N

N

Equations différentielles stochastiques rétrogrades
ergodiques et applications aux EDP

Pierre-Yves Madec

» To cite this version:

Pierre-Yves Madec. Equations différentielles stochastiques rétrogrades ergodiques et applications aux
EDP. Probabilités [math.PR]. Université de Rennes 1, 2015. Francais. NNT: . tel-01198906v1

HAL Id: tel-01198906
https://theses.hal.science/tel-01198906v1
Submitted on 17 Sep 2015 (v1), last revised 28 Sep 2015 (v2)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01198906v1
https://hal.archives-ouvertes.fr

UNIVERSITE DE &

RENNES 1

ANNEE 2015

(@)

THESE / UNIVERSITE DE RENNES 1
sous le sceau de I'Université Européenne de Bretagne

pour le grade de
DOCTEUR DE L’'UNIVERSITE DE RENNES 1

Mention : Mathématiques et Applications

Ecole doctorale Matisse

présentée par
Pierre-Yves Madec

Préparée a 'unité de recherche UMR 6625 - IRMAR
Institut de Recherche Mathématiques de Rennes
UFR Mathématiques

Equations
différentielles
stochastiques
retrogrades
ergodiques et
applications aux EDP

Thése soutenue a Rennes
le 30/06/2015

devant le jury composé de :

Said HAMADENE

Professeur a I'Université du Maine | examinateur
Olivier LEY

Professeur a I'INSA de Rennes / examinateur
Marie-Amélie Morlais

Maitre de conférence a I'Université du Maine /
examinateur

Lioudmila VOSTRIKOVA

Professeur a I'Université d'Angers / examinateur
Ying HU

Professeur a I'Université de Rennes 1 / directeur de
these



ii



Table des matiéres

1 Introduction 1
1.1 Rappels préliminaires sur la théorie des EDSR.. . . . . . .. .. ... ... 1
1.1.1 Justification de la structure des EDSR . . . . . ... ... .. ... 1
1.1.2  Un résultat fondateur . . . . . . . . . . ... .. ... ... ... . 2
1.1.3 Ramifications et terminologie . . . . . . . . ... .. ... ... .. 3
1.1.4 Motivation . . . . . . . . . .. ... 4
1.1.5 Le cas de la dimension infinie . . . . . . . .. .. ... ... .... 6
1.2 FEtude des EDSRs ergodiques . . . . . . . ... ..o 10
1.2.1 Résultatsconnus . . . . . . . ... ... 11
1.2.2 Résultats nouveaux . . . . . . . . . .. ... 14

1.3 Comportement en temps long des solutions d’EDP paraboliques semi-
linéaires . . . . . . . . .. 16
1.3.1 Résultatsconnus . . . . . . . . . .. ... 16

1.3.2 Résultat nouveaux : Etude du comportement en temps long des
solutions mild d’EDP paraboliques semi-linéaires en dimension infinie 17

1.3.3 Résultats nouveaux : Etude du comportement en temps long des so-
lutions de viscosité d’EDP paraboliques semi-linéaires avec condi-

tions de Neumann au bord . . . . . . . . .. ... ... ... 20
I Etude des EDSRs ergodiques 23
2 EDSRs ergodiques et EDPs avec conditions de Neumann au bord en
environnement faiblement dissipatif 25
2.1 Introduction . . . . . . . ... 26
2.2 Theforward SDE . . . . . . .. .. oo 28
2.2.1 General notation . . . . . ... 28
2.3 Theergodic BSDE . . . .. . ... .. 31
2.4 The ergodic BSDE with zero and non-zero Neumann

boundary conditions in a weakly dissipative environment . . . . . . . . . . 41

2.4.1 The ergodic BSDE with zero Neumann boundary conditions in a
weakly dissipative environment . . . . . ... ... ... ... ... 42

2.4.2 The ergodic BSDE with non-zero Neumann boundary conditions
in a weakly dissipative environment . . . . . . ... ... ... ... 44

2.4.3 Probabilistic interpretation of the solution of an elliptic PDE with
zero Neumann boundary condition . . . . . .. .. ... ... ... 45
2.4.4 Optimal ergodic control . . . . .. ... ... .o 46
2.5 Appendix . ... 47
2.5.1 Proof of Lemma 2.1 . . . . .. ... ... ... ... ... ... 47
2.5.2 Proof of Lemma 2.5 . . .. .. ... 49

2.5.3 Proof of Lemma 2.15 . . . . . . . . . ... 57

iii



iv TABLE DES MATIERES

3 Résultat complémentaire sur ’unicité des solutions 63

3.1 Introduction . . . . . . . . . . . . 63

3.2 The perturbed forward SDE . . . . . . .. .. ... ... ... ... .. .. 64
3.3 Uniqueness result for Markovian solutions (Y, Z, \) of EBSDE with zero-

Neumann boundary conditions . . . . . . . . .. ... .. ... ... ... 66

II Comportement en temps long des solutions d’EDP paraboliques
semi-linéaires 69

4 Comportement en temps long des solutions mild A’EDP paraboliques

semi-linéaires en dimension infinie 71

4.1 Introduction . . . . . . . . .. 72

4.2 Notation . . . . . . . . . e 73

4.3 Preliminaries . . . . . . . ... 74

4.3.1 The perturbed forward SDE . . . . . ... ... ... ... ... .. 74

432 The BSDE . .. . . . . .. .. 7

433 The EBSDE . . . . . . .. .. 79

4.4 Large time behavior . . . . . . .. .. o 81
4.4.1 First behavior: Path dependent framework and Markovian frame-

WOTK . .. e 81

4.4.2  Second behavior and third behavior: Markovian framework . . . . 83

4.5 Application to an ergodic control problem . . . .. ... ... ... 89

5 Comportement en temps long des solutions de viscosité d’EDP para-

boliques semi-linéaires avec conditions de Neumann au bord 93
5.1 Introduction . . . . . . . . . . ... 94
5.2 Notations . . . . . . . . . . e 96
5.3 Preliminaries . . . . . . . ... 96
5.3.1 The perturbed forward SDE . . . . . . . ... ... ... ...... 96
5.3.2 Thereflected SDE . . . . . .. ... ... .. ... ... 98
5.3.3 The BSDE . . . . . . .. . . ... . 99
534 The EBSDE. . . . .. ... . .. ... ... .. 101
5.4 Large time behaviour . . . . . . .. ... Lo 106
5.4.1 First behaviour . . . . . . . ... ... 106
5.4.2 Second and third behaviour . . . . . ... ... ... ... 106

5.5 Application to an ergodic control problem . . . . .. ... ... ... ... 112



Chapitre 1

Introduction

La premiére partie de cette introduction est constituée de rappels sur les EDSR en
dimension finie et infinie. La deuxiéme et la troisiéme partie sont constituées de rappels
sur les thémes abordés et présentent les résultats obtenus lors de cette thése.

1.1 Rappels préliminaires sur la théorie des EDSR

1.1.1 Justification de la structure des EDSR

Donnons nous un mouvement Brownien W, k-dimensionnel défini sur un espace pro-
babilisé complet (€2, #,P) dont la filtration naturelle augmentée est notée (F)co,77-
Imaginons & présent que I'on souhaite résoudre 1’équation différentielle suivante :

dY; = _f(ta Y;)dta Vt e {OaT]v
{ Y= ¢, (1.1)

ou & est une variable aléatoire .#p-mesurable, c’est-a-dire une variable aléatoire connue
a instant T'. Le temps T est aussi parfois appelé horizon. Supposons pour simplifier que
f =0, le probléme (1.1) devient alors

{ dY; =0 vte[0,T], (1.2)

Yp = €.

Un candidat solution a ce probléme est alors Y; = &, V¢t € [0,T]. Cependant, si nous
demandons & la solution de ne pas dépendre du futur, c’est-ad-dire d’étre adapté a la
filtration générée par le mouvement brownien (#t).e(o,7, alors la solution proposée ne
convient pas. Un moyen naturel de rendre adapté & sans changer sa valeur terminale
est de considérer son espérance conditionnelle par rapport & la filtration du mouvement
brownien. Un nouveau candidat solution est alors Y; = E({].%;). Comme ce terme n’est
a priori pas différentiable en temps au sens usuel, nous utilisons le théoréme de représen-
tation des martingales browniennes pour faire apparaitre une intégrale stochastique. Y;
étant une martingale brownienne, il existe un processus Z adapté et de carré intégrable
tel que, pour tout ¢ € [0, 7],

t
Y, = E(€) + /0 Z,dW,.

En différenciant la relation précédente il apparait que Y; = E(£|.%;) résout ’équation
suivante :

{dn—aam vt € [0, T,

yr = € (1.3)
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Manifestement, la structure de I’équation initiale (1.2) a été modifiée, faisant apparaitre
un nouveau terme Z;dW; qui permet de rendre adaptée la solution. Revenons & présent
au probléme initial (1.1), comme nous introduisons un terme supplémentaire Z dans
I’équation, il est naturel d’autoriser la fonction f a dépendre de Z, ce qui nous conduit
au probléme :

{ AY; = —f(t, Yy, Zo)dt + ZdWy, Yt € [0, 7], (1.4)

YT:€7

ou encore en utilisant la formulation intégrale rétrograde faisant apparaitre la condition
terminale :

T T
Yt=5+/ f(s,Ys,Zs)ds—/ ZdW,, 0<t<T, (15)
t t

Les données de cette équation sont, d’une part la condition terminale £ qui est une
variable aléatoire .#p-mesurable a valeur dans R™ et d’autre part le générateur f qui
est une fonction Q x [0, 7] x R™ x R™** — R™ mesurable par rapport aux tribus & @
B(R™) @ B(R™<K) et B(R™), ott L est la tribu des événements prévisibles. L’inconnu
d’une telle équation est le couple de processus (Y, Zt)te[O,T] a valeur dans R™ x R™*k,

Définition 1.1. Une solution de I'EDSR (1.5) est un couple de processus (Yy, Zt)iejo,r)
a valeur dans R™ x R™*F tel que

1. (Yi)iepo,r) est a trajectoires continues P-p.s. et adapté, (Zt)icpo,r est prévisible,
2.

T
‘/[megaﬂ+wﬁhh<+m, P-p.s.,
0

T T
Yi=¢+ / f(s,Ys, Zs)ds — / ZsdWs, 0<t<T, P-p.s.
t t

1.1.2 Un résultat fondateur

Les EDSRs apparaissent pour la premiére fois dans un article de Bismut [9] dans le
cas ou le générateur est linéaire. Cependant le point de départ de la théorie des EDSRs
est l'article de Pardoux et Peng [68| dans lequel le générateur est non linéaire par rapport
a y et z. Rappelons ce résultat.

Théoréme 1.2 (Pardoux-Peng 1990). Supposons le générateur f lipschitzien par rapport
a (y, z), uniformément en (t,w), et

T
Ek?+%\ﬂauwﬁ%<+w

Alors V'EDSR (1.5) admet une unique solution telle que Z soit un processus de carré
intégrable.

Remarquons que les hypothéses sur f sont trés proches de celles que contient le
théoréme de Cauchy-Lipschitz pour les EDO (f(t,y) continue en les deux variables et
Lipschitz par rapport a la seconde variable pour l'existence et 1'unicité d’une solution
globale).
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1.1.3 Ramifications et terminologie

A partir de cette étude, plusieurs chemins d’investigations peuvent étre envisagés.
Nous n’avons pas I’ambition d’en dresser une liste exhaustive dans ce manuscrit. Com-
mengons par le cas des EDSRs dont le générateur n’est plus Lipschitz en y mais seulement
monotone au sens suivant : 3u € R, V¢t € Ry ,Vz € R™*F vy, o/ € R™,

=y, fty,2) — Ft. v, 2)) < ply -y

Ce type d’hypothése apparait pour la premiére fois dans un article de Peng [71] pour
traiter le cas d’'une EDSR ot I’horizon est un temps aléatoire, c’est-a-dire en imposant
Y, =& o 7 est un temps d’arrét, autrement dit :

T T
Y, =€+ f(s,Ys, Zs)ds — / Z,dWs, 0<t<T. (1.6)

tAT tAT
Une telle EDSR est appelée EDSR en horizon aléatoire. Rappelons le résultat de Darling
et Pardoux [24] & ce sujet. Lorsque la condition de monotonie ci-dessus est vérifiée et que
le générateur est Lipschitz en z, a croissance linéaire en y, z (c’est-a-dire qu’il existe un
processus f; positif tel que V¢t € Ry, Vy € R™ Vz € R™k | f(t,y,2)| < fi +Cly| + K|z|),
que le générateur est continu en y a t et z fixés, et que la condition d’intégrabilité suivante
est vérifice : E [|£|2 + fOT f?dt] < 400, alors 'EDSR (1.5) admet une unique solution telle

que Z est un processus de carré intégrable. En prenant une condition terminale nulle et
T = 400, on obtient '’EDSR suivante :

+00 +oo
Y = / f(s,Ys, Zs)ds —/ Z, dWs, ¥Vt >0, (1.7)
t t
ou encore, par soustraction, V1" > 0,
T T
Y =Yr —I—/ f(s,Ys, Zg)ds —/ ZsdWs, vt e [0,T].
t t

Ce type d’EDSR porte le nom d’EDSR en horizon infini. Un autre cas trés largement
étudié est celui des EDSRs markoviennes, dans lequel le générateur et la condition ter-
minale ne dépendent de l'aléa w qu’au travers d’un processus solution d’une EDS. Plus
précisément, considérons I’EDS partant de z au temps ¢ :

Xt = 4 / b(r, X1%)dr + / o(r, Xt¥)dW,, Vs € [t, T). (1.8)
t t

Sous de bonnes hypothéses, 'EDS précédente admet une unique solution forte. L’EDSR
markovienne s’écrit alors :

T T
VIT = g(X5T) +/ flr, XE* ybe ZE)dr —/ ZVEAW,, Vse[t,T], (1.9)
S S

ol g est une fonction déterministe. Nous constatons que les coefficients de 'EDS précé-
dente ne dépendent pas de (Yst’x, Zﬁx) se[t,7]; ¢’est pourquoi l'on qualifie le systéme formé
par les équations (1.8) et (1.9) de découplé. Réciproquement, lorsque nous autorisons les
coefficients de 'EDS & dépendre de (Y;t’z, ZﬁCC) se[t, 7], nous parlons de systéme couplé.
Nous renvoyons le lecteur a l'article de Pardoux Peng [67] pour une étude du cas découplé
et a larticle de Ma, Protter et Yong [53] pour une étude du systéme couplé. Un autre
cas intéressant est celui des EDSR quadratiques, ol le générateur n’est plus Lipschitz en
z mais, comme son nom l’indique, & croissance quadratique en z. Plus précisément, le
générateur doit vérifier :

Vi€ Ry,y € R™, 2z € R¥|f(t,y,2)| < ar + Bly| + 7|27, P-ps.,
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ol 3,7 € Ry et a est un processus adapté positif vérifiant la condition d’intégrabilité
suivante :

T
aC > O,/ a,ds < C, P-ps.
0

Nous renvoyons le lecteur a l'article fondateur de Kobylanski [48] pour plus de précisions
sur le sujet. Enfin citons un dernier cas d’étude des EDSRs, il s’agit des EDSRs générali-
sées qui font apparaitre un terme intégral de type Stieltjes dans la structure de 'EDSR.
Plus précisément, si g : Ry x R™ — R™ et si (As)gep,7] désigne un processus positif
croissant, alors TEDSR

T T T
Yi=¢ +/ f(s,Ys, Zs)ds +/ g(s,Ys)dAs — / Z,dWs, vVt e [0,T],
t t t

est une EDSR généralisée. Nous renvoyons le lecteur a l'article de Pardoux et Zhang [69]
pour des résultats concernant ce type d’EDSR.

1.1.4 Motivation

Depuis le résultat de Pardoux et Peng [68], la théorie des EDSR s’est considérablement
développée en raison du lien existant avec les EDPs et des applications possibles aux
problémes de controles stochastiques et aux problémes de mathématiques financiéres.

Formule de Feynman-Kac

Commengons par évoquer le lien avec les EDPs. Rappelons tout d’abord que les EDS
sont reliées aux EDPs par la formule de Feynman-Kac qui donne une solution probabiliste
a 'EDP linéaire suivante :

{ Gt o) + Lut,x) — K(t,z)u(t,z) =0, Vte[0,T],z €RY, (1.10)

u(T,x) = g(x),

ou .Z est un opérateur différentiel du second ordre agissant sur les fonctions h assez
régulieéres par la relation suivante :

1
Zh(t,x) = 5 Tr (o(t,2)'o(t,2)V2h(t,z)) + b(t, ) Vh(t, z),
ot b:RY — Reet o : R — R¥* Considérons la diffusion de générateur .Z, c’est-a-dire :
X0 gt / b(r, XE0)dr + / o (r, X1) AW, (1.11)
t t

Alors, sous de bonnes hypothéses pour les coefficients b, 0, K, et 1), il est possible de
montrer que la fonction :

’LL(t, .’E) =E [e— ftT K(T,Xg‘z)dsg(X;,m)}

est solution classique (ou solution de viscosité - voir [3] pour une définition - dans le cas de
coefficients moins réguliers) de 'EDP (1.10). La théorie des EDSR permet de généraliser
ce résultat au cadre des EDP semi-linéaires du second ordre de la forme suivante

%(t,x} + ZLu(t,z) + f(t,z,ut,r), Vuo(t,z)) =0 Vt € [0,T],Vr € RY,
’LL(T, .’E) = g(.’IJ), Vo € Rdv
(1.12)
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appelées équations de Kolmogorov. En effet en conservant la méme diffusion (1.11) et en
considérant ’EDSR suivante :

T T
Yy = g(X5") +/ flr, Xb® ybe Zb0)dr — / ZUAW,, Vs e [t,T), (1.13)

S S
il est possible de montrer, sous de bonnes hypothéses pour f et g, que u(t,z) := Ytt’x est
une quantité déterministe et est solution classique ou de viscosité suivant la régularité des
coefficients de (1.12). Réciproquement on peut montrer par une formule d’Ité appliqué a
v(XE"), que si v(t, ) est une solution classique alors (v(s, X2), W (s, X0%)o (s, X))
est solution de 'EDSR (1.13). L’unicité des solutions de 'EDSR (1.13) n’implique pas en
général I'unicité des solutions de viscosité du probléme (1.12). En revanche I'unicité des
solutions de viscosité implique 'unicité des solutions markoviennes de 'EDSR. En effet
si (Y1 =ul(s, X0"), Z1) et (Y2 = u2(s, XE™), Z2) sont deux solutions de 'EDSR (1.13)
alors u! et u? sont deux solutions de viscosité de (1.12) et donc u! = u? par unicité des
solutions de viscosité. 11 suffit alors de calculer |V} — Y2? par une formule d’Ité6 pour
obtenir Ef(;[ |Z} — Z%?dr = 0.

L’intérét des formules du type Feynman-Kac est de pouvoir utiliser les résultats sur
les EDSR a I'é¢tude des EDP ou faire le contraire. Pour plus d’information concernant
cette problématique nous renvoyons le lecteur a [67| pour le cadre initial, a [24] pour le cas
des EDSR avec horizon aléatoire qui correspond aux EDP semi-linéaires avec condition
de Dirichlet au bord, ou a [69] pour les cas des EDP avec condition de Neumann au
bord. Enfin pour une approche déterministe des EDP du second ordre (possiblement
non-linéaires), nous renvoyons le lecteur a [19] ou [46] pour une approche générale (pas
de condition au bord, conditions de Dirichlet ou de Neumann au bord) ou a [2| pour
le cas des EDP avec conditions de Neumann au bord. Enfin rappelons que le bon outil
pour étudier les EDP non-linéaires par une approche probabiliste est celui des EDSR du
second ordre, encore appelées 2EDSR et qui ont été introduites dans [15].

Application aux problémes de contréles stochastiques

Les problémes de contrdle stochastique consistent généralement a étudier la possibilité
de minimiser le cotit d’'un processus solution d’'une EDS. La théorie des EDSR permet
de traiter efficacement ce genre de probléme. Considérons par exemple une diffusion
X" solution d’'une EDS contrélée par un processus u a valeur dans U, espace métrique
séparable,

t t
Xt“:a:Jr/ [b(s,X§)+R(s,Xg,us)]ds+/ o(s, XW)dW,, Ve [0,T]. (1.14)
0 0

On considére alors un coiit qui prend en compte toute la trajectoire et la valeur terminale
de X" :

J(u) =E [/OT h(s, XY, uy)ds + g(X%)} .

Alors, si o est inversible, nous pouvons définir ’hamiltonien associé & ce probléme de
controle stochastique par

flt,x,2z) = 11615 {h(t,z,u) + 207 (t,z)R(s,z,u)} .

Alors en étudiant 'EDSR dont le générateur est cet hamiltonien et dont la condition
terminale est g, Vs € [0, 7],

T T
Y: = Q(XT) +/ f(S, Xs, Zs)dS - / ZsdWs,
t t



6 CHAPITRE 1. INTRODUCTION

ou X est solution de 'EDS (1.14) avec R = 0, il est possible de montrer que pour tout
controle admissible u, J(u) > Yj. Sous certaines hypothéses supplémentaires, il est méme
possible de montrer que 1’égalité est vérifiée pour un contréle optimal w qui est fonction
déterministe de X et Z (caractérisation du controle optimal par feedback law). De nom-
breux articles s’aident des EDSR afin de résoudre les problémes de contréle optimal, nous
renvoyons le lecteur a [10], & [30] pour des problémes de controles stochastiques faisant
intervenir des EDSR quadratiques.

Application aux mathématiques financiéres

Les EDSR permettent de modéliser efficacement certains problémes de mathéma-
tiques financiéres. N’ayant pas travaillé sur ce sujet, nous renvoyons le lecteur a [29] pour
une introduction & cette problématique.

1.1.5 Le cas de la dimension infinie

Processus de Wiener, intégrale stochastique dans les espaces de Hilbert et
bruit blanc en espace-temps

L’é¢tude des EDS en dimension infinie (dans les espaces de Banach ou de Hilbert)
sont des généralisations naturelles des EDS d’It6 en dimension finie (voir par exemple
[47] pour une introduction). Commengons par présenter certains concepts propres au
cadre de la dimension infinie.

Soient (H,(-,-)) et (K,(-,-)) deux espaces de Hilbert séparables. Soit {e;} C H un
systéme orthonormé complet de H. Un opérateur linéaire borné T' € £ (H, K) est de
Hilbert-Schmidt si

> ITeill7 < +oo.
i>1

Il est bien connu qu’une telle somme est indépendante de la base choisie (voir par exemple
[22]). L’ensemble de tous les opérateurs de Hilbert-Schmidt muni de la norme

1/2

1T 22 i) = | D I Telli |
i>1

est un espace de Hilbert, noté Z2(H, K). Il est alors possible d’étendre la définition du
mouvement brownien au cadre de la dimension infinie.

Définition 1.3 (Processus de Wiener). Supposons que H C K avec injection Hilbert-
Schmidt (i.e. il existe T : H — K opérateur injectif de Hilbert-Schmidt). On appelle
processus de Wiener cylindrique sur H a valeur dans K un processus stochastique W
défini sur (Q, F,(F)i>0,P) tel que
1. Vi € N*, t — (Wi, e;) est un mouvement brownien scalaire adapté a la filtration
(yt)tZO ;
2. ((W,e;))ien est une famille de processus mutuellement indépendants.

On pose alors,

Bi(t) = (W(t),er) et Wi=> Bit)es.

€N

La série précédente converge dans L*(;U) via Uinjection T (i.e. ., Bi(t)Te; converge
dans L*(Q;U)) mais Wy nest P-p.s. pas a valeurs dans H.
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Autrement dit la série précédente ne converge pas dans H, elle ne converge que vue
au travers d’une injection qui permet de faire converger la somme en atténuant certains
modes. On peut aussi caractériser un tel processus gaussien par

EW, =0 dans H, E(Ws,u)(Wy,v))=min(s,t){u,v)n

pour tout u,v € H. Soit ® un processus prévisible tel que pour tout ¢ € [0,7], ®(t)
soit a valeurs dans .Z%(H, K) et tel que f(;f |<I>(s)|?$2(H x)ds < +oo presque strement.

Alors on peut définir I'intégrale stochastique fOT ®(s)dWs. La construction se fait simi-
lalrement au cas de l'intégrale stochastique par rapport & un mouvement brownien. De
plus, fo s)dWjs est une variable aléatoire a valeurs dans K et

/ s)dW, = Z / s)e;dBi(s).
0
Enfin, si E (fOT H<I>(3)H‘2Z2(H7K)ds) < +o0, alors

T
E/ d(s)dW, = 0,
0

E ( / " a(spaw, ) _E ( / ' H@(s)\@z<ﬂ,mds> -

Concluons cette partie par 'introduction d’un objet qui sera utile dans ce qui suit. On
appelle bruit blanc en espace-temps dans R, x R%, un processus stochastique (ﬂt)te[o,T]

gaussien centré a valeurs mesures tel que pour tout Borélien A et B de R? et pour tout
s,t >0, 0on a

E (ns(A)n:(B)) = Aa(AN B)ds—,

ou A désigne la mesure de Lebesgue sur R%. On parle aussi de processus indexé par la
mesure de Lebesgue. Soit W un processus de Wiener cylindrique défini plus haut, on
montre que, au sens des distributions,

dw
5 =

dt
ou la dérivée est & comprendre au sens des distributions. Nous renvoyons a [74] pour la
justification de ce résultat.

Motivation

Examinons sur un exemple 'intérét d’étudier les EDS en dimension infinie. Considé-
rons I’équation de la chaleur en dimension un (voir le livre de Cannon [13] pour une étude
approfondie de 1’équation de la chaleur en dimension un) sur une barre de longueur 7 et
perturbée par un bruit blanc en espace et en temps 7(t,z), Vt € [0, +00), Va € [0, 7],

ou(t,x)
[ 962 5(t,z) + fz,ult,z)) + n(t, 2),
| ilio) 2 (1.15)

La quantité u(t,x) modélise la température de la barre a l'instant ¢ et & 'emplacement

x de la barre. Le terme %t décrit I’évolution de temporelle de la température. Le terme

8x2 2 (t, ) traduit le comportement qu’a la chaleur a se déplacer des zones chaudes vers
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les zones froides. Un point ou %(t, x) > 0 est un point plus froid que son entourage
direct et dont la température va augmenter (et inversement). Il s’agit donc d’un terme
de moyennisation qui va avoir tendance a régulariser les solutions. Le terme non-linéaire
f(x,u(x)) peut décrire une création interne de chaleur. Le terme ¢ est le profil de tempé-
rature & l'instant initial. Enfin, 7(¢,2) désigne un bruit blanc en espace et en temps qui
vient perturber la répartition de température. Rappelons que, au sens des distributions,
dW; = ndt. Dans la suite de ce paragraphe, nous utiliserons les notations suivantes

— L%(0,7) est I'espace de Hilbert constitué des fonctions dont le carré est Lebesgue
intégrable sur (0, 7), muni du produit scalaire usuel.

— HP(0,m), avec p € N est I'espace de Sobolev d’ordre p, c’est-a-dire HP(0,7) =
{h() € L?(0,7) : %(-) € L?(0,7),k=1,2,... ,p} muni du produit scalaire usuel.
Rappelons que les dérivées ci-dessus sont & comprendre au sens des distributions
et que HP(0,7) muni du produit scalaire usuel (voir par exemple Aubin [1| pour
plus de précisions sur les espaces de Sobolev) est un espace de Hilbert.

Définissons un opérateur A par

A= 25w L*(0,7).
Notons
H = L?*(0,7)

I’espace d’état et notons
D(A)=H*(0,7)c H

le domaine de A, alors A est un opérateur (possiblement non borné) de D(A) dans H.
Définissons également

U(t) = u(tv ')a
F(y)(z) = f(z,y(z)),

Alors, il est possible de regarder le probléme (1.15) comme une équation différentielle a
valeurs dans H. En effet, U vérifie

{ dU; = [AU; + F(Uy)]dt +dW;, t € [0,T],
Up = ¢.

La fonction F' porte le nom d’opérateur de Nemytskii. Remarquons que la formulation
précédente n’a de sens que si U € D(A), Vt > 0. Cependant, soit h € D(A), alors

T /dh\?
—Ah,h) g = =) dz>0
< 7>H /O<d$> T = U,

ce qui montre que A est dissipatif. De plus, Vh, f € D(A), par une double intégration
partie,

(1.16)

T 12 T 2
(Ah, f) = / T o) fla)de = / n(e) L (2ydz = (. Af),

da? da?

ce qui montre que A est autoadjoint. De plus, le domaine de D(A) est dense dans H. En
effet, définissons Vk € N*|

Yo(z) =1/v/7
Yp(x) = \/2/mcos(kx), Vk € N*.
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Alors (Y) ey forme un systéme orthonormal complet de D(A) dense dans H. On en
déduit que (A, D(A)) est m-dissipatif. Par le théoréme de Hile-Yosida, nous en déduisons
que (A, D(A)) est le générateur infinitésimal d’un semi-groupe de contraction {e!4} sur
H (i.e d'un semi-groupe fortement continu et tel que ||et4| | 2(#,1) < 1), voir par exemple
[20] ou [70]. II est alors possible de considérer une version affaiblie de (1.16), qui ne
demande qu’aux solutions d’appartenir & H au lieu de D(A) :

t t
Uy = ez + / IR (U,)ds + / et=)Aqw,,
0 0

et 'on parle alors de mild solutions, ou solution allégée en frangais (et non pas douce ou
bonne). Notons au passage que cette terminologie est également utilisée dans d’autres
contextes, comme par exemple celui des EDP qui permet d’abaisser la régularité requise
pour les fonctions solutions. Notons enfin que cette formulation affaiblie se justifie par une
formule d’It6 qui permet de généraliser la formule de Duhamel valable dans un contexte
déterministe.

EDSR en dimension infinie et solutions mild A’ EDP

Dans ce manuscrit, nous allons rencontrer des EDSR en dimension infinie. En réalité,
seul le processus de Wiener qui dirige 'EDS et la solution de cette EDS sont & valeurs
dans des espaces de dimension infinie. Il est bien str possible de considérer des EDSR
réellement en dimension infinie (voir par exemple [10]) mais toutes les EDSR (ou EDSRE)
que nous rencontrerons au travers de ce document sont a valeurs réelles. Considérons par
exemple 'EDSR a valeurs dans R

T T
Yé:g(XT)Jr/ f(an,Yr,Zr)dr—/ Z.dW,, se[t,T],

avec W processus de Wiener cylindrique & valeur dans =. Y est a valeur dans R et
Z € % (E,R). Le processus X prend ses valeurs dans un autre espace de Hilbert H et
est solution mild de 'EDS

(1.17)

dXs = [AX; + F(s, Xs)|ds + G(s, Xs),s € [t,T],
X =x€H,

ou A est le générateur d’un semi-groupe fortement continu d’opérateurs linéaires bornés
{etA} dans H. Tout comme dans le cas des EDSR en dimension finie, ce probléme
stochastique permet d’étudier I’équation de Kolmogorov, Vt € [0,T], Vz € H,

{ 20D + Lult,x) + f(t 2, ult,x), Vu(t, 2)G(t,2)) = 0,
u(Ta x) = g(x)7

ou Vu est la dérivée de Gateaux de u par rapport a x et % est 'opérateur différentiel
du second ordre suivant

(1.18)

Lo(x) = % Tr(G(t,2)G(t,2)*V3¢(z)) + (Ax + F(t,2), Vo(z)).
En effet, si X%® désigne la solution de (1.17) et si (Y% Z%®) désigne la solution de
(1.18) avec X remplacé par X% alors il est possible de montrer que u(t,z) = Y;"" est
solution de (1.18). Dans le cadre de la dimension finie ou infinie, le terme "solution"
peut revétir plusieurs concepts. Il est possible de s’intéresser aux solutions classiques de
(1.18) (voir par exemple [67]) mais cette approche demande d’avoir une régularité trés
forte sur les coefficients de 'EDS et de 'EDSR, c’est-a-dire au moins €' en la variable
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temporelle et €2 en la variable d’espace. Une autre approche consiste a s’intéresser aux
solutions de viscosité de (1.18). Cependant, si cette approche s’intégre bien au cadre de
la dimension finie (voir par exemple [66]), elle est en revanche beaucoup plus difficile &
appliquer en dimension infinie. De plus, dans la perspective d’appliquer les résultats aux
problémes de controle optimal, il est intéressant d’avoir au moins une dérivée de Gateaux
Vu afin de pouvoir exprimer le contréle optimal comme une fonction déterministe de X%
(caractérisation du controle optimal par "feedback law"). Il est donc naturel d’introduire
un nouveau concept de solutions, dites solutions mild, voir par exemple [14] et [38], ou
dans le cadre des EDSR [33] et [34]. Ainsi, une solution de (1.18) est dite mild si elle
vérifie, Vt € [0,T], Vx € H,

T
u(t,x) = Pr_¢lg](z) +/t Ps_t[f (s, u(s, ), Vu(s,)G(s,-))](z)ds,

ol P, est généré par £, i.e. Zd](x) = Ep(XF). Cette formulation se retrouve en
appliquant la formule de la variation de la constante a (1.18). Remarquons que cette
formulation a du sens dés que u admet une dérivée de Gateaux par rapport a x. Les
solutions mild se positionnent donc & mi-chemin entre les solutions classiques et les
solutions de viscosité.

1.2 Etude des EDSRs ergodiques

Les EDSRs ergodiques ont été introduites par Fuhrman, Hu et Tessitore dans [31].
Une EDSR ergodique est une équation du type :

T T
Yt:YT+/ [f(Ys,ZS)—)\]ds—/ ZdW,, 0<t<T < +oo. (1.19)
t t

La seule différence structurelle avec une EDSR en horizon infini réside dans ’apparition
du terme A dans la premiére intégrale. Ce A fait partie des inconnues. Une solution de
I'EDSR ergodique précédente est donc un triplet (Yz, Z;, A)¢>0. La méthode proposée par
Fuhrman, Hu et Tessitore pour prouver 'existence d’une solution & (1.20) permet de
traiter le cas oul Y est a valeurs dans R, W est un processus de Wiener cylindrique, f
est un générateur markovien et est indépendant de y. Nous réécrivons 'EDSR ergodique
qui en découle :

T T
Y, =Yr +/ [f(Xs, Zs) — Ads —/ ZdW,, 0<t<T < 4oc. (1.20)
t t

Lorsque f est une fonction strictement monotone en y, Briand et Hu ont montré dans [11]
qu’il existe une unique solution & ’'EDSR précédente. Les EDSR ergodiques présentent la
particularité de ne plus étre monotones en Y. La constante A peut donc étre vue comme
un terme compensatoire qui permet d’avoir un contréle sur la solution. En effet nous
verrons plus tard qu’il existe une solution (Y?*, Z%, A) telle que |Y*| < C(1+ | X} |P) pour
un certain p > 0. Rappelons que si les EDSR en horizon fini permettent d’étudier les EDP
paraboliques semi-linéaires et que les EDSR en horizon infini permettent d’étudier les
EDP elliptiques semi-linéaires, les EDSR ergodiques, quant & elles, permettent d’étudier
les EDP ergodiques semi-linéaires (au sens mild en dimension infinie ou au sens de la
viscosité en dimension finie). Rappelons qu'une EDP ergodique est une EDP de la forme

F(z,v,Vv,V?v) = A =0,

ou A fait partie des inconnues. Autrement dit, 'inconnue des EDP ergodiques est un
couple (v, ). Une EDP ergodique est homogeéne en temps et les solutions recherchées
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le sont donc aussi. Les EDSR ergodiques nous permettent de traiter le cas ot F' est
semi-linéaire :

F(z,v,Vv,V?v) = Lv + f(z, Vo),

avec, Vr € H
Lulz) = %Tr(GG*VQU(x)) + (A2, 2) + f (2, Vo(a).

Remarquons que F' étant dans notre contexte indépendant de v, i.e. F(x,v, Vv, V2v) =
F(x, Vv, V?v), il ne peut y avoir unicité des solutions ergodiques car si (v, \) est solution
alors, Ve € R, (v + ¢, A) est aussi solution. Cependant, sous de bonnes hypothéses il y
a unicité de A et unicité de v & addition d’une constante prés. Les EDSR ergodiques
sont une bonne alternative pour étudier les problémes de contréles stochastiques ergo-
diques, et permettent aussi d’étudier le comportement en temps long des solutions d’EDP
paraboliques semi-linéaires, comme nous le verrons dans la suite de ce manuscrit.

1.2.1 Résultats connus

Revenons a l'article [31]. Les auteurs considérent un générateur f Lipschitz en x et
z et un processus (X/)i>0 & valeurs dans un espace de Banach E solution de I'EDS

suivante :
{ dX? = [AX] + F(X7)]dt + GdW,
(1.21)

XO =,
ou, sans rentrer dans les détails, W est un processus de Wiener, A est le générateur
d’un semi-groupe de contractions fortement continu noté {etA} >o» I est mesurable et
bornée, A + F + nl est dissipatif et G est un opérateur linéaire borné. Ces hypothéses
permettent d’obtenir la décroissance exponentielle des trajectoires pour les solutions de
(1.21), c’est-a-dire :

XF - X/ <e™ax—yl, t>0, Pps, xyck.

Puis, ils introduisent ’EDSR suivante en horizon infini, pour o > 0 :
T T
Y, =y +/ [f(XZ, 229 —aYP% ds —/ Z3*dWs, (1.22)
t t

ol f est supposé Lipschitz. Il s’agit d’'une EDSR en horizon infini dont le générateur
est strictement monotone en y. Comme la structure des équations est markovienne, en
définissant v*(z) = Y%, il découle par unicité des solutions de PEDSR (1.22) que
v (X[) =Y, Le fait que (Y;");>0 soit un processus a valeurs réelles et que le généra-
teur soit strictement monotone en y avec a > 0 permet d’obtenir I'estimée suivante (voir
l'article de Briand et Hu [11]) :

alv®(0)] < C. (1.23)

En appliquant une formule d’It6 a e*aTYr_,gf @il apparait que le terme linéaire en ay
ajouté au générateur dans 'EDSR ergodique permet d’annuler la condition terminale
en faisant T' — +4oo. En utilisant la décroissance exponentielle des trajectoires et en
utilisant le fait que f est Lipschitz en x et z, on peut montrer que la famille de fonctions
{v*}gca<t €St équicontinue, VO < a < 1, Vi, y € E,

[v*(2) = v (y)| < Cle —yl. (1.24)
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I1 est alors possible de réécrire (1.22) de la maniére suivante :
T
AR (D CaED / (X3, Z9%) = a(YP™ = Y) — ¥y ]ds
t
T
— / ZPdWs, (1.25)
t

afin de ne faire apparaitre que des termes controlés grace a (1.23) et (1.24). Ainsi, grace
a ces deux estimées (1.23) et (1.24), il est possible de construire, par une extraction
diagonale une suite a,, — 0 telle que
n—-+oo
v (z) — v (0) — v(x)
n—+o0o
apv®(0) — A
n—+o0o

Par des arguments usuels (théoréme de convergence dominée, formule d’'1t6), ils montrent
alors que

N L0n — Ne?%y 0,an n EVad

(Y = van(th)’tha sy anYy = 0) — Yy, 28,0,

n—-+00
et que le membre de droite est bien solution de (1.20).
Nous voyons que la décroissance exponentielle des trajectoires permet de controler les

accroissements de (z — v®(z)). Dans Particle [26], Debussche, Hu et Tessitore considérent
une diffusion X% & valeurs dans un espace de Hilbert H solution de I'EDS suivante :

{ AXF = [AXZ + F(XP)]dt + GdW,

Xo = 2. (1.26)

ou cette fois, A + nl est dissipatif, F' est Lipschitz et borné. On dit alors que A + F
est faiblement dissipatif. A priori, A + F' n’est plus dissipatif et il est vain d’espérer
obtenir la décroissance exponentielle des trajectoires. Cependant, en supposant que G
soit inversible, il est possible d’établir, par des arguments de couplage, que pour toute
fonction borélienne bornée ¢,

[EQ(XT) — ES(XY)| < O(L+ |z + [yf*)e ™. (1.27)

Cette inégalité est établie par des arguments de couplage. Notons que cette inégalité
implique que le processus est exponentiellement mélangeant (exponential mixing), i.e. il
existe une unique mesure invariante j telle que pour toute fonction ¢ : R4 — R borélienne
bornée,

Eo(xD) - [ ow)n(o)| < O+ fafhe

De nombreux articles traitent de cette problématique, voir par exemple, [25], [51], [27],
[63], [64], [12], [39], [28], [49], [50] ou [75]. La majoration (1.27) est dénommée "Basic
coupling estimate". Il est méme possible, lorsque les estimées obtenus ne dépendent pas
de la constante de Lipschitz de F', d’étendre ce résultat par un argument de Girsanov
au cas ol F' est seulement mesurable et borné et limite d’une suite de fonction Lispchitz
uniformément bornée (i.e. I(Fy,)nen, Fn Lipschitz Vn, Vo € H, F,(x) N F(x), et

sup,, , [F ()| < +00). Dans ce cas, il ny a plus existence et unicité forte des solutions
de (1.26) mais il y a toujours existence et unicité en loi des solutions de martingale
de ’EDS (1.26). Rappelons que dans le cadre des EDS en dimension infinie, le terme
"solution de martingale" est I’équivalent des solutions faibles pour les EDS en dimension



1.2. ETUDE DES EDSRS ERGODIQUES 13

finie. L’expression solution faible pour les EDS en dimension infinie est réservée a un
autre concept, voir [23]. Dans le contexte des solutions de martingale, le Basic coupling
estimate s’énonce comme suit : si (X%, W?) et (XY, WY) sont deux solutions de martingale
de (1.26) alors en notant E* (respectivement EY) 'espérance associée a la probabilité
sous laquelle W?* (respectivement WY) est un mouvement brownien, alors

|E*G(XF) — EYO(X)| < C(1 + |2 + [y[*)e™™. (1.28)

La majoration (1.28) permet de controler uniformément les accroissements de v®(x) mais
ne permet pas a priori d’obtenir de I’équicontinuité pour la famille v®(z). Pour pallier cet
inconvénient, il faut en outre supposer que F' est Gateaux différentiable. Alors, comme G
est inversible, il est possible d’appliquer une formule de Bismut Elworthy pour les EDSRs
en dimension infinie démontrée dans [32] qui permet d’obtenir une estimée sur la dérivée
de Gateaux de v® uniformément en «.

Nous avons déja évoqué Darticle [31] dans lequel ont été introduites les EDSR er-
godiques. Richou dans [72] s’intéresse aux EDSR ergodiques en lien avec les EDP avec
conditions de Neumann au bord. Cela revient & considérer 'EDSR ergodique, V0 < ¢ <
T < +o0,

T T T
Yi = Vi + / [F(X%,Z) — N ds + / [g(X7) — p] AT / ZdW,,  (1.29)
t t t

ot (X%, K*) est la solution d’une EDS réfléchie dans un domaine borné convexe G C R?
a bord régulier, i.e. Vt > 0,

Xf =2+ [y b(X2)ds + [y VO(X)AKT + [§ o(X2)dW,,
Kp = [, 1y xzecoayd K.

Dans 'équation (1.29), si p fait partie des données du probléme, alors l'inconnue est
le triplet (Y%, Z, A\)i>0. On parle alors de probléme ergodique. Inversement, si A fait
partie des données, alors I'inconnue est le triplet (Y3, Z;, 1)¢>0 et l'on parle de probléme
ergodique au bord (ou a la frontiére). Le drift de 'EDS b est supposé dissipatif strict,
(i.e. In >0, (b(z) —b(y),z—y) < —n|z —y|?). Cette condition suffit lorsque la matrice de
diffusion de ’EDS est constante, cependant, lorsque cette condition n’est plus vérifiée, il
est nécessaire d’imposer une condition plus forte reliant 7, la constante de Lipschitz de o
et la constante de Lispchitz de f en z. Notons au passage que o peut étre dégénérée. Ces
hypotheses sur 'EDS permettent d’obtenir la décroissance exponentielle des trajectoires.
La stratégie de résolution des EDSR avec conditions de Neumann au bord est la suivante.
D’abord, Richou considére le probléme avec condition de Neumann au bord nulle, c’est-
a-dire en imposant g—pu = 0. On est donc ramené a étudier 'TEDSRE, V0 <t < T < 400,

Yt:YT—Ir/T [F(XZ, Z,) — Al ds—/TZSdWS. (1.30)
t t

Pour étudier cette EDSRE, 'auteur utilise la méthode développée par Fuhrman, Hu et
Tessitore dans [31], qui consiste a approcher cette EDSRE par (1.22). On obtient donc
une solution (Y, Z, \) de 'EDSR ergodique (1.30). Reste & traiter le cas ot les conditions
de Neumann ne sont pas nulles. Pour cela, un théoréme qui se trouve dans [52] nous donne
Iexistence d'un o € R tel que 1'équation de Helmholtz avec condition de Neumann au
bord suivante

{ Av(z) — av(z) =0,
2 1 gla) —p=0.
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admette une solution v € €2(G), sous réserve que g soit assez réguliére. En appli-
quant une formule d’Ito, on peut montrer que (v(X¥), Vo(XF)o(XF)) est solution d’une
EDSR avec condition de Neumann au bord. En utilisant I'invariance en y du générateur
de ’EDSR ergodique que nous souhaitons résoudre, on peut alors trouver une solution
(Y, Z, \) de PEDSR ergodique (1.29). Pour résoudre le probléme ergodique a la frontiére,
lauteur commence par montrer que g — A(u) est une fonction continue décroissante

et telle que A — —00, A\ —— 4o00. Le théoréme des valeurs intermédiaires permet
H——+00 H——00

alors de conclure. Notons que I'article de Barles et Da Lio [4] traite de ce probléme dans
un contexte déterministe et pour des EDP possiblement non linéaires.

D’autres articles sur les EDSR ergodiques ont vu le jour par la suite. Nous n’en don-
nons pas une présentation détaillée ici. L’article [17] traite du cas des EDSR ergodiques
dont le bruit est donné par une chaine de Markov uniformément ergodique & espace d’état
dénombrable. Dans [16], Cohen et Fedyashov traite du cas des EDSR ergodiques a sauts
et dont les coefficients dépendent du temps. Enfin, dans [18], Hu M. et Wang s’intéressent
au cas des EDSR ergodiques dirigées par un G-mouvement brownien.

1.2.2 Reésultats nouveaux

Le chapitre 2 de ce manuscrit présente les résultats obtenus concernant des résultats
d’existence et d’unicité sur les solutions de 'EDSR ergodique (1.29) lorsque la diffusion
X7 est solution de 'EDS réfléchie dans G suivante

{ Xg = a+ [Hd+b)(XT)ds + [LVH(XD)AKT + [ o(XT)dW,, (1.31)

Kf = [§ 1ixseacydK2.

Contrairement & [72], le drift d + b est faiblement dissipatif et G peut étre non borné. La
matrice de diffusion est inversible, bornée et dont I'inverse est bornée. Sous ces hypothéses
il y a bon espoir d’obtenir le basic coupling estimate (1.28). Cependant, ce résultat étant
délicat & établir pour la diffusion réfléchie X*, nous considérons le probléme pénalisé
associé a (1.31),

t t
XP =t / (d+ b+ F,) (XTM)dr + / o (XEM)AIW,,
0 0

ot F,(x) = —2n(x — l(z)) avec II opérateur de projection sur le convexe G. F,, est
le terme de pénalisation, qui agit comme une force de rappel vers le convexe G. Le
terme F;, étant dissipatif et d étant dissipatif strict, le terme d + F}, est dissipatif strict,
indépendamment de n. Comme le Basic coupling estimate ne dépend du terme dissipatif
qu’au travers de sa constante de dissipativité, nous pouvons utiliser le Basic coupling
estimates au processus pénalisé et obtenir des estimées indépendantes de n. Lorsque n —
400, la limite de X*™ nous donne X”. Il apparait alors qu'une condition supplémentaire
est nécessaire sur o, IA > 0, Vz,y € R?,

| (y,o(x+y) —o(x))| < Alyl,
et I\ > 0,
2(A = A?A%) > ||l ]2

En dimension 1, cette condition dit que les fluctuations de o ne doivent pas étre trop
grandes et que o doit étre trés non dégénérée, i.e. |||c~!||| petit. Remarquons que dés
que o est constante, cette condition est immédiatement vérifiée. Cela n’est cependant pas
suffisant, car afin de pouvoir appliquer le Basic coupling estimate dans notre contexte, il
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nous faut plus de régularité sur les coefficients de ’'EDS afin que le terme perturbateur
soit bien limite simple de fonctions Lipschitz uniformément bornées. Pour contourner ce
probléme, il est possible de régulariser les coefficients de ’'EDS. En notant e I'indice de
régularisation des coefficients, 'EDS considérée est alors

t t
XM=z + / (de 4+ be + (Fp)e) (XT™%)ds + / o(X3™)dWs,
0 0
et P’EDSR monotone servant a approcher 'EDSR ergodique devient :
T T
Ygx,a,n,a — Y;,oc,n,e +/ [f(X;c,a,n,a) . ay;a:,oz,n,a] ds — / st’a’n’EdWS.
S S

Pour pouvoir appliquer un résultat de Ma et Zhang dans [54], il faut que d soit Lip-
schitz, ce qui n’est a priori pas le cas ici. En approchant d par une "bonne" suite de
fonction Lipschitz d,,, il est possible de contourner ce probléme et d’appliquer la formule
de représentation de Ma et Zhang dans [54] afin d’obtenir un controle sur les accroisse-
ments de v&™¢ et I’équicontinuité de v®™¢. Les bornes obtenues sont indépendantes des
paramétres «, n et €. Par une procédure d’extraction diagonale, il est donc possible de
prouver l'existence d’une solution & I'EDSR ergodique (1.30).

Passons au cas des conditions de Neumann non nulles. La technique utilisée dans
[72] pour résoudre I'EDSR ergodique (1.29) ne semble pas fonctionner car il ne semble
pas exister dans la littérature de résultat concernant l’existence d’une solution réguliére
au probléme de Helmholtz avec condition de Neumann dans le cas ou G est non borné.
Notons au passage qu’il n’est pas indispensable d’avoir une solution au probléme de Hel-
moltz avec condition de Neumann. En fait seules les conditions au bord sont importantes
et n’importe quel autre probléme déterministe convient & partir du moment ou il nous
fournit une fonction solution ¢?(G). Une fois le résultat d’existence obtenu lorsque les
conditions de Neumann sont nulles, nous pouvons l'appliquer & un probléme de contréle
ergodique dont le coiit est

1 T
I(x,u) = limsup TE% [/ L(Xf,us)ds] ,
T—+o0 0

u étant le controle, i.e. un processus adapté a valeur dans un espace métrique séparable.

7 est I'espérance relative a la probabilité P sous laquelle <Wt + fot R(us)ds> 0] est
telo,
un mouvement brownien. En définissant I’hamiltonien suivant
fo(z,z) = inf {L(z,up) +z0 'R(uo)}, (1.32)
ugelU

et en étudiant 'EDSR ergodique dont le générateur est fo, il est possible de montrer que
pour tout contrdle admissible wu,

Iw,u) =

et que si l'infimum est atteint dans 1.32, alors il existe un contréle optimal w tel que
I(z,w) = X et de plus le contrdle optimal est fonction déterministe de la diffusion réfléchie
X7,

Ce chapitre est organisé comme suit. Dans la partie 2.2, nous établissons des résultats
concernant les EDS en environnement faiblement dissipatif. Le résultat important de
cette partie est le Basic coupling estimate car la partie du drift dissipative n’étant plus
linéaire contrairement au cas de la dimension infinie et la matrice de diffusion n’étant
plus constante, il est nécessaire de revoir le couplage permettant d’obtenir un tel résultat.
Dans la partie 2.3, nous établissons un résultat d’existence et d’unicité pour les EDSRE
sans condition de Neumann. Dans la partie 2.4, nous traitons de I’existence et de 'unicité
des EDSRE avec condition de Neumann.
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1.3 Comportement en temps long des solutions d’EDP pa-
raboliques semi-linéaires

Cette partie se décline en trois sous-parties. Tout d’abord nous présentons la pro-
blématique générale et les résultats connus. Puis nous présentons les résultats obtenus
concernant le comportement en temps long des solutions mild d’EDP semi-linéaires en
dimension infinie. Enfin, en dimension finie et en imposant des conditions de Neumann &
I’EDP, nous établissons des résultats similaires pour les solutions de viscosité d’'une EDP
parabolique semi-linéaire en adaptant les arguments utilisés en dimension infinie.

1.3.1 Résultats connus

Le comportement en temps long des solutions d’EDP paraboliques a été largement
étudié par des méthodes analytiques, et cela quel que soit le cadre d’étude : équation
du premier ou second ordre, pas de condition, condition de Dirichlet ou de Neumann au
bord.

Supposons que u est solution de 'EDP

Ou 2)) =
5t + F(x,u, Vu, Viu) = 0, (1.33)
u(0, ) = uo(x),
et considérons (v, \) solution de 'EDP ergodique associée
F(x,v,Vv,V?) — A =0. (1.34)

Alors le résultat typique du comportement en temps long pour ce genre d’équation dit
qu'il existe un (v, \) solution de (1.34) et L € R,

u(T, x)

T, x) — NI — L 1.
u(T,a) = AT —v(a) | — L, (130

uniformément sur les ensembles bornés. Remarquons tout de suite que (1.36) = (1.35).
La constante A ne dépend pas de ug alors que L dépend de ug. Le troisiéme comportement
que 'on peut espérer obtenir est d’avoir une vitesse pour la limite de (1.36) :

|u(T,xz) = NI —v(z) — L| < Cpe™ ™, (1.37)

ou C, est une constante qui dépend de x. Notons au passage que (1.37) = (1.36) =
(1.35). Les deux premiers comportements apparaissent fréquemment dans la littérature,
le troisiéme apparait beaucoup plus rarement. La quantité AXT" — v(z) — L porte parfois
le nom de front mouvant ("propagating front" en anglais).

Dans [61], Namah et Roquejoffre étudient le comportement en temps long des solu-
tions classiques u : Ry x R? — R de

{ % = Au+ f(z,Vu),
u(0,z) = ug(x).

En supposant que les coefficients sont périodiques, C? avec des bornes sur les dérivées
partielles et en supposant qu’il existe 0 < m < M tel que m < f(x,z) < M, les auteurs
réussissent & obtenir une vitesse de convergence exponentielle.

Dans [35], Fujita, Ishii et Loreti, étudient le comportement en temps long des solutions
de viscosité u : Ry x R? — R de 'EDP semi-linéaire parabolique

{ % — A — (az, Vu) — H(Vu) + f(z),
u(0, ) = up(z),
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avec a > 0. Notons la présence du terme dissipatif (ax, Vu) nécessaire lorsqu’on étudie
le comportement en temps long dans des domaines non bornés. Notons la structure
particuliére des termes non linéaires qui est découplée : f(x) — H(Vu). En supposant que
f est Holder a croissance dominée par e#*I” pour 1 > 0, que ug est continue et a croissance
dominée par ele® ot en supposant que H est Lipschitz, les auteurs réussissent par des
méthodes analytiques, & établir la convergence au sens des deux premiers comportements.
Le cas de H localement Lipschitz est également traité mais il faut alors supposer que
f et up sont Lipschitz. Sans cette hypothése de dissipativité, Ishiii dans [44] établit le
premier et le deuxiéme comportement pour la solution de viscosité de 'EDP du premier
ordre

{ w = —H(z,Vu(t,z))
u(0, ) = ug(z)

sous des hypotheéses de coercivité pour H(-,p) et de convexité pour H(z,-). Notons que
ce méme probléme avec des hypothéses supplémentaires sur la périodicité des coeflicients
avait déja été traité dans 6] par Barles et Souganidis.

Notons qu’il existe des résultats de convergence pour les solutions de viscosité des
EDP du premier et second ordre avec croissance quadratique en le gradient de la solu-
tion. L’article [62] est 'un des premiers papiers traitant du comportement en temps long
des solutions de viscosité d’'une EDP du premier ordre. Fujita et Loreti dans [36] étu-
dient le cas ou la dépendance en le gradient est explicite et quadratique et avec un terme
dissipatif dans ’équation. Mentionnons également [43| pour le cas d’'une EDP du second
ordre avec croissance quadratique en le gradient et [73] dans lequel le cas du comporte-
ment en temps long des solutions classiques d’'une EDP semi-linéaire est traité par des
méthodes probabilistes. Notons que dans ces papiers, seuls des résultats du premier type
et deuxiéme type sont établis, les auteurs n’obtiennent pas de vitesse de convergence.
Mentionnons également l'article [18] qui établit des résultats de convergences pour des
équations de Bellman complétement non-linéaires.

1.3.2 Résultat nouveaux : Etude du comportement en temps long des
solutions mild d’EDP paraboliques semi-linéaires en dimension
infinie

Dans le chapitre 4, nous présentons les résultats obtenus concernant le comportement
en temps long des solutions mild des EDP parabolique semi-linéaires du type :

{ %(t,0) = Lult,) + f(z,Vult,2)G), Wt ERy, V€ H, (1.38)

u(0,z) = g(z), VxeH,
Lh(t,x) = % TH(GG*V2h(t,2)) + (Ax + F(z), Vh(t, x),

et oit H est un espace de Hilbert. La démarche probabiliste est la suivante. Soit (Y162, ZT:62)
la solution de 'EDSR, VO <t < s < T,

T T
YIbe = g(XET) 4 / fXE®, ZI4)dr — / Zhbrqw,, (1.39)

ot X4% est solution mild de

AX1* = [AXE 4 F(X07)] ds + GaW,,
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Alors en définissant
up(t,z) = Y,0, (1.40)

il est connu que up(t, z) est solution mild de

(1.41)

Su(t,x) + Lult,z) + f(z, Vu(t,z)G) =0, Vte[0,T],Vx € H,
u(T,z) =g(r), VzeH.

Effectuons le changement de temps suivant u(t,x) = urp(T — t,x), alors u est solution
mild de

{ %u(t,2) = Lult,z) + f(z,Vult,2)G), Vtel[0,T],Ve e H,

u(0,x) = g(z) VreH. (1.42)

Si de plus, nous avons l'unicité des solutions mild pour 'EDP précédente, alors par
unicité, u est solution de (1.38). Or VI' > 0, u(T,z) = ur(0,z) = YOT’x. Donc pour
étudier le comportement en temps long de la solution de (1.38), il suffit d’étudier le
comportement en temps long de la solution Y7** de 'EDSR (1.39) prise au temps initial
0. Considérons 'EDP ergodique associée a (1.38) :

ZLo(x) + f(z,Vvu(x)G) — A, Vx € H. (1.43)

Supposons que cette EDP admette une unique solution mild (v(z), A) (& constante ad-
ditive prés pour v). Alors nous obtenons les trois comportements décrits plus haut, avec
vitesse exponentielle pour la convergence, plus précisément 9L € R,

0] ) Ot
T - T
up(0,2) — AT — v(x) e L,

lur(0,2) — AT —v(x) — L| < C(1 + |z|*)e .

Discutons a présent des hypothéses sous lesquelles nous obtenons ces résultats. L’opéra-
teur A est dissipatif et génére un semi-groupe stable de contraction e*4 qui est de plus
Hilbert-Schmidt, G est un opérateur inversible linéaire borné, que F' est Lipschitz borné
et que f(-, z) est continu avec croissance polynomiale de degré u et f(x,-) Lipschitz (uni-
formément en z). Remarquons tout de suite que F' ne joue en réalité aucun role, au moins
d’un point de vue déterministe puisque

(F(x), Vu(x)) + f(x, Vu(z)G) = f(z, Vu(x)G),

avec f(z,p) = (F(x),pG~Y) + f(z,p). 1l est facile de vérifier que f vérifie les mémes
hypothéses que f et on peut donc toujours se ramener au cas ou F' = 0 quitte a remplacer
f par f. L’intérét de 'approche probabiliste est qu’elle permet d’utiliser le Basic coupling
estimate, qui s’avére étre un outil puissant pour étudier le comportement dans notre
contexte. Remarquons que ’hypothése de non-dégénérescence sur G est cruciale pour
établir le Basic coupling estimate et il semble délicat d’établir un résultat analogue lorsque
G est dégénéré. Discutons brievement des méthodes utilisées pour établir ces résultats.
Tout d’abord, considérons ’EDSR ergodique suivante, V0 < s < T < 400,

T T
e = y;f+/ [F(XE, Z7) — A ds—/ ZEdW,. (1.44)

Alors
(v() = Vi, \) (1.45)
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est la solution mild de (1.43). Rappelons que par unicité des solutions pour les EDSR
YF = v(X?F), Vs, P-p.s.. Effectuons la différence entre 'EDSR (1.39) et (1.44), alors
vT >0,

IV

T
Yo - Y - AT = g(X5) — o(XF) + /0 (F(XZ, 207) = F(XT, 207)) ds

T
—/ (zI* - Z%) dW,.
0

En utilisant un argument de Girsanov pour faire disparaitre les termes en Z de I’équation
précédente il ne reste plus que des quantités facilement contrélables. On obtient alors que

Yo' ? =Yg = AT| < C(1+ [a]*) (1.46)
Remarquons que '’hypothése sur le caractére Lipschitzien de f en z est cruciale afin de
pouvoir effectuer cette transformation. Il suffit alors d’utiliser la décomposition
YE)T,x

T

Yt - YE -\

Al <
A T

)

}/‘O{E
T

et d’utiliser les identifications (1.40) et (1.45) pour conclure. Le deuxiéme et le troisiéme
comportement sont un peu plus délicats a établir. Tout d’abord définissons

wr(0,2) = up(0,z) — AT — v(z).

Remarquons que {w(7,-)}r est une famille de fonctions continues et bornées uniformé-
ment en temps grace a (1.46). Il est donc possible d’extraire une suite T; ,/ 400 telle
que pour tout z € D, D étant un sous-ensemble dénombrable dense de H,

wr, (0, z) — w(z),

pour une certaine fonction w définie sur D. Cette convergence n’est pas entiérement
satisfaisante car elle est relative a une suite (73); et n’est pas valable pour tout z € H.
Pour pallier cet inconvénient, nous évaluons le gradient Vwyz (0, z) et nous montrons qu’il
peut étre borné uniformément en temps 7. La fonction w peut donc étre étendue a tout
I'espace en une fonction continue w et telle que Vo € H, lim; wr;(0,z) = w(x). De plus
en utilisant le Basic coupling estimate, il est facile de voir que pour tout =,y € H,

[wr (0, ) = wr(0,y)| < C(L+ |zf* + [y|*)e ™

Cette derniére estimée nous permet de montrer que w = L est constante. De plus en
utilisant ce dernier résultat, le Basic coupling estimate grice a des transformations de
Girsanov et la structure des EDSR qui nous permet d’exprimer wr4g(0,x) en fonction
de wp(0,x) via une transformation par un semi-groupe, on peut finalement montrer que
la convergence a lieu pour 7' — 400 et pas seulement pour une suite (7;);., i.e, Vo € H,
wr (0, z) e L.
Finalement, avec les mémes arguments, il est possible d’obtenir une vitesse exponentielle
pour cette convergence.

Ce chapitre est organisé de la fagon suivante. Tout d’abord, dans la partie 4.3 nous
effectuons quelques rappels concernant les EDS, EDSR et EDSRE utilisées ainsi que leurs
liens avec les solutions mild de problémes paraboliques ou elliptiques associés. Dans la
partie 4.4, nous démontrons les résultats obtenus concernant le comportement en temps
long des solutions mild. Enfin dans la derniére partie 4.5, nous appliquons les résultats
obtenus & un probléme de contréle optimal, ce qui nous permet d’obtenir une asymptote
pour le cotit d'un probléme de controéle stochastique en horizon fini.
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1.3.3 Reésultats nouveaux : Etude du comportement en temps long
des solutions de viscosité d’EDP paraboliques semi-linéaires avec
conditions de Neumann au bord

Dans le chapitre 5, nous présentons les résultats obtenus concernant le comportement
en temps long des solutions de viscosité d’EDP paraboliques semi-linéaires avec conditions
de Neumann au bord du type

9u(t,x) = Lu(t,x) + flz, Vu(t,z)G), VteRy Ve,
8““ 8 +g(z)=0, VteR,,VzeaG, (1.47)
( r) = h(z), VzedGq,

ou

Lh(t,x) = % Te(o'eV2h(t, z)) + (b(x), Vh(t, z),

ot G = {¢ > 0} est un convexe borné & bord régulier ayant pour normale intérieure
V¢(z). Supposons que b soit Lipschitz, que o soit inversible et que f(-,z) soit continu
avec croissance polynomiale de degré p et f(x,-) Lipschitz (uniformément en x). Dans
ce travail, nous adoptons les arguments présentés dans la partie précédente a ce nouveau
cadre de travail. Un des arguments essentiels dans le travail précédent était ’application
du Basic coupling estimate. Cependant si nous considérons le probléme stochastique
associé a ’EDP parabolique précédente, nous obtenons

Xj:m+/ b(Xf)dr+/ v¢(X§)dK§+/ o (XT)AW,,
0 0 0

S

pour la partie EDS et

T T
Y% = h(XE%) / f(xz, zI=) ds+/ g(Xf)ng“"—/ zIeqws,

s

alors il n’est pas possible d’obtenir de Basic coupling estimate car le drift b n’est pas
faiblement dissipatif. Cependant, si nous définissons

b(x) = —z + [b(I(x)) + ()],

ot II désigne la projection sur G, alors b coincide avec b sur G et b : RY — R? est fai-
blement dissipative. On peut méme faire rentrer la partie non dissipative du drift dans
la partie non linéaire de 'EDP en utilisant la méme astuce que dans le travail précé-
dent. Finalement, on peut toujours se ramener au cas ou b = —x quitte & remplacer
f par f(z,2) = f(x,2) + (b(I(z)) + (z), z0~!). Cependant cela n’est pas encore suf-
fisant pour pouvoir obtenir le Basic coupling estimate. Comme il est difficile d’établir
un Basic coupling estimate pour une diffusion réfléchie, nous pénalisons le probléme par
F,(z) = —2n(z — II(x)) et nous régularisons cette fonction pour pouvoir appliquer le
Basic coupling estimates. En utilisant des résultats de stabilité pour les EDSR et en
prenant soin d’effectuer des passages a la limite licites, nous obtenons les mémes résul-
tats que dans la section précédente, avec notamment une vitesse exponentielle pour la
convergence de la solution vers son asymptote, i.e., Vo € G,

|u(T,z) — XT —v(z) — L| < Ce T,
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Ce chapitre est organisé de la fagon suivante. Tout d’abord, dans la partie 5.3 nous
effectuons quelques rappels concernant les SDE, EDSR et EDSRE utilisées ainsi que leurs
liens avec les solutions mild de problémes paraboliques ou elliptiques associés. Dans la
partie 5.4, nous démontrons les résultats obtenus concernant le comportement en temps
long des solutions de viscosité. Enfin dans la derniére partie 5.5, nous appliquons les
résultats obtenus & un probléme de controle optimal, ce qui nous permet d’obtenir une
asymptote pour le cotit d’un probléme de controle stochastique en horizon fini.
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Premiére partie

Etude des EDSRs ergodiques
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Chapitre 2

EDSRs ergodiques et EDPs avec
conditions de Neumann au bord en
environnement faiblement dissipatif

RESUME: Nous étudions une classe ’EDSR ergodiques reliées aux EDP avec conditions
de Neumann au bord. L’aléa du générateur est donné par un processus solution d’une
EDS dont le drift est faiblement dissipatif et dont la matrice de diffusion est inversible et
bornée. De plus, ce processus est réfléchi dans un sous-ensemble convexe de R? qui n’est
pas nécessairement borné. Nous étudions le lien existant entre cette classe ’EDSRE et
les EDP et nous appliquons nos résultats a un probléme de contréle optimal ergodique.

Mots clés: Equation différentielle stochastique rétrograde; drift faiblement dissipatif;
conditions de Neumann; EDP ergodique; probléme de controle optimal ergodique.

ABSTRACT: We study a class of ergodic BSDEs related to PDEs with Neumann bound-
ary conditions. The randomness of the driver is given by a forward process under weakly
dissipative assumptions with an invertible and bounded diffusion matrix. Furthermore,
this forward process is reflected in a convex subset of R? not necessarily bounded. We
study the link of such EBSDEs with PDEs and we apply our results to an ergodic optimal
control problem.

Key words: Backward stochastic differential equations; weakly dissipative drift; Neu-
mann boundary conditions; ergodic partial differential equations; optimal ergodic control
problem.

This chapter has been published in Stochastic Processes and their Applications
(Volume 125, Issue 5, 2015, no. 5, Pages 182171860).
under the title: Ergodic BSDEs and related PDEs with Neumann boundary conditions
under weak dissipative assumptions.
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2.1 Introduction

In this paper we study the following ergodic backward stochastic differential equation
(EBSDE in what follows) in finite dimension and in infinite horizon: V¢,7 € Ry, 0 <
t<T < 4o0:

T T T
VP = Vi + / R(XE, Z8) — Nds + / [g(X?) - pldE? — / zraw,, (21
t t t

where the given data satisfy:
— W is an R%valued standard Brownian motion;
G = {¢ > 0} is an open convex subset of R? with smooth boundary;
-z €G,
— X7 is a G-valued process starting from z, and K< is a non decreasing real valued
process starting from 0 such that the pair (X*, K*) is a solution of the following
reflected stochastic differential equation (SDE in what follows):

t t t
Xf_m+/ f(X;”)der/ a(X;”)dWer/ Vo(X7)dK?, t>0,
0 0 0
t
Kf—/ LixreaqydKy, KT is non-decreasing,
0

— ¢ :R% x R™4 — R is measurable and g : R* — R is measurable;
— X and p belong both to R. If A is given then p is unknown and if p is given then
A is unknown.

Therefore, the unknown is either the triplet (Y*,Z% \) if p is given or the triplet
(Y*,Z% u) if X is given, where:

— Y? is a real-valued progressively measurable process;

— Z% is an R ?-valued progressively measurable process.

We recall that a function h : R — R? is said to be strictly dissipative if there exists
a constant 1 > 0 such that, Vz,y € R%,

(h(z) = h(y),z —y) < —nlz —y|*.

Richou in the paper [72] studied the case when G is bounded and with the assumptions
that f and o are Lipschitz and:

{t(ﬂﬁ — (@) =) | Tllo(z) = o(y))(o(z) = o(y))]

|z — y? 2|z — y|?

sup

} < *Kw,zKO'
z,yeG,xty

where Ky , is the Lipschitz constant of ¢ in 2z and K, is the Lipschitz constant of o.
Note that this assumption implies that f is strictly dissipative. However this hypothesis
on f is not very natural because it supposes a dependence between parameters of the
problem. Thanks to this condition it is possible to establish one of the key results: the
strong estimate on the exponential decay in time of two solutions of the forward equation
starting from different points. Indeed, it is used to construct, by a diagonal procedure,
a solution to the EBSDE. Note that, in this work, G is assumed to be bounded.

In the paper [26], Debussche, Hu and Tessitore were concerned with the study of
EBSDE in a weakly dissipative environment. This means that the driver of the forward
process is assumed to be the sum of a strictly dissipative term and a perturbation term
which is Lipschitz and bounded. In their infinite dimensional framework, they supposed
that the dissipative term is linear. In addition, o is constant, and the forward process is
not reflected. Finally the coefficients of the forward process are assumed to be Gateaux
differentiable to obtain an estimate which is needed to prove the existence of a solution in
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this framework. In this context, the weaker assumption on f makes the strong estimate
on the exponential decay in time of two solutions of the forward equation impossible.
However it is possible to substitute this result by a weaker result, called "basic coupling
estimate" which involves the Kolmogorov semigroups of the forward process X* and
which is enough to prove the existence of a solution to the EBSDE.

In this paper we extend the framework of [72] to the case of an unbounded domain
G for a driver weakly dissipative. Namely, we assume that f = d + b where d is locally
Lipschitz and dissipative with polynomial growth and b is Lipschitz and bounded. The
price to pay is that o is assumed to be Lipschitz, invertible and such that ¢ and o~!
are bounded. We do not need more regularity than continuous coeflicients for this study,
because we treat this problem by a regularization procedure. As the basic coupling
estimate of [26] holds for a non reflected process, we start by studying the following
forward process, Vi > 0,

t t
Ve —ok [ s [ oo,
0 0

with f and o defined as before. We show that the coupling estimate still holds in our
framework with constants which depend on d only through its dissipativity coefficient.
Once this is established, we apply this result to establish existence and uniqueness (of \)
of solutions to the following EBSDE:

T

T
Y = Y +/ [Wp(VE, Z%) — Nds — / ZEAW,, YO < t < T < +o0. (2.2)
t

t

Then we want to obtain the same result when the process V. is replaced by a reflected
process X7 in GG, namely:

T T
VP =YE+ / [W(XZ, Z%) — A]ds — / ZFdW,, VO <t < T < +00. (2.3)
t t

For this purpose, we use a penalization method to construct a sequence of processes X*"
defined on the whole R? and which converges to the reflected process X*. More precisely,
we denote by (Y®®™e Z%amE) the solution of the following BSDE with regularized
coeflicients ¢, d*, F;; and b° by convolution with a sequence approximating the identity,
Ve, TRy, 0<t<T < —+oc:

T T
Yt:p,a,n,e _ Yjﬂf,a,n,e _|_/ [?/)E(X:’n’e, Z:,oz,n,e) _ ayvsx,a,n,s]ds _ / Zg’a’n’EdWs,
t t
(2.4)

where X®™*¢ is the strong solution of the SDE:
t t
X"t =2+ / (d° + F. +b0°)(XI™)ds + / o (X)) dWs.
0 0

Note that as F, is dissipative with a dissipative constant equal to 0, d+ F}, remains dissi-
pative with a dissipative coefficient equal to 7. Then, makinge — 0, n — +oo0 and o — 0,
it is possible to show that, roughly speaking, (Y;"*™° — Y;"*"™e ZP*™e Y mo™e) —
(Y*, ZF, X) which is solution of EBSDE (2.3). Once a solution (Y, Z, A) is found for the
EBSDE (2.3) we study existence and uniqueness of solutions of the type (Y, Z, \) and
(Y, Z, ) of the EBSDE (2.1). Here we only manage to find solutions which are not
Markovian and which are not bounded in expectation. Then we show that the function
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defined by v(z) := Y, where Y is a solution of EBSDE (2.3) is a viscosity solution of
the following partial differential equation (PDE in what follows) :

{ Lu(z) +Y(x,Vo(z)o(z)) =\, z€G, (2.5)

%(az) =0, x € 0G,
where:

ZLu(x) = %Tr(a(m)ta(af)vzu(:c)) + I () Vu(x).

Note that the boundary ergodic problem

F(D?v,Dv,z) = Xin G
L(Dv, z) =p

were studied in [5] by Barles, Da Lio, Lions and Souganidis when G is a smooth, periodic,
half-space-type domain and F' a periodic function. They found a constant p such that
there exists a bounded viscosity solution v of the above problem.

At last we show that we can use the theory of EBSDE to solve an optimal ergodic
control problem. R : U — R% is assumed to be bounded and L is assumed to be Lipschitz
and bounded. We define the ergodic cost:

1 T
I(z,p) = I;miup TEPT {/0 L(Xf,ps)ds] ) (2.6)
— 100

where p is an adapted process with values in a separable metric space U and Ef. is the
expectation with respect to the probability measure under which W/ = W, + fot R(ps)ds
is a Brownian motion on [0,7]. Defining

P(z, 2) = in[f]{L(ac,u) +2R(u)}, z€RY zeRXY
ue

it is possible to show that, for any admissible control p, I(z,p) > A. That is why \ is
called ergodic cost. In a similar way, p is called boundary ergodic cost.

The paper is organized as follows. In section 2, we study the forward SDE under the
hypothesis that the drift is weakly dissipative and that the diffusion matrix is invertible
and bounded. In this section we prove that the estimates we establish depend on d
through its dissipativity coefficient. In section 3, we use the basic coupling estimate to
study existence and uniqueness of an EBSDE with zero Neumann boundary conditions
with a forward process weakly dissipative but non-reflected. In section 4, we use a
penalization method to show that the same result holds for a reflected process in a
convex set not necessarily bounded. Then, we establish the link between the EBSDE
with zero Neumann boundary condition and a PDE. Finally, we apply our results to an
optimal ergodic control problem. Some technical proofs are given in the Appendix.

2.2 The forward SDE

2.2.1 General notation

The canonical scalar product on R? is denoted by (, ) and the associated norm is
denoted by |-|. Given a matrix o € R¥?  we define by |||-||| its operator norm. Let & be
an open connected subset of R%. We denote by (&) the set of real functions of class
€* on ¢ with bounded partial derivatives. We denote by (ffp the set of real functions
whose partial derivatives of order less than or equal to k are Lipschitz. We denote by
By(0) the set of Borel measurable bounded functions defined on &.
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(Q,.7,P) denotes a complete probability space, (W;);>o denotes an R?-valued stan-
dard Brownian motion defined on this space and (:%;)¢>¢ is the natural filtration of W
augmented by P-null sets. Then (.#;):>0 satisfies the usual condition.

7?2 denotes the space of real-valued adapted continuous processes Y such that for all
T >0, E[supg<y<r |Y2|*] < +o0.

P denotes the space of real-valued adapted continuous processes Y such that for all
T >0, E[supg<icr [Vi|P] < +o0.

M 2(R+,RE)7denotes the space consisting of all progressively measurable processes
X, with value in R¥ such that, for all T > 0,

T
E [/ |X8]2ds] < +oo.
0

Let f: R? — R? and o : R — R%*9 be two locally Lipschitz functions. We denote
by (Vi¥)i>0 the strong solution of the following SDE:

t t
Ve =ot [ s [ oy, (2.7)
0 0
Lemma 2.1. Assume that 3a € R?, 11, no > 0 such that, Yy € RY,

(f(y),y —a) < —mly — al* + n2,

and that |o| is bounded by oo, then there exists a strong solution (V*)i>o to (2.7) which
is pathwise unique and for which the explosion time is almost surely equal to infinity.
Furthermore the following estimate holds Vt > 0:

E[Vi[? < C(1+ |a?e™n),

where C' is a constant which does not depend on time t and depends on f only through
m and 12, and on o only through oo . Furthermore, for all p > 2, for oll 0 < 8 < pm1,

E[VP < O(1+ |afPe™™),

where C is a constant which does not depend on time t, depends on f only through n;
and 1y, and on o only through 0. We also have the following inequality, for all p > 1,

E | sup [V

0<t<T

< O+ [zf?),

where C' depends in this case, on time T.
Proof. The proof is given in the appendix. O

We recall that a function is weakly dissipative if it is a sum of an n-dissipative function
(namely Vz, 2’ € RY, (d(x) —d(2'),z —2') < —n|z — 2'|?), and a bounded function. Thus
we write f = d + b, with d n-dissipative and |b| bounded by B.

Hypothesis 2.1.
— [ =d+ b is weakly dissipative,
d is locally Lipschitz and have polynomial growth: there exists v > 0 such that for
all z € RY, |d(z)] < C(1 + |z|"),
— b is Lipschitz,
— o is Lipschitz, invertible, and |o| and || are bounded by o,
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— there exists A > 0 such that for every z,y € R%,

| (y,o(x+y) —o(x))| < Alyl
and there exists A > 0 such that
200 = A2A%) > |l|lo Y| .

Remark 2.2. Note that when o(z) does not depend on z, then A = 0 and the last
assumption of Hypothesis 2.1 is satisfied for A large enough. We give an example of
o depending on z and satisfying the last assumption. In the one dimensional case,
take o(z) = 101(,<oy + (10 + 152)Loczc1y + (101/10)1(;>1y. Then A = 1/10 and
l[lo=1]]] < 1/10. Clearly, the assumption is satisfied for A = 1.

Remark 2.3. It is clear that if f satisfies Hypothesis 2.1 then f satisfies the assumption
of Lemma 2.1. Indeed, let us suppose that f satisfies Hypothesis 2.1. Let a € R, then
Vy € R,

(f(y) = f(a),y —a) = (d(y) — d(a),y — a) + (b(y) — b(a),y — a)
=(f(y),y —a) < —nly — al* + 2By — a| + | f(a)||ly — a|
2B+ f(a)])* | ely —al?

=(f(y),y—a) < —nly —a|* + 5 s

which gives us the desired result, for € small enough.

Lemma 2.4. Assume that Hypothesis (2.1) holds true but this time with b replaced by bo
which is only bounded measurable and not Lipschitz anymore. Then the solution of (2.7)
with b replaced by by still exists but in the weak sense, namely there exists a new Brownian
motion (W)i=o with respect to a new probability measure P under which equation (2.7)
is satisfied by (Vi¥)i>0 with (Wy)i>o0 replaced by (Wt)tzo- Such a process is unique in law
and the estimates of Lemma (2.1) are still satisfied under the new probability P.

Proof. 1t is enough to write:
dVi® = [d(V{®) + b(V{")ldt + o (V") dW;
= [d(V®) + ba(V))dt + o (V) o (V) (0(VSF) = b2(V5)) + W]
= [d(V;") + b2 (V))dt + o (V) dWs,

where dW; = o= (V) (b(V{*) — b(V{*)) + dW; is the new Brownian motion thanks to the
Girsanov theorem (note that 0=1, b and by are measurable and bounded by hypothesis).
O

Lemma 2.5. Assume that Hypothesis 2.1 holds true. Then there exist C > 0 and pu > 0
such that V® € By(RY),

|2, (@] () = 2, [@] (2)| < C(1+ |2]? + [o'|P)e ™| @| (2.8)

where P [®](x) = E®(V/®) is the Kolmogorov semigroup associated to (2.7). We stress
the fact that the constants C' and p depend on f only through n and B.

Proof. The proof is given in the appendix. O

Remark 2.6. The importance of the dependency of C' and p only through some param-
eters of the problem will appear in Remark 2.14.
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Corollary 2.7. The estimate (2.8) can be extended to the case in which b is only bounded
measurable and there exists a uniformly bounded sequence of Lipschitz functions {by, }m>1
(i.e. by, is Lipschitz and sup,, sup, |by(z)| < +00) such that

vz € RY, lim by, (2) = b(x).
In this case, we define a semigroup relatively to the new probability measure, namely:
2,[)(x) = ES(X).
Proof. We denote by &/ the Kolmogorov semigroup of (2.7) with b replaced by by, for
more clarity we rewrite this equation below: Vx € G,

t t
e / (d+ b)) (VE™)ds + / o (VEM)AWW,.
0 0

It is sufficient to prove that, Vo € G, ¥Vt > 0,
2 [0](x) — Z4[®]().

To do that, it is easy to adapt the proof from |26] replacing the process U by its analogue
in our context. Thus we define U} as the strong solution of the following SDE:

t t
Uf:x+/ d(Ug)ds+/ o (UZ)AW,,
0 0

and the rest remains the same. O

2.3 The ergodic BSDE

In this section we study the following EBSDE in infinite horizon:
T T
Y =Y} +/ [W(VE, Z2) — N]ds — / Z7dW,, VO <t <T < 400. (2.9)
t t

At the moment, the forward process, defined as the strong solution of (2.7) is not reflected.
However the existence result we are going to show in the next theorem is interesting for
its own, because it gives some ideas which will be reused in the next section.

We need the following hypothesis on ¢ : R? x R — R :

Hypothesis 2.2. There exists My, € R such that: Vx € R%, Vz, 2/ € R*4,
— 1 : R% x R* = R is measurable,
— (-, z) is continuous ,
= 9, 0)] < My,
— |Y(z, 2) —Y(x,2")| < Myl|z — 2|
Hypothesis 2.3.
— fis €' and all of its derivatives have polynomial growth of first order, i.e. for

each € R? and each multi-index L with |L| < m, m € {0, 1}, there exist positive
constants 7, and ¢, such that

0d(@)* < Y (1 + [2] ™).

Also, set § := max,,cf0,1} gm < +00.
—b,oand vy € ‘Kbl.
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Using a standard approach (see [31]), we are going to study the following BSDE in
infinite horizon

T T
Yo = Yff’“+/ [p(VE, 25 —a}/',f’a]ds—/ ZPAW,, VO <t < T < 4o00. (2.10)
t t

Such an equation was studied in [11]| from which we have the following result:

Lemma 2.8. Assume that hypotheses (2.1) and (2.2) hold true. Then there exists a
unique solution (Y5, Z%) to BSDE (2.10) such that Y*% is a bounded adapted contin-

uous process and Z%* € M*(Ry,R™9). Furthermore, |Y,"%| < % Finally there exists
a function v* such that ;"% = v*(X}) P-a.s. and there exists a measurable function
¢ R4 — R4 sych that Z7* = ((X¥) P-a.s.

We will need the following lemma :

Lemma 2.9. Let ¢, ¢’ be two continuous functions: R — R™4. We define

Ty = | ) = @), if ) = @),
0, if {(x) = C'(x).

There exists a uniformly bounded sequence of Lipschitz functions (Yp)n>o0 (i-e., Vn, Tp
is Lipschitz and sup,, sup, |Yr(z)| < +00) such that Y, converges pointwisely to Y.

Proof. For all n € N, we fix infinitely differentiable functions p, : R? — R, bounded
together with their derivatives of all order, such that f]Rd pn(z)dz =1 and

1
supp(p) < {a € R, Jal < ).

where supp denotes the support. Then the required functions Y can be defined as
Tn(2) = [ga pnl(z — y)L(y)dy. O

The following lemma gives us the desired estimates on v*(z) which will allow us to
apply a diagonal procedure.

Lemma 2.10. Assume that the Hypotheses (2.1), (2.2) and (2.83) hold true. Then, there
exists a constant C' > 0 independent of o and which depends on f only through n and B,
on o only through o and on 1 only through M,y such that, Vx,y € R¢,

0% (2) = v ()] < O+ [z + [yf),
0% (2) = v ()] < O+ |z* + [y*) |z —yl.

Proof. Let us introduce, as in the paper [76], equation (3.4), some smooth functions
®,, : R? — R such that defining

dm(2) = By (2)d(x), V2 € RY,

dm is globally Lipschitz, continuously differentiable and for each multi-index L with
IL| <1,

sup {|01¢m ()| + |d(x)0Lom()|} < C, (2.11)
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for some C' > 0. We recall that ¢, =1 on Ay, := {z € R%[z| < m¢}. Furthermore,

2oml@ gy (z) ... 2y, (a)
Vdy(z) = ; : + Om(z)Vd(z)
2o gy(w) ... 252y (a)

LE,m)

Now let us consider (V;"")¢>0 the unique solution of

t t
Vo =z + / [dp, (VE™) + b(VE™)]ds +/ o(VE™MdAW,, VYt > 0. (2.12)
0 0

We recall that, for each ¢ > 0 and p > 1, V;""™ converges to V; in LP and almost surely.
Furthermore the following estimates hold, thanks to the proof of Lemma 3.2 in |76], for
every p € N\ {0, 1}, there exists C}, > 0 such that

sup sup B[V ] < Cy(1+ | (2.13)
m>10<¢<T

We denote by VV"™ = (V1 V"™ ..., V4aVs™) the solution of the following variational
equation (see equation (2.9) in [54]):

s d s
ViVE™ = ¢; + / V(dn + 0)(VEMVVEmr + S / [Vod (VE™)V,VEm AW
t : t
7=1

Let us mention that the following estimate holds, for every p > 1:

sup sup E[|[VV"™]P] < Cp,r. (2.14)
m>10<t<T

Let us denote by (V"™ Z"*"™);>¢ the unique solution of the following monotone
BSDE in infinite horizon, V0 <t < T < 400,

T T
yoem = ymem 4 /t [(VE™, Z24™) — aY B4m]ds — /t Z2Om AW,

We recall that if we denote by v®™ the following quantity:
Ua’m(.%') — Yb:c,a,m

then Y™ = ™ (VE),

Now remark that Theorem 4.2 in [54] asks for the terminal condition of the BSDE
to be Lipschitz, whereas in our case, the terminal condition v®™ is only continuous and
bounded. However, using the same method as that in Theorem 4.2 in [32], we can readily
extend Theorem 4.2 in [54] for a Markovian terminal condition which is only continuous
with polynomial growth, which is our case here. So, by Theorem 4.2 in [54], v®™ is
continuously differentiable,

ZBOM = Yy (VEM G (VE™) Vs e [0,T], P-as,

and

T
vva,m(x) -F UQ(V;7m)N%m +/ W](Vrz,m’Zg,a,m) . ay;m,a,m] Ng’md’r ’
0
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where

1
0,m _
Nrm_rt<

/ t[o_—l (V;Z‘,m)v‘/;;t,m]dws> .

0

We immediately deduce the following estimate
T
BNE™E = o [l ) vV s
1 T,m|2
< " |2 o2 E\VV |“ds

<o

" (2.15)

As a consequence we can immediately get a uniform bound in m for Vo®™(x). Indeed,

a,m Om T,0m Om2
Vo ()| < 2o 1/E ‘N / VEL2M, + My | 22™))2] E(‘er ‘)dr
<—2-T 1+ \/E[Voem 2) L,
<E VEIVem (R ) o
We define |||Vo®™(z)||| := sup,epa V¥ ()|, then,

a,m C e a,m
Vo™ (@)] < 2+ OVIL+ |70,

which implies that, taking the supremum over x and for 7' small enough, for all z € R,
Vo™ (x)] < Cr.q. (2.16)

Now we claim that for every T' > 0,

T
E [|y; ™ —yp® ]+IE/O |Z2™ — ZEPds — 0.

m—-400

For that purpose, let us denote by (YV;"*",Z”%") the solution of the following finite
horizon BSDE, for all 0 <t < n,

n n
}/tl’yoéﬂ"b _ O +/ [w(vsﬂc7 st,a,n) o a}/sﬂc,oz,n] dS _/ Z;E’a7ndW5.
t t
By inequality (12) in [11], P-a.s., for all 0 <t < n,

s < Ce—?om

t
E’Y?,a,n N Yf’a’z + E/O ‘Zta:,a,n _ Zta:,oz 2

where C' depends only on My, and «. Similarly, let us denote by (Y;"*™" Z>%™") the
solution of the following finite horizon BSDE, for all 0 <t < n,

n n
Y;:p,&,m,n =0+ / [@ZJ(V;I’m, Zsm,oz,m,n) _ a}/;;r,a,m,n] ds — / st,oc,m,ndWs.
t t
Again, by inequality (12) in [11], P-a.s., for all 0 <t < n,

t
E’}/tx,oz,m,,n . Y;:c,a,m’2 4 E/ ‘Zt:(:,a,m,n . ch,oz,m|2ds < Cefzom
0
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where C' depends only on My, and «.

Furthermore, thanks to the continuity of ¢ in z, the following stability result for
BSDEs in finite horizon holds (see for example Lemma 2.3 in [11]), for all 0 <t < n:

n
Enftw,oc,m,n o Y;x,oz,n‘Q + E/ ’Z;c,oc,m,n o th,a,n’2d8 . 0
0

m—00

Then,

T
E[[Y7*™" =Y ] + E/O |Zzem — Z20) ds
< BE[[Yp " — Ypo U] + 8B [lYp e - Y]

T
+3E [V " — Y P’] + 3E /0 | Z3em — Zpomn 2 ds

T T
+3E / |Zzmemn _ g@an2qg 4 3R / |ZzBen — Z75%2dg
0 0

T
< Ce_zan +3E “Y;,a,m,n _ Yj:f,a,n|2] + 3E/ ’Z;c,a,m,n _ Zgz,oz,n,Qd&
0

Now, for every & > 0, we pick n large enough such that 2%6*0‘” < &/2. Then, we choose
m large enough such that 3E [|[Y;7*"" — Y2*"|?] 4+ 3E fOT |Z$ ™" — Z9%" 2 ds < g/2.
This shows that, for all z € R and T' > 0,

2ds — 0. (2.17)

m—-+00

T
E [‘Y;,a,m o Y;,Q‘Z] 4 E/O ’Z;c,a,m _ Z;v,a

In particular taking 7' = 0 we deduce that for every z € RY,

li a,m — )
m—lg-loov ($) v (x)

Therefore, if we show that lim,,— . Vo™ (x) = h%(x) for some function h®(x) then
this will imply that v® is continuously differentiable and Vv®* = h®. Furthermore, as
EfOT |Z5™ — Z$5%2ds — 0 and Zg' ™ = Voo™ (V™) e(VEE™), then it will imply

m—-+00

that for a.a. s > 0, P-a.s.,
Z3 =V (Vo (V). (2.18)
Now we claim that A% can be written as
T
w(e) =& [t VONE+ [ [, 22 - avee] ]
0
where

NY =

r

S|

f( I t[al(VfWVdeWS) |
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Indeed, for every z € R%,

Vo™ (@) — h* ()|
< B[ (VENE™ — o (V)N

T
+ E/ |V, ZE0m) — aYPOMNDT — ((VE, Z0%) = oY, P )N |dr
0
< Bl (Vp ™ )Np™ = o™ (V™ )N| + B[ ™ (V™) N — v* (V) N7

T
+ E/ |V, ZEOM) — @Y POMNDT — (V" ZEOM) — a4 N dr
0

T
+E/ (V™ ZES™) — @Y, POMIND — (Y(VE, Z5) = aY, )Ny |dr
0

< T JRANG™ — NBR) 4+ JE(NGIR) B (V) — v (VE)R)

- C SO BV (V) RN — NOPar

+ " VETRIR) B9 (V™ 257 — aVe o™ — (v, 25%) + X Pydr
< 20\ R - N%P +BONZR) B (V) = oo (V)

b Cra(VT 4+ —— / VE(N™ — NOR)dr

T
+ \[CTQ\/IE (|Z52m _ 72 2)dr

B (6™, Z8%) — (Ve 25 2)dr

T
Cr
+/ —\/E( ;7" = Y0 2)dr
[ RVE 2)

where we have used the estimate (2.16) for the last inequality.
We have

1

0,m
E(NY™ - N§P) = —

T
| Bt vven eV — o,

since oL (V") VVE™ — o7 H(VE)VVE  — 0 P-a.s. and since

m—-+00

sup E(Jo ™ (V5™ VY™ — o H V) VYY) < +o0

by estimate (2.14).
The second and the third term in the sum converge toward 0 by the dominated

convergence theorem. The fourth one converges toward 0 by Jensen’s inequality and

the dominated convergence theorem and the last two ones converge toward 0 by the

dominated convergence theorem.

Now the first estimate of the lemma can be established exactly as in Lemma 3.6 of [26]

thanks to the representation formula (2.18).

Let us establish the second inequality of the lemma. We have, using the following notation

v (z) = v*(x) — v*(0),

T

VT (z)| = ‘IE [va(Vf)N% +/ (2.19)

0 [V, Z5) — av(V)') — av®(0)] NQdT] '
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We have, using the first inequality of the lemma and inequality (2.15):

A+ ]z
N

Furthermore, since we can assume that o < 1:

E[v*(Vf)Np| < C

T
]E/ ‘ [1/}(1/;3”, Z5%) — oz?f’a — owa(O)] Nﬁ)‘ dr
0

T
< CE/ (My + My 25 + O(1 + [VF[2) + M) |N|dr
0

T T T
< CE/ \Nf\errCIE/ \ZﬁﬂHNS\dHCE/ (1 + |V=1%)|N2|dr
0 0 0

=L+ I+ Is.

We easily get I} < C. Furthermore, thanks to the representation formula (2.18) and the
fact that |o| is bounded:

T
1
I gc/ VE[Voa (VE) 2 —=dr.
2 | VEVe (VP

Regarding I3, we easily get I3 < C(1 + |z]?).
Now we define |||Vv?®||| := sup,cpa %, then coming back to equation (2.19), we
have

Vo (z)| < C <1 + |z* + W) + C/T VEQ + |Vw12)2|||wa\||idr
- VT 0 ° VT

1+ |xf?

VT

T
1
§C<1+|x!2+ >+c/ (1+ o) ||Vl ==dr.
0

NG

This implies

il < (14 )+ OVTIveeil

Thus, for T small enough:

1 T
vl < <1+ + VT ) |

VI(1-CVT)
which implies that, for all z € RY,
IVo*(z)] < C(1+ |z]?).
This last estimate gives us, for all z,y € R%,
[v%(2) = v*(y)] < OO+ |2 + [y*)]a — yl.
O]

Thanks to this estimate, it is possible to get an existence result for EBSDE (2.9).
Here Hypothesis 2.3 can be removed thanks to a convolution argument which will appear
in the proof.
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Theorem 2.11. Assume that the hypotheses (2.1) and (2.2) hold true. Then there exists
a solution (Y, Z",X) to EBSDE (2.9) such that YY" = o(V®) with v locally Lipschitz,
and there exists a measurable function € : R* — R™¢ such that Z* € #*(Ry, R™*?) and
ZI =),

Proof. We start by regularizing f and o thanks to classical convolution arguments. For
all £ € N* let us denote by plg : R¥ — R, the classical mollifier for which the support is
the ball of center 0 and radius . Let us denote for a sequence (gy,)neny € Ry such that

&n T 0, d :=d*pl , b :=bxpl and o := o * p?*?. Those functions are ¢!

and satisfies:

— d°™ is n-dissipative;
@ (2)] < C(1+[a])?, for ap > 0;

~ V& ()| < Co(1 + [alt), for a g > 0;

— b°" is bounded by B;

— o®n is invertible;

- d*" —d, b** — b, 0°* — o pointwisely as g, — 0.
Note now that Hypothesis 2.3 is satisfied by the regularized functions defined above,
therefore Lemma 2.10 can be applied. We just precise that the pointwise convergence of
the regularized functions is a consequence of the continuity of the functions d, b, and o.
We denote by V;“" the solution of (2.7) with f replaced by f and o replaced by o°".
The same notation is used for the regularized BSDE, we denote by (Y;"**", Z,"“") the
solution in .72 x.#% (R, R'?) of BSDE (2.10) with V* replaced by V%" (existence and
uniqueness of such a solution is guaranteed by Lemma 2.8), namely V0 < t < T < +o0:

T T
tha:,oc,&‘n :Y;,a,é‘n + / (w(‘/sx,sn7 Z;t,a,sn) _ QYSI’Q’En)dS _ / Z;t,a,EndWS. <220)
t t

I7a7€n

Then we define v®*»(z) := Y;"**" and Y,
the BSDE and we get:

T,o e .
=Y —av®*(0). We can rewrite

T
?txvaygn :?;‘,Ohfn + / (/l/}(‘/;x’gn’ Z:‘7a’5n) o a?iy@yfn o avaygn (O))ds
t
T
/ ZresmdW,, 0<t<T < +oo.
t

Uniqueness of solutions implies that v®*» (Vi"") = Yi"*". Now, in a very classical
way, we set 74" (x) = v (x) —v®*"(0). Thanks to the fact that a|v®*"(0)| < My, and
by Lemma 2.10 we can extract a subsequence (3(ey,) = 0 such that Vo > 0, Vz € D

n—-+oo

a countable subset of R%:

goBEn) (g — 7%(z) and av®PEn)(0) - 2%,

for a suitable function ¥ and a suitable real A”. Now thanks to the estimates from
Lemma 2.10 we have Yo > 0, [7%0En) () —590En) ()| < (14 |z|? + |2'|?) |z — 2/| for all
z,2’ € RY. Therefore extending v to the whole R? by setting v%(z) = lim,, ., 0% (2;)
we still have the following estimates: for all z, 2’ € RY,

7% () = 0%(@)| < C(L+ [a]* + 2"z — ).
In addition, we also have

A% < My,
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Now let us define Vt > 0, Y™ = 5%(V/*). Let us show that

T
]E/ [yoefEn) g 2qs 0 and E[YR™7E -
0

n—-+o0o n—-+0o

S

First we write:

Waﬁ(sn)(vfﬂ(gn)) . Ea(vsz” < |5aﬂ(€n)(‘/s$ﬂ(€n)) _ @a”g(sn)(‘/fﬂ
+ [P PE (V) =0 (V)]
(L [VFEI 4 VIR Ve — v
+ [ (V) = (V)

which shows the convergence of 7% (5")(‘/f’ﬁ(€”)) toward EO‘(V”” ) almost surely, up to a

subsequence (it is well known that VI > 0, E supg<;<p ]Vf’g (en) - VZP? - 0). Then,
=r= n—-+o0

due to the fact that

gesen) (Y2 PEn)y | < My /a P-a.s., we can apply the dominated convergence theorem to
show that:
T

E/O |?Z},O¢,ﬂ(€n) _ ?x7a

2ds — 0 and E[YEE) _yrep

n—-4o0o n—-4o0o

S

Now we show that (Z%®8(En)), is Cauchy in .#%(R,,R*%). We denote

‘Z — ‘/;'17“8(611) _ ‘/;{’E,B(En)/;

Tft _ ?f,ouﬁ(an) _ ?Zc,a,ﬁ(an)’;

Zt Zm ,a,0(gn) _ thb,aﬁ(sn)/,

9

and

A= ava’B(E”)(O) — ava’ﬁ(sn)/(O).

It6’s formula applied to ]}715\2 gives us, for all £1,e9,e3 > 0:

. T . T _ , ,
it [ 1ZoPds = TP 42 [ Rlp(veoen, ggedted) - p(ysie, grade)
t t
— (a?f’a’ﬁ(gn) - a?f’a’ﬂ(gn)/) — Nds
T ~ o~
- 2/ Y. Z,dW,
t
_ T MTP T
< |Yr[? + (e1My + e2My + 53)/ |Ys[?ds + 8/ |Vs[?ds
t 1 t

My, T _ 1 [T - T _ T _
+/ |Zs|2ds+/ |)\|2ds+c/ |st52/ Y, ZsdWs,
€2 Jt €3 Jt t t

because a|v®(0)| < My,. Thus, taking the expectation and for €3 large enough we get

T _ " T _ T T _ .
IE/ |Zs|?ds < E|Y7|*+c <IE [/ ]Y;|2d8:| +E [/ |V;\2ds] +E U \Yslds} +T\)\\2> ,
0 0 0 0



40 CHAPITRE 2. EDSRS ERGODIQUES ET EDPS AVEC CONDITIONS ...

which proves that (Zf”’a’ﬁ(a"))ﬁ(sn) is Cauchy in .Z2(R,,R*%). Now we pass to the limit
in equation (2.20) to obtain:

T T
veo vt [0 zen) <X [z, 0<t<T <.

Now we reiterate the above method. Thanks to the following estimates: Va,z’ € RY,
[0%(x) — v%(@")| < O+ [af* + [2']?) |z — 2]
and
27| < My,

it is possible, by a diagonal procedure, to construct a sequence (), such that

v (z) — v(x)
n—-4-00
Y
n—-4oo

A
We define Y, := (V). Let us just precise why

n—-+oo

T
E/ Yo" -Yi’ds — 0 and EY7:"—Y72 — 0.
0 n—-+00
First the convergence of 7% (V) toward v(VF) is clear. Secondly, we have
[ (V)| < C(L+|VEP).

Therefore the dominated convergence theorem can be applied to show that:

T
E/ |?§’a’ﬁ(€") Y %ds — 0 and E|?§w’a’ﬂ(5”) -Y7P — o.

0 n—-—+o0o n—-+00
Then, just as before, it is possible to show that (Z%),, is Cauchy in .#Z?(R, R!*9).
We denote its limit by Z.

The end of the proof is very classical, it suffices to apply BDG’s inequality to show

that Esupg<;<r \?1\2 < 400, VT > 0. To show that Z" is Markovian, just apply the
same method as in the proof of Theorem 4.4 in [31]. O

Remark 2.12. It is clear that we do not have uniqueness of the solutions of EBSDE
(2.9) because if (Y, Z, ) is a solution then (Y + 6, Z, \) is another solution, for all § € R.
However we have a uniqueness property for A under the following polynomial growth
property:

VI < CA+ V).
One can notice that the solution Y = w(V}*) constructed in the proof of Theorem (2.11)
satisfies such a growth property.

Theorem 2.13. (Uniqueness of ). Assume that Hypotheses (2.1) and (2.2) hold true.
Let us suppose that we have two solutions of EBSDE (2.23) denoted by (Y, Z,\) and
(Y, Z' N') where Y andY' are progressively measurable continuous processes, Z and Z'
c M*Ry,R™) and X\, N € R. Finally assume that the following growth properties
hold:

Yil < C+ V7P

Y/| < C'(L+ [V P).

Then A = N.
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Proof. Tt suffices to adapt the proof of Theorem 4.6 of [31]. With the same notations one
can write:

=T 'EP Yy — Yy
< TEPR((C+ CY (1 + |VED) + TR ((C + ) (1 + |2]?)).

To conclude, just use the estimates from Lemma 2.1, and let T" — +oc. O

2.4 The ergodic BSDE with zero and non-zero Neumann
boundary conditions in a weakly dissipative environ-
ment

In this section we replace the process (V;*)>0 by the process (X} )¢>0, which is solution
of a stochastic differential equation reflected in the closure of an open convex subset G
of R¢ with regular boundary, namely, we consider the following stochastic equation for a
pair of unknown processes (X7, K¥)¢>o such that, for every z € G, t >0 :

t t t
X7 :x—l—/ f(X;”)der/ a(Xg)dWs+/ Vo(XT)dKY,
0 0 0 (2.21)

t
Kf:/ LixscocydKy,
0

where f is weakly dissipative.

As far as we know, there is no result regarding such diffusions. That is why it is
necessary to adapt a result of Menaldi in [60] where an existence and uniqueness result
is stated by a penalization method for a diffusion reflected in a convex and bounded
set under Lipschitz assumptions for the drift. Therefore, it is necessary to adapt this
result in our framework, namely when the set is not bounded anymore but with weakly
dissipative assumptions for the drift.

We denote by TI(z) the projection of x € R? on G. Let us denote by (X;™)i>0
the unique strong solution of the following penalized problem associated to the reflected
problem (2.21) :

t t
Xp" =at [ B DX+ [ o(Xsmaw, (2:22)
0 0

where Vo € RY, F,(z) = —2n(x — II(x)).

Remark 2.14. The functions d+ F,, +b and o satisfy Hypothesis 2.1. Indeed, from [37],
F, is O-dissipative therefore d + F), remains n-dissipative thus the estimate of Lemma 2.5
holds with constants which do not depend on n. Furthermore one can remark that for
all £ € R4, %VF,(2)¢ <0, for all 2 € R? (see for example [37]). Finally, taking a € G
(thus Fy(a) = 0) in Remark 2.3 shows us that the estimate of Lemma 2.1 holds with
constants that do not depend on n.

We need the following assumptions on G:
Hypothesis 2.4. G is an open convex set of R?.

Hypothesis 2.5. There exists a function ¢ € ¢2(R?) such that G = {¢ > 0}, 9G =
{¢# =0} and |Vo(x)| =1, Vz € 0G.
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The following Lemma states that the penalized process is Cauchy in the space of
predictable continuous process for the norm Esupgc,«p| - |P, for every p > 2 and that
it converges to the reflected process solution of (2.21) for a process K% with bounded
variations.

Lemma 2.15. Assume that Hypotheses (2.1), (2.4) and (2.5) hold true. Then for every
x € G, there exists a unique pair of processes {( X7, KF)i>o0} with values in (G x Ry)
and which belong to the space /P x /P, V1 < p < 400, satisfying (2.21) and such that

t
ny = / Vo(XEH)AK?  has bounded variation on [0,T], 0 <T < oo, ng =0
0

and for all process z continuous and progressively measurable taking values in the closure
G we have

T
/ (X5 —2z5)dngy <0,  VI'>0.
0

Finally the following estimate hold for the convergence of the penalized process, for any
1< q<p/2, for any T > 0 there exists C' > 0 such that

1
E sup | X" - X[ <C <> ;
0<t<T nd

Proof. The proof is given in Appendix. O

2.4.1 The ergodic BSDE with zero Neumann boundary conditions in
a weakly dissipative environment

In a first time we are concerned with the following EBSDE with zero Neumann
condition in infinite horizon:

T

T
YE—vE 4 / (X2, Z7) — Nds — / Z5dAW,, Y0 <t < T < +o0, (2.23)
t

t

where the unknown is the triplet (Y., Z%, X). (X[)t>0 is the solution of (2.21).
To study the problem of existence of a solution to such an equation, we are going to
study the following BSDE, with monotonic drift in y: V0 <t < T < 400,

T T
Yfma,n,é — Yjﬂf,a,n,s _|_/ [’QZJ(X?”’E, Zs.t,a,n,S) _ aY?’a’n’s]dS _/ Z;v,oz,n,edWs’ (224)
¢ t
where the process (X;"™) is the solution of the following SDE:

t t
Xpne =t [P + FECEm)ds + [ o(Xamaw.,
0 0

Remark 2.16. F), is regularized like other regularized functions. Thanks to convolu-
tion arguments it is possible to construct a sequence of functions F;; which converges
pointwisely toward F;, and such that for all e, F; is 0-dissipative and 4n-Lipschitz.

Now we can state the existence theorem for EBSDE (2.23).

Theorem 2.17. Aisume that Hypotheses 2.1, 2.2, 2.4 and 2.5 hold. Then there exists
a solution (Yy,Z;,\) to EBSDE (2.23) such that Y. = 5(V*) with T locally Lipschitz,
and there exists a measurable function € : RY — R4 such that Z" € MR R and
7 = E(X7).
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Proof. We give the main ideas, because the proof is very similar to the proof of Theorem
2.11. The beginning of the proof is the same as the proof of Theorem 2.11. Lemma 2.8
gives us the existence and uniqueness of the solution (Y™ Z#™) of BSDE (2.24)
in .72 x #*(Ry,R™™%). Then, as the function d + F), is still n-dissipative and as the
work in the previous section involves d only through its dissipativity constant 7, we can
apply previous results. As always we define v®"™¢(z) := Y;*"°. By Lemma 2.10 we have
the following estimate: Vz,z’ € R%:

0™ (2) — ™™ (1)) < C(1 + |2 + |2/ ) |z — 2.
In addition we also have
|av®™E(0)] < My.

As those inequalities are uniform in € it is possible to construct by a diagonal proce-
dure a subsequence €, — +0 such that Vn € N,a > 0:

oc,n,ap(x) . Ua’n(l') and avam,ap(o) _ Xou

p—-+00 p—-+00

v )

We recall the fact that the function 7®" is locally Lipschitz on R¢ and that we keep the
following estimates:

[0 (2) = v"(2")| < O+ J2f” + [2']?) e — 2]
XM < My,
Now let us define V¢t > 0, V""" := 5*"(V;"™). Let us show that

/ |YCCOITLEP o xan,gds N 0 and E’YLEOCTLEP _?;c_:a,n|2 N 0
0

S p—-+00 p——+00
First we write:

’,Ua JMLEp (X;B’n’EP) _ @a,n(X;:,n)’ < wa,n,sp (vanvsp) — pTED (Xf’n)‘
+ [P (X =T (X
CL+ XM P + | XPm2)| X5 — X2,

which shows the pointwise convergence of 5%™» (V") toward v*" (V"™ almost surely

when p — 400. Then, due to the fact that [7*#(n) (V5 =B (en) )| < My/a P-ass., we can
apply the dominated convergence theorem to show that:

p——+00 p——+00

T
72,0,N,E 7T,0,M FL,0,N,E FT,0,Nn
E/ Yoo Yot Pds — 0 and E|YOUT -YEUPR — 0.
0

In addition it is possible to show as in Theorem 2.11 that (Z%*™®%), is Cauchy in
.///2(R+,R1Xd).
Note that we keep the estimates Vz,z’ € R%:

7" (@) = 9" (@) < C(A+ |2 + o' *) |2 — 2],

and

Fo,n

N < My,
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Therefore, again, by a diagonal procedure, it is possible to extract a subsequence
(6(n))n such that

0P () — 5 ().

And thanks to Lemma 2.15, one can apply the dominated convergence theorem to show
that:

T —z,0,8(n) oz« —r,a,0(n) T«
IEJ/ Yo YT Y2ds — 0 and E[YZU7Y Y2 - 0.
0

s
n—-+o0o n—-4o0o

Finally a last diagonal procedure in « allows us to conclude (see the end of the proof
of Theorem 2.11).
O

Once again, we notice that the solution we have constructed satisfies the following
growth property:

Vil <O+ [X7%),
so it is natural to establish the following theorem under the same growth properties.

Theorem 2.18. (Uniqueness of \). Assume that Hypotheses 2.1 and 2.2 hold true. Let
(Y, Z, ) be a solution of EBSDE (2.23). Then X is unique among solutions (Y, Z, ) such
that Y is a bounded continuous process and Z € #*(Ry,RY¥9). Finally assume that we
have the following growth property

Y| < C(1+ |X7?),
Y| < C'(1 + | XFP).
Then A = ).

Proof. Simply, adapt the proof of Theorem 4.6 of [31]. With the same notations we can
write:

X =T7ER Yy — Y]
< (CH+ONT 2+ [a]? + E™|XF)
<(CHO)TTH 2+ [af* + B XE" 2 + EX X7 — X777
To conclude, just use the first estimate from Lemma 2.1, the estimate from Lemma 2.15
and let T'— 4-o00. O
2.4.2 The ergodic BSDE with non-zero Neumann boundary conditions
in a weakly dissipative environment

We are now concerned by the following EBSDE in infinite horizon:

T T T
Ve =Yi+ [ WO 20 -Ndst [ lo(X) K3 - [ Z5W, W0 <1< T < o,
t t t
(2.25)

where g : R? — R is measurable and such that the term ftT[g(X ) — p]dKYT is well
defined for all 0 < ¢ < T < +o0.
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Proposition 2.19. (Ezistence of a Solution (Y, Z,\)). Assume that the hypothesis 2.1,
2.2 and 2.5 hold true. Then for any u € R there exists X € R, Y* continuous adapted
process and Z* € MRy, R™%) such that the triple (Y, Z,\) is a solution of EBSDE
(2.25).

Proof. The Theorem 2.17 gives us the existence of a solution (Y*, Z% \) of the following
EBSDE

T T
YE =Y+ / [W(XT, Z7) — N|ds — / ZEAW,, YO<t<T <+oo.  (2.26)
t t

Now, defining Y* = Y, —fot [g(X®)— p]dK?®, it is easy to see that (Y, Z%, A) is a solution
of the EBSDE (2.25) with p fixed. O

Remark 2.20. The constructed solution Y2 is not Markovian anymore. Furthermore,
it satisfies the following growth property: V¢t > 0, |Y®| < C(1 + |XF|*> + K¥). This
dependence on K}’ prevents us to get the uniqueness of A among the space of solutions
satisfying such a growth property.

Similarly, for every A € R, an existence result can be stated for a solution (Y, Z, u).
Proposition 2.21. (Ezistence of a Solution (Y, Z, u)). Assume that Hypotheses 2.1, 2.2
and 2.5 hold true. Then for any A € R there exist a continuous adapted process Y and

Z% € M*(Ry, R such that for all p € R the triple (Y, Z, ) is a solution of EBSDE
(2.25).

Proof. From Theorem 2.17, we have constructed a solution (Y*°, Z%9 \%) of the follow-
ing EBSDE

T T
v =yt +/ [h(XT, Z20) — A\%]ds —/ Z20dW,, Y0 <t < T < +oo. (2.27)
t t
Then setting ?tx = Y0 + (A= A0t — fg[g(Xf) — p]dK¥, the triple (Y7, 270 1) is
solution of EBSDE (2.25). O

Remark 2.22. The constructed solution satisfies the following growth property:
V| < C(1+ |XP|? + KP4 1), P-a.s.

Again, this solution does not allow us to establish a result of uniqueness for p among the
space of solutions satisfying such a growth property.

Remark 2.23. If the convex G is assumed to be bounded, it is possible, following [72]
to show that there exists a Markovian solution (Y, Z, \) when p is fixed or (Y, Z, 1) when
A is fixed exists, for a driver weakly dissipative. The proofs are the same as in [72].

2.4.3 Probabilistic interpretation of the solution of an elliptic PDE
with zero Neumann boundary condition

We are concerned with the following semi-linear elliptic PDE:

{ ZLv(x) + Y(x, Vo(z)o(x)) =\, z€G,

() =0, z € 0G,

(2.28)
where:
PLulz) = % Tr(o ()l (2)V2u(x)) + V(@) f(@).

The unknowns of this equation is the couple (v,\). Now we show that the pair (v, A)
defined in Theorem 2.19 is a viscosity solution of the PDE (2.28).
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Theorem 2.24. Assume that hypotheses of Theorem 2.17 hold . Then (v, \) is a viscosity
solution of the elliptic PDE (2.28) where (v, \) is defined in Theorem 2.17.

Proof. Just adapt the proof of Theorem 4.3 from [68|. O

2.4.4 Optimal ergodic control

We make the standard assumption for optimal ergodic control, namely we consider U
a separable metric space, which is the state space of the control process p. p is assumed
to be (#;)-progressively measurable. We introduce R : U — R? and L : R* x U — R
two continuous functions such that , for some constants Mgz > 0 and M; > 0, Vu €
UVz,z' € R?,

- |R(u)| < Mp,

— |L(z,u)| < My,

— |L(z,u) — L(2',u)| < Mp|z — 2'|.

For an arbitrary control p, the cost will be evaluated relatively to the following Gir-
sanov density:

p g Lt 2
I, = exp ; R(ps)dWs—§ ; |R(ps)|"ds ) .

We denote by P4 the associated probability measure, namely: dP% = I'7.dP on .#p. Now
we define the ergodic costs, relatively to a given control p and a starting point z € RY,
by:

1 T
I(x,p) = l;miup TIE% [/0 L(Xf,ps)ds] , (2.29)

where Ef. denotes expectation with respect to P%.. We notice that the process W/ :=
Wy — f(f R(ps)ds is a Wiener process on [0, 7] under P7. We define the Hamiltonian in
the usual way:

P(x,z) = 7irellfj{L(:L‘,u) +2R(u)}, ze€RY zeRYX (2.30)

and we remark that if, for all z, z, the infimum is attained in (2.30) then, according to
Theorem 4 of [59], there exists a measurable function v : R? x R'*¢ — U such that:

Y(x,z) = L(z,vy(x, 2)) + 2zR(y(z, 2)). (2.31)

One can verify that v is a Lipchitz function. Now we can prove the following theorem,
exactly like in [72].

Theorem 2.25. Assume that the hypotheses of Theorem 2.17 hold true. Let (Y, Z,\) be
a solution of EBSDE (2.25) with u fized. Then:

1. For arbitrary control p we have I(x,p) > A.

2. If (XY, ps) + ZFR(pt) = W(XF, ZF), P-a.s. for almost every t then I(x,p) = A.

3. If the infimum is attained in (2.31) then the control p, = v(X7, Z7) verifies I(x,p) =
A

Remark 2.26. When the Neumann conditions are different from 0, we need regularity
on the solution Y;” in order to state the same result. Again the degeneracy of the solution
constructed in Proposition 2.19 or 2.21 does not allow us to conclude.
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2.5 Appendix

2.5.1 Proof of Lemma 2.1

Let us define p(x) = |z—alP for p > 1. We recall the following formulas for derivatives
of ¢, for p > 2.

V() = p(z - a)|z — a2

2 o [ ple—alP?+plp = 2)(s — ai)?|w —alPmtif i=
0 80(56)/3561893] - { p(p — 2)(1’Z — ai)(x’j — aj)|£L‘ _ a|p—4 if i 7& ]

Therefore we have the following estimate
IV2p(z)| < K|z — alP~2, (2.32)

for a constant K which depends only on p and d. Under the hypothesis of this Lemma, it
is well known that a unique strong solution for which the explosion time is almost surely
equal to infinity exists (see [57] for example). By Itd’s formula we get, for p = 2, for all
t>0,

t
Vi = aPent = fo - aff 42 [TV < a (Vs + (VW)
0

t t
+2m / VZ — af?e®sds + / Z(U(‘/sz)tg(‘/sw))i7i€2msds
0 [

t 2 d
<l|z—al®+ 2/ (Ve — @)o(VE)AW, + W(&W —1).
0 m
(2.33)
Taking the expectation, we get:
2 dlo|?
E[Vf — af? < |z — af?e 2t 4 T2 T 20 J; 90 (1 _ g2, (2.34)
m
Therefore:
B[V < C(1+ [zfe?Mh), (2.35)

where C' is a constant that depends only on a, 11, 172 and o but not on the time ¢.
Let 0 < § < pn1. For p > 2, It6’s formula gives us, for a generic constant C' which
depends only on p, d, |0|so, 12, € (defined later):

s

t
Vi = aPem = < ol e [N - apAVE — a f(V s + o(VE)AW)
0
t
+m = 8) [ V7~ apetmdas
0
1 t
iy [ VTRV s
0

Then, taking the expectation, using the assumption on f and using estimate (2.32) we
have

t
E|V® — alPe®n=9t < |z — afP + C’/ E|VE — aP~2ePm—0)sd
0

t
_ 5/ E|VZE — alPePn =935
0
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Young’s inequality ab < a?/p + b?/q for 1/p+ 1/q = 1 with p replaced by p/(p — 2) and
q replaced by p/2 applied to the last term of the above inequality allows us to write:

VI —alP™? < (p = 2)e|VS —al? /p + 2/ (pP7D72),

hence,

t
E|V{* — afPe®n =9t < |z — alP + 50/ E|VE — alPe®n=93ds + C /eP=2)/2
0
t
- (5/ E|VZ — aPePmn=93ds.
0

We choose € = ¢/C, then:

E|VZ — aPe®n=9t < |z — afPC.
Therefore:

E|V® — alP < C(1 + |z[PePm—0)t),
This can be rewritten:

E[V PP < C(1+ |zfPe”Pn=o)),

where C' is a constant which depends on p, d, 0o, 71, 72, € and a. Finally, note that this
result holds for any 0 < § < pn;.
p)

Lt [ol? +E (( [ - a)a(V;ﬂFds)r/Q)]

by BDG’s inequality. Now distinguish the cases r/2 < 1 or /2 > 1, we readily get, for
each p > 2,

Now, let us come back to (2.33), we have, for all r > 1, 2r = p

E[ sup |VFP]<C <1 + |z|P + E sup
0<t<T 0<t<T

/ E — a)o(VE)aW,

<C

E[ sup [V IP] < C(T)(1 + [z + |z[")
0<t<T

<)+ |27).

Once this is established, one can readily extend this estimate to the case p > 1. Indeed,
for 0 < a < 1, we have, by Jensen’s inequality

E[ sup [V/7["?] < (E [ sup |Vi*[P )
0<t<T 0<t<T

< CT)(A + [[*).
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2.5.2 Proof of Lemma 2.5

We adapt the proof of Theorem 2.4 from [26]. We give the full proof for reader
convenience. In this proof, k;, ¢ = 0, 1... denotes a constant which depends only on 7, B,
050 and the dimension d. There are three steps in this proof. In the first step, we show
that the process V* enters a fixed ball quickly enough. In the second step, we construct a
coupling of solutions starting from two different points in this ball and we show that the
probability of the constructed solutions to be equal after a time 7' (given in the proof)
is positive. Iterating this argument in step 3, we obtain the result.

Step 1 : By Remark 2.3, one can take a = 0 in equation (2.34) and then:

E|V)? < |z|?e™™! 4 k.
By the Markov property : Vk € N,
E[[Viyrl?|Zrr) < ViEpPe ™™ + ka. (2.36)

Let us define for R > 0,
Co={Vi&rl = R}, Bi=[)C;

By Markov’s inequality

E(‘V(g]cg+1)T|2|£ZkT)
R

ViglPem Tk

= R R’

P(Ck + 1|§kT) <

(2.37)

Let us multiply (2.36) and (2.37) by 1, and let us take the expectation to obtain, since
]lBk-H < ]lBk

E(VE 1y 1B0) E(|V&|*1p,)
MG )m) <A ()

where

e~mT
)
R R
The eigenvalues of A are 0 and e ™7 + & So for every T' > 0 we can pick R large
enough such that Ay g :=e M7 + <l
We deduce that
P(By,) < k2 (Arr)" (1 + [2?).
Defining,
T = inf{kT; |V%|* < R},

it follows that

P(r > kT) < P(By) < ke(Arr)F(1 + |2]?).
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Thus, if we pick a > 0 small enough such that eaT)\T7 r < 1, we obtain:

+o0o
art a k
E(e"T) < a1+ |2*) Y (e*TArr)" < ma(1 + 2]). (2.38)
k=0

Step 2. In this step, we construct a coupling of processes starting respectively from
x,y € Bp, the ball of center 0 and radius R, such that the probability that they take the
same value at time T’ is strictly positive. We denote by u” the law of V¥ under P and
by p¥ the law of V¥ under P on [0,7]. Let us define

‘Z — ‘/ty _|_ Y;x’y
where Y;"? is the solution of the following SDE, for all ¢ < T,

LYY
Ay} = (VY + YY) = (V) = o (VY + Yo~ (V) 7 | dt
o (V4 Y) — o (V)] dW,, e

I?y_
YO =T —Y,

and where L > 0. We denote by g the law of V on [0,7"). The process V; satisfies for all
t<T:

= = = ~ ~ LYy
v, = f(V)dt + o(Vi) [th + <a—1(vt) (bv) = b(V)) = o (V) t) dt} .
+ [o(VF + YY) — o (V)] AW,
% =,
(2.40)
Since all the coefficients are locally Lipschitz, ¥;"Y (and thus XZ) are well-defined contin-
uous process for ¢ < T'A¢ where ( is the explosion time of Y;""Y; namely, ¢ := lim;,—, 1 (p
for

Coi=inf{t € 10,T) : [Y;"Y

>n}
where we set inf{@} = T. We define

L}/txvy
T—t’

h(t) = o (V) (b(V) = (1)) = o~! (V) ESTAC,

AW, = AW, + h(t)dt, t<T A,

and
t
It—/ h(s)dW,, t<TAC.
0
If (=T and
1
Ry :=exp <_It - 5(15 I>t>

is a uniformly integrable martingale for ¢t € [0,7"), then by the martingale convergence
theorem, Ry := lim; -v Ry exists and (R¢)e(o,r) is a martingale. In this case, by the
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Girsanov theorem (fW/t)te[O’T} is a standard Brownian motion under the probability R7P.
Rewrite (2.39) as

Lth’y

dt
T—-1

Ay = {d(ﬁ) —d(VY) — (a(‘Z) - U(V;y)> (b(‘N/t) — (V)| dt —

+ |0 (V) — o (V)] aibs, (241)
5 =x—y,

Now we would like to apply the Girsanov theorem. The following lemma is a direct
adaptation of a result in [77]. However we give the proof for completeness.

Lemma 2.27. Assume Hypothesis 2.1 hold true and let x,y € R% and T > 0 be fized.
Then

1. There holds

sup  ERipc, log Ripc,, < +00.
te[0,7),n>1

Consequently,
= i t T = 1
Ripne nI/Holo Rt/\Cn/\(Tfl/nﬁ € (0,77, Rrpce S% Rope
exist such that (Rsnc)sejo,r) s a uniformly martingale.

2. Let Q = RrpacP. Then Q(C =T) =1 so that Q = RrP.
3. Y;’y =0, Q-a.s.

Proof. (1) let t € [0,T) and be fixed. By an It6’s formula,

Y'Y |2 2 then [ Y@y " LYY
’ t/\Cn| _ |$ y| +2/ <s,d(%)d(‘/;y) s )dS
0

T—s T T—5s T—5s
then [ Y2V _ ~
2 [ (7 (o) - o)) () — b7 ) s
tACn ‘Ymvy’2 tACn Ym’y - —
S 2 S ) — Yy g
+/O st /0 (T_S,[O'(V) a(vs)] dW>

* /0% T —n [<0(Vs) — (V) o (Vy) — a(vsy))} ds

By standard computations, since d is dissipative, since b is bounded and since o is
Lipschitz and bounded, for every € > 0, we get

Yol o Y2
—" 4+ (2L —-1-— d
T s T 5)/0 T —sp""
|:L‘ _ y|2 C /t/\Cn Y's%y - .
<TI0 LT A 2 [ ) — y]d AP
S o EAG) + i 7 |oVs) —o (V)| dW,

(2.42)

By the Girsanov theorem, (Ws) s<tn¢, is a standard Brownian motion under the prob-
ability measure Ripc,IP. So, taking expectation E’" with respect to Rine, P, we arrive
at

tACn Y22 2
Et,n/ ’|1vs S’|2d3 < ‘37 Ty + ?T’ s € [O,T),n > 1. (243)
0 _
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By the definitions of R; and Wt, we have for every s < t A (,,
s . 1 s )
logRs = — [ h(r)dW, + 3 |h(r)|“dr
0 0

s _ s L2 }/TI,ZJ 2
< —/ h(r)dW, +C (1 —|—/ |2d7’>
0 o |T—r

And then, taking the expectation, we obtain with (2.43):

t,n |ZL‘ B y|2 C
ERt/\Cn log Rt/\Cn =E" 10g Rt/\gn S T + ;T, te [O,T), n Z 1.
By the martingale convergence theorem and the Fatou lemma, (Rsn¢)sejo,r) is a well-
defined martingale with

—yl2
e =" L Cr heqo,T.

ER¢a¢ log Rine < T 5

To see that (Rsa¢)sepo,r] is @ martingale, let 0 < s < ¢ < T. By the dominated conver-
gence theorem and the martingale property of (Rya¢, a(7—1/n)); We have

E(Rt/\c |Fs) = E(nl{ffoo Rt/\Cn/\(T—l/n) |Fs) = nl{{?oo E(Rmcn/\(T—Un) |Fs)

- nllflr-loo RS/\Cn - RSAC'

(2)Since W, is a standard Brownian motion up to T A (, it follows from (2.42) that

n? Yre P a—yP  C
L <t)<EQ G =7
TQ(C"— )< T—(tANG) - T t

holds for n > 1 and ¢ € [0,7). By letting n / 400, we obtain Q(¢ < t) = 0 for all
t € [0,T). This is equivalent to Q(¢ = T') = 1 according to the definition of ¢.
(3) Let

(=inf{t€[0,T]:Y"Y =0}

and set inf @ = 400 by convention. We claim that ( < T and thus, Y2¥ =0, Qas.
Indeed, if for some w € € such that ¢ > T, by the continuity of the process we have

inf |V"Y?(w) > 0.
tel[%,T]’ Y (w)

So,

T D/f’y|2
ds =
/o s

holds on the set {¢ > T}. Now, since inequality (2.42) still hold with (, replaced by (
and since ( =T Q-a.s., if we take the expectation with respect to Q, then

Ty lz—y* C
EQ S ds< =T .
/0 TS T Tt

Therefore Q({ > T) = 0. Therefore, Y¥ =0, Q-as. O
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Hence the can apply the Girsanov theorem. Therefore, there exist a new probability
measure Q under which W is a Brownian motion. Thus, under Q, V has the law ue
whereas under P it has the law p. Of course p® and p are equivalent. We deduce that
for every § > 0,

z\ 2+9 246

Lo ()= [ ()
¢(lo,1), k) \ At o \ dP

-[(&) o

=EC (exp <(1 + &) I — %‘Su Ir ))
< /B2 (exp(2(1 + 8)I7 — 2(1 + 8)*){L, I) )
x \/E9 (exp((2(1 + 6)2 — (1 + ))(L. I)7))
= /E2 (exp((1 +8)(1 + 28)(I, I)7)). (2.44)
We are going to show that we can pick L > 0 and § > 0 such that:
E? (exp((1 + 6)(1 + 20)(I,I)7)) < +o0.

Indeed, we have, for every ¢ > 0

EQ(exp((1 + 8)(1 4 28)(1,1)7))

< CEY (exp ((1 +8)(1 4 20)||o 1| ? <(1 +1) /OT ?{j;) ds>>

Now, by It6’s formula (using 2.41):

LQ‘Y?,"UP L2‘{L' _ y‘Q t L2st7y LYf’y
= 2 [ (=, (d(VY + YY) —d(V¥) — =) d
Tt +/O<T—s’<(5+5) (V) T—s) 8)

L2Yif7y t LZD/S%?J‘Q

1T = s

T
—2 [ (4 Y7 — oV BV + V) — V) )
e :

(V7 + V7)o (VAT ) + [

+ [ T o4 ¥ = oV + V) - o (V)] .

Therefore, since d is dissipative, since b is bounded and since ¢ is Lipshitz and bounded,

L2|Y?’y|2 1 tL2|YSl‘,y’2 L2|x—y|2 ) t |st1«“73/
——— 4+2|(L—- = ds < L
T—t ( 2)/0 T_sp s — g  thtC /OT—S

ds

where J; = 2 LQ{ v oV + YY) —o(VY dW . Note that
0

(V) (e(VE + YY) — o (V)

_rald
d(J, J), = AL T o dt

Y&y
T — s|?

< 4LAA? dt

Therefore, taking ¢t = T, for every € > 0, for every v > 0, we have

1 e TLZD/%?JP L2|ﬂc—y|2
2(L—=—=— L2A\? * las< —T Jr — = {(J, J
< 2 1 >/0 e R =Rt (U
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Therefore, for € small enough, we obtain by multiplying by ~

2

1 ¢ TSPyl =yl 4CP g
2y(L—z—=— L?A\? o ds < T +~Jr — —(J, J)r.
7< 2 7 )/0 Tosp s Tt THyr- 5

Therefore,

1 c TL2|Yx’y|2 ’yL2|x—y|2 702
EQ v (L —= -~ L2A? / i ek S N | < T).
(eXp< 7( 2 1 7 ) y T8z %)) =P T t e

Since by Hypothesis 2.1, there exists A > 0 such that

200 = A2A%) > [lle 1%,

it is enough to take + > 0, € > 0, § small enough, vL = X\ and ~ small enough such that:

e 2262 = 008 y2p2 —112
2(7L -1 fyLA) 2()\ - )\A)>(1—|—5)(1+25)(1+L)|Ha 112,
which shows that:

E? (exp((1+6)(1 +20)(I,1)7)) < 4. (2.45)

Therefore, with (2.44):

~\ 246
/ ( du > du® < ks, (2.46)
%([0,7],Rd) \ du”

We recall the following result (see for instance [58]).

Proposition 2.28. Let (1, u2) be two probability measures on a same space (E,&) then

|1 — p2||Tv = minP(Zy # Z3)

where the minimum is taken on all coupling (Z1, Z2) of (u1, pe2). Moreover, there exists
a coupling which realizes the infimum. We say that it is a maximal coupling. It satisfies

P(Zy=Z2,Zy €T) = py A (), T € B(E).

Moreover, if 1 and ps are equivalent and if

d p+1
() e
E K1

for some p>1 and C > 1 then

NERR
P(Zi=2) = Apo(E)> [1—=) [ — .
(2, 9) = p1 A pe(E) > ( p) <pC>

Let us mention the following proposition which can be found in [65] under the name
of Corollary 1.5.

Proposition 2.29. Let E be a Polish space, (2, F,P) be a probability space and
(Uy,Us,U) be three random variables on (Q, F,P) taking value in E.

Then there exists a triple (u1,uz,u) such that (ug,u) is a mazimal coupling of
(2(U2), 2(U)) and such that the law of (u1,u) is Z(Uy,U).
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Let us apply Proposition 2.29 to the three random variables (Y*¥, V* ,17) . there
exists (Y %Y, V&Y V22Y) such that (V1Y V2%¥) is a maximal coupling of (u®, 1) on

[0, 7] and 2(Y=¥ V2*¥) = @(Y*¥ V). Therefore,
PP~ F29) = T —Y™0) = 9(VY) 1=,
and
DY) = D(Y™Y).

Note that the last inequality implies that }/}; V=0, P-as.
Now remark that, (V%@ V22Y .= V22Y — Y2Y) is a coupling of (1%, u¥) and

P(Vj}7y71 — ngvxay) — P(V%’yﬂt — ‘77%7x7y) Z P(Vl,yﬁf — ‘72)2:723’)‘

Now, remarking that (179”, \7) is a maximal coupling of (u*, 1) and applying Proposition
2.28 thanks to equation (2.46) we get that

~ 1
P V17y)m — VZZ:?J > —
( ) = yp
which leads to
1
4H5

Step 3. We construct a coupling for any initial value and any date. For z = y, we
set

(Ut17 Ut2) = (Vtxa V;fx)a te [O7T]'
If x or y is not in Bpg, then
(Utla Ut2) = (V;fmavff;)7 te [OaT]

where Vf is the solution of equation (2.7) driven by a Wiener process W independent
of W. The coupling of the laws of V¥, V¥ is defined as follows. Assuming that we have
built (U}, UZ) on [0,nT], we take (V1%¥ V2%Y) as above independent on (U}, U?) on
[0,nT] and set

1 2 1
LUL, U2, 2.U,
)

7U7%
(Uprs: Uprst) = (‘/; |7 T) ,  Vtelo,T].

The Markov property of (U!, U?) implies that (U, U?) is a coupling of (2(V?), 2(VY))
on [0, (n+ 1)T7.
We then define the following sequence of stopping times
Ly, = inf{l > Ly,_1,U}p, Uk € Bg}
with Lo = 0. Evidently, (2.38) can be generalized to two solutions and we have:
E(e*T) < ra(1+ |z* + |y[)

and

E (e =En)T)| 7y, 1) < my(1+ UL, + U2, ).
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It follows that
E (e®Fm i) < 3B (e (1 + UL, 7[> +|UZ,, 7))
< k3(1 + 2RY)E(e2EmT)
and
E (e*tmT) < w51+ 2RH)™ N1+ |2 + |y?).
Now set
o = inf{¢, U(lLé Ty = U(ZLZ L7
Since UieTv UzeT € Bp, we have by (2.47),
P(ly > £+ 100 > ) < (1—;).
Since P(4y > £+ 1) =P(ly > £+ 1|ty > L)P(Ly > £), we obtain
1\*
Pty > 0) < (1—> :

4/4,5
Then for v >0

E(eVLZOT) < Z E(eA/LeT]lg:gO)
>0

< D OP( = o) T (E(e T
>0

502

We choose v < « such that

(¢=1)(1=/a)
) RS(1+ 2R (1 + (22 + [y,

1 1—v/a 91/

and deduce that
E(e7"0T) < re(1 + |z* + |y]*).
Since
no = inf {k, Uyp = Upp} < Ly, + 1
it follows that
E(e7) < k(1 + |2]* + [y[*)
and
P(Ugr # Uiir) = P(k < no)
< wo(1+ [ + [y*)e .
Moreover, for all ¢ € [0,T")
P(Uirst # Uiirae) < P(Uyr # Uiy)
< wo(L+ |l + Jy[*)e T
< Rr(1+ |z + [y?)e 70T,
We deduce for ¢ € By(R?)
|2 [@] () — 2¢ (@] (y)] < C(L+ |z + [y[*)e ™| 2o
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2.5.3 Proof of Lemma 2.15

We follow the proof of the part 3 of [60]. We need to adapt this proof because in our
case, the set in which the process is reflected is not bounded. Therefore convergences
are not uniform in x anymore. In our case, the dissipativity of the process is enough to
avoid the boundedness of G. We will use the following notation 8(z) = (z —II(x)). Note
that F,(x) = —2nf(z). We recall the following properties of the penalization term:

(z' —z,8(z)) <0, VzeR:Veed, (2.48)
(2’ =z, B(x)) < (B(2'),B(x)), Vx,2’ €R, (2.49)
Jee G, v>0, Ve eR", (z—cB(x)) >78(x)| (2.50)

In what follows, C'is a constant which may vary from line to line and which may depends
on x and T but which is independent on n.
In a first time, we show that for any 1 < p < oo, there exists C' > 0

E

T P
(n/ |6(Xf’”)\ds> ] < C,Vn eN. (2.51)
0
For p = 2, Itd’s formula gives us:
t
X7 = e = |z —c* +2 / (X3 = e f(XT™)ds + Fa(X7™)ds + o (X3 dWS)
0
t
+ [ Y loxzmyo(xzm)ds.
0 77
Using inequality (2.50), the fact that o is bounded and Remark (2.3) we deduce:
t t t
4n’y/ |B(XZ™M)|ds < |z — ¢|® + 2/ Cds + 2/ (X" —c,o(X2™)dWs).  (2.52)
0 0 0

By a BDG inequality, using the fact that |o| is bounded:

T p/2
</ | X" — c]2ds> ] .
0

Now, by Lemma 2.1, it follows that the process X*™ has bounded moments of all orders
independent of n, thus

p

T
E /(Xf’"—c,a(Xf’")dWs) <CE
0

T P
E / (XP" —c,o(XIT™)dWs) <,
0
which leads to
i T P
E <n/ |5(Xf’")|ds> <CVneN,
0

for a constant C' which does not depend on n.
Now we prove that Vp > 2

z,n C
E( sup [B(X; )|p) < TR

0<t<T
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We apply It6’s formula to the function ¢(x) = |z — II(z)|P where (z) = = — II(z).
Note that F,(z) = —2n8(x). It is well known that for a regular boundary, for all p > 2,
@ is €% on R? and Vo(r) = 2(x — II(x)). We recall the following formulas for the

derivatives of ¢,
Vo(z) = p|Bx) P24 (=),
V2p(x) = plB(x)[P~2V B(x) + p(p — 2)[6(x) P~ (B(x)B()).

As V3(x) is a numerical matrix one can deduce the following inequality:
[V2p()| < C|B(x) P2,

for a constant C' which depends only on p and d.
We use Itd’s formula, for all p > 2,

t
P(XPT) = /0 (Tip(XEM), d(XEM) 4+ b(XE") + Fy (X2))ds
t
+ [[(Texzmolxzmyaw,
0
1 t xr.n xr.n xr.n
3 | TR o (X3 X))y
4,7
Therefore,
t t
PO 2 [ (X2 < [ (VlXT™), (X" + X)) (2.53)
0 0
t t
+ [(Tetxm,oxzmaw + ¢ [ aemp-s
0 0
From Young’s inequality: ab < a?/q + e’ /q' for some real numbers ¢ and ¢’ such that

1/¢+1/¢' =1, we choose ¢ = p/(p —2) and ¢’ = p/2 so that, for a > 0:

1
an(p_Q)/p
p/2
P/(p—2)p_2 x,n\|p 2 1
a0 DEZnppxnp - (—
2 1
]; ab/2n®-2)/27

IBOXE™) P2 = anle= /o352

-2
< ap/(p_Q)mep(X?") +

and another Young’s inequality applied with this time ¢ = p/(p —1) and ¢’ = p gives us:

(Vo(XP™M),d(XE™) + b(XEP™)| < plBXT™P~H x [(d(XT™) + b(XEP™)|
< /P Vn(p — 1)p!/P|3(XT™) P
+|d(XT™) + b(XT™M)P ) (pP~ aP)
< o/ n(p — 1)pt/Pyp(XEM)
(LX) (o).

Therefore using the second inequality of Lemma 2.1 and the two above inequality we
deduce, for a small enough:

t o 1 1
B (n [ otxzmas) <€ (St ot )
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therefore,

E ( /0 ' ¢(X§=")ds> < an/Q (2.54)

Now we come back to equation (2.53). Taking the supremum over time and the
expectation and using a BDG inequality we get:

T
E sup o(X;") < E/ V(X5 < [d(X5™) + b(XS")|ds
0

0<t<T
T 1/2
( / |w<X§v“>a<X§’“>Pds> ]
0

T
+CE / |B(X ™) [P-2ds. (2.55)
0

+ CE

We call respectively I, Is and I3 the three terms of the right hand side of (2.55). We

have
T T
I <O IE/ IV (X5™)|2ds x IE/ 11+ | XE" 7| ds
0 0

T
< c\/m: / |B(XE™) -2
0
C
< -

= pl-1/2°

by using inequality (2.54) and Lemma 2.1. We also have

T 1/2
([ 1s0xzmpr-2as) ]
0

1 T
< LB sup [8XTP +CE [ | peczmpzas)
2 o<t<T 0

I, < CE

thanks to Young’s inequality. Applying inequality (2.54) to the second member gives us:

1 C
< 1 TnNp 4
h< BE sp B o

Finally applying inequality (2.54) once again gives us:

c
= Ek

The above estimates of Iy, Is and I3 give us the following inequality, for all p > 2

x,m C
b < -
EozltlgT@(Xt ) < IR (2.56)
Now, we claim that for all 1 <p < 400, 0 < 2¢ <p, n,m €N,
T P C
B | (m [ 10780078 ) | < S, 2.57)
0
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Indeed, we have

T
m / B(XTM)BX5™)|ds < AB
0

= (s () (m [ ' s )

0<s<T

Since, for r > 2

E[(ABY] < (E(A™)"(BEB™)V, o' =

from (2.51) and (2.56), we get

c c
P _
E((AB)") <~/ = o=t/

which implies (2.57) for r large enough.
Now we will prove that if 2 < 2¢ < p < 00, there exists a constant C independent on
n and m such that

z,n z,m
E | sup [XZ7— X2
0<s<T

1 1\¢ .
<C|—4+—), VnmeN" (2.58)
n m

Indeed, applying Itd’s formula, for all 0 <t < T < +o0:
t
X" - X = 2/ (X" = X2™)((d+ D) (XT™) = (d+ D) (X™))ds
0
t
—an [ - X B ds
0
t
am [ - XM
0
¢
b2 [0 - XE) o(XE") — (XET)aW,
0
! t
+/O D lo(XP™) = o(XP™M) o (XE™) = o(X5™))]iads.
By hypothesis on d, b and ¢ and thanks to equation (2.49) we obtain
t
X - XPUR 20 [ X - Xe s
0
t t
+4En/ tﬁ(Xf’")ﬁ(Xf’m)dermm/ BXTM)BXT™)ds
0 0
t
+2 / (XP™ — X2™) (o(XEP™) — o(X2™))dW. (2.59)
0

Now, if I; denotes the stochastic integral in (2.59) , we have for r > 1

t /2
< / | X & — X§’m|2ds> :
0

E [ sup \IS\’} <CE

0<s<t
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Therefore, by virtue of property (2.57) and for a new constant C, 2r = p, ¢ < p/2 and
0 <t <T, we deduce from (2.59)

t 11
E sup [|X3" —XP™MP] < C/ E[|X®" — X®™[P]ds 4+ C ( + )
0<s<t 0 nd

¢ 1 1
<c | E X XEmP ds 4+ O [ — 4+ — ),
<c| o?f};s“ b uPlds + <nq+mq)

which implies (2.58) after using Gronwall’s Lemma. Inequality (2.58) shows us that the
process (X*™), is Cauchy in /P, p > 2. Of course, taking the power 1/r for r > 1 in
equation (2.58) shows us that (X*"), is Cauchy in .7, for all p > 1. Therefore we can
define in /P, for all p > 1:

X?:= lim X*".

n—-+o0o

Furthermore, defining

t
0" =<2 [ OXEds,
0

and remarking that the process n*" satisfies the following equation

n t
i =i = [anenas - [ o(xeman,
0 0

we can define in 7P, for all p > 1:

n® = lim n®".
n—-+o0o

Clearly, estimate (2.51) shows that n* has locally bounded variation almost surely, and
condition (2.56) implies that X* belongs to G almost surely. Now remark that property
(2.48) implies that, for all T' > 0, for all progressively measurable process z taking values
in the closed set G

T T
/ (XM 2 )dyE = —2n / (XM ) B(XTM)ds < 0. (2.60)
0 0

Now we would like to pass to the limit into the previous inequality. For that purpose let
us recall the following deterministic Lemma.

Lemma 2.30. Let y, be a sequence of functions in €([0,T],RF) which converges uni-
formly toy. Letn, be a sequence of functions in € ([0, T], R¥) which converges uniformly
to n and such that there exists C' > 0 such that ||n,||7y < C. Then

T T
nllrv <C  and Yndnn — ydn.
0 n—+oo Jo

Proof. See Lemma 5.7 in [37]. O

Now we claim that we can extract a subsequence of { f(;[ X — zs)dnff’n} which
n

converges P-a.s. to fOT {X7T — z5)dn?. First, by equation (2.52), we have

t t
29/|7%" |rvds < |z — ¢f* + 2/ Cds + 2/ (X" —c,o(X™)dWs).
0 0
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Now remark that the right member of the inequality converges in probability to |z —
c* +2 f(f Cds+2 fot(X;C —¢,0(XZ?)dWs). Therefore, there exists a subsequence (¢(n))s,
such that the right member of the inequality converges P-a.s. and then |[n®¢()||py is
bounded P-a.s. Furthermore, as E supg;<7 | X, — X|? W 0, and Esupg;<p 17" —

n¥|? — 0 we can extract a subsequence (¢(n)), of (¢(n)), such that X converge
n—-—1+0oo

uniformly to X* P-a.s. and %% converge uniformly to n* P-a.s. Now, it is enough
to apply the previous deterministic Lemma P-a.s. to obtain the result, namely, for all
T > 0, for all progressively measurable process z taking values in the closed set G

T
/ (XT — z)dn? <O0.
0
By Lemma 2.1 in [37], this implies that
T
A ]l{XgeG}dn? = O, P-a.s.
and
t
i = [ Vol
0
We define dK := d||n"||rv,s. This shows that (X*, K*) satisfies the SDE (2.21).
Now we prove that the solution of the SDE (2.21) is unique. Let us assume that
(X1, K') and (X2, K?) are two solutions of (2.21) such that K' and K? have bounded

variation on [0, 7], for all T > 0 and such that for all ¢ = 1,2, for all continuous and
progressively measurable process z taking values in the closure G we have,

T . .
/ (X2 = z5)dn, <0,
0
where 7} = fg Vo(XHdKE. Applying Ito’s formula, one has
t t
X} - X2 =2 /O (X~ X2)(d(X)) — d(X2))ds +2 /0 (X~ X2)(B(X]) — b(X2))ds
t t
9 /0 (X! — X2)(dn) — dr?)ds +2 /0 (X!~ X2)(0(X1) — o(X2))dW,
t
4 /0 Tr(0(X2) — o(X2){(o(X1) — o(X2))]ds.
Since, 2 fg XL — X2)(dn! — dn?)ds < 0, we easily get

T
E [ sup | X} — X?*| <CE [/ | X! —X§|2ds]
0<t<T 0

T
SC[/ E sup |X11L—X3|2ds].
0

0<u<s

Applying Gronwall’s lemma allows us to conclude. O
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Chapter 3

Résultat complémentaire sur
I’unicité des solutions

In this chaper we establish a uniqueness result for viscosity solutions of EBSDEs when
Neumann boundary conditions are null for possibly unbounded convex set G. Uniqueness
for solutions of EBSDEs with non-zero Neumann boundary conditions is established in
Chapter 5 when o is constant.

3.1 Introduction

Let us come back to the uniqueness problem encountered in the previous chapter.
We consider the reflected SDE, Vs > ¢:

XbT =g 4 / FXE®)dr + / o(XET) AW, + / Vo(Xp7)dK?,
t t t

s (3.1)
Ki¥ = / LixzeocydK°,
t
and the ergodic BSDE with zero Neumann boundary conditions
T T
Yo=Y+ [ x5 20 - Nds— [ zzaw. (3.2)
t t

We gather the hypotheses used in the previous chapter together for reader’s conve-
nience:

Hypothesis 3.1.
1. f=d+ bis weakly dissipative,

2. d: R* - R? is locally Lipschitz and have polynomial growth: there exists v > 0
such that for all z € R?, |d(z)| < C(1 + |z|"),

3. b:R? — R? is Lipschitz,
4. o is Lipschitz, invertible, and || and |0 ~!| are bounded by oo,

5. there exists A > 0 such that for every z,y € R%,
[ (y,0(z +y) —o(x))| < Alyl
and there exists A > 0 such that

20 = NA%) > [lo P,

63
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(-, z) is continuous ,
[h(z,z) — Y(x, 2')| < Myl|z— 2|,
G is an open convex set of ]Rd,

10. There exists a function ¢ € €2(R?) such that G = {¢ > 0}, G = {¢ = 0} and
[Vo(z)| =1, Vz € 0G.

© o N o

3.2 The perturbed forward SDE

Let us consider the following stochastic differential equation with values in R%:

{ dX; = d(Xp)dt + b(t, X¢)dt + odWy, t >0, (3.3)

Xo =z € R%
We will assume the following about the coefficients of the SDE:

Hypothesis 3.2. 1. d : R? — R? is locally Lipschitz, strict dissipative (i.e. there
exists 7 > 0 such that for every z,y € RY, < d(z) — d(y),z —y >< —nlz — y|?)
and with polynomial growth (i.e. there exists g > 0 such that for every z € R,
|d(z)] < C(1+ |z]*)).
2. b: Ry x R? — R? is bounded and measurable.

3. o € R%4 ig invertible.

Definition 3.1. We say that the SDE (3.3) admits a weak solution if there exists a new
F -Brownian motion (Wr)tzo with respect to a new probability measure P (absolutely con-
inuous with respect to P), and an F -adapted process ()?x)tzo with continuous trajectories
for which 3.8 holds with (W )¢>o replaced by (Wm)tzo.

Lemma 3.2. Assume that Hypothesis 3.2 holds true and that b(t,-) is Lipschitz for every
t > 0. Then for every x € R?, equation(3.3) admits a unique strong solution, that is, an
adapted R¥*-valued process denoted by X* with continuous paths satisfying P-a.s.,

t t t
X7 = g:+/ d(Xf)der/ b(s,Xf)ds—ir/ o(XF)AW,, V¢ > 0.
0 0 0

Furthermore, we have the following estimate, Vp > 1,
E[I XS] < C(L+ [zf), (34)

If F is only bounded and measurable then there exists a weak solution ()2, ﬁ/\) and unicity
in law holds. Furthermore, (3.4) still hold (with respect to the new probability measure).

Proof. For the first part of the lemma see [40], Theorem 3.3 in chapter 1 or [56], Theorem
3.5. Estimates (3.4) is a simple consequence of Ito’s formula. Weak existence and unicity
in law are a direct consequence of a Girsanov’s transformation. O

We define the Kolmogorov semigroup associated to Eq. (3.3) as follows: V¢ : RY — R
measurable with polynomial growth

Zi[¢l(x) = Eo(XT).
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Lemma 3.3 (Basic coupling estimate). Assume that Hypothesis 3.2 hold true and that
Yt >0, b(t,-) is Lipschitz. Then there exists ¢ > 0 and ) > 0 such that for all ¢ : R? — R
measurable and bounded (i.e. 3C, u > 0 such that Yz € RY, ¢(z) < O(1 + |z|*)),

(P[g)(z) — Z[l(y)] < ce™. (3.5)
We stress the fact that ¢ and 1) depend on b only through sup;>qsup,ga [b(t, )|.
Proof. See [55]. O

Corollary 3.4. Relation (3.5) can be extended to the case in which b is only bounded
and measurable and for all t > 0, there exits a uniformly bounded sequence of Lipschitz
functions in z, (by(t, ))n>1 (i.e. Yt > 0,Yn € N, b,(t,-) is Lipschitz and

sup,, sup; sup, |b, (t, )| < +00) such that

limb, (t,z) = b(t,z),  Vt>0,Yz e R

Clearly in this case in the definition of L] the mean value is taken with respect to the
new probability measure P.

Proof. Tt is enough to adapt the proof of Corollary 2.5 in [26]. The goal is to show
that, if 2" denotes the Kolmogorov semigroup corresponding to equation 3.3 but with
b replaced by b, then Yz € R? | Vt > 0,

Ziolx) — Fi¢l(x).

n—-+o0o

O]

Remark 3.5. Similarly, if for every ¢t > 0, there exits a uniformly bounded sequence
of Lipschitz functions (byn(%,-))mennen (ie. V& > 0,Vn € N,Vm € N, Fp, ,(t,-) is
Lipschitz and sup,, sup,, sup; sup,, |bm»(t, z)| < 4+00) such that

lim lim by, (t, ©) = b(t, ),  Vt >0,Yx € RY

m n

then, if £2™" is the Kolmogorov semigroup corresponding to equation 3.3 but with F'
replaced by by, », we have Vt > 0, Vo € R,

limlim 2" (9] (x) = 2[¢](x),

m n

which shows that relation (3.5) still hold.
We will need to apply the lemma above to some functions with particular form.

Lemma 3.6. Let ¢ : R x RIX* = R be continuous in the first variable and Lipschitz in
the second one and , ¢’ be two continuous functions: Ry x R* — RY™F be such that for
all s >0, C(s,-) and ('(s,-) are continuous. We define, for every s >0 and x € R?,

o) = | SRS (s 0) — (), i ((s,2) £ (5,2,
0, if ((s, @) = (s, @).
Then for all s > 0, there exists a uniformly bounded sequence of Lipschitz functions

(Yrn(S,:))mennen (i-e., for every m € N* and n € N*, Y,(s,-) is Lipschitz and
Sup,, SUp,, sup; sup,. | Y (s, z)| < +o0) such that for every s > 0 and for every x € R?,

Vz € RY, lim  lim Y, ,(s,2) = Y(s,z).

m—-+00 n—-+00

Proof. See the proof of Lemma 3.5 in [26]. O
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3.3  Uniqueness result for Markovian solutions (Y, Z, \) of
EBSDE with zero-Neumann boundary conditions

Theorem 3.7. Assume that Hypotheses 3.1 hold true, then the solution (Y*,Z% X\) of
the EBSDE (3.2) is unique in the class of solutions (Y, Z,\) such that Y = v(X?*), v :
RY — R is continuous, |v(x)| < C(1+|z|P) for somep >0, v(0) =0, Z € A4?*(Ry, R>?),

Proof. Let (Y1 = v!(X%),Z1 A1) and (Y2 = v?(X?®), Z2,\?) denote two solutions. Ex-
actly like in Theorem (2.18), one can show that A! = A\? =: \. Let (Y1Dhz ZLTHa) he
the solution of the following BSDE, Vs € [t, T,

T T
e 2oy s [zt as- [ 2itear,
t t

By uniqueness of solutions to BSDE, we deduce that
’UI(SU) — Y017T707x.

Now, we fix infinitely differentiable functions p, : R* — R* bounded together with their
derivatives of all order, such that: [pq pe(x)dz =1 and

supp(ps) C {5 eR?:[¢] < 6}
where supp denotes the support. Then we define Vn € N,
(Fe@) = [ pew)Fule =i
@) = [ peto)d(e— )y,
R4
bo() = [ oo~ ),
Rd
7.(@)= [ pely)ote — ).
R4
Let us denote by X%%™¢ the solution of the following SDE, Vs >t
Xboe =g 4 / (de + b + (Fp)e) (XE5™)dr + / oo (X" dW,,
¢ ¢
and let (Y1Ttene ZLTLene) he the solution of the following BSDE, Vs € [t, T
s T
Ysl,T,t,x,n,s _ ,Ul(Xz,x,n,s) + / [w(Xﬁ,z,n,s, Z},T,t,z,n,s) . )\}d?” _ / Z;,T,t,x,n,adws‘
t s

Then by a stability result, (see for e.g. Lemma 2.3 of [11]), we deduce that

. . 1,70,z,ne _ -1, T.0,x _ 1
nEI-‘yI}OO EEI"POO YO o Yb =Y (1‘) (36)

Similarly, defining (Y2T:te 72 142) and (Y2Ttene 72T6ene) iy the same way, we
deduce that

. . 2,T0,xn,e _ 2T0x _ 2 _
L R

Furthermore, by Theorem 4.2 in [54] (note that it can be extended to the case in
which the terminal condition and the generator is continuous in x and with polynomial
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growth in z exactly by the same arguments exposed in the Theorem 4.2 in [32], the
only difference coming from the fact that the authors of this last paper work in infinite
dimension for the SDE), if we define ubT72(¢, z) := Y;VTH"™¢ then (2 — ubT™e (¢, z))
is continuously differentiable for all ¢ € [0, T, and Vs € [t, T7,

1,7 txmne __ b 1,7 \n,e t,x,n,.e t,x,n,e
Z, ="Vu (s, X Joe (X5 ).
. 2T
Similarly, we define u>7"™¢(t, z) := Y,""»®™* and then
2, Ttxn,e __ t 2T n,e t,x,n,e t,x,n,e
z: ="Vu (s, X Joe (X5 ).

Therefore, taking ¢ = 0 (and omitting the superscript ¢t = 0), VT > 0,
T
UI’T’n’s(O, l‘) _ UZ’T’R’E(O, IL‘) — (Ul _ 02)(X;7n,€) _ / (ZSI,T,ac,n,s _ Zg,T,ac,n,E)dWs
0

T
+/ W}(X;c,n,a, Z;,T7x,n78) _ ¢(X§,n,£, ZS2,T,:c,n7a)] ds
0
= (v! — v2)(X§i’”’5)

T
p— / (Z817T7'7:7n78 — Z§7T7x7n75)(_ﬁ(s’ sz’n7g)d$ + dWs)’
0

where

BT(Sv $) =

(@, Vul Tme (s, X5 ) o) (@, Vu T (s, X9 ) o (X577))
VLT (5, X o (X0 ) Va2 T (5, X0 Y (XL ) 2 LU<T
if VulTme(t, z) # VudTme(t, z),

0, otherwise.

The process 37 is progressively measurable and bounded, therefore, we can apply Gir-
sanov’s Theorem to obtaln that there exits a new probability measure Q7 equivalent to
P under which (W, — fo 5, X$"%)ds)iejo,r] 1s a Brownian motion. Therefore, denoting

by EQ" the expectation with respect to the probability Q7

ul,T,n,s(O’ .CU) _ u2’T’”’5(0, CIZ) _ EQT [(Ul _ UZ)(X;Z,TLS)]
= ‘@T[,Ul — v (I’),

where & is the Kolmogorov semigroup associated to the following SDE, V¢ > 0,

Uf =+ /Ot (de +be + (Fn)e) (UT)ds + /Dt a(US)B(s,US)ds + /ts o(UF)dWs.
By Corollary 3.4

]ul’T’"’E(O,m) - uQ’T’”’E(O,:E) — (ul’T’"’a(O, 0) — (UQ’T’"’E(O, 0)) < Ce T,
Therefore, thanks to (3.6),

v (2) = v*(2) = (v'(0) — v*(0))] < Ce .
Therefore, since v!(0) = v?(0) = 0, letting T — +oo implies that

vl(z) = v*(x),Vz € G.

An Ité’s formula applied to |Y7 — Y2|? is enough to show that EfoT 1z} - Z%lds=0. O
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Remark 3.8. If the Neumann conditions are non-zero, it is possible to adapt the ar-
guments used hereabove. Indeed, if (Y* = v(X?¥), Z%, \) is a Markovian solution of the
EBSDE, V0 <t < T < o0,

T T T
Yo=Y+ [ sz - Nas+ [ gxpars - [ zaw.,
t t t

then, if g € %ilp (@), then as in the proof of Theorem 3.1 in 72|, we deduce the existence

of a function ¥ : G — R which belongs to the space (flizp (G) and which is solution of the
Helmholtz’s equation for some a € R,

{ Av(z) — av(z) =0,
B 4 g(x) =0

We set Y7 = 9(X%) and Z¥ = Vi(X%)o(X?). These processes satisfies the EBSDE,
VO<t<T < +oo,

~ T T T _
T = 0(XF —Zv(X®)|dr VAK?® — LdW,.,

Ve =)+ [ s+ [ gear - [ Zeaw,
where

(ZLo(z)) = % Tr(o(2)'o(z)V?0(z)) + (f(z), V().
Then, if we define

Y7 - VP - H(XY)

Zy = Z¢ = Vo(XD)o(X]),

(Y",Z") satisfies the EBSDE, Y0 < t < T < +o0,
Vi=Vi [ WO VIXD0O) + 2@ - N dr - [ Ziaw,
t t

T T
Vi [ @z -Nar- [ Zaw,
t t

where (z,2) = ¥(z,z + Vo(z)o(z)) + £ (v(x)). Note that 1) satisfies the same hy-

pothesis as 1. Thus, since (?gc, 733, M) satisfies an EBSDE with zero-Neumann boundary
condition,we deduce that uniqueness for (Yx, Z" A)holds under the same assumptions

(provided that g € thlp (G)) by Theorem 3.7, which implies uniqueness for (Y®, Z%, \).
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Comportement en temps long des
solutions d’EDP paraboliques
semi-linéaires
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Chapitre 4

Comportement en temps long des
solutions mild d’EDP paraboliques
semi-linéaires en dimension infinie

RESUME: Nous étudions le comportement en temps long des solutions mild d’équations
de HJB en dimension infinie par une approche purement probabiliste. Pour cela, nous
montrons que la solution d’'une EDSR en horizon fini T prise & I'instant initial se comporte
comme un terme linéaire en 7T shifté par la solution de 'EDSR ergodique associée prise
a 'instant initial. De plus nous donnons une vitesse explicite de convergence, qui semble
est nouvelle, au vu de I’état état actuel de nos connaissances.

Mots clés: Equations différentielles stochastiques rétrogrades; équations différentielles
stochastiques rétrogrades ergodiques; équations de HJB en dimension infinie; comporte-
ment en temps long; solutions mild; opérateur de Orstein-Uhlenbeck.

ABSTRACT: We study the large time behaviour of mild solutions of HIB equations in
infinite dimension by a purely probabilistic approach. For that purpose, we show that
the solution of a backward SDE in finite horizon 7' taken at initial time behaves like a
linear term in 7" shifted with the solution of the associated ergodic backward SDE taken
at initial time. Moreover we give an explicit rate of convergence, which seems to be new
to our best knowledge.

Key words: Backward stochastic differential equations; Ergodic backward stochastic
differential equations; HJB equations in infinite dimension; Large time behaviour; Mild
solutions; Ornstein-Uhlenbeck operator.

This chapter has been published in STAM Journol on Control and Optimization
(SICON) 53(1), 3787398.
under the title: A Probabilistic Approach to Large Time Behavior of Mild Solutions of
HJB Equations in Infinite Dimension.
It has been written in collaboration with Ying Hu and Adrien Richou.
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4.1 Introduction

We are concerned with the large time behavior of solutions of the Cauchy problem in
an infinite dimensional real Hilbert space H:

{ o)l — Zu(t,z) + f(x, Vult,x)G) ¥(t,z) € Ry x H, (4.1)

u(0,z) = g(z) Vo € H,

where v : Ry x H — R is the unknown function and .Z is the formal generator of
the Kolmogorov semigroup &; of an H-valued random process solution of the following
Ornstein-Uhlenbeck SDE:

dX; = (AX; + F(X}))dt + GAW; t € Ry,
Xo==x x € H,

with W a Wiener process with values in another real Hilbert space =, assumed to be
separable, and G a linear operator from = to H. We recall that (formally), Vh : H — R,

(Zh)(x) = % TH(GG*V2h(z)) + (Az + F(x), Vh(x)).

Our method uses only probabilistic arguments and can be described as follows.
First, let (v, \) be the solution of the ergodic PDE:

ZLv+ f(x,Vu(z)G) —A=0 Vxe€ H.

Then we have the following probabilistic representation. Let (Y%, ZT:%) be the solution
of the backward SDE:

vyt = —f(xz, z5"as + zEraw;,
T,x x
YT7 - g(XT)7

and let (Y, Z, \) be the solution of the ergodic backward SDE:
dYs = —(f(X7,Z7) — N)ds + ZZdWs.
Then we get

Y&t = (T — 5, X7),
Y =w(X7).

Finally, due to Girsanov transformations and the use of an important coupling estimate
result, we deduce that there exists a constant L € R such that Vax € H,

Y[ AT Y — L,
T——4o00

ie.,

u(T,z) — AT — v(x) e L.

Our method not only uses purely probabilistic arguments but also gives a rate of conver-
gence:

|u(T,z) — AT —v(z) — L| < C(1 + |z[*#)e T,

The constant p appearing above is the polynomial growth power of ¢(-) and f(-,0), while
7 is linked to the dissipative constant of A.
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Large time behavior of solutions has been studied for various types of HJB equations
of second order; see, e.g., [7], [35], [43], and [61]. In [7], a result in finite dimension is
stated under periodic assumptions for f and a periodic and Lipschitz assumption for g.
Furthermore, they assume that f(x, z) is of linear growth in z and bounded in z. In [35],
some results are stated in finite dimensional framework, under locally Holder conditions
for the coefficients. More precisely, they assume that f(z,z) = Hi(z) — Ho(x) with Hy a
Lipschitz function and with locally Holder conditions for Hy and g. They also treat the
case of Hj locally Lipschitz but consequently need to assume that Hy and g are Lipschitz.
Furthermore, they only treat the Laplacian case, namely, they assume that G = I;. No
result on rate of convergence is given in that paper. In [43], the authors deal with the
problem in finite dimension. They also only treat the Laplacian case and assume that
f(z, z) is a convex function of quadratic growth in z and of polynomial growth in . No
result on rate of convergence is given in this paper. Up to our best knowledge, the explicit
rate of convergence only appears in Theorem 1.2 of [61] but in finite dimension and under
periodic assumptions for f(-, z) and g(-). Furthermore, they only deal with the Laplacian
case and they assume restrictive assumptions on f (i.e., there exists 0 < m < M such
that m < f(z,2) < M(1+|z|) and boundedness hypotheses about the partial derivatives
of first and second order of f).

In this paper, we will assume that A is a dissipative operator, G : = — H is an
invertible and bounded operator, g : H — R continuous with polynomial growth, and
f+ H xZ" — R continuous with polynomial growth in the first variable and Lipschitz
in the second variable.

The paper is organized as follows. In section 2, we introduce some notation. In
section 3, we recall some results about existence and uniqueness results for solutions of
an Ornstein-Ulhenbeck SDE, a general BSDE, and an EBSDE that will be useful for
what follow in the paper. In section 4, we study the behavior of the solution of the
BSDE taken at initial time when the horizon T of the BSDE increases. More precisely,
first we are concerned with the path dependent framework, where a very general result
can be stated. Then in the Markovian framework we obtain a more precise result for the
behavior of solutions and a rate of convergence is given. In section 5, we apply our result
to an optimal control problem.

4.2 Notation

We introduce some notation. Let E7, Eo, and E3 be real separable Hilbert spaces.
The norm and the scalar product will be denoted by |- |, (-, -), with subscripts if needed.
L(E, E3) is the space of linear bounded operators E; — Es, with the operator norm,
which is denoted by |- |1 (g, ;). The domain of a linear (unbounded) operator A is
denoted by D(A). La(E1, E3) denotes the space of Hilbert-Schmidt operators from £
to E3, endowed with the Hilbert-Schmidt norm, which is denoted by |- |, (g, E,)-

Given ¢ € By(E1), the space of bounded and measurable functions ¢ : E; — R, we
denote by [|@llo = sup,e, |6(x)].

We say that a function F : E; — Ej belongs to the class 1 (E1, E3) if it is continuous,
has a Gateaux derivative VF(z) € L(E1, E3) at any point « € Ey, and for every k € Ej,
the mapping « — VF(x)k is continuous from F; to Fs3. Similarly, we say that a function
F : Ey x By — Fj3 belongs to the class 910(E; x Fy, E3) if it is continuous, Gateaux
differentiable with respect to the first variable on Fy x Ey, and V, F' : By X FEy — L(E1, E3)
is strongly continuous. In connection with stochastic equations, the space ¢! has been
introduced in [33|, to which we refer the reader for further properties.

Given a real and separable Hilbert space K and a probability space (2, .#,P) with a
filtration .%#;, we consider the following classes of stochastic processes:
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1. IP,(Q,%([0,T); K)), p € [1,00), T > 0, is the space of predictable processes Y
with continuous paths on [0, 7] such that
Y7 e gy =E sup |Vilh < oo
L{@(Q»({)([OvT]vK)) tE[O,T] K
2. L, (Q,L*([0,T]; K)), p € [1,00), T > 0, is the space of predictable processes Y on
[0, 7] such that

T p/2
Ylre, L2010 = E (/0 |Y2@<dt> < 0.

3. ngzJOC(Q,Lz([O,OO);K)) is the space of predictable processes Y on [0,00) which
belong to the space L2,(€2, L?([0,T]; K)) for every T > 0. We define in the same
way LPQVIOC(Q,CK([O, o0); K)).

In the following, we consider a complete probability space (£2,.%,P) and a cylindrical
Wiener process denoted by (W;):>0 with values in =, which is a real and separable Hilbert
space. (#)i>0 will denote the natural filtration of W augmented with the family of P-
null sets of #. H denotes a real and separable Hilbert space in which the SDE will take
values.

4.3 Preliminaries

We will need some results about the solution of the SDE when a perturbation term
F is in the drift.

4.3.1 The perturbed forward SDE

Let us consider the following mild SDE for an unknown process (X;);>o with values
in H:
t t
X, =ce+ / A (s, X )ds + / e=94qdw, Vit >0, P-as. (4.2)
0 0
Let us introduce the following hypothesis.
Hypothesis 4.1. 1. A is an unbounded operator A : D(A) C H — H with D(A)

dense in H. We assume that A is dissipative and generates a stable Cy-semigroup
{etA} >0+ By this we mean that there exist constants n > 0 and M > 0 such that

(Az,z) < —n|z|* Va € D(A); \etA\L(Hﬁ) < Me™™ Wt > 0.

2. For all s > 0, e%4 is a Hilbert-Schmidt operator. Moreover |65A|L2(H7H) < Ms™7
with v € [0,1/2).

3. F: Ry x H— H is bounded and measurable.

4. G is a bounded linear operator in L(Z, H).

5. G is invertible. We denote by G~! its bounded inverse given by Banach’s heorem.

Remark 4.1. Note that under the previous set of hypotheses, we immediately get that

e*4G12, @) < G mle* Fm.m

2 SA12 SA2
<|Gliemle? [ mmle? [T, m
o ()

which shows that for every s > 0 and = € H, e*AG € Lo(Z, H), which can be used to
control the stochastic integral over the time.
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Deﬁnltlon 4.2. We say that the SDE (4.2) admits a martingale solution zf there exists
a new % - Wiener process (Wx)t>0 with respect to a new probabzlzty measure P (absolutely
continuous with respect to P) and an F -adapted process X with continuous trajectories

for which (4.2) holds with W replaced by w.

Lemma 4.3. Assume that Hypothesis 4.1, 1-4 holds and that F' is bounded and Lipschitz
in x. Then for every p € [2,00), for every T > 0 there exists a unique process X* €

L2, (9, €([0,T]; H)) solution of (4.2). Moreover,

sup E|X7P < C(1+ ), (4.3)

0<t<+o00

E | sup |[X{|P| <COA+T)(1+ |zfP), (4.4)
0<t<T

for some constant C' depending only on p,v, M and sup,sqsup,cy |F(t,z)|.

If F is only bounded and measurable, then the solution to (4.2) still exists but in the
martingale sense. Moreover (4.3) and (4.4) still hold (with respect to the new probability).
Finally such a martingale solution is unique in law.

Proof. For the first part of the lemma see [23]|, Theorem 7.4. For the estimate (4.4) see
Appendix A.1 in [26]. The end of the lemma is a simple consequence of the Girsanov
theorem. We will now show the estimate (4.4). The ideas of this proof are adapted from
[33], but under our assumptions we obtain an interesting bound depending polynomially
on T'. We have
t
i
0

¢ P
sup |X[|P < C||z[P+C sup </ e”(ts)ds> + sup
0<i<T 0<i<T 0<i<T
t
e
0

)

e /st(t — ) (u—5)"%du

IN

C|1+|zP+ sup
0<t<T

Let us introduce

C

with a €]1/p,1/2 — v[: we can assume that p is large enough and then for small p we
will just use the Jensen inequality to obtain the result. Then, the classical factorization
method gives us

¢ t ot
/ et=AGaw, = ca/ / (t —w)* Hu — s) " *duetAGAW,
0 0 Js

t u
= Ca / (t —u)*? / (u— s)~ % DAGAW,du
0 0

t
= ca/ (t —u)* LAY, du
0

with
Y, = / (u— )~ e =) AGaw,.
0
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We apply Hélder’s inequality to obtain, with ¢ the conjugate exponent of p (i.e.,

P t p/q t
< C (/ (t— u)(a_l)qe_(t_“)"qdu) (/ |Yu|pdu>
0 0
t p/q T
C </ s(o‘l)qe"qsds> </ ]Yu|pdu>
0 0

T
< C / Y, |Pdu.
0

A

t
/ t=AGaw,
0

IN

Thus we obtain, thanks to the Burkholder-Davis-Gundy inequality,

t p T
/ t=Aqaw,| | < C / E [|Ya|?] du
0

0

E | sup
0<t<T

< CT sup E[|Y,[]
0<u<T
u p/2
< CT sup (/ (u—s)_%‘_zve_(”_s)”ds>
0<u<T 0
u p/2
< CT sup </ v2a276””dv>
0<u<T \Jo
< CT.

O

We define the Kolmogorov semigroup associated to (4.2) as follows: V¢ : H — R
measurable with polynomial growth

Zi[9l(x) = Eo(X]).

Lemma 4.4 (basic coupling estimates). Assume that Hypothesis 4.1 holds true and that
F is a bounded and Lipschitz function. Then there exist ¢ > 0 and 7 > 0 such that
V¢ : H — R measurable with polynomial growth (i.e. 3C,pu > 0 such that Vx € H,
[¢(z)| < C(L+ [z|")), Va,y € H,

|P4[8](2) — 2l (y)| < &(1 + || + [y HH)e ™, (4.5)
We stress the fact that ¢ and 1) depend on I’ only through sup;sgsup,eq |F(t, z)|.

Proof. In the same manner as in the proof of Theorem 2.4 in [26], we obtain, for every
x,y € H,

P(XY # XY) < e(1+ [z + [y]*)e™™.

Hence we obtain, for every x,y € H and ¢ : H — R measurable and such that Vo € H,
¢(x)] < C(1+ [a]),

|2409)(x) — Pud )| < \JE(D(XF) — o(X})[2)\/B(XF # X7)
< O+ fal + [yl) (1 + o] + [y /2!
< O+ [a 4 fy e
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Corollary 4.5. Relation (4.5) can be extended to the case in which F' is only bounded
measurable, and ¥Vt > 0 there exists a uniformly bounded sequence of Lipschitz functions in
x (Fp(t,))n>1 (i-e., Vt > 0,¥Yn € N, F,(t,-) is Lipschitz and sup,, sup, sup,, |Fy(t,z)| <
+0o0 ) such that

lim F,,(t,z) = F(t,z) Vt>0,Yx € H.

Clearly in this case in the definition of P [¢] the mean value is taken with respect to the
new probability P.

Proof. 1t is enough to show that if 2™ is the Kolmogorov semigroup corresponding to
(4.2) but with F replaced by F,, then Vz € H and Vt > 0,

Ppol(x) —  Piol(x).

n—+00
See the proof of Corollary 2.5 in [26] for more details. O

Remark 4.6. Similarly, if for every ¢ > 0, there exists a uniformly bounded sequence
of Lipschitz functions (Fp,n(t, )mennen (e, V& > 0, Vn € N, Vm € N, F, ,(t,-) is
Lipschitz and sup,, sup,, sup; sup,, | Fin.n(z)| < 400) such that

limlim Fyy, ,,(t, ) = F(t,x) Vt>0,Vax € H,
n m

then, if 22™"™ is the Kolmogorov semigroup corresponding to (4.2) but with F' replaced
by Fyun, we have Vo € H and Vt > 0,

lim lim @?’n[d(m) = P[d)(x).

n m

We will need to apply the lemma above to some functions with particular form.

Lemma 4.7. Let f : H xZ* — R be continuous in the first variable and Lipschitz in the
second one and (,¢' : Ry x H — Z* be such that Vs > 0, ((s,-) and {'(s,-) are weakly*
continuous. We define

Tis.o) = | DR Ce) = (s @) if (s @) # ((s.2),
0 if ((s,2) = ('(s, @)
There exists a uniformly bounded sequence of Lipschitz functions (Y, n(S,))men nen-

(i.e. Ym € N*,Vn € N*, T, (s,-) is Lipschitz and sup,, sup,, sup, sup,, | Tmn(s, x)| <
o0 ) such that

Hmlim Y, n(s,2) = Y(s,z) Vs >0,Vx € H.

n m

Proof. See the proof of Lemma 3.5 in [26]. O

4.3.2 The BSDE

Let us fix T > 0 and let us consider the following BSDE in finite horizon for an

Tta Tt . ) -
unknown process (Ys %, Zs ") ey ) with values in R x Z*:

T T

yitr =gl + / FXT, 2,70 dr — / Z0R AW, Vs € [t 1), (4.6)
S S

where (X&")4>0 is the mild solution of (4.2) starting from  at time ¢ > 0. If ¢ = 0, we

use the standard notation Yi® := Y1 '0% and z1® .= 7Tz

We will assume the following assumptions.
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Hypothesis 4.2 (path dependent case). There exist [ > 0, u > 0 such that the function
f:H xEZ" - R and ¢ satisfy the following:

1. F: H — H is a Lipschitz bounded function and belongs to the class 41,

2. €7 is an H valued random variable .%7 measurable and there exists p > 0 such
that €] < C(1 + supyc,or | X[,

3. Ve e H Vz,2 € 2% |f(x,2) — f(x,2)| <]z = 7|,

4. f(-, z) is continuous and Vx € H, |f(z,0)| < C(1 + |z|*).
Lemma 4.8. Assume that Hypotheses 4.1 and 4.2 hold true, then there exists a unique
solution (YT ZT:bw) e [P (Q, € ([t, T);R)) x L7,(, L2([t, T]; Z*)) Vp > 2 to the BSDE
(4.6).
Proof. See [33], Proposition 4.3. O

We recall here the link between solutions of such BSDEs and PDEs which will justify
our probabilistic approach. For this purpose we will consider the following set of Marko-

vian hypotheses. Note that this set of hypotheses is a particular case of Hypothesis
4.2.

Hypothesis 4.3 (Markovian case). There exist [ > 0, p > 0 such that the function
f:H xZ* =R and ¢7 satisfy the following:
1. F: H — H is a Lipschitz bounded function that belongs to the class ¢*;

2. ¢T = g(X%m), where g : H — R is continuous and have polynomial growth: Va € H,
lg(2)| < C(1+ |2[);

3. Ve € H Vz,2 € 2%, |f(x,2) — f(z,2)| <]z = 7|,

4. f(-,2) is continuous and Vx € H, |f(z,0)| < C(1 + |z|*).

We recall the concept of mild solution. We consider the HJB equation

{ Qulbt) | Pu(t,x) + f(z, Vu(t,z)G) =0 V(t,z) € Ry x H, (4.7)

u(T,z) = g(x) Ve € H,

where Zu(t, z) = 3 Tr(GG*V?u(t,z)) + (Az + F(z), Vu(t, x)). We can define the semi-
group (2 )¢>0 corresponding to X by the formula 2 [¢](z) = E¢(X}) for all measurable
functions ¢ : H — R having polynomial growth, and we notice that .Z is the formal gen-
erator of &7;. We give the definition of a mild solution of (4.7).

Definition 4.9. We say that a continuous function u : [0,T] x H — R is a mild solution
of the HIB equation (4.7) if the following conditions hold:

1. uw e 9%Y([0,T] x H,R).

2. There exist some constant C > 0 and some real function k satisfying fOT k(t)dt <
+oo such that for allz € H, h € H, t € [0,T) we have

Ju(t, 2)] < C(L+[2]9),  [Vu(t,2)h| < Clhlk()(1 + |z|).

3. The following equality holds:
T
u(t,z) = Pr_4[g](x) +/ Ps_i[f(-,Vu(t,)G)](x)ds Vte[0,T], Vxe H.
t

Lemma 4.10. Assume that Hypotheses 4.1 and 4.3 hold true, then there exists a unique
mild solution u of the HJB equation (4.7) given by the formula

up(t,z) = YtT’t’x.
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Proof. See Theorem 4.2 in [32]. O

Remark 4.11. By the change of time urp(t, z) := up(T —t, x), we remark that up(t, z) is
the unique mild solution of (4.1). Now, remark that ur (T, z) = ur(0,x) = YOT’O’x = YOT’x;

therefore the large time behavior of YOT@ is the same as that of the solution of (4.1).

4.3.3 The EBSDE

Let us consider the following EBSDE for an unknown process (Y;*, ZF, A);>0 with
values in R x =* x R:

T T
Y& =YE +/ (F(XZ,Z7) — N\)ds — / ZEdW, Y0 <t<T < +oo. (4.8)
t t

Hypothesis 4.4. There exist [ > 0, g > 0 such that the functions F : H — H and
f+ H x 2" — R satisfy the following:

1. F: H — H is a Lipschitz bounded function and belongs to the class ¢!,

2. Ve e H Vz, 2 € B, |f(z,2) — f(z,2))| <z — 7|,

3. f(+, z) is continuous and Vz € H, |f(x,0)] < C(1 + |z|*).
Lemma 4.12 (existence). Assume that Hypotheses 4.1 and 4.4 hold true; then there
exists a solution (Y*,Z*,\) € L?@7loc(ﬂ,<€([0,oo[;R)) X L?@J(JC(Q,LQ([O,OO[; =) xR, to
the EBSDE (4.8). Moreover there exists v : H — R of class 4' such that Vx,2' € H,
vt >0,

VP =v(X]) and ZF = Vu(X])G,
v(0) =0,

[v(z) = v(@)] < OO+ Ja7 + J2']FH),
Vo(@)] < C(1+ |z]*4).

Proof. This can be proved in the same way as in [26], the only difference coming from
the polynomial growth of f(x,0). O

Remark 4.13. We stress the fact that the method used for the construction of a solution
to the EBSDE requires the generator f to have the invariance property V(z,y,z) €
HxRxZ*VeeR, f(z,y+ec,2) = f(x,y,2), as well as to have Va,y1, 92,2 € H x R? x
=5 (f(z,y1,2) — f(x,y2,2),y1 —y2) < 0. The first condition is equivalent to the fact that
f does not depend on y which implies the second one.

Lemma 4.14 (uniqueness). The solution (Y*,Z% \) of previous lemma is unique in the
class of solutions (Y, Z,\) such that Y = v(X?), |v(z)] < C(1 + |zP) for some p > 0,
v(0) =0, Z € LZ%ZOC(Q,LQ([O, 00);2%)), and Z = ((X*), where ( : H — Z* is continuous
for the weak* topology.

Proof. We give a simpler proof than that in [26]. Indeed, let us consider two solutions
(Y1 =ol(X7), Zt = ¢H(X®), A\ and (Y2 = v?(X?), 2% = (?(X%),\2?). From Theorem
3.10 in [26], we get A! = A2, Then, we have

T T
vl (z) = v*(z) = v' (XF) — v*(XP) +/0 (f(X3,25) — [(XZ,22))ds — /t (Z; — Z3)dW

(f(XF.25) — f(XZ, Z22)(Z; — Z2)*

T
1 T 2 z 1 2
= v (Xp) — v (X s — 7
v ( T) v ( T)+/() ( S S) ‘Zsl —Z§’2

T
- / (2! — Z2)aw,.
0

ds
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Now we define
{ (f (¢ (2) = f (2,62 (2))) (¢ (2) =2 (2))* if Cl(l’) . C2(UC) £0

[CT(x)—C2(2)[?
0 otherwise.

Blx) =

As B(XT) is measurable and bounded, one can apply Girsanov’s theorem to deduce the
existence of a new probability Q7 under which W, = W, — fg Osds, 0 < s < T'is a Wiener
process. Then

T x €T
vl (z) —v*(2) = B¥ [0} (XF) — v*(XF)]
= ‘@T[’Ul - UQ}(QZ‘)’
where & is the Kolmogorov semigroup associated to the following SDE:

{ dUf = AUFdt + F(UF)dt + GB(UE)dt + GAWy,  t >0,
Uj = =.

Now, note that ( satisfies the hypotheses of Lemma 4.7; therefore by Remark 4.6,
(0! = 0%)(@) = (v = v*)(0))| = [Pr[v! —*|(z) — Pr[v’ —v*)(0)]
< C(1+ |z[PThye T,
Then, letting T — o0 and noting that (v! —v?)(0) = 0 leads us to
vl(z) =v*(z) Vo€ H.
An It&’s formula applied to |Y;' — Y;2|? is enough to show that VT > 0

T
IE/ \Z} — Z2|?ds = 0,
0

which concludes the proof of uniqueness. O

Similarly to the case of BSDE, we recall the link between solutions of such EBSDEs
and ergodic HJB equations. We consider the following ergodic HJB equation for an
unknown pair (v(-), \):

ZLv(x) + f(x,Vu(x)G) —A=0 VzeH. (4.9)
Since we are dealing with an elliptic equation it is natural to consider (v, ) as a mild
solution of (4.9) if and only if, for arbitrary time 7" > 0, v(x) coincides with the mild
solution u(t, z) of the corresponding parabolic equation having v as a terminal condition

) o pult, )+ flx, Vult,2)G) —A=0, Vte[0,T], Ve H,

uw(T,x) =v(zx), VzeH.
Thus we are led to the following definition.
Definition 4.15. A pair (v,\), (v: H — R and X\ € R) is a mild solution of the HJB
equation (4.9) if the following are satisfied:

1. ve 9Y(H,R);

2. there exists C > 0 such that |Vv(z)| < C(1 + |x|%) for every x € H;

3. Y0O<t<T and x € H,

T
o) = Pr_ o)) + / (P i[f (- Vo()G)](x) — A)ds.

We recall the following result.

Lemma 4.16. Assume that Hypotheses 4.1 and 4.4 hold true. Then (4.9) admits a
unique mild solution which is the pair (v, \) defined in Lemma 4.12.

Proof. See Theorem 4.1 in [26]. O
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4.4 Large time behavior

We recall that (ﬂT’x, ZSTE) s>0 denotes the solution of the finite horizon BSDE (4.6)
with ¢ = 0 and that (Y¥, Z7, \) denotes the solution of the EBSDE (4.8).

4.4.1 First behavior: Path dependent framework and Markovian frame-
work

Theorem 4.17. Assume that Hypotheses 4.1 and 4.2 hold true (path dependent case).
Then, YT > 0, Vn € N*,

Y " Co(1 4+ TY™)(1 + || 7
T T
In particular,
YvOT,x
A
T T:)w

uniformly in any bounded set of H.
Assume that Hypotheses 4.1 and 4.3 hold true (Markovian case). Then, VT > 0,

yhr C(1 + |z +#)
—_ N —— 4.11
o s A (@.11)
i.e.,
u(T, x) C(1+ |z|tH)
—_ ) — 4.12
7 < ) (112

where u is the mild solution of (4.1). In particular,

ulyo) Y9

T T T—+o00

uniformly in any bounded set of H.

Proof. First we treat the path dependent case, that is, when Hypotheses 4.1 and 4.2 hold
true. For all x € H, T > 0,

YvOT,ac < YOT,:C . Y(—);L« _\T ﬁ
T - T T
We have

T
Yo - Yy = AT = &7 —o(XF) + /0 (X3, 257) = F(XT, Z0))ds
T
- [ re - zpaw.
0

T T
=T —u(XE) +/ (zT= — z)pTds — / (zhe — z,)aws,
0 0

where Vs € [0, 7]

|Z3 " —2zz ]2
0 otherwise.

z 7T,x z 7T T,x T\ *
{ (f(Xs Zs )_f(Xs’Zs ))(ZS _Zs) lf ngx _ Zg' 7£ O7
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The process 31 is progressively measurable and bounded; therefore we can apply
Girsanov’s theorem to obtain that there exists a probability measure QT under which
Wl =— fot pTds +W;, 0 <t <T,is a Wiener process. We recall that if we define

T T 1 T T2
My = exp ﬁs dWs 5 ‘ﬁs ‘Eds )
0 2 Jo

the following formula holds: dQ” = MpdP.
Taking the expectation with respect to Q7 we get

Yo = Y = AT = E¥ (¢ — v(XF)). (4.13)
Hence we have

1+ EQ" [su XF|H 1+EQ" (| xz|tHm
i <C [ p0§t§T| t|]_|_0 (’ T‘ )

- T T

The process (X} )i>0 is the mild solution of

{ AXF = AXFdt + F(XP)dt + GATdt + GAaW[E, ¢ € [0,T),
X§=u=.

Thus, by Jensen’s inequality and the estimate (4.4), there exists a constant C,, which
does not depend on time such that

E® [ sup [X7|"] < (B [ sup [X7[™)Y™ < Co(1+TH™)(1 + [af),
0<t<T 0<t<T

and by Lemma 4.3,
E (| XF|"HH) < (1 + [af'T),
which allows us to obtain

T

_ Call+ TV (1 + Jaf )
- T

Finally we note that

< Ca+la™r)
- T

}/'Ow
T

which gives the result for the path dependent case.
Now we treat the Markovian case: by equality (4.13), we obtain

Yy — Y — AT = E2 (g(XF) — v(XF)). (4.14)
Therefore, since |g(z) — v(z)| < C(1 + |z|FH),

YvOT,r . be ~\T
T

1+ EQ" (| xz|l+n I4p

which gives the result. O

Remark 4.18. If G is possibly degenerate, Theorem 4.1 remains true under additional
assumptions that f is locally Lipschitz in = (i.e. 3u >0, Vz,2' € H,Vz € Z*, | f(x, 2) —
f(@,2)] < CA+ |z + |2/ |*)|x — 2'|) and that A+ F is dissipative. In this case, we have
existence of a solution to the EBSDE and A is unique from [31].
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4.4.2 Second behavior and third behavior: Markovian framework

In this section, we introduce a new hypothesis set without loss of generality. Note
that it is the same as Hypothesis 4.3 but with F' = 0. However, we write it again for the
reader’s convenience.

Hypothesis 4.5 (Markovian case, F' = 0). There exist [ > 0, p > 0 such that the
function f: H x Z* — R and &7 satisfy
1. F=0;

2. ¢ = g(X%), where g : H — R is continuous and have polynomial growth: for all
zeH, |g(z)] < OO+ [xft);

3. Ve € H,Vz,2 € 2% |f(x,2) — f(x,2)] <]z = 7|;
4. f(-,2) is continuous and of polynomial growth, i.e., Vo € H, |f(z,0)| < C(1+ |z|").

Remark 4.19. Note that setting F' = 0 is not restrictive. Indeed let us recall that the
purpose of this paper is to study the large time behavior of the mild solution of

Qults) — pu(t,x) + f(x, Vult,2)G) V(t,x) € Ry x H,
u(0,z) = g(x) Vz € H.

Now remark that

(Az + F(x),Vu(t,z)) + f(z, Vu(t,z)G) = (Az, Vu(t,x)) + f(z, Vu(t,2)G),

where f(z,2) = f(z,2) + (F(z),2G™!) is a continuous function in z with polynomial
growth in z and Lipschitz in 2. Therefore, under our assumptions, we can always consider
the case F' = 0 by replacing f by f if necessary.

Theorem 4.20. Assume that Hypotheses 4.1 and 4.5 hold true. Then there exists L € R
such that

Vee H, Y]"-\-Y§ — L,
T—400

i.€.,

Ve e H, w(T,z)— \T —v(x) T L,

where w is the mild solution of (4.1).
Furthermore the following rate of convergence holds:

Y - XT = Y — L) < C(1+ Jaf*#)e T,
i.€.,

(T, x) — AT — v(z) — L| < C(1 + |z|*TH#)e T,
where u is the mild solution of (4.1).
Proof. Let us start by defining

ur(t,z) ==Y,

wr(t,z) = ur(t,x) — NT —t) —v(z).
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We recall that Vs " = up(s, Xt®) and that Y7 = v(X7?), where v is defined in Lemma
4.8. We recall that VI', S > 0, up is the unique mild solution of

ot

Qur®ta) o pyp(t,x) + f(z, Vur(t,z)G) =0 Y(t,z) € [0,T] x H,
up(T,z) = g(x) Vee H

and that uryg is the unique mild solution of

ot

Qurisa) |y o(t,z) + flo, Vures(t,z)G) =0 Y(t,z) € [0,T + 8] x H,
urts(T+ S, z) = g(z) Vx € H.

This implies that up(0,x) = urys(S,x), Vo € H, and then,
wr(0,z) = wr4s(S, x). (4.15)

We will need some estimates on wp given in the following lemma.

Lemma 4.21. Under the hypotheses of Theorem 4.20, 3C > 0, Vax,y € H, VT > 0,
Vo < T’ <T, dCp >0,

wr(0,2)] < C(1+|a|'*),

Vowr(0,2)] < —=(1+[a]"*"),

CT/
VT
[wr(0,2) = wr(0,)] < C(L+ a2 + 2 H)e 7.

We stress the fact that C' depends only onn, M, v, G, p, SUPgcy JiﬁﬁL, SUP,c lli(‘z?‘t,

and 1 and C}. depends on the same parameters as C' and T".

Proof of Lemma 4.21 . The first inequality of the lemma is a direct application of the
estimate in Theorem 4.17. Indeed, Vx € H,VT > 0,

lwr (0, )| = |ur(0,2) — AT — v(z)]
= [V = Y = AT
< O(1 + |z|"tH). (4.16)

Now, let us establish the gradient estimate. The process (wr (s, X5*))i<s<7 satisfies
the following equation Vt < s < T

T
wr(s, X1 = wr(T X + [ (FOX0, 20 = Fxpe, 20)dr
’ T
— / (zFbe — Zbe)dw,.
Now note that Vt < T and t < s < T’ < T we have
Tl
wr (s, X0%) = wr(T', X35) — / (zhbr _ zba)dw,
Tl
+ [ ZE) - e 2
T/
= wr_7(0, X27) — / (zBbe — zboyaw,
t

Tl
+ [ - g 4 2~ Fx, 2
S
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where we have used equality (4.15) for the second equality.
We also recall that (see [32] Theorem 4.2 and [26] Theorem 3.8), Vo € H,Vs € [t,T7,

ZEb® =V up(s, X4*)G  and  ZL% = V,u(XI)G.
Then we easily obtain that
zhte _ 768 — 7 wr(r, X5 G.

Thus, applying the Bismut-Elworthy formula (see [32], Theorem 4.2), we get Vx,h € H,
Vi< T,

T/
Vwr(t,x)h = IE/ [f (X5", Vwr (s, X05)G + Z57) — (X%, Z0%)|U" (s, t, z)ds
t
+E |:[wT—T’ (05 X;:?)]Uh(Tlv t, x)i| )

where, VO < s < T, Vx € H,

Ul(s,t,z) = / (G7IV X% h, dW,).
t

S —
Let us recall that
Vo XiTh = el 4p;
then,

C!h!2

E|U"(s,t,2)|> = /yG V. X5%hdu < —

_ t|2

where C' is independent of ¢, s, and .
Thus we get Vo, h € H, Vt < T, using inequality (4.16),

™ E(Vawr (s, XV 1
Vowr(t,z)h| < C ds+ C—— ="
|Vowr(t, z)h] / N st T —t

We define

|Vawr(t, )|
p(t) =sup —F—,
1) = S0 s [l

and we remark that ¢(t) is well defined V¢ < T'. Indeed V wr(t,x) = Vyur(t, z)—Vyv(z)
and we have |Vyur(t,z)] < Cp(T — t)~"Y%(1 + |z|*) (see Theorem 4.2 in [33]) and
|Vev(z)] < C(1+ |z|'**#) (by Lemma 4.12). Then we obtain

(1+ |z**#)|h)
T —t

T/
Vowr(t, 2)h| < c/ Lo 1402 h|ds + C
t

vVs—t

which leads to

Vawr(t, )h| ™ p(s) 1
ww“'h'(t ﬁd”ﬁ>

Taking the supremum over h such that |h| =1 and = € H, we have

T’ © C
t)y<cC ds + .
)< /t \/s—tS VT —t



86 CHAPITRE 4. COMPORTEMENT EN TEMPS LONG DES SOLUTIONS ...

Now note that we can rewrite the above inequality as follows:

o(T' — s) o
T —t)<C d+—;
/ Vit

then by Lemma 7.1.1 in [41] we get

C ¢ 1
(T —t) < — C’H/E'Ot—s —ds,
( ) 7 ; (6 ))\/5
where
) o0 n/2
0= (CT(1/2))® and E(z ZO: Fna )
Therefore, taking ¢t = 7" leads us to
C r 1
— +C6 E'(6(T' — s))—=ds,
p(0) < N (O’ ))\/g
which implies
1+VT'
Vowr(0,2)] < Cpr(1 + |a| T —=——.
Vowr(0.2)] < Cp(1-+[of 1) %

For the third inequality of Lemma 4.21, we have in the same way as for (4.14),
Ve H, VT > 0,

wr(0,2) = EY' (g(XF) — v(X%))
= Prlg —vl(x),

where & is the Kolmogorov semigroup associated to the SDE
AU = [AUF 4+ GAT (t, UF)|dt + GAW;, US ==z, t>0,

and where 87 (t,z) =

(f(z,Vur(t,x)G)—f(z,Vv(z)G))(Vur(t,2) G—Vv(z)G)*

|(Vur(t, Iz Vo(z))GJ? ]lt<7;
+(f(x Vur (T, w)G)‘(vuiZﬂfuggc)Gve)géxv)?g‘(g,x)G—Vv(x)G) Li>r  if Vur(t,z) — Vo(z) # 0,
0 otherwise.

Therefore, Vo € H, VI > 0 we can write
lwr(0,2) —wr(0,y)| = |Zrlg — vl(z) — Prlg — vl(y)].

Then, as 37 is uniformly bounded in ¢ and z, by Lemma 4.7, and thanks to Remark 4.6,
we obtain, since (g(-) — v(+)) has polynomial growth of order 1 + p,

wr(0,2) = wr(0,y)| < C(L+ [>T + [y )™, (4.17)

which concludes the proof of the lemma. O
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Now, let us come back to the proof of the theorem. The first estimate of Lemma 4.21
allows us to construct, by a diagonal procedure, a sequence (71;); / 400 such that for a
function w : D — R defined on a countable dense subset D of H, the following holds:

Ve e D, lifrn wr, (0, z) = w(x).

Then we fix 77 > 0 and, by the second estimate of Lemma 4.21, we obtain that for every
xz,y € H, for every T > T,

Cirr
jwr(0,2) —wr(0,y)] < ﬁ(l + |2y | — ).

By using this last inequality it is possible to extend w to the whole H. Indeed, if x ¢ D,
then there exists (,)pen € DY such that 2, — 2. Thus if we set w(x) 1= limp_ o0 w(xp),
it is easy to check that wz (0, x) -~ w(z) for any = € H.
——400
Now, let us show that w : H — R is a constant function. We have, by the third
inequality of Lemma 4.21, Vz,y € H and T' > 0,

[wr (0, 2) — wr(0,y)] < C(L+ [+ [y[*HH)e .

Applying the previous inequality with T' = T; and taking the limit in ¢ shows us that
x — w(x) is a constant function, namely, there exists L; € R (independent of z) such
that Vo € H,

limwr, (0,2) = Ly.

We remark that for any compact subset K of H, {wT(O, ')| ;T > 1} is a relatively
compact subspace of the space of continuous functions K — R for the uniform distance
(denoted by (€(K,R),|| - ||k,00) thanks to the two first inequalities of Lemma 4.21.
Note now that Ly is an accumulation point of {wp(0,-)x;T > 1} since wr, (-) converges
uniformly toward L; on any compact subset of H by the second inequality of Lemma
4.21.

Therefore, if we show that for every compact subset K of H, {wT(O, ;T > 1}
admits only one accumulation point (independently of K), it will imply that for all K
compact subsets of H, Vz € K

li =1L
TﬂlIerloo wT(07 x) L
or, in other words, Vx € H,
lim wr(0,2) = L.
T—+o00

Now we claim that the accumulation point is unique. Let us assume that there exists
another subsequence (17 );en /" +00 and we k(-) € € (K, R) such that

[ wr;(0,-) = woo, k() [ K00 = 0
i 1——400

Then, by the third inequality of Lemma 4.21, there exists Lo i such that Vx € K,
woo,K(a:) = L27K.
Let us write, Vo € H, VT,5 > 0,

wrys(0,7) = Y5 T = NT +8) - Vi

S
— YIS AT - vE 4 / (F(XZ, ZTHS2) — F(X2, Z8))dr
0

S
- / (275 zm)aw,
0

5 —
=Yg "= AT - Y§ + /O (ZIt5" — zhyawHs
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with

N t
W = - /0 B%(s, X3)ds + W, vt € [0, 9]

and where 879 (t, x) =

(f(z,Vurys(t,z)G)—f(z,Vo(z)G))((Vurys(t,z)—Vo(z))G)* 1
- S|(VUT+s(t,SEV)7Vv(x))Cé|2 . Gt%S,
4 U@ Vurys(Sw) I()VuT(is(g’(g gg((x%gﬂ‘f( ) —Vo(z))G) Tiss  if Vupys(t,x) — Vo(z) #0
0 otherwise.

Taking the expectation with respect to the probability Q7% under which W% is a
Brownian motion we get (using equality (4.15) for the third equality)

QTS( T+S,x )\T—Yg)

——E@TsowT+sos;¥s»

=E%"" (wr(0, XE))

= Pslwr(0,)](z), (4.18)

’UJT+S(O, IL’)

where & is the Kolmogorov semigroup of the following SDE defined V¢ € R.:
AUF = [AUF + GBT5(t, UP)]dt + GAW;,  UF = .

This implies, substituting 7" by 7} and S by T; — T/ (up to a subsequence for (T;);en
such that T; > T), Vo € H,

wr, (0, %) = Pr,_q/[wrs (0, )](@).

We recall that lim; wr,(0,2) = L; and we will show that the second term converges
toward Lo g when x € K. We have, Vo € K,

| Py [wr(0,)](x) = Lok | <[P [wry (0, )](2) — wry (0, 2)] + [wy (0, 2) — Lo k|-

We recall that |wr(0,2) — Lo k| T 0. Furthermore, if we denote by U*""™ the mild

solution of
dUP™" = [AUP™™ + GBLS (6, US™™)]dt + GAW,, U™ = a,
where (ﬁ%’i)meN*7neN* is the sequence of functions obtained by Lemma 4.7, then we have
| P,y [wr (0, )](2) — wiy (0, 2)] = [lim lim E (wry (0, Uy ")) — wry (0, )|
< tim lim [E(wgy (0, UZ™5)) — wry (0.2)
< li111rnliT£I1E|wT/(0 U; mTr,L) wr: (0, z)|
< limlim E[C(1+ [U7" P + o[> #)e =T}
n m
< C(1+ [aT)e T,

where the third line is obtained thanks to the third inequality of Lemma 4.21. Therefore,
letting ¢ — 400 shows us that Vo € K,

Py, 7w (0,)](z) — Lok.
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Thus, for any compact subset K of H, L1 = Lg i, which, as mentioned before, implies
that Vo € H,

TEIEOO wr(0,z) = L.

Finally we prove that this convergence holds with an explicit rate of convergence. Let
us write, Vo € H,VT > 0,

|’LUT(O,J)) - L| = VhI—E |wT(07 l’) - ZUV(O,J))|
= VLiIEOO lwr (0, ) — Pyv_rlwr(0,-)](x)]

thanks to equality (4.18), where &, is the Kolmogorov semigroup associated to the
following SDE defined Vt € R, :

dUZ = [AUF + g5V=T(t, UH)]dt + GAW,, Uy = .
Now, if we denote by U%""™ the mild solution of the SDE, Vt > 0,

dUp™" = [AUP™™ + GBLY T (4, UD)dt + GdWy, U™ =,

m,n

where (ﬁ%’,Z‘T)meN*,neN* is the sequence of functions obtained by Lemma 4.7, then we
have

— 3 _ 3 3 x,m,n
’wT(O? iU) - L| - VEIEOO ‘wT(Ov .%') nkrfoo mLHEooE(wT(O’ UV_T ))’
< lim  lim lim CE(L+ |z*™ + |UZ"" 2y i
V —+00 n—+00 m—-+4o00
<C(1+ |x]2+“)efﬁT
thanks to the third estimate in Lemma 4.21. O

Remark 4.22. By the third inequality of Lemma 4.21, we have
Yo" =¥y = (¥ — ¥§) < C(L+ [ H)e

ie.,
(T, ) = u(T,0) = (v(x) — v(0))] < O+ |z*#)e™,

which provides possibly an efficient approximation for Y{{" and v(x).

4.5 Application to an ergodic control problem

In this section, we show how we can apply our results to an ergodic control problem.
In this section we will still assume that Hypothesis 4.1 holds true and that F'is Lipschitz
and bounded and belongs to the class 1. Let U be a separable metric space. We define
a control a as an (.%;)-predictable U-valued process. We will assume the following.

Hypothesis 4.6. The functions R : U — H, L : H xU — R, and g9 : H — R are
measurable and satisfy, for some constants ¢ > 0, C > 0, and pu, the following:
1. |R(a)| < ¢ Ya e U,

2. L(-,a) is continuous in z uniformly with respect to a € U; furthermore |L(x,a)| <
C(1+ |z|t) Vo € H and Va € U,

3. go(+) is continuous and |go(z)| < C(1 + |z|*) for all x € H.
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We denote by (X[)¢>0 the solution of (4.2). Given an arbitrary control a and T > 0,
we introduce the Girsanov density

T 1 T
S5 — exp < / G R(an)dw, — / G—lR(as)@ds)

and the probability P§. = p%P on .#7. We introduce two costs. The first is the cost in
the finite horizon:

T
T () =BT [ DX, a0)ds + BT gn(X5),
0

where E“T denotes the expectation with respect to P%. The associated optimal con-
trol problem is to minimize the cost J? (x,a) over all controls a’ : Q x [0,T] — U,
progressively measurable.

The second is called the ergodic cost and is the time averaged finite horizon cost:

1 T
J(x,a) := limsup E“’T/ L(XZ, as)ds.
T—+o00 0

The associated optimal control problem is to minimize the cost J(z,a) over all controls
a:Qx[0,+o00[— U, progresswely measurable.

We notice that W = W, — fo G~ 1R(as)ds is a Wiener process on [0,7] under P%
and that

AX? = (AX? + F(XF) + R(a,))dt + GAWe,  t € [0,T),

and this justifies our formulation of the control problem.

We want to show how our results can be applied to such an optimization problem to
get an asymptotic expansion of the finite horizon cost involving the ergodic cost.

To apply our results, we first define the Hamiltonian in the usual way,

folz, 2) = églf] {L(z,a) + zG_lR(a)} , (4.19)

and we remark that if Vz, z, the infimum is atttained in (5.27), then by the Filippov
theorem (see [59]), there exists a measurable function v : H x Z* — U such that

folz,2) = L(z,%(2,2)) + 2G™ R(y(=, 2)).

Lemma 4.23. Under the above assumptions, the Hamiltonian fo satisfies assumptions
on f in Hypotheses 4.2, 4.8, 4.4 or 4.5.

Proof. See Lemma 5.2 in [33]. O

We recall the following results about finite horizon cost

Lemma 4.24. Assume that Hypotheses 4.1 and 4.6 hold true and that F s Lipschitz
bounded and belong to the class 4', then for arbitrary control a,

JT(z,a) > u(T, ),
where u(t, z) is the mild solution of

% = ZLu(t,z) + fo(z,Vu(t,x)G) V(t,z) € Ry x H,
u(0,z) = go(v) Vr € H.

Furthermore, if Vx, z the infimum is attained in (5.27), then we have the equality
JE(z,al) = u(T,x),

where @l = (X} Vu(t an )G).
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Proof. See Theorem 5.3 in [32]. O
Similarly, for the ergodic cost we have the following result.

Lemma 4.25. Assume that Hypotheses 4.1 and 4.6 hold true and that F is Lipschitz
bounded and belongs to the class 4*; then for arbitrary control a,

J(x,a) > A,
where (v, \) is the mild solution of
ZLv(x) + folz, Vu(z)G) —A=0 Vze H.
Furthermore, if Vx, z the infimum is attained in (5.27), then we have the equality
J(z,a) = A,
where a@; = (X%, Vo(XP)G).
Finally, we apply our result to obtain the following theorem.

Theorem 4.26. Assume that Hypotheses 4.1 and 4.6 hold true and that F is Lipschitz
bounded and belongs to the class 4. For any control a we have

JT(z,a)

lim inf > ).
T—+o00

Furthermore, if the infimum is attained in (5.27), then

J(z,a") e J(z,a)T 4+ v(z)+ L.

Proof. The proof is a straightforward consequence of the two previous lemmas above and
of Theorem 4.20. O
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Chapitre 5

Comportement en temps long des
solutions de viscosité d’EDP
paraboliques semi-linéaires avec
conditions de Neumann au bord

RESUME: Cet article est consacré a 1’étude du comportement en temps long des solutions
de viscosité d’EDP paraboliques avec conditions de Neumann au bord. Ce travail est la
suite de [42] dans lequel une méthode probabiliste a été développée pour montrer que la
solution d’'une EDP parabolique semi-linéaire se comporte comme un terme linéaire AT’
shifté par une fonction v, ou (v, A) est la solution de 'EDP ergodique associée a I'EDP
parabolique. Nous adaptons cette méthode en dimension finie par une méthode de pé-
nalisation afin de pouvoir appliquer un résultat important de basic coupling estimate
et avec une procédure de régularisation, afin de compenser le manque de régularité des
coefficients en dimension finie. L’intérét de notre méthode est qu’elle permet d’obtenir
une vitesse de convergence explicite.

MoTs cLEs: Equation différentielle stochastique rétrograde; équation différentielle
stochastique rétrograde ergodique; équations de HJB; comportement en temps long; so-
lutions de viscosité.

ABSTRACT: This paper is devoted to the study of the large time behaviour of viscosity
solutions of parabolic equations with Neumann boundary conditions. This work is the
sequel of [42] in which a probabilistic method was developped to show that the solution
of a parabolic semilinear PDE behaves like a linear term AT shifted with a function v,
where (v, A) is the solution of the ergodic PDE associated to the parabolic PDE. We
adapt this method in finite dimension by a penalization method in order to be able to
apply an important basic coupling estimate result and with the help of a regularization
procedure in order to avoid the lack of regularity of the coefficients in finite dimension.
The advantage of our method is that it gives an explicit rate of convergence.
KEYWORDS:: Backward stochastic differential equations; ergodic backward stochastic
differential equations; HJB equations; large time behaviour; viscosity solutions.

AMS classification: 35B40, 35K10, 60H30, 93E20.

This chapter has been submitted on arXiv under the title :
A probabilistic approach to large time behaviour of viscosity solutions of parabolic
equations with Neumann boundary conditions.
Reference: arXiv:1503.07703.
It has been written in collaboration with Ying Hu.

93



94 CHAPITRE 5. COMPORTEMENT EN TEMPS LONG DES SOLUTIONS ...

5.1 Introduction

We are concerned with the large time behaviour of solutions of the Cauchy problem
with Neumann boundary conditions:

ute) _ gyt x) + f(z, Vult,z)o), V(tz) € Ry x G,
2uit) 4 g(x) =0, V(t,z) € Ry x OG, (5.1)
u(0,z) = h(z), Vz € G,

where, at least formally, V¢ : G — R,
(ZY)(x) = % Tr(o'oV2(x)) + (b(z), Vip(x)),

and G = {¢ > 0} is a bounded convex open set of R? with regular boundary. u : R, x
G — R is the unknown function. We will assume that b is Lipschitz and o is invertible.
h is continuous and g € thlp (G). Furthermore we will assume that the non-linear term
f(z,2) : RTxR™® — R is continuous in the first variable for all z and there exists C' > 0
such that for all z € RY, Vzy, 20 € R4 |f(z,21) — f(w,22)| < C|z1 — 22|. Finally in
order to obtain uniqueness for viscosity solutions of (5.1), we assume that G is W3
and that there exists m € €((0,4o00),R), m(0") = 0 such that Va,y € G,Vz € R X%,

|f(z,2) = fly,2)l <m((L+ |z[)]z —yl)-

A lot of papers deal with the large time behaviour of parabolic PDEs (see for e.g. [61],
[36], [44], [35] or [43]), but there are not a lot of them which deal with Neumann boundary
conditions. In [8], Benachour and Dabuleanu study the large time behaviour of the
Cauchy problem with zero Neumann boundary condition

2ulls) — Au(t,z) + alVult,2)P, V(t,x) € R} x G,
s =0, W(t,z) € Ry x 9G, (5.2)
u(0,z) = h(z), VY € é,

where a € R, a # 0, p > 0 and G is a bounded open set with smooth boundary of %
class. The large time behaviour depends on the exponent p. If p € (0,1), and if A is a
periodic function, then the solution is constant from a finite time. That is, there exist
T* > 0 and ¢ € R such that u(t,z) = ¢, for all ¢ > T*. When p > 1, any solution of (5.2)
converges uniformly to a constant, as t — +oc.

In [45], Ishii establishes a result about the large time behaviour of a parabolic PDE
in a bounded set with an Hamiltonian of first order H(x,p), convex and coercive in p
and with Neumann boundary coniditons.

In [4], Barles and Da Lio give a result for the large time behaviour of (5.1). Moreover,
the result about the large time behaviour has been improved by Da Lio in [21] under
the same hypotheses. In this last paper, the author studies the large time behaviour of
non linear parabolic equation with Neumann boundary conditions on a smooth bounded
domain G-

0ulr) | p(z Tu(t,z), V2ult,z) = A, ¥(t,x) € Ry x G,
L(z, Vu(t, ) = 1 V(t,x) € Ry x G, (5.3)
w(0,z) = h(z), Vz € G.

The spirit of this paper is slightly different from our work. Indeed, the result says
that VA € R, there exists 4 € R such that (5.3) has a continuous viscosity solution.
Moreover there exists a unique A such that p(A) = X for which the solution of (5.3)
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remains uniformly bounded in time u. Then, there exists s, solution of the ergodic
PDE associated to (5.3) such that

u(t,x) — Uso(z), umiformly in G.
t——+oo
Let us now state our main idea and result. Our method is purely probabilistic, which can
be described as follows. First, let us consider (X[, Kf)¢>0 the solution of the following
reflected SDE with values in G x Ry,

XP =2+ [{b(X2)ds + [y VO(XI)AKT + [j odW,, t>0,
Ky = fg LixzcocydKy, Vi=>0,

where W is an R%valued standard Brownian motion. Let (v, \) be the solution of the
following ergodic PDE,

{ ZLv(z)+ f(xz,Vu(z)o) = A =0, Vzegdq,

Qtr) L g(x) =0, VaedG,

Let (YT, ZT:%) be the solution of the BSDE:

AVt = —f(x2, zE")ds — g(X®)dK® + ZI dw,
T,x x
VT = h(XE),

and (Y?*, Z*% \) be solution of the EBSDE:

dYS = —(f(X7,Z7) — Nds — g(X7)dK? + ZZdWs.

S

Then we have the following probabilistic representation:

Y&t = (T — s, X7),
Y& =v(X)).

Then, in order to apply the method exposed in [42], we penalize and regularize the
reflected process in order to apply the basic coupling estimates. Then, the use of a
stability argument for BSDE helps us to conclude. Finally, we deduce that there exists
a constant I € R such that for all z € R?,

Y- AT Y — L,
T—+o0

l.e.

w(T,z) = \XT'—v(x) — L.
T—400
Our method uses not only purely probabilistic arguments, but also gives a rate of con-
vergence:

(T, z) — AT — v(z)| < Ce .

The paper is organized as follows: In section 2, we introduce some notations. In
section 3, we recall some existence and uniqueness results about a perturbed SDE, a
reflected SDE, a BSDE and an EBSDE that will be useful for what follow in the paper.
We recall how such BSDE and EBSDE are linked with PDE. In section 4, we study the
large time behaviour of the solution of the BSDE taken at initial time when the horizon
T of the BSDE increases. Then, we obtain a more precise result with an explicit rate
of convergence in the Markovian case. In section 5, we apply our results to an optimal
ergodic control problem.
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5.2 Notations

We introduce some notations. Let E be an Euclidian space. We denote by (-, -) its
scalar product and by |- | the associated norm. We denote by B(z, M) the ball of center
x € E and radius M > 0. Given ¢ € By(E), the space of bounded and measurable
functions ¢ : E — R, we denote by ||¢||o = sup,cg |¢(z)|. If a function f is continuous
and defined on a compact and convex subset G of R, we define fga := f(II(z)) where II
is the projection on G. Note that fga is continuous and bounded. ‘Kfp (G) denotes the set
of the functions of class €% whose partial derivatives of order k are Lipschitz functions.

Given a probability space (€2,.7,P) with a filtration .%;, we consider the following
classes of stochastic processes.

1. I,(2,€([0,T); E)), p € [1,00), T > 0, is the space of predictable processes ¥ with
continuous paths on [0, 7] such that

1/p
Yiir oo gy = | E sup |Yi|P < 00.
Y2, e (0m:2) < te[O’T]! ¢l )

2. L%,,(Q,L%[O,T];E)), p € [1,00), T > 0, is the space of predictable processes Y on
[0, 7] such that

1/p

T p/2
‘Y’L?@(Q,L%[O,T],E)):{E (/0 YtIth> } < 00.

3. L?/@’loc(Q, L?([0,00); E)) is the space of predictable processes Y on [0,00) which be-
long to the space L2,(Q, L*([0,T]; E)) for every T' > 0. We define in the same way
Lpz@,loc(ga Cg([o? OO); E))

In the sequel, we consider a complete probability space (£2,.#,P) and a standard
Brownian motion denoted by (W;);>0 with values in R¥. (.%;);>0 will denote the natural
filtration of W augmented with the family of P-null sets of .%.

In this paper, C' denotes a generic constant for which we specify the dependency
on some parameters when it is necessary to do so. In this paper, we will consider only
continuous viscosity solutions.

5.3 Preliminaries

5.3.1 The perturbed forward SDE

Let us consider the following stochastic differential equation with values in R%:

{ dX; = d(Xt)dt + b(t,Xt)dt + odWy, t >0, (5 4)

Xo=x € R4,
We will assume the following about the coefficients of the SDE:

Hypothesis 5.1. 1. d : R* — R? is locally Lipschitz, strict dissipative (i.e. there
exists 7 > 0 such that for every z,y € RY, (d(z) — d(y),z —y) < —nlz — y|?)
and with polynomial growth (i.e. there exists p > 0 such that for every 2 € R,
|d(z)] < C(1+ |z]*)).
2. b: Ry x R? = R is bounded and measurable.

3. o € R ig invertible.
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Definition 5.1. We say that the SDE (5.4) admits a weak solution if there exists a
new % -Brownian motion (W””)tzo with respect to a new probability measure P (abso-
lutely continuous with respect to P), and an .7 -adapted process (Xz)tzo with continuous
trajectories for which (5.4) holds with (Wy)¢>o0 replaced by (th)tzo-

Lemma 5.2. Assume that Hypothesis 5.1 holds true and that b(t, ) is Lipschitz uniformly
w.r.t. t > 0. Then for every x € R, equation (5.4) admits a unique strong solution, that
is, an adapted R*-valued process denoted by X* with continuous paths satisfying P-a.s.,

t t t
sz:z%—/ d(Xf)ds+/ b(s,Xf)ds+/ odWs, VYt > 0.
0 0 0

Furthermore, we have the following estimate:
B[ XTP] < CQA + [f?). (5.5)

If b is only bounded and measurable then there exists a weak solution ()?, /W) and unique-
ness in law holds. Furthermore, (5.5) still holds (with respect to the new probability
measure,).

Proof. For the first part of the lemma see [40], Theorem 3.3 in Chapter 1 or [56], The-
orem 3.5. Estimates (5.5) is a simple consequence of It6’s formula. Weak existence and
uniqueness in law are a direct consequence of a Girsanov’s transformation. [

We define the Kolmogorov semigroup associated to Eq. (5.4) as follows: V¢ : R? — R
measurable with polynomial growth,

Zi[¢l(x) = Eo(XT).

Lemma 5.3 (Basic coupling estimate). Assume that Hypothesis 5.1 holds true and that
b(t,-) is Lipschitz uniformly w.r.t. t > 0. Then there exists ¢ > 0 and ) > 0 such
that for all ¢ : RY — R measurable and bounded (i.e. 3C,p > 0 such that Yz € RY,
[p(2)] < C(A+ [z")),

[ 2é](x) — P[)(y)] < ée ™. (5.6)
We stress the fact that ¢ and 1) depend on b only through sup;sqsup,cga |b(t, 7)|.
Proof. See [55]. O

Corollary 5.4. Relation (5.6) can be extended to the case in which b is only bounded
and measurable and for all t > 0, there exists a uniformly bounded sequence of Lipschitz
functions in z, (by(t,-))n>1 (i.e. Vn € N, by(t,-) is Lipschitz uniformly w.r.t. t >0 and
sup,, sup, sup,, |by (¢, z)| < +o00) such that

lim b, (t,z) = b(t,z),  Vt>0,Yz € R
Clearly in this case in the definition of & [¢] the mean value is taken with respect to the
new probability measure P.

Proof. 1t is enough to adapt the proof of Corollary 2.5 in [26]. The goal is to show that,
if ™ denotes the Kolmogorov semigroup corresponding to equation (5.4) but with b
replaced by by, then Vo € R | Vt > 0,

Zpol(x) — Pi¢l(@).

n—-+o0o
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Remark 5.5. Similarly, if there exists a uniformly bounded sequence of Lipschitz func-
tions (bmn(t,-))mennen (ie. Vn € N,Vm € N, F,, ,(t,-) is Lipschitz uniformly w.r.t.
t > 0 and sup,,, sup,, sup; supy, by (t, z)| < +00) such that

lim lim by, ., (t, ) = b(t,z),  Vt >0,Vz € RY,

m n

then, if "™ is the Kolmogorov semigroup corresponding to equation (5.4) but with F’
replaced by by, », we have Vt > 0, Vo € R4,

lim lim 2" [g](z) = 2[g](),

m n
which shows that relation (5.6) still holds.
We will need to apply the lemma above to some functions with particular form.

Lemma 5.6. Let f : R x R™*4 — R be continuous in the first variable and Lipschitz in
the second one and ¢, (" be two continuous functions: Ry x R* — R™4 be such that for
all s >0, ((s,-) and ('(s,-) are continuous. We define, for every s >0 and x € R?,

Yom = { LEERLESGD(s.2) = Css). i Clovw) # 5,2),
0, if ((s, @) = (s, @).
Then, there exists a uniformly bounded sequence of Lipschitz functions (Yo, n (S, ))meNneN

(i.e., for everym € N* andn € N*, T, (s, ) is Lipschitz and sup,, sup,, sup, sup,, | Y (s, z)| <
+00) such that for every s > 0 and for every x € R?,

Ve € RY, lim  lim Yp.(s,z) = Y(s,z).

m—-+00 n—-+400

Proof. See the proof of Lemma 3.5 in [26]. O

5.3.2 The reflected SDE

We consider a process X{ reflected in G = {¢ > 0}. Let (XF, K¥)i>0 denote the
unknown of the following SDE:

(5.7)

XP=x+ [Jb(X2)ds + [f VO(XZ)AKE + [T odWy, te€ Ry,
Kp = [, Lixzecoayd K.

Hypothesis 5.2. 1. b: G — R? is Lipschitz.

2. 0 € R™? is invertible.
We will make the following assumptions about G.

Hypothesis 5.3. 1. G is a bounded convex open set of RY.

2. ¢ € CKMQP(RCI) and G = {¢ > 0}, 9G = {¢ = 0} and Vx € 0G, |Vo(x)| = 1.

Remark 5.7. Let us denote by II(z) the projection of 2 € R? on G. Let us extend the
definition of b to R? by setting, Vo € R,

b(x) == —x + (b(II(z)) + II(x)).

Note that d(z) := —z is dissipative and that p(z) := b(II(z)) + II(z) is Lipschitz and
bounded. Therefore, b is weakly dissipative and satisfies Hypothesis 5.1.
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Let us denote by (X;"") the solution of the following penalized SDE associated with
(5.7):

t . t
X5 =g / [b(X;”’”) + Fn(Xg»“)] ds + / odWs,
0 0

where Vo € R, F,(z) = —2n(x — II(z)).

Lemma 5.8. Assume that the Hypotheses 5.2 and 5.3 hold true. Then for every x € G
there exists a unique pair of processes (X§, K& )i>o with values in (G x Ry) and which be-
longs to the space L;’ZOC(Q,%([O, +o0o[; RY)) x L@’ZOC(Q,‘K([O, +oo[;Ry)) , Vp € [1, +o0],
satisfying (5.7) and such that

t
ny = / Vo(XI)dKY, has bounded variation on [0,T], YO <T < 400, nj =0,
0

and for all process z continuous and progressively measurable taking values in the closure
G we have

T
/ (X7 — 2)dKT <0, YT >0.
0

Finally, the following estimates holds for the convergence of the penalized process: for
any 1 < q < p/2, for any T > 0 there exists C > 0 such that

E sup |X;"— X[IP < g
0<t<T nt
Proof. See Lemma 4.2 in [55]. O

5.3.3 The BSDE

Let us fix T > 0 and let us consider the following BSDE in finite horizon for an
unknown process (YsT’t’x, ZST’t’x)se[t’T] with values in R x R

T T T
Y =T 4 / FXEe, 2000 dr + / g(Xp") K" — / ZIW AW, Vs € [t T,
(5.8)

where (X;’x,Kz’x)se[th] is the solution of the SDE (5.7) starting from x at time ¢. If
t = 0, we use the following standard notations X* = Xg’x,K;? = K9 yI® .= yl0e
and 21" = ZI'%% We will assume the following assumptions.

Hypothesis 5.4 (Path dependent case). There exists C' > 0, such that the function
f:GxR™ R and €7 satisfy:

1. €T is a real-valued random variable .%7 measurable and [¢T| < C.

2. Vo € G, V21,20 € RV | f(2,21) — f(2,22)| < Clz1 — 2.

3. Vz € R4, f(-, 2) is continuous.

4. g € ‘Klilp(é).

Lemma 5.9. Assume that the Hypotheses 5.2, 5.8 and 5.4 hold true, then there exists a
unique solution (V"7 Z1%) & L2,(2,([0, T R)) x L2(, 12([0, THR™*4)).

Proof. See Theorem 1.7 in [69]. O
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Hypothesis 5.5 (Markovian case). There exists C' > 0 such that
1. ¢ = h(X%), where h : G — R is continuous.
2. Vo € G, Vz, 2 € R | f(z,2) — f(z,2)| < Clz — 2|
3. Vz € R4 (. 2) is continuous.

4. g € G, (G).

Let us consider the following semilinear PDE:

Qullt) o pu(t,x) + f(x, Vu(t,z)o) =0, Y(t,z)€[0,T] x G,
Léf{x) +9(x) =0, Y(t,z) € [0,T] x 0G, (5.9)
w(T, ) = h(z), Vx € G,

where Zu(t,z) = 3 Tr(cloV2u(t, ) + (b(z), Vu(t, )).

Lemma 5.10 (Existence). Assume that the Hypotheses 5.2, 5.3 and 5.5 hold true, then
there ezists a continuous viscosity solution to the PDE (5.9) given by

up(t,z) = YtT’t’x.

Proof. In our framework, ur(t,z) € €([0,T] x G;R). Indeed, first as in the proof of
Theorem 3.1 in [72], we deduce the existence of a function v! : G — R which belongs to

the space Cgl?p (G) and which is solution of Helmholtz’s equation for some o € R,

Avl(z) — avl(z) =0,
'Ul x
) 4 g(x) = 0.

n

We set V' = o} (XL") and Z2"" = Vol (X5™)o. These processes verify, Vs € [t, T,

T T T
vite o) + [t niars [ goenats - [ ziemaw,
S S

s

where
1
ZLvl(z) = B Tr(o'o V20! (z)) + (b(z), Vo' ().
Then, if we define

?ST,t,x _ }/ST,t,x . UI(X?w)a

zhte = zTte _ gyl (Xb)g,

(YTt zTtr) gatisfies the BSDE, Vs € [t, T):

~ T ~,
T — (=o)X + [ [FO00 20 4 Tl (X)) + 20t (0] dr

T ~,
— / ZPBE AW,
S
which shows, since v! € thzp(é), that ((t,x) — f/tT’t’m> is continuous. To show that
ur(t, x) is a viscosity solution of (5.9) see [69], Theorem 4.3. O

Uniqueness for solutions of (5.9) holds under additional assumptions in our frame-
work.
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Hypothesis 5.6. 1. OG is of class W3,
2. Im € €((0,400),R), m(0F) = 0 such that Va,y € G,Vz € R*?,

[f(z,2) = [y, 2)| <m((L+[2])]z —yl).

Lemma 5.11 (Uniqueness). Assume that the Hypotheses 5.2, 5.3, 5.5 and 5.6 hold true.
Then, uniqueness holds for viscosity solutions of (5.9).

Proof. See Theorem II.1 in |2]. O

Remark 5.12. By the following change of time: up(t, ) := up(T —t,x), we remark that

up(t, x) is the unique viscosity solution of (5.1). Now remark that up (T, z) = up(0,z) =

YOT’O’x = YOT’m, therefore the large time behaviour of YOT’m is the same as that of the

solution of equation (5.1).

5.3.4 The EBSDE

In this section, we consider the following ergodic BSDE for an unknown process
(Y, ZEF, N> with values in R x R4 x R:

T T T
Y= vE +/ (F(XZ, Z7) — \)ds +/ g(XT)dK® —/ ZEAW,, M0 <t<T < +oo.
t t t
(5.10)

Hypothesis 5.7. There exists C' > 0 and p > 0 such that,
1. Vo € G, V2,2 € R | f(x,2) — f(x,2)] < Clz — 2]
2. Vz € R4, f(.,2) is continuous.

3. 9 € 6, (G).

Without loss of generality, we assume that 0 € G.
Lemma 5.13 (Existence when Neumann boundary conditions are null). Assume that
g = 0 and that the Hypotheses 5.2, 5.8 and 5.7 hold true. Then there exists a solu-
tion (Y*,Z% \) € LQ%ZOC(Q,CK([O, +oo[;R)) x L?@,loc(Qv L2(]0, +oo[; R™>4)) x R to (5.10).
Moreover there exist v : G — R and € : G — RY™? measurable such that for every
z,y €G, for allt >0,

Y =v(XY), Zf = E(XY),

v(0) =0,

lv(z) —v(y)| < C,

lv(z) —v(y)| < Clo —yl.
Proof. First let us recall that by Remark 5.7, one can replace b by its extension b which
is weakly dissipative. Therefore, replacing f by fra, we obtain, by Theorem 4.4 in [52]

that there exists v : G — R and ¢ : G — R'? measurable such that for every z,y € G,
for all t > 0,

Y =o(XY), Zf = §(XY),

v(0) =0,
[v(z) = v(y)] < O+ |27 + [y|FH),
[v(2) = v(y)] < O+ |2 + [y )|z — y.

And the result follows by the boundedness of G. O
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Lemma 5.14 (Existence). Assume that the Hypotheses 5.2, 5.3 and 5.10 hold true. Then
there exists a solution (Y*,Z% \) € LQWJOC(Q, % ([0, +o0l; R))XL?@JOC(Q, L2(]0, +oo[; RY*4)) x
R to the EBSDE (5.10). Moreover there exists v : G — R such that for every x,y € G,
forallt >0,

Y = (XY,
lv(@)] < C,
[v(z) —o(y)| < Clo —yl.
Proof. First as in the proof of Theorem 3.1 in [72], we deduce the existence of a function

v! : G — R which belongs to the space ‘Kl?p (G) and is solution of Helmholtz’s equation
for some a € R,

Avl(z) — avl(x) =0,
'Ul xX
887(1)—{—9(3:):0.

Then, if we define (Y;! := v}(X¥), Z} := Vol (X¥)o), (Y1, Z1) satisfies, for every 0 < t <
T < +o0:

T T T
Vi=Y} +/ [—2v (XD)] ds +/ g(X?)dK? —/ Zldw;, (5.11)
t t t

where
(L)) (2) = %ﬂ(atavzvl) + (o), Voby.

Now consider the following EBSDE:

T T
Y2 =Y} +/ [FA(XT, Z2) — Nds —/ Z2dW,, VYO<t<T < +oo, (5.12)
t t

with f2(z,2) = Zv'(x) + f(z, 2 + Vvl(z)o). Since Vz € R4, f2(., 2) is continuous

and since for every z € G, f?(z,-) is Lipschitz, one can apply Lemma 5.13 to obtain the
existence of a solution (Y;? = v}(X¥), Z? = ¢%(X¥)) to EBSDE (5.12) such that v? is
continuous. We set

Vi = V4 V2 = ol (XF) + 03(XP),

78 = Z} + 7} = Vol (X7)o + E2(XT).

Then (Y*, Z%, \) is a solution of the EBSDE (5.10). O

Theorem 5.15 (Uniqueness of \). Assume that the Hypotheses 5.2, 5.3 and 5.10 hold

true. If (Y1, ZY \Y) and (Y2, Z2,)\2) denote two solutions of the EBSDE (5.10) in the

class of solutions (Y, Z, \) such thatVt > 0, |Y;| < C, P-a.s. and Z € L%, (92, L*([0, oof; R1*9),
then

A=A
Proof. See Theorem 4.6 in [31]. O

Let us now state our main result of this section.

Theorem 5.16 (Uniqueness of solutions (Y, Z, \)). Assume that the Hypotheses 5.2, 5.3
and 5.10 hold true. Uniqueness holds for solutions (Y, Z,\) of the EBSDE (5.10) in the
class of solutions such that there exists v : G — R continuous, Yy = v(XZ) with v(0) = 0,
and 7 € Léz7loc(Q,L2([O,oo[;R1Xd),
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Proof. Let (Y! =v}(X?®), Z1, A1) and (Y2 = v2(X?®), Z2, A\?) denote two solutions. Then
from Theorem 5.15, we deduce that \' = A2 =: \.

Now, let us denote by v: G — R, v € %fp (G) and solution of Helmholtz’s equation
for some o € R

{ Ao(z) — av(z) =0,
8v(x) +g( ) 0.

Then, if we define (Y; := v(X}), Z; := Vo(X})o), (Y, Z) satisfies, for every 0 <t < T <
+00:

Y= Yy + /T [~ Zu(X?)] ds + /Tg(X;f)ng . /T Z,dW,, (5.13)
where
(20) (@) = %Tr(ataVQU) + (b(x), Vo).

Therefore, (Yt =Y} —v(XF), Z1 = 7} — Wv(X{)o) satisfies the BSDE, V0 <t < T <
+00,

T
V! =Y} +/ F(X®, Z%)ds —/ Ztdwy,
t

where Vz, z € R? x R4,

F(x,2) = f (2,2 + Vol (x)o) — A + Lo(z).
Then, let (Y1762 ZLT42) he the solution of the following BSDE, Vs € [t,T],

FiT — o) + [ Fom ZiTenas - [z,

t t

By uniqueness of solutions to BSDE, we deduce that

ol (z) - v(z) = Vg0

Now, we fix infinitely differentiable functions p. : R* — RT bounded together with their
derivatives of all order, such that: [p4 pe(x)dz =1 and

supp(p:) € {€ € R s [¢| <<},

where supp denotes the support. Then we define Vn € N,
(F)e@) = [ pw)Fule =iy
be(z) = / pe(y)b(z — y)dy.
Ra
Let us denote by X%%™¢ the solution of the following SDE, Vs > t,

s ~
Xtone = g 4 / (B + (Fu)e ) (XE=m)dr + / odWr,
t t

and let (YhTtene 7LT.Lene) he the solution of the following BSDE, Vs € [t, T],

s T
Y'SI,T,t,z,n,s _ (Ul o ,v)(X;,m,n,E) + / f(Xi,:p,n,s’ Zg,T,t,x,n,s)dr . / Z;,T,t,x,n,sdws‘
t s
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Then by a stability result, (see for e.g. Lemma 2.3 of [11]), we deduce that

Jim lim YOO = YT = vl (z) — u(a). (5.14)

Similarly, defining (Y2T:te 72 142) and (Y2Ttene 72T6ene) in the same way, we
deduce that

Sl tim YO = VRO @) — o(a).

Furthermore, by Theorem 4.2 (or Theorem 4.2 in [32]), if we define ul 7™ (¢, x) =
Y;l’T’t’m’n’g, then (z +— ubT™2(¢,z)) is continuously differentiable for all ¢+ € [0, 7], and
Vs e [t,T7,

1,T 1T
Zs’ EEACC v %6(8’ X’;fvx,nﬁ)a'
o 2,Tt,xn,
Similarly, we define u?7"™¢(t, ) := V> "®™* and then
2,T 2T
VA hTME 7,2 e (s, X};xvnaa)a.

Therefore, taking t = 0, VI > 0,

T
ul,T,n,z—:(O7 x) . u2,T,n,z—:(0’ x) — (Ul o UQ)(X%’n’E) _ / (Zsl,T,z,n,s . Z?’T’I’n’s)dWs
0

~

T
+ /0 [f(ins Zl T:enz-:) (X?’n’E,ZE’T’m’n’E) ds
= (v' =) (X7"™7)
T
- [T < Z2 e (s, X ds 4 W),
0
where

fla,NubT e (1)o)— f(z,Vu?T ™8 (2)0) . 1,T,n, 2,Tn,
ﬁT(S,l‘) _ { NVl Tme (2)o — a2 Tome (2) 0|2 Licr, if Vubbe(t, x) # Vus" e (L, x),

0, otherwise.

The process (37 (s, X5™F)) se[o,7] 18 progressively measurable and bounded, therefore, we
can apply Girsanov’s Theorem to obtain that there exists a new probability measure
Q" equivalent to P under which (W; — fo 5, X$"%)ds)yeqo,r] is a Brownian motion.

Therefore, denoting by EQ" the expectation with respect to the probability Q7
W0, 2) — T (0,2) = BV (! — o) (X7
= Prlt —v?(),

where &, is the Kolmogorov semigroup associated to the following SDE, V¢ > 0,
¢

US =+ /Ot (EE + (Fn)s) (U?)ds +/0 oB(s,U%)ds + /0 odW,.
By Corollary 5.4 and Remark 5.6, we deduce that

lub e (0, ) — w0, 2) — (ubT™2(0,0) — (u>1™2(0,0))] < Ce .
Therefore, thanks to (5.14),

[0} (2) = v*(2) — (v1(0) — v*(0))| < Ce .
v2(0) = 0, letting T — +o00 we deduce that

Therefore, since v!(0

) =
vl(z) = v*(x),Vr € G.
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We recall the link of such EBSDE with ergodic PDE. Let us consider the following
ergodic semilinear PDE for which the unknown is a pair (v, A):

{ Zv(x) + f(x,Vo(z)o) —A=0, Vxega,

5.15
6157(5) +g(x) =0, Vz € 0G. (5.15)

Lemma 5.17 (Existence of ergodic viscosity solutions). Assume that the Hypotheses 5.2,
5.8 and 5.7 hold true then the solution (v, \) of Lemma 5.14 is a viscosity solution of
(5.15).

Proof. Note that v is continuous by Lemma 5.14. The proof of this result is very classical
and can be easily adapted from [69]. O

Lemma 5.18 (Uniqueness of ergodic viscosity solutions). Assume that the Hypotheses
5.2, 5.3, 5.6 and 5.10 hold true. Then uniqueness holds for viscosity solutions (v, \) of
(5.15) in the class of (continuous) viscosity solutions such that Ja € R?, v'(a) = v?(a).

Proof. Let (v, A!) and (v2, A?) be two continuous viscosity solutions of (5.15). First we
show that A = A2. Let us fix 0 < t < T < 400, and let us consider (Y11t zLT:ta)
the solution of the following BSDE in finite horizon, Vs € [t, T,

T T T
vaTe = ) 4[RO 2T < M 4 [ gt - [ zkTeaw,.
S S

s

And we define (Y2742 72T:47) similarly, replacing A' by A?. By Lemma 5.10, we deduce
that ub7'(t,2) = Y;l’T’t’m is a viscosity solution of (5.9). Since v! is also a viscosity solution
of (5.9), it follows from Lemma 5.11 that V¢t € [0, T],Vx € G,

ub T (t,z) = vl (z).
Of course, similarly, V¢ € [0,T], Vz € G,
u T (t,x) = v (z).

Then, taking t =0, VI > 0,
T
ut (0, 2) —utT(0,2) = v} (X7) — v} (X7) + / (X3, 2507) = F(XT, Z370)]ds
0
T
-MV—MW—/'@HW—ﬁIﬂMm
0

T
= () = oA(XF) = [ (2T = 22T s+ W),

where, Vs € [0, 7],

Xz Zl,T,z _f(XT ZQ,T,Z t Zl,T,z_Z2,T,$ . 1.7 2T
{ (f(XS.Zs )= (X2, Zs NZs s ) le87 7z7ést »5'7’

g = iz ,

0, otherwise.

Since (8s)se[o,7] is @ measurable and bounded process, by Girsanov’s theorem, there exists
a new probability Q' equivalent to P under which (W; — fot Bsds)iejo,r is a Brownian
motion. Taking the expectation with respect to this new probability, we get
W0, 2) —w?T(0,2) B (!(XF) — v*(XF))
T T
Since v! and v? are continuous and therefore bounded on G, letting T — +o0o0 we deduce
that

A= )\2

+ 22— \L

Applying the same argument as that in Theorem 5.16, we deduce the uniqueness. O
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5.4 Large time behaviour

5.4.1 First behaviour

We recall that (Ys*, Z1") 40 denotes the solution of the finite horizon BSDE (5.8)
with ¢t = 0 and that (Y;¥, Z7, X)s>0 denotes the solution of the EBSDE (5.10).

Theorem 5.19. Assume that the Hypotheses 5.2, 5.3 and 5.4 hold true (path dependent
case), then, Vo € G, VT > 0:

T,x
LMY P
T - T
In particular,
YT,x
0
T T~>_+>oo ’

uniformly in G.
Assume that the Hypotheses 5.2, 5.3, 5.5 and 5.6 hold true (Markovian case). Then,
Ve e G, VT > 0:

T,x
e oy <C
T - T
i.e.
u(T,x)_)\ <g7
T - T

where u is the viscosity solution of (5.1). In particular,

u(T, x) YOT’x
= —

A
T T T—4o00

uniformly in G.

Proof. The proof is identical to the proof of Theorem 4.1 in [42]. Note that the proof is
even simpler since we work with a bounded subset G of R% and then for any probability
QT, EQ" [supy<ser | Xi|#] < C, where C depends only on G and y. Note that the proof
gives an important result

lur(0,2) = AT —v(x)| < C, (5.16)

which will be useful for what follow. Finally note that for the Markovian case, Hypothesis
5.6 is added in order to obtain uniqueness of viscosity solutions of (5.1). O

5.4.2 Second and third behaviour

In this section we introduce a new set of hypothesis without loss of generality. Note
that it is the same as Hypothesis 5.5 but with modified assumptions for b. However
we write it again for reader’s convenience. The remark immediately following this new
set of hypothesis justifies the fact that there is no loss of generality. Let us denote by
(Y&, Z5" ) N)4>0 the solution of the EBSDE (5.10) when X is replaced by X**. We
recall that this solution satisfies

Zh = Vol (X1®)o + Z2. (5.17)
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Hypothesis 5.8. There exists C' > 0 such that
1. b: RY — R? is €' Lipschitz and dissipative (i.e. 3np > 0 such that Vx,y € R,
(b(x) = b(y),z —y) < —nlz —y]*).
2. &7 = h(X%), where h : G — R is continuous.
3. Vz € G,Vz,2 e RYF | f(x,2) — f(z,2)| < Clz — 2|
4. Vz € Rk f(.,2) is continuous.

5. g€ G, (0.

Remark 5.20. Note that assuming b to be €' Lipschitz and dissipative is not restrictive.
Indeed, let us consider b : G — R? only Lipschitz. Let us recall that the purpose of this
paper is to study the large time behaviour of the viscosity solution of

QD) — Pu(t, o) + flx, Vult,2)G), Y(t,z)€ Ry x G,
25 + g(x) =0, V(t,z) € Ry x 0G,
u(O,x) - h(x), Vo € G.

Now, we define, Vo € R%, b(z) := —z + (b(II(z)) + II(z)). Note that b is equal to b on G.
Furthermore,

(b(x), Vu(t,z)) + f(z,Vu(t,x)o) = (—z, Vu(t,x)) + f(z, Vu(t,z)o),

where f(r,2) = f(x,2) + (b(Il(z)) + II(z),2z0~ ) is a continuous function in z and
Lipschitz in z. Therefore, under our assumptions, we can always consider the case b
being ¢! Lipschitz and dissipative by replacing b by (x — —z) and f by f if necessary.

Theorem 5.21. Assume that the Hypotheses 5.2, 5.3, 5.6 and 5.8 hold true. Then there
exists L € R such that,

Vee G, Y" - AT —-Y§ — I,
T—~4o00

i.e.

Vz € G, w(T,z) = \T —v(z) — L,
T—+o00

where u is the viscosity solution of (5.1) and v is the viscosity solution of (5.15). Fur-
thermore the following rate of convergence holds

Y, " = AT = Y§ — L| < Ce™ T
i.e.

lup(0,2) — AT — v(z) — L| < Ce .
Proof. Let us start by defining

up(t,z) == Y,"""

wrp(t,x) :=up(t,z) — NT —t) — v(x).

We recall that Y5 """ = up(s, X5) and that Y = v(X7®).

Note that (x +— wp(0,2)) is continuous and bounded uniformly in 7' by (5.16).
Therefore one can extend the definition of wz(0,z) to the whole R into a continuous
and uniformly bounded in 7' function by setting wy ga(0, ) := wr(0,I(z)) where II is

the projection on G.
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We recall that for all T,.S > 0, up is the unique solution of

m +$UT(t x) + f(.%' VUT(t .CU)G) = O, V(t, .%') € [OaT] X G’
8uT(t x) +g< ) 0, V(t, (13) S [O,T] x 0@,

and that ur,g is the unique solution of

ures®n) | Pup, gt a) + flo, Vurss(t,z)o) = 0, ¥(t,z) € [0,T + 5] x G,
%Tgii(t@) +g(z) =0, V(t,x) € [0,T + 5] x G,
ur+s(T + S, z) = h(z), Vo e G.

By uniqueness of viscosity solutions, it implies that ur(0,z) = ur, 5(S,x), for all x € G,
and then,

wr(0,z) = wrys(S,z),Vz € G. (5.18)

For every T' > t, the process (wT(s,Xg’x))se[tyT] satisfies the following BSDE in
infinite horizon, Vt < s < T < 400,

T
wr(s, X57) = wr (T, X3°) +/ FOXE®, 200 — f(XP*, Z6)]dr
T
/ (Z]b* — Zb")dw,

— h(XET) — o(X5T) + / [F(XEm, ZT0e) _ f(XE Z6)]dr

S

T
- / (ZzFbr — zt=)aw,. (5.19)
S
Since we do not have a basic coupling estimate Lemma for the reflected process X%,
we will use an approximation procedure. We fix infinitely differentiable functions p. :

R? — RT bounded together with their derivatives of all order, such that: fRd pe(x)de =1
and

supp(pe) C {§ cR%: €] < E}

where supp denotes the support. Then we define Vn € N,

(F)o) = [ p-w)Fulo = ).

It is well known that (F,). is ¥°°. Furthermore, (F,). is still O-dissipative. Let
(Xﬁ’”t’n’e)szt be the solution of

XboE = gy / (b+ (En)e)(X55m)dr + / odiWy, Vs>t
t t

and (Y 2hTome | ghba.on, “)s>t be the solution of the following monotonic BSDE in infinite
horizon, Vi < s <T < +o0,

T
2,t,x,a,n.e _ v 2,tT,am,.e t,x,n,e 2,t,x,an,e 2,t,x,a,n,e
Y =Yy +/ [f(xtne, 72 ) - ay; J dr
s

T
2,t,x,a,n,e
- / 72 Aw,.

S



5.4. LARGE TIME BEHAVIOUR 109

By Theorem 4.4 in [55], there exist sequences ¢, — 0, 3(n) — +ooand oy —
m—+00 n—-+o0 k—+o00
0 such that for all T' > ¢,

k— 400 n——+00 m—-+00

T 2
lim lim lim E / ‘Z}fvﬂfv%ﬂ”)ﬁm — 72| ds=0. (5.20)
t
In what follows, we will use the following notation. If ¢®™* denotes a function depending

on the parameters «, n and ¢, then

lim ¢®™° := lim lim lim ¢ P)em,
Q,n,€ k—-+o00 n—-+00 m—-400

Now, if we define, for all s > t,
Z;,z,a,n,s = (vvl)Rd(Xz,m,n,E)o_ 4 Zz,t,:v,a,n,s,

by the dominated convergence theorem and thanks to (5.17) and (5.20), for all T" > ¢

a,n,e

T
lim IE/ | Zbwone _ 7te124s = (. (5.21)
t
Note that by Theorem 4.2 in [54], if we define v*™¢(z) := Y;""™¢, then v>*™¢ is
€' and Vs > t,
Z2,t,x,o¢,n,5 — tvUQ,a,n,a (Xt,x,n,a)o_
S S *
Therefore, we have the following representation, Vs > t,

Zz,m,a,n,s — tV(’Ul)Rd (X;t,z,n,s)o_ + tv,UQ,a,n,e (X;S,x,n,s)o_
=: Wo* e (X L5 g, (5.22)

—Itx,ane ST tx,amne

Let us denote by (Y, g
horizon, Vs € [t, T,

)s>t the solution of the following BSDE in finite

S T

— 1, tx,amn,e T*Tt:cans
Y77777 :wT7Rd(T7X§lx7n7a)_/ Z77777dWr
s
T —T,t,x,a,n,e jod o
+/ [fRd(Xﬁ,m,n,s’er » L, QT 4 Zﬁ,:p,a,n,E) o fRd(quz,a:,n,z-:?Zﬁ,x,a,n,E) dr
s
T —T,t,x,a,n,e T*Tta:ans
= (h = D (XY [ 2 [z,
s s
(5.23)
where, for all r > t, z € R1*4,
f’oz,n,s(r7 Z) — f]Rd (Xﬁ,x,n,s7 2+ Eﬁ,x,a,n,s) _ f]Rd (Xﬁ,m,nﬁ’ Eﬁ,x,a,n,s)'
We define, for all z € R1*4,
Fir,2) i= fa(XE%, 2+ 28%) — fa(X, Z0%),
The assumption (A2) of [11] is satisfied, indeed:
V1,22 € RV fO(5,20) — fo™5(s,22)| < Ola1 — 2,

T ~
E [ / | f*™5(s,0)]*ds | + sup E [|XL"™¢*] < C.
t

t<s<T
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Now we show that the assumption (A3) of [11] is satisfied. We have, Vs € [t, T,
T ~ ~
B| [ 1Fone(n 2 — 21) = Fin 280 - 2P

T
= E [/ |fRd (Xﬁﬂ»‘,nva’ Z?’t’x _ Zﬁ@ + Z;7J1704,n75) — fpa (Xﬁaxvnva’ Z;t,af,a,n,e)
S
_f]Rd <X7€7x7 Z?7t7x) + fRd (Xﬁ,l‘, Zﬁ’I)Pd’F]

T ~
<CE [/ [ fia (X2, ZI00 — Z0% 4 Zp®0mE) — fa(XpW™e, Z) ’”)‘Zdr]
s
r T
+CE / ’fRd (Xﬁ,x,n,sj Zg’,t,x) _ fRd (Xﬁ,x, Z,T’t’x)’ZdT:|
L/ s

r rT
+ 0| [ fuxione, Zimans) - fou(xtone, 2P
LS S

rrT
+CE / | fra (X025, Z7) — fRd(X;@,Z;@)Fdr]
L/ S
T _ T
< CE [ / [Zpems = Zﬁ“IQd’"] ek [/ [ Fra (X7, Z000) = fa (X027, 2,707 Pdr
S S

T
OB | [ X 28 - fra(xE 2P
S

Then (5.21) implies that the first term converges toward 0. Furthermore, since

. t t
lim , Esupy<g<p [ X5 — X2 =0, we have

PRdt
| XLeme - X5T 2250, as e — 0,n — +o0,

and
| fra (X018, Z55) — fra (X%, ZPED) P < O+ |Z007)

which shows the uniform integrability of | fga (X2, ZF ") — fra(XE", Z15)[2. There-
fore, the second term converges toward 0. The same argument applied to the third term
shows that this last term also converges toward 0.

Furthermore, by continuity and boundedness of (h — v)ga , we deduce that:

lim E [|(h — 0)ga(X55™) — (h — v)a(0, X;I)ﬂ —0.
a,n,e
Thus assumption (A3) of [11] is satisfied. Therefore, by Lemma 2.3 of [11] applied to
(5.23) and (5.19), we obtain:
G 1tx,amn.e

lim Y,

= wT7Rd (t, .fL')
a,n,e

Thus, Vz € G,

lim Y, """ = wi(t, z). (5.24)

a,n,e

We define

w%vnzs (t’ .Z) — ?Z—‘vtvx:avnf.
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Similarly to equation (5.18), we deduce that, VT',S > 0
w0, 2) = w5 (S, x). (5.25)

Now we are in force to apply the method exposed in [42] for the quantity w"(0, )
with slight modifications.
First we establish the following Lemma.

Lemma 5.22. Under the hypotheses of Theorem 5.21, 3C > 0, Vx,y € G, VI > 0,
VO <T' <T, 3C,

7an6(0 I’)‘ < C
Cr
VT"

W (0,) — W"E(0, )] < CeT

V5" (0,2)] <

We stress the fact that C' depends only on n, o, G. The constant Cp+ depends only on
the same constant and T".

Proof. The first estimate is a direct consequence of Girsanov’s theorem. Indeed, we have,
w1,x,am,e r.n,e T —T,x,a,n,e
Y, = (h —v)ga(X7"7) — zZ,’ dw,
0
T —T,x,an,e > =
+ / [f]Rli (Xa: NLE Z + Z;c,oc,n,a) _ f]Rd (sz,n,a’ Z:ﬂc,a,n,a) dr
0
T —T,x,a,n,e
— wp(0, X5 — / ZPOME (3 dp 4 d W),
0

where

—T,x,a,n,e T,m,a,n,s)

(fpa(Xi™",Z,, HZE )~ foa (XPT, 20 ) (2,
/37“ = I7Z’,x,a,n,5‘2 9 .
0, otherwise.

—T,x,a,n,e
£

if 7, 0,

Since [ is a measurable and bounded process, there exists a new probability equivalent
to P, QT:*™¢ under which (W, — fos ﬁTdT)TE[O,T} is a Brownian motion. Therefore, thanks
to estimate (5.16):

—1,x,amn,e

Yo'

QT,a,n,E

I<E
<cC.

|wr(0, X7™))

Let us establish the second and third inequality of the lemma. First we notice that
thanks to equation (5.18), V0 <T" < T, Vs € [t,T"],

T/
v Ltz,ane — e (T t,x,n,e —1tx,a,mne
v Wy (1 X~ [ 7] dw,
s
Tl
tzne FLbT,onne Nt,x,a,n,a t.x,n,e st.x,on.e
+ [ [ppalctmne ZE0wene . Zimane)  p(xpane, Ziwene)] ar
s

Tl T/

—a,n,e t,x,n,e Fone —T1.tx,a,n,e —T,t,x,a,n,e

=w,", Rd(O,XT, )+/ fe™ve(s, Z, )dr —/ Z, dW,..
S S

We recall that we have the following representation:

7t x,0,n,e _ o viT,n,E
ZyhemE = Vo(Xg""™%)o.



112 CHAPITRE 5. COMPORTEMENT EN TEMPS LONG DES SOLUTIONS ...

Furthermore, by Theorem 4.2 (or Theorem 4.2 in [32]), as Wy (t,z) = ?tT’t’x’a’n’E,

—Q,n,e

(x — up""(t,x)) is continuously differentiable for all ¢ € [0,7[ and Vs € [t, T,

——t,T,0,1,E . £
A i P

Therefore, we can apply the same method as exposed in [42] to obtain the second
and third estimate. O

Let us conclude the proof. From Lemma 5.22, we derive, by the same arguments as
in [42] that there exists L*™¢ € R such that Vz € R,

‘@%,nw?(o?x) _ LOA,TL,E’ S C@iﬁT. (526)
Therefore,

E%»nzs(o’ x) S Cef’ﬁT + La,n,E’
[1E < Ce—'r]T _i_@%n,a((]’ (L‘),

which implies by (5.24) that

wr(0,2) < Ce ™ + liminf,, o LY,
limsup,, ,, . L*™* < Ce™ ™ + wp(0, ).

Then,

limsup L*™* < 2Ce™ ™ + lim inf L*™<.

a,n,e @1,
Letting T — +oco implies that there exists L € R such that

lim L™ = L.

a,n,e
Coming back to (5.26) and passing to the limit gives us the result:

lwr(0,2) — L] < Ce 7T

5.5 Application to an ergodic control problem

In this section, we show how we can apply our results to an ergodic control prob-
lem. We assume that Hypotheses 5.2 and 5.3 hold. Let U be a separable metric space.
We define a control a as an (%#;)¢>o-predictable U-valued process. We will assume the
following.

Hypothesis 5.9. The functions R : U — G, L : G xU — R and g9 : G — R are
measurable and satisfy, for some C > 0,
1. |R(a)| £ C, VaceU.

2. L(-,a) is continuous in x uniformly with respect to a € U. Furthermore |L(-,a)| <
C, furthermore |L(z,a)] < C, Vz € G,Vr € G,Va € U.

3. ho(+) is continuous.
4. g € €1(Q).
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We denote by (X}):>0 the solution of (5.7). Given an arbitrary control a and 7" > 0,
we introduce the Girsanov density

T 1 T
it = e ([ o Ra)aw. — 5 [ o Raas)
0 0

and the probability P4, = p7P on #7. We introduce two costs. The first one is the cost
in finite horizon:

T T
s =5 | [ rozagas s [ gz 4T,
0 0

where E*T" denotes the expectation with respect to IP%.. The associated optimal control
problem is to minimize the cost J7 (x,a) over all controls a’ : Q x [0,T] — U, progres-
sively measurable. The second one is called the ergodic cost and is the time averaged
finite horizon cost:

1 T T
J(x,a) ;= limsup fE“’T [/ L(X7,as)ds +/ g(st)dKf] )
T—+o0 0 0

The associated optimal control problem is to minimize the cost J(x,a) over all controls
a: ) x [0,+oo[— +o0, progresswely measurable.

We notice that Wy = fo ~!R(as)ds is a Brownian motion on [0, 7] under P%
and that

dX? = (b(X?) + R(ar))dt + odWe, Wt € [0,T],

and this justifies our formulation of the control problem.

We want to show how our results can be applied to such an optimization problem to
get an asymptotic expansion of the finite horizon cost involving the ergodic cost.

To apply our results, we first define the Hamiltonian in the usual way,

fo(z,2) = ;g{f] {L(z,a) + z0'R(a)}, (5.27)

and we note that , if for all z, z the infimum Is attained in (5.27), then by the Filippov
theorem (see [59]), there exists a measurable function v : G x R'*? such that

folz,2) = L(z,7(z,2)) + 20~ ' R(y(x, 2)).

Lemma 5.23. Under the above assumptions, the Hamiltonian fo satisfies assumptions
on f in Hypotheses 5.4, 5.5, 5.7, or 5.8.

Proof. See Lemma 5.2 in [32]. O

We recall the following results about the finite horizon cost:

Lemma 5.24. Assume that Hypotheses 5.1, 5.3, 5.6 and 5.9 hold true. Then for arbitrary
control a® : Q x [0,T] — U,

I (2,a") > u(T,x),
where u(t, z) is the viscosity solution of

ultr) _ py(t,x) + folz, Vult,z)G), V(t,z)e R, x G,
2t 4 g(w) =0, Y(t,z) € Ry x OG,
(0 z) = ho(x), Vr e G,

Furthermore, if Vx, z the infimum is attained in (5.27) then we have the equality:
I (,a") = u(T, x),
where @l = y(XF,Vu(t, XF)o).
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Proof. The proof of this result is similar to the proof of Theorem 7.1 in [31], so we omit

it. O
Similarly, for the ergodic cost we have the following result.

Lemma 5.25. Assume that Hypotheses 5.2, 5.3, 5.6 and 5.9 hold true, then for arbitrary
control a : Q x [0, 4o00[— U,

J(2,a) = A,
where (v, \) is the viscosity solution of

{ Lo+ fo(z,Vu(x)o) = A =0, Vzed,

o) L g(@) =0, Ve dq.

Furthermore, if Vx, z the infimum is attained in (5.27) then we have the equality:
JE(z,@) = A,
where a; = y(X7, Vo(XF)o).
Finally, we apply our result to obtain the following theorem.

Theorem 5.26. Assume that Hypotheses 5.2, 5.8, 5.6 and 5.9 hold true. Then, for any
control a : Q@ x [0,T] — U, we have

JY(z,a®)

lim inf > A
T—+o0

Furthermore, if Vx, z the infimum is attained in (5.27) then
|JE (z,al) — J(z,@)T —v(z) + L| < Ce .

Proof. The proof is a straightforward consequence of the two previous lemmas above and
of Theorem 5.21. O
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Résumé

Equations différentielles stochastiques rétrogrades ergodiques

Cette thése s'intéresse a |'étude des EDSR ergodiques et leur applications a I'étude
du comportement en temps long des solutions d'EDP paraboliques semi-linéaires. Dans
un premier temps, nous établissons des résultats d'existence et d'unicité d'une EDSR
ergodique avec conditions de Neumann au bord dans un convexe non borné et dans un
environnement faiblement dissipatif. Nous étudions ensuite leur lien avec les EDP avec
conditions de Neumann au bord et nous donnons un exemple d'application a un probléme
de contréle optimal stochastique.

La deuxiéme partie est constituée de deux sous-parties. Tout d'abord, nous étudions le
comportement en temps long des solutions mild d'une EDP parabolique semi-linéaire en
dimension infinie par des méthodes probabilistes. Cette méthode probabiliste repose sur
une application d'un résultat nommé "Basic coupling estimate" qui nous permet d'obtenir
une vitesse de convergence exponentielle de la solution vers son asymptote. Au passage
notons que cette asymptote est entiérement déterminée par la solution de I'EDP ergodique
semi-linéaire associée a I'EDP parabolique semi-linéaire initiale. Puis, nous adaptons cette
méthode & |'étude du comportement en temps long des solutions de viscosité d'une EDP
parabolique semi-linéaire avec condition de Neumann au bord dans un convexe borné en
dimension finie. Par des méthodes de régularisation et de pénalisation des coefficients et
en utilisant un résultat de stabilité pour les EDSR, nous obtenons des résultats analogues
a ceux obtenus dans le contexte mild, avec notamment une vitesse exponentielle de
convergence de la solution vers son asymptote.

Mots clefs : équations différentielles stochastiques rétrogrades ergodiques, contrdle
ergodique, comportement en temps long, EDP parabolique semi-linéaires

Abstract

Ergodic backward stochastic differential equations

This thesis deals with the study of ergodic BSDE and their applications to the study of the
large time behaviour of solutions to semilinear parabolic PDE. In a first time, we establish
some existence and uniqueness results to an ergodic BSDE with Neumann boundary
conditions in an unbounded convex set in a weakly dissipative environment. Then we study
their link with PDE with Neumann boundary condition and we give an application to an
ergodic stochastic control problem.

The second part consists of two sections. In the first one, we study the large time bahaviour
of mild solutions to semilinear parabolic PDE in infinite dimension by a probabilistic method.
This probabilistic method relies on a Basic coupling estimate result which gives us an
exponential rate of convergence of the solution toward its asymptote. Let us mention
that that this asymptote is fully determined by the solution of the ergodic semilinear PDE
associated to the parabolic semilinear PDE. Then, we adapt this method to the sudy of
the large time behaviour of viscosity solutions of semilinear parabolic PDE with Neumann
boundary condition in a convex and bounded set in finite dimension. By regularization and
penalization procedures, we obtain similar results as those obtained in the mild context,
especially with an exponential rate of convergence for the solution toward its asymptote.

Keywords : ergodic backward stochastic differential equation, ergodic control, large time
behaviour, semilinear parabolic PDE




