique des probabilités de transition (uo+)¢>0 du processus de diffusion (X¢)i>0
de générateur (L;);>0. Dans certains cas, cette famille de générateurs peut elle-méme dé-
pendre des probabilités de transition, I’évolution est alors donnée par 1’équation :

5 [ emoste.dz) = [ L)o@z, ool () = 1.

En conséquence, la dynamique du processus sous-jacent est elle aussi non-linéaire : les
coefficients de dérive b et de diffusion ¢ dépendent des marginales du processus

dXt = b(tv Xt7 ,UO,t(x))dt + U(ta Xt> ,u(],t(x))dBt? XO =T. (08)

Lorsqu’il y a unicité, ce processus est markovien, ou la propriété de Markov doit mainte-
nant se comprendre sur I'espace augmenté R? x P(R%) 7.

De tels processus apparaissent naturellement comme limite de systéme de particules en
interaction. Les notes de Snitzman [Szn91] donnent un apergu plus détaillé et bien plus
vaste de la théorie.

0.7 Contributions de la thése

La discussion entreprise dans les paragraphes précédents permet de situer le travail de
cette thése.

Le premier travail, présenté en section 1 et développé dans le Chapitre 1, traite de la
résolubilité forte I’EDS dégénérées dont la dérive n’est pas lipschitzienne. La démonstra-
tion repose sur le lien étroit entre EDP et probabilités, a travers une étude par parametriz
de Ueffet régularisant d’une EDP dégénérée. A ce titre, les conditions d’hypoellipticité, qui

7. Ici P(R?) désigne I'espace des mesures de probabilité sur R?.



assurent 'existence de tels effets sont fondamentales. En particulier, la connexion avec
l’exemple de Kolmogorov est au coeur de ce travail.

Le second, présenté en section 2 et développé dans le Chapitre 2, traite de ’étude de
schémas numériques pour des équations différentielles stochastiques progressives-rétrogrades

de McKean-Viasov. Ces équations font intervenir les deux non-linéarités précédemment
évoquées. L’algorithme obtenu peut étre paramétré pour obtenir des vitesses d’approxi-
mation de la loi de la composante progressive de tout ordre et des vitesses d’ordre 1 et 2
pour la composante rétrograde. Cette procédure repose sur les méthodes de cubature sur
I’espace de Wiener. Les estimations de gradients de la solution de 'EDP associée y jouent
un réle majeur.

1 Premier chapitre : résolubilité de systémes différentiels aléatoires a dérive
Holder et bruit dégénéré

Peut-on tirer parti de leffet régularisant pour affaiblir les conditions de résolubilité forte ?
En 1974, dans [Zvo74|, Zvonkin montre que les EDS uni-dimensionnelles & dérive seulement
bornée et a matrice de diffusion uniformément non-dégénérée et lipschitzienne admettent
une unique solution forte. Le résultat est ensuite étendu par Veretennikov [Ver80| au cas
multi-dimensionnel, puis ce sont Krylov et Rockner [KR05] qui démontrent que les EDS a
dérive bornée dans L, p > d et a matrice de diffusion unitaire sont résolubles au sens fort.
Enfin, Zhang étend dans [Zha05] le résultat de Krylov et Rockner au cas d’une matrice de
diffusion non-unitaire uniformément elliptique et Sobolev .

De maniére synthétique, la perturbation du systéeme a permis de “restaurer la résolubili-
t¢”® en dehors du cadre Cauchy-Lipschitz. A la lumiére de la premiére section, on comprend
que I'ajout de bruit permet de bénéficier de I'effet régularisant des opérateurs différentiels
du second ordre & matrice de diffusion uniformément non-dégénérée.

Cette constatation a inspiré de nombreux auteurs. Par exemple, Fedrizzi et Flandoli
donnent une nouvelle approche du résultat de Krylov et Rockner dans [FF11], et Flandoli,
Gubinelli et Priola montrent dans [FGP10] que le constat s’étend au cas infini-dimensionnel
en démontrant qu’une équation de transport perturbée par un bruit non-dégénéré est ré-
soluble au sens fort. Tous les travaux dans cette direction ne sont pas cités, on référe a
[Flall] et aux références qui s’y trouvent pour une description plus détaillée.

Dans ces travaux, ’hypothése de non-dégénérescence du bruit est capitale. Ces résultats
reposent en effet sur I’étude de ’'EDP

dyu(t, z) + Lu(t,z) = b(x), Y(t,z) € [0,T) x RY, w(T,z) = 0.

Au vu des discussions antérieures sur ’hypoellipticité, il parait raisonnable d’envisager
I’extension du résultat a certains cadres dégénérés. La question posée dans ce chapitre est
donc la suivante : existe-il des EDS & dérive non lipschitzienne et dont le bruit dégénére
qui sont résolubles au sens fort ¢

La réponse a la question est oui. Voici le résultat prouvé :

8. Evidemment, la notion de résolubilité a été modifiée.
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Théoréme 1.1. Soit T un réel positif et d un entier naturel, on considére le systéme

dX} = Fi(t, X}, X?)dt + o(t, X}, X2)dWs, (1.1)
dXt2 - FQ(ta Xt17 th)dta

ot (Wy,t > 0) est un mouvement brownien d-dimensionnel défini sur un espace probabilisé
(Q, F,P) muni de la filtration naturelle (Fi)i>0; F1, Fa sont des fonctions mesurables de
[0, 7] x R x RY dans R et o est une fonction mesurable de [0,T] x RY x R? dans My(R)
(’ensemble des matrices réelles de taille d x d).

On suppose que la matrice de diffusion o est uniformément elliptique et lipschitzienne
en espace, uniformément en temps et que les coefficients de dérive F;, i = 1,2 sont de
régularité Hoélder en espace et d’exposant de Holder strictement supérieur a 2/3 pour la
régqularité par rapport a la deuxieme variable. On suppose que le coefficient Fy est dérivable
par rapport a la premiére composante et que sa Jacobienne appartient a un sous ensemble
convexe fermé des matrices inversibles. La dérivée est en outre supposée étre de régularité

Holder.

Alors, il existe une unique solution forte au systeme (1.1).

On peut, briévement, résumer les hypothéses de ce résultat de la fagon suivante. La
condition de régularité Holder des dérives est reliée & I’approche perturbative retenue pour
démontrer ce résultat : le parametrix. L’hypothése d’existence et d’inversibilité de la Jaco-
bienne de Fy garantit I’hypoellipticité du systéme, a 'instar de I’exemple de Kolmogorov
présenté dans la section précédente. Enfin, le seuil critique de 2/3 pour la régularité Holder
des dérives par rapport a la composante réguliére intervient comme une “compensation”
pour la dégénérescence du processus.

1.1 Heuristique

Afin de ne se concentrer que sur les mécanismes de preuve, et pour simplifier les calculs
présentés, on se place dans le casou d =1, F} =0, 0 =1 et Fy(t, x1,22) = fo(x2) + axq,
a € R*. L’exposant de régularité Holder de fo est noté [Bs. Par ailleurs, on note X =
(X1, X2)* F = (F,F)*, B=(1,0)" et L le générateur du processus de diffusion X.

L’heuristique est la suivante : on suppose que la fonction u, solution de ’EDP
Owu(t,x) + Lu(t,x) = F(t,x), sur [0,T) xR, (T, z) = Ogz,

et que son gradient V,u sont lipschitziens en espace, avec une constante de Lipschitz Cr
telle que Cr tende vers 0 avec T'. Par ailleurs, un argument de compacité assure l’existence
d’au moins une solution faible au systéme (1.1) (voir [SVT79]). On peut, formellement,
appliquer la formule d’It6 a X; — u(t, X;) et on obtient que le processus (X;)o<i<T se
réécrit :

X =z —u(t,z) +ult, X)) — /Ot [BV u(s, X7) — B] dWs. (1.2)

Ainsi, si (Y})o<t<7 est une autre solution de 'EDS, alors (Y})o<t<7 admet une représen-
tation du type de celle ci-dessus et on en déduit qu’il existe une constante positive Cr,
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tendant vers 0 avec T, telle que :

E| sup |X7 - V[

0<t<T

< E| sup [ult, X7) - u(t, V")

0<t<T

1 T
+2/ IE[\Bv%u(s,xf)—nggu(s,Y;“")l2 ds
0

IA

CrE | sup |X7 — Y[

0<t<T

sup | X7 — Y;°f?

1
+=-CrE
2 0<t<T

S’en suit 'unicité forte pour 7" “suffisamment petit”. Il ne reste alors qu’a itérer le procédé...

Le résultat découle donc de la formule d’It6 et de I'analyse de 'EDP sous-jacente & la
solution. Cette étude constitue le coeur de la preuve. Par ailleurs, on souligne qu’il n’est
nécessaire d’obtenir une estimation lipschitzienne que sur u et BV, u = ([0u/0x1],0)*.

1.2 Etude de 'EDP.

On se replace dans les conditions de ’heuristique décrite dans la sous section précédente.
Il s’agit d’étudier 'effet régularisant de 'opérateur

2
L = ;38:17% + (Fo(x2) + Oz:ﬁl)aa2
Plus précisément, on cherche & exhiber une théorie forte pour la solution u = (u1,u2)* du
systéme d’EDP :
Oy (t, 1, x9) 4+ Luy(t, w1, 22) = Fi(t,z1,29), pour tout (t,z) € [0,T) x R??,
ui(T,wl,xQ) = ORd, 1= 1, 2, (1.4)

(1.3)

i.e. obtenir l'existence d’une solution u telle que u et [Ou/0z1] satisfassent des estimations
lipschitziennes en espace uniformément en temps. Le fait d’imposer & la solution de s’an-
nuler sur le bord est important : cela permet 'obtention de constantes de Lipschitz petites
en temps petit.

Une premiére remarque permet de simplifier le cadre de travail. Il n’est en réalité pas
nécessaire de démontrer 1’existence d’une solution classique & (1.4) : par une procédure de
régularisation, il suffit d’exhiber les estimations dans un cadre régulier, mais ne dépendant
que des paramétres apparaissant dans les hypothéses du Théoréme 1.1. On montre en fait
que

Proposition 1.1. [l existe une constante positive Ct ne dépendant que de paramétres
énoncés dans le Théoreme 1.1 et de T, telle que

0? 0?

—u U

H 81‘1 H 81‘2 69:% ’ 8x18x2

ot lexposant “n” fait reference a la procédure de régularisation et ou la constante Cr

peut étre choisie aussi petite que voulu, pourvu que l'intervalle considéré soit petit. Cette
propriété est essentielle pour la démonstration.

n n

+ <Cr (1.5)

o

e} o0
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En combinant ces estimations & I’heuristique et en passant & la limite sur la procédure
de régularisation, on obtient le résultat voulu. La démonstration de la Proposition 1.1, qui
constitue le véritable défi, se fait grace a un développement en série parametriz au premier
ordre de la solution.

La méthode parametrix est une méthode perturbative. Initiée par Levi dans les années
1900, I’application qu’on en fait peut aussi se voir comme un développement de McKean
et Singer [MS67] au premier ordre.

L’idée de base de la méthode provient essentiellement de la constatation suivante : “en
temps petit, la densité de transition de la solution d’une EDS & coefficients variables ré-
guliers est proche de celle & coefficients gelés”. Dans le cas classique, ol la matrice de
diffusion est uniformément non-dégénérée, la solution & coefficients constants est un pro-
cessus gaussien. Dit autrement, il s’agit de considérer le générateur comme une perturbation
du Laplacien. Le choix du point de gel des coefficients est trés important. La perturbation
doit étre de 'ordre des trajectoires typiques du processus de diffusion ayant pour généra-
teur l'opérateur gelé.

L’étude se divise ainsi en deux parties :
1./ Une étude du systeéme gelé, essentielle a la mise en ceuvre du parametrix.
2./ Une partie technique ot chacune des dérivées de la solution est calculée et estimée.

Pour clarifier I’exposition, on oublie volontairement ’exposant “n” faisant référence a la
procédure de régularisation dans la suite de la section.

1./ Le systéme gelé. Dans ce contexte dégénéré, il faut tout d’abord s’assurer de lexis-
tence d’une densité au processus gelé. Lorsque fo = 0, on se retrouve dans le cas de
I’exemple de Kolmogorov, et une condition pour obtenir ’existence d’une densité est alors
a # 0 : le bruit injecté dans la premiére composante doit pouvoir étre propagé dans la
seconde (ici via la dérive). Il parait ainsi naturel d’étendre ’hypothése o # 0 au systéme
(1.1). C’est le sens de I'hypothése d’inversibilité de la Jacobienne de Fy.

La condition additionnelle imposant a la Jacobienne de F d’appartenir & un sous en-
semble convexe fermé des matrices inversibles est technique et reliée a ’extension du résul-
tat de Kolmogorov, due & Delarue et Menozzi dans [DM10]. On renvoie a la section 3 et a
I’exemple 3.5 de leur article pour plus de précisions.

Le choix du point de gel des coefficients est lui aussi délicat. Dans le cas elliptique, la
décroissance hors de la diagonale est en ’exponentielle du carré de la distance entre le
point d’arrivé et de départ. Le gel des coefficients se fait donc en un de ces points. Ici, la
dégénérescence du bruit modifie les trajectoires typiques du processus. Pour le comprendre
il faut a nouveau revenir a I'exemple de Kolmogorov et en particulier a la forme de sa
densité p® donnée par :

V3 1y, - 2
X0, 21, w23 t,y1,92) = 2 &P <—2 ’Kt 1/2(y1 —T1,Y2 — Lo — atm)"‘ > , (1.6)

ol la matrice de covariance est :
o t (1/2)at?
K= <(1/2)at2 (1/3)a23 ) - (1.7)

9. Dont les coefficients sont pris en un point donné.
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C’est I’échelle du systéme qu’il faut regarder : chacune des deux composantes du systéme vit
a une échelle propre, de ordre de ti~1/2 (penser, par exemple, & un mouvement brownien
et son intégrale itérée en temps). Il en résulte que le transport de la condition initiale de la
premiére composante dans la seconde, de 'ordre de ¢, n’est pas négligeable en temps petit.

Ainsi, et c’est ce que suggére la forme de I'exponentielle de la solution fondamentale
(1.6) de I'exemple de Kolmogorov, il faut geler la premiére variable au point de départ
x1 et la seconde le long du transport (0 s)i<s<7 de la condition initiale de la premiére
composante dans la seconde. Dans le cas de ’heuristique, ce transport est assuré par la
solution 'équation 1° :

L @) = FoO0s(&2)) + 0m1, Ouel&r) = 6o, & € R

avec comme condition initiale & = xo.

On en déduit alors le systéme gelé
dXsl = dW57 th = 21,
dXSQ = <f2(9t2’s(€2)) + Oszl) ds, X'tQ = X9,

dont la densité p et ses dérivées admettent des bornes gaussiennes :

(1.8)

Lemme 1.2. Pour T suffisamment petit, il existe deux constantes positives C et c telles
que, quels que soient (t,x1,x2) et (s,y1,y2) dans [0,T] x R x R

ﬁ(tv T1,2258,Y1, y2) < Cﬁc(tv T1,x258,Y1, y2)7
ot
Pe(t, 1,725 8,91, 92)

c (_C <|y1 - 96‘1’2 N ly2 — 22 — [[7 f2(Orr(&2)dr — (s — 75)041‘1)‘2>>

= ——¢ _
(s — 1)2d P st (s —1)3
et pour tout s dans [t,T] et tout entier N1, Ny inférieur ou égal o deux
ot ghe )
77}3 t7m17$2;87y17y2
(%C]lvl (%véVQ (
< C(s — ) BNANIR2p (4 2y, 25,1, 40). (1.9)

On souligne que ces bornes ont une décroissance diagonale en puissance 1/2 dans la
direction diffusive et 3/2 dans la direction dégénérée.

2./ Représentation en parametriz et différentiation. Dans un deuxiéme temps, il s’agit
de donner une représentation adéquate de la solution. En effectuant un développement en
série parametrix au premier ordre, I’équation (1.4) est réécrite

O (t, 1, ) + Ly (t, 1, 20) = —(L — L)uy(t, z1, x2) + Fy(t, x1, 22),
ui(T,xl,xg) :ORd, i:1,2,
ol £ est le générateur du processus gelé (1.8). On obtient alors une représentation de la

solution u comme convolution temps-espace (notée ®) du noyau (£ — L)u et du terme
source F' avec la densité du processus gelé :

u(t,z1,20) = —(L — L)u® p(t, z1, ;. .,.) + F @ p(t, x1, 205 ., -, .), (1.10)

10. bien posée dans le cadre régularisé.



soit,
T
ui(t,x1,x2) = / /2dFz‘(&yhyz)ﬁ(t,th;S,y17y2)dyldy2ds (1.11)
R

/ y (f2(y2) f2(9ts(§2)) (8 Y1, y2)P(t, 1, 23 8, Y1, y2)dy1dy2ds,
R

pour ¢ = 1,2. On ne présente que 'analyse de uo, celle de u; pouvant étre conduite de la
méme maniére. Par ailleurs, on rappelle que Fy(t, z1,22) = fo(xa) + ax;.

Pour obtenir les bornes souhaitées, il faut dériver cette représentation et estimer les
normes infinies des dérivées. Afin de simplifier la lecture, on suppose qu’il est possible
d’intervertir intégrale et dérivation.

On remarque alors par I'application du Lemme 1.2 que chaque dérivation de la solution
génére une singularité en temps qui n’est pas forcément intégrable. En particulier, la déri-
vée premiére dans la direction dégénérée, les dérivées secondes dans la direction diffusive
et croisée générent des singularités en temps d’ordre respectivement 3/2, 1 et 2. L’idée,
afin de régulariser cette singularité, est de tirer parti de la décroissance gaussienne de la
densité de transition.

On applique cet argument dans le “pire” des cas, & savoir celui de la dérivation croisée.
Grace a un argument de centrage, on peut écrire :

82
83318562

T 82 ~
- / (Faly2) — FoBrs(€2))—0—(t, 21, 203 5, y1, yo)dyrdyads
RQd 8 3

UQ(t,x1,3?2) (1.12)

82
/ / (f2(y2) f2(9ts(§2)) ( yla?/Q)W D(t, 1, 23 S, y1, Y2 )dy1dyads.

Ainsi, en utilisant le Lemme 1.2 on obtient que

82
1.1
et ) (113
_es — A
<01+ |z )/ Ll t?ff) (5 = )25 25 (1,00, 0255, y1, o)y o,
R2d | (s—1

et en posant & = x9 et en intégrant en espace, on a

<c(1+]

et le membre de droite n’est intégrable que si 53 > 2/3 : 'exposant critique donné en énoncé.

62
u2(t, xr1,x —U
‘ 2(t, 21, 22) o1s 2

T
2\ —2+3B2/2
02,0 oo)/t (s —1) ds, (1.14)

On remarque que la représentation implicite de la solution fait apparaitre la norme
infinie de la dérivée [Qug/0x2] dans la borne (1.14). Pour contourner ce probléme, il faut
ensuite estimer cette quantité puis injecter 1’estimation obtenue dans la borne (1.14). Cet
argument circulaire se généralise au cas du systéme énoncé dans le Théoréme 1.1.
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1.3 Généralisation

On se place dans le cas de ’heuristique mais ou F (¢, y1,y2) = fi(y1) avec fi une fonction
B1-Holder et bornée. Si on géle ce coefficient en la valeur de départ ' “z1” alors le processus
gelé admet encore une densité de transition et les estimations du Lemme 1.2 restent vraies.
On obtient comme représentation pour v :

ui(t,x1,22) = / / (fi(y1) f1(£1)) (t Y1, y2)P(t, 1,225 8, Y1, y2)dy1dyads
/ y (f2(y2) f2(0ts(£2)) (S Y1, y2)P(t, 1,225 8, Y1, y2)dy1dyads
R
+/ QdFi(&ylay2)]5(t7331,$2;Sayl7y2)dy1dy2d87
R

pour i = 1,2 et ot & € R% On se concentre & nouveau sur l'analyse de us, celle de u; se
déduisant encore des méme arguments.

La différence avec (1.12) est le premier terme du membre de droite faisant intervenir une
dépendance non-linéaire en la premiére variable. Cette dépendance va modifier la gestion
de la singularité engendrée par les dérivations [0/0zs] et [0%/0x20x1] et la rendre plus
délicate.

En effet, en recourant a la méme analyse que celle effectuée précédemment et en posant
&1 = x1, on obtient une intégrale supplémentaire du type de (1.11) avec comme intégrande :

—&

1
D (s = 6) P 2pe(t, w1, w03 8, Y1, y2).- (1.15)

€ (t,T)—

Or, cette fonction n’est intégrable sur l'intervalle (¢,T] que pour 5 > 2. Ce probléme est
dii & la décroissance hors de la diagonale de la premiére composante qui n’est que de I'ordre
de 1/2. Pour compenser la singularité d’ordre 2, il faut donc recourir a d’autres arguments.

L’astuce consiste a tirer parti de la présence de la solution dans la représentation en
centrant 'intégrande autour de la dérivée de la solution :

83:163:2/ » (fily1) — fit& )) (t Y1, y2)P(t, 1,225 8, Y1, y2)dy1dyads

//]R2 {(fl y1) f1(§1)>( 2(ty1,y2) — gZi(tayh@t,s(&)))

t
&Clam p(t, z1, 205 5, 1117312)}dy1dy2ds

et puisque :

830181:

|

0 0
oalt ) — unltn, 0(2) | < |t - trte.

11. L’échelle de la premiére composante étant diffusive.
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on en déduit, en utilisant la décroissance gaussienne de la densité et en posant (£1,&2) =
(z1,%2), que :

82 r 6u2 -
39613562/t /de(fl(yl) _fl(xl))aixl(ta Y1, y2)p(t, 1,225 8, Y1, y2)dy1dyads
2

T

LUZ / (s — t)T1HB/2 g

8.7118%2 oo Jt ’

ou ||fi||g, est la semi-norme de Hélder de f;. En combinant cette estimation avec les
arguments précédents on obtient que

32

——u .
aiﬁlal‘z 2 oo>

0? 0
‘81'181'2 S CT <1 + H8x2u2
La constante Cp pouvant étre choisie aussi petite que voulue (pourvu que T soit suffisam-
ment petit) un argument circulaire permet de d’obtenir une estimation ne dépendant que
de la norme infinie de Ou/0;,. Pour généraliser cet argument cas du systéme du Théoréme
1.1, o la dépendance en la premiére composante apparait dans la dérive Fy, il faut esti-
mer la régularité de xo — [Ju/0x2|(:,-, x2). Cette estimation (en semi-norme de Holder)
est particuliérement délicate puisque chaque dérivation génére une singularité d’ordre 3/2
(voir la section 1.4.4 du chapitre 1 pour plus de détails).

SC”f1||ﬁ1

ug(t, 1, x2)

"

(e}

1.4 Perspectives

(1) Extension au cas ot la dérive de la composante diffusive est bornée dans L,. En met-

tant en perspective ce travail avec ceux de Veretenikov [Ver80| et Krylov et Rockner
[KRO05], il semble naturel de supposer le coefficient de dérive de la composante dif-
fusive borné dans L, ol p est strictement supérieur & la dimension d du processus.

En effet, dans l'article [Ver83|, Veretenikov étudie le cas d’une équation du type
(1.1) o la dérive de la composante diffusive est seulement bornée. En supposant
suffisamment de régularité sur les coefficients par rapport & la composante dégéné-
rée, 'auteur montre qu’il y a encore unicité forte pour le systéme.

L’idée est de traiter séparément les deux variables. En conséquence, on étudie
deux EDP : une de type équation de la chaleur, qui offre de bonnes propriétés de
régularisation, et une dégénérée, pour laquelle les coefficients sont supposés étre
réguliers. Bien qu’il ne s’intéresse pas a la régularisation du bruit transmis par
la dérive, ce travail donne la marche a suivre pour analyser séparément les deux
composantes, contrairement a I’approche faite dans ce manuscrit.

En outre, Krylov et Rockner montrent que dans le cas uniformément elliptique le
systéme admet une unique solution forte pour un coefficient de dérive uniquement
Ly, p > d, ce qui laisse présager que cette hypothése devrait étre suffisante. La
condition p > d est une conséquence de la formule d’Ito-Krylov [Kry69| puisque,
dans ce cas, 'EDP associée n’admet pas de solution au sens classique (seulement
de type Sobolev).

(2) Seulil critique pour la régularité Holder de la dérive. Bien que le seuil critique de

2/3 pour 'exposant de Holder soit cohérent avec I’approche exposée, le comporte-
ment intrinséque du systéme suggére un exposant de 1/3.

Comme il a été exposé, le seuil de 2/3 provient de I’estimation en norme infinie
des dérivées secondes de la solution de 'EDP. Il n’est cependant pas indispensable
d’obtenir de petites constantes ou d’avoir des estimations en norme infinie pour ces
dérivées afin de mettre en oeuvre I'heuristique exposée au début de la section.
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En fait, le terme faisant intervenir les dérivées secondes pourrait étre majoré en
utilisant une inégalité de Krylov [Kry09| couplée a I'estimation ad hoc de Calderon
et Zygmund 2. Néanmoins, il n’a pas été possible de trouver ce type d’estimation
dans la littérature : bien que Bramanti et Zu aient récemment proposé des estima-
tions de type Calderon et Zygmund pour des opérateurs hypoelliptiques [BZ11],
I’extension de ’estimation de Krylov a des processus d’It6 dégénérés, méme hypo-
elliptiques, demeure une question ouverte.

A titre d’application, réussir a abaisser le seuil de I'exposant critique a 1/3 per-
mettrait d’envisager I’étude de la résolubilité forte pour une chaine d’oscillateurs
toute entiére, du type de celle étudiée dans [DM10].

(3) Différentiabilité du flot de la solution par rapport a la condition initiale. Dans [FGP10],
les auteurs montrent que le systéme non-dégénéré a coefficient de dérive singulier
définit un flot de difféomorphisme. La méme question s’étend & ce cadre dégénéré.

On montre en annexe A du premier chapitre que le systéme (1.1) définit lui aussi
un flot différentiable en la condition initiale. La stratégie consiste & achever ’étude
de 'EDP (1.4) en montrant qu’elle admet une unique solution classique. Ensuite,
il s’agit d’appliquer la démarche usuelle de Kunita [Kun82| au processus changé de
dérive (1.2) pour montrer que le flot ainsi défini est différentiable.

(4) Estimation des dérivées de la densité de transition du processus. Dans [DM10], De-
larue et Menozzi obtiennent des estimations gaussiennes supérieures et inférieures
de la densité du processus (1.1) pour des dérives lipschitzienne et une diffusion
holderienne.

Leur méthode ne permet cependant pas d’obtenir des estimations de la dérivée de
la densité. Le fait d’obtenir des estimations sur les gradients de la solution de 'EDP
dégénérée permet d’envisager ’obtention d’estimations gaussiennes des dérivées de
la densité du processus (1.1) dan le cas lipschitzien.

Essentiellement, ils s’agirait de combiner 'approche de Delarue et Menozzi et
celle précédemment exposée pour obtenir une borne sur la décroissance diagonale
de la densité. L’estimation hors de la diagonale se déduirait ensuite d’'une méthode
d’interpolation sur le modéle de la preuve issue de l'ouvrage de Stroock [Str08],
Section 3.

2 Deuxiéme chapitre : un algorithme de type cubature pour la simulation de
processus progressifs et progressifs-rétrogrades découplés de McKean-Vlasov

L’extension de la formule de Kolmogorov aux cas non-linéaires a permis l’exploration de
nombreux axes de recherche. Plus récemment, les travaux sur la théorie des jeux a champ
moyen de Lasry et Lions [LLO6b, LL0O6b, LLO7| ont amené certains auteurs a s’intéresser au
couplage des deux non-linéarités (la semi-linéarité et la non-linéarité de McKean-Vlasov).
Le second travail de cette thése s’inscrit dans cette direction : il s’agit de donner un algo-
rithme probabiliste pour la simulation d’équations différentielles stochastique progressives-
rétrogrades découplées de McKean-Vlasov (EDSPR de McKean-Vlasov).

L’algorithme présenté est basé sur les méthodes de cubature, récemment introduites par
Lyons et Victoir [LV04], et se décompose en deux étapes :

— Une premiére étape de construction d’un arbre déterministe approchant la loi de la

composante progressive. Cet arbre peut étre paramétré de maniére a obtenir n’importe
quel ordre d’approximation (en terme de pas de discrétisation de l'intervalle).

12. Un controle L, sur les dérivées secondes en fonction du terme source.
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— Une seconde étape permettant d’approcher la composante rétrograde avec des ordres
d’approximation de 1 et 2.
De maniére générique, les EDSPR, découplées de McKean-Vlasov s’écrivent :

dXF = Y0 Vi(t, X7, ) o dB}
A = —f(t, XF, Y[, Z8, 5" Vdt + ZFdBL (2.1)
X§=x, Y§=0¢(X7),

définis sur un intervalle [0, 7], T un réel strictement positif donné ou (W54 ¢ > 0) est un
mouvement brownien d-dimensionnel défini sur un espace probabilisé (£2, F,P) muni de la
filtration naturelle (F;);>0 et o Wto = t, les champs de vecteurs V; sur R? sont SUpposés
atre réguliers ' tout comme le générateur f, et ¢ est une fonction mesurable de R? dans R.
Ici, p (vesp. pX°Y) désigne la loi du processus progressif (resp. couple processus progressif
- rétrograde). On adopte une écriture Stratonovitch des équations, signalée par “o”.

2.1 Contexte

C’est la théorie des jeux a champ moyen, introduite par Lasry et Lions dans [LLO6D,
LLO6b, LLO7| et dans une série de cours au collége de France (voir les notes qui en sont
issues |Carl10]), et notamment le pendant probabiliste de ces jeux, développé par Carmona
et Delarue [CD12b, CD12a| qui a motivé ce travail.

En effet, le systéme (2.1) s’inscrit dans une classe plus large d’équations, appelées équa-
tions progressives rétrogrades de type champ moyen, qui s’écrivent de fagon générique :

dXP = Y4 Vit XF, Yy, 1Y) 0 dB]
dY{ = —f(t, X7, Vi, Z¢, 5" )dt + Z§dB} (22)
XZ =z, YF=o¢(X5).

Ces équations sont les dérivées probabilistes des EDP étudiées par Lasry et Lions. On se
contentera de ne décrire que briévement les idées mises en oeuvre et on référe aux travaux
sus-cités pour une exposition plus détaillée.

On appelle jeu un systéme de M joueurs interagissant. Chaque joueur & une structure
de type diffusion donnée et identique? (les joueurs peuvent permuter), qu’ils peuvent
controler par le biais de leur stratégie. On associe & chacun des joueurs une fonctionnelle
d’utilité, de méme forme, dépendant de la stratégie. Le but du jeu consiste & optimiser
cette utilité.

Sous de bonnes hypothéses (rationalité des joueurs,...), la théorie des jeux dit qu'il existe
un équilibre de Nash'® : un état du jeu (un panel de controles) qui rend tout autre état sous
optimale, au sens o, si on est dans cet équilibre et si un des joueurs tend & s’écarter de
sa stratégie, alors il sous optimisera son utilité. La stratégie optimisant 1'utilité du Meéme
joueur s’obtient ainsi au vu des (M-1)éme autres stratégies, et la fonctionnelle obtenue est
disponible comme solution d’une équation d’un systéeme d’EDP, de type Hamilton-Jacobi-
Bellman (HJB).

On comprend que, pour un grand nombre de joueurs, le probléme devient rapidement
incalculable. L’idée proposée par Lasry et Lions consiste & approcher les équilibres du

13. Le sens donné & la régularité des coefficients par rapport & la composante Mckean-Vlasov sera précisé
au fur et a mesure.

14. La forme est la méme, mais les controles dont ils dépendent sont différents.

15. Le probléme de I'existence d’un équilibre de Nash peut étre contourné, en changeant d’ensemble des
stratégies, voir la sous section 2.3 de [Carl0].
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systéme d’un grand nombre de joueurs par I'équilibre du systéme limite '°. La terminologie
de champ moyen prend alors tout son sens : les joueurs ne ressentent pas les dynamiques
des autres joueurs mais seulement leurs distributions statistiques, & l'instar des systémes
de particules en interaction champ moyen en physique.

Les équations (des EDP) résultant de ces jeux sont nouvelles, au sens ou sont couplées :
une équation de type HJB, décrivant la dynamique de la fonctionnelle d’utilité optimale,
et une équation de Kolmogorov, décrivant la dynamique de la distribution des joueurs.
La nouveauté provient, entre autre, du fait que ces deux équations sont en “sens inverse”
(I’équation de Kolmogorov est progressive, celle d’HJB rétrograde). Carmona et Delarue
montrent que la dérivation probabiliste du systéme HJB peut encore se faire via une adap-
tation du principe du maximum stochastique. Le systéme qui en résulte est donné par (2.2).

Le systéme (2.1). Le but du second chapitre est de proposer une premiére et nouvelle
méthode probabiliste pour I’approximation des solutions I’EDSPR de type McKean-Vlasov
intervenant dans la modélisation d’un probléme de contréle dans un environnement de type
champ moyen.

En effet, le cadre abordé dans ce manuscrit est plus restreint que celui des jeux & champ
moyen : le systéme (2.2) est couplé quand le systéme (2.1) fait intervenir des dynamiques
découplées, sur le modéle de celles présentées dans la sous section sur les EDSPR.

Pour comprendre le probléme de controle abordé ici il suffit de se replacer dans le contexte
des jeux & champ moyen décris dans le paragraphe précédent. On suppose cette fois-ci que
seul un joueur, marqué, est contrélé et qu’il cherche & maximiser une certaine utilité.
L’environnement est composé du systéme des autres joueurs, qui sont supposés ne pas
ressentir I'action du joueur marqué.

Lorsque ce nombre de joueur est grand, on approche le systéme par le systéme limite et
I’environnement devient de type champ moyen. Le découplage de la partie McKean-Vlasov
des équations est assuré par I'inaction du joueur marqué sur les autre joueurs. A nouveau,
la fonctionnelle d’utilité est disponible comme la solution d’une EDP de type HJB.

2.2 Préliminaires : méthodes de Cubature sur ’espace de Wiener.

Les méthodes de cubature de Lyons et Victoir [LV04] sont a la base de 'algorithme du
chapitre 2. On se propose d’en donner une description détaillée car elle est nécessaire a la
compréhension de I'algorithme et des idées mises en ccuvre. On parle de m € N* cubature
sur ’espace de Wiener dans le cas suivant :

Définition. Etant donné un entier naturel m et un réel positif t, une m-cubature sur
Vespace de Wiener (I’ensemble des fonctions continues de [0,t] a valeurs dans RY) est une
mesure de probabilité discrete Q¢ a support fini dans l’ensemble des fonctions continues a
variations bornées de [0,t] dans R telle que les espérances des intégrales du mouvement
brownien de Stratonovitch itérées d’ordre m soient les mémes sous la mesure de cubature
Qy et sous la mesure de Wiener P.

Ainsi, a la place d'une EDS (sous forme Stratonovitch) de type :
d .
dX, = Z Vi(X;) o dB.,
=0

16. Et a démontrer que cette approche donne effectivement un optimum approché.
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on résout un systéme d’équations différentielles pondérées, ot le mouvement brownien est
“remplacé” par une trajectoire continue & variations bornées w; : [0,t] — R? a laquelle est
associée un poids A;, j € {1,...,n}, ot n = card{supp(Q;)} :

d
dX] = Vo(X])dt + ) Vi(X])dwi(t), j=1,...,n,
=1

ol on a adopté la convention w?(t) = t. On comprend naturellement que ces méthodes

permettent d’approcher l'espérance des fonctions réguliéres des solutions d’EDS par des
polynoémes. En utilisant la définition d’une mesure de cubature et un développement de
Taylor, on en déduit que pour toute fonction réguliére F :

P p
oxJ
en majorant l’espérance du reste du développement de Taylor stochastique, voir par exemple
I'ouvrage [KP92|.

Bien sfir, si la constante C' ou le temps ¢ ne sont pas assez petits, I'erreur commise peut
étre grande. Afin de profiter au maximum de la méthode, il faut tirer parti de la structure
markovienne du processus : au lieu d’appliquer une cubature sur Uintervalle [0,7] tout
entier, on I'applique & chaque pas d’une subdivision Ty = 0 <17 < --- < Ty =T de cet
intervalle.

Cette approche aboutit & la construction d’un arbre dont chaque nceud posséde un
nombre n (dépendant du degré de cubature m) de descendants. Si on note S,,(k) ’ensemble
des multi-indices & valeur dans {1,---,n} de taille exactement k, alors chaque nceud de
larbre a 'étape k est indicé par un multi-indice 7 € S, (k).

A chaque noeud 7 correspond la valeur d’une trajectoire w, prise au kéme instant de la
subdivision. En outre, a chacun de ces nceuds est attaché le poids Ay =[] jien M-

La construction des mesures de cubature sur chaque intervalle se fait déduit des pro-
priétés d’échelles du mouvement brownien : étant donnée une mesure de cubature Qq
d’ordre m de support {wi,...,w,} et poids {A1,...,\,} on peut en déduire une mesure
de cubature Q44 sur l'intervalle [t,t 4+ h| d’ordre m a support fini dans I’ensemble des
fonctions continues & variations bornées de [t,¢ + h] dans R? donnée par {@1,--- ,&,} oil
@j: s € [tt+ h] = @(s) = Vhw;((s — t)/h) pour tout 1 < j < n et dont la famille de
poids reste {A1,..., \n}.

(Ep — Bq,)[F(X,)] < CH™/2 max , (2.3)

j<m+2

HOO

Ces méthodes exigent beaucoup de régularité, dans le sens ou la fonctionnelle F' consi-
dérée doit pouvoir étre développée en un polyndéme de degré m + 2. La pertinence de
la méthode dépend donc de son extension au cas de fonctionnelles moins réguliéres. A
nouveau, c’est 'effet régularisant de 'EDP sous-jacente qui joue un role clé dans cette
extension.

A chaque instant T}, de la subdivision on sait, par la propriété de Markov, que la cubature
s’applique a la fonction u (T, x) = E[F(X7)| X7, = z|, solution du probléme parabolique
associé au générateur £ de X avec comme condition terminale F. Lorsque la matrice V 17
est elliptique, que les coefficients sont réguliers et que F' est lipschitzienne, cette fonction

est infiniment différentiable & dérivées bornées hors du bord : elle satisfait
1

Vn e N*, 3C > 0 telle que &u(t, ) < C||F||1ip(T — t)3-™/2 (2.4)
x

17. La matrice réelle de taille d x d dont la iéme colonne est le vecteur V;, i =1,...,d.
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ot ||F||Lip est la constante de Lipschitz de F, voir par exemple [Fri08] '®. Ainsi, il suffit
d’adapter la taille de la subdivision afin de bénéficier de cet effet : celle-ci peut étre choisie
suffisamment grossiére loin du bord, puisque la solution est trés réguliére et plus fine prés
du bord, lorsque la solution devient moins réguliére .

2.3 Algorithmes

La recherche d’un schéma numérique pour les solutions du systéme (2.1) a aboutit a
trois algorithmes :

(i) Un algorithme d’approximation de la loi de la composante progressive, sous forme
d’un arbre de particules dont les dynamiques sont déterministes.

(ii) Deux algorithmes d’approximation de la solution de l’équation rétrograde d’ordre
respectivement 1 et 2 (en terme de discrétisation temporelle). Ces deux algorithmes
sont conditionnés a la donnée de I'arbre (i).

La clé de vofte, aussi bien des algorithmes que de ’analyse des erreurs, réside dans la
constatation suivante qui sera utilisée de maniére intensive :

Etant donnée la loi du processus (2.1), le systéme se comporte comme un systéme clas-
sique paramétré a coefficients inhomogeénes. (C)

2.3.1 Arbre de cubature : le cas de la composante progressive. Etant donnée une
subdivision Ty = 0 < T} < ... < Tn = T de l'intervalle, une cubature d’ordre m de support
{wi,...,wn} 2 et de poids {A1,...,\,}, il s’agit de construire une famille de mesures de
probabilités discrétes (fi7y, )o<k<n approchant les marginales du processus (X¢)o<¢<7 aux
instants Ty, 11, . .., Tn. Cette mesure est donnée par les sommes pondérées (par des poids
A.) de Dirac prisent en les points X d’un arbre, noté 7.

Pour la construction de 'arbre 7, on décide de tirer parti au maximum de la constata-
tion (C). On procéde donc comme suit : au début de chaque temps de discrétisation, on
se donne une loi de probabilité (sur 'espace considéré). Cette loi étant gelée, le processus
“redevient” la solution usuelle d’'une EDS, et on peut appliquer ’algorithme de cubature
sur l'intervalle discrétisé, il ne reste qu’a itérer le procédé... Evidemment, le choix de la loi
est crucial pour assurer la convergence de I'algorithme. Un candidat naturel pour 'inter-
valle [T, Tj+1) est la mesure discréte engendrée par les solutions des EDO associées a la
cubature obtenue a I’étape précédente : fir, .

L’analogie avec la discussion sur les méthodes de cubature permet de comprendre que la
taille de 'arbre dépend du cardinal du support de la mesure de cubature. On notera donc
larbre T (m), ot m rappelle 'ordre de la cubature. L’algorithme est le suivant :

18. La condition d’ellipticité peut étre réduite a une condition UFG [KS84, KS85, KS87|, qui dégrade
néanmoins ces bornes, voir [Neell| pour une présentation.

19. Au sens ou les bornes de ses gradients successifs sont de plus en plus grandes.

20. On rappelle que w est la notation générique pour une trajectoire continue & variations bornées et on
référe au paragraphe sur les méthodes de cubature pour les notations.
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Algorithm 1 Arbre 7(m)

1: On initialise (Xo, Ao, fit,) = (2,1, ).
2: A chaque étape k € {1,...,N — 1}

a : On définit pour chaque noeud 7 dans S,, (k) (’ensemble des multi-indices de longueur & et

a valeur dans {1,...,n}) et pour tout j dans {1,...,n} le point )A(j(f]:jl) comme la valeur
terminale de la solution de 'EDO

> (7,7 d >(m,7) A i
dX{™ = L Vi, X, fiy ) /B dw (= T) /A, ),
X(”Taj) — Xﬂ'
Ty Ty
et on lui associe un poids A, ;) = Az ;.

b: Onpose fiy, ., = >  Azdgr
€S, (k+1) Th+1

Dans le chapitre 2, on quantifie Paction de la mesure pugp, issue de l'arbre 7 (m), sur
n’importe quelle fonction réguliére :

Théoréme 2.1. Si les champs de vecteur V; sont de régularité Lipschitz en la composante
McKean-Viasov pour la distance de Wasserstein-12', alors il existe une constante positive
C telle que pour toute fonction ¢ réguliére :

(i — pr, 8) <CNT2 sup ||V56)]loo, (2.5)
j<m+1
ot (u,d) est la notation duale de [ ¢du et ot pr est définie par Ualgorithme 1. Si les
champs de vecteur V; sont de régularité Lipschitz en la composante McKean-Viasov pour
la distance dr entre deuz mesure de probabilité v et V' sur R® donnée par

d]-‘(l/,l//):SUp <‘107V/_V>‘7 (26)
peF
ot F = {des fonctions de R? dans R, bornées et infiniment différentiables a dérivées

bornées}, alors il existe une constante positive C' telle que pour toute fonction ¢ réguliére :

(fir — pr,¢) < ON™' sup ||V56) oo, (2.7)
j<m+1

ot la mesure pr est définie par Ualgorithme 1 ci dessus.

Il faut souligner que les ordres d’approximation du Théoréme 2.1 sont restreint a 1/2
ou 1, alors que I'approximation par cubature d’'une EDS peut-étre choisie aussi fine que
voulue, pourvu que le paramétre “m” de la cubature soit choisi suffisamment grand. En
regardant attentivement l'algorithme 1, on peut deviner que cette restriction est due au
gel temporel de la loi injectée dans les coefficients de la solution de 'EDO a I’étape 2-a, et
donc & une erreur de “type Euler”?2.

Dans ce cas, une approche classique pour augmenter 'ordre du schéma consiste & déve-
lopper les coefficients. Ainsi, dans le cas particulier d’une dépendance du type

‘/i(x’ Mt) = V;(SU, <90imut>)’ (2'8)

21. Pour rappel, la distance de Wasserstein 1 entre deux mesures de probabilité v et v’ sur R? est donnée
par : d(v,v') = sup{{v — v/, %), 1 : R = R 1-Lipschitz}
22. Forte ou faible, suivant les conditions de régularité des coefficients
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ot w € R — V;(.,w) est bornée infiniment différentiable a dérivées bornées et ot ¢; est une
fonction réguliére de R? dans R, pour i = 1,...,d, on peut effectuer un développement du
coefficient & n’importe quel ordre ¢ — 1. On obtient alors un arbre paramétré par I'ordre
de ce développement T (g, m) :

Algorithm 2 Arbre 7 (g, m)

q—1
1
1: On initialise pour tout @ dans {1,...,d} Fy(t, fi,) = | —(t = To)" (6, (£7)7;)
p!
p=0
2: A chaque étape k € {1;...,N — 1}

a : Idem que pour l'algorithme 1 en injectant le terme F; dans le coefficient V.

b : Idem que pour 'algorithme 1.

_

2

E

c : Pour tout i dans {1,...,d}, on calcule Fi(t, i, ,) = (t — Ti)P {iiry.,» (LM)Pep;)

0

=
I

ot L% (resp. L)) désigne le générateur dont la composante McKean-Vlasov des coefficients
est gelée en &, (resp. fiyy, a I'étape k). On montre dans le chapitre 2 que

Théoréme 2.2. Siles champs de vecteur V; satisfont a (2.8), alors il existe une constante
positive C' telle que pour toute fonction ¢ réguliére :

(i, — pmyy @) < ONDRA sup || 916 |oc, (2.9)
j<m+1

ot la famille (pr, )o<k<n est définie par lalgorithme 2 ci dessus.

Il faut noter que, dans ce cadre, c¢’est un contrdle sur 'approximation des marginales
du processus pour tous les instants Ty, k € {1,..., N} de la subdivision que 1’on obtient.
Dans la suite, on prend comme convention que 'arbre 7 (m) s’écrit 7(1,m).

2.3.2 Algorithme pour l’équation rétrograde. Une fois construit I'arbre 7, l'algo-
rithme de simulation de la composante rétrograde peut étre mis en ceuvre. La forme spé-
cifique de ces processus, briévement abordée dans le paragraphe sur les EDSPR, donne la
marche a suivre : la condition terminale étant connue, il s’agit de remonter I'arbre en cal-
culant les valeurs approchées (Y, Z) de la solution du systéme rétrograde (Y, Z) & chaque
nceud comme une espérance conditionnelle.

Trois ingrédients sont donc nécessaires & la mise en ceuvre de cette procédure : il faut
tout d’abord se donner un schéma de discrétisation de la composante rétrograde, ensuite,
il s’agit d’approcher la partie McKean-Vlasov du processus et, enfin, il faut calculer les
espérances conditionnelles. A nouveau, la stratégie consiste a tirer profit du gel (C) de
la loi : étant donnée une mesure, la solution de l’équation rétrograde s’écrit comme une
fonction de la composante progressive, comme dans le paragraphe sur les EDSPR, il existe
deux fonctions u et v telles que :

)
Y, =ult,X,), Z, = V(t, Xt)a—Z(t, X)) = v(t, Xy),

ou V est la matrice réelle de taille d x d ayant pour iéme colonne le champ V;, i =1,...,d.
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Ainsi, les espérances conditionnelles sont naturellement données par les mesures de cu-
bature locales (de chaque noeud de I’arbre) et les composantes McKean-Vlasov se déduisent
directement de ’arbre. On obtient alors un ordre d’approximation des espérances condition-
nelles régi par I’ordre de la cubature classique et un ordre d’approximation de la composante
McKean-Vlasov régi par 'ordre des arbres (7 (¢, m))q>1, m>1 définis par 1’algorithme 1 ou
2. Reste la donnée d’un schéma.

Deux schémas sont proposés, basés sur un schéma de discrétisation de Zhang [Zha04],
et tous deux conditionnellement & la donnée d’un arbre 7 :
e Le premier, d’ordre 1, peut-étre comparé & une version explicite du schéma introduit
par Crisan et Manolarakis dans [CM12] :

Algorithm 3 Algorithme d’ordre 1 pour I’équation rétrograde

1: On initialise pour 7 € S,(N) : Y, =: (TN,X}’;V)) G(XF,) et 23, =: 0"
2: A chaque étape k a rebours dans {0 — 1}, pour chaque 7 dans Sn(k) -

ZA Tk-‘rl’Xé"kfl)\/ ATk+1WJ(1)

ATls+l :

(Tn, X)) =0

a: On pose @1(Tk,XTk

b : Pour tout J dans {1,...,d} on calcule (:)Z_ﬁlk(j) =
(TkH,X;kfj, @ (T, X0, 01T, X5,), 7))

Try1/0

: On pose ' T;wXTk Z A ( (Tht1, Xl(“k+1) + AT,ch((:)kH,k(j)))

On montre dans le chapitre 2 que I'algorithme 3 permet de recouvrir les méme ordres
que pour la composante progressive :

Théoréme 2.3. Soit T(1,m) ot m > 3 un arbre défini par ’algorithme 1. Si les
champs de vecteur V; et le générateur f sont lipschitziens en la composante McKean-
Vlasov pour la distance de Wasserstein-1 alors pour toute fonction ¢ réguliere, il existe
une constante positive C' telle que :
max  |w(Th, XT ) —a (T, X5 )|+ AY2 |o(Ty, X5 ) =o' (Ty, X7 )| < CN7Y2 (2,10
(T XF, )= (T, S ) [+ A3 o (T, X5~ (T1 X7, < (210)
ow les quantités U' et 0 sont définies par Ualgorithme 3. De plus, si les champs de
vecteur V; et le générateur f sont lipschitziens en la composante McKean-Viasov pour
la distance dr définie*® par (2.6), alors pour toute fonction ¢ réguliére, il existe une
constante positive C' telle que :

T, X5 ) — (T, X7 Tt — T) Y2 0(Ty, X7 ) — 9(Ty, X5 )| < CN~1
ng,leggfsn(k)'“( ko X7, ) — (T, XT )| + (Thy1r — Tie) = (T, X7,.) — 0(Th, X75,)| < ;
(2.11)

ol les quantités 0 et 01 sont définies par lalgorithme 3.

Il faut souligner que ce premier schéma est d’ordre 1. Ainsi, il n’est pas utile de
préciser la version correspondant & une dépendance spécifique du type (2.8) puisque

23. Il faut adapter la classe F de fonctions dans le cas du générateur, la dépendance étant en la loi jointe,
voir le corollaire 2.2.3 dans le chapitre 2.
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ce cas est inclus dans la deuxiéme assertion du Théoréme 2.3.

e Le second schéma est d’ordre 2. Il est basé sur un argument de prédiction / correction :
un premier proxy du processus est construit, sur le modéle du premier schéma, afin
d’en construire un second de maniére “implicite”. Cette procédure permet de gagner
un ordre de convergence supplémentaire sans devoir calculer de dérivées.

Pour ce schéma, on se place dans le cas ou la famille {V;, 1 < i < d} satisfait la
dépendance (2.8) et on suppose que le générateur f vérifie le méme type d’hypothése :

XY XY
f('a'a'a'v.ut ) :f('7'7"'7<y“t ’Sof(7)>) (212)
onw € R~ f(,-,-,-,w) est bornée infiniment différentiable a dérivées bornées et ou
of de R? x R dans R est réguliére.

Le schéma est le suivant :

Algorithm 4 Algorithme d’ordre 2 pour ’équation rétrograde

1: On initialise pour m € S, (N ) : Y:,lr = A2(TN,X¥;V)) qS(XT ) et Z;EN =: (TN,X(W)) 0
2: On pose, pour T € S,(N — 1) : 4*(Tn— 1,XTN ) = @' (Tn_1, XF, ), ©* (TN,l,XTN_l) =
oM (In-1, X7, _,) et F*(Tn_1, firy_,) = <MTN717<Pf('aﬁ2(TN—17'))>
3: A chaque étape k a rebours dans {0,...,N — 2} :
a : Pour tout j dans {1,...,d} on calcule :
CHOE (Tk+1,X(Tk;Jf, @3 (T, X0, 02 (T, K7, P2 (T, i)
) . 1y [N s
Ck E A ATk+1wj(1) A2 / (S - Tk) ATk+1dwj((S - Tk)/ATk+1)
Tkt+1 Tyt1 YT

b : On pose 92(Ty, X7, Z)\ ( (Tesr, X5)) + Ay, FO] 2)) g

(m,7),2

Prediction u Tk,XTk Z)\ ( Tk:+17Xj("kfl))+ATk+1f( k41 ))

c: On pose F(Tk'?/“LTk) = </uTk790f('aﬂ(Tka ))>
Correction ©F = (Tk, X7 Ty, X5,), 02T, X7,), F(Th, ji, ))

T 1 A(T,9), AT
d: Tkvka Z /\ ( Tk-‘rla Xé“kjl)) + 2ATk+1 (f(@I(ch{) 2) + f(®k))>

e : On pose F? (TkuuTk) = <MTk,<Pf(',a2(Tk7 ))>

On montre que

Théoréme 2.4. Soit T(q,m) oum > 5 et ¢ > 2 un arbre défini par ’algorithme 2. Si
les champs de vecteur V; et le générateur f satisfont (2.8) et (2.12), alors pour toute
fonction ¢ réguliere il existe une constante positive C telle que :

max |u(Ty, X7, ) — 6 (T, XT )|+ (D1 — Ti) V2 o(Th, XF, ) — 0*(Ty, XF,)| < ON 72,
E<N, m€Sy (k)
(2.13)

ow les quantités 4> et 9% sont données par Ualgorithme /.
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Ces résultats sont illustrés dans le cas de dépendance du type (2.12) en section 2.3 du
chapitre 2.

Remarque. On peut objecter que les algorithmes présentés, puisqu’ils reposent sur la
construction d’un arbre, ont une complexité exponentielle et qu’en comparaison les méthodes
basées sur des systémes de particules en interaction (voir [Bos05] pour une description et
des références dans le cas de la composante progressive) sont moins cotteuses.

Cependant, il faut noter que les approximations obtenues ici permettent de bénéficier
de la régularité des coefficients et sont aussi fines que voulues. Ensuite, il faut remarquer
que la procédure est particulierement adaptée a ce cadre McKean-Viasov, le support de la
mesure discréte i coincidant avec les points pour lesquelles la solution u est approchée.
Enfin, étant donné larbre T, il est possible de calculer plusieurs composantes rétrogrades
différentes le long de ce méme arbre.

On conclura cette remarque en soulignant que la complexité exponentielle des arbres de
cubature est un probléme auquel se sont déja attelés Litterer et Lyons. Dans [LL12], ils
donnent la démarche a effectuer pour réduire la taille du support des mesures fir,, k =
1,...,N. L’algorithme obtenu a alors une complexité polynomiale. Malheureusement, la
procédure qu’ils proposent étant basée sur une redistribution des points est des poids, les
espérances conditionnelles permettant le calcul de la composante rétrograde ne sont plus
disponibles. Il serait intéressant de pouvoir adapter cette procédure de maniére a contourner
ce probléme.

2.4 Analyse de l’erreur.

La propriété de Markov permet de ramener I’étude de I'erreur globale de chacun des trois
algorithmes en la somme d’erreurs locales (sur chaque nceud de l'arbre). Ensuite, c’est la
construction des trois algorithmes et le gel de la loi (C) qui donnent la décomposition des
erreurs locales en trois termes : une erreur de schéma, une erreur de cubature et un terme
de propagation .

Une fois cette décomposition de I'erreur comprise, la preuve repose essentiellement sur
I'argument (C), sur des arguments de cubature, des développements de Taylor stochastiques
et sur une identification soigneuse des termes de I’expansion et des termes de ’algorithme.
Chacun de ces termes est majoré indépendamment et on aboutit a une équation de propa-
gation locale des erreurs. On conclut la preuve grace & un argument de stabilité.

Cette étude est détaillée en section 2.6 du chapitre 2.

2.5 Extensions a un systéme elliptique avec condition terminale lipschitzienne.

Lorsque la matrice de diffusion est elliptique, on peut étendre les résultats au cas d’une
condition terminale lipschitzienne. Dans ce cas, en mettant & nouveau & profit le gel de la
loi (C) qui intervient dans la partie McKean-Vlasov du processus, ’extension se fait sur le
méme procédé que celui expliqué dans le paragraphe pour la cubature.

On recourt donc aux effets régularisants en utilisant des bornes du type de (2.4), l'ex-
tension de ces bornes au cas rétrograde étant assurée par le récent travail de Crisan et
Delarue [CD11].

Contrairement au cas de la cubature, I’affaiblissement de ’hypothése d’ellipticité a une

hypothése UFG n’est, ici, pas évidente. En effet, les estimations de gradients de la solution
sous des hypothéses UFG ne sont disponibles que pour des coefficients homogeénes et la

24. S’ajoute & cela une erreur de prédiction pour le schéma d’ordre 2.
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littérature sur l'extension des bornes de gradients au cas inhomogéne (voir [CMO02]|) est
assez restreinte. L’astuce de gel ne permettant pas de contourner 'inhomogénéité en temps
des coefficients, c’est donc lellipticité de la matrice qui garantit 1’effet régularisant.

2.6 Perspectives.

(1) Affaiblissement de la régularité des coefficients en la loi pour le systéme elliptique.
Lorsque la dépendance des coefficients en la loi est du type (2.8) et que la matrice V'
est uniformément elliptique, une question naturelle est de savoir comment se com-
porte I'algorithme lorsque les fonctions ¢;,¢ = 1,...,d sont elles aussi seulement
lipschitziennes : un effet régularisant est & nouveau possible.

En annexe B, on montre que les espérances des fonctionnelles de la solution sont
différentiable en la condition initiale et satisfont aux bornes de gradients usuelles
de type (1.5) en temps court. Les calculs reposent sur une représentation en série
parametrix [MS67| de la densité de transition du processus.

A titre d’application, ceci permettrait d’étendre ’algorithme & une classe plus
générale de processus, et démontrerait que la vitesse de convergence pour les pro-
cessus du type (2.1) dont les coefficients sont lipschitziens par rapport a la distance
de Wasserstein-12° est d’ordre 1.

Il faut cependant faire attention aux “sens” des deux effets régularisants (2.4) :
comme évoqué plus haut, les deux EDP ne sont pas dans la méme direction. Il
faudrait ainsi choisir une subdivision suffisamment fine aux deux extrémités.

(2) Ordres supérieurs pour le cas d’une dépendance générale des coefficients en la loi. En
comparant les ordres (2.7) du Théoréme 2.1 et (2.9) du Théoréme 2.2, on comprend
que la vitesse obtenue dans le cas ol la dépendance en la loi est générale n’est pas
optimale. Quels que soient ¢ et m, cette vitesse est de N~! pour une dépendance
générale et NI(m=DAd/2 pour la dépendance particuliere (2.8).

Pour retrouver ces ordres, il faut définir un développement des coefficients dans
le cas général. Cela nécessite, avant toutes choses, de définir une différentiation.

Une direction est donnée dans les notes de Cardaliaguet 2® (voir la Section 6 de
[Car10]). 11 s’agit d’identifier la différentiation d’une fonction le long d’une mesure
a la différentiation d’une fonction d’une variable aléatoire appartenant a L%(€2). On
peut alors bénéficier de la structure hilbertienne de L?(Q) et définir une différen-
tiation de Fréchet.

(3) Vitesses d’approximation d’algorithmes pour des EDSPR dont la condition terminale
n’est pas lipschitzienne. Les bornes de gradients, disponibles pour des conditions
moins réguliéres que Lipschitz, posent naturellement la question de ’affaiblisse-
ment de la régularité de la condition terminale. La question n’est pas restreinte
au contexte McKean-Vlasov exposé ici. Par exemple, elle a déja été explorée dans
le cas de la composante progressive dans l'article de Talay et Bally [BT96]. Ce-
pendant, il semble que la question n’ait pas été posée pour les algorithmes sur la
partie rétrograde, du moins pour l'obtention de schémas d’ordre 1 ou plus (e.g.
[DM06, CM12]).

Récemment, Crisan et Delarue ont étudié les bornes de gradients des solu-
tions d’EDP semi-linéaires sous des conditions UFG. Dans leur travail [CD11],

25. Grace au Théoréme de Monge-Kantorovich.
26. Il semble que l'idée soit celle de Lions, puisque qu’elle a été introduite lors des cours au collége de
France.
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ils montrent que lorsque la condition terminale est lipschitzienne, on retrouve les
mémes décroissances que celles données par Kusuoka et Stroock [KS84, KS85,
KS87|. Cependant, 1’étude montre que lorsque la condition terminale est “seule-
ment” bornée, les bornes se dégradent : cette dégradation est due a la structure
non-linéaire de 'EDP. Grossiérement, au deld d’un certain ordre de dérivation, c’est
la vitesse du produit des bornes sur la dérivée de la solution, issue de la différentia-
tion du terme non-linéaire, qui donne la vitesse de décroissance et non les dérivées
successives de la solution. Dans le cas elliptique, un rapide calcul montre que cette
vitesse est supérieure a celle du terme linéaire.

Une lecture attentive du travail de Crisan et Delarue permet de comprendre que
le cas d'une condition Holder se déduit comme une interpolation du cas lipschit-
zien au cas borné. Il serait donc intéressant de savoir quelles vitesses peuvent étre
envisagées dans ce cadre.
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CHAPITRE 1

Strong existence and uniqueness for stochastic differential equa-
tion with Holder drift and degenerate noise

1.1 Introduction

Let T > 0 and d be a positive integer, we consider the following R4 x R4 system for any
tin [0,77 :
dX} = Fi(t, X}, X?)dt + o(t, X}, X7)dWy, X§ =21, (11.1)
dX? = Fy(t, X}, X?)dt, X2 = 19, o

where (Wy,t > 0) is a standard d-dimensional Brownian motion defined on some filtered
probability space (Q, F,P, (F;)i>0) and Fi, Fa, 0 : [0,7] x R x R? — R% x RY x My(R)
(the set of real d x d matrices) are measurable functions. The diffusion matrix a := oo™ is
supposed to be uniformly elliptic. The notation “«” stands for the transpose.

In this Chapter, we investigate the well posedness of (1.1.1) outside the Cauchy-Lipschitz
framework. Notably, we are interested in the strong posedness, i.e strong existence and uni-
queness of a solution. Strong existence means that there exists a process (X}, X2, 0 <t <
T) adapted to the filtration generated by the Brownian motion (W;, 0 < t < T') which
satisfies (1.1.1). Strong uniqueness means that, if two processes satisfy this equation with
the same initial conditions, their trajectories are almost surely indistinguishable. Here, we
show that under a suitable Holder assumption on the drift coefficients and Lipschitz condi-
tion on the diffusion matrix, the strong well-posedness holds for (1.1.1).

It may be a real challenge to prove the existence of a unique solution for a differential
system without Lipschitz conditions on the coefficients. For example, in [DL89], DiPerna
and Lions showed that under integrability conditions on b, Vb and div(b), the integral
equation : Y; = fot b(s,Ys)ds, Yy =y admits a unique solution defined as a regular Lagran-
gian flow (see |[DL89| for the definition of such a solution).

In a stochastic case, the first result in this direction is due to Zvonkin. In [Zvo74|, the
author showed that the strong well-posedness holds for the one-dimensional system

t
Yt:/ b(s,Yo)ds + Wy, Yo=y t€[0,T], (1.1.2)
0



for a measurable function b in L°°. Then, Veretennikov [Ver80| generalized this result to
the multi-dimensional case and Krylov and Rockner showed in [KRO5| the strong well-
posedness for b in L{)O o> b > d. There are some extensions of these works and we refer the
reader to the paper of Zhang [Zha05| and references therein for a summary of the results.
Finally, when b is a measurable and bounded function, Davie showed in [Dav07] that for
almost every Brownian path, there exists a unique solution for the system (1.1.2). We em-
phasize that this result implies the strong uniqueness, but the converse is not true. Indeed,
in such a case, there exists an a priori set Q' C Q with P(€') = 1 such that for all w in €’

the solution of (1.1.2) is unique.

All these results rely on the regularization of differential systems by adding a non-
degenerate noise, and we refer to [Flall] for a partial revue on this subject. In (1.1.1),
the noise added is completely degenerate w.r.t the degenerate component X?2. This sort of
system has also been studied by Veretennikov in [Ver83] but without considering any regu-
larization in the degenerate direction. Indeed, the author showed that strong well-posedness
holds when the drift is measurable and bounded and the diffusion matrix is Lipschitz w.r.t
the non-degenerate component X' and when both the drift and the diffusion matrix are
twice continuously differentiable functions with bounded derivatives w.r.t the degenerate
component.

Their proofs rely on the deep connection between SDEs and PDEs (see [Bas98] or [Fri06]
for a partial revue in the elliptic and parabolic cases). The generator associated to the
Markov process Y is a linear partial differential operator of second order (usually denoted
by L) with the transition density of Y as fundamental solution. As explained by Fedrizzi
and Flandoli in [FF11] : “if we have a good theory for the PDE :

iu—i—ﬁu:@, on [0,T] wur =0, (1.1.3)

where the source term ® has the same regularity as the drift, then, we have the main tools
to prove strong uniqueness”.

In this Chapter, we show that the noise regularizes, even in the degenerate direction, by
means of the random drift. Unfortunately, there is a price to pay to balance the degeneracy
of the noise. First, the drift must be at least 2/3-Holder continuous w.r.t the degenerate
component. We do not know how sharp is this critical value, but it is consistent with our
approach. Secondly, the drift F5 of the second component must be Lipschitz continuous
w.r.t the first component and its derivative in this direction has to be uniformly non dege-
nerate : this allows the drift to regularize.

Our proof also relies on regularization properties of the associated PDE, and the “good
theory” is here a “strong theory” : a Lipschitz bound on the solution of (1.1.3) and on its
derivative w.r.t the first component. In our case, the generator L is given by : for all ¢ in
CL21([0,T] x RE x RY, RY) 27

Lp(t,xy,20) = %Tr(a(t,wl,xg))Dglw(t,acl,:cg)) + [Fi(t, 21,22)] - [Dz, ¥ (t, 21, x2)]

+ [Fg(t,a?l,l'g)] . [Dml/}(t,{l?l,.%'g)] . (1.1.4)

27. i.e. continuously differentiable w.r.t. the first variable, twice continuously differentiable w.r.t. the
second variable and once continuously differentiable w.r.t. the third variable.



where T'r(a) stands for the trace of the matrix a and “-" denotes the standard Euclidean
inner product on R? and where for any z in R?, the notation D, means the derivative
w.r.t the variable z. Here, the operator is not uniformly parabolic. When the coefficients
are smooth and when the Lie algebra generated by the vector fields spans the whole space,
such an operator admits a smooth fundamental solution (see [H667]) : in this case it is said
to be hypoelliptic and the coefficients are said to satisfied a Hormander condition. The
assumption on the uniform non-degeneracy of the derivative of the drift F» w.r.t x1 can be
understood as a sort of weak Hormander condition.

In our case, the form of the degeneracy is a non-linear generalization of Kolmogorov’s
degeneracy, in reference to the first work [Kol34| of Kolmogorov in this direction. Dege-
nerate operators of this form have been studied by many authors see e.g. the work of Di
Francesco and Polidoro [DFP06|, and Delarue and Menozzi [DM10]. We also emphasize
that, in [Men11], Menozzi deduced from the regularization property exhibited in ([DM10])
the well weak posedness of a generalization of (1.1.1). Nevertheless, to the best of our
knowledge, there does not exist a strong theory, in the sense defined above, for the PDE
(1.1.3) when L is defined by (1.1.4). We investigate it by using the so called parametrix
approach (see [Fri64] for partial revue in the elliptic setting).

In comparison with the works of Veretennikov |[Ver80, Ver83|, Krylov and Rockner
[KRO5|, and Flandoli and Fedrizzi [FF11]|, asking for F} to be only in P, p > d might
appear as the right framework. Since the parametrix is a perturbation method and we are
interested in IL°° estimates, we suppose the drift £} to be Holder continuous w.r.t xy.

1.1.1 Organization of this Chapter

Subsection 1.1.2 states useful notations, detailed assumptions and the main result of this
Chapter : strong existence and uniqueness for (1.1.1). In Subsection 1.1.3, we provide the
strategy to prove this result, which includes the regularization properties of the associated
PDE. Finally, our main result is proved in Subsection 1.1.4. The remainder of this Chapter
is dedicated to the proof of the regularization properties of the associated PDE.

The strategy is exposed in Subsection 1.1.5 : it is based on a smooth approximation of
the coefficients and the parametrix. Existence and uniqueness of a smooth solution for the
PDE with smooth coefficients is given in Subsection 1.1.6.

Section 1.2 explains the proof of the regularization properties in a simple case and allows
to understand our assumptions and how the proof in the general case can be achieved.
Section 1.3 defines the mathematical tools and the proof of the regularization properties
of the PDE is provided in Section 1.4. This is the technical part of this Chapter.

1.1.2 Main Result

Notations. In order to simplify the notations, we adopt the following convention :
z,y, z,§, etc.. denote the 2d—dimensional real variables (z1,z2), (y1,v2), (21, 22), (&1, &2),
etc.. Consequently, each component of the d-dimensional variables xg, k = 1,2 is denoted
by xx;, | = 1,---,d. We denote by g(t, X;) any function g(¢, X}, X?) from [0,T] x R? x
R? to RV, N € N. Here, X; = (X}, X?) and then F(t,X;) is the R?? valued function
(Fy(t, X}, X2), Fo(t, X}, X?))*. We rewrite the system (1.1.1) in a shortened form :

dXt == F(t,Xt)dt -+ BO’(t,Xt)th, (115)



where B is the 2d x d matrix : B = (Id, Ogayga)*. “Id” stands for the identity matrix of
M (R), the set of real d x d matrices. When necessary, we write (Xﬁ’x)tg s<T the process
in (1.1.1) which starts from z at time ¢, i.e X;* = z.

We denote by C%?! the space of functions that are continuously differentiable w.r.t.
the first variable, twice continuously differentiable w.r.t. the second variable and and once
continuously differentiable w.r.t. the third variable.

We denote by GL4(R) the set of d x d invertible matrices with real coefficients and by
¢ a measurable function from [0,7] x R? x R? to R2?. Each one-dimensional component of
this function is denoted by ¢;, i = 1,2 and plays the role of one coordinate of F;. Hence, ¢;
satisfies the same regularity as F; given latter. We recall that a denotes the square of the
diffusion matrix o : a := oo*. Subsequently, we denote by ¢, C, C’, C" or C"" a positive
constant, depending only on known parameters in (H), given just below, and may change
from line to line and from an equation to another.

We recall that the canonical Euclidean inner product on R? is denoted by “-" and the
notation D, means the derivative w.r.t the variable z. Hence, for all integer n, D7 is the
n'™ derivative w.r.t z and for all integer m the n x m cross differentiations w.r.t z, y are
denoted by D7 D;"". Furthermore, the partial derivative 0/0y is denoted by 0.

Hypotheses. (H). We say that assumptions (H) hold if the coefficients satisfy :

(H1) : Regularity of the coefficients. There exist 0 < Bg < 1,1 < 14,7 <2 and three positive
constants C1, Cy, C,y such that for all (t,x1,22) and (t,y1,y2) in [0,T] x R% x RY,
1 2
|Fy(t, 21, w2) — Fi(ty1,y2)| < Ca(jon — ya|™ + w2 — ya 1)
2
|F2(ta X1, 1:2) - F2(t7?/1,y2)’ S CQ(|SU]_ - yl’ + |JUQ - y2|52)
o(t, 21, 32) — o (t,y1,y2)| < Co(|z1 — y1| + |22 — y2l)-

Moreover, the coefficients are supposed to be continuous w.r.t the time and ﬁ? >2/3, 1=
1,2. Thereafter, we set ﬁ% =1 for notational convenience.

(H2) : Uniform ellipticity of oo*. The function oo* also satisfies the uniform ellipticity
hypothesis :

3A > 1 such that V¢ € R¥M,  A7YC|2 < oo™ (t, 21, 20)C] - ¢ < AC%,
for all (t,z1,2) € [0,T] x RY x R?.

(H3-a) : Differentiability and regularity of x1 — F(.,x1,.). For all (t,z2) € [0,T] x R,
the function Fy(t,.,z2) : 1 — Fg(é,azl,wg) is continuously differentiable and there exist
0 < o' <1 and a positive constant Co such that, for all (t,z2) in [0,T] x R? and 1,y in
R4,

— 1
| Dy Fo(t, 21, 22) — Dy Fo(t, y1,22)| < Colzy — y1|™ .

(H3-b) : Non degeneracy of (Dgy, F2)(Dy, F2)*. There exists a closed convex subset £ C
GL4(R) such that for all t in [0,T] and (x1,72) in R?? the matriz Dy, Fa(t,x1,12) belongs
to £. We emphasize that this implies that

3A > 1 such that V¢ € R*, AY()? < [(Day F2) (Do, Fo)* (¢, 21, 22)¢] - ¢ < ¢,



for all (t,z1,2) € [0,T] x R? x R?.

Remark. Consequently, the sentence “known parameters in (H)” refers to the parameters
belonging to these assumptions.

The reason for the ezistence of the critical value 2/3 for the Holder regqularity of the drift
in (H1) and the particular “convezity” assumption (H3-b) are discussed in Section 1.2.

The following Theorem is the main result of this Chapter and regards the strong well-
posedness of the system (1.1.1).

Theorem 1.1.1. Let T > 0 and suppose that assumptions (H) hold true. Then, strong
existence and uniqueness hold for (1.1.1).

1.1.3 Strategy of proof

Let us expose the basic arguments to prove Theorem 1.1.1. Existence of a weak solution
follows from a compactness argument, see e.g. [SV79]. Then, if the strong uniqueness holds,
the strong existence follows. The main issue consists in proving the strong uniqueness. As
we already mentioned, the strategy relies on regularization properties of the linear system
of PDEs :

{ Opuy(t, @) + Luy(t,x) = Fi(t,x), for (t,x) € [0,T] x R*, (1.1.6)

uw,(T,z) = Oga, ©=1,2.

This works as follows : suppose that there exists a unique CH%1([0,7] x R? x R% R%)
solution u = (u',u?)* of this system such that w and D,u are Cr Lipschitz continuous,

where Cr is small as T is small. Thanks to It6’s formula, for all ¢ in [0,7] :
t t
/ F(s,Xg)ds = u(t, X;) — / Dyu(s, Xs)Bo(s, Xs)dBs.
0 0

Then, f(f F(s, Xg)ds is Lipschitz continuous w.r.t X, with Lipschitz constant Cp. The uni-
queness can be proved for small T by a circular argument and the result can be deduced
by iterating this strategy on sufficiently small partitions of the interval.

The main issue here is that the PDE (1.1.6) does not admit a C1>1([0, T] x R? x R4, R%)
solution. Nevertheless, we do not need to obtain the existence of a regular solution but only
the existence of Lipschitz bounds for v and D,u depending only on known parameters
in (H). Therefore, we investigate these bounds in a smooth setting. Indeed, thanks to
assumptions (H), there exists a sequence of smooth mollified coefficients (a™, F*, F}'),>1
with bounded derivatives of any order such that :

(", F", F3') — (a,F1, Fy), (1.1.7)
n—+oo
uniformly on [0, T] x R? x R? and such that (a™, FJ*, F}) satisfy (H) uniformly (in n). More
details on the regularization procedure are given in Subsection 1.1.5 below. Let us denote
by L™ the regularized version of £ (that is the version of £ with mollified coefficients), one
has :

Lemma 1.1.2. Let n in N*. The PDE,
oy (t,x) + L (t,x) = E*(t,x), for (t,x) € [0,T] x R2d u(T,x) = Oga, i=1,2,

admits a unique solution u™ = (u},uy)*, which is infinitely differentiable with bounded
derivatives of any order.



Moreover the solutions u™, n > 1 satisfy :

Proposition 1.1.3. For T small enough, there exist a positive constant C' and a positive
number 01.1.3 depending only on T and known parameters in (H) and not on n such that :

[ Dy u"[|oo + [|[Day ™ ||oo + HDazslunHoo + || Dyy Dyyt™|| 0o < CTO113,

We emphasize that the estimates on the solutions u™, n > 1 are obtained uniformly in
n (that is independently of the procedure of regularization) and we do not have to solve
the limit PDE problem. Besides, the terminal condition «™(7,.) = 0 is very important :
it guarantees that the solution and its derivatives vanish at time T'. Hence, it allows to
control the Lipschitz constant of u”™ by a constant small as T is small.

1.1.4 Proof of Theorem 1.1.1

As we discussed, we only have to prove the strong uniqueness, since the weak existence
holds. Thereafter, we denote by “1” the 2d x 2d matrix :

< 1d ORded> . (1.1.8)

Oraxgrd  Ordxrd
Let (X¢,t > 0) and (Yz,t > 0) be two solutions of (1.1.1) with the same initial condition
z in R?4. Let u" be the solution of the linear system of PDEs (1.1.6). By using Lemma
1.1.2 we can apply 1t0’s formula for ™ (¢, X;) — X; and we obtain :

t ¢
u(t, Xy) — Xy = / [Oru + Lu"] (s, Xs)ds — / F(s,Xs)ds +u"(0,2) —x
0 0
¢
+ / (Do — 1] Bo(s, X,)dW,.
0
In order to use the fact that dyu™ + L"u™ = F™, we rewrite :
t t
WX — X, = / O™ + LM (5, X, )ds + / (£ — L") u"(s, Xs)ds
0 0
t
—/ F(s,Xs)ds +u"(0,2) —x
0
t
—I—/ [Dyu"™ — 1) Bo(s, Xs)dWs,
0
and then,
t t
u(t, Xe) - Xt = / (L— L") u"(s,Xs)ds + / (F"(s,Xs) — F(s,Xs))ds +u"(0,2) —x
0 0

t
+/ [Dyu"™ — 1] Bo(s, Xs)dWs,
0
By the same argument, we obtain :

LY Y = /0(c—cn>un(s,1@)ds+/0(Fn(s,ys)—F(s,n))dsﬂ”(o,x)—x

t
+/ [Dyu" — 1] Bo(s, Ys)dWs.
0



By taking the expectation of the supremum over ¢ of the square norm of the difference
of the two equalities above, we get :

E| sup |X;—Yi?| < CE| sup |u™(t,X;) —u™(t,Y;)[?
te[0,T] t€[0,T]
T
LCE [ / \[Dsu™B] (s, X,) — [Dau™B] (s, V)2 |o(s, V2) | ds}
0
T
L CE U (I Dy Bl + 1) |[o(s, Ys) — a(s,XS)HQdS]
0
+CR(n,T),
where

sup [FM(t,Y;) — F(t,Y:)]*| +E

te[0,7

sup [(L" — L)u"(t, V)|

R(n,T) = CT <E
te[0,7

)

sup |F™(t, X;) — F(t, X;)]*| +E | sup |(L’"—£)un(t,Xt)]2]>.

te[0,7

+CT | E
te[0,7

First, note that from (1.1.7), for both Y; and X}, we have :

E | sup [F"(t, X;) — F(t, X,)P

te[0,7)

+E
te[0,7

sup [(L" — L)u"(t, Xt)]2] — 0, as n — oo,

so that R(n,T) — 0 when n — co. Secondly, we know from Proposition 1.1.3, that for T
small enough and for all ¢t € [0,T], the functions u"(¢,.,.) and D,,u"(t,.,.) are Lipschitz
continuous, with a Lipschitz constant independent of n. Since Dyu"B = (Dy, u", Ogdyga),
by letting n — oo and using the two arguments above, we deduce that for T small enough :

T
+E U |XS—Y;|2ds] :
0

where C(T) — 0 when T — 0. Then, the strong uniqueness holds for 7' small enough.
By iterating this computation, the same result holds on any finite intervals and so on

[0, 00). O

E | sup |X;—Yi|

t€[0,T]

sup | X; — Y}/|2
t€[0,T]

< C(T) {IE

1.1.5 Strategy of proof of Lemmas 1.1.2 and Proposition 1.1.3

Firstly, we emphasize that each coordinate of the vectorial solution u; of the decoupled
linear PDE (1.1.6) can be described by the PDE

Owui(t, ©) 4+ Lui(t,x) = ¢i(t,x), for (t,x) € [0,T] x R*,  w;(T,z) =0, (1.1.9)

where ¢; : R?® — R satisfies the same regularity assumptions as F; given in (H1). There-
fore, we only have to prove Lemma 1.1.2 and Proposition 1.1.3 for (1.1.9) instead of (1.1.6).



Then, we do not solve the limit PDE problem (1.1.6). The investigations are done with
mollified coefficients a”, FJ*, F3, ¢}, 3, n > 128,

Let us detail how the smooth approximation of the coefficients a, Fy, Fa, ¢1, p2 works.
For all n in N*, we set :

D (t,z) = /F2<t — 5, — )t () (s)dyds,

where ©7(.) = c1n®lp(nl.|) and ¢5(.) = cang(nl.|) for c1, ca two constants of norma-
lization and for a smooth function ¢ with support in the unit ball. For example ¢ :
2 € R exp (— 27 ) 1) 1a((2) and || = || Jloc. Defined (F)uz1, (67)nz1, (65)nz1 and
(a™)p>1 with the same procedure, it is then clear that for every n in N* the mollified
coefficients a”, F{*, F', @7, ¢4 are smooth with bounded derivatives of any order and such
that (a", F', F3', ¢, 3 )n>1 converges uniformly on [0, 7] x R? x R to (a, F1, Fa, 1, ¢2).
Moreover, they satisfy the same assumptions as (a, F1, Fa, ¢1, ¢2) uniformly in n. Let us
just check the non-degeneracy assumption (H3-a) on D,, F3'. For all § > 0, one can find
a sequence of rectangles (Ry)i<j< ~(s) having sides of length less than ¢ and a family of
points {(sx,yx) € Rg, 1 <k < N(8)} such that, for all (t,x) € [0,T] x R? :

N(3)
Dy, F3'(t, o) = im » Dy, Fo(t — sk, T — y) / 1 (y)py (s)dyds.
Ry,

6—0
k=1

Since D, F» belongs to the closed convex subset £, it is clear that D,, F3' belongs to £.

Hence, the estimates in Proposition 1.1.3 are obtained for mollified coefficients but de-
pend only on known parameters in (H). Consequently, we forget the superscript “n” which
arises from the mollifying procedure, and we further assume that :

Hypotheses. (HR) : We say that assumptions (HR) hold if : Assumptions (H) hold
true and Iy, Fo, ¢1, ¢2,a are infinitely differentiable functions with bounded derivatives of
any order.

The existence of a smooth solution under (HR) is established in Subsection 1.1.6 be-
low. Then, the estimates on this solution are obtained by using the parametrix method
(see |Fri64] for a revue in the elliptic setting).

1.1.6 Proof of Lemma 1.1.2

Strategy. We show that under (HR), there exists a unique solution u of the linear
system of PDEs (1.1.9) which is infinitely differentiable with bounded derivatives of any
order. Existence and regularity are proved by adopting a viscosity solution approach, and
uniqueness by using the Feynman-Kac representation. This proof is decomposed as follows :

We propose a candidate u; as :

28. here, (97, #3)n>1 denotes the sequence of mollified coefficients (41, ¢2) : they are infinitely differen-
tiable with bounded derivatives of any order and they satisfy the same hypotheses as the (¢1, ¢2) uniformly
in n.



ui(t, 1, x2) U bi(s, X1bT X200 s (1.1.10)

where the process (X!, X2) satisfies EDS (1.1.1).

(i) We show that u; is a viscosity solution of the linear systems (1.1.9).

(ii) We show that for all ¢ in [0, T, the function w;(t,.,.) : (71, 22) € R2® v w;(t, 21, 29) is
infinitely differentiable with bounded derivatives, thanks to the property of differentiation
of the mapping (X1, X?*) : z € R2® oy (X112 X242),

(iii) From the Markov property (that holds under (HR)), we deduce that, for all (z1, 22)
in R?¢, the function u;(.,z1,22) : t € [0,T] = w;(t,x1,22) is infinitely differentiable with
bounded derivatives.

(iv) Since a smooth viscosity solution is a classical solution, we obtain the existence and
regularity of a classical solution of (1.1.9).

(v) We conclude the proof of uniqueness by using the Feynman-Kac representation of the
solution.

Proof. Let i € {1,2} and consider the function u; defined in (1.1.10) :

(i) Under (HR) we deduce from [Kun82| and Theorem 70 of [Pro04| that there exists
a unique strong solution X = (X! X?) of the stochastic system and an a.s. continuous
version of this process (X5’ Lte , X5 2t ")i<s<r. From the regularity of ¢;, we deduce that u; is
continuous. By using Theorem 5.2 p 190 of [YZ99], we conclude that u; is a sub and super
viscosity solution.

(ii) Thanks to [Kun82|, we know that for all ¢ in [0,7], for all s in [¢,T], the mapping

Xb oz X5 is as. infinitely differentiable and, for all k in N*, for all (i1, ,ik) €
{1,2}* the tangent process (D’;[f”%c X" <scr satisfies :

E | sup ‘D% Xﬁ’z

s€t,T] :

[<n

Since ¢; is Lipschitz continuous, it satisfies the domination property :
|6i(X7") = i(X77)| < K|z — 2],

where K’ is a random constant with finite moments of all order according to the Kolmogorov
Theorem. Then, one can apply the Lebesgue differentiation Theorem on the right hand side
of (1.1.10) and, for all ¢ in [0, 77, we deduce that D, u;(t, z1,22), j = 1,2 exist and satisfy

Dy, u;(t, 1, x2) ZDM&Z X5 Dy, X250 (1.1.11)

By iterating this argument, we obtain that w; is infinitely differentiable w.r.t the space
variables (z1,z2) and its derivatives are bounded.

(i) On a first hand, we know that (X3 X2"") is continuous w.r.t ¢ (see Lemma 4.6.1
of [Kun82|). So that for all z in R??, the function wu;(., 21, z2) : t € [0,T] — u;(t, x1,22) is



continuous. By using the Markov property we deduce that, for all 0 < h < t :

t
ui(t — h,x1,29) = E [ui(t,thvt—hvx,vat—h@)] —E { pi(s, Xthw x2i=hayggl

t—h
(1.1.12)
On the other hand, by applying It6’s formula on R? x R? for u;(t, th’t_h’x, Xf’t_h’x) and
taking the expectation we have :

E [ui(t,thvt*h’””,Xf’t*h’“)} (1.1.13)

t
= Ui(t7 1, x2) +E I: ﬁui(t, Xg,t—h,x7 Xg,th,a:)dri|
t—h
t
+E [ Douy(t, XHe X242y Bo(p, X L0 Xf’t_h’m)dWr] :
t—h

where the last term in the right hand side is equal to 0.

By summing (1.1.12) and (1.1.13), we obtain :

ul(t - h,SU]_,CCQ) - ul(ta X1, 'CUQ)

h
1 t
— EE |: t hﬁui(tjxg,tfh,x’Xﬁ,tfh,m) _ ¢i(r7 X;,th,x7X3,th,a:)dT:| )
The continuity of u; w.r.t t and letting h tends to 0 give :
Ou
—7;(757%,372) = Lu;(t, 71, 22) — ¢i(t, v1, T2).

(iv) Then, by iterating this argument and using the boundedness of the tangent process
at every order we deduce that the function u; defined in (1.1.10) is infinitely differentiable
with bounded derivatives of any order. Since a smooth viscosity solution is a classical so-
lution, this concludes the existence part.

(v) Let v; be such a solution, by applying It6’s formula for v;(T, X%’t’w,X%’t’m), where
(X1tr X267) is a solution of the SDE (1.1.1) such that (X", X?"*) = (21, z2) a.s. and
taking the expectation we have :

T
vi(t,z1,22) = E {/ qﬁi(s,XSl’t’x,Xf’t’w)ds ,
t

then, v; = u; and the uniqueness follows from uniqueness in law for (1.1.1) under (HR).
This concludes the proof of Lemma 1.1.2. O

1.2 The linear and Brownian heuristic

This section introduces the main issue when proving Proposition 1.1.3 in a simple case.
Furthermore, it allows to understand the role of some of the assumptions in (H) and to
present in a simple form the effects of the degeneracy. By “simple”, we mean that the
following assumptions hold :

Hypotheses. (HL) We say that hypotheses (HL) hold if (H) and (HR) hold with :
Fi = 0pa, 0 =1d, for all (t < s,21,22) € [0,T)> xR, Fy(s,x1,x2) = Fy(xg) +Tsxy. This
implies that for all s in[0,T], T's belongs to the convexr subset € of GL4(R).
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The SDE (1.1.1) becomes :

{ dXx! = dw,, X} =1,

dX2 = (Fy(X2) + TsX)ds, X? = w2, (12.1)

for all t < sin [0, 7]?, x in R?, and under (HL) this system admits a unique strong solution
X. We recall that the associated PDE is :

Opu;(t, ) + Lu;(t,x) = ¢i(t,x), for (t,z) € [0,T] x R??
) (1.2.2)
wi(T,x) =0, i=1,2
We first present how the parametrix approach works for obtaining a representation of
the solution of (1.2.2). Then, we estimate this solution in term on known parameters in

(H) when the assumption 85 > 2/3 is satisfied.

1.2.1 The frozen system and parametrix

As we discussed, we study the solution of the PDE (1.2.2) by mean of parametrix ap-
proach. Let us first introduce the main idea behind this method. It is based on the following
observation : In small time, the generator of the solution of an SDE with smooth and va-
riable coefficients and the generator of the solution of the same SDE with fixed (frozen)
coefficients are “closed”. In the elliptic setting, the frozen generator is the Laplacian. In
other words, this consists in considering the variable generator as a perturbation of the
Laplacian. The choice of the freezing point plays a central role : it has to be of the order
of the typical trajectories of the frozen solution.

Below, we first show how to obtain the frozen system, next, we study the properties the
properties of this system and deduce a representation of the solution of (1.2.2).

Kolmogorov’s example. Let d = 1, in [Kol34] Kolmogorov showed that the solution
of : dY} = dWs, dY2 = aY]ds, (a # 0), with initial condition (Y, YE) = (21,22) € R,
admits a density. Notably, this density is Gaussian and given by, for all s in (0,7 and

(y1,92) € R? :
V3 2> o (1.23)

I
p(0, 21,25 8,91, y2) = ans? exp <—2 ‘Ks 1/2(y1 —T1,Y2 — T2 — sawy)”

with the following covariance matrix Ky :

o s (1/2)as?
K= <(1/2)a32 (1/3)a2s3> : (1.2.4)

This example illustrates the behaviour of the system in small time : it is not diffusive.
The first coordinate oscillates with fluctuations of order 1/2, while the second one oscil-
lates with fluctuations of order 3/2. As a direct consequence, the transport of the initial
condition of the first coordinate has a key role in the second one.

The frozen system. In the parametrix method, the choice of the freezing points has
to be done carefully. As the Kolmogorov’s example suggested, we have to to keep track of
the transport of the initial condition. Then, we freeze the system (1.2.1) along the curve
Ors = (9,}’5,915278)*, s in [t, T that solves the ODE :

d

—Ots = (Ora, Fa(07,(9) +Tu0i,(6)" 0r4(6) =€, (1.2.5)

for all £ in R??. This curve can be written as :

11



S

0,(6) =¢', 07,6 =&+ / [D,€! + Fo(67,(€))] dr. (1.2.6)

t
So, the frozen system is :

X! = v, K-
dX7 = (Fa(07,(6) +Ts X)) ds, X7 =,
for all s in (¢,7]. This is our candidate to approximate (1.2.1). Obviously, in order to

reproduce the typical trajectories of the frozen process, the variable £ in (1.2.5) will be
chosen to be the initial condition z of teh solution of the SDE (1.2.7).

(1.2.7)

1.2.2 Existence of a density for the frozen system

In this case, the crucial point is the specific form of the covariance matrix it,~ of X.. For
any s in (¢, T, standard computations show that :

5 (s —1) [ [ Tududr
2t = <ft8 [ Tududr  [° ([} Tudu) (f; Fudu)* dr) ' (1.2.8)

Therefore, the existence of a transition density of X7 results from the non-degeneracy of
Yt s. In their work [DM10] (see Proposition 3.1), Delarue and Menozzi show that a sufficient
condition is given by T', € GL4(R) for a.e. r € [t, s]. This gives :

Lemma 1.2.1. Suppose that assumptions (HL) hold true, then, the solution of (1.2.7)
admits a transition density q given by, for all s in (t,T] :
1 N — i *
q(t, v1, 258,91, y2) = (@m)i det(Sr,s) /% exp <_|Et,sl/2(y1 —21,Y2 — m?,’sg(l‘)) |2) ;
(1.2.9)

where . .
mff(x) = T +/ I, zidr +/ Fg(@ir(g))dr,
t t

and where S ¢ is the uniformly non-degenerate matriz given by (1.2.8).

From this expression, we can give the following Gaussian type estimate on the transition
density of the solution of the EDS (1.2.7) and on its derivatives :

Lemma 1.2.2. Suppose that assumptions (HL) hold true, then, for T small enough, the
transition kernel ¢ and its derivatives admit a Gaussian-type bound : there exists a positive
constant ¢ depending only on known parameters in (H) such that for all & in R?? :

‘DQ{X“D%W Dé\iyl q(t, 1, x9; s,yl,yg)‘ (1.2.10)
» c o —ai* 2 = @)
< (s— ) BNTENTaNu)2_ € hr—n 4 t,s ’

(s —t)2d s—t (s —1t)3

for all s in (t,T], any N*1, N*2 NV [ess than 2.

Proof. The case N*1 = N¥*2 = N¥ = 0 in this his Lemma is shown in [DM10] (see
Proposition 3.3), and we refer to Section 3 pp 18-24 of this paper for further details. Briefly,
this result follows from the non-degeneracy of ¥ ; and scaling properties of the system.
We emphasize that the constant ¢ appearing in the exponential in estimate (1.2.10) does
not depend on I, as suggested by Lemma 1.2.1. This uniform control is not obvious and
is related to the “closed convex” assumption (H3-b). We refer to Section 3 and Example
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3.5 pl4 of [DM10] for more details. The remainder of the proof is given in Section 1.3 in a
more general setting, see Proposition 1.3.1. U

This Lemma says that each differentiation of the transition kernel w.r.t. the diffusive
component gives a singularity of order 1/2 while the differentiation w.r.t. the degenerate
component gives a singularity of order 3/2.

Note that for all s in [¢,T], the mean (xl,m?f(az)) of X7 satisfies the ODE (1.2.5)
with initial condition £ = z. Since this equation admits a unique solution under (HL),
we deduce that for all s in [t,T], the forward transport function is equal to the mean :
Or,s(z) = mf ().

Finally, from the proof of Proposition 1.3.1 given in Section 1.3, one can also see that

V(t < s,x,y) €[0,T]> x R* x R* D, q(t,2;5,9y) = —Dy,q(t, z; 5, y). (1.2.11)

This symmetry plays a crucial role in the proof of the Lipschitz estimates of the solution
u of the PDE (1.2.2) and of its derivative D, u .

1.2.3 Representation of the solution

The transition density (1.2.9) of the frozen process X is the fundamental solution of the
heat equation :

Oq(t,z; Tyy) + Lq(t,x; T, y) = 0, @(T,2;T,y) = dy(x), t €[0,T], =,y € R,

where £ = (1/2)A,, + [Fg(@iT(f)) + FT:cl} - Dg,. Note that the PDE (1.2.2) reads :

Orui(t, ©) 4+ Lug(t,z) = ¢5(t,x) + (£ — L)ui(t, x), for (t,z) € [0,T) x R*?
wi(Tyz) =0, i=1,2.

So that, for all (¢, 21, x3) in [0, 7] x R? x R%, the unique solution of this PDE can be written
as :

wi(t, z1,x2)

T
= / . ¢i(3791792)(1(t7~’1«"1’$25SaylaQZ)dyldQZdS
t R

T
—/ /M[FQ(,%) — Fy(077(€)] - Dayus(s,y1,y2)q(t, 21, w23 8, Y1, y2)dyrdyads.
¢ Jr

1.2.4 A priori estimates

For sake of simplicity, we suppose throughout this subsection that F» = 0, so that

T
wi(t, x1,2) :/ /2d oi(s,91,y2)q(t, x1, 225 5, Y1, Y2 )dy1dyads. (1.2.12)
¢ Jr

In order to prove the Lipschitz estimates of v and D,,u of Proposition 1.1.3, we need
to obtain estimates of the supremum norm of the first and second order derivatives of the
ui, © = 1,2. As shown in Lemma 1.2.2, the differentiation of the transition density gives
a time-singularity, so that it is not obvious that Lebesgue differentiation Theorem can be
applied in (1.2.12).

Set ¢ in {1,2} and let us focus on the worst case in Proposition 1.1.3, that is, the cross

derivative D,, D,,u;. Having in mind to use the Lebesgue differentiation Theorem, we focus
on the cross differentiation of g, which gives a time singularity of order 2. Let (¢, z1,z2) in
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[0, 7] x R? x R%. In order to invert the integral and the differentiation operator, we split
the integral : for any € > 0, we can write :

T
ui(t, 1, 22) = / ®i(s,y1,y2)q(t, 1,25 8, Y1, y2)dy1dyads
t+e JR2d

t+e
+/ y ®i(s,y1,Y2)q(t, 1, 225 8, Y1, y2)dy1dyads,
¢ R

and thanks to Lebesgue differentiation Theorem we have :

T

Dy Dyyui(t,xy,z2) = / 2d¢i(53y17y2)Dx1Dx2(7(ta$lal'2§SaylayQ)dy1d92d3(1-2-13)
t+e JR

t+e
+Dgy Dy, [/ /Qd ¢i(S,y17y2)Q(t7x1,w2;S,y17y2)dy1dy2d8] .
¢ R

On a first hand, the last term in the right hand side reads?® :

t+e
Dy, Dy, [/ o ®i(s,y1,y2)q(t, z1, x2; 57?/1>y2)dy1dy2d5}
t

t+e _ _
= D,,D,,E [ Bi(s, X0, st’t’m)ds} :

t
It follows from the proof of Lemma 1.1.2 in Section 1.1.6 that Lebesgue differentiation
Theorem applies and there exists a positive constant K such that

sup < Ke. (1.2.14)

t+e
E [ Dy, Dy, di(s, X102, Xf’t"”’)ds]
(t,z)€[0,T]xR24 t

On the other hand, for all s in (¢,7] we have :
/2d Gi(8,Y1,y2) Dy D2y @(t, 21, T25 8, Y1, Y2) dy1dys
R
= /R?d (¢i(5’ Y1, y2) - (bi(sa Y1, 91%,3(6))) D$1D962§Kta T1,x2;58,Y1, y2)dy1dy2

+ /Qd i(8,y1,07 (€)) Doy Dy @(t, x1, 25 5, y1, y2)dyrdys,
R

Note that thanks to the symmetry (1.2.11), the last term in the right hand side is equal
to 0. In the sequel, we refer to this argument as the centering argument. Combining this
argument and the estimate for D, D;,q in Lemma 1.2.2, we have, for T small enough and
all sin (¢,7] :

/R2d (¢i(37y17y2) - ¢i(5a y179t2,s(£))) DxlDIQCj(ta L1, L2; 37y1?y2)dy1dy2
< / {(8 - t)_2 ‘(ﬁi(saylva) - ¢i(87y179t2,s<§))‘
R2d

c ol =@\,
Xi J—
(8 — t)2d €xXp c s — 1 (S — t)3 y1ay2,

29. The superscript “t, 2” stands for the starting time and point of the process X.
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where ¢ depends only on known parameters in (H). Using Holder regularity of ¢; supposed
in (H1), we have :

/de(s — )72 | ¢i(s, y1, y2) — dils, 1,07 ()] @t, w1, w25 8, 1, y2)dyrdyo

<C 5 — t)—2+3/33/2 ly2 — 9?,8(5)‘63 c
- R2d (s — t)3’8i2/2 (s — t)Qd

woxp | —e |1 —331’2 N |y2 — mff(x)|2 dund
p s —1 (s — 1)3 Yy1dy.

Now, we use the off-diagonal decay of the Gaussian exponential : by letting & = x (and
then 67 () = mi’f(w)), for all 7 > 0, there exists a constant C' > 0 such that 3°

2 x
i@\ (—a e @)
(s —t)3/2 P s—t (s —t)3 -

where C depends on 1 and ﬁ? only. Thus, by increasing the constant c in the exponential,
we obtain the following estimate :

/de(s — )72 @5, Y1, y2) — di(s,y1, 07 ()| G(t, 21, w23 8, y1, y2)dyrdya

(1.2.15)

2 275 2
_ - y2_mts(x)‘
<’ _p-2Hss2_ € _ ‘y1 x1| | , dum .
=¢ /RM(S ) GooE P\ T\ T T e vy

Therefore, by choosing the value of 82 > 2/3, the singularity (s — t)_2+35i2 /2 becomes
integrable. From (1.2.15), letting € tends to 0 in (1.2.13) and using (1.2.14), we deduce
that :

| D, Doyl < CT 1352,
From this discussion, one can also see the specific choice of the freezing curve as the one
that matches the off-diagonal decay of the exponential in ¢ when & = z.

1.3 Mathematical tools
In this section, we introduce the ingredients for the proof of Proposition 1.1.3.

1.3.1 The frozen system

Consider the frozen system linearized around the transport of the initial condition (given
as the solution of (1.3.2) below) :

dX 3P = Fi(s,0:.4(€))ds + o (s, 0 4(€))dW,
AXIYT = Py(s,04,5(€))ds + Dy, Fo(s,0:,5(6)) (X" — 0} (€))ds

for all s in (t,7], any ¢ in [0,7], and for any initial condition z in R?? at time ¢ and any
¢ € R? and where (6; 5(€))i<s<r is defined by :

d

%91&8(5) =F(s,01,5(€)), 04(8) =& (1.3.2)

The following Proposition holds :

(1.3.1)

30. By using the inequality : ¥ > 0, Vg > 0, 3C > 0 s.t. Yo > 0, % " < C.
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Proposition 1.3.1. Suppose that assumptions (HR) hold, then :
(i) There exists a unique (strong) solution of (1.3.1) with mean

(mf,s)tSSST (mt ’57 my §)t<s<T7

where

ms () =z +/ts Fy(r, 0 ,())dr, (1.3.3)
CHOEET o [F( 001 (€)) + Doy Fa(r, 00,(6)) (1 — 01, (6))

+ Dy, Fo(r,6:,(€)) /tT Fi(v, Om(f))dv} dr,

and uniformly non-degenerate covariance matriz (X¢s)i<s<T -

. [Zoo*(r, 0,0 (€))dr [2 Roo(€)00™ (1, 0,,0(€))dr
e (L 00" (1, 00 OV R (€)dr [} RuplE)oo(r et,Ag))Rzr(&)dr) B

,
R, (&) = {/ Dxng(v,Gtﬂ,(f))dv] , t<r<s<T.
t
(i1) This solution is a Gaussian process with transition density :

q(t,z1,22; 5,91, Y2) (1.3.5)
3d/2 _ 7 .
~ el e (=552 — mbS o) — S )

for all s in (t,T).
(i4i) This transition density  is the fundamental solution of the PDE driven by LY¢ and
given by :

£ = v [aft.0,,() D] + [Fi(1.6,(€))] - sy
+ [FQ(t’ et,s(g)) + DmFQ(ta et,s(f)) (-Tl - 9131,3(5))] . DJ;Q. (136)

(iv) For T small enough, there exist two positive constants ¢ and C, depending only on
known parameters in (H), such that

qt, x1,72;5,y1,92) < Che(t, T1,72; 8,91, Y2), (1.3.7)
where
X c v —mE @) e —mif ()
Ge(t, w1, 225 8, Y1, y2) = (5= 12 &P <—c ( p— + TEDE )) ,
and :

\DN“DN%DW1 G(t, w1, 235,91, 92) |
< Cfs — ) BN2ENTVENNY26 (4 0o s ), (1.3.8)

for all s in (t,T] and any integers N**, N*2. NY1 less than 2.
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Proof. (i) First of all, note that, under (HR), the ODE : [d/ds]0;s(§) = F(s,0:(8)),
0:.+(§) = € admits a unique solution and (1.3.1) admits a unique strong solution X. One
can write (1.3.1) as :

X1 = ot [ R 0©)r+ [ olno @),
X200 — gy /ts [}72(7-7 01.0(€)) + Day Fa(7, 01.4(6)) (21 — 0;,.(€))
+DI1F2(T7 073,7’(5)) /T Fl(v7 etav(g))dv:l dr
t

4 / D, Fa(r, 00,(6)) / (0,010 () AW,dr

Then, the expressions of the mean (1.3.3) and the variance (1.3.4) follow from the stochastic
Fubini Theorem and standard computations. The uniform non-degeneracy of (¢ s)i<s<r
arises from assumptions (H) and Proposition 3.1 in [DM10].

(ii)-(iii) These assertions result from standard computations.

(iv) For all s in (t,T], we know from Proposition 3.1 in [DM10] that the matrix %
is symmetric and uniformly non degenerate. Besides, from Subsection 2.3 and Proposition
3.4 in [DM10] there exists a constant C' depending only on known parameters in (H) such
that : for all s € (t,T], for all (z,y, ) € R?® x R?? x R?¢,

< — 1, 2, * 1, 27 *
— [E = @) — i) - | =i @), g — mi ()]

<yl —my$(@) yo = mis(@) > ] ‘ Kyl —my$(@) yo = mis(@) ) ]

(s —t)1/2 7 (s —1t)3/2 (s —t)1/2 7 (s—1t)3/2

For 7,7 = 1,2, let [i;;]zu denotes the block of size d x d of the matrix i;sl at the
(t—1)d+1,(j — 1)d + 1 rank. We can deduce from (1.3.4) that there exists a positive
constant C' depending only on known parameters in (H) such that (we also refer the
reader to Lemma 3.6 and to the proof of Lemma 5.5 in [DM10] for more details), for all s
in (¢, 7], for all ¢ in R¢ :

S| < Cls =)l
Sithad] + [Eallaa¢| < Cs = 6721l (1.3.9)
[Sia]e2C| < C(s —1)73 ¢l

)

M

hence, i;l has the same structure as K _} in (1.2.4).
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Now, we compute the derivatives w.r.t. each component. Let (¢t < s,2,y) € [0,T]?
R24 x R?4 we have :

|D$2q(t7$1?$2;5ay17y2)’
S — 1 2 ~
(25721 (1 — mif @) = 257 a2l — mi (@) dlt w1, 2055, 02)

< C(s—t) 32 ( (y2 — mtf( )

(y1 — mis ()

D q(t, z1,2;8,y1,Y2)

(8—t)1/2 (S—t)3/2
< C'(s = 1) 7324e(t, w1, 293 8, Y1, v2).-
Note that the symmetry Dg.,q(t, 1, 22;8,y1,y2) = —Dy,q(t, x1,x2; s, y1,y2) holds. Now,

we have

| Dy, G(t, x1, 25 8, Y1, Y2)|
‘( [i ]1 1(y1 mts( ))+2[2t5]12(y2_mt7§( ))) (j(t,$1,1’2;8,y1,y2)

<C(s—t)” 1/2 Ge(t,z1,22; 8,91, Y2)-

Unfortunately, the transport of the initial condition of the diffusive component in the dege-
nerate component breaks the symmetry and Dy, §(t, 1, z2; s, y1,Y2) # —Dy, 4(t, 1, x2; S, Y1, Y2).
Indeed

-D:L‘1q(ta$17x2; S)y17y2)
_ (— 25 N — mE(@)) — 208 1 a(y2 — mPE(a))

28 11a [(Res(€)) (1 — i ()]
<205 [(R0©) (2 = w20 Jaton, o5, m, )

Since the term Ry (§) is of order (s —t) (this is the transport of the initial condition from
time ¢ to s), we deduce that

| Dy, G(t, z1, 225 8, Y1, y2)|

_ (yi —mps (@) | |2 =mif@)] |1 = mii())
<C(s—t) 1/2{ yl(s_t)1/2 ‘ yZ(S_t)3/2 yl(s_t)1/2 |

(y2 — mys ()
(s —t)3/2

< C'(s— )" 2Ge(t, 1, w235, 91, ).

+

}Q(t7:rla x2; 57y17y2)

Finally,
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Dil(j(t’, 1,258, Y1, y2)
= (—2[2551]1,1173:1”12,’5(3?)) — 28 12DaymiE(x) — 2[5 1 [(Res(€)) Dmmi’f(éﬂ)]

205 oz | (Ris(€) Deymif(@)] ) dts w1, @015, y1, 1)
+ (25 = my @) — 25 e — miE ()

~2(8 11 [(Rus(©) (1 — mif ()]

~2(5; oz [(Resl€) (0 = mE@)] ) 01,2215,

Note that, from (1.3.3) we have Dmlmfys(x) = (Id, Rt 5(£))*, so that,

2

’Dilq(ta‘/plal’% S, 3/17312)‘ < C(S - t)_lqc(tvmlvl?; S, Y1, y2)

The other derivatives can be deduced from these computations and estimate (1.3.8)
follows. O

Remark. From this proof, one can deduce that the symmetry D,,q = —Dy,q holds. The-
refore, for all t in [0,T], all s in [t,T] and y1, 21,72 in RY,

/d D, q(t, w1, 25 5, y1,y2)dy2 = 0. (1.3.10)
R
This argument is very useful in the sequel.

1.3.2 Definitions and rules of calculus

We introduce some definitions and rules of computations that will be usefull in the
following section. Let us begin by the following definition :

Definition 1.3.2. For all ¢ in R?*? we denote by A(C) the perturbation operator around ¢
acting on any function f from [0,T] x R?? as follows :

V(s,y) € [0,T] x R*, (A(Q)f)(s,y) = f(5,9) — f(5,0),

and for j = 1,2, for all ¢ in R??, we denote by AI(C) the perturbation operator around G
acting on any function f from [0,T] x R?? as follows :

V(s,y) € [0,T] x R*, (AYQ)f)(s,11) = f(s,51,C2) — (5,1, Ga),
and

V(Say) € [O’T] X RQd’ (A2(C)f)(5’ylay2) = f(57y1>y2) - f(sathQ)'

Given this definition we can give a generic centering argument, as introduce in the
Brownian heuristic in Subsection 1.2 :

Claim 1.3.3. Let G be the function defined by (1.3.5) in Proposition 1.3.1 and let f and g
be two continuous functions defined on [0,T] x R34,
Then, for all N' N2 in N, for allt < s € [0,T)?, € R*? and ¢ € R*® we have that :

1 2 ~ 1 2 ~
() DYDY’ [ fspittasdy = DYDY [ (MO vtz 0)dy,
if N1 + Na >0,
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1 2 - 1 2 ~
(b) DY DY /def(s,y)Q(m;s,y)dy = DY DY Q; 4Qd(A2(C)f)(s,y)q(t,w;s,y)dy,
if No >0,

(¢) DY' DN’ / (AN f) (s w)g(s, w)i(t, 23 5, y)dy

R2d

= DX [ (AN A Q) 5,55, )
if No > 0. N

Proof. Let f and g be defined as in Claim 1.3.3 and let t < s € [0, T]?, 2 € R??. We have,
by Definition 1.3.2 of A :

1 2 - 1 2 ~
DY DY AQdf(s,y)q(t,was,y)dy = DY DY /RQd(A(C)f)(s,y)q(t,w;s,y)dy

1 2 .
+ D) DY RQdf(s,C)Q(t,wss,y)dy,

for all ¢ in R??. The last term in the right hand side is equal to 0 since it does not depend
on z. This concludes the proof of (a). Now, we prove (c). For all ¢ in R?? we have

1 2 ~
Dz, Dy, /R QYO (s gl v, 2)d(t w1, w25 8,1, y2)dyndys

:Di\ing]cV;/ (AN F)(5,51)(A%()9) (5, Y1, y2)d(t, 1, w23 8, Y1, y2)dy1dye

R2d

JrDiVllDiV; /RM(AI(C)JC)(S,yl)g(S,y17Cz)Cf(t,$1,9E2;S,Z/1,y2)dy1dy2'

By using again Lebesgue differentiation Theorem, Remark 1.3.10 (since N? > 0) and
integration by parts w.r.t. “ys”, the last term in the right hand side is equal to 0. Finally,
assertion (b) follows from the same arguments. This concludes the proof of the Claim. [

1.3.3 Representation and differentiation of the solution of the PDE (1.1.9)

Lemma 1.3.4. Suppose that assumptions (HR) hold, then, the solution u = (u1,u2)* of
the PDE (1.1.9) can be written as, for all x € R*? and t € [0,T] :

T
ws(t,z) = /tE[@(s,f(;vw)—(z:—ﬁt’f)ui(s,f(;w) ds, (1.3.11)

for all € € R*, for i = 1,2, where X" = (X2b% XLE2)* s the solution of the frozen
system (1.3.1) with initial condition x at time t, the operator L4 is given in (1.3.6). Note

20



that :

ui(t,x) =

\

/ (s,9)q(t, z; s,y)dyds
T

/1/ ST [A(Gr,s())als, y) D3, wils, y)] 4(t, x5 5, y)dyds
L

A0 s(§))F1(s,y)] - Dayui(s,y)q(t, 5 s,y)dyds

[ 1O ) ~ DarFs 6 (@]
Dy, ui(s,y)q(t, x; s,y)dyds
= H}(t;t,z)+ H2(t;t,2) + H3(t;t,2) + Hi(t;t, x), (1.3.12)

Moreover, this solution is infinitely differentiable and for all ¢ € R??, for all € > 0, all
N1, N? in N*, we have :

1 2
Dngmwwz/
t+e

T
E [@(37 XY — (£ — L) (s, X7 | ds + O(e)(1.3.13)

fori=1,2. We also write
ui(t,z) = HNt+et,z)+ HXt+et,x) + HY(t+ e t,x) + HE(t + 6t,2) + O(e),

where the terms Hf(t +et,x), j =1,---,4 are properly defined by identifying (1.3.13)
with (1.3.12).

Proof. We recall that from Lemma 1.1.2, the PDE (1.1.9) is well posed and can be rewritten
as :

Oyu;i(t, z) + Et’gui(t,x) = —(Lu;(t,x) — Et’éui(t,x)) + ¢i(t,x), (t,z) €[0,T) x R2d
ui(Tyz) =0, i=1,2. (1.3.14)

From Feynman-Kac representation, the solution of (1.3.14) reads :

T
ui(t,x) = /t E [gﬁi(s,Xz’w) — (L — Zt’é)ui(t,Xﬁ"”)] ds,

for all (¢,z) € [0,T] x R2?. This gives the first term in the right hand side of (1.3.12). Next,
given € > 0, we have

ui(t,x) = /T E [@(3,5(;@) — (L = LY)uy(s, Xﬁx)} ds

t+e
t+e B _ _
+ / E |gi(s, XE) = (£ = £)ui(s, X | ds.
t

Under (HR), the coefficients of L, L€ and the functions ¢;, u; are smooth. So that,
from the proof of Lemma 1.1.2 in Subsection 1.1.6, we deduce that there exists a positive
constant K, depending on the mollifying procedure, such that, for all s in (¢,7] :

’DNlDN E [@(s, XE0) (L — 1)y, X;vx)} ‘ <K.

The claim follows from Lebesgue differentiation Theorem. O
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1.4 Proof of Proposition 1.1.3

1.4.1 From parametrix to uniform Lipschitz estimates

We give preliminary results in order to prove the Lipschitz bounds. These bounds are
obtained under (HR) but depend only on known parameters in (H).

Proof of Proposition 1.1.3. We prove Proposition 1.1.3 by using a circular argument
since the representation (1.3.12) of each u;, i = 1,2 involves the derivatives themselves.
In the following, u; denotes the i** component of the solution u = (uy,u2)* of the linear
system of PDE (1.1.9). The following Lemmas hold for i = 1, 2.

Lemma 1.4.1. Suppose assumptions (HR) hold. Then, for T small enough there exist
two positive numbers 6141 and 6141 and a positive constant C' depending only on known
parameters in (H) such that :

| D2 wil| , < T41C (1 + || Dayill o) -

and
Doy i oo < T4 C (1 4+ || Dyl o ) -

Lemma 1.4.2. Suppose assumptions (HR) hold. Then, for T small enough, there exist
a 6142 > 0 and a positive constant C' depending only on known parameters in (H), such
that :

1Dyl oo < CT*2 (14 || Dy Dyl o) -

Lemma 1.4.3. Suppose assumptions (HR) hold. Then, for T small enough, there exist a
positive real 6143 and a positive constant C, depending only on known parameters in (H)
such that :

| Dy Dy o, < CTO143.
Proposition 1.1.3 follows from Lemmas 1.4.1, 1.4.2 and 1.4.3. 0

1.4.2 Proof of Lemma 1.4.1

Here we prove that for T' small enough, there exists a positive constant C' depending
only on known parameters in (H) such that :

) 1D < € (1952 7O+ 1Dl
+ (TB%/2 + T3ﬂ%/2) | Doy il o, + TP/2 + T3B?/2},
(11) ||D$1ul”oo < C{ <T1/2+35§/2 +T(3+a1)/2) ||D$2ul”oo
T L R R

We first show (i). Let € > 0, from the representation (1.3.12) and Lemma 1.3.4 we have :

D2 wi(t, w1, 22) ZD2 H] (t+ € t,x1,z2) + Ole), (1.4.1)
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and thanks to assertion (a) in Claim 1.3.3 :
D2 u;(t,z1,72)

T
=/ 5y A(0,5(€)pi(s,y1,y2) [D2 4t 1,23 5, Y1, y2)] dyrdyads
t+e JR
_/ /2d 9158 )) (SvylayQ)Dglui(SvylayQ)] [Dglq(t7x17x2;s7ylay2)] dylddeS
t+e JR
—/ /2d [A(Or5())F1(s,y1,92)] - D2 wi(s,y1,y2) [D2,4(t, 1,25 8, Y1, y2)] dy1dyads
+e JR

T
+/ [A%(01,4(€)) Fa(s, 91, y2) — Dy Fa(5,0,,4(8), 07.5(€)) A (61, (€) 1]
+e JR2d

: [DQ;QUi(S, Y1, 242)] [Dilcj(t, T1, 2258, Y1, 3/2)} dyldy2d8 + O(E)
Then, note that thanks to a Taylor expansion of order 0 with integrable remainder of
the mapping 31 € R? — Fy(s,y1, 9152,5(5)) around 9%78(5) and (H3-a), we have that :

|[A0r,5(€) Fa(s,y) — Dy Fa(s,01,5(€)) (A (01,5(€))91)] - Dapui(s, y)|
< O |1 Dayuill o (18%(00s(€))al % + A Bus (€)' (1.42)
From Proposition 1.3.1, we know that for all s in (¢, 7] and y € R??, D%lcj(t, 1,225 8, Y1, Y2) <

C'(s — t)"Y4e(t, 21, x2; 5,91, %2). Combining this argument with the regularity of the coef-
ficients given in (H), and thanks to (1.4.2), we obtain :

‘D u;(t ml,x2)|

T 2
< C”/ s 1) / )G-1/2)8]
t+e( R2d z::

N (0,.4(6)y; |

(5 — 1)U-1/2)

- A B
(102wl (5 = T (A(e)(@)/) Dl (5 — )02 | S }
0 | A2(6,.4(6)ya |2 b/ | ALOL6(E))yr [
) _ 1\383/ i _ p\(1+ah)/ )
+ HD:chUlHoo [(3 t)g 2 (8 _ t)3/2 + (5 t) I+ 2 (s - 25)1/2

Xch(tv x1,T2;S8,Y1, yQ)dylddeS + O(G)

Set £ = x, by using the off-diagonal decay of the Gaussian exponential in g. (see the
computations in Subsection 1.2.4) and by integrating w.r.t the space variables we have :

‘D w;(t wl,x2)|

2 .
{<s — )Y 4 (5= 72 (s = )12 || D,
1

T
S C////
t+e { ]Z:

+(S _ t)(j*l/Q)ﬁéfl ”DﬂUluZHoo } + ((S _ t)71+35%/2 + (S _ t)(alfl)/2> HDZ’2ul”oo }ds

+0O(e).
By letting € — 0, we finally obtain :
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[l < 0{ (792 4 70D | Dy + (T2 4+ T72) | Dy

+ (Tl/2 + T3/2> D2 wi| +T5/% + T3ﬂ?/2}.

Then, taking T small enough such that C"(T"/2 +T3/2) = 1/2 we deduce the assertion (i)
from a circular argument. The proof of the second statement (ii) can be done by the same
arguments. This concludes the proof of Lemma 1.4.1. O

1.4.3 Proof of Lemma 1.4.2

We first derive a representation formula for H? and H} defined by (1.3.12) to handle
the singularity of the derivative of the kernel ¢q. These formulas are given in the following
claim.

Claim 1.4.4. For all (t,z1,x2) € [0,T] x R%¢, for all e > 0, we have :
D@H t + €, xl,xg) (1.4.3)

/ /2d Tr [[A%(01,5(€))als, y1,y2)] D2 ui(s,y1,y2)| Dand(t, 1, 223 8, Y1, y2)dy1 dyods
t+e JR

= /He { Lz L. [aaz <s,y1,9§s<g>>} [A%(005(6)) Dy i, 91, 92)]

oyu

X [D12q~(t7 x1,x2;S8,Y1, y?)] }dylddes

1 d

T
+5 2. / (AN 0s())ar (5,91, 024(€)] - [A%(01,5(9)) Dayi(s, 31, 1)
=1 +e JR

0 .
X |:D$2 (a?JUQ(tvxlva;s7yl7y2)):| dyldy2d87

where “a; ” denotes the ™ line of the matriz a, and

Dy, HY (t + €t 21, 72) (1.4.4)
/ / {( [A2(01,5(€)) F1(s, 1, y2)] 'Dx1u¢(87y1,!12)>
t+e JR2d

XDzzg(tﬁflafC%57y1,y2)}dy1dy2ds
T
_/tJre { /R?d < [Al(gt,s(g))Fl(S,yl,93’5(5))] . [A2(9t78(§))Dmui(s,yl,yg)}>

Xszq(tv T1,T2;S8,Y1, 3/2)}dy1d3/2d5
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Proof of Claim 1.4.4 : Start with (1.4.3). Since by Definition 1.3.2 of A we have A =
A' + A2 by an integration by parts we get

H2 t+€t,z1,z2)

/ /d( Tr [[A%(61,5(£))als, y1, y2)] Dy, (s, y17y2)]> G(t, x1, 725 8, Y1, Y2 )dy1dyads
—i—e R2

+f // [8 9ts(§))az.(8,y1,9t2,s(5))}'Dylui(&yl,yz)@(twl’wz;87yl,y2)dy1dy2d$
t+e JR2d | OY11

0
+= Z/ /de Y(0r,5())ar (s, 51,07 4(€))] - Dy, ui(s, yl’”)ayu q(t, x1, w23 8, y1, y2)dy1dyads.

Note that, forall L € {1, , d}, [0/0yu] A (0r,s())aw. (s, 31,67 5(6)) = [0/Fyu]ar.(s, y1, 07 5(€))-
We conclude by applying assertion (c) of Claim 1.3.3 to the two last terms in the right
hand side with Dy, u; as g.

Assertion (1.4.4) follows from of Claim 1.3.3. This concludes the proof of Claim 1.4.4. O

It follows from the representation (1.3.12) and Lemma 1.3.4 that, for all € > 0 :

4
Dy, ui(t, xy,x9) = Z Dy, H] (t + €;t,x1,22) + O(e) (1.4.5)
j=1

We bound each szHZ-j, j =1...,4. We recall from Proposition 1.3.1 that there exists a
positive constant C' depending only on known parameters in (H) such that, for all s in
(t,T) and (y1,2) € R??

Day(t, w1, 223 8, y1,y2) < C(s — ) 732G(t, 21, w25 5,31, Y2). (1.4.6)

Bound of D, H}. By applying assertion (b) of Claim 1.3.3 and thanks to (H) and (1.4.6) :
| Doy H} (t + €1, 21, 32)]

T
S A0 (€615 1) Dt 0,1, ) s

B?
<o / [ ot
t+e JRR2d

_c”/ (s — t)~3/20=FD) g (1.4.7)
+e€

A?(0:,5(6))y2

(5 _ t)3/2 qc(t’$17z2;57y17y2)dy1dy2d8

Bound of D, H?. By using Mean Value Theorem, we have, for all (s,y1,y2) € (t,T] x R% x
R? :

| A% (Be,5(€)) Dary wi(5, 91, 92)| < 1Dy Dyt oo |A? (B1,5(6)) 2 (1.4.8)

and from Proposition 1.3.1 we have : for all [ in {1,---,d}
| ([8/6y1l] (t L1,T2;8 ylayQ))| < ' ( t)_QCjC(tvl'be; SaylayQ)'
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Hence, from representation (1.4.3) of H?, Lipschitz regularity of a from (H), estimates
(1.4.6) and (1.4.8) we have that :

| Doy HE(t + €5 t, 21, 22) | (1.4.9)
" ets AQ et,s
o [ [ {1t S 0.t S
A(6:5(E))y A2(9t,5(§))y2

1Dy Dyt \

}qAC(ta T1,T2;8,Y1, y?)dylddeS

(s —t)1/2 (s —t)3/2

T
< Cl///tJr (HD:?nuZHoo—i_ ||Dx1Dx2UZHoo) ds
€

by letting £ = x and by using the diagonal decay of §,.

Bound of Dy, HE’ From representation (1.4.4) of D, HZ3 and then by using the regularity
of Fi, and estimates (1.4.6) and (1.4.8),

| Doy HY (t + €5t, 21, 29)| (1.4.10)
2
2 A2(6; 4(€))y2 |
< C/ /+ /de { —3/201 Bl)”Dzluzuoo ‘(iit()?’)/)22 + Cl ||D331Dx2’U/L||oo
Al 0 s 511 AQ 0 s .
x(s —t)P1/2 (i i t()ﬁ)/)le (i i t()?/)zw }%(t, T1,22; 8, Y1, Y2)dy1dyads.

By setting £ = x, we obtain
| Do, HY (t + €1, 21, 22)

T
<" / | Doy tilloo (s = )20 4 || Dy, Dy, (s = £)71/2ds. (1.4.11)
t+e

Bound of Dy, H}. From (1.3.12) and by using the regularity of Fy, (1.4.2) and (1.4.6), we
have :

‘Dx2H4 t+et $1,1‘2)‘

/+ /]R Qd{ Y(0r,5(©) Fa(s,y1, 07 4(€)) — Day Fa(s, 0/ ,(£), 07 (€)) A (01,5 (£))y1]

[Dayui(s, y1,y2)] — [A%(61,5(£)) Fa(s, y1,2)] -Dmuz'(s,yl,y2)}Dmfi(t,x1,x2;s,yl,yQ)dmdyzds

T
< C'||Dayui] . / / (s — 1) Lrets2
t+e JR2d

A2(6,,4())ys
(s — )37

AYO,4(E)un [T

(s —t)1/2

+(s —¢)"30=62)/2

}f}c(t x1, %23 S, Y1, Y2 )dy1dyads.
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By setting £ = x we obtain
‘DIQHf(t,t + e,xl,xg)}

T
<0 [ Dl (607 (s DY ds (1412)

By letting € tends to 0 in (1.4.7), (1.4.9), (1.4.11), (1.4.12), by combining these estimates
and using estimates of || Dy, u;||, and ||D2 u;]|s from Lemma 1.4.1, we can find a positive
number 91 4 such that, for 7" small enough :

”szUzHoo < CT61'4'2 (1 + HDmDIQuiHoo)v

where C' and 91 4.2 depend only on known parameters in (H). This concludes the proof of
Lemma 1.4.2. O

1.4.4 Proof of Lemma 1.4.3

We first derive a representation formula for the term H; in (1.3.12) to handle the sin-

gularity of the derivative of the kernel ¢ : as a consequence of Claim 1.3.3 and definition
of H}! we have

Claim 1.4.5. For all € > 0, we have :
Do, Hi(t + e;t, 21, 20) = (1.4.13)

/ / { Y04 (6)) a5, 51, 02, (€)) — Dy Fa(s, 61 4(€), 62,(€)) AV (Br.a(€))11]
t+e JR2d
- [A*(01,5(€)) Dayui(s, y1, y2)] }D:ij(taxla$2;5ayl,yZ)dyldQst

T
- / . [AQ(et,S(‘E))FQ(& Y1, y2)] ’ D12ui(81 Y1, yQ)Drzq(ta I1, 225 S, Y1, y2)dy1dy2d87
+e JR

In order to prove Lemma 1.4.3, we need to obtain an estimate on the regularity of D,,u;
w.r.t. 9. This estimate is given in the following claim.

Claim 1.4.6. Under the assumptions of Lemma 1.4.2, for all v < 3inf{p% 53} — 1, the
semi-Hélder norm of exponent v/3 of Dy,u; w.r.t x9 is bounded uniformly in t and x; :

‘DwZUi(t, wi, w2) - ngui(ta Wi, 'U)é)|

< CT61.446
|wa — wh|7/3 - ’

|‘Dfﬂ2ui||oo,oo,'y/3 = sup
wi,wa,wheRY, €[0T

where C and d1.4.6 > 0 depend only on known parameters in (H).

Proof of Claim 1.4.6 : Let us first introduce the quantity :
M(Dyyus, T) = sup | Dgyu; (t, w1, w2) — Dyyui(t, wy, wh)]
wr e wheRe, te0.T) [wa — wh| /3 + |wa — wh| 4wy — wh| + |wy — wh|
(1.4.14)
From (1.3.12) and Lemma 1.3.4, for all (t,21) in [0,7] x R? and (z2,22) in R? x RY we
have :

|Dayui(t, ©1, 22) — Dayui(t, 21, 22)| (1.4.15)

4
< Z (D””?HZJ) (t+et,w1,22) — (ngHij> (t+et w1, 20) + O(e).
=1
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We recall that (H], j =1,---,4) depend on the freezing point & = (&, &2) of the process
which started from (x1,z2) and (x1, 22) at time t. Here, we choose the same freezing point
“¢” for the two processes (with different initial conditions). Let us note that, from (1.3.12)
each Dy, H] can be written as :

. T .
Dy, H} (t+et, 21, 22) = / /2d F)(5,91,92, 04 4(€), 07 () Dy (t, w1, 723 5, 91, y2 ) dy1 dyads,
+e JR

where sz is some function properly defined by (1.3.12). Let us split the time interval w.r.t.
the characteristic scale of the second component of the system (1.3.1) : we set S = {s €
(t,T) s.t. |x2 — 22| < (s — )32} and 8¢ = {s € (t,T] s.t. |za — 22| > (5 — 1)*>/?}.. We have :

i( ) (t+ et z1,22) — <Dz2H3> (t+et, 21, 22)

J=1
/15/ { (5, 1,92, 61,(€), 62,(6)
t+e R2d

(Dij(t?xl; 125 8,y1,y2) — Dz, q(t, x1, 20; 87y1,y2)> }dyldyZdS

/ 186/ { S ylay279tls(£)a0t2,s(£))
t+e R2d

(Dmd(t» T, 22; 8, Y1, Y2) — Day§(t, 21, 225 8,41, y2)> }dyldy2d8

4 4
= Z Pl.j(t +et,x;2,S)+ Z Pij(t +et,x;2,58°. (1.4.16)
j=1 J=1
As a first step, we bound the sum Z?:l Pij(t +€t,x;2,S) in (1.4.16). We first prove
that for all s in S the following inequality holds :
| Dy q(t, w1, 025 8,y1,y2) — Dy G(t, 71, 225 8, Y1, y2) |
<C(s—1t)” (3+7)/2qc(t X1,%2;8,Y1,Y2)|Te — 22|7/ (1.4.17)

where ¢ and C depend only on known parameters in (H) and where 0 < v < 3.

By using Mean Value Theorem and the Gaussian estimate of DgQCj from Proposition
1.3.1 we have :

‘Dwz(j(thhx% S, Y1, yQ) - Dde(taxh 2255, Y1, yQ)‘

< sup ‘Dg‘QQ(t?xla w2 + p(x2 — 22); 8, y1,y2)\ |z — 22|
p€(0,1)

<C'(s— t)*3 sup Gz(t,x1, 2 + p(x2 — 22); 8,1, Y2) |2 — 22|, (1.4.18)
p€(0,1)

where ¢ is a positive constant depending only on known parameters in (H). Note that on
S:

sup Ga(t, 1, o + p(x2 — 22); 8, Y1, y2) < C"qe(t, x1, 225 8, Y1, Y2)- (1.4.19)
p€(0,1)
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Combining (1.4.18) and (1.4.19), we obtain :

| Dy @(t, w1, 225 8, Y1, y2) — Dayq(t, 71, 225 8,91, y2) |
S C///(S - t)iquC(tﬂ X1, T2; S7y17y2) ‘.TQ - 22| .

Rewrite |xg — 29| = |29 — 20| 77/3|xg — 29]7/3. Since |z2 — 22| < (5 —1)%/? we have |zy — 29| <

(5 — )3/277/2| 2y — 2[7/3 and (1.4.17) follows.

Bound of Z?zl ‘Pf (t+ et ,x;2,S) ‘ Following the proof of Lemma 1.4.2 and using (1.4.17)

instead of (1.4.6) when bounding in the terms (1.4.7), (1.4.9) and (1.4.10) when £ = x, we
deduce that :

ij(t—i-e;t,x;z,S)’ (1.4.20)
j=1

T 2
=) {(5_“_(3“_36”/2+HDilw-Hoo(s—t)‘”/M||DmDmui||oo<s—t>—7/2

Dyt | oo(s — 1)~ CH1730/2 LD, Do (s — t>—<v—ﬁ%>/2}ds|x2 — z[/3,

for all v < 3inf(B7, 53) — 1

Bound of P}t + €;t,2;2,S). Thanks to (1.4.13), we have :

t+etmz$

/ 1 | { L(01,4(€)) Fals, 41, 02,(€)) — Dy Fi(s, 614(£), 02,(€)) A (6, ())n]
t+e R2d

[A%(01,5(€)) Dayui(s, y1, y2) | + [A%(01,5(€)) Fa(s, y1,y2)] ’Dazzui(suylayQ)}
X [D;mq(ta X1, T2; t7 Y1, ZJZ) - D.IQq(ta X1, 22; ta Y1, y?)] dylddes'
From (1.4.2) and (1.4.17), we deduce that :

|5 (t+ €t 33 2,8))] (1.4.21)
. A%(01,5(6))n |
1 | Doy 3(5 1—v/3)/2 t,s
M(D T —1—v/2+al /2 Al(et,s(g))yl et v/2 9?5(5) e
s |v2 - 02,0 [ a1 — 02,0
_\3 2 »S 3 2 )8
+(s —t)°F1 T + (s —t)°" o
—074(8)

(s — 32|22

e ) }fjc(t,ﬂfl,l”% 8,1, y2)dy1 dyads|za — 20|77,
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for all v < 332 — 1 and where M (D,,u;, T) is defined by (1.4.14).

By setting £ = x in (1.4.21) and letting ¢ — 0 in (1.4.20) and (1.4.21), we deduce that
there exist a positive constants C' and a positive number 6%.4.6, depending only on known
parameters in (H), such that :

Pl(t,2;2,8)| < CT% 46 (M(Dayus, T) + || Dayagtis]|oo) |2 — 20[7/(1.4.22)

4
=1

J

for all v < 3inf(52,55) — 1.

As a second step, we bound the sum Z?:l P,L»j(t—i—e; t,x; 2,8 in (1.4.16). Note that this
sum reads :

4
ZPf(t +et,x; 2,89

=1
T .

=30 [t [ 000, B €) Dt s . ve)indads

j=1 t+e R2d
T .

_/ ]-SC/ Fij(say17y2aetl,s(g)?9?,8(5))D$26(t7$1¢ZZ;SayhyQ)dyldy?dS
t+e R2d

=Y {H](t+ 6 t,m,20,8%) — H (t+ 51,21, 2,8}, (1.4.23)
=1

and that for all s in S¢ we have :
1< (s— )72 |zg — /3. (1.4.24)

On a first hand, by plugging (1.4.24) in (1.4.7), (1.4.9) and (1.4.11) in the proof of Lemma
1.4.2 we obtain that :

NE

‘ ~Z-j(t+e; t, IE1,$2,SC)‘ (1.4.25)
1

<.
Il

T
< C/ {(S — )B4 D2 || (5 — )% 4 | Day Dayuillo, (s — )77/
t+e

| Dyt | oo (s — 1) 2AHIB=FD2 LD, Do (s — t>—<v—ﬂ%>/2}ds|xz — 213,

30



By using (1.4.13) and (1.4.24), and setting £ = x, we deduce that :

‘f[;l(t + E;t,CL‘l,I‘Q,SC)‘ (1.4.26)

T
<C { 1Dyt o (5 — 1) 719/D/2 4 CM (Do, T)
t+e

x (s — t)~1+e/2 <(s — )2 4 (s — )30/ 4 (s — £)305/2 4 (s — t)3/2> }ds

X |z — 22|73,

where the quantity M (D, ,u;, T) is defined by (1.4.14).

On a second hand, we have to deal with the terms flzj(t + €t,11, 2,8, for j €
{1,---,4}. Since we take the same freezing point for the two solutions with different initial
conditions, we have to re-center each integrand of ﬁf(t + €t,21,22,8°) in order to use
the off-diagonal decay of the Gaussian exponential w.r.t the degenerate component. In this
case, for all s in [t,T] and 5 in R?, this off-diagonal decay is given by : |yo — mi’f(ml, 29)|.

Hence, we have to center the terms around (m?f(xl, 22))t<s<r with Claim 1.3.3.

Bound of ﬁil (t+€t,x1,22,58%. We have from Claim 1.3.3, estimate on D,,qG from Propo-
sition 1.3.1 and (1.4.24) that :

‘ff}(tJre;t,xl,ZQ,Sc)' (1.4.27)

2
i

T
= ‘/ /2d 180A2(m?§($1,Zz))éf)z’(S,ylayz)ngd(Kﬂfl,22;83y1,y2)dy1dy2d5
t+e JR
T

Yo — mff (71, 22)
(s —t)3/2

I —
N e R2d

XqAC(ta T1,22;8,Y1, yQ)}dy1d92d5|$2 - 22|’Y/37

for all v < 382 — 1.
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Bound of ﬁf(t +€;t, w1, 22,5°). By using Claim 1.3.3, an integration by parts (as in the
proof of Claim 1.4.4) we obtain :

E[iQ(t_‘_E;t?xlaZQaSC)
1 T

= / 136/ {Tl“ HAQ(mi’f(xl,22))61(8’3117212)] Dglui<3ay17y2)
2 t+e R2d

X [D$2q(t, x1,22;5,Y1, y?)] }dylddeS

! Z / 5 [ A( [mantsanmiion )

[Az(mts(l’hZz))Dylui(S,yl,yQ)] > (D, G(t, z1, 225 8,91, y2)] }dy1dy2d8

4= Z/ elsc /]R2d{ ap (s, yl,m?§($1,z2)) — ar (5,0, (6), ets(f))]

o .
: |:A2(mt7§(x17ZQ))Dy1Ui<37y17yQ)] X {Dm (%(J(tvflfl,@;&yhyz)ﬂ }dyldy2d37

From (1.4.24), regularity of a from (H) and Proposition 1.3.1 we have :

e it 2 ) (1.4.28)
<C :ﬁ 1ge /de {‘ng;guz'\loo(s )2 Y2 —(:%fi(:/g, 22)

H[ Dy Dyt oo (s — t)*7/2 (Tji?; 22)

o= 0D |2 ) [ D) |

X qAC(tv x1,2255,Y1, yQ)dylddeerQ - Z2|7/3

T
+c|rDmDmui||oo{ / Lse(s — 1)~1/2 /
t+e R2d
27§ _ 92
X’mt,s (‘751722) t,s(§)|7

Yo — my s (w1, 20)
(s —t)3/2

Ge(t, x1, 225 8,91, y2)dy1dy2d8}

for all v < 2.
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Bound of ﬁf(t + €t,21, 22,8°). From Claim 1.3.3 and representation 1.4.4, this term
can be centered w.r.t. the coefficients and D, u; as follows :

~Z-3(t + e t,x1, 29, 8°)

T
:/ 1ge A2 mts x1,2’2))F1(8,y17y2)]
tte RQ”’

[Dayui(s,y1,y2)] Dy (L, w1, 22; 5, y1, y2)dy1dy2ds
T

+/ 1se /RM Fl(S,yl,mi’f(a?l,ZQ)) _FI(Saetl,s(g)aetQ,s(é))]
t+e

+

[A2(mts ($1,22)Dx1w(8,y17y2))} D, q(t, 1, 225 5, y1, y2)dy1dyads.

From (1.4.24), (1.4.4) and Proposition 1.3.1, we can deduce the following :

‘ﬁg(t * 6?@%22’36)‘ (1.4.29)
2
' — 276 1
=¢ 1‘5C/ 1Dyt |oo (5 — £)~31=BE+7/3)/2 | Y2~ Tis (21, 22)
o = 1 (s —t)3/2
y2 = m2E(en, )| [~ 00 [
Dy Dyt oo (s — t) PL=1/2 is (21, L
(s —t)%/2 (s —t)t/2

X Ge(t, 1, 22; $7y1,y2)}dy1dyzd$|$2 — 29|73

+C|Dx1Dm2uZ|]oo{/ 136/
t+e R2d

&

Yo — my s (w1, 22)
(s —t)3/2

Ge(t, 1, 22; 5>y17y2)dyldy2d3}
X ’mt,’s ($17 22) - et,s(g)
for all v < 33?2 — 1.

Bound of ﬁf‘(t—I—e; t,x1,22,8¢). From Claim 1.3.3, by centering w.r.t. D,,u;, this term can
be written as :

t+et,x1,22,S°)

/ /RQd {1$c mif(:l:la22))F2(57y1)y2)] . [ngui(syyl,QQ)]
t+e

><Dx2§(t7l’1722;S,ylayz)}dmdwds
T 2

[ {1sc[F2<s,y1,mt;§<x1,z2>>—F2<s,92,8<§>,e§s<s>>
t+e JR2d

— Dy, Fa(5,01,(6), ef,S@)ml(et,s(s))yl} A2 (@1, 22) Do (s, 1, 2)| }
X D-T?q(tﬂ x1,2258,Y1, y?)dylddeS-

By using regularity of the coefficients from (H), Proposition 1.3.1 and (1.4.24) we have :
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s atan e s) (1.4.30)
T 2
< CHszUiHoo/ Lse(s — ¢)~30-03+1/3)/2
t+e
5 2
Ya—m ’ ('IlazQ)
X /Qd (S tst)g/Q q (t T1,2258,Y1,Y2 dyldyz}d5’$2 _ z2|’Y/3
R J—
r —m2é(y v/3
+CM(Dx2Ui,T)/ lse(s — t)1+a1/2/ t,s( 1,22) 2 22|'y/3
t+e R2d (s - t)3/2
2
Y2 — m?,’§($1, 22) ﬁ% Yo — m?f(zh 22) /Bg
(s —1)3/2 w2 = 22| + (s 1)3/2 ’302—22\

Yo — mi’f(fﬂh 22)

(s —t)3/2

|ze — 22| }(jc(ta x1, 225 8, Y1, Y2 )dy1dyads,

for all v < 38%/2 — 1.
Now, note that from (1.3.3),

mi’f(ml, z9) — 9152,3(35) = 29 — T9.

Hence, by setting £ = x and letting € — 0 in (1.4.27), (1.4.28), (1.4.29) and (1.4.30) and
combining the resulting estimates with (1.4.25) and (1.4.26), we deduce that there exist a

positive constant C' and a positive number 67 , s depending only on known parameters in
(H), such that :

4
ST P (ta;2,8%| < OT%a0 (M(Dyyu;, T) + || Dy, Doy |o) (1.4.31)
j=1

X (’1‘2 — 22‘7/3 + |$2 — ZQ’BS + ’.%2 — ZQ’/B% + ’.1‘2 — 22‘) ,
for all v < 3inf(6%,33) — 1

Finally, by plugging estimates (1.4.22) and (1.4.31) in (1.4.15), we deduce that there
exist a positive constant C' and a positive number 7 4¢ such that :

’Dl‘zui(ta X1, 562) - DIQU’i(ta X1, 22)|

< CT%46 (14 CpM(Dygyu;, T)) <|ZL‘2 — 2|73 + |9 — 2|7 + |wg — 20| + |2 — 22|> :

Together with the boundedness of D,,u; from Lemma 1.4.2, this concludes the proof of
Claim 1.4.6. O

Now, we prove of Lemma 1.4.3. It follows from the representation (1.3.12) and Lemma
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1.3.4 that, for all e > 0 :

4
Dy, Dyyui(t,x1,x2) = Z Dy Dy, H (t + €;t, 21, 22) + O(€) (1.4.32)
j=1

We bound each DxleHij, 7 =1,...,4. Werecall that from Proposition 1.3.1, there exists
a positive constant C' depending only on known parameters in (H) such that :

Dy, Dy q(t, xy, o5 8,y1,y2) < C(s — t)fQDxlezdc(t,xl,xg; S, Y1, Y2)- (1.4.33)

Bound of Dy, Dy, H}. From Claim 1.3.3 and (1.4.33) we have :
‘DmleHil(t + e;t,xl,mg)}

T
/ » A%(0.5(€))di(5, 91, Y2) [Day Dap G(t, 1, 295 5, Y1, Y2)] dy1 dyods
t+e

< Vol / 2+3/252
t4e JR2d

Since 52 > 2/3, i = 1,2 from (H1), by setting £ = x and letting ¢ — 0 we deduce that :

B2

A2(0; 5
M QC(t,mla'IZ;37y17y2)dy1dy2ds'

(s — t)3/2

| Dy Doy HY||, < C"T G221, (1.4.34)

Bound of Dy, Dy, H?. Thanks to (1.4.3), we have

DlemH2 t+et,z1,22)

_ ! /+€ /R } {Tr 2(01.(6))a(s. y1. 92)) D2, i (5,41, 2)]

X [D$1D$2q~(t7 X1,22;S8,Y,Y1, y?)] }dyldyZdS

;i [ L o .09 - (870060 Dyt

X [Dgy Dy q(t, 21, 225 8, y1, y2)] }dyldyzds

/+E /R{ H(00,5())ar (5,11, 62,(6)]

) [A2(0t,8(£))Dz1ui(s’ Y1, y2)]

0 .
X |:D$1DLE2 <8yUQ(t7 x17$2§37y17y2)>] }dyldy2ds

By using (1.4.33) and regularity of a from (H), we deduce that :
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‘DxleHf(t—i—e;t,xl,xg)‘
g - A% (0y,5(€))ye
/ —1/2 2 t,s
sc/t (s—1t) /W{HDMWHOO‘ TR

+e
‘Al(em(g))yl A2(6:.5(6))y2

A?(0,5(8))y2
(s —t)3/2 (s —t)1/2 (s —t)3/2

+ ”DﬂﬁlDlzuZHoo

) }éc(m x1, %23 S, Y1, Y2 )dy1dyads.

By setting £ = x and letting ¢ — 0 we obtain :
| Dy Doy HE ||, < C"TY2 (|| Dy, Dyl o + || D2, i) ) - (1.4.35)

Bound of Dy, Dy, H3. From (1.4.4) :
Dxle2H23(t + € t) T, 1‘2)
T
-/ { [A2(81,5(€)) Fi(5, 91, 92)] - Dayta(s, 1, )
t+e JR2d
X [Dxlezq(t7 T1,T2;S8,Y1, 92)] }dylddeS
T
[ 8RG8 0)] - (8200 ey, )]
t+e
X [sz(j(t, x1,T2;S8,Y1, y2)] }dyldy2d8

So that, by (1.4.33), regularity of F} from (H1) and Mean Value Theorem :

‘Dmlesz‘?)(t +et, 2, 752)‘

T AZ 0 s 5%
<c HDxluz'”oo/ (s — t)_2+3ﬁ%/2/ 210 ) Ge(t, w1, 225 8, Y1, y2)dy1dyads
t+e R2d (S - t)3/2
r A G5 (©)n | 2201561
Dy, Dayus -2 / { b b
+H 1 QU ||Oo/t+e(s ) R2d (S—t)1/2 (S_t)3/2
Xqe(t, 1, m2; 5, y17y2)}dy1dy2ds}-
By setting £ = x and letting ¢ — 0 we obtain the following bound :
Dy, Doy HE|| . < C” (T?’Bf/?*l + T(”ﬁi)/?) 1Dy Doyt o - (1.4.36)

Bound of Dy, Dy, H}. Thanks to (1.4.13), we have
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Dy Dy, HY (t + €;t, 21, x2)
= - /:6 - [AY(01,5(€)) Fa(s, 1, 07 4(€)) — Day Fa(s, 07 ,(€), 07 ,(€)) A (61,5 (€))1]
[A2(01,6(€)) Dy i (5, Y1, ¥2)] Dary Doy G(t, 1, 223 5, 1, y2) dyr dyads
_/tT [A%(0,,5(€)Fa(s,y1,y2)] - Dayui(8,y1,Y2) Doy Dy G(t, 21, 723 8, y1, y2)dyr dyads.

+e JR2d
By using Claim 1.4.6, the regularity of F», (1.4.2) and (1.4.33), we obtain :

‘DxlDIQHf(t—i— €; t,xl,xg)‘
T 2
/ , \(=31y+al)/2 A0 5())ya
< C ||D:L“2u2||oo,oo,'y/3 /t—i-e(s t) /IRQd { ‘ (S — t)3/2

Xqe(t, x1,22; S, y1,Y2) }dyldyzds

2
' , 1\ —2+3p3/2 A%(01,5(€))y2
+C' |Duguil [ (a2 [ |2

Since this inequality holds for all v < 3inf(5%,3?) — 1, v can be chosen such that the first
term in the right hand side is integrable3!. Then, by letting ¢ =  and letting € — 0 we
deduce that :

v/3

T B2

(jc(t, T1,X25S8,Y1, yQ)dylddeS-

HDI1DCEQH14HOO < ol (T(35§/2—1 4+ T(a1+’y—1)/2> HDCL‘QUZHOO ) (1437)

Combining (1.4.34), (1.4.35), (1.4.36), (1.4.37) and using estimates on || Dy, u;]| ., DgluiHOO
and || D, uil|co given in Lemma 1.4.1 and Lemma 1.4.2, estimate of || Dg,u;|| from

. 00,00,7/3
Claim 1.4.6, we deduce that there exists a positive number 41 4.3 depending only on known
parameters in (H) such that, for 7' small enough :

|1 Dz, D o < CT45,
This concludes the proof of Lemma 1.4.3. U

31. Since 87 is supposed to be strictly greater than 2/3 in (H1).
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ANNEXE A

Differentiability of the flow of the solution of stochastic differential equa-
tion with Hoélder drift and degenerate noise

A.1 Main result
For T' > 0 we recall the following system introduced in the previous chapter (see (1.1.1)) :

AXP = Fy(s, XP0", X2 ds + o (s, X000, X207)dW,, X0 = @,
AX2H = Fy(s, X200, X200 ds,  XP07 = 1y, (A.L1)

for any ¢ < s in [0,T]?> where (W;,t > 0) is a standard d-dimensional Brownian motion
defined on some filtered probability space (2, F, P, (:)¢>0). Theorem 1.1.1 says that under
assumption (H) this system admits a unique strong solution. The objective of this part
consists in proving that under the additional assumption :

(R): Vt € [0,T], o(t,-,-) : (z1,72) € R?® s o(t,71,72) is continuously differentiable
with v,-Holder continuous derivative, v, € (0, 1),

this system defines a stochastic flow which is a.s. differentiable with Holder continuous
derivative.

Assumption.

(H”): We say that assumption (H”) holds if assumption (H) holds and assumption
(R) holds.

Notations. We keep the notations introduced in Chapter 1. In addition, for any func-
tion ¢ from [0,7] x R? x R, any «, 3,7 € (0,1) we denote by ||§||a,.. (resp. ||#|]. 5. and
||#]]...~) the Holder semi-norm with respect to the first (resp. second and third) variable.
Again, we denote by C, C’, ¢, ¢, etc... some positive constants depending only on known
parameters in (H’). When we add the dependence with respect to T' to a constant, we
mean that this constant decreases with 1" and tends to 0 as T" tends to 0. The constants
may change from line to line.

We have the following

Proposition A.1.1. Suppose that assumption (H’) holds. For any t in [0,T] and z =
(21, 22) in R??, the unique strong solution (X™)icocr = (Xsl’t’x,Xg’t’x)tSng of (A.1.1)
started from x at time t defines a stochastic flow of which is a.s. differentiable with Hélder

continuous derivative.
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A.2 Proof of Proposition A.1.1

As explained in Chapter 1, the main trick consists in replacing the drift by the solution
of the system of PDE (1.1.6) :

Gtui(t,xl,xg) + L’ui(t, xl,xz) = Fi(t,xl,.%'Q), for (t,xl,xg) S [O,T) X Rd X Rd
Ui(T,l’l,.’Eg) = ORd, 1= 1,2, (A21)
where L is given by, for all ¢ in C121([0,T] x R% x R4, RY) :

1
Ew(tv I, :L‘?) = §TT‘(CL(t, T, $2))Dg2cl¢(t’ L1, ‘/EQ)) + [Fl (t’ Iy, l’g)] ’ [Da:1¢(t, I, :EZ)]
—i—[FQ(t,aZl,LEQ)] . [DI2¢(25,$1,.T2)] . (A.2.2)
This solution satisfies :
Proposition A.2.1. Suppose that assumption (H’) holds. Then, for T' small enough, the
PDE (A.2.1) admits a unique classical solution u = (u1,us)* which is in C1>1([0,T] x
R? x RY, RY).
Moreover, there exist a positive constant Cr and a positive number ya.2.1, depending only
on known parameters in (H), such that :

1Daytullos +  [1Dayulloc + 1D, ulloo + 1 Dayull.,. i (A.2.3)
2 2
HDz ] yaon + 1Dzl a0 < O

Besides for every t in [0,T] and for all x1 in RY the mapping Dy u(t,z1,-) : 9 € RY
Dy u(t, 1, z2) is differentiable and there exists a positive constant Cr such that :

|1 Dzy Doy u -+ (| Day Doy ul]. + [|Dzy Do ttf|oo < Cr.

BYA2.1, »'yYA.2.1

Then, by using this result and It6’s Formula, we can write the solution of (A.1.1) as :
S
X5 =z —u(t,2) +u(t, X5%) — / [Dyu — 1] Bo(r, X5*)dW,, (A.2.4)
t
where B = (Idgd ypa, Ogaxga)* and “1” is defined by (1.1.8).

For every t € [0,T], let us define the mapping ¢; : € R?? s x — u(t, z). At the end of
this section, we prove that :

Lemma A.2.2. Suppose that assumption (H’) holds. Then, T small enough and for every
t in [0,T), the mapping ¢y = x + ¢i(x) is uniformly (in time) bounded and is a C'-
diffeomorphism whose derivative is uniformly bounded. Moreover, for every t € [0,T], the
mapping T — Dmd)t_1 18 YA.2.1-Hélder continuous.

Now, set Yst’(b(x) = gbs(X;’x). Then Y;’qs(x) solves :
Y00 = gy () - / A(r, Y)W, (A-25)
t
where for all s € [0,7] and y € R?? :

A(s,y) = [Dyu — 1] Bo(s, ¢5 " (y))-

In order to prove Proposition A.1.1, we only have to show that YHY defines a stochastic
flow which is a.s. differentiable with Holder continuous derivative.
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It is well seen, from Lemma A.2.2, assumption (H’) and Proposition A.2.1 that for all
€ [0,7], the mapping y — A(s,y) is continuously differentiable with y4-Ho6lder conti-
nuous derivative, for some 0 < y4 < [7%_2.1 AYoYA21)-

Therefore, we deduce from classical theory of stochastic flow (see Chapter 2 of [HDK184])
that V" a stochastic flow which is a.s. differentiable with ~v-Hoélder continuous derivative
for any 0 < v < 4. This concludes the proof. O

Note that the Jacobian n®* of the X% satisfies :

d S
nb® = Idgg — Z/ D Ai(r, ¢ H(XE®))nbmdW,, (A.2.6)
=11
where Idyg is the identity matrix of Myi(R).

Proof of Lemma A.2.2. We first show the diffeomorphism property. From Hadamard’s
Theorem, this is equivalent to show that for every t € [0, 7],

(1) limg|qo0 [Pt(z)] = +00,
(ii) the Jacobian of ¢ is invertible.

Assertion (i) follows from the definition of ¢; and estimate (A.2.3) of || Dyu||so from Propo-
sition A.2.1 with 7" small enough. Next, the function ¢; is clearly continuously differentiable
and for all x € R?! D, ¢y(z) = Iday — D,u(t,x). Since from Proposition A.2.1 we know,
that for 7' small enough, the series Y, q(Dyu(t, z))* converges, we deduce that D¢ ()
is invertible and (ii) is proved. N

We now prove the boundedness and regularity assumptions. Remark first that, for T
small enough, for all ¢ € [0, 7] :

| Doty (2)] = [[Datr(dy  (@)] 7| = [[ld2a — Daut, ¢y ' ()] 7"

= > (Doult, ¢y ' («)))*

k>0

< Y |IDaullf, < oo,
k>0

thanks to Proposition A.2.1. The 4.2 2-Ho6lder regularity of D,¢, L follows from the esti-
mate (A.2.3) on the supremum norm of D,u and its regularity from Proposition A.2.1. O

A.3 Proof of Proposition A.2.1

We prove the solvability of (A.2.1) by a compactness argument. By denoting by u™ the
solution of the PDE (A.2.1) with mollified coefficients (a", F{*, F3')p>0 defined by (1.1.7)
in the previous chapter, we show the following a priori uniform (w.r.t. the regularization
procedure) controls :

Claim A.3.1. For T small enough there exists a positive constant Cr, depending only on
known parameters in (H) and T, such that :

[[ Dyt oo + [[ Dy ™ [|oo + ||D§1un||oo + | Dy Dy u™ |00 + [| Dy u™

< Cr, (A3.1)

|-7~:’YAA2A1
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and

||kaDx1un||.,.,vAA2.1 + ”kaDmunH.,’yAaJ,. < Cr, (A.3.2)

fork=1,2.

Moreover, on every compact subset K of [0,T] x R? x R?, there exists a constant K
depending only on known parameters in (H) and on the supremum norm ||F||s x of F' =
(F1, F»)* on K, such that

1Dyt |1 + 105,01+ 1Dy a2, < K- (A.3.3)

Then, thanks to Arzela-Ascoli Theorem, we can extract a converging subsequence of u"
(resp. Dy, u", Dyyu” D2 u™ and dyu™) that converges uniformly in supremum norm to a
limit function w (resp. Dy, u, Dg,u, D2 u and dyu) on every compact subset of [0,77] x
R? x R?. Moreover, for every t in [0,T], we can extract a converging subsequence of
(Dyy Dy u(t, +))n>0 to Dyy Dy u(t, -) in supremum norm on every compact subset of R? x R4,
It is then clear that such a function u satisfies PDE (A.2.1) and estimates of Proposition
A2.1. O

Proof of Claim A.3.1. For this proof, we forgive the superscript “n” that follows from
the regularization procedure and prove the result under (HR) but our estimates are ob-
tained only in term of known parameters in (H). Note that the estimates (A.3.1) are given
by Proposition 1.1.3 in Chapter 1.

We first prove the estimates (A.3.2).

e Bound of ||Dy, Dz ul|. ~,,,.- We can prove this assertion by following the proof of
Claim 1.4.6 in the previous chapter. For the case kK = 2, we then obtain the same estimates
as (1.4.22) and (1.4.31) where the bound for the Hélder exponent is 3inf(3?, 35) — 2.

For k = 1, we again follow the proof, but with centering arguments of the proof of
Lemma 1.4.1. This gives the estimate for any Holder exponent less than inf(53{, 83, a1).

e Bound of || Dy, Dy, || y4 5 ,,.- Again, this can be proved by following the proof of Claim
1.4.6 in the previous chapter. Instead of (1.4.17), we have that for all A € (0,1) and for all
s € (t,T] such that |z; — 21| < (s — t)1/2,

|D2,q(t, 21, x93 5,1, y2) — D2, q(t, 21, %25 5, Y1, 2) |
< C(s— 1) CM024.(t w1, wa5 5,51, y2) Jon — 21|, (A.3.4)

Indeed, in that case,

de(t, Ax1 + (1 = Nz, @23 8,91, y2) < const.gu (t, x1,22; S, y1,Y2), (A.3.5)
for ¢ < ¢ and where
|z1 — 21

st Dy, Fy(r, 04, (8))dr———
const. x exp (/t Fo(r,0:0(8)) T(S—t)B/Z

Hence, when k = 2, we follow the proof of Claim 1.4.6 in the previous chapter and we
obtain the same estimates as (1.4.22) and (1.4.31) where the bound for the Hoélder ex-
ponent is 3inf(52, 32) — 2. When k = 1 we also follow the proof of Claim 1.4.6 in the spirit

) < Coxp(||Day Falloo)-
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of the proof of Lemma 1.4.1. This gives the estimate for any Holder exponent less than

inf(31, 83, a1).
We now prove the estimates (A.3.3). Let K be a compact subset of [0,7] x R? x R,

eBound of ||Duytull, ... Let @ = (i, @i2) be the solution of the PDE (A.2.1) with
the boundary condition u(s,.) at time s € (¢,7). Let ¢ € {1,2}, according to (1.3.12), the
solution u; writes :

2d

i) = [ B[00 - (0= B9 X drt [ s, iteas sy
t

where Xt% = (X25% X15%)* is the solution of the frozen system (1.3.1) with initial condi-
tion  at time ¢, where £¢ is given by (1.3.6) and where § is defined by (1.3.5) in Proposition
1.3.1. Then,

Doyiii(tiw) = Day | B |6i(r, X07) = (£ = £)g(r, X27)] dr
t

+/ ui(s,y) Dayq(t, v; 5, y)dy.
R2d
Since the proof of Proposition 1.3.1 shows that

DZ‘Qq(t7 T1,T2; $7y17y2) = _DyQCj(tv‘rlamQ; S, y17y2)7

an integration by parts gives us :

/ u;i(s,y)Dayq(t, 23 8,y)dy = —/ Dy,ui(s,y)q(t, x; s, y)dy,
R2d R2d
so that :

Dyt @) = Dayiis(s,@) = Dy | E[0ilr, X0%) = (£ = £9)(r, X7) | dr
t

— [ (Deats.) = Doyl )t 55 9)d,

since Dy, 1;(s, ) = Dg,ui(s,-) by the definition of ;. On the one hand, we know from the
proof of Proposition 1.1.3 in Chapter 1 that there exist a positive constant C' and a positive
real 421, depending only on known parameters in (H) , such that

< O)s — t[1a2a, (A.3.6)

Doy [ B [oir 0% = (£ = £9)i(r K1) ar

On the other hand we have that :
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[, 1Desi(5.9) = Degus(s.)alt, 555 )iy
R
= /de (I1Dzyzyuilloolys — 1] + [[Daythill . a0 [y2 = 22[7421) Ge(t, 5 5, y)dy

+C/2d (’9752,5(17) — @142 + ’9;8(3:) - xl‘) e(t, x5 5,y)dy,
R

where A is the perturbation operator defined in 1.3.2. Then, we can find a positive constant
K(||F|oo,c), depending on the supremum norm of F on K such that |0/ (z) — 2;] <
K(||F||oo,x)(s—t). We deduce that there exists a positive constant K'(||F||s k) depending
only on known parameters in (H) and ||F||o x such that

/2d |Dyyui(s,y) — Dyyui(s, )|t x5 8,y)dy < K'(||F||oox)|s — t]7421.
R

Together with (A.3.6), this concludes the proof for the first term in (A.3.3).

eBound of ||D2 ully,,,,.. As above, we write & = (@, d2) the solution of the PDE
(A.2.1) with the boundary condition u(s,.) at time s € (¢,7). Let i € {1,2}, in this case
u; writes :

w;i(t,r) = / E [qﬁi(r, XbTy — (L — L5)a(r, Xﬁx)} dr +/ wi(s,y)q(t, x; s, y)dy.
t R2d
Then,
D2 i(t,x) = D2 /t E |9:(r, X07) = (£ = £')iis(r, X17) dr

+ [l o) D (e s.0)dy.
R2d
In this case, the proof of Proposition 1.3.1 shows that

Dy q(t, x1, 255, y1,y2) # — Dy 4(t, 1, 22; 5, Y1, Y2),

and this does not allow to use integration by parts. This asymmetry comes from the
transport of the initial condition of the first component in the second one. In order to
recover the symmetry we write :

/ ui(s,y) D2, q(t, s, y)dy = / (A2(0r5(x))us) (5,9) D2 G(t, 21, 223 8,1, y2)dy
R2d o
+/[Rw ui(s’yl’6'5273(5))D92:1q(t7$;5»y)dy
— /R?d (A% (0y,5(x))wi) (s,y) D2 G(t, z;8,y)dy

+ /d ui (s, Y1, 9?,3(5))13516]1(15, x1;8,y1)dy1,
R
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where ¢; is the marginal law of the first component in (A.1.1). This law is symmetric and
Gaussian, so that :

/]Rd Ui(S, Y1, 9?,3(5))D§1C_71 (t7 x5S, yl)dyl /Rd ui(sv Y1, 925(5))Dg2/1(jl(t7 Z15 8, yl)dyl

= [, Do €t .

By following the arguments of the proof of (iii) we can deduce that for all (¢,z) in K,
the mapping ¢ — D?Elu(t, x) is Holder continuous. This concludes the proof of the second
term in (A.3.3).

e Bound of ||Dg,ul|y, ,,,... Same arguments lead to the Holder continuity in time for
the first order derivative D, u.
g
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CHAPITRE 2

A cubature based algorithm to solve decoupled McKean-Vlasov
Forward Backward Stochastic Differential Equations

We call decoupled McKean-Vlasov forward backward stochastic differential equation
(MKV-FBSDE) the following FBSDE system :

dX} =30 Vilt, XF Ei(X}))dBj
Ay = —f(t, X7 Y} 27 By (X7 Y")dt + Z7dB} (20.7)
Xg ==, Vi =0(XF)

for any ¢ in [0,7], T > 0 be given. We place ourselves in a filtered probability space
(Q, F,P, (F)e>0), with B¢ a d-dimensional adapted Brownian motion and BY = t. We
take V; : (t,y,w) € [0,T] x RY x R + Vi(t,y,w); functions ¢; : y € R = ¢;(y) €
R, i =0,---,d and ¢; : (y,4) € R¢ x R = ¢;(y,v’) and the mapping f : t,y,9, z,w €
[0,T] x R x R x RY x R+ f(t,9,9,2,w) € R to be bounded and infinitely differentiable
with bounded derivatives. The mapping ¢ is an at least Lipschitz function from R? to R
whose precise regularity is given below.

McKean Vlasov processes may be regarded as a limit approximation for interacting
systems with large number of particles. They appeared initially in statistical mechanics,
but are now used in many fields because of the wide range of applications requiring large
populations interactions. For example, they are used in finance, as factor stochastic volati-
lity models [Ber09| or uncertain volatility models [GHL11]; in economics, in the theory of
“mean field games” recently developed by J.M. Lasry and P.L. Lions in a series of papers
[LLO6b, LLO6a, LLO7| (see also [CDL12, CD12b, CD12a| for the probabilistic counterpart)
and also in physics, neuroscience, biology, etc. In section 2.4, we present a class of control
problems in which equation (2.0.7) explicitly appears.

The note of Sznitman [Szn91| gives a complete overview on the topic of systems with
a large number of particles. A proof of the existence and uniqueness of the solution of a
MKV-FBSDE system related but different to the one of our setup is found in [BLP09].
These existence and uniqueness results are easily extended to (2.0.7).

A cubature algorithm for MKV-FBSDE processes. Cubature on Wiener space
was introduced in 2004 by T.Lyons and N.Victoir [LV04], following the earlier work of S.
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Kusuoka [Kus01|. Ever since, the cubature method has been used to solve the problem of
calculating Greeks in finance |Tei06|, non-linear filtering problems |[CGO7], stochastic par-
tial differential equations [BT08|, [DTV12]| and stochastic backward differential equations
[CM10a, CM10b].

The main idea of the cubature method consists in replacing the Brownian motion by choo-
sing randomly a path among an a priori (finite) set 3 of continuous functions from [0, T']
to R with bounded variations such that the expectation of the iterated integrals against
both the Brownian and such paths are the same, up to a given order m. Hence, the SDE
is replaced by a system of weighted ODEs.

We give the main idea to construct a cubature based approximation scheme for (2.0.7).
The main issue in the case of a MKV-FBSDE is the McKean-Vlasov dependence that ap-
pears in the coefficients. This dependence breaks the Markov property (considered only
on Rd) of the process so that it is not possible to apply, a priori, many classical analysis
tools. In order to handle this problem, the idea consists in taking benefit on the following
observation : given the law of the solution of the system, (2.0.7) is a classical time inho-
mogeneous FBSDE (the law just acts as a time dependent parameter).

Let (nt)o<t<T be a family of probability measures on R?, and let us fix the law in the
McKean-Vlasov terms of (2.0.7) to be (n:)o<¢<7 . For this modified system, we may apply
a classical cubature FBSDE scheme for the forward component (the time dependence of
the coefficients being handled as an additional dimension). The trick consists in taking ad-
vantage of the decoupled setting : we first build a cubature tree (depending on the order of
the cubature) and then go back along the nodes of the tree by computing the current value
of the backward process as a conditional expectation at each node. We refer to [CM10b]
or [CM10a] for a detailed description of such algorithm.

Obviously, at each step of the scheme, we pay the price of using an arbitrary probability
measure as parameter for the coefficients instead of the law of the process. Therefore this
law has to be chosen carefully in order to keep a good control on the error and achieve
convergence. An example of a “good choice” is to take at each step of the cubature tree
the discrete marginal law given by the solution of the ODEs along the cubature paths and
corresponding weights. We show that for a cubature of order m and a number N of discre-
tization steps, this choice of approximation law leads to a N~(m~1)/2 grder approximation
of the expectation of any bounded and m + 2 times continuously differentiable functional
of the forward component, when all the derivatives are bounded 3, and to a first order
approximation scheme of the backward component, where the given orders stand for the
supremum norm error. Higher orders of approximation are also obtained by correcting some
terms in the algorithm.

As it is pointed out in [LV04] and [CM10a], the regularity of the terminal condition ¢
in (2.0.7) may be relaxed to Lipschitz and the approximation convergence rate preserved,
provided that the vector fields are uniformly non-degenerate (in fact, the condition in the

32. Explicit examples of such functions are given in [LV04]. We put back this discussion to a next
subsection.

33. this is the special case when ¢ is m + 2 times continuously differentiable with bounded derivatives
and f =0in (2.0.7).
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given references is weaker, since the vector fields are supposed to satisfy an UFG condi-
tion, see |[KS87]). This relies on the regularization properties of parabolic and semi-linear
parabolic PDEs (see [Fri08| for an overview in the elliptic case and respectively [KS87| and
|CD12¢| for the UFG case). We show that this remains true in the McKean-Vlasov case
and that the convergence rate still holds when the function ¢ is Lipschitz only and when
the vector fields are uniformly elliptic.

Usually, forward MKV-SDEs are solved by using particle algorithms (see for example
[AKHO02, TVO03] or [Bos05] and references therein) in which the McKean term is approa-
ched with the empirical measure of a large number of interacting particles with independent
noise. Adapting such algorithms to the forward-backward problem is not obvious as the
high dimension of the involved Brownian motion (given by the number of particles) in-
duces, a priori, a high dimension backward problem with the obvious consequences for the
numerical implementation. In comparison, our proposed algorithm gives a deterministic
approximation of the McKean term, and since it does not induce any additional noise, it
does not increase the dimension of the backward problem.

Although our algorithm works for decoupled MKV-FBSDESs, we believe this solver may
also be considered as a building block if one is interested in approaching the fully coupled
case (when the forward coefficients depend on the backward variable), for example via fixed
point procedures. Nevertheless, a lot of work is required to define the precise conditions
and setup in which such algorithm would converge to the (or at least a) solution of the
fully coupled problem.

The conditional system. Let us shortly develop what we mean with the sentence “gi-
ven the law of the solution of the system, (2.0.7) is a classical time inhomogeneous FBSDE".
Working with a non-linear problem, such as MKV-FBSDE, could be tricky. In our case,
the main object to work with is the conditional system. This is the formulation that allows
to get rid of the dependence on the law and to replace it by a time dependent parameter.

Following the same line of arguments presented in Buckdahn et al. [BLP09], it is well
seen that there exists a unique solution { X7, ¥;*}+>0 to the system (2.0.7). In a Markovian
setting, the law of this couple is entirely determined by the law p = (p)o<t<r of the
forward process (X;)o<i<r and a given deterministic function u : [0,7] x R? — R. In our
case, one can show that this remains true (see Section 2.7 below for a proof) so that there
exists a deterministic u(¢,y) such that for all ¢,

Y, = u(t, Xy). (2.0.8)

We prove that under appropriate assumptions u is regular and satisfies the parametrized
non-local semi linear PDE :

Dyu(t,y) + Lru(t,y) = f (t,y, u(t,y), V't y))", (ue, 00 (ults )
. (2.09)
u(T,y) = ¢(y)
where VHu stands for the row vector (Vu - Vi, ..., Vu-Vy), (W*u)T is the transpose of VFu

and L* is the generator of the forward component in (2.0.11) below and given by :
1
L= Vo (oo (s p0)) - Dy + STV (e, (s ) Dy (2.0.10)

Here, we used the duality notation (u, ;) for [ ¢;du. Likewise, the superscript ¢ means
that the vector fields are taken at the point (-, -, (i., ¢;)) (where the ¢ € {0,--- ,d} is taken
with respect to the corresponding vector field), V' is the matrix [Vi,--- , Vy], “” stands for
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the euclidean scalar product on R? and “Tr” for the trace.

The conditional MKV-FBSDE system is then defined as

AXGUM = Y3 Vils, X0 (ug, 1)) d B
di}t’y# _ _f(sixg,y,u’yst,iu, Zhvr, (s, o (- u(s,-))))ds + Zﬁ’ydBizd (2.0.11)
Xyt =y, Ypit = o(Xp).

Let us remark that in this setting, we can also define the deterministic mapping v :
[0, 7] x R — R such that
Zy = v(t, Xy). (2.0.12)
As in the classical BSDE theory, under appropriate regularity conditions,
o(t,z) = VHu(t,z))T.

Assumptions. As the reader might guess from the previous discussion, the error analysis
of the proposed algorithm uses extensively the regularity of (¢,z) € [0, T]xR? s Eg(X1"*)
for the forward part and of the solution u of (2.0.9) for the backward part. Therefore, we
present two types of hypotheses that guarantee that the required regularity is attained.

The first option we present is to require smoothness on the boundary condition and all
the coefficient functions, from where we will deduce the necessary regularity. However, it is
also interesting to consider boundary conditions with less regularity. In this case, we need
to compensate the regularity loss by imposing stronger diffusion conditions on the forward

variable, namely asking for uniform ellipticity of the diffusion matrix V.
(SB): We say that assumption (SB) holds if the mapping ¢ in (2.0.7) is C}°.

(LB): We say that assumption (LB) holds if the mapping ¢ in (2.0.7) is uniformly
Lipschitz continuous and if the matrix VV7 is uniformly elliptic i.e., there exists
¢ > 0 such that

V(t,y,w) € [0,T] x R? x R,Vs € Rd,c_1|§|2 < VVT(t,y,w)g ¢ < c|g\2.

Remark. A reader familiarized with the cubature method might wonder why we assume
uniform ellipticity instead of the weaker UFG condition usually needed for applying the
method with Lipschitz boundary conditions. The reason is that the smoothing results of
Kusuoka and Stroock [KS87] hold for space dependent vector fields only, and therefore do
not apply directly to our framework with a time dependence coming from the McKean term.
There is some extension in the time inhomogeneous case that do not include derivatives in
the Vi direction (see for example [CMO02] and references therein), but, to the best of our
knowledge, there is no result that could be applied to our framework.

Towards a more general class of coefficients. We have chosen to work with the
assumed explicit dependence of the coefficients with respect to the law, as it is very natural
in practice. In fact as a consequence of our analysis, our algorithm works for a more general
class of MKV-FBSDE, i.e. for a system written as

de = Z?:() %(ta tha /-Lt)dB%
dY;fx = _f(ta tha Y;fxa thv :uf(jy)dt + thdBtld (2013)
X§ ==z, Y7 =0o(X7),

where XV = (,uf(’y)ogtg denotes the joint law of (X, Y:)o<t<7, the coefficients V;,
0 < i < d (and f) are Lipschitz continuous with respect to an appropriately defined
distance in the space of probability measures on R? (respectively R? x R ) which integrates
the square of the usual Euclidean norm. The distance we consider is defined by duality :
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let F be a (sufficiently rich3%) class of functions (that will be detailed in the following).
Then we define the distance dr between two probability measures on R™ by

dr(p,v) = sup [(¢, n — V). (2.0.14)
pEeF

In this decoupled case the Lipschitz property of the coefficients with respect to dz en-
sures the existence of a unique solution of (2.0.13)3°. Then, we are able to analyze the
convergence of our procedure in two different cases. When F is the class of 1-Lipschitz
functions, i.e. when the distance is the so-called Wasserstein-1 distance, and when the vec-
tor fields are uniformly elliptic our algorithm leads to an N~Y2 order approximation °.
When F is the class of Cp° functions we obtain an IV ~1 order approximation without any

ellipticity assumption on the diffusion matrix.

Objectives and organization of this Chapter. As a corollary of the discussion on
the conditional system we can resume our objective as the approximation of E¢(X7), where
(X )o<t<r is the solution of (2.0.7) and of u satisfying (2.0.8).

This Chapter is organized as follows : Section 2.1 states the algorithm, while the conver-
gence rate of the forward and backward approximations is stated in Section 2.2. Then, we
give a numerical example for each set of hypotheses (SB) and (LB) in Section 2.3. A class
of control problems is introduced in Section 2.4. The remainder of the Chapter is dedicated
to the proof of the convergence. For the sake of simplicity, we first recall some definitions,
basic facts and notations in Section 2.5. The forward and backward convergence rates for
regular boundary conditions are successively proved in Section 2.6 and the common mathe-
matical tools are given in Section 2.7. Section 2.8 presents the extension to the Lipschitz
boundary condition case and the announced generalization of the law dependence of the
McKean terms.

Notations. As we are treating with objects exhibiting different dependences, the nota-
tion can become a bit heavy. For the sake of simplicity, we adopt the following conventions.
We denote by ¢ the function ¢ = [p1, -, ¢4]. For two positive integers i < j, the notation
“i : 7" means “from index i to j". For all ¢ € R, n € N the partial derivative [0/J¢] is
denoted by 0. Let g : y € R? — g(y) € R be a p-continuously differentiable function.
We set ||g]]cop := max;<p ||3)g||oo. We say that a function g from [0,7] x R? x R is CF,
p € N* if it is bounded and p-times continuously differentiable with bounded derivatives.
We usually denote by n (eventually with an exponent) a family of probability measures
(mt)o<t<T On R?. For such a family, we set £7 to be the second order operator of the form
(2.0.10) with 7 instead of . In general, we will work with the vector fields taken at the
point (-, -, (., ;) (where the i € {0,--- ,d} signals the corresponding vector field) and
in general we will omit the explicit dependence on p in the notation. In any case, we will
mark the law dependence explicitly when needed, in particular when a dependence with
respect to a different law appears.

34. It should contain the space of 1-Lipschitz functions.

35. by definition of F, the distance dr is less than or equal to the Wasserstein 2 distance. Then, one uses
the same kind of arguments as in [Szn91].

36. Recall that N denotes the number of discretization steps.
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2.1 Algorithm

Multi-index. Multi-indices allow to easily manage differentiation and integration in
several dimensions. Let

M={pru J {o,1,....a}, (2.1.1)

leN*

denotes the set of multi-indices where () refers, for the sake of completeness, to the zero-
length multi-index. We define “x” to be the concatenation operator such that if g =

(BL,....B)) and B2 = (B7,..., B}) then B« 3% = (B1,..., B}, A1,.... B}).

Cubature on Wiener Space. In the introduction, we mentioned that the cubature
method consists in replacing the Brownian path by choosing randomly a path w among a
finite subset {wy, -+ ,wy}, k € N*, of CP ([0, 7], RY) (the set of continuous functions from
[0, T] to R with bounded variations) with probability A in {A1,---, A.} € R*. We precise
this notion with the definition given by Lyons and Victoir [LV04] :

Definition 2.1.1. Let m be a natural number and t € RT. A m-cubature formula on
the Wiener space C°([0,t],R?) is a discrete probability measure Q; with finite support on
Cgv([O,t],Rd) such that the expectation of the iterated Stratonouvitch integrals of degree m
under the Wiener measure and under the cubature measure Q; are the same, i.e., for all
multi-index (i1, ,i;) € {1,--- ,d}', 1 <m

i1 i i1 @i
E/ odBy; ---odB, = E@t/ odBy; ---odBy
0<ty <--<t;<t 0<t1<--<t;<t

l
Aj / dwlt (t1) - - dw! (1),
—1 0<ty <<ty <t

J

w0
(6]

where stands for the Stratonovich operator and w§ for the it coordinate of the j* path.

As a direct consequence of the Taylor-Stratonovitch expansion, a cubature formula of
degree m is such that :

(E — Eq,)F(BFY)| < CtM™ /2| P[40 00, (2.1.2)

for all bounded and m + 2 times continuously differentiable function F' with bounded
derivatives.

Of course this error control is not in general small, but the Markovian and scaling
properties of the Brownian motion can be used to apply the cubature method iteratively
in small subdivisions of the interval [0, ] for which we have a good error control.

Indeed, consider a cubature formula Q; of order m € N* with support {wi,...,ws}
and corresponding weights {A1,...,Aq}. For all h > 0 and any ¢ € [0, — h], one can
deduce a cubature measure Q45 of order m with finite support on Cgv([t,t + h],R%)
equal to {@1,- - ,Wx} with the same weights {A1,..., A} and where the paths are defined
as @j : s € [t,t + h] = &(s) = Vhw;j((s — t)/h) for all 1 < j < k.

Then, by virtue of the Markovian property, this subdivision leads to the construction of
a tree which has k¥ nodes (corresponding to the number of paths) at the k' subdivision.
Each path @, . ;,), where (i1,...,1) stands for the trajectory of the path, has then a
cumulate weight of the form A, ;) = H§:1 Ai;, see the example and figure 1 below.
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2.1.1 Main idea

Take a subdivision of the time interval [0,7] into N € N* steps 0 =Tp < --- < Ty =T.
The procedure can be decomposed in two parts :

(1) Building the tree 7. This part of our algorithm can be resumed as a combined
Euler-cubature approach and can be divided in four steps.

(a) First, freeze in the space of probability measures the law that appears in the
coefficients of (2.0.7) (the choice of this measure is explained below). At step
0, this measure is the Dirac mass in the starting point.

(b) Freeze, in time, the given deterministic measure : this is an Euler step.

(c) Apply the cubature method. This will produce a cloud of deterministic par-
ticles given by the solution of the resulting ODEs

(d) At each step, construct a discrete measure coming from the obtained cloud of
particles and their associated cumulative weights. This is the law to be used
to approximate the law in the coefficients of (2.0.7).

The reader might guess that the order of approximation of such an algorithm is
one, due to the Euler step. Hence, in order to obtain higher order, we expand the
function that appears in the McKean-Vlasov part up to a certain order, which is
denoted by “q" in the sequel.

(2) The backward component. The backward component of the algorithm runs by
assigning the value of the function on the boundary (known from the definition of
the equation), and then back-propagating its value thanks to

(a) A discretization scheme for the backward approximation
(b) The cubature measure for finding conditional expectations.

As mentioned before, we present two versions of the algorithm, with convergence
of order one and two. As will be clear in the definition, the change in convergence
order requires the use of a different backward scheme and cubature order.

Example : one dimensional cubature of order m = 3. In this case, we may use
a cubature formula with k = 2 paths given by {+¢, —t}, and associated weights : {\; =
1/2, A2 = 1/2}. Let us explain the idea behind the algorithm with an example for 2 steps,
as shown in Figure 1. We initialize the tree at a given point x, and the law at Ty as d,.
Then, we find two descendants given as the solution of an ODE that uses the position X,
the two cubature paths, and an approximated law using the information at time 0. Each
descendant will have a weight equal to the product of the weight of its parent times the
weight given to the corresponding cubature path. Once all nodes at time 77 are calculated,
we obtain the discrete measure fir,, the law approximation at time 77. The process is then
repeated for each node at time T3 to reach the final time T" = T5.

Figure 1 right illustrates the idea behind the backward approximation : the approximated
function @ is defined first at the leaves of the constructed tree, and then back-propagates
using the approximated law to obtain @ at previous times. The back-propagation is made
by conditional expectation : average with respect to the weight of each cubature path.

2.1.2 Algorithms

Having the general idea in mind, we can give a precise description of each of the two
main parts of our proposed algorithm. Since the cubature involves Stratanovitch integrals,
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F1GURE 1. Left : Cubature tree. Right : Backward scheme.

we set :

d
_ 1 9
k k i
Vo =V —52%8%‘/;3, (2.1.3)
ij=1
for all k € {1,--- ,d} and rewrite the system (2.0.7) as :

dXF = Vo(t, XF, Bpo(XP))dt + 0, Vilt, XJ', Eepi (X]) o dB]
dYE = —f(t, XF, Y, ZF Bpp(XP, YT))dt + ZFdBe (2.1.4)
Xg =z Y7 =o(X])
In order to make the description of the algorithm as clear as possible, for any k, x in N, we
set Sk(k) = {multi-index (j1,--- ,jx) € {1,---,k}*}, i.e., Sc(k) is the set of multi-indices
with entries between 1,..., s of length (exactly) k.

2.1.2.1 Building the tree T(v,q,m) The subdivision. Let v > 0, N € N* let 0 =
To < ...<Tn =T be a discretization of the time interval [0, 7] given as

T, =T {1 - (1 - ]’;)q (2.1.5)

Remark. When the boundary condition is not smooth, we take a non-uniform subdivision
i order to refine the discretization step close to the boundary as proposed by Kusuoka
in [Kus01]. If, on the contrary, the boundary condition is smooth, we may use a classical
uniform discretization. For this reason, in the following we assume that v = 1 if (SB)
holds, and that v > m — 1 under (LB).

and let Ap, =Tj — Tj—1.

Let v be given as explained above, ¢ and m be two given integers, and {{wl, Cee Wit
{A,-++, Ae}} be a m order cubature (the number & of paths and weights depends on m).
Recall that w; : t € [0,1] = (w}(?),...,wd(t)) € R? is some continuous function with

J J
bounded variation and for all ¢ in [0, 7], we set wy(t) = t. Examples of cubature formulas

of order 3,5,7,9,11 can be found in [LV04] or [GL11].
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Algorithm 1 Cubature Tree T (v, ¢, m)

1: Set (X iy, Ao) = (2,04,1)
2: for 0 < <ddo

q—
3: Set F; t MTo Z ]% t — TO Oz, (ﬁém)p¢i>

4: end for

5 for 1< k< N-1do

6: for 7 € S (k) do

7 for 1 <j <k do

8: Define )A(;,Z:i . as the solution of the ODE :

Tk ] d -k ] ~ i
d:Xt 'j :AZi:O Vi(ta Xt jvﬂ(tv :uTk)) V ATk+1dwj((t - Tk’)/ATk+1)a
X%C] = Xﬁ

9: Set the associated weight : Ar.; = Az
10: end for
11: end for
12: Set jir,,, = > Ay
T
TES(k+1) .
13: for 0<i<ddo
q—1 1 A
14: Set Fi(t, i, ) = Y _ Ij (t = To)"(fizy,, (L7)Pos)
p=0

15: end for
16: end for

2.1.2.2 Backward scheme

Algorithm 2 First order backward scheme

1: for 7 € S:(N) do
2: Set 1 (TN,XTN) ¢(XTN)

J=1

3: Set 0 (TN’XTN) =0
4: end for
5 for N—1>k>1do
6: for 7 € S;(k) do
1 - ~ Tk ] /
7: (Tk”XTk) mz)\jul(Tk+l7XTkil) ATk+1CL)j(].)

for 1 <j<kdo
: Ort 1) = <Tk+17X;:i17a1(Tk+1’XTk+1) 01 (T, XF,), Fl(Tk“’ﬂTk“))
10: end for
11: Al TanTk Z)\ ( Tk+1’ Tk-{l) +AT"’+1f(ék+1’k(j))>

12: end for

130 Set F'(Ths1, fitysr) = (itsrs 25 (50 (Thg, )
14: end for
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Algorithm 3 Second order backward scheme
1: for 7 € Sk(N) do
2. Set @*(Tw, XF,) = ¢(XF,)
3 Set 0?(Tn, X7, ) =0
4: end for

5: for m € S,(N —1) do

6

7

8

9

Set 4*(Ty—1, X7, ) =" (Tn- 1,X;:N 1) and 02(Ty_1, X7, ) =0 (Tnv_1, XF, )

Set F2<TN*17:&TN71) < Tn- 1790f( (TNfla')»
: end for
:for N—-2>k>1do
10: for 7 € S;.(k) do

11: for 1 <j<kdo
12 O711 () = (Tiwn, XE7, 0 (Tosn K777, 02 (T, K57, FA (T ) )
Tk 1 1 Tt
13: (il = /AT wi(1) 65— / (s = Ti)\/ A1y dw;((s — Ti) /Ay,
Tht1 Trt1 YTk
14: end for
77*] 2 AT

15: Set 9(Ty, X7, ) ZA ( (Tesr, X7 ) + Ay, F(OF )) &
16: [Predictor] Tk,XT Z)\ ( (Tht1, Tkil) + ATHlf(@Zfl’ ))
17: Set F(Tlﬁﬂ'Tk) = <MTkﬂ90f( ) (Tkﬁ ))>
18: [Corrector] ©F = (Tk,f({,i ,~(Tk,f(§5 ),ﬁQ(Tk,X{,E ),F(Tk,/}Tk))

ATT*],2 A\ 7T
19: Tk’XTk Z Aj < (Tk41, Tk+1) + ATk+1 (f(®k+l )+ f(@k)))
20: Set F (Tkv:u‘Tk,) = </~LTk790f( ) (Tka ))>
21: end for
22: end for

Remark. The initialization value for v at the boundary, that we have fixed in 0, is arbitrary,
given that the first steps in both algorithms does not use this value.

However, if the algorithm is used under (SB) and the values of Dyu can be easily
calculated on the boundary, we have a natural initialization value for v. In this case, we may
iitialize the backward algorithms of order one and two to reflect this additional information,
by setting v(t,z) = (VFru(t,z))T.

This modification will have no effect at all for the first order scheme, and is interesting
only from the point of view of consistence. On the other hand, on the second order algorithm,
the natural initialization of v allows to skip the first order step. This change does not affect
the overall rate of convergence of the algorithm but will induce a reduction in the error
constant whence of the total approximation error.

It is worth noticing that the given algorithm is particularly effective for treating the
McKean dependence of the backward component. Indeed, note that the expectation of any
regular enough function of @ is readily available given that the support of the approximating
measure [ coincides with the points where @ is available. Of course the situation is quite
different when a different approach, like a particle method, is used.
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2.2 Main Results

In this section, we first give the rate of convergence of our algorithms 1, 2 and 3 when
both the coefficients and terminal condition in (2.0.7) are smooth. This is given in Theorem
2.2.1 below. Then, we give the rate when the boundary condition is Lipschitz and when
the diffusion part of (2.0.7) is uniformly non-degenerate. This does not really affect the
convergence order, provided the subdivision is taken appropriately. The result is summari-
zed in Corollary 2.2.2 below. Finally, we give the convergence of a version of our algorithm
applied to equation (2.0.13) : when the dependence of the coefficients with respect to the
law is general. This is given in Corollary 2.2.3.

In order to make the exposition of our results clear, let us define, for i = 1,2 :

£u) = mane (u(T, KF,) ~ @' (o K5k EXR) = max o(T, K)o (T 5,
(2.2.1)
with @', 42,0 and 92 as defined by the algorithms 2 and 3 and where u,v are defined in

(2.0.8), (2.0.12).
Main result in a smooth setting. We have that

Theorem 2.2.1. Suppose that assumption (SB) holds. Let m be a given cubature order, q
a given non-negative integer and T (1, q, m) the cubature tree defined by Algorithm 1. Then,
there exists a positive constant C, depending only on T, q, d, ||©0:d||2g+m+2,005 ||@]lm+2,00
such that :

1\ [m=1)/21Aq
) , (2.2.2)

_ < il
a1 < €

with i as defined in Algorithm 1.
Suppose in addition that ¢ > 1 and m > 3. Then, there exists a positive constants C1,
depending only on T, q, d, [|po:d|l2g+m+2,00, || f]lm+2,00:||8llm+3,00, suCh that for all k =
0,...,N :
1
ELR) + AYZENR) < Oy (N) , (223)
Moreover, suppose in addition that ¢ > 2 and m > 7. Then, there exists a positive constant

Cs, depending only on T, q, d, ||¢o.dll2g+m+2,005 [|9f|lmt2,00:[@llm+4,00, such that for all
k=0,... N :

N

Convergence order for a Lipschitz boundary condition.

E2(k) + AFPEX (k) < Oy (1)2 . (2.2.4)

Corollary 2.2.2. Suppose that assumption (LB) holds. Let m be a given cubature order,
q a given non-negative integer, v a non negative real and T (7,q,m) the cubature tree
defined by the algorithm 1. Then, there exists a positive constant C' depending only on T,

[lpll2g+mt2.00, [19l]1,00, such that :

1 (v/2)Nq
i — i d)] < C <<N> VLG, m>> | (2.2.5)
where
N—/2 if € (0,m—1)
L(y,m) =4 N-(m=D/2In(N) if y=m-1 (2.2.6)
N—(m=1)/2 if e (m—1,400)
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1.2

Moreover, if v > m — 1, the results on the error control of @', 9'; 42, and 0* respectively
given by (2.2.3) and (2.2.4) remain valid (with a constant C% depending only on T, q, d,

H900sd||2q+m+2,00} ||90f||m+2,oo’||¢”1700)'

Note that, in (2.2.5), the control holds only at time 7" although it holds at each step in
(2.2.2) : this is because the boundary condition is Lipschitz only so that we have to wait
for the smoothing effect to take place.

We emphasize that the result still applies if we let the boundary condition ¢ : (y,w) €
RY x R +— ¢(y,w) depend also on the law of the process (X¥, 0 < ¢ < T). For example
one can consider

E[p(X7, Elpg (X7

for a given ¢y € Cg”+2 and where ¢ is Lipschitz in w uniformly in y.
The algorithm can be easily adapted to the case of the particular dependence explored
in [BLP09] :

Vi(t,y, ) = (e, Vi(t,y,-)), 1 =0,--- ,d,

and the result of Theorem 2.2.1 and Corollary 2.2.2 remain valid. Note that in that case the
uniform ellipticity (LB) has to be understood for the matrix [(n:, V (¢, y, )] [{(n, V (¢, y, - ))]*
uniformly in y, ¢ in R? x R* and 7 family of probability measures on R%,

Results under a more general law dependence.

As mentioned in the introduction, the algorithm may be modified to solve problems in
a naturally extended framework. Let us precise the framework of this extension.

Let F and F’ be two classes of functions, dense in the space of continuous functions
that are zero at infinity. Let dr dz be two distances as defined in (2.0.14). Recall that we
suppose the vector fields V; 0 < ¢ < d that appear in (2.0.13) to be Lipschitz continuous with
respect to dx and the driver f to be Lipschitz continuous with respect to dz . Furthermore,
let us suppose that there exists a unique solution X7,Y,*, Z' to such a system and, as
before, denote by u the decoupling function defined as (2.0.8) given its existence.

Clearly, we need to modify Algorithm 1 in the natural way to be used in this framework,
that is, at each discretization time, we plug directly in the coefficients the cubature based
law.

In order to retrieve higher orders of convergence, we need to expand the McKean term
that appears in the coefficients. In this extended case, we have to be careful when consi-
dering the forward algorithm with ¢ > 1 : indeed, we must give sense to the expansion
proposed at the definition of the functions F; 0 < i < d in Algorithm 1. A good notion
may be the one proposed in Section 7 of [Carl0]. To avoid further technicalities, we will
consider here only the case with ¢ = 1, i.e., when no expansion is performed.

With this definitions and observations in mind, we give the main result under a more
general law dependence.

Corollary 2.2.3. Let ur be the marginal law of the forward process in (2.0.13) at time T'.
Let m > 3 be a given cubature order and i be the discrete measure given by the cubature
tree T(1,1,m) defined by the algorithm 1. Then, there exist two positive constants Cy and
Cy, depending only on T, d such that :
— If (SB) holds and F (resp. F') is the class of functions ¢ in C{°(R4,R) (resp.
C2 (R x R,R)) such that ||¢||coco < 1, then

dr(pr, fir) + EL(k) + AF2EN (k) < LN, (2.2.7)
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— If (LB) holds and F (resp. F') is the class of functions ¢ in C}(R%,R) (resp. C} (R4 x
R,R)) such that ||p|]1,00 < 1, then

dr(ur, fir) + E(k) + A EL (k) < CoN 12, (2.2.8)

Kantorovitch duality theorem, the distance dr is the so-called Wasserstein-1 distance.

We emphasize that, when F = {¢ € CL(R%, R), s.t. ||¢]|1,00 < 1}, thanks to the Monge-

2.3 Numerical examples

In this section, we illustrate the algorithm behavior by applying it to a toy model for
which the exact solution is available.
Consider the d—dimensional MKV-FBSDE on the interval [0, 1] with dynamics given by

dXt =E [sm(Xt)] dt + dBt
—dY; = <1CO;(Xt) +E [(1-sin(Xy)) exp(-Y, )]) dt — Z; - dBy,

where (Bt)o<t<1 is a d—dimensional Brownian motion, 1 is a d—dimensional vector having
each entry equal to one and the sin and cos functions are applied entry-wise. Moreover,
suppose that Xg = 0. It is easily verified that a solution for the forward variable is X = B,
and thanks to the uniqueness result this is the unique solution for the forward variable.

With respect to the backward part, take two different boundary conditions corresponding
to the two considered set of assumptions (SB) and (LB).

(SB): For x € RY, we fix ¢(x) = 1-cos(z). In this case, the solution to the backward
part of the problem is

u(t,x) = 1-cos(x); and v(t,x) = —sin(x),
which clearly implies ¥; = 1 - cos(X;) and Z; = —sin(Xy).

(LB): We fix the boundary condition to be ¢(z) := ¢/(d~'/2(1 - z)) where ¢’ is the
triangular function defined for all y € R as

y+ K if y € (—K,0]
P(y)=4-y+K ifye(0,K]
0 otherwise.

In this case, the solution is given by
T
1. X
atteo) = E[ocxep) + [ (2 g [0 s expl-12)] ) ]
¢

Basic properties of the Brownian motion imply that

u(t,z) = U, d Y21 - 2)) + (1 - cos(x)) [exp (t;1> - 1]

where

U(t,w:\F[ ( >>+6XP<2(<1 )‘26Xp<2<1y2t>)]
cwen [P (7) - (=) [+ v [ (G) - (2
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and F' is the cumulative distribution function of the standard normal distribution.
Evidently v(t,x) = Dyu(t,x), and is defined for ¢ < 1.

2.3.1 Tests in dimension one

Given that the law dependence already increases the dimension of the problem, we start
by presenting some results when we fix d = 1.

2.3.1.1 Forward component To implement the forward variable, we use the cubature
formulae of order 3 and 5 presented in [LV04], which have paths support of size k = 2
and k = 3 respectively. Given the simple structure of the forward variable dynamics and
the piecewise linear definition of the cubatures, we are able to solve explicitly the ODEs
appearing during the tree construction. Hence there is no need to use any ODE solver.

In our first test we evaluate the weak approximation error of X using the function ¢ as
test function. Indeed we plot as error for the (SB) case

pmax (i, — pimy, cos)]

while for the (LB) case, we plot

|<ﬂTk _/“LTk7¢>|7

where ¢ is the defined triangular function with K = 0.6. As was pointed out before, the
difference between the kind of error we are observing for each case is justified as a smoothing
effect is needed for the approximation to be valid under (LB) .

Forward Error - SB Forward Error - LB
10! : ; —— 10 T r T —
- : @%@ 7(1,13); rate = -1.01 | v : :
= 3 WYY T7(1,2,5); rate = -2.03 | _ : :
F 102} eg g T L2V 2O a M r
= ‘ ® 909 L s v :
g : : ,..‘.....: 3 L] v
I : : : : it =1 \
§ 103 b R AREREEE ARRREES ERRRERIEEEE T 107 ® - g E
s : Lo = ©%ees 5
= v : = . . Q0g.
R a Yowo ORI i < : : Ld TP
g 10 CVey Vol 5] o%e 1513 rate=103] Ty %
= Vvy VWY 7(5.2,5); rate = -3.43 P
-5 I I [ 1 [ i -3 T T | [ ] L
10 6 9 12 15 18 21 10 6 9 12 15 18 21
N (steps) N (steps)

FIGURE 2. Weak approximation of the forward variable : The calculated rates
are the slope of a linear regression on the last 8 points.

Figure 2 shows the obtained rate of convergence where we have used the uniform discre-
tization in the (SB) case and the discretization with v = 2 for the (LB) case. With the
exception of the rate of convergence for the second order algorithm under (LB) (which is
actually better than the predicted one), the expected rates of convergence are verified in
both cases.

Moreover, under the smooth case, the benefit of using the higher order scheme is not
only evident from a quickest convergence, but the error constant itself is smaller. This is an
effect that depends on the particular example, but we remark it as it is interesting to notice
that a higher order of convergence does not imply necessarily a higher initial constant.
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FIGURE 3. Weak approximation of the backward variable : The calculated rates
are the slope of a linear regression on the last 8 points.

2.3.1.2 Backward component Let us check now the approximation of the backward
variable. We evaluate numerically

0<re " EX st ' (Ti, XF,) — w(Tp XF,)| and 0<nen 5 s @*(Ty,, X7,) — w(Ti XF,)| 5
for both the (SB) and (LB) cases, where we fix K = 0.6 for the latter.

The specific structure of our examples allows us to obtain a second order convergence
scheme with a cubature of order only 5. Indeed, in such a case, the terms in front of the
leading rate of convergence on the cubature error estimate (cf Claim 2.6.8) are identically
0. Given that the order 5 cubature induces a lower complexity, it is simpler to carry out
simulations for a larger number of steps.

As can be appreciated from the two uppermost plots in Figure 3, the expected rates of
convergence for both algorithms are verified under the smooth and Lipschitz conditions.
Just as we remarked in the forward approximation, solving the backward variable in the
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smooth case with the higher order scheme has the double benefit of better rate of conver-
gence and smaller constant. As one would expect, due to the use of higher order derivatives,
this is no longer true for the Lipschitz case.

It is interesting to look at the behavior of the other backward variable, Z. We look first

at an error of the type
~1 T T ~2 T T
max O (T, X7, ) — v(Tp X and max (T, X7 ) — (T X .

0<k<N; w8, (k) (Ti T’“) (Ti T’“) 0<k<N; w8 (k) (T Tk) (T T’“)

The two plots in the middle of Figure 3 are concerned with these errors. Although nice
convergence is obtained in the smooth case, this is no longer true for the (LB) case,
where the error stagnates. As will be clear from the analysis, this is a consequence of the
singularity appearing at the boundary on the control of derivatives in this case. Hence, a
more adequate error analysis considers errors given by

AV N (T, X7 ) — (T3 XT
ngg]{fr,la;rxesﬁ(k;) T v ( k> Tk) U( k Tk) ,

AM2102(Ty, X ) — (T X5 )|
o<k X o o e [0 (T X5,) — oD X, )

The expected rate of convergence of this type of error is, respectively for ¢! and 92,
of the same order of the order of the error of 4!, 4? with respect to u. As shown in the
bottommost plots in Figure 3, the numerical tests for the (SB) and (LB) cases reflect
the expected rates.

2.3.2 Tests in higher dimensions

We evaluate as well the algorithm using our test models (SB) , (LB) with dimensions
d = 2 and d = 4. For these tests, we evaluate only the first order schemes and use the
3-cubature formulae presented in [GL11| which have supports of size K = 4 and kK = 6
respectively.

Figure 4 below shows that, just as is in the one-dimensional case, the announced rates
of convergence for the forward and backward variables are verified. Note that for the par-
ticular chosen examples, the error value changes just slightly with dimension.

The case of dimensions 2 and 4 show one of the current limitations of the method : its
complexity grows, in general, exponentially both in terms of the number of iterations and
the dimension of the problem. Indeed, considering once again the 3-cubature formula, we
have that in general the number of nodes in the tree is

(2d)" ! —1

2d—1
with the obvious effects on memory management and execution time. We remark that for
some particular cases, the complexity can be radically lower. For instance, under the case of
constant drift and diffusion coefficients and smooth boundary conditions, using symmetric

cubature formulae (as we did here) leads to a kind of “auto-pruning” of the cubature tree
leading to complexity grow of the form

f(nodes) =

n

f(nodes) = Z i,

i=1
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FIGURE 4. Results in dimension 2 and 4.

i.e. polynomial in n with the order of the polynomial depending on the dimension d.

2.4 A class of control problems in a mean field environment

In this section, we show that equation (2.0.7) appears when solving a class of control
problems inspired from the theory of mean field games but designed in such a way that
the dynamics of the controlled process have no influence on the mean field environment.

For the sake of illustration, consider for instance the problem of optimization of an issuer
having a large portfolio of credit assets inspired in the framework presented in [BHH'11].
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One of the methods used to model credit asset dynamics is the so called structural model
(see [BJPRO9| for a review on credit risk models). Under this model, we assume that a
credit default is triggered when the value of the corresponding credit asset is below a certain
threshold. In the original Merton setup, the default may only be triggered at a certain fixed
maturity time 7. In a rather more realistic view, the default is triggered the first time the
credit asset is below the threshold.

We assume that the credit assets in the basket are small and homogeneous (for example,
we suppose they belong to the same economic sector) so that their value is modeled by
SDEs with the same volatility and drift function terms. To simplify, we will consider the
simpler Merton model. Moreover, in order to account for sector-wise contagion effects, we
suppose there is a mean field type dependence in the dynamics. In addition to the credit
assets, we suppose the issuer has a market portfolio used by the issuer to backup the credit
risk, for example to comply with credit risk regulations, or to provide liquidity to its credit
branch. Then, the value of the position of the issuer position is modeled by an SDE with
coefficients depending on the contribution of all credit assets. The objective of the control
problem is to maximize the value of the issuer position.

We will formalize mathematically a generalized version of the presented example. For
this, we introduce a system in which a marked particle (the issuer in our example) with
a controlled state variable X is immersed in an environment of M interacting particles
(the credit assets in our example) with state variables X' ... X M and which dynamics
are given by

(ax} =0t X}, & M 6y dt+o(t, XE & M 6ydBY
dXt]\/[ = b(t7 Xg\/la ﬁ Zz]\il 5Xg)dt + U(tv Xt]\/[7 ﬁ Ef\il 6Xl)dBt(M)

dth:M;a _ bo(t, thzM;a, ﬁ sz\il (5th', ay)dt + Uo(ta th: ;a: ﬁ Zz]\il 5XZ" ar)dWe
X&:Xéw:l’, Xé:M;a:j,

where (ay, t > 0) is a progressively measurable process with image in A C R, the

(Bf))tzo, i =1,..., M are independent d-dimensional Brownian motions and (W, ¢t > 0)
is a d-dimensional Brownian motion. Note that, in this framework, the marked player does
not influence the dynamics of the other players.

For a large number of environment players, the system is described by the McKean
Vlasov system

dXt = (tv Xt7 Mt)_dt + J(t7 Xt7 /J't)dBt

dXp =0t Xy, X§, g, a)dt + 00 (8, Xy, X2, pe) AW,
XO =, Xg‘ =T

where i is the law of X; that we will assume in the following to be fixed. Assume that the
marked player is interested in minimizing the cost functional

— T — —
J(t,z,&,0) =E [g(Xe" X35, ur) + / Fs, Xb7 XN 1 yds |
0

for a € A, the set of all progressively measurable process a = (ay, t > 0) valued in A (the
maximization case is available up to a change of sign). We want to solve for the optimal
value function u(t, z,z) = inf{J(¢,z,Z, ), a € A}. Then, the associated Hamilton Jacobi
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Bellman equation for u reads

0 =Deu(t, , ) + %Tr(c‘zDiiu(t, 2,7)) + bt @, 1) Dt (2.4.1)
+ H(t,z,z, Dyu, ),
with . o
= | orgr S [« =B
and where [-, -] stands for the quadratic variation and H is the Hamiltonian
H(t,z,T, 2, 1t) = ;Ieli [bo(t,x,a_c,ut,a)z + f(t,x,a_c,ut)] .

We will not discuss here the resolvability of the HJB equation (see e.g. [FS06] or [Pha09]
for a partial revue). We can interpret (2.4.1) from a probabilistic point of view : we have
that u(t,z, ) = Y;""" where Y**7 is given by the MKV-FBSDE

AXE5T = b(s, X", pg)ds + o(s, X0, pg)d By

dXH" = (s, XL xhet s )dW s

_dYst,x,f _ H(s,Xﬁ’x’j,Xﬁ’x’j, Z;,x,:E’ Ns) . Zﬁ,x,idWS + Zt,m,:des
th,z,g‘c =, X—Z,m,i _ j', Yot,z,g‘c _ g(X;lm’j, X—%m,f’ MT)-

The reader may object that the Hamiltonian H does not satisfy the boundedness condi-
tion we have assumed for the analysis of the algorithm (bounded with bounded derivatives
w.r.t. the variable z). However, some relatively mild assumptions guarantee that the first
derivative term Z will be bounded. This is almost direct when the boundary condition
g is bounded and smooth and proved in [CD12c| when g is Lipschitz and the diffusion
matrix uniformly elliptic. Hence, given an estimate on this quantity, one may introduce a

modified system in which we replace in the function (Z,Z) by (¢(Z),v(Z)), where 1,
are truncation functions used to make the value of Z, Z satisfy its known estimates, as in
[Ric11] (if the estimate is not explicitly known, a sequence of functions approximating the
identity may be used as in [IDR10], but some additional work would be needed to account
for the truncation error). In both cases, the truncated problem will then satisfy the needed
assumptions and may be solved with the presented Algorithm 1, 2.

2.5 Preliminaries

In the following we set a subdivision Tp =0 < --- < Ty =T of [0, T].

Artificial dynamics. We denote by s the mapping s — s = T if s € [Tk, Tkt1),
ke{0,---,N—1}.

For any family of probability measures n' and 7%, one denotes by P7 and P the
operators such that, for all ¢ < s in [0, 7], for all measurable function g from R? to R and
for all & in R? :

1 1 ~, 2 ~ 2
Plg(y) = E[g(X;¥")] and P/ g(y) = E[g(X;"")]

t,s

and (Lgl)tg s<7 and (ENZQ)tgsST their infinitesimal generator, where for all g in C?(R9, R)
1 1
L7 g(y) := Vols,y, (ng, ¢0)) - Dyg(y) + 5 Te[VVE (5,9, (05, 9) Dyg (y)] (255.1)
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~ 2 2 ~
and by definition £I = LI . Here X tyn' and XY are the respective solutions of

d
axEr =SV (5, X0 (k) ) dBL, - XU =y, (252)
=0

d q—1
~ 2 ~ 2 ~ 2 : ~ 2
AXET =3 Vi (s, S - 0P O (7 P) | B X <959
=0 p=0

Finally, let us define the operator associated to the cubature measure, Q. as

Qf.9(y) = Eqg, [g(XLV7)] (2.5.4)

for all t < s in [0,7] for all y in R? and for all measurable function g from R? to R. Note
that for all kin {1,...,N} :

Qg,TkQ(l’) = <ﬂTk . 9)-

Multi-index (2). Let M be defined by (2.1.1). Let 5 € M. We define |B| =1 if 5 =
(B1s-- -, Br), |Blo == card{i : B; = 0} and ||B8]| := |B] 4 |Blo- Naturally [0 = [d]o = [|0]] = 0.
For every 3 # 0, we set —f3 := (B2,...,3;) and B— := (B1,...,51-1). We set 1 the multi-
index obtained by deleting the zero components of .

We will frequently refer to the set of multi-indices of degree at most [ denoted by
Ay :={p € M :||5|| <1}. We define as well its frontier set 0.A :={ € M\ A: —p € A}.
We can easily check that 0.4; C Ajio \ A

Directional derivatives. For notational convenience, let us define the second order
operator

Vo) =0 + L,
and for j = {1,...,d} the operator
0
Viiy = Vi—.
(4) Jaxj

where, as announced in the notation section, we do not mark explicitly the time, space and
law dependence. For every ||3]| < let us define recursively

15l —
Vg =147 15 =0 (2.5.5)
Vglvﬁgg if ’,3‘ > 0,

provided that g : [0,7] x R? R is smooth enough. Hence, for n € N we denote by Dy,
the space of such functions g for which Vgg exists and is bounded for every g € A,,. For
any function ¢ in D}, we set for all g € A,

- a DY 8
Ay Oypy

Dgg : 9,

where [0/0yo] must be understood as [0/0t].
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Iterated integrals. For any multi-index 8 and adapted process g we define for all
t < s € [0,T] the multiple It6 integral IZ’S[g] recursively by

9(7) if |8 =0
15°(9) =[S I (g)dr if |3 >0and 8, =0
JET5 (9)dB it |B] > 0 and B, > 0

We will write I5° := I5°(1).

The previous notation is very convenient to introduce an It6-Taylor expansion, that is
an analogue of Taylor formula when dealing with Itd6 processes. The proof follows simply
by repeated iteration of It6’s lemma, and may be found (without the law dependence) in
|[KP92].

Lemma 2.5.1. Lett < s € [0,T] and y € R%. Let n € N* and let g in Dy Then, for each
family of probability measures n on R, we have have an Ito-Taylor expansion of order n,

that is
g(s, X3 = g(t,y) + Z Vgg(t,y)]é’s + Z [gs[vﬁg(_7X§y,n)]
BEAr BEDA,,

where (XYY", t < s <T) is the solution of (2.5.3).

The following lemma is a particular case of a result in [KP92|. It follows from integration
by parts formula and expectation properties.

Lemma 2.5.2. Let § € M, and let t; < to € [0,T]. Then for any bounded and measurable
functions g1 and ga in [t1,to] there exists a constant depending only on B and i such that

E (15 (915" (92)| F. | < Loy C(B, (k2 = 1) D2 sup Jgu(s)] sup [ga(s)],

t1<s<to t1<s<to

E [121’152(511)[(?)’:2 92 ’ftl} < 1yp)+= C'(B,9)(t2 — 1) W2 qup gy (s)] sup [ga(s)]-
t1<s<to t1<s<t2

2.6 Proof of Theorem 2.2.1 under (SB)

2.6.1 Rate of convergence of the forward approximation : proof of (2.2.2)

Here we prove the approximation order of the forward component. Let 1 be a given
family of probability measures on R?. We have the following decomposition of the error :

(PTOvTN o Q;O»TN)¢('%.) - (PTO’TN Pgo TN)¢(w) + Q;mTN—l(PgN—LTN - Q;N—lyTN)(ﬁ(w)
+QT0 Tn—2 TN 27TN¢(x) - g’o,TN—lpgN—hTN(b(x)
+QTO,TN73P77ZN737TN¢($)_ ;OyTN—2P¥N—2yTN¢(w)

PYTZO TN¢(x) %0 T P77Z1,TN¢(x)

= (PTO,TN P;O TN)¢( ) (P’.;]’o T Qé’ﬂo,Tl)Pﬁ,TN(ﬁ(m)
N—-1
+ Z Q%mTj [(ijj,Tj-&-l - %ijj+l)Pj7zj+1’TN¢(x) ’
j=1
so that :
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(Proy — Q4 1, )0(2) z(%mfiﬁmwm+@%ﬂ—@wyﬁﬂw@
+ZQT0, [ QTT P J+1,TN¢(‘7})}

+ Q1 [(P;?N,l,TN ~ @y r)0()]

That is, the global error is decomposed as a sum of local errors (i.e., as the sum of errors
on each interval). These local errors can be also split. Let us define the function

W(Ti,x) = P r d(x). (2.6.1)

We emphasize that for all ¢ in [0,T), y — (¢, y) is Cy°. Indeed, this function can be seen
as the solution of the PDE

{ 8tw(ta y) + ‘an(ta y) = Oa on [OaT] x Rd (2 6 2)
O(Ty) = oY) -
taken at time T}, where L£" is defined by (2.5.1). The claim follows from Lemma 2.7.1.
On each interval Aqy, k=1,---, N — 1, the local error (P;Zk,Tk+1 — Q%kaH)fL/J(TkH, x) is
expressed as
(Phos = Qo VO Tk ) = (PR — PR gy (Tigr, ) (2.6.3)
+(PTk7Tk+1 — %thH)w(TkH,:r). (2.6.4)

Error (2.6.3) can be identified as a frozen (in time) error (and so, a sort of weak Euler error)
plus an approximation error, in the sense that in step k, the measure p7, is approximated
by the discrete law fir,. Then, (2.6.4) is a (purely) cubature error on one step, and we
have :

(Pry,ry — Q%O,TN)(ﬁ(x)
= (Pryry — Pl 1) 0(2)

(P'Iqo,Tl ]5T0 Ty Tl’ + Z Q [ Tjt1 Pj}fj?jﬂ)w(Tjﬂ-l,x)]
+(p'}t0,Tl - Q;o,Tl Tl’ + Z QTO |: T T]+1 QT T )¢(1}+17IL‘):|
+Q%07TN—1 (PgN_l,TN - %N_I,TN)(ZS('%')}

We have the two following Claims :

Claim 2.6.1. There exists a positive constant C(T, Vp.q) depending on the regularity of the
Vo.a and on T such that, for all y in R, for all family of probability measures 1, for all
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ke{l,---,N —1}, one has :

(P,}]'kka+1 - Péfk,Tk+1 )¢<Tk+17 y)‘

d Thy1 q—1
< C(T, %;d)!l%b(TkH,-)llz,ooZ/T (i) — Y _[(t = T)? /P (nmy,, (L7)Ps) | dt
i=0 k p=0

d gq—1

+C(T, Vo[ (Thrt, Nlzoo D D [AF, /1] ‘ 11, (L") = (i, (£4)P i) | -
=0 p=0

Proof. We deduce the claim by applying Lemma 2.7.3 to y +— ¢ (Tk,y) for each k €
{0,---,N —2}. O

Claim 2.6.2. There exists a positive constant C(T, Vy.q4,d, m) depending on the regularity
of the Vi.q on the dimension d and the cubature order m such that : for all y in R?, for all
family of probability measure n, for all k € {0,--- , N — 1}, one has :

. . mt2 ]
(P gy, — Qo )Y (Thnsy)| < C(T Vo, dim) Y [8(Trgrs )03, -
l=m+1

Proof. The claim follows, by applying Lemma 2.7.4 with 4 to the function y € R —
Y(Ty,y) for each k € {1,--- N — 1}. -

Then, by plugging estimates of Claims 2.6.1 and 2.6.2 in the error expansion we deduce
that :

](PTOVTN - Q%O,Tm(x)] (2.6.5)

Tj+1 !
/ Z (s pi) = [t = T0)? /Dy, (L7)Pepi) | dlt
p=0

C(T, Via) Z 14(Tj+1, )
7=0

N-1 q—1 d
C(TVia) S 1(Thns oo S A ZMT], (L") — (i, (L))
j=0 p=0 =0

N—-1 m+2
FOT Voardom) 30 37 6(T1, ) loehds, + | (Prory = P 3, )0()
7=0 I=m+1

Up to now, the analysis holds for any family of probability measures 7. The key point
in the proof is to note that we can actually choose n = u, that is, the law of the solution of
the forward component in (2.0.7). In that case for all measurable function g :

(n.,9) = (., g) = E[g(XT)].
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Then, (2.6.5) becomes :

’(PTO,TN - Q%O,TNW(%')’ (2.6.6)
R Tjy1 ¢
<CVod) Y (T Mo [ 3 Bl
j=0 ;=0
q—1
= Yl - TP IR [P X | e
p=0
N-—1 d
C(T,Voa) Y I19(Tj41,- |QOOZA§+QIZ(E (o] — B [(chye X5
=0 =0
’ N—1 m+2
+C(T, Vo, dym) Y > |[9(Tya, ) lleoAF Tyt
7=0 lI=m+1

. _ pi L. )
S ) Y * :
since Ps; = Py, for all s <t € [0,7T7], by definition. Now we have

Claim 2.6.3. For any k € {0,--- , N —1}, and for allt in [Ty; Ty11) there exists a positive
constant C(d, Vp.q) such that :

H

Tp1 q-
o X | = 2l = T B [(£" i X5)| | db < C(d Vo lollanoe N,
k i=0 p—0

Proof. This follows by Ito-Taylor expansion of order ¢ of ¢;(X*Tx*) for each i = 0,--- ,d

and for any k in {0,--- ,N —1}. O
Therefore,
](PTO Ty - Q%O TN>¢<x>( (2.6.7)

C(T, Vo) Zuw (Ty+1.7) HQOOZN’JHZ]PTO,TN Q1)L 0i(x)

N-1
1
HO Vot Dlpllace 3 19(T51 MaooAE
=
N—-1 m+2
+C(T, Vo, dym) Y > 19Ty, )leoAF, -
7=0 l=m+1

Thanks to estimate (2.7.2) in Lemma 2.7.1, for all n in N, we have the following bound on
the supremum norm of the derivatives of ¢ up to order n :

[IVy(t, oo < C(T, Vo.a) (2.6.8)
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By plugging this bound in (2.6.7) we get

(Pryry = @y 1, )9(2)

N—-1qg—1 d
1 A
T Vol|Bllzce Y- > AL S| (Proy = @ 1) £ 01(a)
7=0 p=0 =0

1 qA(m—1)/2
4O Vo ) (0llmsace + lelle) () .

It should be remarked that the term on the right hand side is controlled in terms of the
approximation error itself, acting on the functions LPy;, i = 1,--- ,d, p=10,---,q — 1,
from step 0 to j for any j in {1,---, N — 1}. To proceed, the argument is the following
one : since these bounds hold for all (at least) ¢ smooth enough, one can let ¢ = ¢y, and
use the discrete Gronwall Lemma to get the following bound on g :

‘(PTO,TN - Q%TN)(PO(UC)
. >qA[(m—1)/2]

< O Vot [l elaces ol agsmee) (3

N—-1g—1 X
{3 A Y|P, — )0
j=0 p=0 =1
; —1qg-1
#3S  (Pr, - @) o) |
7=0 p=1

It is clear that, by iterating this argument (i.e., by letting ¢ = ¢1 and then ¢ = o,.. .,
®» = Lo, etc...) we obtain :

i >qA[(m1)/21

(Pryy = Gy )o@)| < OVt 0llsz ellaimee)

This concludes the proof (2.2.2) at time 7'. From these arguments, we easily deduce that
the estimate holds for any Ty, k =1,..., V. O

2.6.2 Rate of convergence for the backward approximation : proof of (2.2.3)
and (2.2.4)

Here we prove the approximation order of the backward component. Before presen-
ting the proof, we introduce some notations. Let us define the Brownian counterparts of
ék—H,’ca O}, and ¢ given in step 9 in Algorithm 2 and steps 12, 18 and 13 in Algorithm 3.
For all family of probability measures 1 we set

@77( ) = (Tl7 Y, U(Tka )7 (Tk’7 y)a <77Tk> Spf['a U(Tkv )]>) ) (2'6'9)
1
924-7717 k;(y) (Tk—i-l) XT:;yln (Tk+17 X;;fffn )7 U(Tk) y)7 <77%k> Sof[a U(Tka )]>) 5

and
Br,,, — BT

k

ka+1 (s — T},)dB,
5 .
Tkt
The proof uses extensively the regularity of the function w. From Lemma 2.7.2, for all

t € [0,T), the function y € R? i u(t,y) is Cp° with uniform bounds in time. In the elliptic

Cr =4

ATk+1
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case the same situation holds, although the bounds depend on time and blow up in the
boundary. Hence, we keep track of the explicit dependence of each error term on w and its
derivatives in such a way that the proof is simplified for the elliptic case.

Moreover, we will expand and bound terms of the form y — f(-,y,u(-,y), Vu(-,y),").
When differentiating such a term, the bounds involve the product of the derivatives of u
with respect to the space variable. Namely, the rt differentiation of f involves a product
of at most r+1 derivatives of u. To keep track of the order of the derivatives that appear in
the bound, we introduce the set of positive integers for which their sum is less than or equal
tor:Z(l,r)={I=(I1,...., ) € {1,...,r}: >_;1; <r} and the following quantity :

r l
My(r,s) =Y > ] luls, )0 (2.6.10)

I=1T1eZ(l,r) j=1

(1) Proof of the order of convergence for the first order algorithm (Algorithm 2).
Let k € {1,..., N — 1}. We first break the error between u and 4! as follows :

e Tk ’X%k o Q) Mk e
— (T X7,) — B |u(Toyr, Xgo o #7) + Ay, FOR (X7))] (2611)
Tky)zﬂ M = >
+E |:U(Tk+1, XTk+1 Ty ) + ATkJrlf(@lkffl,k(XTk))] (2.6.12)
TkaXﬂ- N =l I
By [uTher XgtT, )+ B SO, )
TanW uﬁ' N TkyXW 7,[L
+Eqy, 1, [u(TkH, XTMT'C ) — 0 (Thg1, XTMT'@ ) (2.6.13)
-2, . Al
Similarly, we can expand the error between v and 9! as :
At [0(Tk, XF,) — 0 (Th, XF7,) |
S ij(%k,#
= ATk_HU(Tk: XTk) — E u Tk+1, XTk+1 ABTk+1 (2614)
Ty, X7
e ) s,
Tk,X%:k,ﬂ
_]EQTkaTkJrl U Tk+1, XTk+1 ABTk+1 (2615)

TkvXﬂ- 7/1 N Tk,Xﬂ' 7;]
+EQT,€,T,€+1 <[U <Tk+1,XTk+lTk > — ul <Tk+1,XTk+lTk >:| ABTk+1)(2616)

Then, at each step, the approximation error on the backward variables can be expanded
as : a first term (2.6.11) and (2.6.14), corresponding to scheme errors; a second term,
(2.6.12) and (2.6.15), corresponding to generalized cubature errors and can be viewed as
one step versions of the forward error (2.2.2) in Theorem 2.2.1; and a third term, (2.6.13)
and (2.6.16), which are propagation errors.

Let us explain how the proof works. We will bound separately each error : the scheme, cu-
bature and propagation errors. Each bound is summarized in a Claim (respectively Claims
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2.6.4, 2.6.5 and 2.6.5 below). Then, we will deduce the dynamics of the error at step k,
EL(k) defined as (2.2.1) and conclude with a Gronwall argument.
The first claim below gives the bounds on the scheme errors.

Claim 2.6.4. There exists a constant C' depending on the regularity of Vo.q and f (and
not on k) such that the scheme errors (2.6.11) and (2.6.14) are bounded by :

o7 TkzX%le’ A s fb o
’U,(Tk, XTk) —-E u<Tk+17 XTk+1 ) + ATk_;,_l f(@k+17k(XTk))

<O sup uls,)||laclT,

SE[Tk,Tk+1]
S Tk,X%k,M
ATk+1U(Tk, XTk:) — E u Tk+1, XTk+l ABTk+1
<C  supluls, sy,

SE[Tk ,Tk+1]

Proof. The proof of the first estimate follows from a second order [t6-Taylor expansion.
Applying Lemma 2.5.1 with n = 2 to u and taking the expectation leads to :

E |:u(Tk’+1> X%_;_Z/l7#):| = u(TkJ7 y) + ATkV(())U(Tk, y) + Z E (ng’TkJrl [V/Bu(7 XTkv%M)])
,868./42
(2.6.17)
and applying again Lemma 2.5.1 with n =1 to Vg u and taking the expectation gives :

E [VioyulTis1, X150 = Voyu(T )+ Y- E (157 VaVigyu(, XT-04)]) . (2.6.18)
BEDA,

Now, note that since u is the solution of PDE (2.0.9) we have f = —Vg)u. So that, by
combining (2.6.17), (2.6.18) and estimate of Lemma 2.5.2, we obtain

e Tk’X%k s eV T
U(Tk‘7 XTk) —-E U(Tk-‘rla XTk+1 ) + AT]C+1 f(@k+17k;(XTk>)

<2 Z E (ngkaJrl[Vﬁu(.’X.Tkyva)])
BEDA2

< CO(T, Vi, /) sup  [u(s,)|l100A7, -
SG[Tk,TkJrl]

This concludes the proof of the first estimate. The proof of the second estimate is similar.
We first apply an Ité-Taylor expansion of Lemma 2.5.1 with n = 1 on w. Then, by noti-
cing that ABr, .| = (I(T;]“)’T’““, e ,I(jglk)’Tk“)T and by multiplying by I(q;lg’T’““ the previous
expansion of u, and taking the expectation gives, thanks to Ité’s Formula

, T, T, T T, T, T,
E [u(Tors X7 W) I | = Viu(Thy) A+ Y E (15 gu(, XTov1h )
BEDAL

for j =1,...,d and where the first term in the right hand side is the bracket between the
stochastic integrals. The last term is controlled by using Lemma 2.5.2. Recalling that the
J-th component of the function v is given by V;yu and reordering the terms we obtain the
second inequality. O

We now turn to bound the cubature like error terms (2.6.12) and (2.6.15). This is sum-
marized by :
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Claim 2.6.5. There exist two constants C, depending on d, q, T', m, and the regularity of
Vo:a and po.q (and not on k), and C', depending in addition on the regularity of f, such
that :

T, X7
’E |:U(Tk+1,X e

Tk+1

)+ B FOL (X7

Tkv—XT N

_IEQT,C,T,C+1 |:U(Tk+1a XTk 1 ) + ATk+1 f(@kfl k(XTk))} ‘

< (T Mo [ + A, N7 O00] T, s A

Hmauhwmwmam“m>+c(Muan>pg;+aﬂﬂwKmnwwq

Tk11

+Mou(m+ 1, T ) AF D2 4 Mmoo+ 2, T ) AT 2)

Tien Tht1
‘ [ (Tkﬂ? Tk? Tk,u) ABTk+1] —Eog, 1., [u (Tkﬂ,X;’:fﬁ,ﬂ) ABTk+1]
< (”u(TkH, 13,00 [AqT:il + ATkHN—[(m—l)/\?q]/?} (T, ')||m,ooA'¥:;1)/2
HlulTin, M =G5

Proof. Note that the " derivative of the function y ~ f(-,y,u(-,y),,-) is bounded by
C'M,(r,-) defined by (2.6.10). Then, the proof of the first assertion follows from (2.7.14)
in Lemma 2.7.5 applied to u and f and the second assertion from (2.7.15) in Lemma 2.7.5

applied to u. O

Finally, an estimate on the propagation error (2.6.13) is given by :

Claim 2.6.6. There ezists a constant C depending on d, q, T, m, and the regularity of
Voa and po.q (and not on k) such that :

Ty, X7 i T, X7 i
K ~1 Ty
EQTk,Tk+1 [U(TkJrl? XleCJrl ) = (Tht1, AXTkJrl )

+A7,,, (f<@k+1 f(XT)) - f(ézil’k)ﬂ ‘

< (14 CAq, )& (K +1) + C<||U(Tk+17 Mlm+2,00 A7, N D/AN
+| ’u(Tk-i-l’ )| |3,00 [A%k+1 A%;;i + A%k+1N_[(m_1)/\2q]/2}
(m+1)/2 (m+2)/2>

(Tt Mmr1,0087, "+ Nw(Thrrs lmr2,00A7;

Proof. Let us start by expanding the f term. We get from the mean value theorem that
there exist three random variable Wy, W, W3, respectively bounded by |0y f|loo, [|0=f]co
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and [|0y f|loo almost surely, depending on each argument of C:)Z_:l , and éifl, i such that :

Az, (FOR (X5 — 671 ,)

Ty, X™ Ty, X7 il
) M (T, X Tku))

Tht1 Tkt

= ATk+1\Ifl (U(Tk—i—la X
+A7,,, Vs (v(Tka X7) - @I(Tk,Xﬂ))
+ATk+1 Uy (<UTk+1 ) (Pf['> u(Tk+17 )D - <laTk+17 (pf[" it (Tk+17 )]>) :

Now, we can use the error expansion (2.6.14), (2.6.15) and (2.6.16) of

ATk+1 <U(Tk7X§r’k) - f)l(Tkv X%C)) )
together with the second assertion of Claims 2.6.4 and 2.6.5 to get

Ty, X7 i Ty, X7 i
k ~1 Ty,
’E@Tk,Tk+1 |:U(Tk+1vXTk+1 ) =t (Ther, X, |

) (2.6.19)

+AT, (f(@ifl,k()?ﬁ)) - f(éZil,k)) }

T, X7, o T, X7, ,/l)

< ‘E@ka“ [(u(Tk-&-l’XTkH ) = @ (T, Xpy

+C)|u(Ths1, )] 3.00 [AQT,M AT A%k+1N—[(m—1)A2q]/2:|

Tkt1

) (1 + \IllATkJrl + \IIQABTkJA ):| '

+C|u(Tg1, ‘)||m+1,ooA(m+1)/2 + Olfu(Tisn, ')Hm+2,ooA(m+2)/2

Tii1 Trt1
+ATk+1 ||awf||00 |<,LL - ﬂTk+17Q0f['a U(Tk-Ha )]>}
+AT 00 flloo [y o[ (s, )] = @5l @1 Ty, )| - (2.6.20)

Note that from the forward result (2.2.2) in Theorem 2.2.1, we have

Aty 10w lloo [ = s 05l w(Terr, | < Cllu(Tesn, ')||m+2,oo)ATk+1N((m(l)A2q)/2)’
2.6.21
while using the regularity of ¢ and the definition of i gives,

ATk+1 HanHW ‘(ﬂTkJrlv(Pf['v U(Tk-I-lv )} - @f[‘v al(Tk-I-lv )])‘ < C,ATk+1g;(k‘ + 1)' (2'6‘22)

The Claim follows by applying the Cauchy-Schwartz inequality on the first term in the
right hand side of (2.6.20) and plugging (2.6.21) and (2.6.22) in (2.6.20). O

We can now analyze the local error at step k. By plugging the estimates from Claims
2.6.4, 2.6.5 and 2.6.6 in the expansion (2.6.11), (2.6.12) and (2.6.13) of u — @ we obtain
that :

Ea(k) < (14 CAq,,,) Enlk+1) +&(k+1), (2.6.23)
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with

1) = O _swp[luls, e, + uTien, oo NI
S€[Tk;Thy1]

1)/2 2)/2
(st M1, 00 AG T2 4l Thir, N2, 0 A2

T, s oo A, + A% +A%€+1N‘“m‘””q]/2]) (2:6.24)

Tt

Trt1 Tht1

+C' (Mu(m LT AT M k2, T AL

FM(2 Tiwr) [A4 + Agy, No0mD20)2] > |

Under (SB) , we have from Lemma 2.7.2 that for all n € N* there exists a constant K,
depending on the regularity of Vj.q and ¢, such that for all &k € {0,--- , N — 1},

My(n, Tei1) +  sup  |Ju(s,)|ln,c0 < K.
S€[Tk, Thy1]

Therefore, Gronwall’s Lemma applied to (2.6.23) and the definition of A7, implies
El<coNTt (2.6.25)

Moreover, Claims 2.6.4 and 2.6.5 and expansion (2.6.14), (2.6.15) and (2.6.16) show
that :

Amle&(wl)w( sup  [lu(s, )||AZ,
SE[Tk,Tk_;,_ﬂ

(T, g0 [AG] + AF,, N7lmmDA21/2]

m—+1)/2 m—+2)/2
[ Thrt, s 1,00 AL 4 Cllu(Tigr, 2,0 AT )

+AY? gl 1),

Thy1Cu
which together with (2.6.25) imply
AQPEL < N,
and the result holds.

(2) Proof of the order of convergence for the second order algorithm (Algorithm 3).

Let k € {0,..., N—2}. We can expand as before the errors on the u and v approximations
as :
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Ty, X7 fi A Ty, X7 i
= ]EQTvak-&-l |:U(Tk+1’XTk+1 Ty ) — u2(Tk+17XTk+1 Ty, ):|
1 Tk»Xﬂ’ e A 2
+ 580 Ber, g, {f((%’,; (X ) = f(@g;l)} (2.6.26)
1 N -
+ 5B [f(©(XT,)) — F(©F)] (2.6.27)
+ €52 () + €52 1 (),
where
; — (T, RE,) - B |u(@n, X0
%27;3(”)—“( k> Tk)_ w(Thq1, Ths1 )
AT > TIC:X‘" s
+ —2’”1 (f(@fé(Xﬁ)) + (O (X )))] (2.6.28)
Tkx,Xﬂ— i Tk7X7T 7/1
616227k(77) =FE [U(Tk-i-l,XTkHT’V )] — EQTvakJrl [U(Tk-s-l’XTkHTk )]
AT‘ TkvX;r"#j/ Tk‘7X’§r‘ 2
+ 2“1 <E [f(GZJrl(XTkH ' ))} _EQTkaTkH |:f(@/i:+1(XTk+1 )
(2.6.29)

Similarly, we have

U(Tk7 X%k) - ﬁQ(Tk‘a X’?k)

T30, X7, i T, X7,
_ K ~2 Ty,
=Ko, 1, ,, ([u (Tk+1, X > —u (Tk+1, Xr, >] Ck+1>

Tk,X" S A9
+ EQTvakH [(f[QZJrl (XTk+1 " )] - f(@;crikl)> ATk+1Ck+1:| (2.6.30)
+ €52 1 () + €52 1 (7))
with
> TkaXﬂ' s Tlm)zﬂ K
€32 (M) = v(Ty, XT,) — E ([U(Tk“, Xp ) 4 Ag,, flO (X )]] Ck+1>
(2.6.31)
TkaXTr e Tk,XTr ,ﬂ
€2 (m) = E [u(Tk+1,XTk+1T’“ )Ck—s—l] - EQTk,Tk+1 [U(Tk+l,XTk+1Tk )Ck-i-l}
Tk7X7r o TkvXﬂ- S
+E [f[GZLJrl(XTk_H o )]ATk+1Ck+1:| - EQTk’Tle |:f[@£+1(XTk+lTk )]ATk+1Ck+1] .
(2.6.32)

We identify, as for the first order expansion, some error terms corresponding to the
scheme error (2.6.28) and (2.6.31), generalized cubature errors (2.6.29) and (2.6.32) and
propagation errors (2.6.26), (2.6.30). Some important changes are clear from the expansion :
we have in addition a prediction error term (2.6.27) reflecting the fact that we perform a
new intermediate step, and we have some f term in (2.6.30), adding to the propagation
error.
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The proof for the second order approximation is then similar to its first order equivalent,
but we will have to consider the mentioned additional terms. In particular, the fact that
the second order approximation 132()2'55k) includes the term f (@%il), adds an additional
coupling effect. With this in mind, and in order to simplify the analysis, we introduce the
following quantity

£5(K) = maxc |F(OF(XE,)) ~ F(O])

and we will analyze the dynamics of the sum of errors at step k, E2(k) + Aq, Ep (k).

To this aim, we will bound separately the scheme and cubature errors. Each bound is
summarized in a Claim (respectively Claims 2.6.7, 2.6.8 below). Then, we will conclude
with a Gronwall argument.

The scheme error terms (2.6.28) and (2.6.31) and the generalized cubature errors (2.6.29)
and (2.6.32) are treated similarly as in the first order scheme. We show this in Claims 2.6.7
and 2.6.8.

Claim 2.6.7. There exists a constant C, depending on the reqularity of Vo.q and f (and
not on k) such that :

(™| < Coupaggr 1,y (s, ool

< Csupserr, 1 1u(s,)l15,.0007

618727k<ﬂ-) Tht1-

where €2, , (), €22 (7) are defined in (2.6.28) and (2.6.31).

Proof. The proof follows in the same way as the one of Claim 2.6.4, by performing a Taylor

expansion to one additional order. The choice of (x41 is the one needed to match the

lower order terms (recall that the i component of ¢y, is expressed as ¢! = 4A7, 1[ (T’)“ Tt _

6A= 2ITk7Tk+1)
Ty, 7 (0,2) ’
Applying Lemma 2.5.1 with n = 4 to u and with n = 2 to Vgu implies, after taking

the expectation, that

1
E[U(Tk+1aXT:ﬁM)} = u(Tkyy)+ATkV(0)u(Tkay)+§V(O,O)U(Tkay)A%}C+1
+ 30 (4 sul x o))
BEDAY
and
E[V(O)U(TkH,XT:ﬁ“)} = Voyu(Tk, y) + Vo0 (T y) Ay,
T, T
+ 3 B (1 Wggyu, XTe))
BEDA2

Then, the estimate of Lemma 2.5.2 gives

A
B (T, X2 - S5 (Vopu(Than) + Vioyu(Tinn, XE2) | = u(Tio)

Tt1
77T Ar, [T
= Z E( ﬁk k+1[V( )u( XTk7yyH)]> — Tk Z E( Bk k+1[V(ﬁ*0) uf., XTMAM)])
BEDA, BEDA2
S C(Ta ‘/Old7 f)A’:}kJrl G[;uj}? ] HU(S’ )
s kslk+1

from where we deduce the first inequality.

78



Similarly, by using Lemma 2.5.1 with n = 3 on u and with n =1 on Vgu and taking

the expectation, using the fact that ¢} = 4A7, 1[ (T’)“ et _ 6AT,3[ (T’“l’;[k*l it follows

E HU(THhXTk’y’“) — Az Vioyu(Tesr, X717 M)} ATk+1Cljc}

Tk+1 Tk+1
, Ty, T} Ty, T
=E [V(j)u(Tka )I(g s + V(O ])U(Tka )I( ; )k+1 + V(] 0) (Tkay)I(jljo)kH
Tk, Tht1
T, T Ty, T} 0, )
—ATkHV(jO) u(Tg, )I(fg k+1] 4I(’3 k+1 —6% +R(k,7)
k+1
where
. 77T j
R(k,j) = Ary > B (15 Wgpul, X))
B€8A3
Ty, T j
~Ah Y E (L Dgoul X))
BEDA

Using Lemma 2.5.2 we bound the residual term R(k, j) and obtain

T,T i T3, T i
A D E (I Vgul, XEvnd) = A% S0 B (1 Y gayul, XA )
BEOA3 BEOA,

7/2
<A} swp Juls,)llsee + AT sup (s, lls.eor
s€[T, Thy1] s€[Ty, T41]

recalling that v(Tk, y) = V;u(Tk,y) we deduce the second inequality. O

Claim 2.6.8. There exist two constants C, depending on d, q, T', m, the reqularity of Vo.q
and @o.q (and not on k), and C’', depending in addition on the reqularity of f, such that :

€ u(m)] < C(Hu(TkH, Naoo [AF + Agy  NTODN22] (T, s, 0 A5 2

Ti+1 Tk+1

(m+2) /2)

+ [ [u(Thr1s )llmt2,00A7,

Tkt

+C (Mu(g, Tyir) [AqTfl + ATkHN—Km—UA?qVﬂ - My(m + 2, Ty ) AU/

+ My (m + 3, T o)A 2>,

1

m—+1
c m— (i—-1)/2
E,ﬁz’k(ﬂ')‘ < C(”“(Tkz-i-l, I |3,00 [A%k“ +Ar, N —[( 1)/\2¢1]/2} + Z (T, ) 1.0 A . )/ )

i=m-—2

Tkt

m+2 )
+ Cl< (4 Tk+1) [A%:l + ATk+1N [(m—1)A2q] /2:| + Z Z Tk+1)Az/2 >

i=m—1

where €, , (), €5, () are defined in (2.6.29) and (2.6.32).

Remark. Although the rates of convergence have a leading term of order A%:I) that s

worst than the one in the first order scheme result, (Claim 2.6.5 ), here we assume that m
1s bigger, and thus they are suitable for a second order scheme.
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Proof. Note first that the " derivative of the function y — f(-,y,u(-,y), Vu(-,y),-) is
bounded by M, (r + 1,-) defined by (2.6.10). This estimate goes up to r + 1 and not just
r as in Claim 2.6.5, because the differentiation of y € RY f(©}41(y)) involves the
additional dependence on Vu.

Then, the first assertion follows from applying (2.7.14) in Lemma 2.7.5 to v and f(© k—i-l)

For the second assertion, recall that the i component of ¢}, is expressed as & = p = 4A7 1] (T')“ Tt _

GATEI(ZE)’“;;‘F“I Then, applying (2.7.15) and (2.7.16) with n = m in Lemma 2.7.5 to u and

f(©},1), we conclude on the second assertion. O

It will be handy to have an expansion on the prediction error, by recalling that @ is
essentially an application of the first order scheme, it follows that

. o o T3, X7, o
(u - u)(Tkv XTk) = EQTk,Tk+l (u —u )(Tk—I—la XTk+1 )
(0 TkvXW 7[‘ A2
+ A7y, <f(@Z+1(XTk+1Tk ) — f(®2;1)> ] (2.6.33)
+ €. () + €6 1 ()
where
Ty, XF, 1 Ty, XF. it
g p(m) i =E [U(TM, Xpo )+ Ag, FO) (X )]
TIWX “LL Tk)XW 7/1
—Eor, 1, [U(Tk-i-l, Xr,, CE) + Ag, f(O) +1(XTk+1Tk )] (2.6.34)

s = w(Tp, X&) —E |u(T) XTk’XT M EA XT’“’Xﬁ’ﬂ 2.6.35
Eu,k(ﬂ-)' u(Tk, Tk) u(Th+1, Thi1 )+ An,, f1O k+1( Thy1 |- (2.6.35)

Note that €3 ; (7) and € ; () may be bounded respectively as in Claims (2.6.4) and (2.6.5)

. The fact that we are using here @k 41 instead of @k 1k in those claims, is not really
problematic. For the scheme error in Claim (2.6.4), the difference can be controlled by an
additional application of Ito’s theorem, but we skip the details. For the cubature error in
Claim (2.6.5) this difference plays no role at all.

Let us now focus on the errors when approaching the driver. Using the mean value
theorem, we know that there exist Wy, Wy, W3 respectively bounded by [|0y f|loo, [|0=f]co
and [|0y f||oo, such that

FOUXE)) — FOF) = Wi[u(Ti, XF,) = *(Th, XF,)] + o [o(Th, XF,) — 0*(Tp, X, )]
(2.6.36)

L (<ﬂTk7 (pf['v u<Tk7 )]) - <ﬂTkv (Pf['a 712(Tka ')7 )])) (2.6.37)

+ s ({pres el w(Thy ))) — (irs el w(Txy ), )])) . (2.6.38)

Similarly, there exist random variables and W/, U5, W% respectively bounded by ||0y /| oo
||azf||oo and ||8waoo, such that

FOLXT) = f(OF) = W [u(Ty, XF,) — Tk, XF,)] + Uh[v(Th, XF,) — 0°(Th, )(22%%@)9)
+ W5 (i, o £ u(Te, ) — (i, L (T, -),)]))  (2.6.40)
+ ‘llg (<HT}C’ @f[‘v U(Tka )]> - <ﬂTk7 (pf['v U(Tk7 ')7 )]>) . (2'6‘41)
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Then, using the error development for (u — ﬁz)(Tk,f(ﬁ) given in (2.6.28),(2.6.29),
(2.6.26),(2.6.27) the error and the ones for f(@’,j()z%k)) — f((:)Z’Q) in (2.6.36),(2.6.37) and
(2.6.38) and f(@Z(X;Ek)) — f(©7) in (2.6.39), (2.6.40) and (2.6.41) , it follows

~ T 1 o AT,
(u—?)(Tx, X,) + 587, (F(OL(X7)) - F(OF))
Ty, XF i, Ty, XZ b
- )—UQ(THLXT:HT" )

Tk7X;r"k K

+gn, (7O O - 1652 |
(1+ Aq Wp)(€52 5, () + €52 ) ()

[\I/2ATk + \IJIQATIC-H] [U(Tkv Xér“k) - @2 (le X%k)]

+ A1y, ‘I;l [w(Th X7,) — (T, XF,)]
+ S WAL, + WA, ] (i ol ) = Gy gl (T ), 1)

AL (i oyl T ) — (s 5 82T ), D)

+ ATk+1 -3 (<ﬂTk7 QOf['? U(Tk) )]> - <:&Tk’ Sof[W a(Tkv ')7 )]))

Then, replacing the expansion for the error of 92 in terms of (2.6.31),(2.6.32), (2.6.30) and
the one for (u — @) in terms of (2.6.33), (2.6.34), (2.6.35), and up to rescaling some of the
¥ random variables, one obtains

(u— )T XF,) + 5 A, (FOLXE)) — FOF) (26.42)

—F 1 A lI]// A \IJH ~2 T XTk’X%k#l
- QTk,Tk+1 ( + Trt1 1+ TkaJrl 2) (u_u)( k+1 41 )

#3n (FOLLOGT) - 167 D

~92 TkzX’?“k7ﬂ 17 "
- EQTk,Tk+1 (u— @) (Tht1, *XT,CJrl ) (ATkH\Ijl + ATk+1Ck+1\II2)

(U A ) (6 () + €6 (1)) + Ay W) + 64 ()

+ Ay (el () + € ()

+ 3 WA, + WA ] (i, gl T, ) = Gy sl (i), )
¥ A 2 (i, sl (T, ) — Gy g1 8 (T ), )

!/

+ ATkleig (<ﬂTk, Sof['v U(Tkz )]> - <ﬂTk7 Qof[" ﬂ(TIm ')v )D) .
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We are now in position to give the dynamics of the sum of the maximal errors £2(k) +
A7, E¢(k). We use Cauchy-Schwartz inequality on the first two terms of (2.6.42), bound
the last two terms in (2.6.42) using the Lipschitz property of ¢, as in the first order error
analysis, we can deduce that for some constants C,C’,

EXK) + Ay, Ep(k) < (14 CAq,,) [EX(k+1) + A Ep(k +1)]

+C' (&(k) + Ag, N~ (m=DAd/2) (2.6.43)
with
&(k) = sup [€g2,(m) + An €l (T)] + sup |52, (7) + Ay €52 1 ()]
TeSy TeS
+ATM(SH§> €5, () + €51 (m)])- (2.6.44)
TESEK

We can bound the two first terms of €;(k) using respectively Claims 2.6.7, 2.6.8, while the
last term may be bounded using Claims 2.6.4 and 2.6.5 as we have discussed before, so
that there is a constant C”

éa(k) §C’"( sup  ||u(s, ')H47OOA%€+1 (2.6.45)
SG[Tk,Tk+1]

(i, Moo + Mu(4, Tgn)] [AFL + A3, N lom-tn2a/2]

m+1 m+3

. i+1)/2 . i+1)/2

+ ) T, Moo + Ml T DA 4 ST M (1, Tea) AT )
i=m—2 i=m+2

Given that the initialization step is the first order scheme, Claims 2.6.4, 2.6.5 and 2.6.6
imply E2(N — 1) < KN~2 and ATNASJ%(N — 1) < KN~2. Moreover, under (SB) , we
have from Lemma 2.7.2 that for all n € N* there exists a constant K, depending on the
regularity of Vj.q and ¢, such that for all £ € {0,--- , N — 1},

My(n, Tit1) + sup  u(s,)[[n,c0 < K.
SE[Tk,Tk+1]

An application of the discrete Gronwall lemma on the sum E2(k) + Ag,,, Ef(k), gives
N-2
sup E2(k)+ApEp(k) < C (53(N — 1) + Aqy Ep(N — 1) + N7lm=Dnd/2 . R €2(k)) .
k<N—1 i=0

Using (2.6.45) we deduce that, if m > 7,where the bound is a consequence of the second
assertion of Claim 2.6.8, we have

sup E2(k) + A, Ep(k) < ON~2.
k<N—1

As for the first order case, the previous result together with the expansion of v — 92 given
(2.6.31), (2.6.32), (2.6.30) and Cauchy-Schwartz inequality, implies

1/2 _
AYPEX(k) < ON72.
This concludes the proof of assertions (2.2.3) and (2.2.4) in Theorem 2.2.1. O

2.7 Mathematical tools

Here we will intensively use the notions defined in section 2.5.
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2.7.1 The conditional linear PDE

Lemma 2.7.1. Let n be a given family of probability measures on R® and consider the

PDE
{ opp(t,y) + LMY (t,y) =0, on [0,T] x RY (2.7.1)

W(T,y) = ¢(y) -
where LM is defined by (2.5.1). Suppose that assumption (SB) holds, then, this PDE admits
a unique infinitely differentiable solution v and for every multi-index 8 € M there exists
a positive constant C' depending on the regularity of Vi.q, wo.q and T such that, :

[1Dgt(t; Moo < Clll])i5]],00 (2.7.2)

Proof. Since the law that appears in the coeflicients of the SDE is fixed, this is an obvious
consequence of the regularity of the coefficients and the terminal condition.

O
2.7.2 The conditional semi-linear PDE

Lemma 2.7.2. Under (SB) there exists a function u from [0,T] x R? to R such that

Y =u(t, XY)
where Y is defined in (2.0.7). This function is in CY2([0,T] x RYR) and is the unique
solution of the semi-linear PDE :

{ Owu(t,y) + Lru(t,y) = f (t,y,u(t,y), (Vru(t,y))T, (e, 7 (- ult, )>) , on [0,T] x R4
uw(T,y) = 9(y)

where L* is defined as in (2.0.10).
Moreover, u is infinitely differentiable, and for every multi-index 8 € M there exists a
positive constant C' depending on the regularity of Vo.q, f, po.4, @ and T such that,

1Dsullo < C (2.7.4)

(2.7.3)

Proof of Lemma 2.7.2.

(i) Ewistence and PDE solution. Consider the conditional BSDE :

AXSV" = 3o Vils, XoU" B [ (XT)])d B

AV = — f(s, Xo0, VS0, 250" B o (X2, Y)])ds + Z5V " d By (2.7.5)

XUt =y, YT = o(X0),
for s in [t,T]. Note that the McKean term in (2.7.5), Ep;(X7,YS), does not depend on
y. In fact, if the solution of (2.0.7) is found, one can consider the term Ep;(X7, YY)
simply as a term depending on time, so that conditionally to knowing the joint law of
(XY, 0<t<T), equation (2.7.5) is classical and Markov. As pointed out before, the
existence of a unique solution to (2.0.7) follows the lines of the results in [BLP09].

It is clear from the previous discussion that we might apply classical results on BSDE to
analyze equation (2.7.5). In particular, we have from the results of Pardoux and Peng in
[PP92] given the regularity in space of f and ¢, that the mapping (¢,y) — a(t,y) = ¥;"¥*
the solution of (2.7.5) is differentiable, once in time and twice in space with bounded
derivatives and satisfies the PDE :

{ ouu(t,y) + Lra(t,y) = f (t,y,alt,y), V'a(t,y)", Elps (X7, Y0)))
u(T,y) = ¢(y) ’
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Besides, thanks to the bounds on f and ¢ it follows from Proposition 3.2 in [BDH"03] that
la(t,)loo < C(T, Vouas f)(1 + |6][%) /7 < C(T, Viya, f, 9).

Moreover, as shown in [PP92] the derivative of Vyf/;’y’gc is given as the solution of the

BSDE :
T
Vyi/st’%x :Vy¢(X§ly’$>va§ly’x _ / Vyzfa,y,deT (276)
s

T
+ / {ayf(r, Xﬁ,y,x7 YTt,y,z’ Zﬁ’y’x,E[go(Xf, ye, )Dvaqf’y’x
S
+ ay/f(T‘, X;f,y,w’ }7741‘/,%967 Z;Zy,w’ E[@(Xf, Kx)])vyﬁt’y’x
+ azf(T, X:Ey@’ }_/rt,%l"’ Z?ZJ,GE’ E[@(Xf, K«x)])vyzﬁ’y’m] dT‘7

and V,u(t,y) = Vtht’y’x. Once again using the bounds on the derivatives in space of ¢
and f and the results in [BDHT03] we deduce

1Vya(t, oo < C(T, Vouas )1+ 10,6115)"P < C(T, Vi, £, 9)- (2.7.7)

Finally, one can show that u solves (2.7.3). To see this, notice that due to the uniqueness
of the solutions to (2.0.7) and (2.7.5),

= t,XtO’m,ac
t

a(t, X7) = a(t, X000) = 75T~y — v,

This equality implies
Elpp (XS, uls, X9))] = Elpf (XT, Y]

for all s in [0, T]. Therefore we set u := u. This concludes the proof of the first assertion.

(ii) Control on the derivatives.

To prove the regularity of v and the the bound on its derivatives, we consider first the
case involving only space derivatives. In this case the whole argument of Pardoux and Peng
may be iterated reasoning on the BSDE for the first derivative, as long as the hypotheses
remain valid, to obtain a BSDE for higher order derivatives in space. We turn the reader to
the paper of Crisan and Delarue [CD12c| where this is done in detail (taking into account
the additional law dependence that must be considered in our framework).

It remains to consider the case of general derivatives including time derivatives. As we
have said before, iterative applications of the Pardoux and Peng argument lead to PDEs
similar to (2.7.3). Then, we can argue that we are able to differentiate once in time for
every two derivatives in space. It is also clear that the control on the space derivatives plus
the regularity properties of the coefficients imply the control for time derivatives.

2.7.3 One-step errors

Let 7 be a given family of probability measures and X%, X*%" defined as in (2.5.2)
and (2.5.3). We recall that i denotes the discrete probability measure defined by Algorithm
1 and p the law of the forward part of (2.0.7).
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Lemma 2.7.3. Let g be a C’b2 function from R® to R. Then, there exists a constant C
depending only on Vo.q and T such that for allk=1,--- ,N —1 :

(Pl 2y, = Pl )9W)] (2.7.8)

)_l

q—

d Tk+1
scwmmglé s o) — 318 = T)? /)y (£7)Ps0i) | dt
> |, 2

d q—1
+Cllgll2.00 Y > AR nmy, (7P = (fiy, (£)P0i)]| -
=0 p=0

Moreover, if g is C’g’, there exists a constant C' depending only on Vi.q,d such that for all
l=1,---,dandk=1,--- ,N—1:

5 i Ty, T,
o (e ) o (55257

q—

d Tk+1 [t
< CHQHS,OOZ/T /T (ns, i) — > _[(t = Tw)? /(01 (L7)P5) | dsdt

(2.7.9)

>—‘

77Tk7 LMPp;) — <ﬂTk7 (‘Cﬂ)pgpi>

+Cllglls.00 Z Z AT K

=0 p=0

and

(o (xF2m) - o (RE27)] 100 2110
d Te41 ft q—1
< C’|g||3:OOATk+1 Z/ / (ns, i) Z t —Tx)?/p( N7, (LMP ;)| dsdt
— Jm Ty =

d gq—-1

DIPIL

1=0 p=0

(i, (£7)70i) = (i ()P0

Lemma 2.7.4. Letn>1,g bea C’I?JFQ function from R to R and Q be a cubature measure
of order n. Then, there exist constants C,C" depending only on Vy.q,d,n such that for all
1=1,....d, forallk=1,--- N—1:
- ~ T,
’(P,}ZvakJrl - %mTkH)g(y)’ - ‘(E —Eq) [ (XTII:+y1n)H
n+2

0y/2
<C Y llglhoeldy)? (2.7.11)
l=n+1

Ty 7T (I41)/2
(B~ Eq) [g(RTvm 1] <CZH9H A (2.7.12)

Ty, T,T (143)/
(B~ Eq) [g(RT-vm1g ]| < ¢ S loledl? @7y

l=n—2

for all y € R,
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Lemma 2.7.5. Let n > 1 and g be a ng+2 function from R? to R. Let Q be a cubature

measure of order n, and X be the associated cubature tree. Then, there exists a constant C
depending only on d, q, Vo.a,n, T, ||¢0:d||2g+n+2,00 Such that, for allk =1,--- N —1 :

‘E o (X3) | = Bor i, o (X7507) ‘ (2.7.14)

< Cllgllzno [AS, + Agy ,, NTOD0202] 1 Cllgll 0 o AT 4 Cllgla e AL

‘E [(9 <X%ff1’”) —9 <X;ff£ﬂ)) I(Tzf’Tk“] (2.7.15)

< Cll9|13,00 [Aig:l + AQTRHN—[(n—l)Mq]/Z- (n+1)/2 | C||9Hn+1,ooA%ZLZ)/2
and _

’E [(9 (X%iyfﬂ) -9 (ngi%’ﬂ)) I(Tfi)Tk“] (2.7.16)

< Cllgllae [A72, + A%, , NIm2202] 4 Cllgl|p o0 AT D + Cllgll-1.00AT 27,

2.7.4 Proofs of Lemmas 2.7.3, 2.7.4 and 2.7.5

2.7.4.1 Proof of Lemma 2.7.3 Let k € {0, -+, N —1}, consider the PDE (2.7.1) with g
as boundary condition. It is clear that this PDE admits a unique solution @ and that there
exists a positive constant C'(T,Vj.q) such that for every multi-index of space derivatives
with 8 € As

Let us write :
n i _ T,y v LIy
‘(PTvaTk+1 B PTk’TTkH)g(y)’ N ’E [g (XT:H ) 9 (XT:H )} ’ '

Now, we have

Ti,y:m . Tht T, Tett n _ 7
g (XE27) = an+ [V <stvyws+z/ VI (s, X0
k
d Tk11 .
= MTM)*Z/ Viyals, X+ dBI, (2.7.18)
j=1"Tk

using the fact that @ is the solution of (2.7.1), and

g<5(§:flvﬂ) = W(Thy) + /T jkﬂ Vioyils, XTevh) ds—i—z / (s, XTewt)d BI
— (T y) + /T Tk“(m—Eﬂ)a(s,XsTkvyvﬂ)ds
s
JFZ/TH1 ii(s, X9y dBI . (2.7.19)
Therefore,
s (xf) - o (R520)] < [ (- ) ate XP0r, a0
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since Oyt = —L"u. As (2.7.17) implies that @ and its two first derivatives are bounded,
we may control the term above by the difference between the two generators, then by
the difference between the frozen (in space of probability measure) (1;)7 <t<7,,, and the
approximate and frozen (in time) measure fi7,. Hence, taking into account the particular
dependence on the measure in our framework, we deduce :

T 1) ~T b 7A
B lo (x7i) -0 (2227)]

Tpy1 [ a1
<l [ [ X[m0 - 6= T ptm €77)
Ty i=0 p=0
d q—1
+ZZA%€+1 <77Tk7(£ i) <ﬂTk’(£ " >‘:|dt
i=0 p=0
Tht1 a1
O(T. Vo) llgllzoc | (s spi) = Y _[(t = Tw)? /D)y, (L7)Peps) |t
p=0
d q-1 R
FOT, Voa)llgllooo 30 0 A Ay, |G, (€7)P00) — (im, (£7)P )|
i=0 p=0

This concludes the proof of the first assertion. Now, we deduce from (2.7.18) and (2.7.19)
and integration by parts, that :

£ ([9 (XIT“,fffn> —9 (X%“:ﬁ’”)} I<Tz'§’Tk“) (2.7.21)
. E/Tjk“ (7= £7) (e, K705 10 ay
8 [ o0 X8 ) Voo 6 X, i) (XD
38 /TT {[Vm (X0 G ), X[ (2.7.22)
k

Vit XIE (uyia(t, KT }dt.

On a first hand, note that the first two terms in the right hand side above may be controlled
by the difference between the coefficients times the supremum norm of the first and second
order derivatives of 4 times the order of the integrals, as we did for (2.7.20). On the
other hand, note that the first assertion of Lemma 2.7.3 can be applied to the function
Vay(t, - (i, 1) )a(t, ) in the last term on the right hand side above. These arguments,
together with the bound (2.7.17) lead to :
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(s (X?:ﬁ"> o (28] 17|
(T

(T, { 1911100 + [19]2,00(t = Ti)'/?)

d
<2
i=0

<

q—1

i) — (= Te)? /o) (0, (L7)Ps)

}dt
p:

d qg—1
0<T,vo:d>ZZA&HATm(HgHW+||g||2oo 2 ) [t (£7)P08) — {jim,, (7))
=0 p=0
Tkt a-1
O, Vo)l lglls oo / / (es 01} — 3105 = To)P /o (s (L7 | st
Tie =0 p=0

d q—1
DD AL AT, (s (£ ) = (o (€9 ) }

and this concludes the proof of the second assertion. Finally, (2.7.18) and (2.7.19) and
integration by parts, give :

~ 0 T, T,
o ([o () o (X829)] )

Thta . -
_ IE/ (7= 27) e, X1

Tk

Ty t
(ot

Tkt
+E V(l) (ta XtTk,ywv <77t7 ‘Pl>) - V(l)(t> ka7y7n7 </lTk7 901>) u(t, Xthy’n I:,(;}mtdt
(0)

Tk
1 Tyt T . ~ T
#58 [ Dot X G, opate, X0
k

—Vu (t, X—tTmy,/l’ (i, 1) )lt, sz,y,ﬂ)] (Tk): }dt
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Note the similarity with (2.7.21). So that a similar development gives

Ty, T,y Ty, T
& (g (xzin) = o (X3500) | 1037

Trt1
< O(T, Vo:d)/T (gll00( = Tie) + llgll2,00(t — T)*/?)
k

d q—1
<Y i) = > [t = Te)? /!y, (E”)pw‘dt
=0 p=0
d q-1 /2
1
C T ‘/Od ATk+1 ZZATk+1 ATk+1)
i=0 p=0

< |Gz (£7)703) = iy, <cﬂ>w~>)

Tpt1
+O(T, Vo) A1 19113 00 / /

+ Z Z ATk+1 Tk+1

i=0 p=0

q—
(s, i) Z [(s = T0)? /) (s, (L7)P i) | st

Tk i=0

nTk7 (‘Cn)p@i> - <ﬂTk-7 (Eﬂ)p¢i>‘ }
from where the last claim is deduced. O

2.7.4.2 Proof of Lemma 2.7.4 Let k € {0,--- ,N — 1}, once again, we consider the
unique infinitely differentiable solution @ of PDE (2.7.1) with g as boundary condition.
Recall that for every 5 € M there exists a positive constant C(T, Vj.4) such that :

[|@lloo + | Dgtlloo < C(T, Vo:a)llgll)i)),00- (2.7.23)

The result then follows from Stratonovich-Taylor expansion of (¢,y) — u(t,y) around
(T, X7,) by Theorem 5.6.1 in [KP92| and bounding the remainder as in Proposition 2.1
of [LV04]. O

2.7.4.3 Proof of Lemma 2.7.5 Note that
T sY, 1 T 7y“[/l
Elo (x7:24)] ~Banm., [s (x527)]| (2.1.24
Tw,y, T s
= [B[o (xfu)] - [o (X527
Xk T,y fit
+[e o (R3287)] = Bar,n, |9 (67227

Combining estimate (2.7.8) of Lemma 2.7.3 with Claim 2.6.3 and (2.2.2) in Theorem 2.2.1,
we get that the first term in the right hand side is bounded by :

[A%:ll + ATk+1N—[(n—1)A2q]/2} ]

The second term in the right hand side of (2.7.24) can be estimated by combining this
bound with the estimate (2.7.11) in 2.7.4 (when choosing 7 = p).

The other assertion follows from the same procedure, substituting (2.7.9) (resp. (2.7.10))
0 (2.7.8) and (2.7.12) (resp. (2.7.13)) to (2.7.11).
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2.8 Proofs of Corollary 2.2.2 and 2.2.3
2.8.1 Proof of Corollary 2.2.2

Many practical applications, particularly in finance, require the algorithm to be able
to solve problems in which the boundary condition ¢ is less regular, e.g. when ¢ is just
Lipschitz. In this section, we prove how the results obtained in the regular case extend to
the case when assumption (LB) holds as Corollary 2.2.2 state.

A preliminary result. We use in addition an auxiliary result shown in the proof of
Theorem 8 in [CGOT7] :

Lemma 2.8.1. There exists a positive constant C' such that :

N—

M

m+1)/2 —m
AFHVR (T — 1) T2 < CL(y,m),

=0

<.

where L is defined in (2.2.6).

We are now ready to examine the error convergence for the forward and backward com-
ponents of the algorithm.

Proof of the forward approximation in Corollary 2.2.2
The regularity of the solution of the linear associated linear PDE is essential to our
analysis. We start by stating a result in this sense under (LB). This is summarized by

Claim 2.8.2. Under (LB), there exists a unique solution v to the PDE (2.7.1) and for
every multi-index B € M there exists a constant C' such that :

1Dgtb(t, )l < C(T —t)~ UIAI=D/2 (2.8.1)

Proof. This follows from classical results of parabolic equations with parameter, see Chap-
ter 9, Section 3 of [Fri08].
O

Thanks to the uniform ellipticity assumption, even if the terminal condition is not diffe-
rentiable, we know that the solution of the PDE (2.6.2) is smooth except at the boundary.
Precisely, the gradient bounds (2.6.8) are now given by

V5t oo < C(T, Vo)l|ll1,00(T — )72, (2.8.2)

where 1) is defined in (2.6.1). With this in hand, we can follow the proof exactly as the one
of the corresponding forward part in Theorem 2.2.1 up to estimate (2.6.7) but where we
separate the error on the last step, since there is no smoothing effect there. Then, plugging
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estimate (2.8.2) in (2.6.7) instead of (2.6.8), we get :

(PT07TN - Q%O,TN Pz ‘

2q—1 d
O Vool 3 5 AR (T Ty Y| (Prory = Qi)
0 p=0 =

Tji1
Jj=

+O(T, Voua, )|l 11,001 2ll24,00 ZA%ti (T — Tjs1)~'/?

N2m+2

+C (Vo d, m)||¢||1,00 Z Z ATH T_TjH)(l—l)/z
7=0 l=m+1

+|(Pryry = P, )6(2)]

We conclude the proof by using Lemma 2.8.1 on the sums and by combining Lipschitz
property of ¢ and adapted time-step on the last step error. O

Proof of the backward approximation in Corollary 2.2.2

Just as in the forward case, our analysis relies on the regularization properties of the
associated non-linear PDE under (LB). We have

Claim 2.8.3. Under (LB), there exists a unique solution u of (2.7.3), for all (t,y) €
[0,T] x RY, it is given by

u(t7 y) — }/;ttﬂl/vu’
where Ytt’y’“ is defined in (2.0.11). Moreover, for ¢ Lipschitz and bounded, for every multi-

index B € M there exists a positive constant C' depending on the reqularity of V.4, f, ¢ and
T such that :

1Dgu(t, )lloe < (T — )~ (IBl=D/2 (2.8.3)

Proof. To prove Claim 2.8.3, we follow the same arguments given for Lemma 2.7.2. First,
due to the regularity properties of the diffusion under the elliptic case, we have similar
properties as those used in the paper of Crisan and Delarue [CD12c|, even in the non-
homogeneous case (notably, the integration by parts property as shown in [Ma02]). Hence,
we get the control on derivatives result for space derivatives, and extend it, as before, to
time derivatives. g

Armed with the regularity of the function u, we can repeat the proof of the backward
approximation in Theorem (2.2.1). We recover (2.6.23) for the first order scheme and
(2.6.43) for the second order scheme, i.e.

Eu(k) < (1+ CAq,,) Ey(k +1) + &k + 1), (2.84)
En(k) + Ary, Ep(k) < (1+ CAp,) [E5(k +1) + A Er(k + )] + C'(Ea(k) + Ay, NIm70072),
(2.8.5)
where €, €& are respectively defined in (2.6.24), (2.6.44). Now, if we show that
N-1 N-2
D Ek)y <N and D &k) < N (2.8.6)
k=0 k=0
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then, as in the smooth setting, we can apply Gronwall lemma on (2.8.4) and (2.8.5) and
conclude on the desired rates of convergence for the approximation of u. The arguments
for the rate of the approximation of v are exactly as in the smooth setting thus completing
the proof of the claimed result.

Therefore, we only need to prove (2.8.6). But, Claim 2.8.3 and the definition of M,, given
in (2.6.10) imply

My(n, Ti1) < (T = Tiee) " 216][f o,

which together with Claim 2.8.3 show that under the Lipschitz boundary setup,

Tii1 Tit1

ek+1) < C((T — T V2Ag, [A3 FAL 4 N—Km—l)“'ﬂ/ﬂ

+(T — Tk)—m/QA(erl)/Q (T - Tk)_(m+1)/2A(m+2)/2

Tkt Tkt1

—I—(T o Tk)_1A3/2 |:A1/2 + Aq_1/2 + A%le_[(m—l)/\QQ]/ﬂ >

Tt Tkt Tyt

Tkt+1

< C((T —Ty) " VPAg, N7V (T = To,) -2 A2 (2.8.7)

Thk11 Thi1

(T = Tp)~DRAGHDR ()T Ay NV 2) :

where we have used the fact that Ay, < CN ~1 even on the decreasing discretization. We
can proceed similarly for € from inequality (2.6.45) , to get

Thet1 Tht1

& (k) <C” ((T —Tp)"32A% 4+ (T —T) "2 [Aq“ + A%lev*[(mfl)wa/z] (2.8.8)

m—+3 )
+ Z (T _ Tk)—(’i—l)/QA(Z""l)/Q) )

Th+1
1=m—2

Then, (2.8.6) follows by applying Lemma 2.8.1 to (2.8.7) and (2.8.8) O
2.8.2 Proof of Corollary 2.2.3

On a first hand, by following the proof of (2.2.2) in Theorem 2.2.1 we get (2.6.6), where
the difference between the integral of the ¢;, i = 1,...,d against the measures in the right
hand side are replaced by the distance dz. Since for all Ty, < t < T dr(pu, pr,) < C(t—Tj)
(resp. (t — Ty)"/?) in the case (2.2.7) (resp. (2.2.8)), the result follows from Gronwall’s
Lemma. This gives the rate of approximation of the law of the forward process.

On a second hand, the backward errors are then obtained by the same arguments already
developed in the proof of (2.2.3) in Theorem 2.2.1, using the new forward approximation
(2.2.7) (resp. (2.2.8)) instead of (2.2.2) (resp. (2.2.5)) in the proofs of Claims 2.6.5 and
2.6.6.
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ANNEXE B

Regularization properties of McKean-Vlasov processes

B.1 Main results

Consider the following system :

{ dXF = Y4 Vi(XF, Epi(X}))dB;

Xi— s (B.L.1)

for any ¢ in [0, 7], T' > 0 where (Btl:d)te[O,T] is a d-dimensional Brownian motion defined on
some filtered probability space (Q, F,P, (F;)i>0) and where BY = ¢t for all t € [0,T]. The
vector fields V; : (y,w) € R x R — V;(y,w) are supposed to be bounded and infinitely
differentiable with bounded derivatives and the ¢;, ¢ = 0,--- ,d are measurable functions
from R? to R whose the regularity is precised below.

In this part, we study the differentiability properties of the inhomogeneous semi-group
associated to the solution of (B.1.1) and of the solution of (B.1.1) itself with respect to
the initial condition.

This study is motivated by the extension of the algorithm presented in Chapter 2 to the
class of systems where the ¢}s appearing in the coefficients are only Lipschitz continuous
and where the matrix 3" VV* is uniformly elliptic. More precisely, we want to prove that,
in this case, the convergence rate of the algorithm presented in Chapter 2 is of order 1 (in
term of discretization step).

In order to obtain this result, we expect that the semi-group still regularizes and that
for all ¢ in (0,7, the mapping = — E[¢;(X})] is two times differentiable with bounded
derivatives so that we can achieve the analysis done in the previous chapter. Obviously,
even if we obtain the usual bounds on the derivatives of the inhomogeneous semi-group
w.r.t. the initial condition, this would be not the end of the story. Since in this case the
regularization effect is forward, we have to refine the time discretization grid in a suitable
way at the beginning of the interval (in addition to the refinement already done at the end)
in order to compensate the explosion of the gradient bounds.

As a first step, we investigate the smoothing effect of the inhomogeneous semi-group of
the solution of (B.1.1) when the matrix V'V* is uniformly elliptic and when the ¢}s appea-
ring in the coefficients are only Lipschitz continuous. In this case, the solution of (B.1.1)
admits a transition density. Hence, our investigation is based on a parametrix expansion
of this density. Thanks to this representation, we obtain differentiability properties and
estimates on the first and second order derivatives of the density in small time. This allows

37. Where V = [V4,---,Vy] is the d x d matrix with the vector V; as j™ column, j =1,--- ,d.
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us to derive usual gradient bounds of the inhomogeneous semi-group. Then, we study the
weak differentiabilty (in a L,, p > 2 sense) of the solution of (B.1.1) w.r.t. the initial
condition.

Notations and assumptions. Let
1 *
ﬁ;:%vy+§ﬂﬂnfvﬁ, (B.1.2)

where V = [V4, -, V,] is the d x d matrix with the vector V; as j*! column, j =1,--- ,d.
For any Lipschitz function ¢, we denote by [|¢||rip its Lipschitz constant : ||¢||rip =

SUD,zy ([0(2) — d(y)|/|2 = yl).
In the following, C, C’, ¢, ¢ etc... denote some positive constants that may change from
line to line.

We will consider the two following sets of assumptions :
(H1): We say that hypotheses (H1) hold if :
(1) Each function ¢; : y € R% — ¢;(y) € R is supposed to be Lipschitz continuous,
i=0,--.d.
(2) There exists A > 0 such that :
Yw €R, ¥y € R, VCERY, AT( < {(VV)(y,w)C, €) < Al

(H2): We say that hypotheses (H2) hold if the mapping ¢;, i = 0, ..., d are bounded
and infinitely differentiable with bounded derivatives.

It follows from arguments of [Szn91] that there exists a unique solution (X&*);<s<r for
(B.1.1) under (H1) or (H2). For all t € [0,T], we denote by fi(t,z) = (us(t,z))t<s<7 the
law of the process (X&*)i<s<r (starting from z at time t). When ¢ = 0, we sometimes
write fi(x) instead of f(0,z) and (X7)o<s<7 instead of (Xg’x)ogng. More generally, the
generic notation 7 stands for a family of probability measures 7 = (v¢)i<7 on R? admitting
moments of second order.

Results. Our results are summarized by the two following propositions :

Proposition B.1.1. Suppose that hypotheses (H1) hold. Let ¢ be a Lipschitz continuous
function from R to R. Then, for T small enough and for all t in (0,T], the mapping

z € R E[p(X7)],

where (X7 )o<t<r is the unique strong solution of (B.1.1), is twice continuously differen-
tiable and for any integer n less than 2,
87’1,

—E[p(Xp)] < c(rwmp, (il i =0... .,d})ﬂ-”ﬂ)/z. (B.1.3)

Proposition B.1.2. Suppose that hypotheses (H2) hold. Then, for all t in [0,T], the
mapping

Xz e RY— X7, (B.1.4)
is bounded and infinitely L, p > 2 - differentiable w.r.t. x with bounded derivatives. Here
the boundedness is in L,, p > 2.
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B.2 Proof of Proposition B.1.1

For all family of probability measures 7 = (1;)o<;<7 on R? admitting moments of second
order, we introduce the process

d
dXPV7 =3 Vi(XPPT, (vs, 0i))dBL, XM =y, (B.2.1)
=0
for any ¢ < s in [0, 772 where “(vg, ¢;)” is the dual notation of “ [ ¢;dv;”.

It is clear that for all #, X" admits a density and in _particular for ¥ = f(t,y). For a
fixed 7 we denote by p(7;.) the transition density of X~”. We have that

E XO Y, / d(2)p(7;0,y; t, z)dz, (B.2.2)
First order derivative. If x — E [QS(XtO Dl (m))]is differentiable, it is then clear that

0

0] _ | O 0,2,7(€) 9 0,.y,i(z)
5o (60077 = | 28 [ox )HE sl ey

29 Ay _—

e On a first hand we can deduce from classical arguments (see e.g. [Fri08]) the following
Lemma :

Lemma B.2.1. For all family of probability measures v, for all Lipschitz function ¢, for
all t in [0,T], the mapping E [@(X?"’p)} Yy eRISE [qb(XtO’y’l_')} is n-times continuously

differentiable and there exists a positive constant C(||¢||Lip) depending on known parameters
in (H1) and on the Lipschitz constant of ¢ such that :

T E[6(x07)]| < Olllollup) P

oyn ¢ = Lip :

So that, by applying Lemma B.2.1 on the second term in the right hand side of (B.2.3)
we have that :

9 0,y.(z)
— e < in)- 2.
gy o0 ]| < Cllolun) (B24)
e On the other hand by definition :
E [¢ 0”“*‘5) /¢> p(7(€); 0,23 L, 2)dz, (B.2.5)

and we have :
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Lemma B.2.2. For alln < 2, there exist two positive constants C' and ¢, depending only
on known parameters in (H1), such that for allt in [0,T] and z,y, & in RY

@p(ﬂ(t £ty T, 2)

d
< C{ (T — t)(=n+1)/2 Z sup

i—0 TELT]
d
.S ( o

(r — t)(n—l)/2ﬁﬂ3 [(pi(Xﬁ,E,ﬁ(t,E))} ‘

ogn

2
8 t,€,0(t, c |z—y\2
o [remlrones o) | o men (5%5).

So that, thanks to Lebesgue differentiation Theorem the first term in the right hand side
of (B.2.3) exists and

=0

e[ | = [0 -0t | gptaso )| a

Then, by using Lemma B.2.2 we have :

{% [o(x7 )] ] .
d

_ 9 B, o,x,mx)‘
</ {|¢<z> SO s | Bl (X3

c |z — 2
X (2nt)i/2 exp [ —c ; dz.

So that
" orx )] (B.2.6)
pe 1P 2
< Cf”(bHLlptl/2 Z sup QE[QPZ(XS»%[L(‘T))] )
i—0 S€[0t] O
e Finally, by plugging (B.2.4) and (B.2.6) in (B.2.3), we obtain that
5 orx! )] (B.2.7)
ox t
||¢’|L1p tl/QZ sup |=— gpl XO z,fi(z ))]| +1].
=0 SE[O t]

Then, by letting ¢ = g we deduce that, for T" small enough :
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B [enx? ")

d
1+ /2 Z sup

< ClleollLip)

O ot 3 0(z)
Bl (XD |

We can plug this estimate in (B.2.7), and iterate this argument : letting ¢ = ¢; etc...
Finally, we deduce that for any Lipschitz function ¢, for all ¢ € [0, 7] with T small enough,

the mapping z — E [(;S(X? ol (x))] is continuously differentiable and :

0 0,z,0(x
e {¢(Xt’ a ))H < C(l[¢llLip, |®o:allLip)- (B.2.8)
This concludes the proof for the first order derivative. O

Second order derivative. Now, we come back to (B.2.2). If z — E [QS(XtO’x’ﬁ(m))] is
two times differentiable, then :

82 x, (T 82 X, 82 i
5B (0007 = [ e folxy ’“@)}L_z + | [pxie UHH
o 0,,7(€)
+2[ E |p(X, ") ] : (B.2.9)
9Edy [ ' ] (€)=(2,2)

From Lemma B.2.2, and (B.2.5), Lemma B.2.1 and Lebesgue differentiation Theorem, the
two first terms in the right hand side exist and they are bounded as follows :

2 [s0c )]

a2 < t72C(|16]|Lip)- (B.2.10)

y=c
and

82 x,m(x
1”1/2@}3 [%(Xg, A ))}

28 fmxeeso) ).

Let us deal with the third term in the right hand side of (B.2.9). We have :

d
< C{ sup
Zz; rel0,t]

d
+ t1/? sup
z% (rE[O,t]

[l

E=x

Lemma B.2.3. There exist two positive constants C' and ¢, depending only on known
parameters in (H1), such that for all t in [0,T] and z,y, & in RY

82
‘3531/

p(a(t, &);t,y; T, 2)

d 2
- 9 . c |z -yl

<CT -ty E | @i (XEEREE) - :
< C( ) {i:O r?ﬁ%] o€ [90 (X, )] a2 P\ Ty

Hence, thanks to Lebesgue differentiation Theorem :

0 05.(6) .
E [o(x04" >] _ <¢<z>—¢<x>>[ p(u@);o,a:;t,z)] &z,
[8533/ [ ' } (€w)=(z.0) /R 9Edy (€)=(z.0)

97



and we have that :

(B.2.11)

0 0,2,(€)
EM&”“)]
Hagay [ } (Ew)=(a.2)

< C’H¢HLIpZ sup 8833E [(pi(Xg,x,ﬁ(x))} ‘ .

i—0 SE[0,]

e Finally, by plugging (B.2.10), (B.2.11) and (B.2.11) in (B.2.9), we obtain that

62
'&ﬁ

E [qb(X?“vﬁ(x))} ‘ (B.2.12)

wm{wa

i=0 s€lo
+zd: ( sup QE [@i(Xg’x’“(m))” }
i—0 \S€[0,] oz

Then, by plugging estimate (B.2.8) in (B.2.12), multiplying both sides by ¢'/2 and letting
¢ = @g we obtain that :

Bl HO) | 4

2 d
a x, (T
galeorol]) o5z

2

\&ﬁEpmﬁmﬂ%H

1+t1/22 sup

i—1 S€[0,1]

C(lIollip) =

2
51/2 38 E[%(Xg,x,ﬁ(:v))] u , for T small enough.

We can plug this estimate in (B.2.12) and iterate this argument : multiplying both sides
by 1/2, letting ¢ = 1 etc... Finally, we deduce that for any Lipschitz function ¢, for all

t € [0, 7] with T small enough, the mapping z — E [gb(X 0::fa (x))} is two times continuously
differentiable and satisfies :

82
0x?

Ebuﬁ“%H<awnmwwner. (B.2.13)

B.2.1 Proof of Lemma B.2.2

Here, we show that the solution of (B.1.1) admits a transition density p such that for
all t € [0,7] and y,z € RY, the mapping = — p(f(t,z);t,y; T, 2) is twice continuously
differentiable and for all integer n less than 2 :

aan (a(t,x);t,y: To2)| < C{T — )" I2FM1,T)

1 z—yf’
+ 1n:2F21(t,t,T)}m exp <_C|(T —yt|)> :
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where for all s in (¢,7] :

Fl(t,s,T) = Z ( sup

!
ilhz (tv Z; 7’)
i—1 \7€[s,T]

_p-1/2
(r—t) 5

k
> and h;(t,z;7) = (u-(t, ), @i),

(B.2.14)

for k,l = 1,2.

The proof is based on a parametrix expansion of the transition density of the solution
of (B.1.1). Given a family of probability measures 7 = (v)o<¢<7 on R? we recall that the
solution of

axir” ZVX% (ver p))dBL, X[V =y,

admits a density p(7;.) for all & and that this density solves the Fokker-Planck equation :
9 U d
5P pwit,y; Ty 2) + Lyp(vit,y; T,2) =0, 0<t<T, y,z€R,
P T,y T,2) = 0:(y), y,2 €RY,

where L’Z is the generator of the diffusion process X ¥V,

(i) The frozen system. For all ¢ € R? and for all family of probability measures 7, we define
the frozen process X *7¢ as the solution *® of

XtyVC—Zv (vs,0i))dBL,  X[P"C =y

This process admits a transition density p¢(7;-) which solves :

o o
5D Tty T2) + Ly (7t T,2) =0, 0<t<T, y,2 R,

P T,y; Ty 2) = 0.(y) .z € RY (B.2.15)

where iZ’C is the generator of X ¥7<. Moreover, this density is Gaussian and for all 0 <
t<T, y,zcR?it is given by :

|7 exp (<1E (o) 2 - . ) )

(B.2.16)

o 1 ¢
Pty T, 2) = e det (5 (7))

(27
where

T
mf,T(@y) =y+/t Vo(¢, (vs, o)) ds,

and where igT(D) is given by :

T
igT(ﬂ) :/ VV*(C, (vs, 1.4))ds.

t

38. Here the subscript ¢ stands for the dependence on the freezing point.
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Here, the notation “1 : d” means “from 1 to d”.

It is clear that there exist two positive constants C' and ¢, depending only on known
parameters in (H1) and a Gaussian type function p. defined by :

A 1 2 —yl
c tv ) T7 = o Nd/o - )
Pe(t >3 T2) = o yyam P ( ‘- t))
such that for all family of probability measures 7, for all freezing point ¢ in R? :
Pty T, 2) < Che(t,y: T, 2), (B.2.17)

for all 0 < t < T and y,z € RL Moreover, for any n in N* it is clear that there exists a
positive constant C' depending only on known parameters in (H1) such that :

n

%pc(v ty; T, 2)

forallOStSTandy,zeRd.

< CO(T — )™ 2pu(t,y; T, 2), (B.2.18)

(ii) The parametriz expansion. Let z in RY, for all ¢ € R?, for all 7, the transition density
(75 -, T, z) satisfies the Fokker-Planck equation (B.2. 15) which can be written as :

50 ity T, 2) + L7 W3, y3 T, 2) = (EZ—EZ’C)ﬁC(D;t,y;T,z), 0<t<T,yzcR
0Ty T, 2) = 05(y), y,2€RL

Note that p(7; ., .; T, z) is a fundamental solution of this PDE. Therefore, by choosing { = z
(the freezing point to be the arrival point), p*(7; ., .; T, z) writes :

p(vit,y; T, z) — p* (v t,y; T, 2) / E” LY <> (wys,uy T, z)p(vs t,y; s, u)duds.
Rd
(B.2.19)
By iterating N times this procedure, we obtain that :

N T
p(it,y; T,2) = ﬁZ(V;t,y;T7Z)+Z/ /dH®k(l/;87U;T,Z)13”(V;t,y;S,U)duds
R

T
+/ HONTY (e s, u; T, 2)p(7; t, y; 5, w)duds, (B.2.20)
t JR4

where

H(w;t,y; T, 2) = (ENZ’C - EZ) p(ost,y; T, 2), (B.2.21)

and where H®F is recursively defined by :
T
HE (Dt 4 T, 2) :/ / H®(0;5,u; T, 2)H (73 1, y; 5, u)duds. (B.2.22)
]Rd

In order to obtain a parametrix expansion of p(7; -), depending only on known quantities
(i.e. on the regularization kernel H defined by (B.2.21) and on the transition density of the
frozen process p(7;-)) the idea consists in letting N tends to infinity.

To this aim, we need a “good” estimate on the approximation error. Here these controls
are :
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(i) The Gaussian estimate on p%(7;-) given by (B.2.17)
(ii) The following Claim :
Claim B.2.4. For all k > 0, there exists a positive constant C, given by :

N ISR

such that
|H* (73 5,y; T, 2)| < Cp(T — $)"* p(s, 45 T, 2).

On the one hand, the first term in the right hand side of (B.2.20) is controlled by a
convolution of two Gaussian functions which is still Gaussian. On the other hand, the N'*"
convolution of the kernel H tends uniformly to 0 as N tends to infinity (recall that 7' is
small) and since p(7;-) is a density, we deduce that the second term in the right hand side
of (B.2.20) tends to 0. Therefore, the density p(7;-) writes :

p(ity; T, z) = p*(vit,y T, 2) (B.2.23)

+Z/ H® (05, u; T, 2)p (75, y; 8, w)duds.
k>1

(i1i) Conservation of the Gaussian decay when v = [i(t,z). We now study the case when
the family of probability measures depends on parameters (¢, x) in [0, 7] x R%. In particular,
we take 7 = [i(t,z). We want to show that the derivative of the transition density (B.2.23)
w.r.t. the space parameter is bounded from above by a Gaussian type function.

Let us first remark that, formally (if Lebesgue differentiation Theorem applies), the
derivative of p w.r.t. x writes :

0
%p(ljl(t7 x)7t7 y’ T7 Z) (B.2'24)
d 6H®k _
= 2 (alt, )ity T 2) +Z/ /R @), T, )5 (it @) £,y 5, u)duds
k>1
+Z/ / H® (1 s, uy T z)@(ﬂ(t x);t,y; s, u)duds.
k>1 Rd ) ) ) 8m ) b ) )

At the end of this Section, we prove that the derivatives that appear in the integrand of
(B.2.24) when differentiating the function x — p(f(-, z),-) are still controlled by Gaussian
type functions :

Claim B.2.5. There exist two positive constants C' and ¢ such that, for all (t,y,z) in
[0,T] x RY x R? :
aTL
Han?
and for all s € (t,T] :

Pt )ity T, 2)| < C{T = ) T DPER (8,8, T) + 1o By (8,4, T) }pe(s, y; T, 2).

3
%ﬁ(ﬂ(ul.)? 37 y7T7 Z)

for all n <2 and where {F]}(t,s,T), k=1,2, n=1,2} is defined by (B.2.14).

<C{(s— N2 ER (s T) 4+ 1,0 F) (8, s, T)}pe(s,y; T, 2)
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Claim B.2.6. For all k > 0, there exists a positive constants Ch, satisfying :
,Yk:—l Ck4k

Crp< (k-1 +
k< (k=) k-1 (k-1
such that
o _ -n n
S (At 2) 5, T, 2)| < {(s — ) EDRZED (85, T) + 1o Fy (t, s,T>}
X ék(T - S)k/271ﬁ0(s7 Y, T? Z)7
for alln < 2.

By plugging the estimates of Claims B.2.4, B.2.5 and B.2.6 in (B.2.24) and using Gaus-
sian convolution, we deduce from Lebesgue differentiation Theorem that there exist two
positive constants C' and ¢, depending only on known parameters in (H1), such that :

o" -n n A
@p(ﬂ(tvm)ataya Ta Z) < C{(T_t)( +1)/2F1 (tvth) + anQF%(tath)}pc(tayaT7 Z)

This concludes the proof of Lemma B.2.2. O

B.2.2 Proof of Claims B.2.4, B.2.5 and B.2.6

B.2.2.1 Proof of Claim B.2.4 By using classical parametrix arguments (see Chapter
1 of |[Fri64]) and by the definition (B.2.21) of H, we deduce that there exist two positive
constants C' and ¢ such that for all t < s < 7 € [0,T]® and z,y, z € R?

|H (it,2); 5,437, 2)| < C(r = 5)"pe(s, 7, 2). (B.2.25)

Let 2 in R? and suppose now as an induction hypothesis that for all t < s € [0,7)? and
y,z € R?,

[HE (t, 2); 8,93 T, 2)| < Cp(T = )" pe(s, 45T, 2), (B.2.26)

where
Ck\/ik B Nk
NI

Let t < s € [0,7)? and y, 2 € R?. We recall that for all & > 0, H®¥*! is defined by

Cy = (B.2.27)

T
H®k+l(u(t7x);s,y;T7Z)=/ / HE*(a(t,);r,w T, 2)H (it x); s, y; 7, u)dudr.
s R4

(B.2.28)
Hence, by plugging (B.2.25) and (B.2.26) in (B.2.28), we obtain that :
T
[HEM (a(t, ); 5,5 T, 2)] < CkC/ (T = )P — )7 2drpe(s, y; T, 2),
S
and by the change of variable r = (T' — s)u + s we have :
|H®k+1(ﬂ(t, z);s,y;T,2)| (B.2.29)

1
< CCy(T — s)(k_l)/Q/ (1 — )2 2 qup,(s,y: T, 2).
0
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Note that for all 0 < € < 1, we have :

1 1
/ (1 =)k 1y 120y = / (1 — )~ V2P 2 gy, (B.2.30)
0 0
1—e¢
= / (1-— u)_1/2uk/2_1du
0

1
+/ (1 —u)~ Y2k gy,
1

—€

1 /1_6 k/2-1 /1 —1/2
< — u du + 1—u) " 2du
\/E 0 1—6(

12
N
Ve TRV
So that, by letting e = 1/k we have
! 4
/0 (1 —w)k/2= 112y < 7 (B.2.31)
Therefore, by plugging (B.2.31) in (B.2.29) we obtain that
_ - 1 1 2 —yl?
[ HH Y (at, 2);5,5; T, 2)| < (T = 5)FVPCCL—=——— exp (—C :
vk \/2n(T —5)" 2(T — s)
and so :
4 Ck+1 gh+1 k+1
Chp1 = CCp— = S

vk VEL VR

B.2.2.2 Proof of Claim B.2.5 For the reader convenience, we make the proof for d =
n =1 Forallt < s e [0,7) and y,z € RY it is clear that the mapping 2 € R?
¢ (a(t, x); s,y; T, z) is continuously differentiable. Let ¢t < s € [0,T)? and y,z € R?, by
setting a := V'V™*, we have from definition (B.2.16) of p :

0
(R s T B.2.32
5P (a(t,x);s,4;T, 2) (B.2.32)

1 [10a/0w](z, b (t, ;7)) [0/ 0o (t, 25 7)dr
2v2r (fT a(z,hl(t,x;r))dr>3/2

S

B fST[ﬁa/aw](z, hi(t, x;7r))[0/0z|hi(t, x; r)dr’z —mZ p(i(t, x), y)’
2 (fST a(z, hy(r, :c))dr) o2
fST[a%/aw](z, ho(t,z;7))[0/0x]ho(t, z;7)dr(z — m;T(ﬂ(t, x),y))
42 . 7
<f8 a(z, hy(t, z; r))dr)

2

1|z = me (it @), )
xexp | —=
2 fSTa(z,hl(t,x;T))dr

2
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We can bound the first term in the right hand side of (B.2.32) in the following way :

T
/ [0a/0w] (2, h (£, 2 7))[0) O] hn (£, 2 ) dr

T
S/ [[0a/0w](z, hi(t, x;7))| |[0/0x]h1(t, z;7)| dr

T
< [ 110a/0u(z, )| sup. (00 (t,:)] dr
s u€[t,T)
< C(T —s) sup [|[0/0x]hi(t,z;7)|].
reft,T)

By using the fact that, for all € > 0 there exists a positive constant C such that :

2
A‘Z_m;T(ﬂ(t, $)7y)| Ae Z_mg,T(ﬁ(t7$)7y)

_ <
T sz P77 (T —s) =C

and following the same arguments as above, we can bound the second and the third terms
in the right hand side of (B.2.32). We deduce that there exists a positive constant C’ such
that :

o (At w)is,y T 2)| < Fi(ts, T)Cbe(s, 53 T, 2),

which proves the second assertion of the Claim.

When differentiating a second time, we obtain a bound depending on the product of the
derivatives “([0/0x]hy,)?” and the second order derivative [0?/0x2]hy, k = 0,1. We bound

this last term as follows :

1102 /02 b (t, s 7)dr| < (r — )72 sup (r —t) /%[0 /02y (t, x5 7) | dr,
relt,T)

k = 0,1, and following the arguments above we obtain the corresponding bound in the
claim. 0

B.2.2.3 Proof of Claim B.2.6 Again we make the proof ford =n =1. Let t < s €

[0, 7] and y, z € R By definition (B.2.21) of H, we have :

(a(t,x);s,y; T, 2)
= [<8V z,ho(t, z;s)) — 88‘2 (y,ho(t,x;s))> [8/835]}10(15’3;;3)68@/
a 2
% <a (2, I (t, a3 5)) — gw(y,m(t,x;s))) [0/ 0] (¢, a; 3)5)2 P (alt, )y s,y; T, 2)
+ (Vo(z, h(t, ;5 5)) = Vo(y, ho(t, z; 5))) 88 %pz( (t,x);8,y; T, 2)
1 h ) L . o 82~z - . 7
+§ (a(z, h1(t,x;s)) — a(y, 1(t,m,s)))% 3y (a(t,z);s,y; T, 2).

104



By using the second estimate in Claim B.2.5 and by noticing that, from the proof of Claim
B.2.5 we have :

an—f— 1
oxdy™

S CF%(t,S,T)él(T_S)in/QﬁC(Sﬂl/;T?Z)?

p(a(t,x);s,y; T, z)

for any n < 2, we get :

OH
‘(u(t, z); s,y T, 2)

0 < CFMNt,s,T)CL(T — s)"Y?pu(s,y; T, 2). (B.2.33)

Assume now as an induction hypothesis that for all (r,u) € [t,T] x R? :

‘ai;H@k(ﬁ(t,w);r, w;T,z)| < CFLt,r, T)Cr(T — r)k/Q_lﬁc(r,u;T, z), (B.2.34)
where
k—1 k gk
- ol C"4
Cp, < (k-1 + ,
= )\/(k —0 k- 1)
for some positive 7.
We have
0
— HEH (Gt 2); sy, T, 2)

ox
T 0

[ ] gt )i T H (alt,a)ss i w)dudr (B235)
s R4

T
+/ / H®*(f(t, z);s,u; T, z)aaH(M(t,x);s,y; r,w)dudr.  (B.2.36)
s Rd €T

We can bound the first term in the right hand side by using the induction hypothesis
(B.2.34) and estimate (B.2.25) :

T
|(B.2.35)] < Cék/ (T — )27V — )7V RNt v, T)drpe(s, y; T, 2)

S

T
< COFl(tsT) [ (T =) s ar

Xﬁc(sv Y; Tu Z)7

since for all r > s in (¢,T] we have that Fi(t,r,T) < F[(t,s,T). By the change of variable
r= (T — s)u+ s we have

|(B.2.35)] < Fl(t,s,T)
1
XCCy(T — 5)*F~1/2 </ (1- u)k/2_1u_1/2du> Pe(s,y; T, 2).
0

Hence, by (B.2.30),

(B.2.35) < Fll(t,s,T)CC‘k(T—s)(k_l)/QjEﬁc(s,y;T,z). (B.2.37)
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Now, we bound the term (B.2.36). From (B.2.26) and (B.2.33) we have :

T
I(B.2.36)] < CpC | (T —r)** 7Y — )7 V2E Nt r, T)drpe(s, y; T, 2)

< Flt,s,T)CLC—(T — $)** 1pu(s,y: T, 2),

where C}, is defined by (B.2.27). From (B.2.37) and (B.2.38), we deduce that :

aiH@f“(u(t,x); rou; T, 2)

where

+CkC 4

~ = 4
Ci+1 = CrC —,
k+1 k D

Vk
and the induction is true since
~ K Ck+1 gk+1
Cit1 < ;
A <hont =
for some positive real v > 4C'". Indeed, from (B.2.39) we have that :
o
~ yC o~ 4
Ci11 £ —= +CC—,
k1 S A k 7k
where we replaced Cj by its value in Claim B.2.4 so that
ék+1 < ’)/ké Ck 4C
VE+T = k+1) TR VETT

Let us define

Cr ~kC 4C
Ap=—E My =———"—, Djpi1= ,
k N k+1 CEm] k+1 |

hence, we have that
Ap1 < Miyy + Ag Dy
By taking « such that v > 4C we obtain :

4C  CHk-t kO
MyDgy1 = 7 7

Therefore, by induction
k+1

4C
App1 < kMyyq + H

7

which implies that

C'k+1 - ,.yk Ck—l—l 4k+1

Vk+1 _k\/(k:Jrl)! " V(E+1)

Then,

Ck+1 4k+1

Croor <k } v
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(B.2.38)

< CF!(t,r, T)Cryr (T — ) *F/ 2715 (s T, 2),

(B.2.39)



B.2.3 Proof of Lemma B.2.3

From the representation (B.2.24) of [0/0z]p and from the arguments of the proof of
Claims B.2.4, B.2.5 and B.2.6, we can see that for all t € [0,T7], all z, z € R, the mapping
y — [0/0x]p(a(t, z);t,y; T, z) is continuously differentiable and satisfies B.2.3. Also, from
classical results on parametrix, and arguments of Claims B.2.4, B.2.5 and B.2.6 , we can
see that for all ¢t € [0,7], all y,z € RY, the mapping = — [0/0y]p(f(t,x);t,y; T, 2) is
continuously differentiable and satisfies the bound of Lemma B.2.3. This concludes the
proof.

B.3 Proof of Proposition B.1.2
First of all, we have from Sznitman (see [Szn91]) that

Claim B.3.1. The system :

dX; = S0, Vi(t, Xy, Px,)dBj (B3.1)
Xo =T o
where the Vi, 1 = 0,--- ,d are supposed to be Lipschitz continuous in space and Lipschitz

continuous in the McKean-Viasov component w.r.t. the Wassertein-2 distance® admits a
unique strong solution. Moreover, this solution is in L, for any p > 1.

And we prove that :

Claim B.3.2. Let (X7)o<t<r be the solution of (B.1.1) starting from z. Let o}, a? and B;

1 2
be 3 x d positive reals less than 1 such that the Vs are C';—HI"’H% and the s are C’;Jrﬁi,

i=0,-.d.

Then, for all t in [0,T], the mapping X; : = € R+ X¥ is Ly, p > 2 differentiable. By
denoting by Y} its derivative in the direction ey, (where e, is the k™ vector of the canonical
basis of R?) we have :

dXT = Zgzo Vi (t, XP,E[pi(X])]) dB} ;
dvF = 320 {0:Vi (1 XP Eloi(XD)) Y + 0,V (6 XE. Elpi( XP)) E [0u0i(XF) - Y] } dB]
(B.3.2)

forallk € {1,--- ,d} and where 0,V; is the matrix ([8Vil/8xk])1<kl<d.

Then, the proof of Proposition B.1.2 follow by iterating these two claims.

B.3.1 Proof of Claim B.3.2

Thanks to Claim B.3.1, we know that the system (B.3.2) admits a unique solution which
is Ly bounded. For any k € {1,---,d}, we denote by ej the k™ vector of the canonical
basis of R?. Let € be a real positive number, we define :

XI+E€k _ X(L‘
ﬁ:;L—:—i—nE (B.3.3)

39. For v, two probability measures on R? admitting moments of second order, we define by da (v,v")

the Wasserstein-2 distance given by da(v,v') = \/inf{f |z — y|?dn(z,y)}, where the infimum is taken over

all the probability measure 7 admitting v and v’ as marginals.
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where the process (Y}¥);>¢ is defined by (B.3.2).

d
ZEEDY {1 (Vi (t, X7 B g (X)) = Vi (£, X778, B [pi (X))
=0
—ai,% (t, X7, B [oi(XP)]) Vi — ;yvi (t, XZ B [pi( XD E [;U%(Xg:) . ygc] }dB;g

Note that Claim B.3.1 ensures the existence of a unique Y* and Z. From Mean Value
Theorem (MVT), the process Z can be written as the solution of :

d t pl
9 T T i
zF = Z {/ / SV (5, X7 4 ve(ZE + YD), E [ou(XE +ve(ZE + Y1) | ) do(2E + Y)dB,

/ / ay s Xxve(Zk +YM),E [npi(X;” + ve(Z* + Ysk))D

XE[ 0i(XT 4+ ve(ZE +YF))- (Z§+Y5k)} dvdB;}

Ox
d

-3 / Vi XEE (XD YA+ Vi (5 XE B [ (XD E [ 2o () - V2 B

So that
zy
d t 1 o
=> / / [% (s, X 4+ ve(ZF + YF),E [w(xg +ve(ZF + Yj))} )(3.3.4)
=0 0 0 a.%
Vi X2 Bl (XD | 0¥ a5
X
t 1 o
+/ / SV (5, X7 4 0e(ZE - YE)LE [@i(X2 +oe(zE+Y)])  (B3S)
o Jo |90y
B | (X2 4 ve(ZE 4 V) Y
A
9 —Vi (5, XZ E[ps( XD E 9 (XT)-YF| |dvdB!
oy PSRN B et
/ / s X7+ ve(ZF + YF),E [gpi(Xs‘T +ve(Z + YS’“))D dv  (B.3.6)
x Z*dB! (B.3.7)
t 1 8
+/ / SV (5, X2+ ve(ZE + V), E [@i(XT + ve(ZE + Y1) ) (B.3.8)
o Oy
xE {aasoi((ng +ve(ZF +YF)) - Zf] dvdB;}.
X
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For all 7 € {1,--- ,d}, by taking the square, the supremum, and the expectation of terms
(B.3.7) and (B.3.8) one gets, from Cauchy-Schwarz and BDG inequality :

T
E [sup|(B.3.7) + (B.3.8)]*| < CT/ Esup | ZF|2ds, (B.3.9)
t<T 0 u<s
where Cr depends on T'.
Now, we focus on (B.3.5). For each i € {1,--- ,d}, it can be written as :

I

B | (X + vl 2E + ¥ ]

§y% (5, X7 4+ ve(ZE + YE),E [0i(X2 + ve(2E +Y1))])

0
y

/ / {[ s Xw+ve(Zk+Yk) E{goi(Xngve(ZerY;k))D

—V; (5, XZ E[pi( XH])E [a dvdB!

. T\ . vk
S (XD ¥

~ Ve X2 El(X) || 5

[ v Bl

XE[ [a ©i(XT +ve(ZF +YF)) - aa%-(xg’)} : Yk] dvdB!
X

By taking the square, the supremum, and the expectation, we have from BDG and Cauchy-
Schwarz inequality :

(X +ve(ZE+ ) - Y’“] }dvde

t<T u<s

E [sup |(B.3.5)] ] < C /ZeQawEsuPIZk—i—Yk!Qal+625'Esup|Zk+Yk|25’ds

x/ Esup |V [2ds, (B.3.10)
0

u<s

where C' depends on T'.

Same arguments lead to :

) T
<CZ 2a </ ESup’ZS‘f‘YfFagdS)/ Esup|YUk‘2d8,(B.3.11)
0

u<s u<s

sup |(B.3.4)]
t<T

fori € {1,---,d} and Where C depends on T.
Combining (B.3.9), (B.3.10) and (B.3.11) we obtain :

e
E |sup Zt‘

t<T

gc{p(e,Y,X,T)/ E sup |Y;*|? ds+/ Esup|Z{j\2ds}, (B.3.12)
0

u<s u<s
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where p(e, Y, X, T) tends to 0 when € tends to 0. Indeed, we have that for all ¢ in [0, T
R ZF + VP = BXETe X

By taking the square, the supremum, and the expectation of (B.3.4) and (B.3.5), we have
from BDG and Cauchy-Schwarz inequality and estimate (B.3.9) that

Efsup |Z}’] < C,
t<T

so that
E |[sup | X7 — XF]2| — 0,
t<T
when € — 0.
Now we come back to (B.3.12) : by Gronwall’s Lemma and by letting € tends to 0, we

can conclude that for all k in {1,--- ,d}, the Ly limit of the supremum of ZF over [0, T] is
equal to 0. This proves Claim B.3.2. O
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Equations différentielles stochastiques : résolubilité forte d’équations singuliéres
dégénérées ; analyse numérique de systémes progressifs-rétrogrades de
McKean-Vlasov

Résumé. Cette thése traite de deux sujets : la résolubilité forte d’équations différentielles stochastiques a
dérive holderienne et bruit hypoelliptique et la simulation de processus progressifs-rétrogrades découplés
de McKean-Vlasov.

Dans le premier cas, on montre qu'un systéme hypoelliptique, composé d’une composante diffusive et
d’une composante totalement dégénérée, est fortement résoluble lorsque I'exposant de la régularité Holder
de la dérive par rapport a la composante dégénérée est strictement supérieur a 2/3. Ce travail étend au
cadre dégénére les travaux antérieurs de Zvonkin (1974), Veretennikov (1980) et Krylov et Réckner (2005).
L’apparition d’un seuil critique pour l'’exposant peut-étre vue comme le prix & payer pour la dégénéres-
cence. La preuve repose sur des résultats de régularité de la solution de 'EDP associée, qui est dégénérée,
et est basée sur une méthode parametrix.

Dans le second cas, on propose un algorithme basé sur les méthodes de cubature pour la simulation de
processus progessifs-rétrogrades découplés de McKean-Vlasov apparaissant dans des problémes de controle
dans un environnement de type champ moyen. Cet algorithme se divise en deux parties. Une premiére étape
de construction d’un arbre de particules, & dynamique déterministe, approchant la loi de la composante
progressive. Cet arbre peut étre paramétré de maniére & obtenir n’importe quel ordre d’approximation
(en terme de pas de discrétisation de l'intervalle). Une seconde étape, conditionnelle a ’arbre, permettant
I’approximation de la composante rétrograde. Deux schémas explicites sont proposés permettant un ordre
d’approximation de 1 et 2.

Mots Clés : analyse stochastique, EDS, EDP, résolubilité forte, parametrix, dégénéres-
cence, EDSPR, schéma numérique, algorithme, Mckean-Vlasov, Cubature, champ moyen

Stochastic differential equations : strong well-posedness of singular and degenerate
equations ; numerical analysis of decoupled forward backward systems of
McKean-Vlasov type.

Abstract. This thesis deals with two subjects : the strong well-posedness of stochastic differential equa-
tions with Holder drift and hypoelliptic noise and the simulation of decoupled forward backward stochastic
differential equations of McKean-Vlasov type.

In the first work, we study a class of degenerate system with hypoelliptic noise. We prove that strong
well-posedness holds for this system when the drift is only Hoélder, with Holder exponent larger than the
critical value 2/3. This work extends to the degenerate setting the earlier results obtained by Zvonkin
(1974), Veretennikov (1980) and Krylov and Réckner (2005). The existence of a threshold for the Holder
exponent in the degenerate case may be understood as the price to pay to balance the degeneracy of the
noise. Our proof relies on regularization properties of the associated PDE, which is degenerate in the cur-
rent framework and is based on a parametrix method.

In the second work, we propose a new algorithm to approach weakly the solution of a McKean-Vlasov
stochastic differential equation. Based on the cubature method, the algorithm is deterministic differing
from the usual methods based on interacting particles. It can be parametrized in order to obtain a given
order of convergence.

Then, we construct implementable algorithms to solve decoupled forward backward stochastic differen-
tial equations of McKean-Vlasov type, which appear in some stochastic control problems in a mean field
environment. We give two algorithms and show that they have convergence of orders one and two under
appropriate regularity conditions.

Keywords : stochastic analysis, SDE, PDE, strong well-posedness, degeneracy, parame-
trix, FBSDE, numerical scheme, algorithm, McKean-Vlasov, Cubature, Mean Field
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