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INTRODUCTION GENERALE

Cette thése se compose de trois parties qui portent sur I’étude de certains problémes

d’optimisation stochastique et de leurs applications en mathématiques financiéres.

La premiére partie étudie la représentation par des Equations Différentielles Stochas-
tiques Rétrogrades (EDSR) de solutions de problémes d’optimisation stochastique séquen-
tielle en temps continu. Il s’agit de probléme d’optimisation ol les quantités évoluent en
temps continu mais ot le contréle est discret en temps : il consiste en une suite d’inter-
ventions. Nous nous intéressons & deux de ces problémes : le controle impulsionnel et le
switching optimal.

Nous adoptons une nouvelle approche consistant & voir les inéquations (quasi-) variation-
nelles dont sont solutions les fonctions valeurs de tels problémes d’optimisation comme des
problémes contraints avec valeurs terminales données. Cette interprétation offre un cadre
naturel a ’étude des EDSRs contraintes.

Cette nouvelle classe d’EDSRs est mise ensuite en lien avec les EDSRs & réflexions
obliques, liées au probléme de switching optimal, récemment introduites par Hu et Tang

[44] puis généralisées par Hamadéne et Zhang [41].

La seconde partie étudie 'approximation des EDSRs associées aux systémes d’inéqua-
tions variationnelles.

Nous nous intéressons d’abord & I'approximation des EDSRs contraintes a sauts. La
méthode de pénalisation utilisée pour la construction des solutions nous permet de mettre en
place une procédure numérique pour la résolution de systémes d’inéquations variationnelles
fortement couplées.

Nous étudions ensuite les EDSRs a réflexions obliques et discrétes. Nous montrons
qu’elles constituent une approximation des EDSRs & réflexions obliques de Hu et Tang
[44]. Ces EDSRs a réflexions obliques discrétes permettent de mettre en place un schémas

naturel de discrétisation pour lequel on obtient une vitesse de convergence.

La troisiéme partie traite d’'un modéle de liquidation de portefeuille sous contrainte de

colt et de risque d’exécution. Nous considérons un marché financier sur lequel un agent

11



12 INTRODUCTION GENERALE

doit liquider une position en un actif risqué i.e ne plus posséder de part en cet actif risqué
au bout d’une échéance fixée. L’intervention de cet agent influe sur le prix de marché de
cet actif et conduit & un cotit d’exécution lié a la taille du volume échangé d’une part, et
a la fréquence d’intervention de I’agent sur le marché d’autre part. Ces phénoménes étant
dus en pratique & I’épuisement du carnet d’ordre. Nous caractérisons la fonction valeur de
notre probléme comme solution minimale d’une inéquation quasi-variationnelle au sens de

la viscosité contrainte.

0.1 Premiére Partie : Représentations probabilistes des so-
lutions de problémes d’optimisation stochastique séquen-
tielle en temps continu

Cette partie traite de la représentation par EDSRs, de fonctions valeurs de problémes
d’optimisation stochastique séquentielle en temps continu : le contréle impulsionnel et le
switching optimal.

Ces problémes d’optimisation séquentielle en temps continu, ont connu depuis quelques
années un regain d’intérét, notamment dans le monde financier, puisqu’ils permettent de
mettre en place des modélisations relativement proche de la réalité : risque de liquidité sur
les marchés financiers [42], [53] , gestion d’énergie [18], etc.

Nous considérons donc une nouvelle classe ’EDSR de la forme
T
Y, = &+ sts,ZS,U)ds—/ Zg.dW,
t

/‘/ pu(de, ds) + Ky — K, (0.1.1)

ou W est un mouvement brownien, p est une mesure aléatoire de Poisson et K est un

processus croissant permettant & la solution de satisfaire une contrainte de la forme

h(t,Y:, Zi,U(e),e) > 0. (0.1.2)

0.1.1 Représentation de fonctions valeurs de problémes de contrdle im-
pulsionnel markovien
Dans le premier chapitre, nous nous intéressons au lien entre les EDSRs et une famille

d’équations aux dérivées partielles appelées inéquations quasi-variationnelles. Ces équations

aux dérivées partielles prennent la forme suivante :

min | — % —Lv—f, injfb;{v — Hev}} = 0, sur [0,7) xR, o(T,.) = g(.), sur RY,
ec
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avec L opérateur local du second ordre :
Lo(te) = bla).Deolt,z) + %tr(UUT(x)D?EU(t, ),
et 'H opérateur non local défini par :
Hv(t,z) = v(t,z+~vy(x,e))+c(x,e).

Les inéquations quasi-variationnelles interviennent en optimisation stochastique dans le

cas du contrdle impulsionel (voir par exemple [8]) dont la fonction valeur est définie par

v(t,x) = sup ma / f(XE®Yds 4 Z tfa,fz]
a:(Ti’gi)DO t<m<T '

Le controle a = (73, &;)i>0 est composé d’une suite de temps d’arréts (7;);>0, représentant les

instants auxquels I’agent décide d’intervenir, et d’une suite de variables aléatoires (&;)i>0,

représentant ’amplitude de l'intervention de I'agent & chacun des instants 7;. Pour un tel

controle o = (74,&;)i>0, le processus d’état controlé XH%* partant de z a linstant ¢ est

donné par
S
X;Z:Jc,a _ x—i—/ b(ijx’a)du—i—/ (Xtaca)dW + Z tf a7§Z)
t t t<1T;<s K

Une approche possible, pour comprendre le lien entre inéquations quasi-variationnelles et

EDSRs, est de remarquer qu’en introduisant une diffusion a sauts X suivant la dynamique :
dX; = b(Xy)dt+ o(Xy)dW; + / Y( X, e)u(de, dt),
E

et une solution réguliére v de I'inéquation quasi-variationnelle (0.1.3)), alors le processus

v(t, X¢) est, par application de la formule d’'It6, solution d’'une EDSR avec contrainte sur le

9(X7) + /st ds—/ Zs.dW, — // p(de,ds) + Kr — Ky,
t

Ule) = o(t, X +v(Xt,e)) —v(t, Xi) > c( Xy, e),

terme de saut :

’U(t, Xt)

Ce lien entre inéquations quasi-variationnelles et EDSRs contraintes est également suggéré
dans [10]. II identifie, sous des hypothéses assez générales, la fonction valeur d’un probléme
de cible stochastique avec processus & saut non contrélé avec la fonction valeur d’un probléme
de switching optimal. Cette fonction valeur du probléme de cible stochastique correspond a
la solution minimale de notre EDSR contrainte dans le cas d’'un générateur ne dépendant
pas de l'inconnue (Y, Z,U).

Nous considérons dans ce chapitre une version markovienne des EDSRs contraintes :

T T
Vo= o)+ [ SV Zds - / Z,.dW,
t

/ / (X, Y-, Zs, e)|u(de,ds) + Kp — Ky, (0.1.3)



14 INTRODUCTION GENERALE

ol la contrainte porte uniquement sur le terme de saut :
h(Ug(e),e) > 0, (0.1.4)
X étant une diffusion & sauts markovienne définie par :
dXy = b(Xp)dt + o(Xy)dW; + /E Y(X4—, e)pu(de, dt) .

Notons que par changement de variable Vi(e) = Us(e) — ¢(X -, Y, Zs, €), cette EDSR ap-
parait come un cas particulier de —. Sous des hypothéses assez générales, nous
prouvons l'existence et 'unicité de solutions minimales & de telles équations. Nous intro-
duisons pour cela, en s’inspirant de la littérature sur les EDSRs soumises a des contraintes
(voir par exemple [29], [24]), une suite d’EDSRs, dites pénalisées, ot le terme & annuler est
pénalisé par un facteur explosif. Dans notre cas ces EDSRs pénalisées prennent la forme

suivante :
T T
Y = g(Xr) +/ f(Xs, Y, Z)ds —/ ZY.dWy
t t
T
[ [ i)~ X Yo Zus e, ds) + K3 — K.
t JE
ol le terme K™ est explicité :
¢
K] = n/ max{—h(U!(e),e), 0} A(de)ds,
0

A étant le compensateur de la mesure p. Nous montrons que la suite (Y™, Z™, U™),, converge
vers la solution minimale de —. La difficulté principale pour le passage a la
limite est la présence du terme non linéaire f. Nous résolvons cette difficulté en prouvant
une généralisation du théoréme de limite monotone de Peng [64], au cas des EDSRs a sauts.

Cette suite d’équations pénalisées nous permet ensuite de faire le lien entre la solution
minimale de notre EDSR contrainte et les solutions, au sens de la viscosité, d’inéquations

quasi-variationnelles générales de la forme

min | — g: — Lv — f(.,,v,0"Dyv) , ingh(Hev - v,e)] = 0, sur [0,7) x R%(0.1.5)
ec

avec un opérateur non local H plus général :
Hev(t,z) = ov(t,x+y(z,e)) + c(z,v(t,x),0" Dyv(t, x),e).

Nous utilisons le lien entre EDSRs a sauts et équations aux dérivées partielles intégrales
donné par Barles, Buckdhan et Pardoux [5] pour lier notre EDSR pénalisée a I’équation aux
dérivées partielle suivante :

o Lv— f(.,v,0"Dgv) — n/ max{—h(Hv —v,e),0}\(de) = 0,
E
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sur [0,7") X R?. L'utilisation d’argument analytiques nous permettent alors de passer les pro-
priétés de viscosité a la limite pour obtenir une solution & l'inéquation quasi-variationnelle.
Pour compléter I’équation aux dérivées partielles ((0.1.5)), nous introduisons une condition
en T relaxée :
min [0(T,.) = () , inf h(HV(T™,) = o(T, ),e)] = 0, sw R (0.16)
ec
La propriété de viscosité pour cette condition terminale est obtenue par une caractérisation

dynamique de la minimalité de la solution & 'EDSR contrainte.

Enfin sous des hypothéses de convexité, nous montrons un résultat d’unicité pour les
solutions d’inéquations quasi-variationnelles - , ce qui nous permet de lier la
solution de ’EDSR contrainte a la fonction valeur du probléme de contréle impulsionnel.

Ce chapitre est tiré d’un article rédigé conjointement avec Jin Ma, Huyén Pham et
Jianfeng Zhang [46]. Cet article a été accepté pour publication dans la revue The Annals of
Probability.

0.1.2 Représentation de fonctions valeurs de problémes de switching op-
timal et lien entre EDSRs contraintes a sauts et EDSRs a réflexions

obliques

Dans ce chapitre, nous étudions la représentation, par EDSRs contraintes a sauts, des
solutions de problémes de switching optimal et de systémes d’inéquations variationnelles.
Récemment, Hu et Tang [44] ont obtenu une représentation stochastique pour les sys-
témes d’inéquations variationnelles en introduisant la notion d’EDSRs multi-dimensionnelles
a réflexions obliques. Ce type d’EDSR, qui a ensuite été généralisé par Hamadéne et Zhang

[41], prend la forme générale suivante :

)/ti - 52 + ‘/;T T,ZJ@'(S, }/:91’ e 7}/8m7 Z;)ds - ftT<Z;7 dWs> + K’?F - K; )
}/ti 2 maxjeAi h%](t?}/;fj) bl (017)
S 1Y = mascjen, {h (1, Y)Y} = 0.

Nous lions cette classe d’'EDSRs aux EDSRs du type (00.1.1)-(0.1.2)) lorsque le support
E de la mesure aléatoire p est 'ensemble des indices Z := {1,...,d}, d étant la dimension
de 1} Nous montrons que le processus (}Qlt)tE[O’T] est solution minimale de 'EDSR

contrainte a sauts suivante :
~ T ~ ~ ~ ~ ~
¥, = glr +/ (8, Y+ Tu(U)Lp g, Vot (), Ze)ds
t

T T
+Kp — K; — / Zg.dWy — / / Us(i)u(ds, di),
t T

t
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avec
L, ()Y —hi_i(t. Y- +T:(0)| = 0,

le processus I désignant I'indice chargé par la mesure p a chaque instant. Ce lien est obtenu
par identification des équations pénalisées associées.

Une fois ce lien fait, nous nous intéressons & la représentation de problémes de swit-
ching dans le cas non markovien. Le probléme de switching optimal consiste & maximiser

la quantité

T
E g<X%7 CVT) + / f(t7X£X: (Xt)dt - Z C(Tkvgkfhgk)]
0 o <T
suivant le contréle a qui, comme dans le cas du controle impulsionnel, est constitué d’une
suite de temps d’arréts (7;)r>1 et d'une suite de variables aléatoires (£;)r>1 adaptées aux

temps d’arréts. La diffusion X< ayant une dynamique contrélée de la maniére suivante :
dX;y = b(X{, ap)dt + o( X[, oq)dWy (0.1.8)

avec o = & pour t € [T, T+1). Une premiére représentation, a I’aide d’une transformation
de Girsanov, a été obtenue par Hu et Tang [44] dans le cas ou la diffusion sous jacente du

probléme n’est que partiellement controlée sous la forme :
dXe = o(X2) [b(Xg, a)dt + th} .

Nous généralisons ce résultat en montrant que les EDSRs du type — donnent
une représentation des processus valeur de problémes de switching dans le cas d’une diffusion
totalement controlée suivant I’équation (0.1.2)).

Nous introduisons pour cela une famille d’EDSRs a réflexions obliques paramétrée par
un temps d’arrét et une variable aléatoire. Ce paramétre représente la condition initiale de la
diffusion sous-jacente de 'EDSR. En utilisant les représentations des enveloppes de Snell et
des arréts optimaux par EDSRs simplement réfléchies données par [29], nous caractérisons
la stratégie optimale comme temps de réflexion associés & une suite d’EDSRs et montrons
que le processus valeur associé est bien solution d’'une EDSR du type —.

Ce chapitre a donné lieu & un article rédigé conjointement avec Romuald Elie [32].

0.2 Seconde Partie : Approximation des solutions d’EDSRs a
sauts contraints et d’EDSRs & réflexions obliques

Nous étudions dans cette partie deux méthodes probabilistes d’approximation de
solutions de systémes d’inéquations variationnelles. La premiére utilise la représentation par

EDSRs contraintes a sauts et nous donne un algorithme fondé sur la résolution d’EDSRs
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pénalisées associées. La seconde utilise la notion d’EDSR & réflexions obliques discrétes.
Dans ce dernier cas, nous obtenons une vitesse de convergence de I'approximation vers la

solution contintiment réfléchie.

0.2.1 Représentation et approximation probabiliste pour des systémes

couplés d’inéquations variationnelles

Nous nous intéressons dans ce chapitre & la représentation probabiliste de solutions
de systémes d’inéquations variationnelles afin de mettre en place une procédure d’approxi-
mation numérique de ces solutions.

Nous considérons alors la solution de ’EDSR — dans le cas ot :
— le support E de la mesure aléatoire u est 'ensemble 7 := {1,...,d},
— les coefficients sont markoviens dirigés par un processus de diffusion-transmutation

(I, X1) introduit par Pardoux Pradeilles et Rao [63] pour prendre en compte les chan-

gements de régime des opérateurs différentiels intervenant dans les systémes d’EDPs

associés.

L’EDSR étudiée prends alors la forme suivante :
T
Vi = g(Xn )+ [ (Y UiD, Yok Uild), Z)ds
¢

T T
- / Zy.dW, — / / U, (i) u(di, ds) + Ky — K, (0.2.9)
t t T

la solution devant satisfaire une contrainte de la forme :
hi_ (XYL Y+ U(j), Z) > 0.

Le processus de diffusion-transmutation (I, X!) dirigeant cette EDSR étant défini

par :

dl, = / (i — I,- )u(di, dt) |
€L

dxt = b(X], I)dt + o(X], I,)dW; .

Nous montrons que la solution Y de 'EDSR ((0.1.1))-(0.1.2)) constitue une représentation
de type Feynman-Kac pour des solutions de systémes d’inéquations variationnelles de la
forme :

8 V;

ot

min | —

— ﬁivi - fz(, V1y .50, O'TDJ;’Uz‘) s I'Iliél h@j(y Vi, Uy, O'TDJ;’UZ‘):| = O,
j€
sur [0,T) x R? pour i € {1,...,d}. £* étant I'opérateur local du second ordre défini par :

Cig(tx) = b(m,i).Dxcp(t,x)+%tr(007(x,i)D§go(t,x)).
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Ce lien avec la solution de 'EDP nous permet de mieux comprendre le role du processus
K dans l'equation ({0.2.9). Nous obtenons en effet une condition de minimalité, similaire
a celle obtenue dans le cas réfléchi (voir [29]), lorsque la fonction h ne dépend pas de la

variable Z :
T
/ mjin{hzt,,ju,xf,n—,n—+Ut<j>>}th _

L’approximation de ’'EDSR se fait alors par discrétisation de 'EDSR pénalisée
associée en utilisant les résultats de convergence de Bouchard et Elie [12].

Ce chapitre a donné lieu & une noté rédigée conjointement avec Romuald Elie [33].

0.2.2 Discrétisation des EDSR multi-dimentionnelles a réflexions obliques

Dans ce chapitre, nous étudions ’approximation d’EDSRs & réflexions obliques de

la forme :
Vi = g(Xp) + [T fi(Xo, Vi, Ziyds — [T Z1.dW, + K} — K |
Y} > maxji{ Yy — (X0}, (0.2.10)
foT[Yti - maxj;éi{Ytj —cij(X)}dK} =0,

avec X la diffusion définie par :

dX; = b(Xt)dt + O'(Xt)th . (0211)

Nous introduisons pour une grille de réflexion donnée R := {ro =0,...,r, = T}, 'EDSR
a réflexions obliques discrétes, étudiée pour les EDSRs unidimensionnelles réfléchies par
Bouchard et Chassagneux [11] dans le cas d’une barriére simple et par Chassagneux [22]
dans le cas d’une double barriére :
fftngT + ) f XS,YS,Z —J, Zs.dWs+ Kr — K ,
=D i<t AK; et AK; =Y, — Y, (0.2.12)
Yt - }/tlt¢§ﬁ + P(Xta }/t)ltER )

avec P(z,.) opérateur de projection oblique :

Play) = (max{y —ciyl@)})

1<j<d 1<i<d

Nous considérons alors le schéma associé & cette EDSR discrétement réfléchie :

Z5 = (tier — ) T E [V, (W, — W),
Vo= BV (i — ) F(XTL YL ZF) (0.2.13)
}/ZT = thl 1ti¢§R+lp<Xt72+17Y'ti>1ti€§R7

pour lequel nous montrons, par des techniques présentes dans la littérature (|56, 11} 21]), la
convergence vers la solution de (0.2.12f). Cependant, la spécificité de 'opérateur de projec-
tion oblique constitue une difficulté pour ’application des méthodes classiques permettant

d’obtenir une vitesse de convergence.
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Nous utilisons alors 'approche de Hu et Tang [44], consistant & voir les solutions d’EDSR
& réflexions obliques comme processus valeur de probléme de switching optimal d’EDSRs
unidimensionnelles. Cette approche nous permet, via des théorémes de comparaison pour
les EDSRs d’obtenir un contréle sur l'écart entre Y et Y. Nous montrons alors, dans le cas
ou le générateur f ne dépends pas de la variable Z, la convergence, pour la composante Y,
du schéma vers 'EDSR discrétement réfléchie l) a une vitesse ]7r|%, lorsque le
pas de discrétisation || tends vers 0.

Sous une hypothése de bornitude du générateur f en la variable Z nous montrons,
toujours en utilisant cette interprétation, la convergence lorsque le pas de la grille de réflexion
|R| tends vers 0, de PEDSR discrétement réfléchie (0.2.12)) vers 'EDSR (0.2.10)), a la vitesse
|§R|% sur les points de la grille, pour tout € > 0. Dans le cas particulier de fonctions de
colits constantes nous obtenons une vitesse de \?R[é pour cette méme convergence.

La composition de ces deux résultats dans le cas ® = 7, nous donne alors une majoration
de I’écart entre les composantes Y de ’'EDSR ((0.2.10) et du schéma .

Ce chapitre est tiré d’un travail réalisé en collaboration avec Jean-Frangois Chassagneux
et Romuald Elie.

0.3 Troisiéme Partie : Un modéle de liquidation optimale de
portefeuille avec colit et risque d’exécution

Comprendre le fonctionnement des marchés financiers est un enjeu fondamental pour
les praticiens de la finance. Une question importante que se posent les intervenants est
comment liquider une position importante en un certain actif. Un dilemme se pose alors.
En échangeant rapidement, I'intervenant est soumis & des coiits élevés dus & ’épuisement
du carnet d’ordre. Il est donc préférable d’espacer ses interventions, mais alors I'intervenant
est soumis aux variations de cours du marché. Il y a récemment eu un regain d’intérét dans
la littérature pour ces effets de liquidité qui a donné lieu & de nombreux travaux prenant en
compte ces impacts de prix dont Bertsimas et Lo [9], Almgren et Criss [I], Bank et Baum
[6], Cetin, Jarrow et Protter [19], Obizhaeva et Wang [58], He et Mamayski [42], Schied et
Schéneborn [74], Ly Vath, Mnif et Pham [53], Rogers et Singh [72], et Cetin, Soner et Touzi
[20].

Il existe principalement deux types de formulations pour les problémes de gestion de
portefeuille : la modélisation en temps continu d’une part et en temps discret d’autre part.

Les modéles en temps continu ne sont pas trés réalistes mais restent couramment utilisés,
notamment en raison de l'efficacité du calcul stochastique pour leurs résolutions.

Dans le cas des modélisations en temps discret, on peut distinguer trois types de travaux :

— temps d’exercices a dates déterministes fixées (voir [9]),

— temps d’exercices exogénes et aléatoires donnés par exemple par une mesure de Poisson

(voir [69], [7]),
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— temps d’exercices discrets choisis de maniére optimale par I’investisseur sur un inter-
valle continu (voir [42] et [53]).

Dans ce dernier cas, il est commun de supposer ’existence de cofits de transaction fixes
afin de ne pas avoir de stratégies explosives i.e. accumulation des ordres qui se rapproche-
raient d’une stratégie continue. Cependant la présence d’un cotit fixe de transaction n’est
pas toujours en accord avec la réalité des marchés.

Nous présentons un modéle issu de cette derniére famille et prenant en compte les effets
du manque de liquidité des marchés.

Nous considérons un marché financier comportant un actif sans risque au taux d’intérét
r = 0 et un actif risqué de processus de prix (P;);. Nous considérons un agent détenant une

certaine quantité Yy de cet actif risqué et cherchant & liquider cette position.

Stratégies d’investissement. Notre agent peut acheter ou vendre cet actif risqué suivant

une stratégie discréte a = (7p,&p)n>1 : 11 < ---Tp < --- < T représentent les temps
d’intervention de l'investisseur, et &,, le nombre d’actifs risqués achetés ou vendus lors de

ces interventions.

Codt d’intervention. Lorsque notre agent intervient sur le marché a une date 7,, € [0, 7],

en achetant une quantité &,, il paie alors le montant

Q(ém Prnv Tn — Tn—l) = ngnf(fna Tn — Tn—l) )

la fonction f représentant 'impact temporaire de 'intervention de I'investisseur sur le prix.
Cet impact dépendant de la quantité échangée et de la fréquence d’intervention 7,, — 7,,_1.
Une telle modélisation permet de représenter le manque de liquidité da a I’épuisement du
carnet d’ordre venant soit d’une intervention importante, soit d’une multitude d’interven-
tions de tailles moins importantes mais a des dates trés proches. En particulier, I'investisseur
ne peut pas réduire I'impact de son intervention en segmentant un ordre important en plu-
sieurs ordres de tailles moindres.

Cette modélisation permet aussi de définir une condition de solvabilité. Nous imposons
a la richesse potentielle L(Z;,0;) = L(X,Y;, P, ©;) de l'investisseur au temps ¢ d’étre
positive. Cette richesse potentielle étant définie comme la richesse si I'investisseur liquide

immédiatement sa position en actif risqué :
L(Xt7}/taPt7@t) - Xt+Y%Ptf(_}/;7®t) 9

Xt, Y, et Oy étant respectivement la quantité de cash, le nombre d’actifs risqués cumulés et le
délais depuis le dernier ordre passé au temps t. Une telle contrainte de solvabilité constitue
un atout important dans le contexte actuel de régulation bancaire en vue de limiter les

risques systémiques.

Le probléeme d’investissement. Nous étudions le probléme de maximisation de ’espérance

d’utilité de la richesse terminale sous contrainte de liquidation de la position en actif risqué,
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Yr = 0, et sous contrainte de position positive en l'actif risqué Y; > 0 pour ¢ € [0,7] :

v(t, 2,0) = Sap )E[U(X%)],
ac 2

A(t, z) représentant ’ensemble des controles satisfaisant les contraintes.

Un premier résultat important est de montrer que les stratégies (presque) optimales sont
finies en dépit de I'absence de cofits fixes de transaction.
Nous montrons ensuite que la fonction valeur de notre probléme est solution d’une

inéquation quasi-variationnelle :

min | — — — — — Lv,v—Hv| = 0. (0.3.14)

Malheureusement, la forme singuliére de I'opérateur non local H de cette inéquation quasi-
variationnelle ne permet pas de prouver 'unicité de la solution par la méthode habituelle
de construction d’une sur-solution stricte, initialement introduite par Ishii [45].

Nous caractérisons alors cette fonction valeur comme limite d’une suite de fonctions
valeurs associées & des problémes d’investissement identiques mais avec 'ajout d’un cotit
de transaction convergeant vers 0. Le modéle est identique avec un cotit d’échange Q. de la

forme :

Qe(én, Proy o — Ta-1) = Q&ns Pryy T — Tn1) — €,
et une fonction de liquidation L. de la forme :
Lo (Z:,©) = L(Z:,0:) —¢.
Nous considérons alors la suite de fonctions valeurs (vS") définie par :

Uft(t, z) = i\u}()t )E[U(LE(Z%,@T)],
acAs(t,z

La présence de ce cotit de transaction fixe permet alors de caractériser la fonction valeur ap-
prochée v<¥ comme unique solution de son I'inéquation quasi-variationnelle. Nous montrons
ensuite la convergence ponctuelle de v¢ vers v lorsque € tends vers 0.

Enfin une seconde approximation de notre fonction valeur par pénalisation d’utilité est

mise en place. Il s’agit du probléme d’optimisation :

v (t,z) = sup E[U(Xr)—eN(a),
acA(t,z)
avec N (a) le nombre d’ordre de la stratégie . Cette approximation nous permet de montrer
que la fonction valeur v est la solution minimale de I'inéquation quasi-variationnelle ((0.3.14)).

Ce chapitre est issu d'un article rédigé en collaboration avec Huyén Pham [47].



INTRODUCTION AND SUMMARY

This thesis deals with the study of stochastic optimization problems and their applications
in financial mathematics.

The first part is devoted to the probabilistic representation, in terms of Backward
Stochastic Differential Equations, of optimization problems. Specifically we focus on the
impulse control and optimal switching problems.

In the first chapter, we consider the case of the impulse control problem in a Markovian
framework. It is well known (see e. g. [§]) that stochastic impulse control is linked to a class
of parabolic partial differential equations called Quasi-Variational Inequalities. We interpret
these QVIs as problems with given terminal condition whose solutions are submitted to a
specific constraint. This gives a suitable framework for the study of BSDEs with constrained
jumps. We then introduce these so-called BSDEs with constrained jumps for which we prove,
under mild conditions, the existence and uniqueness of minimal solutions. For this purpose
we introduce, as classically done in the literature, a sequence of penalized BSDEs. Adapting
the approach of Peng [64], we prove the convergence of this sequence of penalized solutions
to the minimal constrained solution. We then connect this minimal constrained solution to
QVIs. Using the results of [5], we link the penalized solutions to integral PDE. Then using
viscosity arguments inspired by [4], we get the viscosity property of the minimal constrained
solution using a limit argument. Finaly, we provide a comparison theorem for the studied
QVTI under some convexity assumptions on the coefficients.

In the second chapter, we study the probabilistic representation of optimal switching
problems. Recently, such a representation was obtained by Hu and Tang [44], in terms of
BSDEs with oblique reflections. However this representation does not cover the general
case of optimal switching: the underlying diffusion is controlled only via its drift term. We
provide a stochastic representation for the general problem, in terms of constrained BSDEs
with jumps. For this purpose, we introduce a family of BSDEs with oblique reflections

indexed by the initial condition of the underlying diffusion. Using the representation of
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Snell envelopes and optimal stopping times in terms of one dimentional reflected BSDEs,
we provide an optimal switching strategy by jumping from a BSDE to another one in this
family. Finaly we link theses two types of BSDEs: constrained BSDEs with jumps and

obliquely reflected ones.

In the second part, we study the numerical approximation of BSDEs associated to
variational inequalities. In the first chapter we give a representation in terms of constrained
BSDEs with jumps, for solutions to systems of variational inequalities. As in Pardoux,
Pradeilles and Rao [63], we consider a markovian BSDE driven by a diffusion-transmutation
process, to take into account the fact that the differential operators are different at each
line of the system. We then link theses constrained BSDEs with jumps to general fully
coupled systems of variational inequalities. For this purpose we introduce penalized BSDEs
with jumps which are related to integral PDEs according to Barles, Buckdahn and Pardoux
[5]. We get the viscosity property using a limit argument. We also provide a numerical
approximating procedure, relying on the recent results on time discretization of BSDEs
with jumps by Bouchard and Elie [12].

The second chapter deals with the discrete-time approximation of BSDEs with oblique
reflections. We first study the discrete-time approximation of discretely reflected BSDESs,
introduced in [IT], 22] for the one dimensional case, which are classical BSDEs being obliquely
projected on a convex set only on a finite time grid . We first prove the convergence of
the associated discrete-time scheme. Due to the particular form of the oblique projection
operator, the classical methods used in the literature cannot be applied to get a rate for the
previous convergence. Using the interpretation of the solution of such a BSDE as the value
process of an optimal switching problem as in [44], we prove that the component Y of the
scheme converges to the discretely reflected BSDE’s one at a rate ‘ﬂ‘%

Still using this approach, we prove the convergence of the discretely reflected BSDE to
the continuously reflected at a rate |8“E|%, for all € > 0, when |R| goes to 0, on the grid
points, for the particular case where f does not depend on Z.

Combining these two results, we obtain a rate for the convergence of the scheme to the

continuously reflected BSDE.

In the third part, we study a model of optimal liquidation with execution cost and risk.
We propose a continuous-time framework taking into account the main liquidity features
and risk/cost tradeoff of portfolio execution: there is a bid-ask spread in the limit order
book, and temporary market price impact penalizing rapid execution trades. However, in
contrast with previous papers (see e.g. [74] or [72]), we do not assume continuous-time
trading strategies. We consider instead real trading taking place in discrete-time, and
without assuming any ad-hoc fixed transaction cost, in accordance with the practitioner
literature. We consider an investor who has to liquidate at maturity, a quantity of risky

asset with price process P, and who tries to maximize its terminal expected utility. We
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then prove that the associated value function is a viscosity solution to a quasi-variational
inequality (QVT in short). Unfortunately, the particular form of the nonlocal operator H
involved in the previous QVI does not allow to prove uniqueness by the classical method of
Ishii [45].

We then provide two approximations to characterize the value function v. The first one
consists in introducing a small fixed transaction cost €. In this case the associated value
function v!¢ is characterized as the unique viscosity solution of its associated QVI. Then we
prove that the sequence (v). converges to v pointwisely as € goes to zero.

A second approximation consists in penalizing by a small parameter £ the terminal util-
ity for each intervention of the investor. We prove that the sequence of associated value
functions converges to v as € goes to 0. This last approximation allows to prove that v is

the smallest viscosity solution to its associated QVI.
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Chapter 1

Backward SDEs with constrained
jumps and Quasi-Variational

Inequalities

Abstract : We consider a class of backward stochastic differential equations (BSDEs) driven
by Brownian motion and Poisson random measure, and subject to constraints on the jump
component. We prove the existence and uniqueness of the minimal solution for the BSDEs by
using a penalization approach. Moreover, we show that under mild conditions the minimal
solutions to these constrained BSDEs can be characterized as the unique viscosity solution
of quasi-variational inequalities (QVIs), which leads to a probabilistic representation for
solutions to QVIs. Such a representation in particular gives a new stochastic formula for
value functions of a class of impulse control problems. As a direct consequence, this suggests

a numerical scheme for the solution of such QVIs via the simulation of the penalized BSDEs.

Keywords: Backward stochastic differential equation, jump-diffusion process, jump con-
straints, penalization quasi-variational inequalities, impulse control problems, viscosity so-

lutions.
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1.1 Introduction and summary

Consider a parabolic quasi-variational inequality (QVI for short) of the following form:

{min[—g:—ﬁv—f,v—Hv] = 0, on [0,T)xR% (1.1.1)
v(T,) = g on RZ
where L is the second order local operator
Lo(t,x) = (b(x),Dyv(t,x)) + %tr(UUT (z)D2v(t, x)) (1.1.2)
and H is the nonlocal operator
Ho(t,x) = sup[v(t,z +v(x,e)) + c(z,e)l. (1.1.3)

ecE

In the above, D, v and D2v are the partial gradient and the Hessian matrix of v with
respect to its second variable x, respectively; T stands for the transpose; (-,-) denotes the
scalar product in R%; S? is the set of all symmetric d x d matrices; and F is some compact
subset of RY.

It is well-known (see, e.g., [8]) that the QVI is the dynamic programming equation
associated to the impulse control problems whose value function is defined by:

i

T
v(t,x) =  sup E[g(Xf,:m’a)+/f(X§’x’o‘)ds+ Z c(Xi’f’a,&)}. (1.1.4)
a=(7i,&i)i t t<r; <T

More precisely, given a filtered probability space (Q,F,P,F) where F = {F;};, we define
an impulse control v as a double sequence (7;,&;); in which {7;} is an increasing sequence
of F-stopping times, and each &; is an F;,-measurable random variable taking values in E.
For each impulse control a = (74, &;)s, the controlled dynamics starting from z at time ¢,

denoted by X%® is a cadlag process satisfying the following SDE:

S S
X —a e [bX)dut [ oW, + 3 (X6, (115)
¢ ¢ t<T;<s !
where W is a d-dimensional F-Brownian motion. In other words, the controlled process
X452 evolves according to a diffusion process between two successive intervention times 7;

and 7,11, and at each decided intervention time 7;, the process jumps with size AXf-;x’a =

Xt = X5 = (X107, ).

We note that the impulse control problem may be viewed as a sequence of optimal
stopping problems combined with jumps in state due to impulse values. Moreover, the QVI
is the infinitesimal derivation of the dynamic programming principle, which means
that at each time, the controller may decide either to do nothing and let the state process

diffuse, or to make an intervention on the system via some impulse value. The former is
characterized by the linear PDE in (1.1.1)), while the latter is expressed by the obstacle
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(or reflected) part in . From the theoretical and numerical point of view, the main
difficulty of the QVI lies in that the obstacle contains the solution itself, and it is
nonlocal (see (1.1.3)) due to the jumps induced by the impulse control. These features
make the classical approach of numerically solving such impulse control problems particular
challenging.

An alternative method to attack the QVI is to find the probabilistic representation
of the solution using the Backward Stochastic Differential Equations (BSDEs), namely the
so-called nonlinear Feynman-Kac formula. One can then hope to use such a representation
to derive a direct numerical procedure for the solution of QVIs, whence the impulse control
problems. The idea is the following. We consider a Poisson random measure p(dt,de) on
R, x E associated to a marked point process (7;,(;);. Assume that p is independent of
W and has intensity A\(de)dt, where X is a finite measure on E. Consider a (uncontrolled)

jump-diffusion process

X, = Xo+/08b( )du—i—/o AWy + > Xr— G- (1.1.6)

T;<s

Assume that v is a “smooth" solution to (1.1.1]), and define Y; = v(t, Xy). Then, by Itd’s

formula we have

T T
Y, = g(XT)—i—/t f(XS)derKT—Kt—/t (Zs, dW,)

T
—/ / (Us(e) - C(XS—,E))/L(dS,dG), (117)
t E

where Z; = O'T(Xt )Dgv(t, Xy-), U(e) = v(t, Xp— +v(X;—,€)) — v(t, X;-) + c(X;-, e), and

fo — — Lv — f)(s,Xs)ds. Since v satisfies (1.1.1]), we see that K is a continuous

(hence predictable), nondecreasing process, and U satisfies the constraint:

—Ule) > 0, (1.1.8)

The idea is then to view (1.1.7]) and (1.1.8]) as a BSDE with jump constraints, and we expect
to retrieve v(t, X;) by solving the “minimal" solution (Y, Z, U, K) to this constrained BSDE.

We can also look at the BSDE above slightly differently. Let us denote dK; = dK; —
fE p(dt,de), t > 0. Then K is still a nondecreasing process, and the equation ([1.1.7)

can now be rewritten as

Yi = g(Xr)+ /tTf(Xs)ds+ /tT [ e entds.de)

T
—/ (Zs,dWs) + K7 — K. (1.1.9)
t

We shall prove that v(t, X;) can also be retrieved by looking at the minimal solution
(Y, Z, K) to this BSDE. In fact, the following relation holds (assuming ¢ = 0):
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T
v(0,X9) = inf{yeR :3Z y+/ (Zg, dWy) > (1.1.10)
0

o)+ | U (X)ds + / ' [ e eouts. o)y

Notice that also has a financial interpretation. That is, v(0, z) is the minimal capital
allowing to superhedge the payoff II7(X) = g(X7)+ fOT f(XS)ds—i—fOT c(X4—, e)u(ds, de) by
trading only the asset W. Here, the market is obviously incomplete, since the jump part
of the underlying asset X is not hedgeable. This connection between the impulse control
problem and the stochastic target problem defined by the r.h.s. of was
originally proved in Bouchard [I0].

Inspired by the above discussion, we now introduce the following general BSDE:
T T
Y, = g(XT)+/ f(XS,YS,ZS)ds+KT—Kt—/ (Zs, dWy) (1.1.11)
t t

T
—/ / (Us(e) — e(Xy-,Y,—, Zs,e))u(ds,de), 0<t<T,
t JE
with constraints on the jump component in the form:

hUye)) > 0, VYeeE,0<t<T, (1.1.12)

where h is a given nonincreasing function. The solution to the BSDE is a quadruple
(Y, Z,U, K) where, besides the usual component (Y, Z,U), the fourth component K is a
nondecreasing, cadlag, adapted process, null at zero, which makes the constraint
possible. We note that without the constraint , the BSDE with K = 0 was studied
by Tang and Li [77] and Barles, Buckdahn and Pardoux [5]. However, with the presence of
the constraint, we may not have the uniqueness of the solution. We thus look only for the
minimal solution (Y, Z, U, K), in the sense that for any other solution (Y, Z,U, K) satisfy-
ing -, it must hold that ¥ < Y. Clearly, this BSDE is a generalized version
of —, where the functions f and ¢ are independent of y and z, and h(u) = —u.

We can also consider the counterpart of , namely finding the minimal solution
(Y, Z, K) of the BSDE:

T T
Y, = g(XT)—I-/ f(XS,YS,Zs)ds—i—/ /C(XS,YS,Zs,e)M(ds,de)
t t JE
T
—/ (Zg,dW) + Kp — K;, 0<t<T. (1.1.13)
t

It is then conceivable, as we shall prove, that this problem is a special case of (|1.1.11])-(]1.1.12))
with h(u) = —u.
It is worth noting that if the generator f and the cost function ¢ do not depend on

Y, 2z, which we refer to as the impulse control case, the existence of a minimal solution to
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the constrained BSDEs — may be directly obtained by supermartingale decom-
position method in the spirit of El Karoui and Quenez [30] for the dual representation of
the super-replication cost of II7(X). In fact, the results could be extended easily to the
case where f is linear in z, via a simple application of the Girsanov transformation. In our
general case, however, we shall follow a penalization method, as was done in El Karoui et al.
[29]. Namely, we construct a suitable sequence (Y™, Z™, U™, K™) of BSDEs with jumps, and
prove that it converges to the minimal solution that we are looking for. This is achieved as
follows. We first show the convergence of the sequence (Y) by relying on comparison results
for BSDEs with jumps, see [73]. The proof of convergence of the components (2", U™, K™)
is more delicate, and is obtained by using a weak compactness argument due to Peng [64].

Our next task of this paper is to relate the minimal solution to the BSDE with con-

strained jumps to the viscosity solutions to the following general QVI:

v

o Lv— f(-,v,0"Dyv), h(Hv—v)| = 0, (1.1.14)

min [
where H is the nonlocal semilinear operator

Ho(t,z) = 81615 [v(t,z+y(x,e)) + c(z,v(t,x), 0 (x)Dyv(t, ), €)].
e
Under suitable assumptions, we shall also prove the uniqueness of the viscosity solution,
leading to a new probabilistic representation for this parabolic QVI.

We should point out that BSDEs with constraints have been studied by many authors.
For example, El Karoui et al. [29] studied the reflected BSDEs, in which the component Y
is forced to stay above a given obstacle; Buckdahn and Hu [15] [I6] followed by Cvitanic,
Karatzas and Soner [24] considered the case where the constraints are imposed on the com-
ponent Z. Recently Peng [64] (see also [65]) studied the the general case where constraints
are given on both Y and Z, which relates these constrained BSDEs to variational inequali-
ties. The main feature of this work is to consider constraints on the jump component (U) of
the solution, and to relate these jump-constrained BSDEs to quasi-variational inequalities.
On the other hand, the classical approach in the theory and numerical approximation of
impulse control problems and QVIs is to consider them as obstacle problems and iterated
optimal stopping problems. However, our penalization procedure for jump-constrained BS-
DEs suggests a non-iterative approximation scheme for QVIs, based on the simulation of
the BSDEs, which, to our best knowledge, is new.

The rest of the paper is organized as follows: In Section 2 we give a detailed formulation
of BSDEs with constrained jumps, and show how it includes problem ([1.1.13) as special
case. Moreover, in the special case of impulse control, we directly construct and show the
existence of a minimal solution. In Section 3 we develop the penalization approach for
studying the existence of a minimal solution to our constrained BSDE for general f, ¢, and
h. We show in Section 4 that the minimal solution to this constrained BSDE provides a

probabilistic representation for the unique viscosity solution to a parabolic QVI. Finally,
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in Section 5 we provide some examples of sufficient conditions under which our general

assumptions are satisfied.

1.2 BSDEs with constrained jumps

1.2.1 General formulation

Throughout this paper we assume that (€2, F,P) is a complete probability space on which
are defined a d-dimensional standard Brownian motion W = (W})¢>0, and a Poisson random
measure p on Ry X E, where F is a compact set of R?, endowed with its Borel field £. We
assume that the Poisson random measure p is independent of W, and has the intensity
measure A\(de)dt for some finite measure A on (E, ). We set i(dt, de) = u(dt, de) — \(de)dt,
the compensated measure associated to y; and denote by F = (F;):>0 the augmentation of
the natural filtration generated by W and p, and by P the o-algebra of predictable subsets
of Q x [0,T].

Given Lipschitz functions b : R? — R4, ¢ : R — R%*? and a measurable map v : R¢x F
— R?, satisfying for some positive constants C' and ko,

sup h/(xv €)| < C? and sup h/(wa 6) - ’7(11/7 6)| < k’y|$ - CB,‘, l’,fL‘/ € Rd7
eckE eck

we consider the forward SDE:

dXs = b(Xs)ds—i-U(Xs)dWS—i-/’y(Xs,e)u(ds,de). (1.2.1)
E

Existence and uniqueness of ([1.2.1)) given an initial condition X, € RY, is well-known under

the above assumptions, and for any 0 < T' < oo, we have the standard estimate

E[ sup |Xt|2} < (1.2.2)
0<t<T

In what follows we fix a finite time duration [0,7]. Let us introduce some additional

notations. We denote by
e S? the set of real-valued cadlag adapted processes Y = (Y;)o<¢<7 such that Y4 =
1
(E[SUPOStST \YQPD < oo,

e LP(0,T), p > 1, the set of real-valued processes (¢¢)o<¢<7 such that E[fOT |¢t]pdt} <
oo; and LR (0, T) is the subset of LP(0, T) consisting of adapted processes.

e LP(W), p > 1, the set of R%valued P-measurable processes Z = (Z;)o<i<7 such that

1
. 1
1Zllow, = (E| S5 1Zu7dt] )7 < oc.
e LP(i), p > 1, the set of P ® E-measurable maps U : Q x [0,7] x E — R such that

Ul = (BUT [ O PA )] ) < .
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o A? the closed subset of S? consisting of nondecreasing processes K = (Kt)o<t<T With
Ky =0.

We are given four objects: (i) a terminal function, which is a measurable function

g : R? — R satisfying a growth sublinear condition

sup 9()l < 00, (1.2.3)

(ii) a generator function f, which is a measurable function f: R? x R x R? — R satisfying

a growth sublinear condition

sup

w?
(z,y,2) ERIXR xR 1+ |.’E‘ + ’y| + ‘Z|

and a uniform Lipschitz condition on (y, z), i.e. there exists a constant ks such that for all
zeRY y,y €R, 2,2 €RY,

f(@,y,2) = fl@,y, 20 < kply =y + 12— 2)), (1.2.5)

(iii) a cost function, which is a measurable function ¢ : R? x R x R? x E — R satisfying a

growth sublinear condition

le(@,y, 2 )| (1.2.6)

)

sup
(z,y,2,) ERIEXRXRIX E 1+ ’l‘| + |y| + |Z|

and a uniform Lipschitz condition on (y, z), i.e. there exists a constant k. such that for all
reRY yy €R, 2,2 €eRY e € F,

le(z,y,z,e) —c(z,y, 2 )] < ke(ly—v|+1]2— 7)), (1.2.7)
(iv) a constraint function, which is a measurable map h: R x E — R s.t for all e € E,
u +—— h(u,e) is nonincreasing, (1.2.8)

satisfying a Lipschitz condition on u i.e. there exists a constant kj, such that for all u,u’ €
R, e € F,

|h(u,e) —h(u',e)| < kplu—|. (1.2.9)

and such that [ |h(0,e)|A(de) < +oc.
Let us now introduce our BSDE with constrained jumps: find a quadruple (Y, Z, U, K)
€ 82 x L2(W) x L2(j1) x A2 satisfying
T T
Vo= oXn)+ [ FNYaZds+ K= K= [ (20w

T
—/ / (Us(e) — e(Xs-,Y—, Zs,e))u(ds,de), 0<t<T, a.s.(1.2.10)
t E
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with
h(Ui(e),e) > 0, dP®dt® \(de) a.e. (1.2.11)

and such that for any other quadruple (Y, Z,U, K) € 8% x L3(W) x L2(fi) x A2 satisfying

(1.2.10)-(|1.2.11), we have

We say that Y is the minimal solution to ([1.2.10))-(1.2.11). In the formulation of Peng [64],

one may sometimes say that Y is the smallest supersolution to ((1.2.10)-(|1.2.11)). We shall
also say that (Y, Z,U, K) is a minimal solution to (|1.2.10))-(1.2.11]), and we discuss later the

uniqueness of such quadruple.

Remark 1.2.1 Since we are originally motivated by probabilistic representation of QVI’s,
we put the BSDE with constrained jumps in a Markovian framework. But all the results
of Section 3 about the existence and approximation of a minimal solution hold true in a
general non Markovian framework with the following standard modifications : the terminal
condition g(Xr) is replaced by a square integrable random variable ¢ € L2(Q, Fr), the
generator is a map f from Q x [0,7] x R x R? into R, satisfying a uniform Lipschitz
condition in (y, z), and f(-,y,2) € L2(0,T) for all (y,z) € R x R?, and the cost coefficient
is a map ¢ from Q x [0,7] x R x R? x E into R, satisfying a uniform Lipschitz condition in
(y,2), and c(-,y,2,¢e) € LZ(0,T) for all (y, z,e) € R x R? x E.

Remark 1.2.2 Without the h-constraint condition on jumps, we have existence
and uniqueness of a solution (Y, Z,U, K) with K = 0 to (1.2.10), from results on BSDE
with jumps in [77] and [5]. Here, under on jumps, it is not possible in general to
have equality in with K = 0, and as usual in the BSDE literature with constraint,
we consider a nondecreasing process K to have more freedom. The problem is then to find a
minimal solution to this constrained BSDE, and the nondecreasing condition on h is
crucial for stating comparison principles needed in the penalization approach. The primary
example of constraint function is h(u,e) = —u, i.e. nonpositive jumps constraint, which is
actually equivalent to consider minimal solution to BSDE ((1.1.13)) as showed later.

1.2.2 The case of nonpositive jump constraint

Let us recall the BSDE defined in the introduction: find a triplet (Y, Z, K) € 8% x L2(W) x
A? such that

T T
Y, — g(XT)+/ f(Xs,n,Zs)dHKT—Kt—/ (Z,, dW,)
t t

T
+/ / (X, Y-, Zs,e)u(ds,de), 0<t<T, a.s. (1.2.12)
t E
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such that for any other triplet ()7, Z, K’) € 8% x L2(W) x A2 satisfying (1.2.12), it holds
that

Y; < Y, 0<t<T, as.

We will call such Y (and, by a slight abuse of notation, (Y, Z, K)) the minimal solution to

(1.2.12). We claim that this problem is actually equivalent to problem ((1.2.10)-(1.2.11) in
the case h(u,e) = —u, corresponding to nonpositive jump constraint condition:

Ue) < 0, dP®dt® A(de) a.e. (1.2.13)

Indeed, let (Y, Z,U, K ) be any solution of and (1.2.13). Define a process K by
dK; = dK; — [z U. E dt de), 0 < t < T, then K is nondecreasing, and the triplet
(Y, Z, K) satisfies . It follows that the minimal solution to is smaller than
the minimal solution to and . We shall see in the next section, by using

comparison principles and penalization approach, that equality holds, i.e.

minimal solution Y to (1.2.12) = minimal solution Y to (|1.2.10)), (1.2.13]).

We shall illustrate this result by considering a special case : when the functions f and ¢
do not depend on y, z (i.e., the impulse control case). In this case, one can obtain directly
the existence of a minimal solution to — and by duality methods
involving the following set of probability measures. Let V be the set of P ® £-measurable
essentially bounded processes valued in (0,00), and given v € V, consider the probability

measure PV equivalent to P on (€2, Fr) with Radon-Nikodym density :

d]pw _— // wle) — )jdt, de) ), (1.2.14)

where &(.) is the Doléans-Dade exponential. Notice that the Brownian motion W remains

a Brownian motion under P¥, which can then be interpreted as an equivalent martingale
measure for the “asset" price process W. The effect of the probability measure P¥, by
Girsanov’s theorem, is to change the compensator \(de)dt of p under P to v(e)A(de)dt

under P”.

In order to ensure that the problem is well-defined, we need to assume :
(H1) There exists a triple (Y, Z, K) € 8% x L2(W) x A2 satisfying (1.2.12).

This assumption is standard and natural in the literature on BSDE with constraints, and
means equivalently here (when f and ¢ do not depend on y,z) that one can find some
constant § € R, and Z € L2(W) such that

j+ /0 T(ZS,dWs> > g(X7)+ /O ! F(Xs)ds + /0 ' /E (X, e)u(ds, de) a.s.

This equivalency can be proved by same arguments as in [24]. Notice that Assumption
(H1) may be not satisfied as shown in Remark in which case the problem ((1.2.12) is
ill-posed.
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Theorem 1.2.1 Suppose that f and ¢ do not depend on y, z, and (H1) holds. Then, there
exists a unique minimal solution (Y, Z,K,U) € 82 x L2(W) x L2(f1) x A2, with K pre-

dictable, to |D Moreover, (Y, Z, K) is the unique minimal solution to (1.2.12)

with K; = — fo fE wu(ds,de), and'Y has the explicit functional representation :

Y; = esssupE” [g(XT)+/tTf(Xs)ds+/tT/Ec(Xs,e)u(ds,de)‘ft},

vey

for all t € [0,T].

Proof. First, observe that for any ()N/ Z U,K) e S82xL2(W)xL2(fi)x A2 (resp. (Y, Z,K)

€ 8% x L2(W) x A?2) satisfying (1.2.10 m (resp. (1.2.12))), the process

Q; = }N/t+/Otf(Xs)ds—l—/ot/Ec(Xs—,e)u(ds,de), 0<t<T,

is a PY-supermartingale, for all v € V, where the probability measure P¥ was defined in

(1.2.14). Indeed, from (1.2.10)-(1.2.13) (resp. ([1.2.12))), we have
t

~ ~ t ~ — — ~
Q: = Qo +/ (Zs,dWs) — Ky, with Ky = Ky / Us(e)u(ds, de),
0 0

t
(resp. Gu = Qo+ [ (Zoaw) K, 0<i<T.
0

Now, by Girsanov’s theorem, W remains a Brownian motion under P¥, while from the
boundedness of v € V, the density dP”/dP lies in L?(P). Hence, from Cauchy-Schwarz
inequality, the condition Z € L2(W), and Burkholder-Davis-Gundy inequality, we get the
P”-martingale property of the stochastic integral [ (Z ,dW), and so the P”-supermartingale
property of Q since K (resp. K ) is nondecreasing. This implies

Y, > E”YT+/f ds+// dsde‘]—"t}

and thereby, from the arbitrariness of P”, v € V, and since Yy = 9(X7),

Y; = esssupE” (X7) /f ds+// w(ds, de) ‘ft} (1.2.15)
vey

< Y

To show the converse, let us consider the process Y defined in . By standard
arguments as in [30], the process Y can be considered in its cad-lag modification, and we
also notice that Y € §2. Indeed, by observing that the choice of v = 1 corresponds to the
probability PY = P, we have Y <Y <Y, where (Y, Z, f() € 82 x L2(W) x A2 is a solution

o} , and

V. = Elg(xr)+ /f ds+// dsde‘ft}
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Thus, since Y lies in 82 from the linear growth conditions on ¢, f, and ¢, and the estimate
(1.2.2), we deduce that Y € §2. Now, by similar dynamic programming arguments as in
[30], we see that the process

Qr = Yt—l-/Otf(Xs)ds+/Ot/Ec(Xs—,e)u(ds,de), 0<t<T, (1.2.16)

lies in S2, and is a PY-supermartingale, for all v € V. Then, from the Doob-Meyer decom-

position of () under each P¥, v € V., we obtain :
Q: = Yo+M—-K", (1.2.17)

where MV is a PY-martingale, My = 0, and K" is a P nondecreasing predictable cad-lag
process with K = 0. Recalling that W is a PY-Brownian motion, and since ”(ds, de)
:= u(ds,de) — vs(e)A(de)ds is the compensated measure of p under P”, the martingale
representation theorem for each MY, v € V gives the existence of predictable processes Z¥
and U” such that

Qr = Yo+/t<Z dWs) (1.2.18)

//U” Y(ds,de) — K/, 0<t<T.

By comparing the decomposition (|1.2.18]) under P¥ and P corresponding to v = 1, and
identifying the martingale parts and the predictable finite variation parts, we obtain that
ZV=7'=Z, U"=U!' = U forall v € V, and

- /t/ Us(e)(vs(e) — 1)A\(de)ds, 0<t<T. (1.2.19)
0 JE

Now, by writing the relation (1.2.18]) with v = ¢ > 0, substituting the definition of @ in
(1.2.16)), and since Yy = g(Xr), we obtain :

T T
Y = g(Xp)+ / F(Xo)ds — / (Ze,dWV,)

T
- / / (Us(e) - e( X, ) u(ds, de) (1.2.20)

/ / e)eA(de)ds + K7 — Ki, 0<t<T.

From 1) the process K° has a limit as € goes to zero, which is equal to K° =
K' + fo [z U B )A(de)ds, and inherits from K¢, the nondecreasmg path and predictabil-
ity propertles. Moreover, since Q € S2, in the decomposmon of @ under P = P for
v = 1, the process M" lies in S? and K' € A2. This implies that Z € LZ(W), U € L2(f),
and also that K° € A2. By sending ¢ to zero into , we obtain that (Y, Z,U, K") €
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82 x L2(W) x L2(ji) x A2 is a solution to (1.2.10). Let us finally check that U satisfies the

constraint :
Ule) < 0, dP® dt® \(de). (1.2.21)

We argue by contradiction by assuming that the set F' = {(w,t,e) € Qx[0,T]| xE : Ui(e) >
0} has a strictly positive measure for dP x dt x A(de). For any k > 0, consider the process
v = lpe + (k+ 1)1p, which lies in V. From (1.2.19)), we have

E[K%] = E[K}]—kE[/OT/ElFUt(e)A(de)dt] <0,

for k large enough. This contradicts the fact that K;* > 0, and so is satisfied.
Therefore (Y, Z,U, K) is a solution to —, and it is a minimal solution from
(1.2.15)). Y is unique by definition. The uniqueness of Z follows by identifying the Brownian
parts and the finite variation parts, and the uniqueness of (U, K) is obtained by identifying
the predictable parts by recalling that the jumps of i are inaccessible. By denoting K° =
K® — [7 [ Us(e)u(ds, de), which lies in A2, we see that (Y, Z, K°) is a solution to ,
and it is minimal by . Uniqueness follows by identifying the Brownian parts and the

finite variation parts. O

Remark 1.2.3 In Section we shall relate rigorously the constrained BSDEs —
to QVIs. In particular, the minimal solution ¥; to (1.2.10))-(1.2.13) or (1.2.12)) is
Y; = v(t, Xy) where v is the value function of the impulse control problem ((1.1.4). Together
with the functional representation of Y in Theorem|[1.2.1] we then have the following relation
at time ¢ = 0 :

0(0,Xo) = iggEV[g(XT) +/0Tf(Xs)ds+/0T/Ec(Xs,e)u(ds,de)}. (1.2.22)

We then recover a recent result obtained by Bouchard [10], who related impulse controls to
stochastic target problems in the case of a finite set £. We may also interpret this result as
follows. Recall that the effect of the probability measure P” is to change the compensator
A(de)dt of p under P to v4(e)A(de)dt under P¥. Hence, by taking the supremum over all PV,
we formally expect to retrieve in distribution law all the dynamics of the controlled process

in ([1.1.5)) when varying the impulse controls a, which is confirmed by the equality (|1.2.22)).

Finally, we mention that the above duality and martingale methods may be extended
when the generator function f is linear in z by using Girsanov’s transformation. Our main
purpose is now to study the general case of h-constraints on jumps, and nonlinear functions

f and ¢ depending on y, z.

1.3 Existence and approximation by penalization

In this section, we prove the existence of a minimal solution to (|1.2.10[)-(1.2.11)), based on
approximation via penalization. For each n € N, we introduce the penalized BSDE with
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jumps

Y = g(X7)+ /sz,Y" Z™M)ds

—|—n/ / (U (e (de)ds—/tT<Z§,dW5> (1.3.1)
/ / (U (e) — e(Xy=, Y, Z0 €))pulds, de), 0<t<T,

where h™ (u, e) = max(—h(u, e),0) is the negative part of the function h. Under the Lipschitz
and growth conditions on the coefficients f, ¢ and h, we know from the theory of BSDEs with
jumps, see [77] and [5], that there exists a unique solution (Y™, Z",U") € 8% x L#(W) x
L2(f1) to - We define for each n € N,

// (Ul(e),e)A(de)ds, 0<t<T,

which is a nondecreasing process in A2. The rest of this section is devoted to the convergence
of the sequence (Y, Z™, U™, K™),, to the minimal solution we are interested in.
1.3.1 Comparison results

We first state that the sequence (Y™),, is nondecreasing. This follows from a comparison
theorem for BSDEs with jumps whose generator is of the form f(a: y,z,u) = f(z,y,2) +
Jzh )A(de) for some nondecreasing function h, which covers our situation from the

nonincreasing condition on the constraint function h.

Lemma 1.3.1 The sequence (Y™), is nondecreasing, i.e. for all n € N, Y;* < Y;”'H,
0<t<T, a.s.

Proof. Define the sequence (V™),, of P ® E-measurable processes by

Vitte) = Ui'(e) —c(Xy-, Y2, Ze), (te) € (0,T] x E and
Vi'e) = Ujle) — (X0, Yy, Zy,e), ecFE,

From ([1.3.1)) and recalling that X and Y are cad-lag, we see that (Y™, Z", V") is the unique
solution in 8% x LZ(W) x L2(ji) of the BSDE with jumps :

Y o= g(X7)+ /F (X,, Y™, Z V™)ds

—/t (Z7, dWy) //V" fi(ds, de),

with F(z,y,2,0) = f(z,y,2) + [5 (nh™(v(e) + c(x,y,2,€),e) — v(e))A(de). Since h~ is

nondecreasing, we have

Fn(t,%%zav)_Fn(taxaya%vl) =
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A = o)) + alh(0(6) + i, 2161,
— h™(V'(e) + c(z,y, 2,€),e)]} AM(de) <

/E (14 Lpoeymurerynhn) (v(e) — v/(e))} A(de).

Moreover, since Fy, 1 > F),, we can apply the comparison theorem 2.5 of [73], and obtain
that Y;* <Y/ 0<t<T, as. o

The next result shows that the sequence (Y"),, is upper-bounded by any solution to the

constrained BSDE. Arguments in the proof involve suitable change of probability measures

P”, v € V, introduced in (|1.2.14)).

Lemma 1.3.2 For any quadruple (Y,Z,U,K) € 8% x L3(W) x L2(i) x A? satisfying
(1.2.10)-(1.2.11)), and for allm € N, we have

Y < Y, 0<t<T, as. (1.3.2)

Moreover, in the case : h(u,e) = —u, the inequality (1.3.2)) also holds for any triple (Y, Z, K)
€ 82 x L2(W) x AZ? satisfying (1.2.12)).

Proof. We state the proof for quadruple (?,Z,ff ~) atisfying (1.2.10)-(1.2.11). Same
(v,

arguments are used in the case : h(u,e) = — Z,K) e §%x L2( ) x A2 satisfying

[T2.19).
DenoteY =YY" Z=2-7", f = f(X,Y,Z)—f(X,Y", Z" and e =c(X -, Y-, Z,e)—
(X -,Y",Z" e). Fix some v € V (to be chosen later). We then have :

Vi / " s+ / T/ opi(ds, de) — / (2o
/ / ) (ds, de) / / e)}us(e))\(de)ds

—n/ / (U™ (e), e)A\(de)ds + K1 — K,

Vi / " s+ / T/ copi(ds, de) — / N Zeaw)
// M(e)} i (ds.de) // U2 ()} va(e)M(de)ds

—n/ / (U (e), e)\(de)ds + K7 — Ky,

where i” (dt, de) = u(dt, de) —vi(e)\(de)dt denotes the compensated measure of p under
P¥. Let us then define the following adapted processes:

_ f(Xt,f/t,Zt)—f(Xt,Ytn»Zt)l )
at = Y, {Yi0}




42 CHAPTER 1. BSDES WITH CONSTRAINED JUMPS AND QVI

and b the R%valued process defined by its i-th components, i = 1,. .., d:

b — f(XtaY;tnvzt(i_l))_f(Xtay;tnaZt(i))l _
t V;l {V¢#0}

where Zt(i) is the Rvalued random vector whose i first components are those of Z and
whose (d — i) lasts are those of Z", and V! is the i-th component of Zt(lfl) - Zt(l). Let us
also define the P ® £-measurable processes § in R and ¢ in R? by:

o(Xp-, Vi, Zy ) — o(X- Y2, Zye)

dife) = 7 Liy,_ 0}
and
n =1 n (1)
; (X4, Y™, Z, ve) —c(Xy—, Y, Z, e)
t

Notice that the processes a,b,d and ¢ are bounded by the Lipschitz conditions on f and c.
Define also of = a; + [ 0:(e)vi(e)A(de), B = by + [ li(e)vi(e)A(de), which are bounded
processes since a,b,d, ¢ are bounded and A is a finite measure on E, and denote V;*(e) =
Ui(e) — U (e) — 6,(e)Y; — y(e) - Z;. With these notations, and recalling that h~(Us(e), e) =
0 from the constraint condition , we rewrite the BSDE for Y as:

T T T
7, :/ (aZZJrﬂS”.ZS)ds—/(ZS,dWS)—//VS”(e)/}”(ds,de)—irKT—Kt
t t t F

T
+ [ {alhm @uter0) = 1)) = o)) — U7} A ds.
Consider now the positive process I'V solution to the s.d.e.:
ATy = TY(addt+ (B,dW), TG = 1, (1.3.3)

and notice that I'” lies in S? from the boundeness condition on o and 8¥. By It6’s formula,
we have

dryy, = —rﬁ/E {nlh=(Tie). ) = = (U (e), 0)] = wa(e) [Tnle) — U7 (e)] } A(de)ds
~TYdEK, + T} (Zy, dWy) + TY Y, (By, dW3) + Ft”/ Vi*(e)i” (dt, de),
E

which shows that the process

TYY; + /0 trg/E {nlh=(Tle),e) = b= (U2 (e), )] = vile)[Ti(e) = Uz (e)] } Ade)ds

is a PY-supermartingale and so

R A R AR o



1.3. EXISTENCE AND APPROXIMATION BY PENALIZATION 43

Now, from the Lipschitz condition on h, we see that the process v defined by

Ut(e)=Uj'(e)

n[h~ (Us(e),e)—h~ (U (e),e . n - —rrn
e = | R U > Tile) and B (U (e),€) > 0
€ else

is bounded and so lies in V, and therefore by taking v = v°, we obtain :

VY > B /tTrzf [ - vz

1{Us<e)zU:<e)}u{h*(Uﬁ(e>7e>:0}k(d€)d8’f t}
= —eR, 0<t<T. (1.3.4)

From the conditional Cauchy-Schwarz inequality, and Bayes formula, we have for all t €
[0,T], e > 0,

3 ZYVf r Ve |2
[Bi| < (E|—= [ [T¢[Pds
Zt t

zy (T - . 2
: E[ i /t ( /E{ (€)= U0, @i w7 (000-nMde) ) ds

;

By definition of v*, we have for ¢ < nky:

< ([ faa)
= < -exp nkpA(de)ds |,
Z Z{ t JE (de)

where Z" is the solution to dZ" = Z[' [, (nky, — 1) i(dt,de), Z§ = 1. It follows that for all
t € [0,T], (RF). is uniformly bounded for & in a neighborhood of 0%. Similarly, using also
the boundedness of the coefficients a*” and 8" in the dynamics of I'*, we deduce
that (R;). and thus (Rf). is uniformly bounded for € in a neighborhood of 0%. Finally,
since lim._o TV =TV ’> 0, by sending € to zero into , we conclude that ¥; > 0. O

1.3.2 Convergence of the penalized BSDEs

We impose the following analogue of Assumption (H1).

(H2) There exists a quadruple (Y,Z,K,U) € 8% x L2(W) x L2(fi) x A? satisfying
([T2.10)-(T2.11).

Assumption (H2) ensures that the problem ([1.2.10))-(|1.2.11)) is well-posed. As indicated in
paragraph [1.2.2] Assumption (H2) in the case h(u,e) = —u, implies Assumption (H1).
Since (H1) is obviously stronger than (H2), these two Assumptions are equivalent in the

case h(u, e) = —u. We provide in Sectionsome discussion and sufficient conditions under
which (H2) holds.
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Remark 1.3.1 The following example shows that conditions (H1) and (H2) may be not
satisfied : consider the BSDEs

T T
i = _/ <257dWs> +/ / Cu(dsade) + Kr — Ky, (1'3'5)
t t E

and

{ Vo= — [/ ZedWs) = [ [lUs(e) = clu(ds, de) + K7 — K, (1.3.6)

—Us(e) >0

where c¢ is a strictly positive constant, ¢ > 0. Then, there does not exist any solution to
(1.3.5) or (1.3.6) with component Y € §2. On the contrary, we would have

T
Yo > —/ (Zs, dWs) + cu(]0,T] x E), a.s.
0

which implies that for allm € N*, v =n € V,

T
Yo > E¥ [—/0 (Zs, dWs) + cp([0,T] x E)| = enA(E)T.

By sending n to infinity, we get the contradiction : ||Y || g2 = oc.

We now establish a priori estimates, uniform on n, on the sequence (Y™, Z™ U™, K"),,.

Lemma 1.3.3 Under (H2) (or (H1) in the case : h(u,e) = —u), there exists some con-
stant C' such that

V"l + 1127 FIU oy +IE g, < €, Vel (1.3.7)

L2(W) L2(f)

Proof. In what follows we shall denote C' > 0 to be a generic constant depending only on
T, the coefficients f, ¢, the process X, and the bound for Y in (H1) or (H2), and which
may vary from line to line.

Applying Itd’s formula to |Y*|?, and observing that K™ is continuous and AY," =

fE{Ug(e) - C(Xs—,}/sﬁ,Zg, 6)}#({75}, de), we have
T
Blg(Xr)P = EIY7 — 28 [ Y202 22)ds
t
T
—2E/ Y”dK”+E/ |Z7|ds

HE// (Y2 +UMe) — o(Xy-, Y, Z2 e) > — |V |*} A(de)ds

From the linear growth condition on f and the inequality ¥;* < Y; by Lemma under
(H2) (and also under (H1) in the case h(u,e) = —u), and using the inequality 2ab < La?
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+ ab? for any constant « > 0, we have:
T T
BYPPAE [ |z + B [ [ (e - exe v
t t E
T
< Blg(Xr) + 2B | Y71+ ]+ Y7+ 22 ds
t
T
—2m [ VU — X, Y 22 e\ ey
t E
1 -
+-E| sup [Vil?] + aBIK} — K72
& Liclo,T)

Using again the inequality 2ab < %aQ + nb? for n > 0, yields

T
BV + E/ 2" ds

1—
+nE//\U" o(Xy-, Y™, Z7 )2\ (de)ds

Elg(Xz)[? + 2CE / YL+ X+ V7] + |20]) ds

IN

ME) g

Z" e)|?X(de)ds

+ —FE / Y 2ds + E[ sup |V } + oE|K} — K2

n @ Liclo,T]

1
C<1+E/ ]Y;‘]st) +2E/ |27 2ds
t t

\ME T
+aE|K — K% + ()E/ [V |2ds.
n t

IN

Then, by using the inequality (a —b)? > a?/2 — b2, we get

2 1 g 2 L—n g 2
EJY; +2E/t 1Z2) ds+4E/t JACSCIRYCATE

1—n 4 n n 2
< —E ’C(Xs*7Ytg*7Zs 76)‘ )\(de)ds
2 t JE

T
+ 0(1 + IE/ yYS"\?ds) +aE|KD — K72
t

T T
< 0(1 +E/ \Ys”|2ds> +C(1—77)E/ 2" 2ds + oE|K} — K%,
t t

from the linear growth condition on ¢. Now, from the relation

Ki—K' = Y"—g(Xr)— / F(Xs, Y, Z0)ds

//Un (X, Y Zg))ﬂ(d37d6)+/tT<Z§,dWS),

and the linear growth condition on f, ¢, there exists some positive constant C s.t.

E|K} — K[

45

(1.3.8)

(1.3.9)
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T T
< O <1+Em"|2+1@/(m”\2+\ZQQ)ds+E// \Ug(e)FA(de)ds).
t t JE

Hence, by choosing > 0 s.t.(% -C(1 —n)) A (177") >0and a > 0s.t. Cla< <% -C(1—

n)) A (%), and plugging into (|1.3.8)), we get

T T T
E|Y;" 2 + IE/ | Z7|ds + IE/ / U™ (e)*A(de)ds < C (1 + IE/ ]Y'S”|2ds> .
t t JE t
: ) n|2 :
By applying Gronwall’s lemma to ¢ — E|Y;*|? and (1.3.9)), we obtain

T
sup E|Ytn|2+E/ |Z7|ds (1.3.10)
0<t<T 0

T
HE// U™ ()M (de)ds + B|KR2 < C.
0JE
Finally, by writing from (1.3.1)) that

T
sup [¥7 < |g(X)| + / F(Xo Yo Zo)lds + K3+ sup
0<t<T 0 s€[0,7]

/ (Z.,aw,)

T
+/ /yU:(e)—C(XS_,xg_,zs,e)m(ds,de),
0 FE

we obtain the required result from the Burkholder-Davis-Gundy inequality, the linear growth

condition on f, ¢, and ([1.3.10)). O

Remark 1.3.2 A closer look at the proof leading to the estimate in ([1.3.7) shows that
there exists a universal constant C, depending only on 7', and the linear growth condition
constants of f, ¢, such that for each n € N :

sup E[Y))? < C<1+E|Q(XT)|2+ (1.3.11)

t€[0,T]
[ e + 2] sup 5]

Lemma 1.3.4 Under (H2) (or (H1) in the case : h(u,e) = —u), the sequence of processes

(Y™) converges increasingly to a process (Y;) with E[SUPte[O,T} |Yt|2} < 00. The convergence

also holds in L2(0,T) and for every stopping time T € [0,T], the sequence of random
variables (Y*) converges to Y, in L2(Q, F,), i.e.

n—oo

T
lim E[/ Y~ Y,2dt] =0 and  lim E[m” - YT|2] =0.  (1.3.12)
O n—oo
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Proof. From Lemmas and |1.3.2] the (nondecreasing) limit
Y, == limY" 0<t<T, (1.3.13)
n—oo

exists almost surely, and this defines an adapted process Y. Moreover, by Lemma [I.3.3] and
convergence monotone theorem, we have

IE[ sup |Yt\2] < oo.
0<t<T

From the dominated convergence theorem, we also get the convergences (|1.3.12)). O

We now focus on the convergence of the diffusion and jump components (Z", U™). In our
context, we cannot prove the strong convergence of (2", U") in L2(W) x L2(f1), and so the
strong convergence of f(f Z™dW and f(f [z U"(s,e)u(ds, de) in L2(Q, Fy), see Remark
Instead, we follow and extend arguments of Peng [64], and we shall prove that (Z™,U™)
converge in LP(W) x LP(f1), for 1 < p < 2. First, we show the following weak convergence

and decomposition result.

Lemma 1.3.5 Under (H2) (or (H1) in the case: h(u,e) = —u), there exist ¢ € L2(0,T),
Z € L3(W), V € L2(j1) and K nondecreasing predictable with E[|Kr|?] < oo, such that the
limit Y in (1.3.13) has the form

i = Yo—/aﬁsds—KtJr/ Zs, dWy) // w(ds,de), (1.3.14)

for all t € [0,T]. Moreover, in the above decomposition of Y, the components Z and V are
unique, and are respectively the weak limits of (Z™) in L2(i) and of (V™) in L2(ji) where
Vit(e) = Ui'(e) — (X, Y2, Z} e), ¢ is the weak limit in L2(0,T) of a subsequence of
(f") == (f(X, Y™, Z™)), and K is the weak limit in L2(0,T) of a subsequence of (K™).
Consequently, the processes Y and K are cadlag i.e. Y € 8? and K € A2.

Proof. By Lemma and the linear growth conditions on f, ¢ together with ,
the sequences (f™), (2™), (V™) are weakly compact, respectively in L2(0, T), L?(W) and
L2(ji). Then, up to a subsequence, (), (Z2"), (V™) converge weakly to ¢, Z and V. By
[t6 representation of martingales, we then get the following weak convergence in L2(€2, F,)

for each stopping time 7 < T"

/OTf;"‘ds ~ /OT¢Sds, /T<Zg,dws> - /T<ZS,dW>

/ / VI'(e)u(ds, de) / / w(ds, de).
Since, we have from (1.3.1)):

i
K" = —YT”+Y0”—/ frds (1.3.15)

+/ (Z2, dWs) //V" w(ds, de),
0
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we also have the weak convergence in L2(Q, F,) :

K! -~ K, := YT+Y0/ dsds (1.3.16)
0

= [zeamy+ [ [ vientis.de),

From Lemma 2.2 in [64], (1.3.13) and (1.3.16) we obtain the cadlag reguarity of Y. The
process K inherits from K™ the nondecreasing path property, is square integrable and

adapted from .Moreover, by dominated convergence theorem, we see that K™ con-
verges weakly to K in L2(0, T). Since K™ is continuous, and so predictable, we deduce that
K is also predictable, and we obtain the decomposition for Y. The uniqueness of
Z follows by identifying the Brownian parts and finite variation parts, and the uniqueness
of V' is then obtained by identifying the predictable parts and by recalling that the jumps
of p are inaccessible. We conclude that (Z, V) is uniquely determined in , and thus
the whole sequence (Z", V™) converges weakly to (Z,V) in L2(W) x L2(ji).

The cadlag regularity of the processes Y and K is a consequence of the decomposition
of Y given by and the following Lemma proved in [64]. O

Lemma 1.3.6 Let (y"), be a sequence of (deterministic) cadlag processes defined on [0,T]
that increasingly converges to y: for each t € [0,T), yi' T x¢, with y, = by — k¢, where b is an
cadlag process and k is an nondecreasing process with kg =0 and kr < oo . Then y and k
are also cadlag processes.

The sequence (U™) is bounded in L2(f1), and so, up to a subsequence, converges weakly
to some U € L2(ji). The next step is to show that the whole sequence (U™) converges
to U and to identify in the decomposition ¢ with f(X;,Y;, Zy), and Vi(e) with
Ui(e)—c(Xy-, Y-, Zy,e). Since f and ¢ are nonlinear, we need a result of strong convergence
for (Z™) and (U™) to enable us to pass the limit in f(X¢, Y, Z]") as well as in Uj*(e) —
c(Xy-, Y2, Z]',e), and to eventually prove the convergence of the penalized BSDEs to the
minimal solution of our jump-constrained BSDE. We shall borrow a useful technique of

Peng [64] to carry out this task.

Theorem 1.3.1 Under (H2), there exists a unique minimal solution (Y, Z,U, K) € 8% x
L2(W) x L2(1) x A% with K predictable, to (1.2.10)-(1.2.11). Y is the increasing limit of
(Y"™) in (1.3.13)) and also in LZ(0,T), K is the weak limit of (K™) in L2(0,T), and for any
p € [1,2),

12" = 2|

+U" -] 0,

LP(W) LP (1)

as n goes to infinity. Moreover, in the case : h(u,e) = —u, (Y, Z, K) is the unique minimal
solution to (1.2.12)) with K; = K; — fg [ Us(e)u(ds, de), and this holds true under (H1).
Consequently, the minimal solution Y to (1.2.12)) and to (1.2.10)-(1.2.13)) are the same.
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A similar result was proved by Royer [73] in a different context. His applies to the
Doob-Meyer decomposition of nonlinear f—supermartingales with jumps.

Proof. We apply Itd’s formula to |Y;* — Y;|? on a subinterval (o, 7], with 0 < o < 7 <
T, two stopping times. Recall the decomposition ([1.3.14)), (1.3.15) of Y, Y™ and observe
that K" is continuous, and A(Y" —Y;) = AK; + [(V{"(e) — Vi(e))u({t},de). We then

have :

T T
BY? - VP = EIY? - YoP+E [ |20 - 2Pds+28 [ 7 - Vi, - £2lds
g

g

- 2E/ b= ]dK"+2IE/ V' —Y-JdK +E > |AK
(0,7] te(o,7]
+u-«:/ /|Y” LY, V) = Vi) 2 — YT — Y Plu(ds, de)
(0.7]

T

— E|Y:—YU|Z+E/ |Z§—zs|2ds+2E/ Y7 = Yi][ds — fTds

g

—9E / Y™ — V,JdK" + 2E / Y™ — Y- + AK,JdK,
(o,7]
—EY |AKt|2+E/ /|vn ~ Vi(e) PA(de)ds
te(o,7]

w28 [ [ =y - Vilepae)ds

Since (Y*—Y,)dK™ < 0, and by using the inequality 2ab > —%- —2b% with a = V*(e) — Vi (e)
and b = Y]" — Y,, we obtain :

/ 2" — Z,2ds + E/ /yv” (e)2A\(de)ds

< BYP-vPeom [ m"—m?dswE/ Y2~ Yillgs — f7lds
o o

+ QE/ Y Y- + AKJdK +E ) |AK[” (1.3.17)
(07]

te(o,7]

The first two terms of the right side of (1.3.17)) converge to zero by (1.3.12) in Lemma
The third term also tends to zero since (¢ — f"), is bounded in LZ(0, T), and so by
Cauchy-Schwarz inequality:

T 1

T
IE/ V7 — Yil|ds — fT|ds < c(n-z/ ]YS”—YS]st)Q — 0. (1.3.18)
0 0

For the fourth term, we notice that the jumps of Y are inaccessible since they are de-
termined by the Poisson random measure p. Thus, the predictable projection of Y™ is
PYY* = Y2, Similarly, from (1.3.14)), and since K is predictable, we see that PY; = Y- —A K.

Since Y™ increasingly converges to Y, then PY™ also increasingly converges to Y, and by
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the dominated convergence theorem, we obtain:

lim IE/ Y™ — Y, +AKJdK, = 0. (1.3.19)
(0,7]

n—oo

For the last term in ([1.3.17)), we apply Lemma 2.3 in [64] to the predictable nondecreasing

process K: for any d,e > 0, there exists a finite number of pairs of stopping times (o, 7%),

k=0,...,N, with 0 < o <7, <T, such that all the intervals (o, 7] are disjoint and
N € N €d
2
EY (re—ox) > T - > EY . Y (AK)’ < 3 (1.3.20)
k=0 o, <t<Ty

We should note that in [64] the filtration is Brownian, therefore it is continuous, and hence
each stopping time oy can be approximated by a sequence of announceable stopping times
In our case the stopping times o}’s are constructed as the successive times of jumps of the
predictable process K with size bigger than some given positive level, the approximation of
o) by announceable stopping times is again possible. We can thus argue exactly the same
way as in Lemma 2.3 in [64] to derive both estimates in (.3.20).

We now apply estimate for each ¢ = o3, and 7 = 7, and then take the sum over
k=0,...,N. It follows that

N
kZ:OIE/ 20— Zds+ + ZE/ /|v” (¢)PA(de)ds

|
g
N T T
< ZE|YTZ—YWI2+2E/ |Y:—Ys|2ds+21€/ Y = Yillgs — fi'lds
— 0 0

N
+ 21@/ YV =Y + AKJdE + > B Y |AK[”
(O’T} k=0 tE(O’k,Tk]

From the convergence results in Lemma (1.3.18) and ([1.3.19)), we deduce that

hmsupZE/a |Z0 — Z2ds + = ZE/ /\V" Vi(e)|?A(de)ds

n—oo
SE Y aKp < 2.
- 3
k=0 te(a'k,Tk]
Thus, there exists an integer £.5 > 0 such that for all n > £.5, we have
al €d
n TL
< —.
ZE/H | Z1 — Z,)ds + = ZE//H/ (e)’A(de)ds < 5
k=0
This implies

N

dt ®P[(s,w) € U(Uk(w),Tk(w)] XQ | ZMNw) — Zs(W)|* > 6

k=0

IA
Sk
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and

N
dt ® A®P[(s,e,w) € U(Uk(w),Tk(w)] X QX E :|V'e,w) = Vile,w)? >8] < e
k=0

Together with ((1.3.20)), it follows that
AP [(s,w) €[0,T] x Q :|Z}(w) — Zsw)]* > 6] < e,
and

dt@AXP[(s,e,w) €0, T] x ExQ :|V(e,w) — Vile,w)]? > § <

e(1+ AE)).
We deduce that for all § > 0,
lim dt@ P [(s5,w) €[0,T] x Q : |ZMw) — Zs(w)|* > 5] = 0
and
lim dt@AQP [(s,e,w) € [0,T] x ExQ : [V (e,w) — Vs(e,w)|* >8] = 0.

n—oo

This means that the sequences (Z"),, and (V"), converge in measure respectively to Z
and V. Since they are bounded respectively in L2(W) and L2(ji), they are uniformly
integrable in LP(W) and LP() for any p € [1,2), respectively. Thus, (Z™) and (V")
converge strongly to Z and V in LP(W) and LP(ji), respectively. Recalling that U*(e) =
Vi*(e) + c(Xy-, Y2, Z, e), and by the Lipschitz condition on ¢, we deduce that the sequence
(U™) converges strongly in LP(f1), for p € [1,2), to U defined by :

Ue) = Vile)+o(Xp, Ve, Zine), 0<L<T, ccE.

By the Lipschitz condition on f, we also have the strong convergence in LY (0, T) of (f")
= (f(X,Y™, Z")) to f(X,Y,Z). Since ¢ is the weak limit of (f) in L2(0,T) , we deduce
that ¢ = f(X,Y,Z). Therefore, with the decomposition and since Yp = lim,, Y’
= g(Xr), we obtain immediately that (Y, Z,U, K) satisfies the BSDE (1.2.10). Moreover,

from the strong convergence in L!(f) of (U™) to U, and the Lipschitz condition on h, we

/ / (U(e),e)A(de)ds — E/ / )A(de)ds,

as n goes to infinity. Since K} = nfOT [z h~(UZ(e),e)A(de)ds is bounded in L?(€, Fr),

s

/ R AT

have

this implies
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and so the constraint ((1.2.11]) is satisfied. Hence, (Y, Z, K, U) is a solution to the constrained
BSDE (1.2.10)-(1.2.11)), and by Lemma Y = lim Y™ is the minimal solution. The

uniqueness of Z follows by identifying the Brownian parts and the finite variation parts,
and then the uniqueness of (U, K) is obtained by identifying the predictable parts and by
recalling that the jumps of p are inaccessible.

Finally, in the case h(u,e) = —u, the process

¢
K, = Kt—/ /Us(e),u(ds,de), 0<t<T,
0o JE

lies in A2, and the triple (Y, Z, K) is solution to (1.2.12). Again, by Lemma this shows
that Y is the minimal solution to ((1.2.10) and to (1.2.12)). The uniqueness of (Y, Z, K) is

immediate by identifying the Brownian part and the finite variation part. O

Remark 1.3.3 From the estimate (|1.3.17)), it is clear that once the process K is continuous,
i.e. AK; =0, then (Z",U™) converges strongly to (Z,U) in L2(W) x L2(f1). This occurs in
reflected BSDE’s as in [29] or [40], see also Remark In the case of constraints on jump

component U as in ((1.2.10[)-(|1.2.11)), the situation is more complicated, and the process K
is in general only predictable. The same feature also occurs for constraints on Z as in [64].

To overcome this difficulty, we use the estimations ([1.3.20)) of the contribution of the jumps
of K, which allow to obtain the strong convergence of (Z",U") in LP(W) x LP(ji) for p
€ [1,2). Finally, notice that for the minimal solution (Y, Z, f() to the BSDE (1.2.12)), the

process K is not predictable.

1.3.3 The case of impulse control

In the impulse control case (i.e. f and ¢ depend only on X and h(u,e) = —u), we have
seen in Theorem that the minimal solution to our constrained BSDE has the following

functional explicit representation :

Y, = esssupE”[g(XT)—|—/tTf(XS)dS—I—/tT/EC(Xs—,e)u(ds,de)‘ft].

vey

In this case, we also have a functional explicit representation of the solution Y™ to the

penalized BSDE (|1.3.1) :

Y,/" = ess 5;131 E” [g(XT) + /tT f(Xs)ds (1.3.21)
# [ [ et utas, o],

where V,, = {v €V ; vs(e) <n V(s,e) €[0,T] x E a.s.}. Indeed, denote by Y™ the right
side of ([1.3.21). By writing that (Y™, Z™,U™) is the solution of the penalized BSDE (|1.3.1]),
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taking the expectation under P”, for v € V,,, and recalling that W is a P¥-Brownian motion,

and vA(de) is the intensity measure of y under P, we obtain :

Yp o= EV[g(XT)+/tTf(Xs)ds+/tT/Ec(X5,e)u(ds,de) ]—"t}

+ EV{/tT /E {n[UZ(e)]+ —vs(e)Ul(e)} )\(de)ds‘]:t]. (1.3.22)

Since this equality holds for any v € V), and observing that n[Ul(e)]+ — vs(e)U'(e) > 0,

S

for all v € V,,, we have

Y <Yyr <y (1.3.23)

T
[ [ [ vz - m(oU2 () Ade)ds| 7.
t JE
Let us now consider the family (v¢). of V,, defined by

14

‘o) = {n if Un(e) >0

e  otherwise.

Then, by using the same argument as in the proof of Lemma [I.3:2] we show that
o T
EY [/ / {nlU(e)]+ —vs(e)U(e)} )\(de)ds’}}} — Oase —0,
t JE

which proves with that Y," = Y,".

The representation has a nice interpretation. It means that the value function of
an impulse control problem can be approximated by the value function of the same impulse
control problem but with strategies whose numbers of orders are bounded on average by
nTA(E). This has to be compared with the classical approximation by iterated optimal
stopping problems, where the n-th iteration corresponds to the value of the same impulse
control problem but where the number of orders is smaller than n. The numerical advantage

of the penalized approximation is that it does not require iterations.

1.4 Relation with quasi-variational inequalities

In this section, we show that minimal solutions to the jump-constrained BSDEs provide a

probabilistic representation of solutions to parabolic QVIs of the form:

v

— — . T 3 €y — d
5 Lv— f(,v,0"Dyv) , elggh(H v v,e)] 0, on[0,7)xR%1.4.1)

where L is the second order local operator

Lo(t,x) = (b(z), Dyv(t,x)) + %tl‘(O'O'T (z)D3u(t, x)),
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and H®, e € E, are the nonlocal operators
Hév(t,x) = v(t,z +y(x,e)) + c(z,v(t,x), 0" (x)Dyv(t, x), €).
For such nonlocal operators, we denote for ¢ € R? :
He[t,x,q,v] = v(t,x+vy(x,e))+ c(z,v(t,z),0"(x)q,e).

Note that when A(u) does not depend on e, and since it is nonincreasing in u, the QVI

(1.4.1) may be written equivalently in

0
min [— a—qt} —Lv— f(,v,0"Dyv) , h(Hv — U)i| = 0, on[0,7T)x RY,
with Hv = sup.cp H. In particular, this includes the case of QVI associated to impulse
controls for h(u) = —u, and f, ¢ independent of y, 2.
We shall use the penalized parabolic integral partial differential equation (IPDE) asso-

ciated to the penalized BSDE (|1.3.1)), for each n € N:

Ovy, ;
- W - Lvn - f('vvnao' D:tvn)
—n/ h™ (Hvp — vp,e)A(de) = 0, on [0,7) x R% (1.4.2)
E

To complete the PDE characterization of the function v, we need to provide a suitable
boundary condition. In general, we can not expect to have v(7~,.) = g, and we shall

consider the relaxed boundary condition given by the equation:
min [U(T_, )—g, in}fi h(H(T™,-) —v(T™,-),e)| = 0, on RY  (1.4.3)
ec

In the sequel, we shall assume in addition to the conditions of paragraph that the

functions =, f, ¢, and h are continuous with respect to all their arguments.

1.4.1 Viscosity properties
Solutions of ((1.4.1)), (1.4.2]) and (1.4.3) are considered in the (discontinuous) viscosity sense,

and it will be convenient in the sequel to define the notion of viscosity solutions in terms of
sub- and super-jets. We refer to [45], [78] and more recently to the book [60] for the notion
of viscosity solutions to QVIs. For a locally bounded function u on [0, 7] x R?, we define
its lower semicontinuous (Isc in short) u,, and upper semicontinuous (usc in short) envelope

u* by

ux(t,z) = liminf  u(t,2'), u*(t,z) = limsup (¢, 2').
(t" )= (t,x),t' <T (t' @)= (t,x),t' <T
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Definition 1.4.1 (Subjets and superijets)

(i) For a function u : [0,T] x R® — R, Isc (resp. usc), we denote by J~u(t,z) the parabolic
subjet (resp. JTu(t,x) the parabolic superjet) of u at (t,x) € [0, T] x RY, as the set of triples
(p,q, M) € R x R? x S? satisfying

1
ult,a!) > (resp. <) ult@) +p(t — 1)+ g, ) + 1 (2! — 2, M(a' — )
+o(|t' =t + [a" — zf).
(i1) For a function u : [0,T) x R — R, Isc (resp. usc), we denote by J~u(t,z) the parabolic
limiting subjet (resp. Jtu(t,z) the parabolic limiting superjet) of u at (t,x) € [0,T] x R,
as the set of triples (p,q, M) € R x R? x S¢ such that
(P, g, M) = Tim(pp, gn, My),  (t,x) = lim(ty, zn),

with (P, Gn, My) € J~ u(tn, zn) (resp. JTu(tn, z,)), u(t,x) = limu(ty,x,).

We now give the definition of viscosity solutions to (1.4.1)), (1.4.2)) and (|1.4.3)).

Definition 1.4.2 (Viscosity solutions to (1.4.1]))
(i) A function u, lsc (resp. usc) on [0,T) x R%, is called a viscosity supersolution (resp.

subsolution) to (1.4.1)) if for each (t,z) € [0,T) x R, and any (p,q, M) € J u(t,z) (resp.
Jtu(t,x)), we have

min [ —p — (b(a),q) — gtr(o0"(2)M) ~ f(z,ult,2), 0" ()q)

inf h(HC[t, 2,0.u] — u(t, @), )] = (resp. <) 0.
ec

(ii) A locally bounded function on [0,T) x R? is called a viscosity solution to (1.4.1)) if us is
a viscosity supersolution and u* is a viscosity subsolution to (1.4.1).

Definition 1.4.3 (Viscosity solutions to (1.4.2)))
(i) A function u, Isc (resp. usc) on [0,T) x R?, is called a viscosity supersolution (resp.

subsolution) to (1.4.2)) if for each (t,z) € [0,T) x R, and any (p,q, M) € J u(t,z) (resp.
Jtu(t,z)), we have

—p = (b(a),a) — trloo” (@)M) = flw,ult, )07 ()0
—n/Eh(He[t,x,q,u]—u(t,a:),e))\(de) > (resp. <) 0.

(i3) A locally bounded function u on [0,T) x R? is called a viscosity solution to (1.4.2)) if u.
is a viscosity supersolution and u* is a viscosity subsolution to (1.4.2]).

Definition 1.4.4 (Viscosity solutions to (1.4.3)))
(i) A function u, lsc (resp. usc) on [0,T] x RY, is called a wiscosity supersolution (resp.
subsolution) to (1.4.3)) if for each x € R, and any (p,q, M) € J~u(T,x) (resp. JTu(T,x)),

we have

min [u(T,:U) —g(x), eiggh(He[T,x,q, u] — u(T, x),e)] > (resp. <) 0.
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(i3) A locally bounded function u on [0,T] x R? is called a viscosity solution to (1.4.3) if u.
is a viscosity supersolution and u* is a viscosity subsolution to (|1.4.3)).

Remark 1.4.1 An equivalent definition of viscosity super and subsolution to , which
shall be used later, is the following in terms of test functions : a function w, lsc (resp. usc)
on [0,T] x R?, is called a viscosity supersolution (resp. subsolution) to if for each
(t,x) € [0,T) x R, and any ¢ € C12([0,T] x R?) such that (t,x) is a minimum (resp.
maximum) global of u — ¢, we have

min |u(T,z) — g(x), eiélgh(He[T,x, Dyp(T,z),u] —u(T, x),e)] > (resp. <) 0.

We have similar equivalent definitions of viscosity super and subsolution to ([1.4.1)) in terms
of test functions.

We slightly strengthen Assumption (H1) or (H2) by
(H1’) There exists a quadruple (Y, Z, K) € 82 x L2(W) x A2 satisfying (1.2.12), with Y}

=0(t, Xy), 0 <t < T, for some function deterministic v satisfying a linear growth condition

o)

p < +o00

(ta)eoT)xrd 1+ [z]

(H2’) There exists a quadruple (Y,Z,K,U) € 8% x L2(W) x L2(ji) x A? satisfying
0<t<T,

(1.2.10)-(1.2.11)), with V; = 0(t, Xy), 0 < for some function deterministic ¥ satisfying

a linear growth condition
|0(t, )]
sup
(ta)eT)xrd 1+ [2]

< 400

Under assumption (H1?) (resp. (H2’)), there esists for each (t,2) € [0, 7] x R? a unique

minimal solution {(Y&*, Zb" UL* KY™),t < s < T} to (1.2.10)-(1.2.11)) (resp. (1.2.12)-
(1.2.13))) with X = {Xﬁ’x,t < s < T}, the solution to (|1.2.1)) starting from x at time ¢. We
can then define the (deterministic) function v : [0, 7] x R? — R by

o(t,z) = Y, (t,z) €[0,T] x RY, (1.4.4)
Similarly, we define the function
va(t,z) = YN (t,x) € [0,T] x RY, (1.4.5)

where {(Y{"5%, Z20* UMY(1)),t < s < T} is the unique solution to (1.3.1)) with X, = X5,
t<s<T.
We first have the following identification.

Proposition 1.4.1 The function v links the processes Y% and X%* by the relation:

Y;’x = U(@,Xg’z), for all stopping time 0 wvalued in [t,T]. (1.4.6)
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Proof. From the Markov property of the jump-diffusion process X, and uniqueness of a
solution Y™ to the BSDE ({1.3.1)), we have (see e.g. [5])

YIrm = v, (s, X0"), t<s<T. (1.4.7)

From Section 3, we know that v is the pointwise limit of v,,. Moreover, by (1.3.12)), Ygt’x’n
converges to Y(; " as n goes to infinity, for all stopping time 6 valued in [t,T]. We then

obtain the required relation by passing to the limit in (|1.4.7)). O

Remark 1.4.2 Assumption (H2’) (or (H1’) which is weaker than (H2’) in the case h(u, €)
= —u) ensures that the function v in satisfies a linear growth condition, and is in
particular locally bounded. Indeed, from and by passing to the limit by Fatou’s
lemma for v(t,z) = Y;"* = lim ;""" we have

T
sup Jo(t.2)? < C(1+Elg(Xi) +E| / X0 ]
te[0,7) t

+E[ sup y@(s,xg’w)ﬁ]).
s€t,T)

The result follows from the standard estimate

E[ sup [XL°)P] < C(1+ |z]?),
t<s<T

and the linear growth conditions on g and .

The relation between the penalized BSDE (1.3.1)) and the penalized IPDE ((1.4.2)) is
well-known from the results of [5]. Although our framework does not fit exactly into the
one of [5], by mimicking closely the arguments in this paper and using comparison theorem

in [73], we obtain the following result.
Proposition 1.4.2 The function v, in (1.4.5)) is a continuous viscosity solution to (1.3.1]).

By adapting stability arguments for viscosity solutions to our context, we now prove the
viscosity property of the function v to (1.4.1). We shall assume that the support of X is the

whole space F, i.e.

(HE) Ve € E, 30O open neighborhood of e, s.t. A(O) > 0.

Theorem 1.4.1 Under (H2’) (or (HY’) in the case : h(u,e) = —u), and (HE), the
function v in (1.4.4)) is a viscosity solution to (1.4.1)).

Proof. From the results of the previous section, we know that v is the pointwise limit of

the nondecreasing sequence of functions (v,). By continuity of v,, we then have (see e.g.
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[4] p. 91) :
v = v, = lim inf,v,, (1.4.8)
n—oo
where lim inf,v,(t,z) :=  liminf v, (¢, 2'),
n—oo n — oo

t/—>t,z/—>z

v* = lim supvy, (1.4.9)
n—oo
where  lim sup®v,(t,z) := limsup ov,(t,2).
n—oo

t/Ht,(L'lﬂﬁ

(i) We first show the viscosity supersolution property for v = v,. Let (¢,2) be a point
in [0,7) x R%, and (p,q, M) € J v(t,z). By (1.4.8) and Lemma 6.1 in [23], there exists

sequences
nj — oo, (pj,qj,M;) € J " vn, (tj,z;),
such that
(tj, g, on, (b, 25) 050 5, My)  — (¢, z,0(t,2),p, ¢, M). (1.4.10)
We also have by definition of v = v, and continuity of ~ :
v(t,x +vy(x,e)) < hjrglorgf vn; (tj, x5 +y(xj,€)), Ve€ L. (1.4.11)

Moreover, from the viscosity supersolution property for vy, we have for all j

—py — (bla), 45) — (00" (2)My) — (a5, v, (15, 25), 07 (2)05)
_nj/Eh(He[tj,xj,qj,vnj] — o, (tj, ), )A(de) > 0. (1.4.12)
Let us check that the following inequality holds :
gggh(He[t,x,q,v] —v(t,x),e) > 0. (1.4.13)

We argue by contradiction, and assume there exists some eg € E s.t.
h(’U(t, x + ’7($, 60)) + C(CL‘, U(tv 'I)v O-T(x)% 60) - U(t7 33), 60) < 0.

Then, by continuity of o, h, v, ¢ in all their variables, (1.4.10]), (1.4.11]), and the nonincreas-
ing property of h, one may find some € > 0 and some open neighborhood Oq of ey such that

for all j large enough :

IN
|
i)

h(vn, (tj, 25 + (4, €)) + (24, vn; (t), 75), 07 (25)q5, €) — vn, (5, 25), €)

for all e € Og. Since the support of A is F, this implies

/h_(He(tj,xj,qj,vnj)—vnj(tj,xj),e))\(de) > eAOg) > 0.
E
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By sending j to infinity into ([1.4.12f), we get the required contradiction. On the other hand,
by (1.4.12), we have

1
—pj = (b(x), 4j) — Str(oo (@) M) — f(aj,vn,(t5,25), 07 (25)q5) = O,
so that by sending j to infinity:
1
—p = (b(z),q) — Str(o0™ (2)M) = f(z,0(t,2), 07 (z)q) = O,

which proves, together with (1.4.13)), that v is a viscosity supersolution to (|1.4.1)).
(ii) We conclude by showing the viscosity subsolution property for v*. Let (¢,x) a point in
[0,7) x RY, and (p,q, M) € JTv*(t,z) such that

;gg h(H[t, z, q,v"] —v*(t,z),e) > O. (1.4.14)
From and Lemma 6.1 in [23], there exists sequences
nj — 00, (pj a5, M;) € JTvn,(t),2;),
such that
(tj, x5, vn; (b 25), 50 a5, M) — (L, z,0"(t 2),p, ¢, M). (1.4.15)
By continuity of the functions c,y, and definition of v*, we also have

limsup H[t;, 75, qj,vn;] < HE[t,w,q,0"], Ve€ L. (1.4.16)

J—0

Now, from the viscosity subsolution property for v,,, we have for all j
1
= ;= (0(z)), 45) — Gtr(ooT(2;)My) — f(@j, vn, (t), 25), 07 (25)45)
—nj/ h™ (H°[tj, ), 45, Vn;] — vn, (tj,25),e)A(de) < 0. (1.4.17)
E

From ((1.4.14))(which is uniform in e € E)-(1.4.15)-(1.4.16|), continuity assumptions on h, c,

and the nonincreasing property of h, we have for j large enough
h(HE[t;, x5, 45, Vn;] — vn,; (tj, z5),e) > 0, Vee€ E,
and so
/E h™(HE[ty, w5, 45, vn;] — vn,; (tj, 75),€)A(de) = 0.
Hence, by taking the limit as j goes to infinity, into ([1.4.17)), we conclude that
~p = {b(w),) ~ (00" (2) M) ~ (20" (1, 2),07 (2)g) < O,
which shows the viscosity subsolution property for v* to . O

We next turn to the boundary condition.
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Theorem 1.4.2 Under (H2’) (or (HY’) in the case : h(u,e) = —u), and (HE), the
function v in (1.4.4)) is a viscosity solution to (1.4.3]).

In order to deal with the possible jump at the terminal condition, we need the following

dynamic programming characterization of the minimal solution.

Lemma 1.4.1 Let (t,x) € [0,T) x RY, and (Y®, Zb®, U K5%) be a minimal solution to
(1.2.10)-(1.2.11)) on [t,T] with Xy = X5 Then for any stopping time 0 valued in [t,T7],

7 t T t . . ,
(Ys", Z7, Us’x,Ks’m)se[t’g} 1s a minimal solution to :

0 0
Y, = U(Q,X;’xwr/ f(Xﬁ’””,Y;,ZT)errKg"”—K?“;—/ (Zy, dW,)

s

/ / )= (X5 Y, 2, e)) u(dr, de) (1.4.18)
with

h(Us(e),e) >0 dP®dt® A(de) a.e. on Q x [t,0] x E. (1.4.19)

Proof. Notice first from 1' that (Y;t’x,Zﬁ’x,Uﬁ’m,Kﬁ’x)se[t’g] is solution to (|1.4.18)-
(1.4.19). Let Y! be the minimal solution on [t,8] of (1.4.18)-(1.4.19) (the existence of a

minimal solution in the case of a random terminal time is obtained by similar arguments

to those used in the case of a deterministic terminal time). For each w € €, there exists a
0 7

minimal solution Y% on [f(w), T] to (1.2.10)-(1.2.11)) with X = {Xj ) e(w)(W) O(w) <s<

T}. We then have from the definition of v that Y2 © = (G(w),X;(‘fj)( )) for all w € Q.

O(w) —
By a measurable selection result (see e.g. Thm 82 in the appendix to Ch. III in [25]),

there exists Y2 € 82 such that P(dw) a.s., we have Y02(w)( w) = Y(f(j) =0 (0( ), X;’(i) (w))
and Y2(w) = Y2*(w) for s € [#(w),T]. We then define the process Y by Y|[t79] =Y! and
17|(9,T] = Y2 Hence, Y is a solution on [t,T] to -7 which implies ¥ > Y%*.
Moreover, since Yg’x = v(#, Xé’x), it follows that (Y2*, Zb" U™, K;’x)se[t,g} is a solution on
[t,0] to (1.4.18)-(1.4.19). Hence Y' < Y on [t,0], and therefore Y' = Y*® on [t,0]. O

Proof of Theorem (i) We first prove the supersolution property of v, to (1.4.3).
Let 2 € RY, and (p,q, M) € J v.(T,z). By same arguments as in ((1.4.13)), we have

1n£h(He[T z,q,v] —v(T,x),€) > 0. (1.4.20)
ec

Moreover, since the sequence of continuous functions (v, ),, is nondecreasing and v, (T, .) = g,
we deduce that v, (T, .) > g, which combined with , proves the viscosity supersolution
property for v, to (1.4.3)).

(ii) We next prove the subsolution property of v* to . We argue by contradiction and
assume that there exist zg € R", ¢ € C12([0,T] x R™) such that

0= @ —=p)(T,zg) = max (v'— ) (1.4.21)
[0,T]xR4
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and
min | (7, 7o) — g(x0)
ig}gh(He[T,xo,Dxap(T,xg),v*] — (T, 1‘0),6)} = 2 > 0.

By the upper semicontinuity of v*, the continuity of ¢ and its derivative, and the nonin-
creasing property of h, there exists an open neighbohood O of (T,zg) in [0,7] x R¢, and
A,r > 0 such that for all (t,z,,3) € O x (—=A, A) x B(0,r), we have

e < min [gp(t,x) —a—g(x), (1.4.22)
6122 h(v*(t,z + v(x,e))
+e(w, oty w) — o, 07 (2)[Dap(t, 2) + B]) = [p(t, 2) — al, )|
Let (t,xx)x be a sequence in [0,T) x R? such that
(tgyz) — (Tyx0) and  v(tg,xr) — v (T, x0). (1.4.23)

Fix then ¢ > 0 such that for k large enough: [tg,T] x B(xg,0) C O, and let us define the
functions ¢y, by

r—X 2 r—X
orltyz) = ¢<t,x>+<M+ck¢( s ’f)+ﬁT—t,

[

where 0 < ¢ < AAdr, ¢ € C?(RY) satisfies ?l50,1) =0, ¢lp(0,1)e > 0 and limjg oo ﬂxx‘ =
oo, and Cp > 0 is a constant to be chosen below. By (|1.4.21)), we notice that

(v —pp)(t,z) < —C for (t,z) € [ty,T] x 0B(xg,9),

and from the conditions on ¢, we can choose C (large enough) so that

(v —pp)(t,z) < —g for (¢t,x) € [tg, T] X B(xk,d)°. (1.4.24)
Since %( T —1t)— —ocast /T, we have for k large enough :
0
—k — Lon(t,2) - (2, pu(t 2) — 0,07 (@) Datpr(t )
> 0 for (ta,a) € [, T) x Blag,d) x (—A+, A). (1.4.25)

Fix now a* € (0,4 A % A g), and let us denote 7, = inf{sZtk; Xf#X;‘L}, 0, =
inf {s >t ; X¥ ¢ B(xy,0)} ATy AT where X* = X% Let us then define the quadruples
(Y, 25, U%, ) on [ty 04] by
v o= [@k(s,Xf)—a* Liscipno0y + 00k X5 )1 1s—0,} »
zZF = o(XE)Dupr(s, X5,
Uk(e) = v*(s, X* +4(XEF e))
+C(X§*790k(saXf*) - Od*aO-T(Xf*)D QOk(S,Xff))
- [@k(S,XﬁL) - Oé*],
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and

Kb = —/ {928 (0, XE) 1 Lon(r, X1)
XF,on(r, XF) = o, 07 (XF) Daipr(r, XE)
/t / o —a* —v")(r, Xk —i—’y(Xf,,e)),u,(dr,de)
+ <(Pk(9k7X9k) — —?}(ek,ng)) 1{3:9k}'

By construction and from Ito’s formula on (s, X¥), we see that (Y*, ZF U* K¥) satisfies
(1.4.18) on [tg,0;]. From (1.4.22)), it is clear that the process U satisfies the constraint :

hUEF(e),e) > 0, dP®dt® A(de) a.e. on Qx [ty, 0] x E.

Observe also that
(O, Xg ) — o > v(0p, X5,) (1.4.26)

Indeed, we have two cases:

° (Gk.,Xé“k) € [tg, T] x B(xg,d)¢ : since a* < , we have by 1’

(pk(ek,ng)—Oé* > ’U*(@k,ng) > U(@k,ng)
° (Hk,ng) € [ty, T] x B(xg,0) C O : since o* < e, we have by (|1.4.22)
or(Ok, X5.) — o > o0k, X5 ) — e > g(XF) = v(0y, Xp).

Let us then check that K* is nondecreasing on [ty, 6;]. First, on [t;,0z), we notice that K*
consists only in the Lebesgue term dr, and so is nondecreasing by ([1.4.25). Moreover, we
see that K é“k > K g,. Indeed, there are two possible cases:

k

e 0 < 73: then ng = Kg, + gok(ek,ng) —a* — v(@k,ng), and by (|1.4.26]), we have
k
k k
Kf, > K.

e 0. = T then ng = Kglz — (gpk(ek,ng) —a* - U*(ek,ng)) + (gpk(ek,ng) —a* —
v(@k,ng)), and so ng > Kg,.
k

Therefore, the quadruple (Y*, Z*¥ U* K*) is a solution on [tg, 0] to (1.4.18)-(1.4.19), and
by Lemma we deduce that for all k,

or(te, xr) — " = o(ty,xp) + VT —ti, — ™ > v(tg, xk).

We finally obtain a contradiction by sending k to oo. a
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1.4.2 Uniqueness result

This paragraph is devoted to a uniqueness result for the QVI ([1.4.1))-(1.4.3)). We need to

impose some additional assumptions.

(H3) There exists a nonnegative function A € C2(R%) and a positive constant p satisfying
(i) LA+ f(.,A,07DA) < pA,

(ii) infeep h(HEA(z) — A(x),e) > 0 for all z € RY,

(iii) A(z) > g(x) for all z € R?,

) i Az)
(iv) limyg oo 17 2 = 00

N

Assumption (H3) is similar to the one made in [78] or [10], and essentially ensures
the existence of a suitable strict supersolution to . We shall give in paragraph
some sufficient conditions for (H3). This strict supersolution allows to control the nonlocal
term in QVI — via some convex small perturbation. Thus, to deal with the

dependence of f, ¢ on y, z, we also require some convexity conditions.
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(H4)
(i) The function f(x,.,.) is convex in (y,z) € R x R? for all z € R%.
(ii) The function A(.,e) is concave in u € R a for all e € E.
(iii) The function c(z, ., ., €) is convex in (y,z) € R x R? for all (z,e) € R? x E.

(iv) The function c(z, ., z, €) is decreasing in y € R for all (z,z2,¢) € R? x R? x E.

Theorem 1.4.3 Assume that (H3) and (H4) hold, and let U (resp. V) be a lsc (resp.
usc) viscosity supersolution (resp. subsolution) to (1.4.1))-(1.4.3)) satisfying a linear growth

condition :

o WED V) o

Then, U >V on [0,T] x RY. Consequently, under (H2) (or (H1’) in the case : h(u,e) =
—u), (H3), (H4), and (HE), the function v in (1.4.4)) is the unique viscosity solution to
(1.4.1)-(1.4.3) satisfying a linear growth condition, and v is continuous on [0,T) x R?.

Proof. e Comparison principle. As usual, we shall argue by contradiction by assuming
that
sup (V —=U) > 0. (1.4.27)

[0,T]xR4
1 For some A > 0 to be chosen below, let

Ult,z) = e (t,2) , Vt,z) = eV (¢ ) and At,z) = ePTVA(2).

A straightforward derivation shows that U (resp. V) is a viscosity supersolution (resp.

subsolution) to

min |pw — %—Z} —Lw — f (-, w,0"Dyw), (1.4.28)
elggﬁ (-,ﬂew —w, e) } = 0, onl0,T) x R?
min [w(T‘, ) - g, (1.4.29)
QQEE(T, How(T™,-) —w(T™,-), e)] = 0 onR?
where
f(t,m,r, q) = elPt Nt f (x,re_(ﬁ’\)t,qe_(p“‘)t) —Ar

ht,rye) = V(e V) gz) = PV g(a)
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and

Huw(t,z) = wt,z+7(z,e)) +é(z,w(t,x), 0" (z)Dyw(t,z),e)
with
E(tﬂ z,rq, 6) = e(pJF)‘)tC(CU? ei(p+>\)t7“7 67(p+)\)tQ7 6)

for all (t,z,7,q,e) € [0,T] x R x R x R? x E. Since f is Lipschitz, we can choose \ large
enough so that f is nonincreasing in 7. Denote W = (1 f,u)UJru]\ with p > 0. By ((1.4.27))
and the growth condition (H3)(iv) of A, we have for x small enough

sup (V —W) = (V —W)(to, o) > 0. (1.4.30)
[0,7] xRd

for some (tg, z¢) € [0,T] x R?. Moreover from the viscosity supersolution property (1.4.28)-
(1.4.29) of U, and the conditions (H3) (i), (i), (H4)(i), (ii), (iii), we see that W is a viscosity

supersolution to

ow

pw — 5 — Lw = f(,w,0"Dyw) > 0, on [0,T)xRY, (1.4.31)
e qge,. > 6 d
elélgh ( , Hw w,e) > pg, on [0,7] x RY, (1.4.32)

where §(t,z) = PNt infcp h(HEA(x) — A(x),e) is positive on [0,T] x R? by (H3)(ii).

2 Denote for all (t,2,y) € [0,T] x R x R and n > 1

@n(t,az,y) = ‘N/(t,a:)—W(t,y)—gon(t,x,y),

with
_ 2 4 2
eon(t,z,y) = nlz —yl* + [z —xo|” + [t — Lo

By the growth assumption on U and V and (H3)(iii), for all n, there exists (tn, Zn,yn) €
[0, T] x R? x R? attaining the maximum of ©,, on [0, 7] x R? x R?. By standard arguments,

we have :
(tns Tnyyn) —  (to,T0,Z0), (1.4.33)
e, —yal* — 0, (1.4.34)
f/(tn,xn) — W(tn, yn) — f/(to,wo) — W(to,xo). (1.4.35)

3 We now show that for n large enough
iggﬁ(tn,ﬂe[tn,xn,ngon(tn,:nn,yn), V] = V(tn,xn),e) > 0. (1.4.36)
(&

On the contrary, up to a subsequence, we would have for all n,

ingil(tn,,}:ze[tn,xn,Dm@n(tn;xnayn)7‘~/] - V(tn7$n)7e) S 07
ec
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and so by uppersemicontinuity of V, compactness of E, there would exist a sequence (en)
in F such that

h(t,, HE [tn, Tny Dyon (tn, Tn,y Yn), f/] - f/(tn,xn),en) < 0.
Moreover, by the viscosity supersolution property of W to (1.4.32), we have
}Nl(tnv ﬁen [tm Yn, _DyQOn(tna T, yn)7 W] - W(tna yn)7 en) > /Mj(tm yn)

From the nonincreasing and the Lipschitz property of h(.,e), we deduce from the two pre-

vious inequalities that there exists a positive constant 7 such that

ﬂen [t’rm Yn,y _Dy(Pn(tnv Tn, Z/n)» W] - W(tna Z/n) + n‘j(tm yn)
S ﬂen[tn7$nan90n(tn7$myn)v‘N/] - V(tn7$n)7

which is rewritten as

V(tn, xn) - W(tnv yn) + HQ(tna yn)

< Vitn, Tn + (@0, e0)) = Wltn, Yn 4+ Y(¥n, €n)) + ACy (1.4.37)
where
AC, = ¢ <tn,xn, V(tn, 2n), 0" (n) Dan(tn, Tny yn), en>
= & (ta s W (0, 9n)s =0 () Dyt 2, 9)) -
Now, we write AC,, = AC! + AC? + AC3, with
ACE = & (tn,:pn, V(tn, ¥n), 0 (2n) Da@n(tns Tny Yn), en)
—c (tn,xn, W(tn,yn),aT(a:n)Dwgon(tn,xn,yn),en) ,
AC? = ¢ (tn,:cn, Wt yn), 0" (20) Daon (tns Tns Yn), en>
= & (ts s W (tas ). =07 (0) Dy (b s ) €1 )
AC’E’L = ¢ (tn,xn, W(tn,yn), —0"(Yn)Dyon(tn, Tn,Yn), en>

—c (tm Yn, W(tm yn)7 =o' (yn)Dy@n(tm Tn, yn)7 en) .

We have V(t,, ) — W (tn, yn) — (V — W)(to, x0) > 0 by (1.4.30) and (1.4.35)). Hence, for
n large enough, V (tn, ) > W (tn,yn), and so from the nonincreasing condition (H4)(iv)
of ¢, we have AC} < 0. Since o7 (z)Dyon(tn, Tn, Yn) + 07 (Yn) Dy@n (tn, Tnyyn) — 0 by
the Lipschitz condition on ¢ and , we deduce with the Lipschitz condition on ¢
that limsup,,_,., AC2 < 0. By and continuity of ¢, we have lim,_., ACS = 0.

Therefore, we obtain

limsup AC, < 0.

n—oo
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Up to a subsequence, we may assume that (e,) converges to ep in E. Hence, by sending n
to infinity into ((1.4.37)), it follows with (1.4.35)) and the upper (resp. lower)-semicontinuity
of V (resp. W) that :

(V = W)(to, 2o + (0, €0), To + v(wo,€0)) = (V — W)(to, o) + nd(to, zo)

> (V — W)(to,l’o),

a contradiction with (|1.4.30]).

4 Let us check that, up to a subsequence, ¢, < T for all n. On the contrary, t, = tg
= T for n large enough, and from (|1.4.36)), and the viscosity subsolution property of V to

(1.4.29)), we would get

V(T,z,) < §(zn).

On the other hand, by the viscosity supersolution property of U to (1.4.29) and (H3)(iii),
we have W(T,yn) > §(yn), and so

By sending 7 to infinity, and from continuity of §, this would imply (V — W)(tg, zg) < 0, a

contradiction with (|1.4.30)).

5 We may then apply Ishii’s lemma (see Theorem 6.1 in [34]) to (tn, 2, yn) € [0,T) x R x
R? that attains the maximum of ©,,, for all n > 1 : there exist (p?/, a5, M,) € J*1V (tn, )
and (pj;,, 45, Nn) € J*=W (tn,yn) such that

P =i = Oon(tn, Tn,yn) = 2(tn — to),

q‘”/ = Dw‘pn(tnvxnvyn% qnW Dy#n(tn’:!n’yn)’
and
M, 0 I
< + — 4.

where A,, = D(zgJ )P (tn, Tn,Yn). From the viscosity supersolution property of W to (1.4.31)),
we have

n 1
pW(tm yn) - pW + <b(yn)a Dy@(tm Tn, yn)) - itr(a(yn)O’T (yn)Nn)
_f(tna Yn, W(tna yn)a —oT (yn)Dy@(tm T, yn)) > 0.

On the other hand, from (1.4.36) and the viscosity subsolution property of V to (1.4.28)),
we have

pf/(tn, xn) - pq‘}/ - <b($n)v sto(tna Tn, yn)> - %tr(g(xn)aT (xn)Mn)

_f(tnyfvmV(tnann):UT(fEn)DxSO(tmxmyn)) < 0.
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By subtracting the two previous inequalities, we obtain

p(V(tn, xn) - W(tn,yn)) < p?/ —p%, +AF,
+ <b(xn)a Dy (tn: Tn,yn)) + (b(yn), Dy‘Pn(tm TnsYn))

+ %tr (0(20)0™ (@) My, — ()0 () N) , (1.4.39)

where

AF, = f(tn7 Tn, V(tny xn); o’ ($n)Dx§0n(tn7 Tn, yn))
- f(tm Yn, W(tm yn)v =o' (yn)DyQPn(tna Tny yn))
From (|1.4.33]), we have p"f/ — p%/ — 0 as n goes to infinity. From the Lipschitz property of

b, and (1.4.34)), we have
tim_ ({6(2n), Daspn(tns Ts ya)) + (b(un); Dyenltns 2nsyn)) = 0.

n—oo

As usual, from ((1.4.38)), (1.4.33)), (1.4.34)), and the Lipschitz property of o, we have

limsup tr (o(xy)o™ () My, — 0(yn)o™(yn)Ny) < 0.
n—oo
Moreover, by the same arguments as for ¢, using the nonincreasing property of f in its third

variable, and the Lipschitz property of f , we have

limsup AF, < 0.

n—oo

Therefore, by sending n — oo into (1.4.39), we conclude with ((1.4.35) that p(V —W)(to, xo)
< 0, a contradiction with (|1.4.30]).

o Uniqueness for v. The uniqueness result is then a direct consequence of the comparison
principle, and the continuity of v on [0,7") x R? follows from the fact that in this case v, =
v, O

Remark 1.4.3 As a byproduct of the comparison principle in Theorem [1.4.3] we get the
continuity of the value function v on [0, 7) x R%. Since the jump-diffusion process X is quasi-
left continuous, then so is the minimal solution Y; = v(¢, X;) to the BSDE with constrained
jumps, and the penalized approximation Y;” = vy, (¢, X;). This implies that the predictable
projections PY and PY", respectively of Y and Y™, are equal to PY; = Y, and PY;" =Y.

Therefore, Y;- = lim,, o ¥;". From the weak version of Dini’s theorem, see [26] p. 202,

A
this yields the uniform convergence of Y™ on [0,77, i.e. limy—oosupycp ) |¥" — Yi| = 0,

and so by the dominated convergence theorem, the convergence of Y™ to Y in 82 :
nan;o Y*-vl|, = 0. (1.4.40)

Then, by applying It6’s formula to ¢ — E|Y; — Y;"| a in the proof of Theorem we get
from the convergence of Y™ to Y in 82 that (Z™, V") converges to (Z,V) in L2(W) x L2(ji)
and that K is continuous.
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1.5 Some sufficient conditions for (H2’) and (H3)

In this section, we provide various explicit conditions on the coefficients model, which ensure
that the general assumptions (H2’) and (H3) hold true.
1.5.1 Existence of the solution to BSDE with jump constraint

We first consider a case where we have upper bounds for the coefficients and h(u,e) = —u.

Proposition 1.5.3 Suppose that h(u,e) = —u, and assume that there exist real constants
C1,Cy and n € R? such that

g(x) < Cr+(n,x), c(z,y,2,¢) + (n,v(z,e)) <0 (1.5.41)
and f(.%’,y,Z)+<77,b(.T)> S 027

for all (z,y,2,e) € R x R x R? x E. Then (H2’) holds true.

Proof. Let us define a quadruple (Y, Z, K,U) by : Y; = Cy + Co(T — t) + (n, X;) for t <
T, Yr = g(X7), Zs = 0(X;-).n, Us(e) = 0 and

Roo= [ {emnb0n - px Tz fas

¢
- / / [e(Xoo Ve Zuse) + 0. 7(Xom)) b ulds,de), £ <T,
o JE
Kr = Kr_+Ci+ (n,Xr) - g(X7).
From (1.5.41)), the process K is clearly nondecreasing. Moreover, from the dynamics of X,

and by construction, we see that the quadruple (Y, Z, K, U) satisfies (1.2.10)-(1.2.13)) and
the function o(t,x) = C1 + Co(T — t) 4+ n.z clearly satisfies a linear growth condition. O

We next give an example inspired by [I0] where the jumps of X vanish as X goes out

of a ball centered in zero in the case of impulse control.

Proposition 1.5.4 Suppose that h(u,e) = —u, f,c does not depend on y,z, and assume
that c <0, v =0 on {r € R? : |2| > C1} x E for some C1 > 0. Then, (H2’) holds true.

Proof. We consider the function v :
v(t,z) = supIE” (X507 + / FXE™) ds+/ / Xm w(ds de)}
vey

Since ¢ < 0, and the choice of v = 1 corresponds to the probability measure P! = PP, we see

that v < v < ¥ where

o(t,x) = pes) /meder// dsde)]

o(t,x) = supE”[g(erp’x)—i—/t f(Xﬁ’x)ds].

vey
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The function ¢ clearly satisfies a linear growth condition by the linear growth conditions
on g, f,c and the standard estimate for X. Moreover, under the assumptions on the jump
coefficient =, it is shown in [10] that v satisfies a linear growth condition. Therefore, ¢ also
satisfies a linear growth condition.

Let us now define the process Y; = v(¢, X;), which is then equal to

Y, = essilelgE”[g(XT)+/tTf(Xs)ds—|—/tT/Ec(Xs,e)u(ds,de)‘ft],

and lies in S? from the linear growth condition, and the estimate (1.2.2) for X. From
Theorem we then know that there exists (Z,U, K) € L2(W) x L2(ji) x A2 such that

(Y, Z,U, K) is the minimal solution to ([1.2.10)-(1.2.13]), and so (H2’) is satisfied. a

We finally consider a case for general constraint function h.

Proposition 1.5.5 Assume that there exists a Lipschitz function w € C?(R?) satisfying a
linear growth condition, supersolution to (1.4.3), and such that

1
(b, Dw) + Etr(aaTDQw) + f(,w,0TDw) < C, on RY,
for some constant C. Then (H2’) holds true.

Proof. Let us define a quadruple (Y, Z,U, K) by

}/;f = U)(Xt) + C(T - t)) t< Ta YT = g(XT)a

Zt = UT(Xt_)Dw(Xt_)’ Ut(e) = w(Xt_ + ’Y(Xt_ve)) + C(Xt—vi/;f_a Zt? 6) - w(Xt_)) and

Roo= [0 p0n). e
5 {o(X0)o"(X)DPw(X.)} — (X, Vi, Z2)lds, ¢ < T,
Kr = Kp- +w(Xr)—g(X7).
From the conditions on w, we see that (Y, Z, K,U) lies in 2 x L2(W) x L2(fi) x A2

Moreover, by 1t6’s formula to w(X;) and the supersolution property of w to (1.4.3)), we

conclude that (Y, Z, K, U) is solution to (1.2.10)-(1.2.11), and o(t, z) = w(t,z) + C(T —t)

satisfies a linear growth condition. O

1.5.2 The strict supersolution condition (H3)

We give a sufficient condition for (H3) in the usual case where f and ¢ do not depend

neither on y nor on z.
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Proposition 1.5.6 Consider the case where h is given by
h(u,e) = —u.
Assume that there exists a constant o > 0 such that

—a < |ptr( el —|a* V(ze)eRIxE
. —c(z,e)
= inf >0
b (r,e)eRixE |z +y(z,e)|? — |z]? + a

Then assumption (H3) holds true.

71

Proof. We set A(z) := B|z|?> + ¢ with ¢ large enough so that A > g, i.e. (H3)(iii) is

satisfied. A straightforward computation shows that

6122 h(HA(z) — A(z),e) > aB >0

and hence (H3) (ii) is satisfied. Clearly, (H3) (iv) holds as well. Finally, it follows from the

linear growth assumption on b and o that (H3) (i) holds for a sufficiently large parameter

p.

|



Chapter 2

Constrained BSDEs with jumps :
Application to optimal switching

Abstract : This paper enlarges the class of backward stochastic differential equation (BSDE)
with jumps, adding some general constraints on all the components of the solution. Via a
penalization procedure, we provide an existence and uniqueness result for these so-called
constrained BSDEs with jumps. This new type of BSDE offers a nice and practical uni-
fying framework to represent and generalize the notions of constrained BSDEs studied in
[65], BSDEs with constrained jumps introduced recently by [46], as well as multidimen-
sional BSDEs with oblique reflection presented in [44] and [41]. For example, a switching
problem, represented by a multidimensional BSDE with oblique reflection, see [44], can be
directly solved through a one dimensional constrained BSDE with jumps. This result is very
promising from a numerical point of view for the resolution of high dimensional switching
problems. All the arguments presented here rely on probabilistic tools. This allows in par-
ticular to represent non-Markovian switching problems, where, for example, the switching

regime influences the dynamics of the underlined diffusion.

Keywords: Switching problems, BSDE with jumps, Constrained BSDE, Reflected BSDE.

72
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2.1 Introduction

Since its introduction by Pardoux and Peng in [61], the notion of Backward Stochastic Dif-
ferential Equations (BSDEs in short) has been widely extended. In particular, it appeared
as a very powerful tool to solve partial differential equations (PDE) and corresponding
stochastic optimization problems. Several generalizations of this notion are based on the
addition of new constraints on the solution. First, El Karoui et al. [29] study the case where
the component Y is forced to stay above a given process, leading to the notion of reflected
BSDEs related to optimal stopping and obstacle problems. Motivated by super replication
problems under portfolio constraints, Cvitanic et al. [24] consider the case where the com-
ponent Z is constrained to stay in a fixed convex set. More recently, Kharroubi et al. [46]
introduce a constraint on the jump component U of the BSDE, providing a representation of
solutions to a class of PDE, called quasi-variational inequalities, arising in optimal impulse
control problems. Generalizing the results of El Karoui et al. [29] in a multi-dimensional
framework, Hu and Tang [44] followed by Hamadéne and Zhang [41] consider BSDEs with
oblique reflections and connect them with systems of variational inequalities and optimal
switching problems. Nevertheless, they only consider cases where the switching strategy
does not affect the dynamics of the underlying diffusion. Our paper introduce the notion of
constrained BSDEs with jumps, which offers in particular a nice and natural probabilistic
representation for these types of switching problems. This new notion essentially unifies and
extends the notions of constrained BSDE without jumps, BSDE with constrained jumps as

well as multidimensional BSDE with oblique reflections.

Let illustrate our presentation by the example of a switching problem and introduce an

underlying diffusion process, whose dynamics are given by
¢ t
X7 = X +/ (X, an)du +/ o(X, o)dW,, 0<t<T, (2.1.1)
0 0

where « is a switching control process valued in {1,...,m}. We consider the following

switching control problem defined by

T
supE[g(X%,aT)+/ fXS, as)ds + Z c(aTk_,osz), (2.1.2)
«a 0

0<1e<T

where (73 ), denotes the jump times of the control a.. This type of stochastic control problem
is typically encountered by an agent maximizing the production rentability of a given good
by switching between m possible modes of production based on different commodities. A
switch is penalized by a given cost function ¢ and, since the agent is a large actor on
the market, the chosen mode of production influences the dynamics of the corresponding
commodities. One of the mode of production can also be interpreted as a strategy where the

agent directly buys the good on a financial market. As observed by Tang and Yong [78], the
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value function associated to this problem interprets on [0, 7] as the unique viscosity solution
of a given coupled system of variational inequalities. The difficulty in the derivation of a
BSDE representation for this type of problem is, firstly, the dependence of the solution in
mode i € {1,...,m} with respect to the global solution in all possible modes, and secondly,
the dependence in the control of the drift and the volatility of X. As recently observed in
[10], the unique solution to the corresponding system of variational inequalities interprets as
the value function of a well suited stochastic target problem associated to a diffusion with
jumps. Using entirely probabilistic arguments, the BSDE representation provided in this
paper relies on this type of correspondence. In our approach, we let artificially the strategy
jump randomly between the different modes of production. As in [63], this allows to retrieve
in the jump component of a one-dimensional backward process, some information regarding
the solution in the other modes of production. Indeed, let us introduce a pure jump process
(It)o<t<T based on an independent random measure ;1 and construct the underlying process
(X[*)o<i<r, whose dynamics are based on the random mode of production I according
to equation . Let consider the following constrained BSDE associated to the two
dimensional forward process (I, X') (called transmutation-diffusion process in [63]) and
defined on [0, T by:

Y, = g(Ximy+ [ fxkb, I )ds+KT—Kt
— [ Zg,aWy) — [ [ Us(i)u(ds, di), 0<t<T, (2.1.3)
Up(i) > (i, o), dP@dt@A(dz)

We prove in this paper that (2.1.3) has one unique minimal solution which indeed relates
directly to the solution of the corresponding switching problem (2.1.2)).

In order to unify our results with the one based on BSDE with oblique reflection consid-
ered in [44] or [41], we extend this approach and introduce the notion of constrained BSDE
with jumps whose solution (Y, Z, U, K) satisfies the general dynamics

T
Y, = £+/ F(5,Ys, Zo,Us)ds + K — K,
t

—/ (Zs, dWy) / / u(ds,di), 0<t<T (2.1.4)
t

a.s., for 0 <t < T, as well as the constraint
h(t,Yi—, Zy, U(i),7) > 0, dP®dt® A\(di) a.e., (2.1.5)

where f and h are given random functions. This notion of constrained BSDEs with jumps
also includes BSDEs studied by Buckdahn and Hu [16] for the pricing of american options
with underlying diffusions with jumps and portfolio constraints. Through a penalization

argument, we provide, in Section 2, existence and uniqueness of the minimal solution to
this type of constrained BSDE with jumps (2.1.4)-(2.1.5). For this purpose, we present
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in the Appendix an extension of Peng’s monotonic limit theorem [64] to the framework of
BSDEs with jumps. In Section 2, we mainly extend and unify the existing literature in

three directions:

e We generalize the notion of BSDE with constrained jumps considered in [46], letting
the driver function f depend on U and considering general constraint function h

depending on all the components of the solution.

e We add some jumps in the dynamics of constrained BSDE studied in [65] and let the

coefficients depend on the jump component U.

e In the case of general non linear switching problems considered in [41], the minimal
solution to our BSDE interprets nicely in terms of solution to their corresponding
BSDE with oblique reflections.

The constrained BSDEs with jumps offer a natural unifying framework to represent
these three distinct types of BSDE. We believe that the representation of a multidimen-
sional obliquely reflected BSDEs by a one dimensional constrained BSDE with jumps is
numerically very promising. It offers the possibility to generalize the results of [12] and
develop an entirely probabilistic algorithm for solving Markovian switching problems. Fur-
thermore, this algorithm could solve high dimensional systems of variational inequalities,
which relates directly to multidimensional BSDEs with oblique reflections, see [44] for more
details. The algorithm as well as the Feynman Kac representation of general constrained

BSDEs with jumps is currently under study and will appear in [33].

Like all the arguments of the paper, the proof relating constrained BSDEs with jumps
and BSDEs with oblique reflections only relies on probabilistic arguments and can be applied
in a non-Markovian setting. In particular, we provide a new multidimensional comparison
theorem, based on viability property for super-solutions to BSDE. Nevertheless, the class
of reflected BSDE studied in [44] or [41] does not allow for the consideration of switching
problems where the dynamics of the underlying diffusion depends in a general manner on
the current switching regime. The last section of the paper deals with this type of general
non Markovian switching problem, typically of the form of where the functions g, f
and c¢ are possibly random. We relate the value process of the optimal switching problem
to a well chosen family of multidimensional BSDE with oblique reflection. We finally link
via a penalization procedure this family of reflected BSDEs with a member of the class
of one-dimensional constrained BSDE with jumps. Therefore, constrained BSDEs with
jumps offer also a nice probabilistic representation for general switching problems, even in

a non-Markovian framework.

Notations. Throughout this paper we are given a finite terminal time 7" and a probability

space (€2,G,P) endowed with a d-dimensional standard Brownian motion W = (W})s>0,
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and a Poisson random measure p on Ry x Z, where Z = {1,...,m}, with intensity measure
A(di)dt for some finite measure A on Z with A(i) > 0 for all i« € Z. We set fu(dt,di) =
w(dt,di) — A(di)dt the compensated measure associated to p. o(Z) denotes the o-algebra
of subsets of Z. For x = (x1,...,24) € RY with £ € N, we set |z| = /[z1]2 + - + |22
the euclidean norm. We denote by G = (G;)i>0 (resp.F = (F;)i>0) the augmentation of

the natural filtration generated by W and p (resp. by W), and by P the o-algebra of
predictable subsets of Q x [0,T]. We denote by S2 (resp. S&? S2) the set of real-valued
cad-lag F-adapted (resp. continous F-adapted, cad-lag G-adapted) processes Y = (Y;)o<i<T
such that

2
Y, = (E[ sup \Y}ﬂ) < 00.
0<t<T

where F = (Fi)i>0 (resp. G = (Gt¢)i>0) denotes the completed filtration generated by W
(resp. by W and p). LP(0,T), p > 1, is the set of real-valued measurable processes ¢ =
(Cbt)OgtST such that

E[/OT|¢t|pdt} < 0o,

and LY (0, T) (resp. LZ(0,T)) is the subset of LP(0, T) consisting of F-progressively mea-
surable (resp. G-progressively measurable) processes.
LE(W) (resp. LR(W)), p > 1, is the set of R%-valued F-progressively measurable (resp.

P-measurable) processes Z = (Z;)o<t<7 such that

T v
1Z]leow) = <E[/0 |Zt’pdtD < oo

LP(f1), p > 1, is the set of P ® E-measurable maps U :  x [0,7] x Z — R such that

1Ulleony = <E[/OT/I|Ut(i)|p>\(di)dtD; < 0.

AZ (resp. AZ) is the closed subset of 82 (resp. S2) consisting of nondecreasing processes
K = (Kt)0§t§T with Ky = 0.
For ease of notation, we omit in all the paper the dependence in w € €2, whenever it is

explicit.

2.2 Constrained Backward SDEs with jumps

This section is devoted to the presentation of constrained Backward SDEs with jumps in
a framework generalizing the one considered in [46] and [65]. Namely we allow the driver
function to depend on the jump component of the backward process and we extend the class

of possible constraint functions by letting them depend on all the components of the solution
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to the BSDE. We provide here an existence and uniqueness result for this type of BSDEs
and remark that they are closely related to the notion of BSDEs with oblique reflections
studied by [44] and [41]. All the arguments presented here rely solely on probabilistic tools.

2.2.1 Formulation

A constrained BSDE with jumps is characterized by three objects :

e a terminal condition, i.e. a Gpr-measurable random variable &,

e a generator function, i.e. a progressively measurable map f : Q x [0, 7] x R x R x R?
— R,

e a constraint function, i.e. a P ® B(R) ® B(R?) ® o(Z)-measurable map h :  x [0, T] x
R x R x R? x T — R such that h(w,t,v, 2, .,1) is non-increasing for all (w,t,y,2,4) €
Qx[0,T] xR xR? x T.

Definition 2.2.1 A solution to the corresponding constrained BSDE with jumps is a quadru-
ple (Y, Z,U,K) € S2 x LZ(W) x L2(f1) x A2 satisfying

T
Y, = §+/ F(5, Yo, Zo,Us)ds + Kp — K
t

T T
—/ (Zg,dWy) —/ /Us(i),u(ds,di) , 0<t<T, (221)
¢ t JT
for 0 <t <T as., as well as the constraint
h(t,Yi—, Zy, Ug(i),i) > 0, dP®dt® A(di) a.e. . (2.2.2)

Furthermore, (Y, Z, U, K) is referred to as the minimal solution to (2.2.1)-(2.2.2)) whenever,
for any other solution (Y, Z,U, K) to (2.2.1)-(2.2.2), we have Y, < Y. a.s.. In this case, Y
naturally interprets in the terminology of Peng [64] as the smallest supersolution to ([2.2.1)-
2.23).

Remark 2.2.1 In the case where the driver function f does not depend on U and the
constraint function h is of the form h(u + ¢(t,y, z), ), observe that this BSDE exactly fits
in the framework considered in [46]. In the Brownian case (i.e. no jump component), this
type of BSDEs has been studied in [65].

In order to derive an existence and uniqueness result for solutions to this type of BSDE,
we require the classical Lipschitz and linear growth conditions on the coefficients as well as
a constraint on the dependence of the driver function in the jump component of the BSDE.

We regroup these conditions in the following assumption.
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(HO)

(i) There exists a constant k& > 0 such that the functions f and h satisfy P—a.s. the

uniform Lipschitz property

|f(ty, 2, (ug)g) = f6 0, 2 (W)l < k(Y 2, (wy);) = (4, 25 (u)) )], (2:2.3)
|h(t,y, z,ui i) — bty 2 ul, ) < kl(y, z,w) — (v, 2/, ul)] (2.2.4)

for all (¢,1,y, 2, (uj);,y', 2, (u});) € [0, T] x T x [R x RY x RT]2.

(ii) The coefficients f and h satisfy the following growth linear condition : there exists a
constant C such that P—a.s.

[F(tys 2, (ug))| + bty 2,0, )| < OO+ Jyl + (2] + [(ug);]) - (2.2.5)
for all (¢,4,y, 2, (u;);) € [0,T] x T x R x R? x R,

(iii) There exist two constants C; > Co > —1 such that P— a.s.

f(ty,z,u) = f(ty, 2,u") < /(Ui — up)yP Y (i)A(di),
T
for all (y,z u,u') € R x R? x [RT]?2, where 4¥#%% : Q x [0,T] xZ — Ris P ®
0(Z)—measurable and satisfies Cy < ’yy’z’"’”/ < (C].

Remark 2.2.2 Under Assumption (HO) (i) and (ii), existence and uniqueness of a solution
(Y, Z,U, K) to the BSDE with K = 0 follows from classical results on BSDEs with
jumps, see [5] or [77] for example. In order to add the h-constraint (2.2.2), one needs as
usual to relax the dynamics of Y by adding the non decreasing process K in . In
mathematical finance, the purpose of this new process K is to increase the super replication
price Y of a contingent claim, under additional portfolio constraints. In order to find a
minimal solution to the constrained BSDE —, the nondecreasing property of h
is crucial for stating comparison principles needed in the penalization approach. The simpler
example of constraint function to keep in mind is h(.,u,7) = ¢(.,4) — u, i.e. upper-bounded
jumps constraint.

Remark 2.2.3 Part (iii) of Assumption (HO) constrains the form of the dependence of
the driver in the jump component of the BSDE. It is inspired from [73] and will ensure
comparison results for BSDEs driven by this type of driver.

2.2.2 Existence, uniqueness and approximation by penalization

In this paragraph, we provide an existence and uniqueness result for solutions to constrained
BSDEs with jumps of the form (2.2.1)-(2.2.2]). This result requires an extension of Peng’s

monotonic limit theorem to the case of BSDE with jump, which is presented in the Appendix.
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The proof relies on a classical penalization argument and we introduce the following

sequence of BSDEs with jumps
T
vto= €+/ f(s, Y, Z3,Uy) dS—I—n/ / (5, Y, Z" UMi),43)\(di)ds (2.2.6)
t

—/ (Z, dWy) //U” p(ds,di), 0<t<T,néeN,
t

where h™(t,y, z,u,i) := max(—h(t,y, z,u,1),0) is the negative part of the function h. Under
Assumption (HO), the Lipschitz property of the coefficients f and h ensures existence and
uniqueness of a solution (Y, 2", U") € S2 x LA(W) x L?(ji) to , see [5] or [77] . Let
first state two comparison results ensuring a monotonic convergence of the sequence (Y™),

under the additional assumption

(H1) There exists a quadruple (Y, Z,K,U) € S x LZ(W) x L2(i) x A% solution of
Ez1)-@29).

This assumption may appear restrictive but is classical and we present in Section [2.2.3
some examples where (H1) is satisfied, see Remark below for more details. Let us

first state a general comparison theorem for BSDEs with jumps.

Lemma 2.2.1 Let fi, fo : Qx[0, T]xRxRIxR? — R two generators satisfying Assumption
(HO) and &,& € L2(Q,Gr,P). Let (Y1, Z1,U') € 8% x L(W) x L%(1) satisfying

v = &+ /f13Y121 )ds—/ (ZL awy) //U1 p(ds, di)
t
for0<t<T as., and (Y2, Z%,U% K?) € S& x LA(W) x L?(f1) x A2 satisfying
T
v = §2+/ fQ(s,Yf,ZE,Ubds—/ (Z2,dW,) / /U2 (ds, di) + K2 — K2 |
t t

for 0 <t < T as. IfH <€ and f1(t, YL, 2L, UL < fo(t, Y ZE UL for all t € [0,T]
then we have Y,' < Y2 for all t € [0,T].

Proof. Let usdenote Y :=Y?2 -Y! 7 :=22 -7\ U :=U%?-U", f = fo(.,Y?, 22, U?) -
AGYLZEUY) and € = €2 — ¢! so that

Y, = £+/ fsds—/ (Zs, W)
// w(ds, de) —I—KT—Kt, 0<t<T, a.s. (2.2.7)

Let now define the process a by

f2(t>Y7-f27 Z7€27Ut2) - f2(t7Y;517 thv Utz)
a = 7, 1y, 203 5
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and b the R%-valued process defined component by component by

k—1
o Y2 Ul - byt 2z U Lol d
t - ‘/;k {Vtkyé[)}a T Ly ey )

where Zt(k) is the R%-valued random vector whose k first components are those of Z! and
whose (d — k) lasts are those of Z2, and V/* is the k-th component of Zt(k_l) — Zt(k).

Notice that the processes a, b are bounded since f is Lipschitz continuous. Observe also
that the process K defined by

5 vL ZlU2Ul t Lo o A
t 1)ds 2(S, ) ) — J1ls, ) 3 S
K = K; // Us(i)A(di)d +/(f( Yy, Zs,Us) = fi(s, Y5, Z5, Uy ))d
0

is an increasing process according to (HO) (iii) and f1(t,Y}!, Z}, U}) < fo(t, Y4, Z}, U}) for
all t € [0,7]. With these notations, we rewrite (2.2.7)) as:

— T _ _ 1 1 2 1
Y, = §+/ <asYs+bS.ZS+/753_,ZS,US,USUS(Z.))\(CZZ.)> ds
t

—/ (Zy,dW,) // p(ds,de) + K — K, .
t

Consider now the positive process I solution to the s.d.e.:
vl .z} U2U} .
ClFt = Ft‘ (atdt+ <bt,th> /’}/3 ° (dl,d8)> y FO = 1.

Notice that I' lies in Sé since a, b and ~ are bounded, and T is positive according to (H3)

(iii). A direct application of Itd’s formula leads to

Y1 ZLu2ul - N
d[FY]t = <Ft Zt + Yt j bt,th> + Iy / ' ) Us(i)ﬂ(ds,di) —T'-dKy,

so that the process I'Y is a supermartingale since I' > 0. Hence
Y, > E[IpYp|G| = E[Ir€|G] >0, 0<t<T,

leading to Y > 0. |

We can now state our comparison results for the sequence (Y™),,.

Proposition 2.2.1 Under (HO), the sequence (Y™),, is nondecreasmg, and, for any quadru-

ple (Y, Z,U,K) € S2 x LA(W) x L%(f1) x A% satisfying (2.2.1 -, we have Y <Y
a.s., n € N. Under additional Assumption (H1), the sequence of processes (Y™) converges
increasingly and in L2(0,T) to a process Y € SZ.

Proof. The monotonic property of the sequence (Y™) follows from a direct application of
Lemma with fi = f+n [;hd\ fo=f+n+1 fIh dA and K2 = 0. For any
quadruple (Y, Z,U, K) € SG X Lé(W) x L2 (1) x Aé sat1sfy1ng , we obtain Y™
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<Y as,neN, taking fi = fo = f+ n [z h~d\ in the previous lemma. Under additional
Assumption (H1), the sequence (Y™) is therefore increasing and upper bounded, ensuring

its monotonic and in L2 (0, T) convergence. O

We now turn to the convergence of the triplet (Z™, U™, K™),, where, for any n € N| the
increasing process K" € Aé is defined by

t
Kr = n/ /h‘(s,}/s”?ZQ,U;L(i),i))\(di)ds, 0<t<T.
0 JI

For this purpose, we provide in Theorem [2.4.3] of the appendix an extension of Peng’s

monotonic limit theorem [64] to BSDEs with jumps.

Theorem 2.2.1 Under (HO)-(H1), there exists a unique minimal solution (Y, Z,U, K) €

SZ x L2(W) x L2(i1) x A2 to (2.2.1)-(2.2.2), with K predictable. Furthermore Y is the
increasing limit of (Y™),, K is the weak limit of (K™),, in LZ(0,T), and

HZn_ZHLp(w) + HUn_UHLp(ﬁ) — 0,
for any p € [1,2), as n goes to infinity.

Proof. From Proposition [2.2.1] and Theorem [2.4.3] we derive the convergence of the
sequence (Y™, Z" U™ K™), to (Y,Z,U,K), solution to (2.2.1). The constraint is
satisfied by (Y, Z,U, K) since the sequence (K™), is bounded in SZ, see in the
proof of Theorem [2.4.3] Observe also that K inherits the predictability of K™, n € N.
The uniqueness of the minimal solution (Y, Z, U, K) follows from the identification of the

predictable, continuous and bounded variation parts. O

Remark 2.2.4 Observe that the purpose of Assumption (H1) is to ensure an upper bound
on the sequence (Y"),, of solutions to the penalized BSDEs. If such an upper bound already
exists, this assumption is not required anymore but will be automatically satisfied from
the existence of a minimal solution to the constrained BSDE with jumps. Cases where
Assumption (H1) is satisfied are presented in the next section, and sufficient conditions for

this assumption in a markovian setting are presented in [33].

Remark 2.2.5 Notice that the convergence of Y to Y, which is obtained in a weak sense
(i.e. in LZ(0,T)) could be improved in the Markovian case (i.e. Y™ — Y in §%). In this
case we get the convergence (Z",U") to (Z,U) in L2(W) x L2(f1). See [33] for more details.

2.2.3 Link with multi-dimensional reflected Backward SDEs

In this section, we prove that multidimensional reflected BSDEs introduced by [44] and
generalized by [41] are closely related to constrained BSDEs with jumps. The arguments
presented here are purely probabilistic and therefore apply in the non Markovian frame-

work considered in [44]. Furthermore, the proofs require precise comparison results based
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on viability properties that are reported in the Appendix for the convenience of the reader.

Recall that solving a multidimensional reflected BSDE consists in finding m triplets
(Y, Z0, K'Yz € (Sg% x L2(W) x A2)T satistying

=&+ [Tabi(s, Y. Y Zhds — [T(ZE dWy) + K — K]
Y} > maxjea, hij(t,Y{) (2.2.8)
Jo 1§ = maxjea, {hi; (8. Y/ )} = 0
where, for all i € Z, ¢; : Q x [0,T] x R™ x R? — R is an F-progressively measur-
able map, ¢ € L3(Q, Fr,P), A; is a nonempty subset of Z \ {i}, and , for any j € A;,

hij : Q2 x[0,T] x R — R is a given function. As detailed in [44], existence and uniqueness
of a solution to ([2.2.8)) is ensured by the following assumption.

(H2)
(i) For any i € Z and j € A;, we have £ > h; j(T,&7).

(ii) For any i € Z, EfOT SUPycRm |y, =0 [0i(t, y,0)|2dt + E|¢Y|? < +oo, and 1); is Lipschitz
continuous: there exists a constant k;, > 0 such that

Wity 2) — ity 2 < kp(ly— |+ 2= 2]), V(,y,2,y,7) €T x [RxRY?.

(iii) For any ¢ € Z, and j # i, 1; is increasing in its (j + 1)—th variable i.e. for any
t,y,y,2) € T x [R™)? x R% such that y, = v for k # j and y; < v’ we have
k J J

¢i(t7yaz) S '(Z)i(t,y/,Z) P —a.s.

(iv) For any (i,t,y) € Zx[0,T] xR and j € A;, h;; is continuous, h; j(t,.) is a 1-Lipschitz
and increasing function satisfying h; j(t,y) < y. Furthermore, for any [ € A;, we have
le A; U {Z} and hi,l(ta y) > h@j(i, hj7l(t,y)).

Remark 2.2.6 Part (ii) and (iii) of Assumption (H2) are classical Lipschitz and monotony
properties of the driver. Part (iv) ensures a tractable form for the domain of R where
(Y?);ez lies, and (i) implies that the terminal condition is indeed in the domain,

Consider now the following constrained BSDE with jump: find a minimal quadruple
Y,Z,U,K) € 82 x L2(W) x L2(f1) x A2 satisfying
G G H G

v, = ¢y / 01 (5 Vs + Us(U) L1, st Vo + Uy (m) L1, 2o Zs)ds (2.2.9)

T
+Kp — K; — / <ZS,dW / / wu(ds,di), 0<t<T, a.s.
¢
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with
14, () [fftf — Dy, (Y + Ut(i))} > 0, dP®dteNdi) ae (2.2.10)

where the process I is a pure jumps process defined by

I, = Io+/0t/z(i—ls_)p(ds,dz’).

Remark that, if p = ano (7,4, the process I is simply the pure jump process which
coincides with A,, on each [7,,7,+1). This BSDE enters obviously into the class of con-
strained BSDEs with jumps of the form (2.2.1)-(2.2.2) studied above, with the following

correspondence

f = §IT ) f(tvya Z,U) = 1/’&(’57 (y + Uillt;«éi)ieza Z) and h(t?y7 Z,U,i) =Y - hIt_,i(tay + U) .

Observe further that Assumption (HO) is automatically satisfied under (H2), and, as de-

tailed in the next proposition, (H2) also implies (H1) for (2.2.9)-(2.2.10) and its minimal
solution can be directly related to the solution of the BSDE with oblique reflections (2.2.8|).

Proposition 2.2.2 Let Assumption (H2) hold and ((Y',Z',KY),..., (Y™, Z™ K™)) be
the solution to (2.2.8)). Then (H1) holds true for (2.2.9)-(2.2.10) and, if we denote (Y, Z,U, K)
the minimal solution to (2.2.9)-(2.2.10)), the following equality holds

Vi=Yl, Z,=2+ ad U()=Y;-Y"

In order to derive this result, we need to introduce and discuss the corresponding penalized
BSDEs. For n € N, consider the system of penalized BSDEs: find m couples (Y%, Z4");c1
€ (8%’2 x L2(W))? satisfying

. . T . T .
Y;Z’n = &+ / i (s, Ysl’n, ey Ysm’n, Z;’n)ds — / <Z§’n, dWs)
t t
T
—I—n/ SOV — hig(s, YN TAG)s, 0<t<T, as (22.11)
t

JEA;

Lemma 2.2.2 Under (H2), the sequence (Y*™),, is increasing and converges to Y dP ® dt
a.e. and in L2(0,T), and the sequence (Z*"),, converges weakly to Z' in LZ(W), for all
1e€1.

Proof. For any ¢ € [0,7T], y € R™ and z € [RY™, set

Qb?(tvya Z) = ¢i(t7yu Zi) +n Z [yl - hi,j(tvyj)]_)‘(j)'

JEA;
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From (H2) (iii) and (iv), we have ¢ (t,y + ¢/, z) > ¢*(t,y,z) for any 3y € (RT)™ such
that y; = 0. Since 9! depends only on z;, it satisfies inequality (2.4.21]) in the Appendix.
Therefore, Theorem [2.4.2] leads to

VP>V > v forall  (ti,n) € [0,T] x T x N. (2.2.12)

By Peng’s monotonic limit theorem, there exist m cadlag processes Yl,...,?m € 82,
AT AL LZ(W) and K',...,K™ € A2 such that Y*" 1 Y% ae., Yo" — Vi in
L2(0,T), Z" — Z" in L2(0, T) weakly and

T T
Y = §Z+/t wi(s,YSl,...,Ysm,Z;)ds—/t (Z:,dWs) + Ky — K{,

with V! > maxjea, hij(t, Y;j ). Then, using the same arguments as in the proof of Theorem
2.4 in [41], we prove that (f/, Z, K’) is the unique solution to (2.2.8). a

Proof of Proposition u For i € 7 and n € N, define the processes Y/ € S2,
ZIm e L2(W) and U™ € L2(f1) by
In Iin In I,—n Ing: in In
Yt =Y, ", Z)" = Z, and Ug™(i) = Y" =Y 2", 0<t<T. (2.2.13)
We deduce from (2.2.11)) that (Y1, Z1m U1") is the solution to the penalized BSDE as-

sociated to (2.2.9))-(2.2.10) given by

Y;an = §IT / T/JIS S an+Uln( )1157517' an+UIn( )]-Is?éMaZ[n)ds

—/ (zIn aw,) +n// (s Kf_’",Zﬁ’",Ui’”(z’)))\(i)dS+//Uj”(z’)u(dz’,ds).
t t JIT

From (2.2.12)), the sequence (Y"),, is bounded in S% and, proceeding as in Section 2, we
prove that

Y =Y 2oy T 127" = Zlliowy + 1U" = Ullppzy — 0,
where (Y, Z,U) is the minimal solution to (2.2.9)-(2.2.10). Combined with ([2.2.13) and
Lemma this concludes the proof. O

The main interest of the previous result is the unification of the notion of constrained
BSDEs without jumps studied in [65], the class of BSDEs with constrained jumps introduced
by [46] and the notion of BSDEs with oblique reflections considered in [4I] and [44]. As a by
product, we deduce from [44] that constrained BSDE with jump of the form interpret as a
viscosity solution to a system of variational inequalities. This opens the door to the numer-
ical approximation of solution to this type of PDEs by purely probabilistic schemes in the

spirit of the algorithm presented in [I2]. Instead of considering a multidimensional BSDE
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with oblique reflections, one just needs to approximate a one dimensional constrained BSDE
with jumps. The Feynman-Kac representation of general constrained BSDE with jumps and
the corresponding numerical algorithm are under study and will appear in a separate paper
[33].

Since the results presented here rely on probabilistic arguments, they can apply to
eventually non Markovian settings considered in [4I] or [44]. Nevertheless, they do not
include cases where the dynamics of the underlying diffusion depends on the value of the
current switching regime. The purpose of the next section is to extend the link presented

here to a more general class of non-Markovian switching problems.

2.3 Constrained Backward SDEs with jumps and non-Markovian
switching

This section is devoted to the interpretation of non-Markovian switching problems in terms
of solutions to BSDEs with constrained jumps. In particular, we consider useful cases where
the current switching regime influences the dynamics of the underlying diffusion. This is
the case for example if we consider a producer who is a large investor on the commodity
market who influences the dynamics of the underlying commodity prices. One of the di-
mension of the underlying can also be the level of the stock in some commodity which is
of course directly related to the chosen mode of production. To our knowledge, no BSDE
representation has yet been established in this type of framework. We first extend the re-
sults of [44] and relate the solution to a general non-Markovian switching problem with a
well chosen family of multidimensional BSDE with oblique reflections. We finally link this
family of BSDE with one single one-dimensional constrained BSDE with jumps leading to

the announced representation property.

2.3.1 Non-Markovian optimal switching

Given the set Z = {1,...,m} and a terminal time 7" < 400, an impulse strategy « consists
in a sequence « := (7%, (x)k>1, Where (7%)r>1 is an increasing sequence of F-stoppping times,
and (; are Fr,-measurable random variables valued in Z. To a strategy a = (7%, (x)r>1 and

an initial regime ip, we naturally associate the process (oy)i<7 defined by

ar = Z€k1[7k77k+1)(t)’

k>0

with 79 = 0 and {yp = ig. We denote by A the set of admissible strategies. Given a strategy
a € A and an initial condition (ig, Xo), we define the controlled process X¢ by

t t
X7 =Xo+ / b(s,as, X)ds + / o(s,as, XH)dWs , (2.3.1)
0 0
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and we consider the total profit at horizon T' defined by
T
J) = E g@myX?)+l/ W(s, 00, XN s+ > e(tiy Gm1, ) | - (2.32)
0 0<7x<T

We suppose here that the functions b, o, : Q x [0,T] x T x R* — R% R4 R are progres-
sively measurable functions and g : Q xZ x R? — R is Fr ® ¢(T) ® B(RY)-measurable, and
that ¢: Q x [0,7] x T x T — R is a progresively measurable function.

Given an initial data (X, ig), the switching problem consists in finding a strategy a* € A
such that

J(a*) = 223 J(a)

Such a strategy is called optimal and we shall work under the following assumption.
(H3)
(i) b and o satisfy the Lipschitz property: there exists a constant k such that P—a.s.
|b(w, t,i,2) — blw, t,i,2")| + |o(w, t,i,2) — o(w, t,i,2")| < klz—2a],
for all (w,t,i,2,2') € 2 x [0,T] x T x R x R,
(ii) The terminal condition g satisfies the following structural condition

9(w,z,i) > max{g(w,z,5) + C(w, T,i,j)} V(wiz) € QxR xT,
jE

(iii) The functions g and 1 are bounded, i.e. there exists two constants g and v satisfying

sup  {lg(w,i,z)[} <g and sup {l(w, t,i,2)|} <.
(wyi,x)EQXTXRY (w,t,i,x)EQX[0,T]xITx R4

(iv) The cost function ¢ is upper-bounded, i.e. there exists a constant ¢ > 0 such that

max c(w,t,i,7) < —¢.
(w,t,2,§)€QX[0,T|XTXT

Furthermore ¢(., 4, j) is continuous, for all ,j € Z, and it satisfies the structural con-

dition

Remark 2.3.1 Part (i) of Assumption (H3) provides existence and uniqueness of a solution
to (2.3.1). Part (ii) ensures the non-optimality of a switching at maturity, (iv) makes indirect
switching strategy irrelevant and (iii)-(iv) ensures the problem is well posed.

Let define the set of finite strategies D by
D = {a=(kGr>1 €A|P(rpy <T, Vk>1)=0}.

Let first observe the following property:
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Proposition 2.3.1 Under (H3), the supremum of J over Ay, coincides with the one over
Dy, that is

sup J(a) = sup J(«), VieT. (2.3.3)
acA a€D
Proof. Fix i € Z. Consider a strategy o = (7, (x)r>0 € A\ D and define B := {w €
Q| mp(w) < T, Vn € N*} so that P(B) > 0. Such a strategy is not optimal since we derive
from (H3) (iii) and (iv) that

J) < g+TY+E| > (G161 +E| D> etk o1, G)lpe| = —00.

o<, <T o<, <T

2.3.2 Reflected BSDEs and optimal switching

Following the approach of [27], we consider in this section a family of reflected BSDE. For
any couple (v,7n) with v a stopping time valued in [0,7] and 7 a F,-measurable random

variable taking values in RY, we consider the following reflected BSDE

(Yim, 2040, K )ie € (83 x LE(W) x AR,
Y = g, Xty [T (s, i, XM sy ds — 12007 dW) + K5 — K7,
Y0 > maxjer (Y7 + e(t,i, )},
fOT[YtV’i’n - manez{YtV’j’n + c(t, i,j)}]ale’i’77 =0,
(2.3.4)

where X% is the diffusion defined by
. t . t .
XU e, + / b(s, i, XV 1o ds + / o (5,5, XV 1gordW,, Vit > 0(2.3.5)
0 0

Under (H3), we know from [41] that (2.3.4) has a unique solution for any stopping time
v and any JF,-measurable random variable 7, and we denote by O its barrier defined by
o = maz)_({YtV’j’n +e(t,i,f)}, i€, t<T. (2.3.6)

j€
We aim at relating the solutions to this class of reflected BSDEs to the solution of the
optimal non Markovian switching problem presented in (2.3.2)). The next proposition relates
a stability property, a Snell envelope representation and a global estimate on the family of

processes (Y1), .

Proposition 2.3.2 Assume that (H8) holds and take v,V two F-stopping times such that
v <v' andn an F,-measurable random variable valued in R

. v,i
v, X0
v

(i) Foralli € T andt > V', we have Y""" =Y, , P-a.s.
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(ii) For alli € T and t > V', we have the following representation

Y/ = ess supIE[/ P(s,i, X" 1s>pds
TeTy t B

+OY Mo + g (i, X;’i7n)1T=T‘ft} : (2.3.7)

(iii) There exists a constant Y such that

S Y <Y (2.3.8)
t,v,i,m

Proof. (i) Notice first that X7 and XV X5 solve the same SDE, namely
X, = X5 and  dXy = b(t,i, X,)dt + o(t,i, X;)dW;  fort >0, (2.3.9)

Under (H3) (i), equation admits a unique solution and we have XV = xvm
on [/, T]. We deduce that (Y”/’i’XZ’M,Z”l’i’XZ”Zyn,K”/’i’X:;M)ieI satisfies the same BSDE
as (Yvin zvin Kviny,.r on [/, T]. Uniqueness of solution to this BSDE is given by [41].

(ii) Regarding of , (Yvin, zvin KV interprets as the solution to a reflected
BSDE with single barrier O*%". We deduce from [29] that Y%7 admits the snell envelope
representation (2.3.7)).

(iii) For fixed v and 7, the family (Y47 Z»i1 K¥1), 7 is the solution to the BSDE
with oblique reflection . We know from [41] that (Y&nn Zvinn KV4nn) converges
to (Y¥in, Zvin Kvin) where the sequence (YV&mn zvinn gvinn) s defined recursively

by
YtV77/7n70 — g(,L’ X;ﬂ?n) + / w(s7 Z” X;ﬂ71/7n)1321/d8 _ / <Zsy7lv,r]70’ dW5> a‘11(1 Kt’/77/77770 — 0’
t t

and, for n > 1,

thll,'i,T],?’L — g(l, X;ﬂ:”) + J;:T ¢(87 2'7 XSV,ZyC)]_SledS
| _ ftT<Zt1/ji,n,n’dWS> + K;an _ K:,im,n,
Y/ > maxjer {YP 4 et 0, 4) ),

fOTD/tV,iJ?:n _ mane_’Z'{}/;Mj’n’nil + C(t,i,j)}]thV’i’n’n — 0.

(2.3.10)

To derive (2.3.8), it suffices to prove by induction on n that
Y01 < (T =t 4+ 1) max{¢, g}, i€Z, 0<t<T, neN.
First, rewriting Y79 as a conditional expectation, we derive

V) < (T —t)p+§ < (T —t+ 1) max{h, g}, 0<t<T, iel.
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Fix n € N and suppose the result is true for Y. Using the representation of Y*#mn+1 a5

a Snell envelope, we derive

. T . . .
nll,z,n,n#»l = €SS S,Zl—lpE |:/ 711(8, Z', ngzvﬂ)lsZUdS + OZ7Z7T77”+117<T + g(Z, X;’Zm)lq—:T
TE Lt t

ft:|a

where Q21— manGI{YTV’j’"’n + ¢(t,i,7)}. Combining this representation with As-
sumption (H3) leads to [Y;"""""!| < (T =t + 1) max{g,%} and concludes the proof.
O

For any stopping time v, any F,-random variable n and any Z-valued random variable

¢, we naturally introduce the processes Y¢ and O%¢" by
}/;Vzc»n — Z}/;V’i7n]-€:i and O;/,CJI — 202/7277714_:1 (2311)
i€l i€T
We are now able to state the main results of this section characterizing the optimal

solution to the switching problem (2.3.2) in terms of reflected BSDEs.

Theorem 2.3.1 Let o = (75, () )n>0 be the strategy given by of = (0,i9) and defined
recursively for n > 1 by

7_27174:1717)(:* Th 1 7*171in*
T = inf {3 > 1 Y =0, "‘1} . (2.3.12)
* - 7-;7174271’)(:* 1 T;’C;;’Xi* * % *
Gn 1 s.t. s "= YT,;{ "+ C(Tnv Cn—la Cn) ) (2313)
with X* the diffusion defined by
T T
X = JB0+Z/ b(‘g:C;—l?X:)lSStdS—"/ (s, Gro1s X3 )ls<eds, 2> 0.

n>17 1 Tho1

Under Assumption (H38), the strategy o* is optimal for the switching problem (2.3.2) and
we have

Y30 (0, z0) = J(a®). (2.3.14)

Proof. The proof is performed in two steps.

Step 1. The strategy a* € D and satisfies Yoo’io’mO = J(a").
The representation ([2.3.7)) rewrites

. T . . .
Yot = esssupEE { / w(s,io,XS’”’“)der03”°’x°17<T+g(io,X%Z°’z0)1TT] :
T€7o 0

Since the boundary ©%:%0 is continuous, the stopping time 7; is optimal for (2.3.15) and

we get

. T , . .
g = E[ / ¢<s,z‘o,X£’W°)ds+03§0’m°17;<T+g<z'o,X%Z°’z°>1T;:T].
0
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If i =T, the proof is over. Let suppose that 77 < T" and, according to the definition of (7,

we derive

o
T CE X 00

. Tf . T*
ydioeo — g [/ (s, ig, XOW0%0)ds + Y. b0, ()
0

* sk XOviO’IO
. . . T1 7(1 s
Similarly, we can use the representation of Y . !
1

given by (2.3.7)), and we deduce

recursively that
0,i0.0 ™ o TG X .
Yot = E Y(s,i0, XJ)ds + Y. "4+ Z (T, i1, Co) |, (2.3.15)
0 0<k<n

for all n € N satisfying 7, < T. We now prove o € D and assume on the contrary that
p:=P(r} < T, Vn € N) > 0. Combining (H3), (2.3.8) and (2.3.15), we derive

* ok *
Tn7<n7X.r*

Yy(0, 40, 20) < T +E |sup |Ys n ] —ncP(r; <T, Vk>0) < YT +Y —nép.
s<T
Sending n to —oo leads to Ybo’io’xo = —oo which contradicts Y%0®0 ¢ S2Z Therefore

P(rp < T, Yk > 0) =0ie o €D. Finally, taking the limit as n — oo in (2.3.15) leads
0,30,0 *
to Y0 = J (o).

Step2. The strategy o™ is optimal.
According to Proposition [2.371] it suffices to consider finite strategies and we pick any
a = (Tp, (n)n>0 € D. Since 77 is optimal, we deduce from Part (i) of Proposition that

. [ rm .
YbO:’LO@O _ E / ¢(37 io, X£7%07130)d8}
LJO

v
&=

[ 10,i0, . 0,i0,z0
OTIZO zo 17'1<T + g(?,(), XT )171:T:|

Y
=

(Y2920 (1,0, 1)) Lry <1 + glio, XP07) 1y, 1|

Y
=

[ 7'17<17X2f1710 - - 0,%0,20
YT1 + C(Tla,LO)Cl) 1T1<T +g(ZOaXT )17'1<T .

Proceeding as in step 1, an induction argument leads to

: n . Tn ang
yLioo > ]E[/ lio, XE)ds + Y7 e cp - g(Gu XN pmr + Y elms G, 60|
0 0<k<n

for all n satisfying 7, < T. Since the strategy « is finite, we deduce Yoo’io’xo > J(a) by

sending n — o0. |
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2.3.3 Approximation by penalisation and link with constrained BSDEs
with jumps

We finally conclude the paper and present in this paragraph the link between constrained
Backward SDEs with jumps and optimal switching in non-Markovian cases.

Consider the constrained BSDE with jumps: find a quadruple (Y, Z,U, K) € 8(2; X
L2(W) x L?(1) x A2 satisfying

Y, = (IT,XT / P(s IS,X Yds + Kp — K, (2.3.16)
—/ (Zs, dWy) / / wu(ds,di), 0<t<T, a.s.
t
with
—U(i) —c(t, I;-,i) > 0, dP®dt® \di) a.e. (2.3.17)

where the process (I, X7) is defined by

t
L = o+ / / (i — I, )uldt, di)
0 A

t t
X! = m+/b@@x@%+/J@QXMME
0 0

for t > 0. The link between (2.3.16))-(2.3.17) and the optimal switching problem is given
by the following result which extends the link between BSDEs with constrained jumps and
BSDEs with oblique reflections presented in Proposition [2.2.2

Proposition 2.3.3 Under (H3), (H1) holds for (2.3.16])-(2.3.17)) and if we denote (Y, Z,U, K)
1ts minimal solution we have

I I
Y, =YX g = N g ) = v e X (2318

i
for 0 <t <T a.s.. In particular, we deduce Yo = J(a*) = sup,ecq J ().

Proof. For any stopping time v and any random variable 7, let define the processes
(Yvimn zvinn gvinny, o e (82 x LE(W) x A2)? as the solution to the penalized BSDE

' , T , T .
thy,z,'q,n _ g(i,X:'ﬁZ’") +/ ¢(S,i,X§7l7n)dS _/ <Z8Val,777n’dWS>
t t

T
b [ S (s ) - TEAG)
bt jer
Under (H3), we know from Lemma (or [44]) that (YV&mn zvimn [Vimnn). . con-
verges to (Y41, Zvin KN, as n goes to oo, for each (v,7). Proceeding as in the proof
of Proposition one easily checks that the quadruple (f/”, VAN ™) defined by

N ~t7[t7XtI:n o n __ t>It 7X )1 t1t7X ;1 ~t7]t—’XtIan
A AL and (i) = Yo xtn gt
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is solution to the penalized BSDE associated to (2.3.16)-(2.3.17)), namely

Y, = g(Ir, X%) / U(s, I, X1 ds—i—n/ / i)+ c(s, I;—,1)]” A(di)ds

—/ (Zs, dW) / / wu(ds,di), 0<t<T.a.s.
t

From Proposition m (iii), we know that the monotone sequence (Y™),, is bounded, and
we derive from Remark that Assumption (H1) is satisfied and that (Y™, 2", U")
converges to (Y, Z,U), which concludes the proof. O

Remark 2.3.2 The optimal strategy can be described by the constrained BSDE with jumps

(2.3.16)-(2.3.17). Indeed, using the definition of (7;},(})n>0 and the identification ([2.3.18))

we get
ol = inf{t>7'n;maXE{Ut()—c(tCn, )| s vs>7-]:()}
JjET

and Cpy1 such that

E {UTQH(C:HA) — (7115 Gy G 1)) * Vs > Tn] = 0.

2.4 Appendix

2.4.1 Viability property for BSDEs

We extend here the viability property of [I7] for a closed convex cone C of R™. Let (Y, Z)
€ (811?’2 x LZ(W))™ satisfying

T T
Y, = YT+/ F(s,YS,ZS)ds—/ (Zy, dW)+ Kr — K, 0<t<T,
t t

where F' : Q x [0,T] x R™ x R™*4 — R™ is a progressively measurable function satisfying
(H2) (i) and (ii) and K is an R™-valued finite variation process such that

t
K, = /kzsd|K|s,
0

with k; € C and | K|s the variation of K on [0, s] . Denote d¢ the distance to C (i.e. d¢(x) =

minyec |2 — y|) and Il¢ the projection operator onto C, then we have the following result:

Proposition 2.4.4 Suppose Y7 € C and there exists a constant C° such that F satisfies
Uy~ Te(y), F(ty,2)) < (Dldef2(y)2, 2) + 2C%de (y) (2.4.19)
for any point y € R™ where |dc|? is twice differentiable. Then, we have

Y, € C, forall t€1]0,T] P—a.s.
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Proof. Let n € C°°(R%) be a non-negative function with support in the unit ball and
such that [psn(z)dz = 1. For § > 0 and = € R? we put

1 /x
ns(x) = ﬁﬂ(g)

¢s(x) = |dc|* xms(x) / |de(z — 2)*ns(2)da

Notice (see part (b) of the proof of Theorem 2.5 in [I7]) that ¢5 € C*°(R?) and

0 < ¢5< 7) < (de(a ) +6)°
Dos(x) = [ga Dlde(2)|*ns(x — 2)dz’ and [Dgs(x)| < 2(de(x) + 9) (2.4.20)

D2¢>5 = Jga D?dc(2)|*ns(x — a')da’ and 0 < |D%*¢s(z)| < 214

Applying It6’s formula to ¢s5(Y;), this leads to

T

T 1
Bos(Y) = Eos(¥r) +E [ (DY) F(s.YouZ))ds = 5B [ (@5(Y) 20, Z)ds

T
+E / (D®B5(Y2), ko) K,

IN

5 +E// (Dlde()?, F(s, . 26)) — 5{(D*lde()Zs, Z)|mo(¥: — )dyds
8 [ [ DUt Fis,1, 2 ~ Fls, Yo Z0)m(Ys ~ o)y
R4

v [ [ (DleP k(Y K,
t

for 0 <t <T,6 > 0. Since k; € C and C is a closed convex cone, we have (D|dc(y)|?, ks)
< 0. Then, combining ([2.4.19) with inequality 2d.(.) < 1+ d.(.)?, we get

T
Bos(V) < 8+ CB [ [ 1deo)Pasty — Ydyds
t

T
12K / / de(y)ns(Ye—y)  max  |F(s,y, Zs) — F(s,Ye, Z)|dyds
t JRd y': |y —Ys|<d

T
< 52+CO/ E¢s(Y- )ds+E/ (1+¢5(Ys))  max  |F(s,y',Zs) — F(s,Ys, Zs)|ds .

t Yy —Ys[<6
Using the Lipschitz property of F', we deduce
Bos(v) < @+ [ " Bos(v,)ds),
and Gronwall’s lemma leads to
Eps(Y:) < C(62+96), 0<t<T, §>0.
Finally, from Fatou’s Lemma, we have
Elde(V))]* < liminfEgs(Vi) = 0, 0<t<T,

which concludes the proof. O
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2.4.2 A multi-dimentional comparison theorem for BSDEs

We now turn to the obtention of a multi-dimentional comparison result. Consider (Y!, Z!, K)
€ (85° x LZ(W) x A2)™ satisfying

T T
Y} = qu+/ Fl(s,Y;,Z;)ds—/ (ZY aw,) + K1 — K,
t t

and (Y2, 7%) € (SIECJ2 x L2(W))™ satisfying
T T
Y2 = Y2 +/ Fy(s, Y2, Z%)ds — / (Z2,dW,)
t t
Then we have the following comparison theorem generalizing the one in [43].

Theorem 2.4.2 Suppose that Y} > Y2 and that, for any (y,v',2,2') € [R™]? x [R™*4)2
we have

m
— My Pty +y2) - By, 2) <2 1ycolz — 2+ 200y TP P - a4.21)

where C° > 0 is a constant. Then Y,' > Y2, for all t € [0,T).

Proof. As in Theorem 2.1 in [43], it suffices to remark that F'! is Lipschitz and apply
Proposition [2.4.21|to the couple (Y —Y?2,Y?) and the closed convex cone C = (RT)™ x R™.
g

2.4.3 Monotonic Limit theorem for BSDE with jumps

This paragraph is devoted to the extension of Peng’s monotonic limit theorem to the frame-

work of BSDEs driven by a Brownian motion and a Poisson random measure.

Theorem 2.4.3 () Let (Y™, Z",U",K"), be a sequence in S3 x LZ(W) x L?(f1) x A2
satisfying

T T
Y = Yﬁ+/ f(s,}fsn,zg,Ug)ds—/ (Z7, dW,) / /U" (di,ds) + K} — K,
t t

for all t € [0,T]. If (Y"), converges increasingly to Y with E[supcpo r [Y;|?] < oo, then
Y € 82 (up to a modification) and there exists (Z,U, K) € LZ(W) x L?(1) x A2 such that

T
Y, = YT+/ f(s,Ys,ZS,Us)ds—/ (Zy, dW) / / pu(di, ds) + Kr — K,
t t

for allt € [0,T]. Moreover (Z,U) is the weak (resp. strong) limit of the sequence (Z™,U™),,
in LA(W) x L2(@1) (resp. LE(W) x LP(f), for p < 2). Finally, K is the weak limit of
(K™)y, in L2(0,T) and, for any t € [0,T], K; is the weak limit of (KJ*),, in L?(Q, F¢,P).

Proof. The proof of Theorem is an adaptation of the one presented in [64] and is

performed in four steps.
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1. Uniform estimate. Applying Itd’s formula to |Y"|? and using standard arguments (BDG

inequality and Gronwall’s Lemma) we get the existence of a constant C' > 0 such that

1Y ls2 + 12" gz ewy + 107 a + 1K 2 < C,  meN.  (24.22)

2. Weak convergence. Using the previous uniform estimate and the Hilbert structure
of LZ(W) x L?(i) x L2(0,T) x L2(0,T), we deduce the existence of a subsequence of
(Zzmum, K™ f(., Y™, Z",U™))p, which converges weakly to some (Z,U, K, F). Identifying
the limits of (Y™),, and (Z™, U™, K™, f(., Y™, Z",U™)),, we get

T T
Y, — YT+/ Fds—/ (Zo, dW)
/ / wu(di,ds) + Kp — Ky, 0<t<T. (2.4.23)

3. Properties of the process K. We first observe from Lemma 2.2 in [64] that the process K
admits a cadlag modification. We then establish that the contribution of the jumps of K is
mainly concentrated within a finite number of intervals with sufficiently small total length.
This result is derived with similar arguments as in [64], relying only the right continuity of
the filtration and the predictability of the process K. As in Lemma 2.3 in [64], observe also
that, for any d,e > 0, there exists a finite number of pairs of stopping times (o, 7% )o<r<n
with 0 < o < 7 < T such that

(i) (o4, 75] N (o, 6] = O for j # k;
(it) EXN (1 — op) > T — &

N
(i) E> ko Doy <t<r, |AK | <.
4. Strong convergence. Following the arguments of the proof of Theorem 3.1 in [46], we
deduce the convergence of (Z",U"), to (Z,U) in dt ® dP—measure. Together with the
uniform estimate (2.4.22), this leads to the strong convergence of (Z",U"),, to (Z,U) in

L2 (W) x LP(f1), p < 2. Combining the Lipschitz property of f with (2.4.23), we conclude
that (Y, Z, U, K) satisfies

T
Y, = YT+/ st;,ZS,U)ds—/ (Zy, dW,)
t

/ / p(di,ds) + Kp— K,, 0<t<T.
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Chapter 3

Probabilistic Representation and
Approximation for Coupled Systems
of Variational Inequalities

Abstract : This paper is dedicated to the probabilistic representation and approximation of
solution to coupled systems of variational inequalities. The dynamics of each component
of the solution is given by a different linear parabolic operator combined with a non linear
dependence in all the components of the solution. This dynamics is coupled with a global
structural constraint between all the components of the solution including the practical
example of optimal switching problems. In this paper, we interpret the unique viscosity
solution to this type of coupled systems of variational inequalities as the solution to one-
dimensional constrained BSDEs with jumps introduced recently in [32]. In the spirit of
[12], this new representation allows for the introduction of a natural entirely probabilistic
numerical scheme for the resolution of these systems. We detail the algorithm and discuss

its convergence.

Keywords: BSDE with jumps, variational inequalities, viscosity solutions, Monte Carlo si-

multations, Switching problems.
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3.1 Introduction

The theory of stochastic differential equations provides a Feynman-Kac probabilistic rep-
resentation for the solution of second order parabolic linear PDE’s. Pardoux and Peng
developed in [61] a theory for SDE with terminal conditions instead of initial one. These
equations, called Backward Stochastic Differential Equations, provide a probabilistic repre-
sentation of solution to quasilinear parabolic PDEs (see [62]). Coupling the diffusion process
with a pure jump process, Pardoux Pradeilles and Rao [63] extend this representation to
systems of coupled semilinear PDEs with different linear differential operators on each line.
Introducing restrictions on the domain of the Backward process, El Karoui et all [29] cover
the class of variational inequalities. Constraining instead the jump part of the Backward
process, Kharroubi, Ma, Pham and Zhang [46] allow to consider quasilinear variational
inequalities.

Our interest in this paper is to extend this type of Feynman-Kac representation to
the more general class of coupled systems of quasilinear variational inequalities, arising for
example in optimal impulse or switching problems. We will typically consider system of
PDEs of the form

v; ; . . . .
- (‘%Z — L' — (i, ., (Vk)1<k<m, 0 Davi)| A lg}glmh(z, iy 0,0 Dy, j) = 0,
on [0,7) x RY, and  v(T,.) = g(i,.) on R%, ie{l,...,m} (3.1.1)
where, for any i € {1,...,m}, £’ is a linear second order local operator

Livi(t,z) = bi,z).Dyvi(t, ) + %tr(aa—r(i, z)D2v;(t, x)),

and b, o, f and h are Lipschitz continuous functions. These equations appear in particular
for the treatment of general switching problems in finite horizon, as observed in [78] or
[54]. Consider an agent trying to maximize the outcomes of a running (and terminal) profit
function f (and g), which are related to the path of a Brownian diffusion process X, whose
dynamics depends on the current operating regime of production. At any time, the agent
can switch between the different modes of productions, as long as the constraint given by
h is satisfied. For example, if h : (i,.,vi,v5,7) — ¥i —y; — ¢ij, the difference between
the value functions in both modes i and j stays above the constant c¢; ;. This is the case
whenever the agent has to pay a fixed cost ¢;; in order to switch from regime 4 to regime
j. The major difficulty for the study of this equation is due to the coupling between all
the components v; of the solution. In particular, when the number of modes m is high, the
numerical resolution of by classical PDE approximation methods is very tricky and
highly computational. We intend to provide a probabilistic representation to leading

to an efficient numerical approximation scheme.

In the case where the drift © and the volatility o are independent on the regime of produc-

tion (i.e. their first variable) and the constraint function is of the form h : (4,.,y,y;,j) —
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Yi —yj — ¢i j, Hu and Tang [44] interpret the vector solution to as a multi-dimensional
BSDE with terminal condition and oblique reflections. To our knowledge, no numerical
scheme is unfortunately available to approximate obliquely reflected BSDEs. The challeng-
ing derivation of a convergent numerical approximation for this type of BSDE is of great
interest but is left for further research. The approach of this paper relies instead on a recent
reinterpretation of obliquely multi-dimensional reflected BSDEs in terms of one-dimensional
constrained BSDEs with Jumps, introduced by the authors in [32]. In the spirit of [63], the
idea is to introduce a random mode of production given by a pure Jump process (I;), driven
by an independant Poisson measure . Let consider a one-dimensional forward process X!,
whose dynamics are characterized by the random drift and volatility functions p(., ;) and
o(.,1;), so that £ is the Dynkin operator associated to (X | I;). Formally, given a smooth
solution v to , the process Y; := vy, (t, X;) satisfies

T
Yi = g(Ir, Xr) +/ F(L, X1,Ys + U, Z.)ds + Kr — K
t

T T
_/ Zs-dWs - / / US(])#(dsad])v (312)
t t {1,....,m}

vy,
where Z, := o (I-, X¢)Dyvr,_ (t, Xy), Us(.) == v.(t, X¢) — vr,_ (t, Xy), and K, == [;(~ a;

—LIsvr, — f(., 1)) (s, Xs)ds. Since v satisfies (3.1.1]), we know that K is a continuous (hence

predictable) nondecreasing process, and that the following constraint is satisfied:

WL, X!, Y Yo + Unl§), Ze,§) > 0, je{l,....m}. (3.1.3)

The Backward SDE ([3.1.2) combined with the constraint enters into the class of
constrained BSDEs with jumps introduced in [32]. Under mild assumptions on the coef-
ficients including the decreasing property of h in its fourth variable, there exists a unique
minimal solution (Y, Z, U, K) to this BSDE. We prove in this paper that this solution inter-
prets in terms of viscosity solution to the coupled system of variational inequalities .
This Feynman-Kac representation extends the one in [46] since we consider general form of
constraint functions h, and the dependence in U of the driver function implies a coupling
between the different components of the solutions as in (3.1.1)). Furthermore, the very gen-
eral form of constraint function h enlarges also the conclusions of Peng and Xu [65] derived
in the no-jump case. Finally, this result offers a Feynman-Kac representation for general
reflected BSDEs with interconnected obstacles introduced recently by Hamadene and Zhang
[41], and reinterpreted as constrained BSDEs with jumps in [32]. For the special case of
optimal switching problems, our framework allows for the realistic consideration of cases

where the dynamics of the forward process is influenced by the current switching regime.

Following the approach of [10] and [46], we provide under stronger assumptions a com-
parison theorem for the coupled system (3.1.1]). Therefore, the component Y of the minimal
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solution to (3.1.2)-(3.1.3) interprets as the unique viscosity solution to (3.1.1). When the

constraint function A does not depend on Z, the comparison result provides also an extra
condition of the minimality for the constrained BSDE (3.1.2))-(3.1.3). This extra minimality
condition is the following:

T
min h(I, X1, Y, Y,  +U,,j)dK, = 0. (3.1.4)

0 1<j<m

The main interest of this new probabilistic representation for the solution to is
the obtention of a corresponding numerical algorithm. First, we approach the constrained
BSDE with jumps by a sequence of penalized BSDEs with jumps. Second, we approximate
the penalized BSDE using the algorithm introduced by Bouchard and Elie [12]. This leads
to a converging numerical scheme based on time discretization, Monte Carlo simulations

and numerical projections.

The rest of the paper is organized as follows: In Section 2, we precise the formulation
of the constrained BSDEs with jumps considered here and the corresponding system of
variational inequalities. We briefly recall existence and uniqueness results presented in [32],
and we discuss the existence of a minimality condition. We interpret in Section 3 and
4 the minimal solution to the constrained BSDE as the unique viscosity solution to the
corresponding system of parabolic variational inequalities. Finally, in Section 5 we discuss

numerical issues and present the probabilistic algorithm.

Notations. Throughout this paper, we fix m € N and denote Z := {1,...,m}. Any
element = € R? will be identified to a column vector with i-th component 2* and Euclidian
norm |z|. For z; € R%, i < n and d; € N, we define (x1,...,2,) as the column vector
associated to (z1,... ,a:clll, oxh o 29, For a (m x d)-dimensional matrix M, we note
|M| := sup{|Mz|; z € R? | |x| = 1}, M" its transpose and we write M € M¢ if m = d.
Given p € N and a measured space (A, A, 14), we denote by LP(A, A, ua;R?), or simply
LP(A, A) or LP(A) if no confusion is possible, the set of p-integrable R%valued measurable
maps on (A, A, pa). For p = oo, L®(A, A, ua;R?) is the set of essentially bounded RY-
valued measurable maps. For a function v : [0, 7] xR? — R™ and (t, x,i) € [0, T]xR¢x T we
denote by v(t, ,) the i-th component of the vector v(t, z) € R™. C12([0, T] x R?x T) (resp.
C%(R? x 7)) denotes the set of functions ¢ : [0,7] x R x T — R (resp. ¢ : R x T — R)
such that ¢(.,i) € CH2([0,T] x R) (resp. ¢(.,i) € C*(R%)), for all i € Z. For a smooth
function ¢ : [0,7] x R x T — R, %—‘f, D, and D2y denote respectively the derivative of
@ w.r.t. t, the gradient and the Hessian matrix of ¢ w.r.t. . For ease of notation, we omit

in all the paper the dependence in w € €2, whenever it is explicit.
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3.2 Constrained Forward Backward SDEs with jumps

We present in this section the notion of constrained Forward Backward SDEs with jumps
and briefly recall the existence and uniqueness results derived in [32]. We detail the ap-
proximation procedure based on penalization, which will prove its interest in the following
sections. We discuss the correspondence between the value function associated to Y and all
the components of the solution. Under an extra regularity assumption on the value function,

we provide a Skorohod type minimality condition for the considered BSDE.

3.2.1 Formulation

Throughout this paper we are given a finite terminal time 7" and a probability space (2, G, P)
endowed with a d-dimensional standard Brownian motion W = (W});>0, and an indepen-
dent Poisson random measure 1 on Ry x Z, where Z = {1,...,m}, with intensity measure
A(di)dt for some finite measure A on Z with (i) > 0, for all i € Z. We set fi(dt,di) =
p(dt, di) — A(di)dt the compensated measure associated to p. We denote by G = (Gi)i>0
(resp.F = (Fi)t>0) the augmentation of the natural filtration generated by W and p (resp.
by W), and by P the o-algebra of predictable subsets of © x [0, 7.

The Forward process of the equation is composed of both a pure jump process I and a
diffusion X without jump depending on I. Let b : 7 x R — R? and ¢ : 7 x R? — R4x4
be continuous functions, Lipschitz in their second variable uniformly in their first variable.
For each initial condition (¢,4,2) € [0,T] x T x R, let (IY", X1"")cscr be the unique
7 x Re-valued solution of the SDE:

Is = i+ ftS fI(] - Ir*)u(dru d]) (3 2 1)
X, = z+ [b(L, X)dr + [7 o (I, X,)dW, &

Before introducing the backward SDE, we need to define some additional notations. For
any p > 2, We denote by SP the set of real valued G-adapted cadlag processes Y on [0, 7]
such that

P

IYils == E| sup [%;P| < oo,

0<r<T

L{jv is the set of progressively measurable R%valued processes Z such that

1
T 7
| Z]lyp = E[(/ |Z,~]pdr>} < 00,
w 0

L? is the set of P ® ¢(Z) measurable maps U : Q x [0,T] x T — R such that

10l == E[ / ' / \Us<j>|px<dj>ds]’l’ < oo,
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(here o(Z) denotes the class of subsets of Z) and A? is the closed subset of % composed by

nondecreasing processes K with Ko = 0.

For any initial condition (t,i,z) € [0,T] x Z x R we consider the constrained BSDE

with jumps, whose dynamics is given by

Y, = g(I¥, X5 + /fIt’i,Xf;"’”,YS+US,ZS)ds—|—KT—Kt

—/t Zg.dWg — / / w(ds, dj), (3.2.2)

together with the constraint
WP X5 Y Yo + UWG), Zg) > 0, GET, (3.2.3)

where g, f and h are deterministic functions.

A solution to the constrained BSDE with jumps is a quadruplet (Y, Z, U, K) € S? x L%,V X
L% x A? satisfying (3.2.2)-(3.2.3). Furthermore, (Y, Z,U, K) is referred to as the minimal

solution to (3.2.2))-(3.2.3) whenever, for any other solution (Y', 2’ U’, K') to (3.2.2))-(3.2.3)),

we have Y <Y’ ass..

3.2.2 Existence and uniqueness of a minimal solution

In order to ensure existence and uniqueness to the constrained BSDE with jumps (3.2.2])-
(3.2.3) starting from any initial condition (t,i,2) € [0,7] x T x R?, we need to adapt the

assumptions presented in [32] and introduce:

(HO)

(i) There exists a constant & > 0 such that the functions f and h satisfy the uniform
Lipschitz property

|fl 2,y + (ug)jer, 2) — fli 2,9 + (W))jez, 2] < El(y, 2, (ug)jer) — (v, 2/, (u])jez)]
|h(iaxayay+ujazvj)_h(laxvy,y +Uja2a])’ S k:|(y,z,u]) (y Zau])|

for all (2,4,7,y, z,u, 9, 2/, u') € R x T? x [R x R¢ x RZ]2.

(ii) The coefficients f(i,.), g(i,.) and h(i,.,j) are continuous for any i,j € Z and they

satisfy the following growth linear condition : there exists a constant C' such that
[f( 2y +u,2)| + 9@, )| + (i 2y, y +uj, 2, 5) ] < CQ+ o]+ |yl + [z + [ul)

for all (z,i,7,y,2,u) € R x T2 x R x R% x R,
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(iii) There exist two constants C7 > Cy > —1 and a measurable map 7 : Z X R% x R x R% x
[RI]2 x T — R such that Cy < ~(.) < C; and

f(ivxay + uvz) - f(/ivxuy/ —f-’LL/,Z/) S /I(uj - U;)’Y(i,&?,y,Z,U7U,,j))\(dj) 9

for all (i,,y, z,u,u’) € T x R? x R x R? x [RT]2.

(iv) The function h(i,z,y,y+.,2,J) is decreasing for all (i, 2,7, 2,j) € TxRIxRxR? x T.

Assumptions (i) and (ii) are classical for the study of BSDEs and their links with PDEs.
(iii) and (iv) allows to set comarison theorem for penalized BSDEs defined below and used
to construct the minimal constrained solution (see [32]).

In order to ensure that this problem is well defined, we also need to assume:

(H1) For any initial condition, there exists a quadruple (Y, Z, K,U) € 8% x L, x L/% x A?
satisfying (3.2.2)-(3.2.3), with Y, = o(t, Xy, It), <t < T, for some deterministic function v

satisfying a linear growth condition
o(t,z,4)] < C(+]al), (tz,i) €[0,T] xR xT.

Remark 3.2.1 Being aware that Assumption (H1) is rather restrictive, we provide in
Remark a more tractable sufficient condition for it. Notice that (H1) is slightly
stronger than its analogous in [32]. This allows to ensure the corresponding Markovian
value function defined below to satisfy a linear growth condition and to be in particular
locally bounded, see Lemma [3.3.1

As a direct application of Theorem 2.1 in [32], we verify the following.

Theorem 3.2.1 Suppose Assumptions (HO) and (H1) hold. For all triple (t,i,x) € [0,T]X
T x R4, there exists a unique quadruple (YH® ztbz Utir Ktir) ¢ §2 x L%V X L/% x A?

manimal solution to 1}1 , and v(t,x,1) == Y;t’i’:c defines a deterministic map from
[0, 7] x RY x T into R.

3.2.3 Related penalized BSDE

In [32], the proof for the existence of a minimal solution to (3.2.2)-(B.2.3) relies on a penal-
ization argument. We will require the corresponding penalized BSDE in the next sections
and we choose to present it here. For any initial condition (¢,7,z) € [0,T] x T x R and
n € N, we denote by (Ybion ztizn [jtizn) the solution to the following penalized BSDE
with jump

Y, = g(Iif, Xt) 4 / P, XY, 4 Uy, Z,)ds — / / U(ulds,df)  (3.2.4)
t t T

T T : .
- / Zg.dW, -|—n/ /h‘([ﬁf,xgw,n_,y;_ + U(§), Zs, ))Ndj)ds, 0<t<T.
t t T
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Under (HO), following the arguments of [5], we verify that there exists a unique solution
to (3.2.4)), for any n € N. From [32] we have the following result:

Theorem 3.2.2 Under (HO)-(H1), for any (t,i,z) € [0, T|xIxR%, the sequence (YH*m)

is nondecreasing and converges to Y% in the folowing sense:

T , 12 : :
E|:/ Yst,z,ac,n - }/st,l,:r ClS} 4 EHY:’Z’m’n . YTt,z,m } nj(;o 0’
t
for any stopping time T valued in [1,T]. Moreover we have
HZt,i,x _ Zt,i,w,nHLp + HUt,i,w _ Ut,i,x,n ‘LP SN 0’ p< 9. (3'2'5)
w o N—0o

Under an extra regularity property of the process Y, we can improve this convergence

result.

Proposition 3.2.1 If (HO)-(H1) holds and the process Y is quasi-left continuous in time,
we have

+|\U -U"

Y =Y, + 2 - 27" o + K =K, — 0. (3:26)
i

"

Proof. First notice that, according to [63], the process Y™ is also quasi-left continuous.
Therefore, the predictable projections of Y- and Y™ are simply given by (Y;-.); and (Ytln)t
and satisfy Y.,- = lim, 00 Yt_" We deduce from the weak version of Dini’s theorem, see
[26] p. 202, that Y™ converges uniformly to Y on [0,7], and the dominated convergence

theorem leads to [|Y" —Y~"|, — 0. Combined with standard estimates of the form
n—oo
1Zm% = 22, + U™ = U2, + | K™ - K2, < Oy -y,
L, L2 s2 S2

this implies that the sequences (Z"), (U™) and (K™) are Cauchy in their respective Banach

spaces, which concludes the proof. O

Remark 3.2.2 Under the extra Assumptions (H2) and (H3) below, the value function
v (tx,i) — Yf“ interprets as the unique viscosity solution to a well chosen system of
variational inequalities. In this case, v is continuous and Y; = v(t, Xy, It) is quasi left con-
tinuous so that we derive the strong convergence of the penalized BSDE to the constrained
one.

In order to derive viscosity properties on the solution to the constrained BSDE with

jump (3.2.2)-(3.2.3]), we shall pass to the limit the viscosity properties of (3.2.4). Similarly

in Section in order to approximate numerically the solution to (3.2.2)-(3.2.3), we shall
work directly on the penalized one.
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3.2.4 Link between (Y,U) and X

We give here a representation of the processes Y and U as deterministic functional of the
process X.
Let define the sequence of functions v, (resp. v) : [0,T] x R¢ x T — R by

vn(resp. v) : (tx,i) — YU (resp. YUU), (t,2,0) € [0,T] x R? x T, (3.2.7)
where, for any initial condition (t,z,4) € [0,T] x RY x Z (Y50, ZL05" ghbtomy, o o is

the minimal solution to BSDE (3.2.2))-(3.2.3]). Let first observe the following identification
between v, and the components of the solution to the BSDE (|3.2.4]).

Lemma 3.2.1 Let Assumption (HO)-(H1) hold. For all (t,i,4,z) € [0,T]> x T? x R?, we

have the following identifications:
Y =, (0, X I8 (3.2.8)
for any stopping time 0 valued in [t,T], and
Ust’i’x’n(j) _ vn(s, X;,i,a:,j) _ Un(ijé,i,x, Iﬁf), (3.2.9)
for any s € [t,T].

Proof. Fix (t,4,7,2) € [0,T] x Z? x R? and 6 a stopping time valued in [¢,T]. The
identification of Y™ comes from uniqueness of solution to (3.2.4) and from the Markov
property of (I, X). Let us now check the identification of U~™ and define

UL () o= onls, X300, ) = onls, XU ).

Using (3.2.4) and the identification of Y ", we derive

[ ntas,a) = v -y o[ g s.d).
T A

, . , iy 2
which gives [H(U""(j) = O (j))*u(ds, dj) = | (UL (j) = DL (j))u(ds, dj)| =
0. Hence, E[fOT fI(USt””(g) — UL (5))2p(ds, dj)] = 0 which implies that

T
B[ [ Wi - v paaas| o.
0o Jz
and concludes the proof. O

Proposition 3.2.2 Let Assumption (HO0)-(H1) hold. The function v links the processes
YT gnd U with X55% by the relation:

YU = w0, X I, (3.2.10)
for any stopping time 0 valued in [t,T), and
U;&,i,:p(j) _ U(S,Xé’i’m,j) _ U(S,X};’i’x,lzf), (3.2.11)
for any s € [t,T].

Proof. From Theorem [3:2.2) and the definition of v, we know that v is the pointwise limit
of (vp)n. We deduce (3.2.10) from (3.2.8)) and (3.2.11]) is implied by (3.2.9) and (3.2.5). O
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3.2.5 The minimality condition

Under an extra regularity assumption on the function v satisfied under Assumptions (H2)
and (H3) below, we deduce from the previous proposition a minimality condition for the
solution (Y, Z,U, K), which is a Skorohod type condition as in [29] in the case of reflected
BSDEs.

Corollary 3.2.1 Let Assumption (HO)-(H1) hold. Suppose that the function v(.,1) is con-
tinuous on [0, T)xRY for alli € T, and that the function h does not depend on the component
Z. Then for all (t,i,z) € [0,T] x T x R% the minimal solution (Yt»* Ztix [hie KLHT)
satisfy the Skorohod condition
T
/ min [h(ltf@, yhie iy, j)] dEbT = 0 (3.2.12)
. JeT S s

Proof. Notice first that if v(.,4) is continuous for all i € Z, then the processe Y% is quasi-
left continuous since (I*% X%4%) is too. From Proposition and the representation
(3.2.11)), we have also

Hyt,z‘,:c _ Yt,i,x,n

g +max|[U7() = UGl e = 0. (3213

n—o0

In particular we get (see Lemma 5.8 in [35] which is also true for caglad functions)

S

T ) ) 4 ‘ .
/t min |:h,(_[t’_l’gj7 Xﬁ’l’x’ }/stilvxyn7 U;,l,-’l%n (j); ])i| dK'lsf,’L,x,n .

JjET n—oo

T . . . )
/ min [h([ﬁf’“, yhbe ghia (), j)] diti® (3.2.14)
t
Then using
T . . ) . .
/ Ijnel? [h(I;f@v X;717x7 Y::f’%na U?Z@’n(j)v .7):| dK?Z’xm' < 07
t
and

T ' ' . |
/thnel%l [h(Iz’_l’qustj,x,U;l,x(j)’j)]dKiﬂ,:p > 0,

we get (3.2.12]). O

3.3 Link with coupled systems of variational inequalities

This section is devoted to the viscosity property of the minimal solution of the constrained
BSDE with Jump (3.2.2)-(3.2.3). Generalizing the representation derived in [46] and [65],
we interpret the value function v as a viscosity solution to a system of coupled variational

inequalities given below by (3.3.2))-(3.3.3). The argument relies on a passing to the limit
the viscosity properties of the corresponding penalized BSDEs with jumps.
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3.3.1 Viscosity properties of the penalized BSDE

The penalized parabolic integral partial differential equation (IPDE) associated to (3.2.4))
is naturally defined, for each n € N, by

_%:("i) — L(.,1) = f(i,, (2. §))jez, o " Dap(., 1))
- fI [h(i’x’(p(”i)gp("j%UTD$SO('71)7j)]_)\(dj) =0 on [0,7)x R x 7, (3.3.1)

o(T,x,i) = g(x,1) on R x T,

where L is the m-dimensional second order local operator associated to X and given by

: 1
Lio = b'(i,.)Dyp + Strlo (i, )o, )'D2p], on [0,T] xR xT.

Since the penalized BSDE enters into the class of BSDE with jumps studied by Pardoux,

Pradeilles and Rao [63], we have the following Feynman-Kac representation result.

Proposition 3.3.1 Under (HO)-(H1) and for any n € N, the functions v, defined in

(3.2.7) are continuous wviscosity solutions to (3.3.1)). Indeed, for any n € N and i € Z,
vn (T, .,3) = g(.,4) and, for any (t,z) € [0,T) x R? and ¢ € CY2([0,T] x R% x T) such that
(t,x) is a global minimum (resp. mazimum) of (vy, — ©)(.,4) for all i € T, we have
O i . , ,
— 5 (00— Lro(1) = £, (@(5))jez, o Datp( 7))
[ W )90 0). T De DN 2 (resp. <) 0, €T

Proof. The continuity of v, follows from the same argument as in the proof of Lemma
2.1 in [63]. Similarly, according to Lemma the viscosity property of v, exactly fits in
the framework of Theorem 4.1 in [63]. O

3.3.2 Viscosity properties of the constrained BSDE with jumps

We state in this subsection the viscosity property of the function v. Formally, passing to
the limit in (3.3.1) when n goes to infinity, we expect v to be solution, on [0,7T) x R? x T,

to the following coupled system of variational inequalities

min [— g:(.,i) ~ L) — f (z y (v(.,j))jez,aTva(.,i)) :
rjnei%lh<Z’,.,v(.,i),v(.,j),UTDIU(.,i),j)} — 0,i€7.(332)

To complete the PDE characterization of the function v, we need to provide a suitable
boundary condition. In general, we can not expect to have v(T~,.) = g, and we shall
consider the relaxed boundary condition given by

min [v(T ", z,i) — g(z, l)’mel%lh <i,m,v(., i),v(.,7), UTDIU(.,i),j) } =0onR%x 7. (33.3)
J
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Remark 3.3.1 In the particular case where the driver function f is independent of (y, z)
and the constraint function is given by h : (i,z,y,y + v, 2,j) — —c(i,j) — v with ¢ a given
cost function, the variational inequality (3.3.2) rewrites equivalently as

av(.,i) — L%(.,i) — f(i,.), min[v(.,1) —v(.,j) — c(i,j)]} = 0,i€eZ,

min | — —
[ ot jE€T

so that we retrieve the classical variational inequalities associated to switching problems.
Furthermore, the corresponding relaxed boundary condition (3.3.3|) rewrites as
min [U(T: i) = g(si)s min (T~ 1) = o(T .. j) - c(z’,j)]] — 0, on R% % Z.(3.3.4)
j€

Therefore, if satisfies a comparison theorem, v(7~,.) interprets as the smallest func-
tion grower to g satisfying (see remark 3.4 in [66]). In particular, we retrieve the
terminal condition v(7T~,.) = g proposed by [44] in the framework of reflected BSDE, since
their terminal condition g is assumed to satisfy the constraint.

Since we consider solutions in a discontinuous viscosity sense, we introduce, for any
locally bounded function u on [0, 7] x R% x Z, its lower semicontinuous and upper semicon-

tinuous (lsc and usc in short) envelopes u, and u* defined by

ux(t, 1) = lim inf u(t', ', i), u*(t,z,1) = limsup  u(t,2',4),
(2= (ta) v <T (t @)= (t,z)t' <T

for (t,z,4) € [0,T] x R% x T.

We now turn to the definition of viscosity solutions to ([3.3.2))-(3.3.3).

Definition 3.3.1 (Viscosity solutions to (3.3.2)-(3.3.3))

(i) A function u, Isc (resp. wusc) on [0,T) x R% x T, is called a viscosity supersolution
(resp. subsolution) to (3.3.2)-(3.3.3) if, for each (t,z,i) € [0,T] x R* x T and any ¢ €
CY2([0,T) x RY x I) such that (t,x) is a global minimum (resp. mazimum) of (v — @)(.,1)
for all i € I, we have, ift < T,
min | = Z2(,8) = L0(,1) = fli,-. (p( 9))ser, o Da(.11),
min h(i, 2, (), (13,0 Daip(40),9)|(t2) = (resp. <) 0, i€T,
J
and, ift =T,
min [u(T,x,i) — g(z,1), mi%l h(i,x,@(.,i),u(.,j),UTDI¢(.,i),j):| >(resp. <) 0, iel.
jE

(i4) A locally bounded function u on [0,T) x R? x T is called a viscosity solution to (3.3.2))-
(13.3.3) if ux and u* are respectively viscosity supersolution and subsolution to (3.3.2)-(3.3.3)).

We first observe that v is locally bounded.
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Lemma 3.3.1 Under (HO) and (H1), the function v satisfies the linear growth property

sup |v(t,z,9)> < C+|z*), ieZ. (3.3.5)
te[0,7]

Proof. Following the lines of the proof of Lemma 3.3 and Remark 3.2 in [46], standard
estimates on the penalized BSDE (3.2.4)) lead to

sup (Y20 < €14 B[l 1P + [ Pds 4 sup fo(s. X0 1)) ),
t€[0,T] t s€[0,T7

for any ¢ € Z. Combining Fatou’s lemma with the standard estimates on X and the linear
growth condition on g and 0, see (H1), we directly compute (3.3.5]). O

In order to derive the viscosity properties of the value function v, we shall appeal to the

following dynamic programming characterization of the minimal solution.

Lemma 3.3.2 Let (t, z', z) € [0,T) x I xR?, and (YhH® Zbbz Utie K42) be the minimal
solution to on [t, T] with (X, I,) = (X2 15, Then, for any stopping time

0 valued in [t T] (Yt’l’x, Zbr, U;’i’x,Kﬁ’i’x)se[tﬁ} is a minimal solution to :

Y, = o0, X;" 15 /fI“Xt”Y—I—UT,Z)dr+K9—K (3.3.6)
—/ZdW // wu(dr,dj), t<s<4@0, a.s.

WM X5 Y, Y, + Up(§), Zy ) >0 dP@dt @ A(dj) ae. on QX [t,0] x T.(3.3.7)

with

Proof. We omit the standard proof of this lemma which is based on the same proba-
bilistic arguments as the proof of lemma 4.1 in [46]. It classically relies on a concatenation
of solutions to the BSDE on the time intervals [t,6(w)] and [6(w), T7]. O

We now turn to the main result of the section.

Theorem 3.3.1 Under (HO)-(H1), the function v is a (discontinuous) viscosity solution

to (532)-G33).

Proof of Theorem [3.3.1] First notice that v is locally bounded, according to lemma
e Viscosity property on [0,T) x R?.

From the results of the previous section, we know that v is the pointwise limit of the
nondecreasing sequence of functions (vy,). By continuity of v,, we then have (see e.g. [4] p.
91) :

v o= v, = nlirgoinf*vn, where Jingoinf*vn(t,x,i) = liminf v, (¢, 2,4), (3.3.8)

U—»t,m’—»m

v* = lim sup*v,, where lim sup*v,(t,z,i):= limsup wv,(¥,2’,i)(3.3.9)
n—o0 n—00 " — 0o

’
t Ht,(L"HIE
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(i) We first show the viscosity supersolution property for v = v,. Let (¢,x) a point in
[0,T7)xR%, i€ T and (p,q, M) € J v(t,z,i). By (3.3.8) and Lemma 6.1 in [23], there exists

sequences
ng — 00, (Dk, Qs My) € J 7 vp, (s, Tk 1),
such that
(ths Tk, Uny, (tks Ty 1), Pi> Qs M) — (t,z,0(t, x, 1), p,q, M). (3.3.10)

From the viscosity supersolution property for vy, we have for all k

. 1 . . . .
— Pk — b2k, 1) .qr — §tr(UJT($kJ)Mk) — [ (@ s (Ony (try w8, 9)) 5 0 (2, 1))
—le/h(i,$k7vnk(tk,xk,i),Unk(tk,$k7j),UT(xk,i)Qk,j))\(dj) > 0(3311>
T

Let us check that the following inequality holds :

l'jnei%_lh(i,.%'k,vnk(tk,l'k,i),'Unk(tk,mk,j),a'—r(xk,’L.)Qk,j) > 0. (3312)

We argue by contradiction, and assume there exists some jy € 7 s.t.
. . . T . .
h(l,l’k,ﬂnk(tk,l'k,Z),Unk(tk,$k,]),0 (xkal)(ﬂm]()) < 0.

Then, by continuity of A in all its variables, its nonincreasing property and (3.3.10)), one
may find some € > 0 such that for all £ large enough :

(i, Ty Ony, (s Thos 1), Unge (s Ty §), 0 (T, 1) qrs §) < —e.
This implies
/h(i7xk,vnk(tk,$k,i),’Unk(tk,xk,j),a—r<.’1}k7i)Qk,j)A(dj) Z 8)‘(]0) > 0.
7

By sending k to infinity into (3.3.11)), we get the required contradiction. On the other hand,
by (3.3.11)), we have

. 1 . . . .
—Pr — b(xka Z)-Qk - §tr(O'O'T(£Uk, l)Mk) - f(xk) 2, (/Unk (tka xka]))]v O'T(ﬂj‘k, l)Qk) Z 07
so that by sending k to infinity :
1
-P— b(fL’, Z)q - Qtr(O'O'T(I, Z)M) - f(xa 7;7 (U(t’ xvj))jv O-T(xv Z)Q) > 05

which proves, together with (3.3.12)), that v is a viscosity supersolution to ([3.3.2)).
(ii) We conclude by showing the viscosity subsolution property for v*. Let (¢,x) a point in
[0,7) x RY, i € Z and (p,q, M) € J*v*(t,x,4) such that

Erg%lh(i,:ck,vnk(tk,xk,i),vnk(tk,xk,j),aT(xk,i)qk,j) > 0. (3.3.13)
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From and Lemma 6.1 in [23], there exists sequences
ng — 00, (Pryar, My) € J Ty, (tr, xp,9),
such that
(tkey i, vy, (tky Ty 1), Dles Qs M) — (2,0 (¢, ,4),p, ¢, M). (3.3.14)
By continuity of the function h, and definition of v*, we also have
li;n_?ogph(ial'k,Unk(tk,CL’k,’i),Unk(tk:,l'kaj)»JT(xk:ai)Qkaj) <
h(i,z,v(t,z,0),v(t,z,7), 0 (2,1)q,7), VjeZ. (3.3.15)
Now, from the viscosity subsolution property for v, , we have for all k

. 1 . . . .
— Pk — b(l’k, ’l)Qk - Qtr(UUT(Ik, /L)Mk) - f(mka ?, 'Unk (tka Ly Z)a UT (J/'k, Z)Qk)

—nk/h(z‘,xk,vnk(tk,xk,i),vnk(tk,xk,j),aT(mk,i)qk,j))\(dj) < 0. (3.3.16)
T

From ([3.3.13)-(3.3.14)-(3.3.15)), continuity and nonincreasing property of h, we have for k

large enough

h(i,.’]ﬂ'k,Unk(tk,$k7’i),'l)nk(tk,xk,j),a'—r(xk,i)Qk,j) > 07 v] €I7

and so
[ v )0 00,0 G D DN =0
Hence, by taking the limit as k goes to infinity, into , we conclude that
= i)~ gtrloo” () M) — f(ai, (072, 1))5 07 (5,1)a) <O,

which shows the viscosity subsolution property for v* to (3.3.2)).
e Viscosity property on {T} x R%. (i) Let first consider the supersolution property of v, to
(3.3.3). Let z9p € R? and ¢ € C12(]0,T] x RY x T) such that (T, ) is a global minimum
of (vi — )(.,7) for all ¢ € Z. Passing to the limit the viscosity properties of the penalized
BSDE, we naturally derive, as done below
mi%l h(i, 2, ve(. 1), ve(., §), 0L Dop(, i), (T, zg) > 0, i€, (3.3.17)
je
Furthermore v, (7,.) = g, n € N, so that the monotonic property of (vy), leads to v.(T,.)
> g. Therefore v, is a viscosity supersolution to (3.3.3)).

(ii) We now turn to subsolution property of v*. Let argue by contradiction and assume the

existence of (xg,ip) € RY x T and ¢ € C12([0,T] x R? x T) such that

0 = (W —p)(T,zo,j) = max (v'—¢)(,j) VjeT, (3.3.18)
[0,T]xR4
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and we have
i [w(T,xo,z’())—g(:co,z’o),ggghao,x,w(.,io>,so<.,j>,stoc,z'),j)](T,xo)} — 2 >0

From the regularity of v*, ¢ and D, as well as the monotonic property of h, we derive the
existence of an open neighborhood O of (T, zg) € [0,T] x R%, and Y,r > 0 such that for all
(t,z,n,m') € O x (=Y,T) x B(0,r), we have

min [Qp(ta :L‘,i) -—n- g(l‘a l) 71}271:1 h(i,l’, @('ai) -, 90('7j)>O-T[DI‘p('a l) + 77/]71')](7575”)] (32315)

Let (tg,z)r be a sequence in [0,T) x R? satisfying (tg,zr) — (T, 20) and v(ty, Tk, i) —
v*(T, xg, 7). Pick 6 > 0 such that [tx,T] x B(zk,d) C O for k large enough, and introduce

the modified test function ¢y given by
2

orltand) = et + (¢ 1o (2

5 ’“) + \/T—t> 1,

where 0 < ¢ < YT Adr, ¢ is a regular function in C?(R%) such that ?l50,1) =0, lpo,1) >0
(z)

and lim|; o I(;STI»TI = 00, and C} > 0 is a constant to be determined precisely later on.

We deduce from (3.3.18)) that (v* — @) (¢, z,5) < —(, for (t,x,7) € [tg,T] X 0B(xy,d) x I.
Choosing C}, large enough, the particular form of the function ¢ leads to

(v —pp)(t,z,5) < —g for (t,z,j) € B(xk, )¢ X [tg, T] x L. (3.3.20)

Thanks to the v/T' — t term in the modified test function ¢y, we deduce that

0 ; . ) ) .
- 50;{ (t x ZO) Elogok‘(tax720) - f(107x7 (ka(t,.’ﬂ,]) - nlj:io)jej,O'TDz@k(t,x,Z) (3332]1)

for any (¢,z,n) € [tg, T)xB(x, 0)x(—=Y+(, T) and k large enough. Choose now 1 < T/\%/\a—:
and introduce the stopping time

0, = inf{sZtk;ngéB(xk’d) or [f;,é[f,}/\T,

where X% := X%k and I¥ := [ Let finally introduce the process (Y%, Z* U* K¥)
defined on [tg, x| by

( Y;k = |: (3 Xs?‘[s) ni| 1S€[tk ek) (0k7ng7I§)1szak7
28 = o (X 1) Danls XEIE ),
ko FIE) - 7
Us T ([ (57X37]) [ (S XS’IS ) 77]} ]_J#ZO)]'GI ’
a 7 .
Kf = ftk{( S Eosmc) (r, Xf,If)+f(1f,Xf,(sok(r,Xf,J)U1J=i0)j€Z’Z§)}dr
— J Jr(or = n — @) (r, XE, j)uldr, dj) + ok —n— ] (Ok, X, IE )1emp, -

One easily checks from (3.3.19)-(3.3.20)-(3.3.21) that (Y*, Z* U* K*) is a solution to
(13.3.6)-(3.3.7) on [tx,0x|. By Lemma we deduce that

oty xp, i) —n = o(tk, v, 1) + VT —tp —n > v(tg, Tk, 1), for all k large enough .




114 CHAPTER 3. BSDES AND SYSTEMS OF VARIATIONAL INEQUALITIES

Letting k£ go to infinity, this contradicts (3.3.18)) and concludes the proof. O

The main drawback of this result identifying the value function associated to the minimal

solution Y to (3.2.2)-(3.2.3]) as a solution to the system of variational inequalities (i3.3.2))-
(3.3.3) is that it requires the strong assumption (H1). Following from similar arguments

as Proposition 6.3 in [40], the next remark provides a nice sufficient condition for (H1).

Remark 3.3.2 Assume that there exists a Lipschitz function w € C2(R? x T) satisfying a
linear growth condition, supersolution to (3.3.3) and such that

Eiw(.,i)—|—f(-,(w(.,j))jGI,UTDw(.,i)) < O, on RY

for some constant C'. Then (H1) holds true.

3.4 Uniqueness result

The purpose of this section is to characterize the value function v as the unique viscosity
solution to the system of variational inequalities —. The proof relies as usual
on the obtention of a comparison theorem presented below and generalizes the Theorem
4.3 in [46]. In particular, this implies the continuity of v and, as a consequence, the strong

convergence results by penalization and the minimality condition presented respectively in

sections and of the paper.

3.4.1 Assumptions

We shall require the following additional assumptions.

(H2) There exists a nonnegative function A € C?(R? x Z) and a positive constant p
satisfying

(1) LA(,3) + [y, (A, 7)) jez, 0T DyA(.,4)) < pA(.,4), for all i € T,

(i) minjez h(i,z, A(z,7),A(2,j),0" DyA(z,i),7) > 0, for all i € T and = € R,

(iii) A(z,i) > g(z,1), for all i € T and 2 € RY,

(iv) limy 0o /le\:;l) =00, forall i € 7.

As in Bouchard [I0], this assumption allows to to construct a nice strict supersolution
to leading to a control on solutions to — by convexe perturbations.
Nevertheless, as in [46], the dependence of the driver f and the constraint h with respect
to some components (Y, Z,U) of the solution to the BSDE, forces us to add some extra

convexity conditions.
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(H3)
(i) The function f(i,x,.,.) is convex in ((y;)iez, 2) € RT x R for all (z,4) € R? x T.
(ii) The function h(i,z, ., j) is concave in (y;, y;, 2) € [R]> xR? a for all (z,1, j) € R? x [T]2.

(iii) The function f(i, 2,9, 2, U1, ..., Ui—1, ., Uit1,- -, Up) is increasing for all

(i, 3,9y, 2, (uj) jez—gi) € T x REx R x R% x [R]™~!

(iv) The function h(i,z,.,z,u, ) is decreasing for all (i, j, z, z,u) € [Z]?> x RY x RY x R

Remark 3.4.1 In the classical case of optimal switching case where f is independent of y
and z and h is of the form (i, u, j) — —u—c(t, j), Assumption (H3) is automatically satisfied.
Furthermore, as in [10], (H2) holds under an additional assumption on the structure of the
constraint, specifying the existence of a sequence (d;);cz such that c(i,j) < d; — d; for all
(i,7) € T x T such that i # j. Indeed, one easily checks that, in this case, the function
A: (2,4) — a+ |2]? + d; with « large enough satisfies (H2).

3.4.2 The comparison theorem

Theorem 3.4.1 Assume that (HO), (H1), (H2) and (H3) hold. Then, for any U (resp.

V') lsc (resp. usc) viscosity supersolution (resp. subsolution) to (3.3.2)-(3.3.3) satisfying a
linear growth condition :

wp Uz V()

(t,2,)€[0,T]xRIXT 1+ |z

oo,

we have U >V on [0,T] x Re x . In particular, the function v in (3.2.7) is the unique vis-
cosity solution to (3.3.2))-(3.3.3)) satisfying a linear growth condition, and v(.,7) is continuous
on [0,T) x RY, for alli € T.

Proof. e Comparison principle. As usual, we shall argue by contradiction by assuming
that
sup (V-U)>0. (3.4.1)

[0,T]xR4xT
1. For some 1 > 0 to be chosen below, let

Ult,z,7) = ePrUt,2,4) , V(t,x,i) =PV (¢, 2,i) and A(t, z,i) = ePTVIA(x, 7).

A straightforward derivation shows that U (resp. V) is a viscosity supersolution (resp.

subsolution) to

min [pw - a—w — Llw— f (., w, UTwa) ,

ot
.7 . T . N
1}161%1}1 (., w,w(.,j),o wa,]> ] (t,z,i) = 0, (3.4.2)
min [w—g,mei%lﬁ(.,w,w(.,j),aTwa,j)] (T_al‘ai) = 07 (343)
J
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respectively on [0,7) X R? x 7 and R% x Z, where

A

f(ta iv TyT1y- 5 Tm, q) = e(P+77)tf <Z7 z, Tlei(ern)t? cee 7,r.m€*(P+77)t7 qei(ern)t) -nr,

~

h(i,t, i, T, ¢.j) = e(p+")tﬁ(i, z, e—(p+n)t’ Tz.e—(/ﬂrn)t’ rje—(ﬂ"‘ﬁ)t, qe—(P'Hl)t’j)

f is Lipschitz, we can choose 7 large enough so that f (i,.) is nonincreasing in r;. Denote
W := (1 —a)U + aA with a € (0,1). By (3.4.1) and the growth condition (H2)(iv) of A,

we have

sup  (V—=W) = (V—W)(t, o, i0) > 0. (3.4.4)
[0,T]xRexT

for some (tg,xzo,i9) € [0,7] x R? x T and a small enough. Moreover from the viscosity

supersolution property (3.4.2)-(3.4.3) of U, and the conditions (H2)(i), (i), (H3)(i), (ii),

(iii), we see that W is a viscosity supersolution to

=000 = L) =  (iw,0T Do)

migﬁ(z’,.,w(.,z’),w(.,j),aTwa(.,i),j) > aq(.,i), on [0,T] x R,
VIS

0, on [0,T) x R,

v

pw(., 1)

for all i € Z, where ¢(t, z,i) := e(PJr”)tminjgiL (i, x, A(x,4), A(z,7),0 " DAz, i),j) is pos-
itive on [0, T] x R? x Z by (H2)(ii).

2. Denote for all (t,2,9,7) € [0,T] x R x R x T and n > 1
@n(ta'xay?i) = V(t,ﬂj‘,’b) - W(ta y77’) - (pn(tvxayai)’
with
ult,2,y,4) = nle —y* + |z — zol* + |t — to|* + |i — o).

By the growth assumption on U and V' and (H2)(iv), for all n, there exists (tn, Tn, Yn, in) €
[0, 7] x R? x R? x T attaining the maximum of ©,, on [0,7] x R? x R? x Z. By standard

arguments, we have :

(tnwxnaynvin) - (t()?x();aniO)y (345)
nle, —yn|> — 0, (3.4.6)
V(tnvxrwin) - W(t’fhynai’n) - V(t07x07i0) - W(t07x07i0)- (347)

3. Using the uppersemicontinuity of V, the compactness of Z, and properties of the func-

tions h and A, we obtain by the same arguments as in [40]

HIGI%liL(Zn,,V(,Zn),V(,]),OTDxQDn(,yn,ln),j))(tn,xn) > 07 (348)
J

for n large enough.
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4. Let us check that, up to a subsequence, t, < T for all n € N. Assume on the contrary
that t,, = tg = T for n large enough, and deduce from (3.4.8)) and the viscosity subsolution

property of V to (D that

V(T 20,in) < §(@n,in).
On the other hand, by the viscosity supersolution property of U to 1} and (H2)(iii),
we have W (T, yn, in) > G(yn,in), which leads to

V(T, Tpyin) — W(T, Ynsin) < G(@nyin) — G(Yn,in).
Sending n to infinity, the continuity of § implies (V — W)(to, zo,i0) < 0 which contradicts
(3-4.4).

5. We may then apply Ishii’s lemma (see Theorem 8.3 in [23]) to (tn,Zn,yn) € [0,T") X
R? x RY that attains the maximum of ©,,(.,4,), for all n > 1 : there exist Py af Mn) €
T2V (ty, Ty, in) and (P afr Nn) € J?~W (tn, Yn, in) such that

n n o __

p(/ 7pW 8t90n(tnyxna Yn, ln) = Q(tn - to),

qré' = Depn(tn, Tn, Yn, in), an[/ = —Dygpn(tn,fﬁn,yn,in),
and
M, 0 L o
<A, +—A 4.
( 0 —Nn>_ n+2n w (3.49)

where A,, = D%z y)cpn(tn,xn,yn,in). From the viscosity supersolution property of W to

(B-13), we have

. ) ) 1 )
,OW(tn, Yn, Zn) - p%/ - b(ym Zn) : Dy@(tny Tny Yn, Zn) - itr(aaT(yn, Zn)Nn)
_f(tnvynvina (W(tmynd))m_UT(ynaln)Dy‘P(tmxmymln)) 2 0

On the other hand, from 1) and the viscosity subsolution property of V to lb we
have

OV {tn T in) = B + B(ans in) - Dt Ty i) — 5 5(00 T (2 i) M)
—f(tn, T, n,s (V(tn, Tn,7))j, UT(azn, in)Deo(tn, Tny Yn,in)) < 0.
By substracting the two previous inequalities, we obtain
p(V(tn,xn, in) — W(tmymin)) <
Py — Py AR,
— (b(@nsin) - Dutputns Ty Ynsin) + by in) - Dyspultns T, Y in))

1
+ Qtr (O’O’T(Sﬂn, in) My — 00 (yn, zn)Nn> , (3.4.10)



118 CHAPTER 3. BSDES AND SYSTEMS OF VARIATIONAL INEQUALITIES

where

AF, = f(tnvxn)inv (V(tmxmj))j: UT(xm in)DxSDn(tmxm Yn, ln))
- f(tmynvina (W(tmynvj))ja _UT(ynain)Dy@n(tna mnvynvin))‘

From |' we have Py — Py, — 0 as n goes to infinity. From the Lipschitz property of b,
and (3.4.6)), we have

lim (b(l'nv Zn) : Dxﬁpn(tna Tny Yn, Zn) + b(yna Zn) : Dy@n(tm T, Yn, Zn)) = 0

n—oo

As usual, from (3.4.9), (3.4.5), (3.4.6)), and the Lipschitz property of o, we have

limsup tr (UJT(xn,’in)Mn — UO‘T(yn,in)Nn) < 0.

n—oo

Moreover, using the nonincreasing property of f in its third variable, and the Lipschitz
property of f, we have from (3.4.5)-(3.4.6)-(3.4.7)

limsup AF, < 0.
n—oo
Therefore, by sending n — oo into (3.4.10)), we conclude with (3.4.7) that p(V —W)(to, zo, o)
< 0, a contradiction with (3.4.4)).

e Uniqueness for v. The uniqueness result is a direct consequence of the comparison prin-
ciple, and the continuity of v(.,4) on [0,T) x RY for all i € Z follows from the fact that in

this case v (.,7) = v*(.,1). O

Remark 3.4.2 Without comparison theorem for (3.3.2)-(3.3.3)), one can still characterize
v with the PDE (3.3.2)-(3.3.3) in the case where the IPDE (3.3.1) admits a comparison

principle. Following the arguments of the proof of Proposition 3.3 in [65], one can prove
that v is indeed the minimal viscosity solution to (3.3.2)-(3.3.3)) in the class of functions
with linear growth.

Remark 3.4.3 Considering the particular case of a BSDE of the form (3.2.2)-(3.2.3]) with-
out jump component, the previous theorem offers a nice uniqueness property for PDEs
representing solutions of constrained BSDEs derived in [65].

3.5 Numerical issues

This section is dedicated to the numerical implications of the Feynman Kac representation
of coupled systems of variational inequalities. In order to approach the solution to the
corresponding constrained BSDE with jump, we focus here on the approximation of the
corresponding penalized BSDE with jumps. We combine the discrete time scheme intro-

duced by [12] with the statistical estimation projection presented in [38]. This gives rise to
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a convergent probabilistic algorithm solving coupled systems of variational inequalities. In
all the section, we suppose that Assumptions (HO), (H1), (H2) and (H3) are satisfied.

Classical numerical resolution of quasi variational inequalities relies on the use of iterated
free boundary or optimal stopping problems presented in [60]. We first solve the semi-linear
PDE without free boundary condition. We then consider the same PDE combined with the
boundary condition caracterized by the previous value function. Iterating this procedure,
the algorithm converges to the solution of quasi variational inequalities. In a switching
problem, the algorithm corresponds to constraining the solution associated to n+ 1 possible
switches by the obstacle built with the solution where only n switches are allowed. Such
a numerical approach is computationally demanding, since it requires, at each induction
step n, the resolution of an optimal stopping problem. Moreover, at step n 4+ 1, in order
to determine the solution at one point, one needs to compute the function at time n in the

whole space due to the nonlocal form of the obstacle.

We first add an assumption on g classicaly used for discretisation of BSDEs.

(H4) The functions g, f and h are Lipschitz continuous in x : there exists a constant k
such that

lg(z,i) — g(a', )| + | f (i, 2y, 2, (uj);) — i7", y, 2, (uy),)]
+‘h(i7x7yazaui7uj7j)_h(iax/7y727ui7ujaj)’ < k:]w—m’],

for all (i, 4, =, 2y, 2, (u;);) € I? x [RY? x R x R x RL.

We propose here a numerical approach based on the probabilistic representation of the
solution to the QVI (3.3.2) by the constrained BSDE given by

T
Y, — g(IT,XT>+/ F(L, XYy + Us, Z0)ds + K — K
t

T T
—/ ZS.dWS—/ / Us(i)u(ds, di), (3.5.1)
t t {1,...,m}

together with the constraint
W X[ Y Yoo + U(j), Zij) > 0, je{l,...,m}. (3.5.2)

The algorithm divides in three steps.

Step 1. Approximation by penalization. We first approach the constrained BSDE
(3.5.1)-(3.5.2) by penalization as in section 3 of the paper. Given n € N, the problem is

now to etimate the solution of

T T T
Y = (X, Ir) + / Folloy X, YT 4 UT, Z7)ds — / 704w, / / " (G)ildi, ds), (3.5.3)
t t tJT
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where, for any (i,z,y, z,u) € T X R? x R x R% x RY, we have

fulisz,y, 2,u) == f(i, 2,y +u, 2) —/I[U(j) +nh” (i, 2, y,y +u(j), 2, )N d)).

According to Proposition and Remark we have the following control on the

penalization error:

IY =Yl + 12 = 2"y +IU=U",, — O (3.5.4)
0

Step 2. Time discretization. Observe that the pure Jump process I can be simulated
perfectly and denote by (7;) its jump times on [0, 7. Let introduce the Euler time scheme
approximation X" of the forward process X defined on the concatenation (s;) of the regular
time grid {¢; :=th, i =1,...,T/h} with the jumps (7;) of J:

X0 =Xo and X! =X +0b(I, X )(skr1— sk) + o(Ls, X)W,

Sk+4+1 Sk+1

— W,

We deduce an approximation Yy oof Y at maturity given by g(X2 I7). The penalized
BSDE (3.2.4]) can now be discretized by an extension of the scheme exposed by Bouchard
and Elie [I2]. An approximation of Y at time 0 is computed recursively following the
backward scheme for i =T/h —1,---,0:

ZZJI = %Eti Ytﬂlz (Wti+1 - Wti) ;

,h . ,h [l i,ti 1 .
Urtg) = 1, v, A((t t/\J(r;)]x{J}) L oi=1,,m; (3.5.5)
Vit [V e XA Y 2 U7 ]

where E;; denotes the conditional expectation with respect to G;,. Following the arguments
in section 2.5 of [12] and identifying (Y™" Z™" U™") as a constant by part process on each

interval (¢;,t;+1], one can verify the convergence of this time-discretization approximation :

Y™ — Y™, + (12" - Z”’hHL%V + U™ - U"vhu% — 0, neN (3.5.6)
Step 3. Approximation of the conditional expectations. The last step consists
in estimating the conditional expectation operators E;, arising in (3.5.5). There are sev-
eral methods proposed in the literature relying on quantization method, basis function
approximation, cubature formulas or Malliavin Calculus. We adopt here the approach of
Longstaff-Schwarz [52] generalized by [38] and [31] relying on least square regressions and
Monte Carlo simulations.

Fix N € N and simulate N independent copies of the Brownian increments (Wt’f o
Wt]:)OSiST/h and the poisson measure (fi¥((t;,t;11] x T)o<i<r/n- For each simulation k < N,
define [ ,ﬁv and X Z N the trajectories of I and X”. By induction, one can easily verify the
Markov property of the process (Y™ Z™" U™") defined in :

Yo = ML, X, 20" = o (L XP), U = (L, XD,
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for some deterministic functions §?’h, gb?’h, w?’h. The idea is to approximate these functions
using Ordinary Least Square (OLS) estimators, as detailed in [31]. Given L € N, we
introduce a collection of basis functions (&%, ¢F, ¥F)1<i<r of Rx R?xR%. For each trajectory

k < N, define the associated terminal value given by Y” LN g(l ,inN,X ,}; t];lv ). Now we
define recursively (Z," h LN U:’LL’L’N), backward in time for i= T/h 1,--+,0, by computing

OLS approx1mat10ns as follows:

N
. .1 1 nnL,N 2
(G, ér) —argalrggLNZ‘gY&m [Wm _Wt ZOW% )’ )
k=1
11 F (i tiga]  {33) 2
5 5 . LN » Uit
(B Bu)(G) =g min 3| oyt 0 Zﬁwl )
b b k:l

leading to the approximation

LN | ML () hNy
Zy Zal¢l (I X ) and Uy'" G iy, Xy ) s G e

||Mh

It remains to introduce (%1, --,%r) the minimizer of the mean square error

N t: L
1 nh LN s N vhN kLN onh LN 7k LN BN |2
N § ’thw ) fn(Ik,ka:ti Yo 2y UL )ds — E el (17 o Xk, )| 5
k=1 i =1

h,NL,N
in order to deduce the OLS approximation Y,:;?’X = ZZL:1 ﬁl§lL(I]thi,X£7’g). We
refer to [38] and [31] for the control of the statistical error due to the approximation of the
conditional expectation operators by OLS projections. Adapting their arguments to our
context, we can verify that the statistical error

HYn,h _ }/n,hL,N”S2 + HZn,h AG Jhy L, NH + HUn h Un,h,L,NHLg NL_}QQ 0(3'5‘7)
i L—

for n € Nand h > 0.

The global error of the algorithm is controlled by (3.5.4)), (3.5.6)) and (3.5.7) and con-
verges to 0. In order to get a rate of convergence for the algorithm, we need to study the

dependence in n of all the estimates coming from the discretization and the statistical error.
Furthermore, one requires to control the penalization error which seems to be very intricate.

This very challenging point is left for further research.



Chapter 4

A discrete-time approximation for
multidimensional BSDEs with
oblique reflections

Abstract : In this paper, we study the discrete-time approximation of multi-dimensional
reflected BSDEs presented by Hu and Tang [44]. In comparison to the penalizing approach
followed by Hamadéne and Jeanblanc [39] or Elie and Kharroubi [32], we study a more
natural scheme based on oblique projections. We provide a control on the error of the
algorithm by introducing and studying the notion of multidimensional discretely reflected
BSDE. In the particular case where the driver does not depend on the variable Z, the error

on the grid points is of order % for all € > 0, and % in the case of constant cost functions.

Keywords: BSDE with oblique reflections, discrete time approximation, Switching problems.
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4.1 Introduction

Trying to optimize the productivity of a power station with start-up and switch-down costs,
Hamadéne and Jeanblanc [39] study the Snell envelope representation for optimal switching
problems in continuous time. Observing that the difference between the two value functions
starting in both modes of production is solution of a doubly reflected BSDE, they derive
existence and uniqueness of solution to this problem. Nevertheless their approach restricts
to optimal switching problems with only two possible modes of production. The extension
to optimal switching problem in high dimension is studied by Carmona and Ludkovski [1§],
Porchet, Touzi and Warin [70] and by Pham, Ly Vath and Zhou [68] for an infinite time
horizon consideration. In these papers, the resolution of optimal switching problem relies
mostly on its link with systems of variational inequalities. The rigorous derivation of a
multidimensional BSDE representation for this type of problem is obtained by Djehiche,
Hamadéne and Popier [28] and Hu and Tang [44]. In this latter paper, they introduce the

more general notion of multi-dimensional reflected BSDE, with dynamics of the form

Vi =i (Xr) + f) FU(X, Vi, Z)ds — [ ZidW, + K — K],
Y > maneI{Y;] — Ci,j}7 0<tsT, (4.1.1)
Jo Vi = maxjer{¥{ — cij}JdKi =0, i€T,

where 7 := {1,...,d}, f and g are Lipschitz functions and X is the solution of a forward
stochastic differential equation. Hu and Tang [44] derive existence and uniqueness of solu-
tion to BSDE (4.1.1)) and relate it to optimal switching problems where the driver f depends
on the Y and Z components of the BSDE solution. All the components of the Y process are
interconnected so that the vector Y lies in a closed convex set C characterized by the costs
¢ij- The vector process Y is reflected obliquely on the boundaries of the domain. The main
contribution of this paper is to offer and study a numerical scheme for the discrete-time
approximation of the solution to multidimensional reflected BSDE of the form .

The key for the discrete time approximation of solution to BSDEs relies in the path
regularity of the process Z derived by Zhang in [80]. Based on this beautiful estimate,
Bouchard and Touzi [I4] and Gobet, Lemor and Warin [37] introduced respectively an im-
plicit and explicit discrete time scheme for the resolution of classical BSDEs. Being given a
time discretization grid of [0, 7] with time mesh |r| and an Euler approximation X™ of X,
the scheme computes backward in time some approximation of the solution to the BSDE,
with an optimal quadratic error of order |7|'/2. As detailed in the recent survey [I3], several
extensions of this type of scheme allow in particular for the addition of jumps [12] or normal
reflections [11), 21, 22]. Since the approximation procedure always relies on a backward
induction, we shall regroup these schemes into the generic name of moonwalk scheme. We
intend here to extend this so-called moonwalk scheme to the consideration of oblique reflec-
tions appearing in . Recently two of the authors related in [32] the solution of
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to corresponding constrained BSDEs with jumps. As presented in [33], this type of BSDE
can be numerically approximated combining a penalization procedure with the use of the
moonwalk scheme for BSDEs with jumps. Unfortunately, no convergence rate is available
for this algorithm. We present here a more natural scheme based on oblique reflections on

the boundary of the convex set C.

For this purpose, we introduce a grid ® = {rg,...,r.} of possible reflection points,
simply extracted from the discretization grid. We then consider, as in [I1], 21] but adapted
to our context, the following discretely obliquely reflected BSDE : Yp = Y = g9(Xr) €C,
and for j <k —1andt e [rj,rj1)

{ Vo= Yot [ AT 2~ [ ZuW 412

Yi = Yilggn +P(Ye)lgeny-

where P is the oblique projection operator on C. We then consider its natural discrete-time

scheme defined by

Y7 o= g(X7),
and fori € {0...,n —1}
ZZZ = (tiJrl - ti)_lE [YZH(WQH - Wti), | j:tl} >
Vo= BV B+ (e — ) (XY 2T (4.1.3)
Yii = Yilgewy + PV neny

Using classical argument, we obtain the convergence of this discrete time scheme to
(4.1.2). However, the obliqueness of the projections on C rules out classical methods (used
e.g. in [2I] for the case of normal reflections) to get a bound on a convergence rate.

To overcome this difficulty, we interpret, as Hu and Tang [44], the solution of the BSDE
with discrete oblique reflection as the value process of an optimal switching problem
with switching times belonging to . Introducing a convenient process dominating both
(4.1.3) and and using a comparison argument, we are able to retrieve a bound of
the convergence rate of |7r|1/ 2 for the value process, in the case where f does not depend
on the variable Z. Using the same approach, we prove, when f is bounded in the variable
Z, the convergence of the discretely reflected BSDE to the continuously reflected
BSDE 1} at a rate m|12;€ for all ¢ > 0. Combining those two results, we then obtain
the convergence of to for the value process at a rate of \W]l%s on the grid for
all € > 0. In the case where the cost functions are constant this convergence holds at a rate
|7T|% on the grid, and |7T|% on |0,T], see Theoremm

All these results are obtained without any assumption on the non-degeneracy of the
volatility matrix o.

The rest of the paper is organized as follows. In Section 2, we introduce the notion of

discretely reflected BSDESs, connect it with optimal switching problems. Section 3 focuses
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on the discrete time approximation of discretely reflected BSDEs. We present the discrete
time scheme and study its convergence. In the particular case where the driver function
does not involve the variable Z, we provide a rate of convergence. Finally, Section 4 study
the extension to the continuously reflected case. In the case where the driver f is bounded
in the variable Z, we provide a rate of convergence of the discretely reflected BSDE to the

continuously one.

Notations. Throughout this paper we are given a finite time horizon 1" and a probability
space (€2, F,P) endowed with a d-dimensional standard Brownian motion W = (W});>0.
Any element z € R with ¢ € N will be identified to a column vector with i-th component
2% and Euclidian norm |z|. For z,y € R¢, .y denotes the scalar product of z and y, and 2’
denotes the transpose of x. We denote by > the component by component partial ordering
relation on vectors. M™% denotes the set of real matrices with m lines and d columns. We
denotes by Cf the set of functions from R? to R with continuous and bounded derivatives
up to order k. SP (resp. S®P), p > 1, is the set of real-valued cddldgﬂ (resp. continuous)
F-adapted processes Y = (Y;)o<t<7 such that

IVl = E[p wP| < .

<t<T

HP, p > 1, is the set of R%valued F-progressively measurable processes Z = (Z;)o<i<7 such
that

D=

T
1Z]|,p = E[(/ \thdt)’é} < 0.
0

AP (resp. A®P), p > 1, is the closed subset of SP (resp. S®P) consisting of nondecreasing
processes K = (K)o<t<r with Ko = 0. In the following, we shall use these notations
without specifying the dimension or the dependence in w € ) when it is clearly given by

the context.

4.2 Discretely obliquely reflected BSDE

In this section, we define and study discretely obliquely reflected BSDEs. In particular,
we show how its solution relates to the solution of a one-dimensional optimal switching

problem, where the switching times are restricted to a discrete set of time.

4.2.1 Definition

Let T > 0 be a given time horizon and (92, F,P) be a stochastic basis supporting a d-
dimensional Brownian motion. The filtration F = (F;);<r generated by the Brownian

motion is supposed to satisfy the usual conditions.

!The french acronym for continu & droite limité & gauche meaning right continuous with left limits.
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Let X be the solution on [0,77] to the following Stochastic Differential Equation
t t
Xt = Xo +/ b(Xs)ds +/ o(Xs)dWs, 0<t<T, (4.2.1)
0 0

where Xo € R™ and b : R™ — R™ and o : R™ — M™% (R) are L-Lipschitz functions, for

some positive constant L.

In the sequel we denote by Cf a constant whose value may change from line to line but
which depends only on L. We use the notation C’i whenever it depends on some other

parameter p > 0.

Under the above assumption, the following estimates are well known (see e.g. [50])

A

E| sup |X;[?

t€[0,T]

<C7 and sup (E
s€[0,T]

sup st—Xu|PD <C?Vh. (422)

u€l0,T],|lu—s|<h
We then introduce a family (C(x)),erm of closed convex domains:
C(z) := {y €R? |y’ > max(y! — ¢ (), Vi€ I} , (4.2.3)
J

recalling that 7 = {1,...,d}. The maps (¢;)1<ij<d, ¢ : R™ — R, are L-Lipschitz

continuous and satistfy:

¢i(.) =0, for1 <i<d;
infxeRm Ci]j(l’) > 0, for 1 < ’l,j < d, with ¢ #] 5 (424)
infyerm{cij(x)+cji(x)—ciy(x)} >0, for1<14,5,1<d, withi#j, j#IL

Remark 4.2.1 As detailled in [41], these conditions allow to get existence and uniqueness
of a solution to the corresponding continuously reflected BSDE, see Section 4 hereafter for
more details.

We consider P an oblique projection operator on C w.r.t. y defined by

P:(z,y) e R" xR? — (max {y/ - c”(x)}> :
J 1<i<d

We present in the next Lemma some useful properties of P.
Lemma 4.2.1 The operator P is Lipschitz. For all x € R™, P(x,.) is an oblique projection

onto C(x) and it is increasing with respect to the partial ordering relation =, where y = v’
means y* > (y')¢ for all i € T.
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Proof. Observe first that obviously P(x,y) = y for y € C(x) and x € R™. It follows
from the structure condition (4.2.4) on the maps (c¢;;)1<i j<d that

P(x,y)i = mjax {yj — cw(m)} > mjax {yj — ck’j(x)} —cip(zr) = P(m,y)k —¢ip(z),

for (x,y) € R™ x R? and 1 < i,k < d. Therefore P(z,.) is an oblique projection on C(z).
We compute that
2) 1/2

L(]yl—y2|+\x1—x2]> ) Z/l,y2€Rdan1,$2€Rm-

mjax (y{ - Ci,j(xl)) - mj‘dx (y% - Ci,j($2))

d
[P(z1,91) = Pla2,52)| = <Z

i=1

IN

Vedmax [y = yh] +lei(@1) = cigle)

IN

|

In the spirit of [11} 22], we introduce the notion of multidimensional discretely obliquely
reflected BSDE characterized by

e a partition grid R := {ro =0,...,r, = T} of [0, T] satisfying

1<k

L
IR| := max |ry —rr—1] < —, (4.2.5)
<k KR

e the previous convex set valued function C,
e an L-Lipschitz function g : R™ — R? such that g(z) € C(z) for all 2 € R™,

e a generator function, i.e. an L-lipschitz map f : R™ x R? x M%4(R) — R?. We also
assume that the component i of f(¢,y,z) depends only on the component i of the
vector y and on the line i of the matrix z i.e. f'(t,y,2) = f'(¢,7*, 2%). This allows to

interpret Y as the value process of an optimal switching of BSDEs (see [44]).

For a given data (R, C, g, f), a discretely obliquely reflected BSDE is a triplet (17, Y, Z) e
(82 x 82 x H2)T satisfying Y7 = Yy := g(X71) € C(X7), and, defined in a backward manner,
for j <k —1andte[rrj), by

(4.2.6)

?t - }/7"]'+1 + j;/r]'-ﬁ-l f(XU7 }7’!“ Zu)du - trj+l ZUqu bl
Y Yilpgwy + P(Xe, Yi) 1wy

This rewrites equivalently on [0, 7] as

Y, = g(X7) +/ f( Xy, Yy, Zy)du — / Zy dWy + (K — Ky), 0<t<T, (4.2.7)
t t
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where the nondecreasing (for the partial ordering >) process K e (A2)7 is defined by

K= Y AK1lyey and AK, =Y, Y, =—(Y,-Y,_), 0<t<T. (4.28)
reR\{0}

Observe that Y and Y differ only on the grid points of . On each interval of the
form [ry, rp41), (Y, Z) is solution to a classical non reflected BSDE with terminal condition

Y,

Tk4+19
directly from a concatenation of the solutions on all the grid intervals.

see [61]. Therefore, existence and uniqueness of the discretely reflected BSDE follows

4.2.2 Corresponding optimal switching problem

In this section, we interpret the solution of the discretely obliquely RBSDE (4.2.7) as the
value process of a corresponding optimal switching problem, where the possible times of
switch are restricted to belong the grid . Our approach relies on similar arguments as the

one followed by Hu and Tang [44] in a framework with continuous reflections.

A switching strategy a is a nondecreasing sequence of stopping times (6;);en , combined
with a sequence of random variables (a;);en valued in Z, such that a; is Fp, —measurable,
for any j € N. We denote by A the set of such strategies. For a = (0;,;)jen € A, we

introduce N® the (random) number of switch before T"
N = #{keN" : 0, <T}.

To any switching strategy a = (0;,a;)jen € A, we associate the current state process

(at)tefo,r) and the compound cost process (Af);c(o,7) defined respectively by

N¢ N¢
ag = aol{OStSQQ} + Z aj—11{9j71<t§9j} and A? = Z Cajfl,ozj (Xej)l{GjStST} )
=1 i=1

for 0 <t <T. For (t,i) € [0,T] x Z, A, the set of admissible strategies starting from i at
time t is defined by

-At,z' = {CL = (Qj,aj)j cA |90 =1, ag = ’i, E“A%F] < OO}
We denote by Afi the set of J#—admissible strategies:
Atyfl = {a:(ej,aj)jeNe-At,i | Hjé%,VjSNa} .

For (t,i) € [0,T] X Z, and a € At&fi, we consider as in [44] the associated one dimensional
switched BSDE defined by

T T
U = ¢°7 (X7) + / £ (X, UL, VO)ds — / VEAW, — A%+ A%, t<u<T. (4.2.9)
u t
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Theorem 3.1 in [44] interprets the components of the solution to the continuously re-
flected BSDE (|4.1.1]) as the Snell envelop associated to switched processes of the form (4.2.9),
where the switching strategies a are not restricted to lie in the reflection grid ®. The next
theorem is a version of this Snell envelop representation to the discretely reflected BSDE
(4.2.7)).

Theorem 4.2.1 For any i € T and t € [0,T], the following holds:

(i) The process Y dominates any switched BSDE, i.e.

Uf < Yy P-as, foranyacAY. (4.2.10)

(i) Define the strategy a* = (9;-‘, Oé;f)jzo recursiwely by (63, o) == (t,4) and, for j > 1,

9; := inf {8 € [ ;71,T] Nk ’ 17:90‘]'71 < kgla%x {i}sk + Ca;17k<XS)}} s
-1
* . * v Va4
a; = min {k: # sy ‘ Yb’} + Ca;fl,k(Xe;) = K;«réri%)_(l {Yj9 + ca;17g(X9;)}} .

Then we have a* € Afi and

YVi=U" P—a.s. . (4.2.11)

(11i) The following “Snell envelop” representation holds

Yy = essupaeA;tR.Ut“ , P—a.s. . (4.2.12)

Proof. Assertion (iii) is a direct consequence of (i) and (7).
Step 1. We first prove (). Let fix t € [0,7] and ¢ € Z. Set a = (k, o )k>0 € A??i and
the process (Y®, Z%) defined on [t,T] by

Ye o= ZYsakl{ek§8<9k+1}+gaT(XT)1{5:T} and
k>0

Z¢ = Z0 g <sco,,y, t<S<T. (4.2.13)
k>0

These processes jump between the components of the discretely reflected BSDE (4.2.6|) and,

between two jumps, we have

Okt1

~ Ok+1 - - ~
Y = Yo 4 / [ (Xs, YR Z3F)ds — / Z& AW + Kg‘:ﬂ_ — ngk
O

Ok Or+1 0
&

va Ors1 a va rza Ors1 a 7Ok T O
= Vi [ UGGV ZNds - [ znaw v Ky - K,
k k

F(YE YRy k>0. (4.2.14)

Or+1 Or+1
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Introducing

Ne—1
K¢ = Z [/(9 dKg*F + 1{9k+1§8}(}/9aki1 - Y()O::I + Cak704k+1(X‘9k+1))] )
k=0

k/\8,9k+1 /\S)

for s € [t,T], and summing up (4.2.14)) over k, we get

~ T _ T
Yi = g“T(XT)+/ f“S(Xs,Ysa,Zg)ds/ Z3.dW

—AL+ A+ KL — K, t<u<T. (4.2.15)

Using the equality Yy, = P(Xy,, %k) for all k € {0,..., N*}, we obtain that K is increas-
ing. Since U® solves (4.2.9)), we deduce by a comparison argument (see Theorem 1.3 in [64])

that U < fft“, proving (|4.2.10]).

Step 2. We now consider the strategy a*, recall (ii), and the associated processes ye
and Z% defined as in (4.2.13)). By definition of a*, we have

* ~ Oé* ~ v
ak = k = ak+1 —_ * * *
V= [P (Ko Yo )] = Vot = o, (Xap,) o B 20,

which gives

Soap ap o o ) _
/wmﬂ)dm =0 and Yp." —Yp" +copap,,(Xop,,) =0, (4.2.16)
for all k € {0,...,N® —1}. We deduce from (4.2.15) that
. . T T * *
. gaT(XTH/ Fo(Xs, Y0, Z8 )ds—/ Z8 AW, — A% + AY . t<u<T.
u u

Hence (Y, Z%") and (U, V") are solutions of the same BSDE and Y; = U%". We finaly
observe that a* € A%, i.e. E|A% |2 < co. Indeed, we have

* ~

T T
A% = y;*;ga*+/ faé‘(XS,y;*,Zg*)ds/ Z8 AW, + AY . (4.2.17)
t t

By definition of a* and the structure condition on the cost , we have |A?| <
maxgz; |c; x(X¢)| which gives E[|A?"|?] < Cp. Then, using the fact that (Y, Z) belongs
to S% x H?2, and the properties of the generator f, we get from the square integra-
bility of A%*. O

Remark 4.2.2 Although the optimal strategy a* depends on the initial parameters ¢ and
i, we omit the script (¢,1) for ease of notation.

Remark 4.2.3 Notice that Theorem holds true for a random generator (f(¢,.,.)):

such that E[fOT |f(s,0,0)\2ds} < 00, and random costs (c; j(t))¢, satisfying (4.2.4)) and ¢; ; €
SP fori,jeT.




4.3. DISCRETE-TIME APPROXIMATION 131

4.2.3 Some a priori estimates

We present here some estimates on the processes }7, Z and their associated switched pro-
cesses U,V and A%". The proof of the following Proposition is postponed to the ap-

pendix.

Proposition 4.2.1 The following holds

d
DY ilge +1Z e + 1K e <CF . p=2,
i=1

recalling that C7 does not depend on R.

Using the link between (U“*, V) and (57, Z), we obtain the same result for ue, ve
and A"

Corollary 4.2.1 The following bound holds

T
B[ sup (03P +E[([ 1V Pds)t] + B[ sup |47 P] +EINT P <L pz2,
SE[t,T] ¢ se[t,T)

for all (t,i) € [0,T] x Z, recalling that C¥ does not depend on R.

Proof. Fix p > 2. According to the identification of (U%", V") with (Y%, Z%"), obtained
in the proof of Theorem [£.2.1] we get from the previous proposition

T

B[ sup U] +E[([ v Pant] <t
s€[t,T] t

Then, writing the equation satisfied by (U®", V") and using standard arguments for BSDEs,

we get

T
Bllay P < Cule[ swp U2 p] +E[([ v Pas)t] + Bl
s€t,T) t

By definition of a* and (4.2.4), we have |A¢"

< CL(1+|X¢|) which gives with the previous

inequality
B4 1] < Cy
From (4.2.4) we get CLE[|[N® [P] < E[|A% |P] which completes the proof. O

4.3 Discrete-time Approximation

We present here a discrete time scheme for the approximation of the solution of the discretely

reflected BSDE (4.2.6).
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4.3.1 Discrete-time approximation of the forward process

We consider a grid 7 := {t) = 0,...,t, = T} on the time interval [0, 7], with modulus |r|
(7] := maxo<i<n—1 |[tit1 — ti]), such that R C 7 and |w|n < L. In the sequel, the process X

is approximated by its Euler scheme X7, whose dynamics are given by
¢ t
X = Xo +/ b(X;r(S))ds +/ U(X;“(S)).dWS , 0<t<T, (4.3.1)
0 0

where 7(t) := sup{t; € m; t; < t} is defined on [0,7] as the projection to the closest

previous grid point of w. We then have the following bound uniform in the grid

1/p

E[ sup |Xt”|p] < C7 ,p>2. (4.3.2)
0<t<T

The control of the error between X and its Euler scheme X™ is well understood, see e.g.

[48], and we have

E

1/p
sup \Xt—Xt”]p] < CPlr7 ,p>2. (4.3.3)
0<t<T

4.3.2 An approximation scheme for discretely reflected BSDEs

We introduce an Euler-type approximation scheme for the discretely reflected BSDEs.

Starting from the terminal condition
Yf = YF = g(XF) € C(XF)
we compute recursively, for 1 < n — 1,

Zf = (timn —1;)7'E [ﬂll(th - Wi,)" | fti] ,
VTo= E|VEL IR+ e — )XY 2E) (4.3.4)
Y = Y lgeny + PO, V) 1eny-

This kind of backward scheme has been already considered when no reflection occurs,
see e.g. [14], and in the reflected case, see e.g. [11], 56, 22]. See also [13] for a recent survey

on the subject.

Combining an induction argument with the Lispchitz-continuity of f, g and the projection
operator, one easily checks that the above processes are square integrable and that the

conditional expectations are well defined at each step of the algorithm.

Remark 4.3.1 This so-called moonwalk algorithm is given by an implicit formulation, and
one should use a fixed point argument to compute explicitly Y™ at each grid point. As
observed in [37], one could also use an explicit version of the scheme, replacing the second

equation in (4.3.4) by

VI o= B[V, 4+ (i - XE VL ZD IR i<
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For later use, we introduce the piecewise continuous time scheme associated to (Y™, Y™, Z7).

By the martingale representation theorem, there exists Z™ € H? such that
tit1 _
v, =By ] +/t ZTdW, , i<n-—1,

and by the It6 isometry, for ¢ <n — 1,

_ 1 tit1
Zf = —F [/ Z7Tds | .7-}1] . (4.3.5)
otk — t
We set
Z7 = Z] for te€ [titis1).
We then define Y™ on [t;, t;+1) by
- -~ _ Lit1
" =Y]  + i — (XYL Z5) — /t Zh AW, , (4.3.6)

and by
Y = Y Lpemy + POXT, Y ) Lgeny -
This can be rewritten:
Vi o= X5+ [ (X Vi Z0du = [ Z5dW, + (KF — K7)
Kf = Yoy AKT 1<y and AKT =Y - V7 =—(Y7-Y7),  (43.7)
YT o= Y lugwy + PO Y ) eny, 0<t<T.

4.3.3 Convergence of the discrete-time scheme

The following proposition provides the convergence of the discrete time scheme to the solu-
tion of the discretely reflected BSDE (|4.2.6]).

Proposition 4.3.1 The discrete-time scheme (Y™, Z™) converges to (Y, Z):
o~ ~ T —
sup E||Y; — Y2 + |V, —Y;ﬂ +E[/ |Zs — Z;r|2ds] — 0 as |7 —0.
te€[0,T] 0
Proof. Using the same arguments as in the proof of Proposition 3.4.1 in [2I], we get the

following inequality:

T
sup E[m Y2+ Y - Ygﬂ +EU | Zs — Z;des] <
te[0,T 0

T -~ ~ —
CpL” (!wl + EU (1Y = Yol? + 12 — Zw(t)\Q)dtD (4.3.8)
0
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where £ 4 1 is the length of R : R = {ro=0,...,r, =T}, and

1

B tit1
Zy = —— B U Zds | ftl} . ie{0,....n—1}. (4.3.9)
% t;

tiv1 —
The only difference is that P here is not 1-Lipschitz but only L-Lipschitz (See step 1.b
in the proof of Proposition 3.4.1 in [21I]). This justifies the term L” in (4.3.8).

Obviously E[ fOT Y, — ?ﬂ(t)lzdt] — 0 as |7| | 0 and since, Z is the best approximation in
H2 of Z by adapted processes constant on [t;,¢;11), it follows from (4.3.8) that the scheme

is convergent. O

In the general case, we are not able to retrieve an explicit control on the convergence rate of
the scheme in term of |r|. This is usually done by studying the process Z and its regularity
property. This problem is left for further research. In the next section, we provide a suitable

control in term of |7| but under restrictions on the function f.

4.3.4 The case where f does not depend on 7

In this section, we improve substantially the results of Proposition when the driver

function f does not depend on the variable Z.

Theorem 4.3.1 If f does not depend on Z, the following holds:

~ ~ |12
sup EUYt—YtH < Cplnl,
te[0,7

for all m such that |7|L < 1.

In order to compare the processes Y and Y7, recall (I4.2.7|) and (|4.3.7|), we introduce the
process (Y,Y, Z) € (8% x 82 x H?)T solution to the discretely reflected BSDE:

Ve = 9(Xr)Va(XP) + T F(Xu Vo) V F(XT ) VR )du
— ftT Z AW, + (K7 — KT) |

. i Y (4.3.10)
Kt == ZTE%\{O} AK,Z,r 1{T’§t} and AKtﬂ- == th - 1/2 5

Y, = Yilpgw + P(Xe, X7 Y0 1geny 0<t<T.

where P : R™ x R™ x R? is defined by

Plr1,22,y)" =max;{yf — ¢ij(1) Acij(a)} = Pa1,y)" vV P2, y)

Using a backward induction argument and the comparison theorem for non-reflected BSDEs,

we easily obtain the following property.

Lemma 4.3.1 We have Y; = max{Y;, Y/} for all t € [0,T], P—a.s..



4.3. DISCRETE-TIME APPROXIMATION 135

Since P is only L-Lipschitz with L > 1, the “geometric” approach, used in the proof of
Proposition does not allow to retrieve convenient controls. Instead, we use here the

correspondance between obliquely reflected BSDEs and optimal switching problem.
Fix (t,i) € [0,T] x Z. For any strategy a = (0, a;)jen € Afi, we introduce the following
switched BSDEs:

T T
e = fﬂXﬂ+/)ﬂ%&J@®—/iWMWpﬁ%+A$ t<u<T,

u

T _ T - .
Uzt = g XR) [ g - [ VTnaw, S ARt AR, <usT

U8 = (X)) Vg (XF) / Fo (X V)V o (XD, Vs
—/ ViAW — Ag + Ay, t<u<T, (4.3.11)
u
where

AZ = Z cOtj—l,Oéj (Xé)j)l{ejgugT} ) t S u S T7

JEN*
figva = Z Caj_ 1701 ﬂ_ ))1{9 <u<T} t<u< T,

JEN*

AZ = Z Caj_1,05 (Xej) A Caj_1,0; (X;(Hj))l{ﬂjgugT} ) t<u<T.
jEN*

We denote by a = (éz, &i)iz0 € .Atﬂ%Z the optimal strategy starting from ¢ at ¢ (éo =t and
&g = 1) associated to Yt recalling Theorem u Remark {4 -

We first need to control the variable N®. To this end we control the moments of (Y, Z)
by the following proposition whose proof is postponed to the Appendix.

Proposition 4.3.2 For |r|L < 1, the following bound holds

E | sup [Yi[”

T
+E{(/ |Zt\2dt)g] < C? p>2,
te[0,7) 0

recall that CY neither depends on R nor on 7.

Using standard arguments, recall (4.3.11]), we then get

T
] 14517] < OpE| swp (05 + ([ 17295 + 4¢P

s€[0,T

By definition of @ and (4.2.4)), we have |A¢"| < C1(1 4 | X;|) which gives with the previous
inequality and the link between (U2, V&) and (YE, Z%)

E[l45 7] < €
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From we get CLE[|[N

p} < E[|A%* ]p] which completes the proof.

E[|A@T|P + |N'~°L|P} <c?. (4.3.12)
Proof of Theorem [4.3.1l
Step 1. We first prove that the following holds
E|A — A%2 L B|AE — AT4)2 < Cpln|, t<u<T. (4.3.13)

Indeed, using the inequality |z Ay —y| < |x — y| for 2,y € R and the Lipschitz property of

¢;,5, We compute

2

~

Na
E|A’?L - A?LP + E|AZ - Aﬂ’aP = E‘ Z[C&k—hdk (Xék) N Cay,_y,ay (ng) = Chy_q,6 (Xék)]lékgu
k=1

a
N 2

"HE‘ Z[Cdk—h&k (Xék) N Céap_ 1,6y (X;rk) = Cap_1,ax (ng)]lékgu
k=1
< CLE[IN%? sup |X,— XT|?].

s€[0,7T

Using the Cauchy-Schwartz inequality and standard estimates (4.3.3)) on the discretization

of diffusions we get
E|A} - G +EIAG - AT < Crln|y/E[IN?|Y],

which combined with (4.3.12)) leads to the inequality (4.3.13]).
Step 2. Define for u € [t, T

UL = UL-UL sUpt = UL-URY,

and

STd = §US — (A% — A%),  §T™ = §UTT — (A% — AT
Applying It6 ’s formula, we have
E[6TS> < Elg*"(X7) Vv ¢*T (XF) — g7 (X1)[?

+2E /T SUL[f* (X, Vo) V [ (X1, Vi) = 1% (X, Yo)lds , t<u<T,
and
E[6T7? < E|g*"(XF) Vv ¢°" (Xr) - ¢*" (XF)[?

T ~ ~ ~ ~ ~
+2E/ U [f* (X5, Ys) V faS(X;rT(s% TZF(S)) — f( 77rr(s)7y7r(8))]d5 ;o t<u<T.

™
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Using the inequalities |2 Vy — y| < |z — y| and 2zy < |z|? + |y|? for all 2,y € R, and the
Lipshitz property of f and g we get

[|(5F 2+ \M‘Z’&\Q] < C’L< [ sup | Xrs) — X;T(s)ﬂ + sup E[ sup |Xs — Xo|?
s€[0,T] s€[0,T7] u€[0,T],|lu—s|<|n|

T ) . T "
+/ E[yangHaUg,a,g}dH/ B[V, -V, %ds) . t<u<T.

From standard estimates on diffusions (4.2.2))-(4.3.3)) we have

E[|5r3|2+|5rg@|2} < CL<|7r|+/TE[]5U§L|2+|6U§’d]2]ds

u

T ~ ~
+/ E|Y, — Y;f(S)FdS) L t<s<T.  (43.14)
u

By definition of I'* and I'™%, (4.3.13)) and (4.3.14) we obtain

2] < CL<\7r]+/TE[|6Uf\2+|5U§’&|2}d5

u

E|l6Ug?

T ~
+/ E|YV; - V7 lds), t<u<T.
u
Applying Gronwall’s Lemma we get
~ ~ T ~
E[|5Ug|2+|5U;na,z] < cL(er/ E|Y, - V7| ds) (4.3.15)
t

Then, by definition of ¢ and Lemma for any strategy a € .At ;, we have (see Theo-
rem

which gives

E|Y; VP < CLE[J0URR + [oU7*

Combining (4.3.16)) and (4.3.15]), we have

2] . (4.3.16)

T ~ ~ o~
B - < el [ BT TPt [ BT T as).
t
Since i is arbitrary chosen, we get
BY - TP < Cofrl+ [ BT, - FayPds + [ BT, - FagPds). (3.7
t t

The same reasoning applied at time ¢; € m with ¢; > ¢ leads to

BV, - V7P < Cuflnl+ / E|Y; = Vagl?ds + 7] Y BV i, ).
k=j+1
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Applying the discrete version of Gronwall’s lemma, we deduce
> 2 Too o g
E|Y;, - V7P < (JL(|7T| +/t E|Y; — V(o] ds) , for t;>t, tjem
Plugging this estimate into (4.3.17)), we compute
~ ~ T ~ ~
ElY; - Y/|? < CL(W +/ ElY; — Yw(s)‘QdS) .
t
The proof is concluded using the regularity of Y given by Lemma bellow. O

Lemma 4.3.2 When f does not depend on z, the following holds for the discretely reflected
BSDE,

T ~ ~
E[/ lY; — Yw(t)|2dt} < Cylnl.
0

Proof. The process (Y, Z) is the solution of a discretely reflected BSDE. It follows then
from Proposition that

. T
IE[ sup \Ys|2+/ |Z,?ds| < Cy. (4.3.18)
0

s€[0,T

For t; <t < tiy1,1€{0,...,n— 1}, we have

L t ~ t
Vi Ti= [ fX0Ti)ds - [ Zeaw,,
t; t;
and we easily compute
v v 2 2 2 i 2
7 - TP < € (B P+ 1Pl + 8| [ 127 )
t;
Integrating on [t;,t;4+1) and summing on i leads to

T _ N T
| [ 17 T Pae| < Culrl(1+ sup B[0P+ T2 ] + 8| [ 12.Pas))
0 0

1<i<n

The proof is then concluded combining the last inequality with (4.3.18) and (4.3.2)). O

4.4 Extension to the continuously reflected case

In this section, we extend the convergence results of the scheme (4.3.4) to the case of
continuously reflected BSDEs. To this end, we show that the error between discretely and

continuously reflected BSDEs is controled in a convenient way.
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4.4.1 Convergence to continuously obliquely reflected BSDEs

In the sequel, we shall use the following assumption on f:
(Hf) The function f is bounded in its last variable : sup,cqaa |£(0,0,2)] < CL.

We denote by (Y7 Z, K) € (8% x H? x A?%)? the solution of the continuously obliquely
reflected BSDE:

Yi=g'(Xr) + [ SU(X Y ZD)ds — [ ZiaWs + K~ K
Vi > maxjer{Yy —cij(Xe)}, 0<t<T, (4.4.1)
Jo V¢ = maxjer{¥{ — cij(X)HdKi =0, i€T.
Under the assumption on f, g and ¢, the existence and uniqueness of such a solution is given
by [41, 44]. As in the discretely reflected case, the process Y, i € Z can be interpreted

(see Theorem 3.1 in [44]) as the the Snell envelope of the family of processes (U%),, recall
@2.9):

Y} = esssupUQ.
aE.At’i
It follows then from (4.2.12) that
Y=Y =Y, (4.4.2)

for any grid R.

According to the proof of Theorem 3.1 in Hu and Tang [44], there exists, for each initial
condition (tp,i9) € [0,7] x Z, an optimal switching strategy a := (ék,dk)kzo € Ay, i, such
that Y,fo0 = U{:. Moreover we have E|A%[P < oo for all p > 1. Indeed, since (Y%, Z%) satisfy
the switched equation with a = & (see Theorem 3.1 in [44]) and (Y, Z) € (SP x HP)*
(see Proposition in the Appendix), we have

T

B[ sw Ui +E[([ WiPat] <ct,
s€[to, T to

Then, writing the equation satisfied by (U%, V%) and using standard arguments for BSDEs,

we get

. . T . .
s{1447] < Cu(E[ sup iy +E[( [ ViPasE] +Elagp)
S 0, 0

By definition of @ (see Theorem 3.1 in [44]) and (4.2.4), we have |A%| < CL(1 +|X;|) which

gives with the previous inequality
E[|A%P + |[NYPP] < CF. (4.4.3)

We now present a key result in the proof of the convergence of the solutions of discretely

reflected BSDEs to the solutions of the corresponding continuously reflected ones.
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Theorem 4.4.1 Under (Hf), the following holds
E[sup{m—ﬁmz—m?ﬂ < CEIRE (4.4.4)
reR
for all e > 0. Moreover if the cost functions are constant we have

E[sup {1%: = Vo2 + 1¥; - 1@!2}} < CpIR| . (4.4.5)
reR

The proof of this result relies mainly on the interpretation in terms of switched BSDEs

provided in Section
To an optimal strategy ¢ = (O, dx)r € Ag.i, DOt restricted to lie in the grid R, we
associate the corresponding ’discretized’ strategy a := (0, ak)r>0 € A?g’io defined by

0, := inf {T >0, 1€ §R} and oy = dy , kE>0. (4.4.6)

Proof. Step 1. We first prove two key controls of the error between A% and A®.
We compute for h > 2

2 h
T ) ) % T | N& 2
(/ | Ay — Af dS) = / chk—lvdk (Xék,)lék<s = Cag_1,00 (X9k)19k§8 ds
to to |g=1 -
T Nél, 2 %
h

0 k=1

h

T |N®
+CZ/t Z [cdk—17dk(X9k) - Cdk_1,dk(X0'k)j| 19k§8 ds .
k=1

Using the convexity inequality (3"p_; [2x])?> < n Y 7_; |zk|?, we obtain

T|N* 2 :
' h
/ chk—lvdk(Xék)lék§s<9k ds < Cz(l—i- sup ‘Xt‘h)|]\/'a|h|§%‘2 (4.4.8)
to k—1 tG[O,T}

Then, from the Lipschitz property of the maps ¢; j and the convexity inequality (3_,_, EK
<SR |k, we get

X h X
T |N® T N®

/t Z[Cdk—lvdk(Xek)_Cdk—ladk(Xék) lp,<s| ds < C}LL‘Na‘hil ] Z|X9k_Xék‘h19kS8d3
0 k=1 0 k=1
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By definition of ), and ), we get

T | N "
/ Z [cdk—lvdk (X9k) — Céy g0, (Xak)] lg,<s| ds <
to k=1
. T r
ngNah/ > sup X, — X, |"1g,<ds (4.4.9)
to k=1 TE[Tk_l,Tk]
Combining (4.4.7) with (4.4.8) and (4.4.9) leads to
h
4 a al? : h|nra)h hygp| & [R],h
|AY — A%"ds) < CEIN“" (14 sup |X|"R|Z + X"V | . (4.4.10)
to s€[0,7T
where /R .= >ory SUDyefry, 1 ,m] | X, — XTk\h.
For r € R, we have 1, < = lo<r which gives
Nd
| A7 — A?‘h < (Z ’Cdkflydk (Xek) — Cay_y,i (Xoy) 19kS7’)h < CHNa’hXHR"h . (44.11)
k=1

Step 2. Recall that (¢p,4p) is given. Let us introduce the processes I' := U® — A and
[ := U%— A%, so that the dynamics of I — T' on [to, T'] is given by

T T
fooTy = [ [f T+ ALV = (T ALV ds = [ - v.aw.
t t
Observe that,
U —U% < |0 —T|+|A* — A?4|. (4.4.12)

Applying Ito’s formula to the continuous process |I' —T'|? on [tg, T, using Gronwall Lemma

and the Lipschitz property of f, we obtain

) T, . L2
|F150_F150‘2 < CLE[/ faS(X&Ug?Vsa)_fas(Xs?Ug>V5a) ds
t
’ T 2
+/ At A0 ds‘fto}, (4.4.13)
to

up to power %, we get from Jensen inequality

T

b < et
to

T

to

h
2

fds (X87 Ugv Vsd) - fas (X87 Ug? Vsd)

h
2 2
ds)

2
ds)

A% A0 Fto} , (4.4.14)
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Under (Hf), we compute that

T
/ |f35 (X0, U2, V) — o (X, US, V)P ds =

to
T |N® 2
/t Z fa]ﬁl (X57 U;lﬂ Vsa) <1ék,1§s<ék - 19k71§5<9k) dS S
0 |k=1

N¢ T
CLNVI S [+ X+ U8 L, o, = Taucs ] s
k=1""0

which leads to

T 2
a Q@ 1ra a a 1ray |4 a a L3
</ | o (X, U, VE) = f2(Xs, UL, VY| d8> < CFIN P supgeiopy(1+ | Xol* + U2 R] 2
to

Combining the last inequality with (4.4.10), (4.4.11)), (4.4.12)) and (4.4.14)), we then obtain

Yy —Ygl" < CIE

. . h
vy ( sup (1 [X,[" + U2 Rl + (x'%"h)> \fm] -

t€[0,T]

Since g is arbitrary chosen we get

E[supm—w] < b (E] sup MYE| 1R +E
reR te[0,T]

sup |M2|2| ], (4.4.15)
te[0,7)

where M! and M? are the martingales defined by

M- E[wﬂh sup <1+1Xs|h+|U3|h>\ﬂ] ,
s€[0,T
ME o= E[INNROIE] L 0<e<T.

From Burkholder-Davis-Gundy inequality we have

E

sup |MYE| < on (4.4.16)
te[0,7

Still using Burkholder-Davis-Gundy inequality we have

E

h h 1
- ysz] < o (M3t +E (M) |
te(0,7)

From Cauchy-Schwarz and Jensen inequalities we get

2, b
sup |M;|2
te[0,7

E

1
< of (g1t +E[mep))
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Using then (4.2.2) the convexity inequality (Y-7_; |#F[)P < nP=1 377 |2*|P for p > 1, and
the condition k|R| < L, we get

E| sup |[M22| < CMRI“#.
te(0,7)

Combining this last inequality with (4.4.15)), (4.4.16)) and the Lipschitz property of P (see

Lemma [4.2.1)), we deduce (4.4.4).

We now prove (4.4.5). Suppose that the cost functions are constant. Then the same

arguments as in Step 1. give

T
/ Af — AMPds < CpR|

to

and A% — A% = 0 for r € R. This gives with (4.4.13)

Yie — Yo < CLIRE

IN? sup (1+|X*+ \Uj|2)‘}“t0] ) (4.4.17)
t€[0,T]

Using Burkholder-Davis-Gundy inequality, we get
E[sup |V, - Vil?] < Criw.
teR

Combined the Lipschitz property of P, we get (4.4.5). O

We now give a control of the error on the variable Z in the case where the maps ¢; ; are

constant.

Theorem 4.4.2 If the cost functions are constant, the following holds under (Hf)
. ~ . T . 1
sup E||Y; — Yi|* +|Y; — Y;|? +/ 1Zs — Zﬁds] < Cr|R|2 .
t€[0,T] t

Proof.
Step l.a. Fix t € [0,7]. We introduce 8Y =Y =Y, 8Y =Y -V, 6Z = Z — Z
and 0f = f(X,Y,Z) — f(X,lN/, Z). Applying Ito’s formula to the cadlag process |5§~/|2, we

obtain
~ T o~ ~ ~
yaytu/ 0Z,’ds = |<5YT]2—2/ §Y,_.doY,
t (t,T

— D (10Yi]? = [0Y_|? — 20V, ASY,) . (44.18)

t<s<T

Recall 8Y,_ = 8Y; for s € [0,T]. Since

D (16Ya]? = |0V | — 20Y,_ . AGY,) = > [6Y, —6Y[*>0 and / §Y,.dK, >0,
t<s<T t<s<T (t,7]
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we have
. T " T T .
E[[(SY}Q—F/ ]6Z$]2ds} < E[[dYT\QJrQ/ (5Ys<5fsds+2/ 5Ys.sz}.
t t t

Using standard arguments, we then compute
~ T Al e .
E[\&Yt|2+ / ]5Z52ds] < CLE|Y / 0Y,.dK,| | (4.4.19)
t , ,
Jj=0""

recall R = {ro,...,r.}.

Step 1.b. We introduce (Y%, Z%) the solution of the following piecewise constant BSDE,
for j <k, s € rj,mjt1)

d ' et d d AR
vé = ¥, +/ h(Xu,Yu,Zu)du—/ Z4.aw, ,
S

S

where for all 1 <k <d, h¥: R™ x R x ML?% — R is defined by

W (,y,2) = Y <|fi(w,y,2)+r§1§;<|fi(w,y+cz'j72)l>-

1<i<d

For i < d, the process ((Y9)?, (Z4)?) is the solution of a discretely reflected BSDE with lower
barrier Y. Using the same argument as in the proof of Proposition we obtain

E

T
sup IY;’IPH/ \ZSPds)’ﬁ] < O, p>2.
s€[0,T 0

The proof of the following result is postponed to Step 2 below

vl = Y. (4.4.20)

We then have

Aloerin . Al i ~ .
By [oviak.| < B|Y [T - Voak.|
j=0""3 j=0vTi
and
Tj+1 ~ . Tj+1 .
E / (Y2-Y,)dK,| = E / Yy, dK, (4.4.21)
rj rj

+E

Ti+l  [fTi41 ~ =~ .
/ / (h(Xu, Y2, Z3) — f(Xu, Yy, Zu))du.dK, | .
T‘j S

We compute that

Al . ol . . .
E|Y / 0V, AK | =E | ) 0, (K, — K,)| < CLE[SE£\5EIIKT!]> (4.4.22)
j=0"7i j=0 T
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Observe that the function h satisfies (Hf). Hence, we deduce from (4.4.21)) and (4.4.22))
that

T ~ . . ~ .
E[/ md—n).dm] < o (E[sup\éY;HKT!]H%\E[ sup <1+rxs\+Yﬁr+|m>rKT}).
0 reR s€[0,17]

Using Cauchy-Schwartz inequality and recalling Proposition and Theorem [4.4.1]

we deduce

E[[)T(Yd—ﬁ).dks] < CLIR. (4.4.23)

S

Together with (4.4.19), this estimate provides the announced result.
Step 2. We now prove ({4.4.20)).

As in [41], we consider the following sequence of multidimensional reflected BSDEs, for
n >0,

¥ = ¢'(Xr)+ /t P () (22 - /t Czyaw,
+H(KT) = (K7)' .
) = (S e 0T and [ (O~ (SPARP) =0
with SP = P(X;, V" 1), for n > 1 and S° = —o0, meaning that Y is a non-reflected BSDE.

The sequence (Y™),en converges increasingly to Y, see [41] and we have
Y=Y =yn! andYt"—J'/t as n — 00 .

To obtain (4.4.20)), we then prove Y% = Y™ for all n, using the following induction argument.
(i) Using a comparison argument, it is clear that Y4 = Y©.
Fix 4,5 € T and introduce I'’ := (Y°)7 — ¢;; satisfying
, Thtl A
M= ) e [ POGT e (29

Tk+1

Tht1 )
—/ (Z2).dW, , t € [rp,req1), K€{0,...,n—1}.
t

Observe that

V) =Y 2 Y] —ci; 2 (VY ¢y, reR.

r

By definition h* > fJ, using a comparison theorem, we then obtain that (¥;%)* > I' which
leads, since ¢, j are arbitrary, to

yd»- st (4.4.24)

(ii) Assume that Y¢ = S", for some n > 0. Therefore Y interprets as a BSDE reflected

on S™. Following a comparison argument, we deduce from Y:,‘f > Y[ and the definitions of

h and f that
y? =yt (4.4.25)
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For i,j € Z, we then introduce I'" = (Y")J — ¢;; which satisfies for k € {0,...,x — 1}

. Thtl :
TP = (Y Y eyt / P (X3, T + ey, (20))ds
t

Tk+1
Tk4+1 X . .
—/ (Z3).dWs + (K7) — (Ky')?, t € [rg, i) -
t
I > (SPY, Ve [0,7] and / (T — (SPY)A(KTY = 0.
0
Observe that
(Yd)i:YiZYj—CijZ(Y;n)j—Cij, TG?R.

By definition h* > f7, using a comparison theorem, we then obtain that (Y,4)? > I'? which
leads, since ¢, j are arbitrary, to
yd - gntt, (4.4.26)

(iii) The proof is then concluded combining (i) and (ii) above. O

4.4.2 Convergence results

Setting R = 7, and combining Theorem with Theorem and Theorem [4.4.2] we

obtain the following results.

Theorem 4.4.3 If f does not depend on z and |w|L < 1, the following holds

sup ||V, — ;72 + Vi, - V2| < Clnl'e,

i<n
for all e > 0. Moreover, whenever the cost functions are constant, we have

supE||Vy, — Y77 + V2 — V7P| < Culnl,
i<n

and

sup BJ[Yi — Y72+ Vi - V7P| < Culnf?
te[0,T]

4.5 Appendix: a priori estimates

4.5.1 A priori estimates for continuously and discretely reflected BSDEs

We first prove estimates for BSDEs with reflections in a somehow “abstract” setting. This

allows us to retrieve estimate for continuously and discretely reflected BSDEs.

We then consider a process (Y9, K9, Z9) € (52 x 82 x H?)? satisfying on [0, T

T T
S = &9+ / f9(s, Y8, 29)ds — / Z9.dW, + K4 — K7 | (4.5.1)
t t



4.5. APPENDIX: A PRIORI ESTIMATES 147

where 9 is a random variable in (L2(F7))%, the map (y,2) — f9(.,y,2) is L-Lipschitz
continuous and the random function s — f9(s,0,0) belongs to (H?)Z.

Moreover for S9 a continuous process in S?, (Y9, K9) satisfies
T
/ (Y- —S)).dKf = 0,0<t<T. (4.5.2)
t

Finally, we suppose that the jumps of Y9 and K9 occur only on a finite grid R and we work

under the following integrability assumption

(Hg) There exist py > 2 and a nonnegative random variable 3 such that

T
|€9] + sup <|Sf|+|Ytg|+/ |fg(8,0,0)|ds> < and H|gP] < CP . (4.5.3)
t€[0,T] t

Proposition 4.5.1 In the abstract setting introduced above and under (Hg), the following
holds

T
Bl + ([ 12329 <cp
0
recall that C7 does not depend on R.

Proof. Applying Ito’s formula to the cadlag process |Y9|% on [0,t], we obtain
VIR = (VIR +2 [ YO AYE + fo 1Z02ds + Yo (VI - V22 — 2Y2 AYY),

where the last term at the right-hand side is obviously non negative. Recalling (4.5.1]), we
get

T T
YOP+ [ 1zaPds < [vEP ez [ Y22 2003s
t t
T
2 / Y9 K7 42 / (Z9Y9).dWV,.
(.7 t
Using standard arguments, together with (4.5.2) and (Hg), we compute that
T T
| 1zkas < cusis ke [ znam. (45.4)
Moreover, we have,
T T
K42 < O [ﬁQ +/ |Z9|%ds + (/ Zg.dws)ﬂ (4.5.5)
0 0

Combining (4.5.4]) and (4.5.5)) we obtain for € > 0,

/ 1Z9?ds < B2+e/ ]Z§]2ds+e(/ Zg.dW5>
0 € 0 0

2 T
+C’L/ (Z2Y7).dWs. (4.5.6)
0
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where we used the inequality ab < ea? + %bQ for a,b € R and € > 0. We then compute,
T ydo) ydo) PO T ydo)
B ([ 122Pa0t] < cp(e® 4 tul( [ jzmPa?
0 0
P T T Py
+eTE|([ z29.AW)P| + CLE|( [ (Z9Y8).dW,)" ) (4.5.7)
0

0

Using Burkholder-Davis-Gundy inequality, we get
E{(/OT !ZﬁlzdS)p?O] <cp (e‘%o +e%°E[(fOT \Zg\st)”ﬂ +E[(fOT ]Z§Y59|2ds)%OD ,
<P (€ + e P Efsup,eon Y] + FE[() 126124 ¥ )
It follows from (Hg), for € small enough
E[(/OT ng\?dS)p?O] < . (4.5.8)

Taking (4.5.5) up to the power &, and combining Burkholder-Davis-Gundy inequality with
the majoration obtained in (4.5.8)) yields

E[|K7[?] < CF,

which concludes the proof of the proposition. O

We now apply the previous general result to two more explicit cases of interest.

Proposition 4.5.2 The solution of the continuously reflected BSDE (4.4.1)) satisfies
. . T . p
B sup (VP4 (el + ([ (2P| < cp pz2.
te[0,T] 0

Proof.
Step 1. Define the functions f ‘R4 x R4 x R — R% and § : R* — R? by

d d
F=>1f1 and ¢ =>"l¢'|, 1<j<d,
i=1 i=1
and denote by (Y, Z) € (82 x H?)T the solution to
Y: = g(Xp) +/ f(Xs,Ys, Zg)ds —/ ZsdWs, 0<t<T. (4.5.9)
¢ ¢

Since all the components of Y are similar, Y ecC. Following the arguments in the proof of
Theorem 2.4 in [41], we deduce that Yy <Y. Using a comparison argument, we also have

Y0 < Y where Y9 is the solution to the BSDE

T T
YY) = g(XT)+/ f(XS,YSO,ZS)ds—/ Z0aw,, 0<t<T.
t t
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Using standard arguments on non-reflected BSDEs, we compute that

E[ sup |}V/S|p] —I—E[ sup |Y;0|p} < C7, p>2.
s€[0,T s€[0,T]

and then

E| sup [V

s€[0,T7

< C?, p>2. (4.5.10)
L

Step 2. Fori € Z, we define S% := max;; (Y7 —¢;j(X)) and observe that the component
(Yi, 7L K %) is solution to simply reflected BSDE with lower barrier Si, and

T
Y'> 8" and / (Y- SHdK! =0. (4.5.11)
0

Therefore, the framework of Proposition is satisfied since (4.5.1), (4.5.2) and (Hg)

hold true, and the proof is complete. O

We finally give the proof of Proposition [4.2.1]

Proof of Proposition [4.2.1] Following the same argument as in Step 1 of the proof of

Proposition [£.5.2] above, we retrieve

E| sup |§~/t]p+ ]§t|p

t€[0,T]

< C7, p>2, (4.5.12)

where S := P(X,Y). Observe that S is continuous and

reR,r>t

Therefore (4.5.1), (4.5.2) and (Hg) are satisfied for the process (Y, Z, K) and the proof ends
applying Proposition [£.5.1] O
4.5.2 A priori estimates for discrete-time schemes of BSDEs

We state here a uniform bound for the discrete-time scheme of discretely reflected BSDESs

We suppose in the sequel that the generator f does not depend on the variable Z.

Proposition 4.5.3 For |r|L < 1, the following bound holds

sup E[W;ﬂp} < P op>2 (4.5.13)
0<i<n

recall that C’z neither depends on R nor on .
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To prove this proposition, we first need a comparison theorem for discrete-time schemes

of BSDEs in the case where the driver does not depend on the variable Z.

For k = 1,2, let &, be a square integrable random variable and 1)y, : R™ x R¢ — R? a
L—Lipschitz generator function. We suppose that & > & and 1); > ¥ on R™ x R%. For a
time grid 7, we denote by (Y™, Z™F) k = 1,2, the discrete-time scheme:

starting from the terminal condition
k
Y5 =&,
we compute recursively, for ¢ <n —1,

Zt?k = (ti-i—l - ti)_lE [Yﬂ’k (Wti+1 - Wti)/ ’ fti:| )

tit1

it = BT A = e (X7 YY)

tit1

(4.5.14)

Lemma 4.5.1 For any m such that |x|L < 1, we have Y;"' > Y% for all t € =.

Proof. Recall that 7 = {t9p = 0,...,t, = T'}. Since the results follows from a backward
induction on 7, we just prove ¥;"' > ¥;/"?. Using (4.5.14)), we compute

Yt:_ll - Y}:’_Ql = E [51 - 62‘}}”71}
(T = taa) [ (X7 Vi) = (X Y2

= E [51 - 52‘7'}”,1}

T = ta)Ar (Y2 = Y02 ) + B (4.5.15)
where
wl(XgrnflS/t:il)_’wz(XZrnflntbfl) ; m,1 2
Auy = ViV, HRCE R (4.5.16)
0 else
and
Ana = 1(XT Y02 = da(XT YT

Since 9, is L—Lipschitz, k = 1,2, the condition |r|L < 1, implies (T' — t,,—1)Ap—1 < 1.
Then using &1 > & and 11 > 19, we get from (4.5.15)) the desired result . O

Proof of Proposition Using the same arguments as in Step 1. of the proof of
Proposition we obtain, using Lemma YT YT - Y07 where Y™ and Yo7 are
the discrete time schemes associated respectively to and , recall that f does
not depend on Z. Thus, to prove , it suffices to prove

sup E[|[Y7|P] + sup E[[Y)"]P] < CF, p>2.
0<i<n 0<i<n
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Since the arguments are the same, we only prove the last bound for the process YO,
Applying It6’s formula to |Y50’7r|2 for s € [t;,t;41] and using standard arguments, we compute
for t <t; with i <j

> tivy

ti+1 tit1
E[YO"?|F] < CLE [!Y°”|2+ / [V Pdu + / <1+m?’”|2+|XZ§|2>dU\Ft]‘
S S

Applying Gronwall’s Lemma we get

tir1

tjt1
BIVOPLA] < e pn P [T 0 R XA

this leads, for s = t;, t = ¢; (recall i < j) and |7| small enough, to

ecL‘ﬂ'I

0,72

2
| [| t+1| +|7T|( + SE‘lp |Xt ‘Ftlv
using an induction argument, we get

. eCL|7r\n
B[R] < T |lg(XPP +nlrl(1+ sup [X7%)|F, |,
1—|m| t€[0,7)

By definition |r|n < L, hence we get

Y
te[0,7]

< C <1+E[ sup |ng|2]fti}>.

Taking up the power £, we get from (4.2.2)

sup E“Yo’”m < C7, p>2

0<i<n
Od
We now now turn to the proof of Proposition [4.3.2
Proof of Proposition Using Proposition and Proposition we have
T
E UO (X7, VI0) Y F(X ) ds} <, pxo2 (4.5.17)
We introduce the processes (Y9, Z%) and (Y, Z) defined respectively by
A ~ T A
Yto - (XT) vV g XT / f 7r(5 7T(s)) \ f(XS7 YS)dS - / ZSdWS) 0 S t S T)
t

and
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where § € (LP(Fr))* and f € (H?)* are defined by are defined by

<k i iy VAk igym v i %
g = D IgXn) Vg (XF) and fy = Y [f(XT 0 Vi) V(X Yo,

1€

i€l
for 0 < s < T and k € Z. Following the same argument as in Step 1 of the proof of
Proposition [4.5.2| above, we retrieve from (4.5.17)), Y=Y =Y and
E| sup [90)7| +E| sup [¥iPP| < ¢, p>2,
te[0,7) t€(0,7

which gives

E| sup |V;P| < CF, p=>2. (4.5.18)

t€[0,T]

From (4.5.18) and (4.5.17) we obtain that the discretely reflected BSDE (4.3.10) satisfy

(Hg) with po = p. The proof is then concluded using Proposition m |
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Chapter 5

Optimal portfolio liquidation with
execution cost and risk

Abstract : We study the optimal portfolio liquidation problem over a finite horizon in a
limit order book with bid-ask spread and temporary market price impact penalizing speedy
execution trades. We use a continuous-time modeling framework, but in contrast to pre-
vious related papers (see e.g. [12] and [74]), we do not assume continuous-time trading
strategies. We consider instead real trading that occur in discrete-time, and this is formu-
lated as an impulse control problem under a solvency constraint, including the lag variable
tracking the time interval between trades. A first important result of our paper is to show
that nearly optimal execution strategies in this context lead actually to a finite number
of trading times, and this holds true without assuming ad hoc any fixed transaction fee.
Next, we derive the dynamic programming quasi-variational inequality satisfied by the value
function in the sense of constrained viscosity solutions. We also introduce a family of value
functions converging to our value function, and which is characterized as the unique con-
strained viscosity solutions of an approximation of our dynamic programming equation.

This convergence result is useful for numerical purpose, postponed in a further study.

Keywords: Optimal portfolio liquidation, execution trade, liquidity effects, order book, im-

pulse control, viscosity solutions.
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5.1 Introduction

Understanding trade execution strategies is a key issue for financial market practitioners,
and has attracted a growing attention from the academic researchers. An important pro-
blem faced by stock traders is how to liquidate large block orders of shares. This is a
challenge due to the following dilemma. By trading quickly, the investor is subject to
higher costs due to market impact reflecting the depth of the limit order book. Thus,
to minimize price impact, it is generally beneficial to break up a large order into smaller
blocks. However, more gradual trading over time results in higher risks since the asset
value can vary more during the investment horizon in an uncertain environment. There has
been recently a considerable interest in the literature on such liquidity effects, taking into
account permanent and/or temporary price impact, and problems of this type were studied
by Bertsimas and Lo [9], Almgren and Criss [I], Bank and Baum [6], Cetin, Jarrow and
Protter [19], Obizhaeva and Wang [58|, He and Mamayski [42], Schied an Schéneborn [74],
Ly Vath, Mnif and Pham [53], Rogers and Singh [72], and Cetin, Soner and Touzi [20], to
mention some of them.

There are essentially two popular formulation types for the optimal trading problem
in the literature: discrete-time versus continuous-time. In the discrete-time formulation,
we may distinguish papers considering that trading take place at fixed deterministic times
(see [9]), at exogenous random discrete times given for example by the jumps of a Poisson
process (see [69], [7]), or at discrete times decided optimally by the investor through an
impulse control formulation (see [42] and [53]). In this last case, one usually assumes the
existence of a fixed transaction cost paid at each trading in order to ensure that strategies
do not accumulate in time and occur really at discrete points in time (see e.g. [49] or [59]).
The continuous-time trading formulation is not realistic in practice, but is commonly used
(asin [19], [74] or [72]), due to the tractability and powerful theory of the stochastic calculus
typically illustrated by It6’s formula. In a perfectly liquid market without transaction cost
and market impact, continuous-time trading is often justified by arguing that it is a limit
approximation of discrete-time trading when the time step goes to zero. However, one may
question the validity of such assertion in the presence of liquidity effects.

In this paper, we propose a continuous-time framework taking into account the main
liquidity features and risk/cost tradeoff of portfolio execution: there is a bid-ask spread
in the limit order book, and temporary market price impact penalizing rapid execution
trades. However, in contrast with previous related papers ([74] or [72]), we do not as-
sume continuous-time trading strategies. We consider instead real trading that take place
in discrete-time, and without assuming ad hoc any fixed transaction cost, in accordance
with the practitioner literature. Moreover, a key issue in line of the banking regulation
and solvency constraints is to define in an economically meaningful way the portfolio value
of a position in stock at any time, and this is addressed in our modelling. These issues

are formulated conveniently through an impulse control problem including the lag variable
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tracking the time interval between trades. Thus, we combine the advantages of the stochas-
tic calculus techniques, and the realistic modeling of portfolio liquidation. In this context,
we study the optimal portfolio liquidation problem over a finite horizon: the investor seeks
to unwind an initial position in stock shares by maximizing his expected utility from ter-
minal liquidation wealth, and under a natural economic solvency constraint involving the
liquidation value of a portfolio.

A first important result of our paper is to show that nearly optimal execution strategies
in this modelling lead actually to a finite number of trading times. While most models
dealing with trading strategies via an impulse control formulation assumed fixed transaction
cost in order to justify a posteriori the discrete-nature of trading times, we prove here that
discrete-time trading appear naturally as a consequence of liquidity features represented by
temporary price impact and bid-ask spread. Next, we derive the dynamic programming
quasi-variational inequality (QVI) satisfied by the value function in the sense of constrained
viscosity solutions in order to handle state constraints. There are some technical difficulties
related to the nonlinearity of the impulse transaction function induced by the market price
impact, and the non smoothness of the solvency boundary. In particular, since we do not
assume a fixed transaction fee, which precludes the existence of a strict supersolution to
the QVI, we can not prove directly a comparison principle (hence a uniqueness result) for
the QVI. We then consider two types of approximations by introducing families of value
functions converging to our original value function, and which are characterized as unique
constrained viscosity solutions to their dynamic programming equations. This convergence
result is useful for numerical purpose, postponed in a further study.

The plan of the paper is organized as follows. Section 2 presents the details of the
model and formulates the liquidation problem. In Section 3, we show some interesting
economical and mathematical properties of the model, in particular the finiteness of the
number of trading strategies under illiquidity costs. Section 4 is devoted to the dynamic
programming and viscosity properties of the value function to our impulse control problem.
We propose in Section 5 an approximation of the original problem by considering small fixed
transaction fee. Finally, Section 6 describes another approximation of the model with utility
penalization by small cost. As a consequence, we obtain that our initial value function is

characterized as the minimal constrained viscosity solution to its dynamic programming

QVL

5.2 The model and liquidation problem

We consider a financial market where an investor has to liquidate an initial position of
y > 0 shares of risky asset (or stock) by time 7. He faces with the following risk/cost
tradeoff: if he trades rapidly, this results in higher costs for quickly executed orders and
market price impact; he can then split the order into several smaller blocks, but is then

exposed to the risk of price depreciation during the trading horizon. These liquidity effects
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received recently a considerable interest starting with the papers by Bertsimas and Lo [9],
and Almgren and Criss [I] in a discrete-time framework, and further investigated among
others in Obizhaeva and Wang [58|, Schied an Schéneborn [74], or Rogers and Singh [72]
in a continuous-time model. These papers assume continuous trading with instantaneous
trading rate inducing price impact. In a continuous time market framework, we propose
here a more realistic modeling by considering that trading takes place at discrete points in
time through an impulse control formulation, and with a temporary price impact depending
on the time interval between trades, and including a bid-ask spread.

We present the details of the model. Let (2, F,P) be a probability space equipped with
a filtration IF = (F;)o<¢<7 satisfying the usual conditions, and supporting a one dimensional
Brownian motion W on a finite horizon [0,T], T' < co. We denote by P = (F;) the market
price process of the risky asset, by X; the amount of money (or cash holdings), by Y; the
number of shares in the stock held by the investor at time ¢, and by ©; the time interval
between time ¢ and the last trade before . We set R = (0,00) and R* = (—00,0).

e Trading strategies. We assume that the investor can only trade discretely on [0, 7.
This is modelled through an impulse control strategy o = (7, (n)n>0: 70 < ... <7 ... < T
are nondecreasing stopping times representing the trading times of the investor and (,,
n > 0, are F,, —measurable random variables valued in R and giving the number of stock
purchased if ¢, > 0 or selled if {,, < 0 at these times. We denote by A the set of trading
strategies. The sequence (7,, () may be a priori finite or infinite. Notice also that we do not
assume a priori that the sequence of trading times (7,,) is strictly increasing. We introduce

the lag variable tracking the time interval between trades:
©; = inf{t—m7,:7 <t}, tel0,7T],
which evolves according to
Oy = t—7n, Tn <t<Tnil, ©7, =0, n>0. (5.2.1)
The dynamics of the number of shares invested in stock is given by:

Y = Yo, m<t<may, Yo =Y. 4G, n>0 (5.2.2)

o Cost of illiquidity. The market price of the risky asset process follows a geometric

Brownian motion:
dP, = Py(bdt+ cdWy), (5.2.3)

with constants b and ¢ > 0. We do not consider a permanent price impact on the price, i.e.
the lasting effect of large trader, but focus here on the effect of illiquidity, that is the price

at which an investor will trade the asset. Suppose now that the investor decides at time ¢
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to make an order in stock shares of size e. If the current market price is p, and the time lag

from the last order is #, then the price he actually get for the order e is:

Q(€7p79) - pf(e79)7 (524)

where f is a temporary price impact function from R x [0, 7] into Ry U {oo}. We assume

that the Borelian function f satisfies the following liquidity and transaction cost properties:

(H1f) f(0,0) =1, and f(.,0) is nondecreasing for all 6 € [0, 7],

(H2f) (i) f(e,0) =0 for e < 0, and (ii) f(e,0) = oo for e > 0,

(H3f) Kb = SUD(¢,0)cR* x[0,T] fle,0) < 1 and kK, := inf(e,@)eRiX[O,T] f(e,0) > 1.
Condition (H1f) means that no trade incurs no impact on the market price, i.e. Q(0,p,0)
= p, and a purchase (resp. a sale) of stock shares induces a cost (resp. gain) greater
(resp. smaller) than the market price, which increases (resp. decreases) with the size of the
order. In other words, we have Q(e,p,0) > (resp. <) p for e > (resp. <) 0, and Q(.,p,0)
is nondecreasing. Condition (H2f) expresses the higher costs for immediacy in trading:
indeed, the immediate market resiliency is limited, and the faster the investor wants to
liquidate (resp. purchase) the asset, the deeper into the limit order book he will have to go,
and lower (resp. higher) will be the price for the shares of the asset sold (resp. bought), with
a zero (resp. infinite) limiting price for immediate block sale (resp. purchase). Condition
(H2f) also prevents the investor to pass orders at consecutive immediate times, which is
the case in practice. Instead of imposing a fixed arbitrary lag between orders, we shall see
that condition (H2) implies that trading times are strictly increasing. Condition (H3f)
captures a transaction cost effect: at time ¢, P; is the market or mid-price, P is the bid
price, ko P; is the ask price, and (kq, — kp)P; is the bid-ask spead. We also assume some

regularity conditions on the temporary price impact function:
(Hcf) (i) f is continuous on R* x (0,77,
0
(ii) f is C' on R* x [0,T] and x + 8—£ is bounded on R* x [0, 7.

A usual form (see e.g. [51], [T1], [2]) of temporary price impact and transaction cost function

f, suggested by empirical studies is
fle,0) = eMNil’senle) (Faale>0 Fleo+ /<cb1,3<0), (5.2.5)

with the convention f(0,0) = 1. Here 0 < Kk < 1 < Kq, kKq — Kp is the bid-ask spread
parameter, A > 0 is the temporary price impact factor, and G > 0 is the price impact
exponent. In our illiquidity modelling, we focus on the cost of trading fast (that is the
temporary price impact), and ignore as in Cetin, Jarrow and Protter [I9] and Rogers and
Singh [72] the permanent price impact of a large trade. This last effect could be included
in our model, by assuming a jump of the price process at the trading date, depending on
the order size, see e.g. He and Mamayski [42] and Ly Vath, Mnif and Pham [53].
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e Cash holdings. We assume a zero risk-free return, so that the bank account is constant

between two trading times:
Xy = X5, mm<t<Ths1, n>0. (5.2.6)

When a discrete trading AY; = (11 occurs at time ¢ = 7,41, this results in a variation of
the cash amount given by AX; := X; — X;- = —AY,.Q(AY;, P, ©,-) due to the illiquidity
effects. In other words, we have

XTn+1 = X»r?;_l - QH—IQ(CTH-D PTn+17®T; )

+1

= XTa;—l - Cn+1p7'n+1 f(Cn-l—lyTn-f—l - Tn)v n > 0. (527)

Notice that similarly as in the above cited papers dealing with continuous-time trading,
we do not assume fixed transaction fees to be paid at each trading. They are practically
insignificant with respect to the price impact and bid-ask spread. We can then not exclude
a priori trading strategies with immediate trading times, i.e. @Trfﬂ = Tp+1 — Tn = 0 for
some n. However, notice that under condition (H2f), an immediate sale does not increase
the cash holdings, ie. X ., = XT;+1 = X;,, while an immediate purchase leads to a

bankruptcy, i.e. X

np1 — OO0

o Liquidation value and solvency constraint. A key issue in portfolio liquidation is to
define in an economically meaningful way what is the portfolio value of a position on cash
and stocks. In our framework, we impose a no-short sale constraint on the trading strategies,

ie.
i > 0, 0<t<T,

which is in line with the bank regulation following the financial crisis, and we consider the
liquidation function L(z,y,p,0) representing the net wealth value that an investor with a
cash amount z, would obtained by liquidating his stock position y > 0 by a single block
trade, when the market price is p and given the time lag 6 from the last trade. It is defined
on R x Ry x R% x [0,T] by

L(x7y7p79) = x+ypf(_y79)7
and we impose the liquidation constraint on trading strategies:
L(XtaY;HPt)@t) > 07 OStST

We have L(z,0,p,6) = x, and under condition (H2f)(ii), we notice that L(z,y,p,0) = x

for y > 0. We naturally introduce the liquidation solvency region:

S = 2,0) = (z,y,p,0) ERXxRL xRY x[0,7]: y>0 and L(z,0) >0¢.
+
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theta=1.5 theta=1
X X
c c
a a
S DO 3 DO
h / h /
y : stock shares y : stock shares
theta=0.5 theta=0.1
X X
c c
a a
s Do S Do

y : stock shares y : stock shares

Figure 5.1: Domain § in the nonhatched zone for fixed p = 1 and 6 evolving from 1.5 to
0.1. Here ky = 0.9 and f(e,0) = rpexp(g) for e < 0. Notice that when 6 goes to 0, the
domain converges to the open orthant R} x R .

We denote its boundary and its closure by
o8 = 9,8U9LS and § = SUIS,
where

0yS = {(z,@)z(x,y,p,@)GRXRJFX]Rix[O,T]: y=0 and x:L(z,H)ZO},

.S = {(2,9) = (2,5,0,0) ER xRy x R% x [0,T]: L(z6) = o}.
We also denote by Dg the corner line in 0S:

Dy = {0} x {0} xR} x[0,T] = 0,SNILS.

o Admissible trading strategies. Given (t,z,0) € [0,T] x S, we say that the impulse
control strategy a = (7p, (n)n>0 is admissible, denoted by a € A(t,2,60), if o =t —0, 7,
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theta=1

x:cash amount

p: mid—price

y: stock amount

Figure 5.2: Lower bound of the domain S for fixed # = 1. Here x;, = 0.9 and f(e,0) =
kpexp() for e < 0. Notice that when p is fixed, we obtain the Figure 1.

x:cash amount

theta: time—lag order

y: stock amount

Figure 5.3: Lower bound of the domain S for fixed p = 1 with f(e,0) = sy exp(g) for e <0
and kp = 0.9. Notice that when 6 is fixed, we obtain the Figure 1.
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> t, n > 1, and the process {(Zs,05) = (X;,Ys, Ps,05),t < s < T} solution to (5.2.1))-
(5.2.2)-(5.2.3))-(5.2.6)-(5.2.7), with an initial state (Z;-,0;~) = (z,0) (and the convention
that (Z;,0;) = (2,0) if 7 > t), satisfies (Zs,04) € [0,T] x S for all s € [t,T]. As usual,

to alleviate notations, we omitted the dependence of (Z,0) in (t, 2,0, ), when there is no

ambiguity.

Remark 5.2.1 Let (t,2,0) € [0,7] x S, and consider the impulse control strategy o =
(Tns Cn)n>0, To = t — 6, consisting in liquidating immediately all the stock shares, and then
doing no transaction anymore, i.e. (71,(1) = (¢,—y), and {, = 0, n > 2. The associated
state process (Z = (X,Y, P), ©) satisfies Xy = L(z,0), Ys; = 0, which shows that L(Z,, ©;)
=X, =L(2,0) > 0,t < s <T, and thus a € A(¢, z,0) # 0.

e Portfolio liquidation problem. We consider a utility function U from Ry into R,

nondecreasing, concave, with U(0) = 0, and s.t. there exists K > 0 and v € [0,1):
(HU) 0 < U(x) < Kz, VxeRy.
The problem of optimal portfolio liquidation is formulated as

v(t,z,0) = sup  E[U(X7)], (t,2,0)€][0,T] xS, (5.2.8)

a€A(t,z,0)
where Ay(t,z,0) = {a € A(t,2,0) : Yr = 0} is nonempty by Remark Notice
that for a € Ay(t,2,0), Xp = L(Z7,07) > 0, so that the expectations in , and the
value function v are well-defined in [0, co]. Moreover, by considering the particular strategy
described in Remark which leads to a final liquidation value X7 = L(z, ), we obtain

a lower-bound for the value function;
v(t,z,0) > U(L(z,0)), (t2,0)€[0,T]xS. (5.2.9)

Remark 5.2.2 We can shift the terminal liquidation constraint in Ay(t, z,0) to a terminal
liquidation utility by considering the function Uy, defined on S by:

Un(z,0) = U(L(2,0)), (z,0)€S.
Then, problem ([5.2.8)) is written equivalently in

o(t,z,0) =  sup E[UL(ZT,@T)}, (t,2,0) € [0,T] x S. (5.2.10)
acA(t,z,0)

Indeed, by observing that for all o € Ay(t,2,0), we have E[U(Xr)] = E[Ur(Zr,Or)], and
since Ay(t,z,0) C A(t, z,0), it is clear that v < v. Conversely, for any a € A(t, z,0) as-
sociated to the state controlled process (Z,0), consider the impulse control strategy & =
a U (T,—Yr) consisting in liquidating all the stock shares Y at time T". The correspond-
ing state process (Z,0) satisfies clearly: (Zs,0,) = (Zs,0,) for t < s < T, and Xp =
L(Z7,07), Y = 0, and so & € A(t,z,60). We deduce that E[UL(Zr,0r)] = E[U(X7)]
< v(t,z,60), and so by arbitrariness of « in A(t,z,6), v(t,z,0) < v(t,z,0). This proves
the equality v = 0. Actually, the above arguments also show that sup,c4,(,z0) U(X1) =
SUPaeA(t,2,0) UL(ZT, OT).
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Remark 5.2.3 A continuous-time trading version of our illiquid market model with stock
price P and temporary price impact f can be formulated as follows. The trading strategy
is given by a F-adated process n = (n:)o<t<7 representing the instantaneous trading rate,
which means that the dynamics of the cumulated number of stock shares Y is governed by:

dYy = mndt. (5.2.11)
The cash holdings X follows

Notice that in a continuous-time trading formulation, the time interval between trades is
O; = 0 at any time ¢. Under condition (H2f), the liquidation value is then given at any
time t by:

L(Xt7Yi7Pt70) = Xt7 0 <t< T7

and does not capture the position in stock shares, which is economically not relevant. On
the contrary, by explicitly considering the time interval between trades in our discrete-time
trading formulation, we take into account the position in stock.

5.3 Properties of the model

In this section, we show that the illiquid market model presented in the previous section
displays some interesting and economically meaningful properties on the admissible trading
strategies and the optimal performance, i.e. the value function. Let us consider the impulse
transaction function I' defined on R x Ry x R} x [0,7] x R into RU {—o0} x R x R% by:

['(z,0,e) = <a: —epf(e,0),y+ e,p),

for 2 = (z,y,p), and set ['(z,0,¢e) = (['(2,60,¢),0). This corresponds to the value of the
state variable (Z,©) immediately after a trading at time ¢t = 7,41 of (41 shares of stock,
ie. (Z7,,,,95.,,) = T(Z @T_H,@,,H), 0). We then define the set of admissible trans-

Tnt1’
actions:

C(z,0) = {eER:(F(z,G,e),O)GS}, (2,0) € S.

This means that for any o = (7, (n)n>0 € A(t, z,6) with associated state process (Z,0),
we have ¢, € C(ZT;,GTJ), n > 1. We define the impulse operator H by

Heo(t,z,0) = sup o(t,1(z,0,e),0), (¢2,0)€[0,T]xS.
e€C(z,0)

We also introduce the liquidation function of the (perfectly liquid) Merton model:

Ly(z) = xz+py, Vz=(x,y,p) € RxRxR].
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For (t,z = (x,y,p),0) € [0,T] x S, we denote by (Z%* @%tf) the state process starting

from (z,0) at time ¢, and without any impulse control strategy: it is given by
(ngt“, @2%9) = (w,y, PP’ 0+s—t), t<s<T,

where P'P is the solution to ([5.2.3) starting from p at time ¢. Notice that (Z%/% ©%9) is
the continuous part of the state process (Z, ©) controlled by o € A(t, z,0). The infinitesimal
generator £ associated to the process (Z%4%, ©%49) is

dp dy %0 Oy

1
Lo+ 28— P L0000 00
?T 0 Pop T2 P o2 T g

We first prove a useful result on the set of admissible transactions.

Lemma 5.3.1 Assume that (H1f), (H2f) and (H3f) hold. Then, for all (z = (x,y,p), )
€ S, the set C(2,0) is compact in R and satisfy

C(z,0) C [~y,e(z,0)], (5.3.1)

where —y < é(z,0) < 0o is given by

&(z,0) — { sup{eeR: ;pf(e,@)gx}, z;z : 8

For 6 =0, becomes an equality : C(z,0) = [—y,0].

The set function C is continous for the Hausdorff metric, i.e. if (zpn,0,) converges to
(2,0) in S, and (ey,) is a sequence in C(zy,,0y,) converging to e, then e € C(z,0). Moreover,
ife € R— ef(e,0) is strictly increasing for 0 € (0,T], then for (z = (z,y,p),0) € OLS with
0 > 0, we have é(z,0) = —y, i.e. C(z,0) = {—y}.

Proof. By definition of the impulse transaction function I' and the liquidation function L,

we immediately see that the set of admissible transactions is written as

C(z,0) = {ee]R: x—epf(e,0) >0, and y—I—eZO}
= {eG]R: epf(e,0) §x}ﬁ[—y,oo) =: Ci(z,0)N[—y,o0). (5.3.2)

It is clear that C(z, 0) is closed and bounded, thus a compact set. Under (H1f) and (H3f),
we have lim._, epf(e,0) = co. Hence we get €(z,0) < oo and Cy(z,0) C (—o0,€(z,0)].
From , we get . Suppose 6 = 0. Under (H2f), using (z,6) € S, we have C1(z, )
= R_. From (5.3.2), we get C(z,0) = [—y,0].

Let us now prove the continuity of the set of admissible transactions. Consider a sequence
(zn = (Tn,Yn,Pn),0n) in S converging to (z,0) € S, and a sequence (e,) in C(z,,0,)
converging to e. Suppose first that § > 0. Then, for n large enough, 6, > 0 and by
observing that (z,6,€) — I'(z,0, e) is continuous on R x Ry x R% x R% x R, we immediately
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deduce that e € C(z,60). In the case § = 0, writing x,, — e, f(en,0,) > 0, using (H2f)(ii)
and sending n to infinity, we see that e should necessarily be nonpositive. By writing also
that y, + e, > 0, we get by sending n to infinity that y + e > 0, and therefore e € C(z,0)
= [-,0].

Suppose finally that e € R — ef(e,f) is increasing, and fix (z = (z,y,p),0) € ILS,
with @ > 0. Then, L(z,0) = 0, i.e. = = —ypf(—y,0). Set € = é(z,0). By writing that
epf(e,0) < x = —ypf(—y,0), and € > —y, we deduce from the increasing monotonicity of
e — epf(e,0) that € = —y. O

Remark 5.3.1 The previous Lemma implies in particular that C(z,0) C R_, which means
that an admissible transaction after an immediate trading should be necessarily a sale. In
other words, given o = (7, (n)n>0 € A(t, 2,0), (¢,2,0) € [0,T] x S, if ©_ - =0, then ¢,
< 0. The continuity property of C ensures that the operator H preserves the lower and
upper-semicontinuity (see Appendix). This Lemma also asserts that, under the assumption
of increasing monotonicity of e — ef(e,#), when the state is in the boundary L = 0, then
the only admissible transaction is to liquidate all stock shares. This increasing monotonicity
means that the amount traded is increasing with the size of the order. Such an assumption
is satisfied in the example ([5.2.5)) of temporary price impact function f for § = 2, but is
not fulfilled for 8 = 1. In this case, the presence of illiquidity cost implies that it may be
more advantageous to split the order size.

We next state some useful bounds on the liquidation value associated to an admissible

transaction.

Lemma 5.3.2 Assume that (H1f) holds. Then, we have for all (t,z,0) € [0,T] x S:

0 < L(2,0) < Luy(z), (5.3.3)
Ly(T(2,0,e)) < Lay(z), Ve€eR, (5.3.4)
sup  L(Zs,0s) < Ly(Z2%%), t<s<T. (5.3.5)

acA(t,z,0)
Furthermore, under (H3f), we have for all (z = (z,y,p),0) € S,
Ly (T(z,0,e)) < Lpy(z) —min(k, — 1,1 — Kp)|elp, Ve € R. (5.3.6)

Proof. Under (H1f), we have f(e,6) < 1 for all e < 0, which shows clearly (5.3.3). From
the definition of Lj; and I', we see that for all e € R,

La(T(z,0,¢) — Lar(z) = ep(1—f(e,e)), (5.3.7)

which yields the inequality (5.3.4). Fix some arbitrary o = (75, ¢ )n>0 € A(2, 2, 6) associated

to the controlled state process (Z,©). When a transaction occurs at time s = 7,, n > 1,

the jump of Ly/(Z) is nonpositive by (5.3.4):

ALy(Z) = Lu(Zs,)—Lu(Z,-) = Lu(T(Z,-,0._ (o)) — Lu(Z,-) < 0.
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We deduce that the process Lys(Z) is smaller than its continuous part equal to Ly (Z%4%),
and we then get (5.3.5) with (5.3.3). Finally, under the additional condition (H3f), we

easily obtain inequality (5.3.6|) from relation ([5.3.7)). O

We now check that our liquidation problem is well-posed by stating a natural upper-
bound on the optimal performance, namely that the value function in our illiquid market

model is bounded by the usual Merton bound in a perfectly liquid market.

Proposition 5.3.1 Assume that (H1f) and (HU) hold. Then, for all (t,z,0) € [0,T] xS,
the family {Ur(Zr,Or1),a € A(t, z,0)} is uniformly integrable, and we have
0(t,2,0) < wolt,z) = E[U(LM(Z%t’z)ﬂ, (t,z,0) € [0,T] x S,
< KePT=DLy(2), (5.3.8)

where p is a positive constant s.t.

v b

L 5.3.9
1—7202 ( )

p >

Proof. From (5.3.5) and the nondecreasing monotonicity of U, we have for all (¢,z,0) €
[0, 7] x S:

sup U(Xr) = sup Up(Zy,0r) < ULm(Z357)),
acAy(t,z,0) acA(t,z,0)

and all the assertions of the Proposition will follow once we prove the inequality (/5.3.8).
For this, consider the nonnegative function ¢ defined on [0, 7] x S by:

o(t,z,0) = e’)(T*t)LJ\/[(z)'y = ep(T*t)(m + py)”,

and notice that ¢ is smooth C2 on [0, 7] x (S \ Dg). We claim that for p > 0 large enough,

the function ¢ satisfies:

_8790_8790_&)0 > 0, on [0,7] x (S\ Dy).

ot 06 -
Indeed, a straightforward calculation shows that for all (¢, z,0) € [0,T] x (S \ Dy):
Iy Ip
_E(ta 2, 9) - %(tv =2 0) - ﬁ@(ﬂ 2, 9)
_ _ b 2 (1—-7)o? b4
_ p(T-1) y—2 g g g vy 2 2
e Ly (2) [(\/ﬁLM(Z) + Qﬁyp) + ( 5 " )y D k5.3.10)

which is nonegative under condition ({5.3.9)).

Fix some (t,2,0) € [0,T] x S. If (2,0) = (0,0,p,0) € Dy, then we clearly have vy(t, 2, 0)
= U(0), and inequality is trivial. Otherwise, if (z,0) € S\ Dy, then the pro-
cess (2042, @040) satisfy Ly (Z%5% ©%49) > 0. Indeed, Denote by (Z5%, 819) the process

starting from (z,0) at t and associated to the strategy consisting in liquidating all stock
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shares at t. Then we have (Z0%,05%) € 8§\ Dy for all s € [t,T] and hence Ly (Z5*, 04%)>
0 for all s € [t,T]. Using (5.3.5) we get Ly (200, 0940 > L) (2%, 0%%) > 0.

We can then apply Itd’s formula to @(S,Zg’t7z,@2’t’9) between ¢ and T = inf{s >
t: |ZP > RYAT:
Tk /9 0
Ele(Tr, 23,7, 003" = w(t.2) +E| / (57 + 50 + L) (s, 2047, 024 )ds

< ot 2).

(The stochastic integral term vanishes in expectation since the integrand is bounded before

Tr). By sending R to infinity, we get by Fatou’s lemma and since ¢(T, z,6) = Ly (2)7:
E[LM(Z%W)V] < ot 2, 0).

We conclude with the growth condition (HU). O

As a direct consequence of the previous proposition, we obtain the continuity of the

value function on the boundary 9,S, i.e. when we start with no stock shares.

Corollary 5.3.1 Assume that (H1f) and (HU) hold. Then, the value function v is con-
tinuous on [0,T] x 0,S, and we have

v(t,z,0) = U(x), Vte[0,T],(2,0)=(z,0,p,0) € 0,S.

In particular, we have v(t,z,0) = U(0) = 0, for all (t,z,0) € [0,T] x Dy.

Proof. From the lower-bound ([5.2.9) and the upper-bound in Proposition we have
for all (¢,2,0) € [0,T] x S,

U(w+ypf(—y,9)) < o(t,z,0) < EU(@LM(ZE)] = E[U(x + yPiP)).

These two inequalities imply the required result. O

The following result states the finiteness of the total number of shares and amount
traded.

Proposition 5.3.2 Assume that (H1f) and (H3f) hold. Then, for any a = (T, (n)n>0 €
A(t, 2,0), (t,z,0) € [0,T] x S, we have

Z\Cn\ < 00, Z|Cn|Prn < oo, and Z‘Cn\PTnf<Cn,@Tn—) < 00, a.s.

n>1 n>1 n>1

Proof. Fix (t,z = (z,y,p),0) € [0,T] x S, and a = (7, (n)n>0 € A(t, 2,0). Observe first
that the continuous part of the process Lys(Z) is Ly(Z%%?), and we denote its jump at
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time 7, by ALy (Z7,) = Lm(Zr,) — Lu(Z, ). From the estimates (5.3.3) and (5.3.6) in
Lemma [5.3.2] we then have almost surely for all n > 1,

0 < Lu(Zr) = La(Z2%)+ ) ALw(Zy,)
k=1

< Lu(Z2) - %Zlck,lPTk,

where we set £ = min(k, — 1,1 — k) > 0. We deduce that for all n > 1,

n
D Gl Py <
k=1

1
sup Ly (Z29%%) = Z(z+y sup PYP) < oo, a.s.
s€[t,T] K s€[t,T]

N

This shows the almost sure convergence of the series > |(,|Pr,. Moreover, since the price
process P is continous and strictly positive, we also obtain the convergence of the series
>, 1¢n]. Recalling that f(e, ) < 1 for all e < 0 and 0 € [0,T], we have for all n > 1.

D NGkl Pr (G ©,) = Z@meck, +2Z\<k|Pka<k, <o
k=1

< chpfkf (k) + 22 [ (5.3.11)

k=1 k=1

On the other hand, we have
0 S LM(ZTn) = XTn + YTnPTn

= =Y Gl (GO, )+ (D G Py

k=1 k=1

Together with (5.3.11)), this implies that for all n > 1,

> IGkIPrf (GO, ) < y+Z\<k\ sup}pt,pwzmﬂk

seft,T

The convergence of the series }, [(u|Pr, f(Gn, ©, ) follows therefore from the convergence

of the series Y [(y] and ), |Cn|Pr,- ]

As a consequence of the above results, we can now prove that in the optimal portfolio
liquidation, it suffices to restrict to a finite number of trading times, which are strictly
increasing. Given a trading strategy a = (7,(n)n>0 € A, let us denote by N(«) the

process counting the number of intervention times:

Nt(a) = ZlTnSt’ OStST

n>1
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We denote by AS(t, 2,0) the set of admissible trading strategies in Ay(t, z,0) with a finite

number of trading times, such that these trading times are strictly increasing, namely:

AZ(t,Z,G) = {oz = (Tn, Cn)n>0 € Ae(t, 2,0) : Nr(a) < oo, a.s.

and 7, < Tpy1 a.s., 0<n < Np(a)-— 1}.

For any o = (7, (n)n € Az(t, z,0), the associated state process (Z,0) satisfies 6711 > 0,

Le. (ZT_+ ,@T—H) €St = {(2,0) €S:0> 0}. We also set 9;.8* = 9;S N S*.

1

Theorem 5.3.1 Assume that (H1f), (H2f), (H3f), (Hcf) and (HU) hold. Then, we
have

v(t,z,0) = sup E[U(X7)], (t2,0)€]0,T]xS. (5.3.12)
acAb(t,2,0)

Moreover, we have

v(t,z,0) = sup  E[U(X7)], (t,2,0)€][0,T] x (S\9LS), (5.3.13)
ocEAZ+(t,z,0)

where AIA (t,2z,0) = {a € AUt 2,0) : (Z5,05) € (S\ILS), t <s< T}

Proof. 1. Fix (¢,z,0) € [0,T] x S, and denote by A%(¢, z,0) the set of admissible trading

strategies in A(t, z,0) with a finite number of trading times:
Ab(t,z,0) = {a = (T, Ck)k>0 € As(t,2,0) : Np(a) is bounded a.s. }

Given an arbitrary o = (73, (k)r>0 € Ae(t, 2,0) associated to the state process (Z,0) =

),

(X,Y, P,0©), let us consider the truncated trading strategy a(™® = (7, Ck)ke<n U (T, —YF+1
which consists in liquidating all stock shares at time 7,,;. This strategy o™ lies in

Ay(t, z,0), and is associated to the state process denoted by (Z(”), @(”)). We then have

Xj("n) - Xr = Z CkPka(Clw 67—;) + }/;—;+1PT7L+1f( - YT— 7@7—— )

n+1 n+1
k>n+1

Now, from Proposition [5.3.2] we have

Z CuPr, f(Cr,©_-) — 0 a.s. when n — oo.
k>n+1 i

Moreover, since 0 <Y _- = Y., goes to Yr = 0 as n goes to infinity, by definition of a €
n+
Ay(t,z,0), and recalling that f is smaller than 1 on R_ x [0, 7], we deduce that
0<Y- P f(-Y-©-) < Y_ sup PP

- T, T, T, T, S
n—+ n+1 n+1 n+1 SE[t,T]

— 0 a.s. when n — oo.
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This proves that
X;n) — X7 a.s. when n — oo.

From Proposition the sequence (U (Xén)))nzl is uniformly integrable, and we can

apply the dominated convergence theorem to get
E[U(X\)] — E[U(X7)], when n— oo.
From the arbitrariness of a € Ay(t, z, 0), this shows that

v(t,z,0) < (t,20):= sup E[UX7)],
aEﬂZ(t,z,@)

b since the other inequality ©° < v is trivial from the inclusion

and actually the equality v = v
Ab(t,2,0) C Ag(t, 2,0).

2. Denote by v the value function in the r.h.s. of . It is clear that v® < ¥® = v since
Ab(t,2,0) C Ab(t, 2,0). To prove the reverse inequality we need first to study the behavior

of optimal strategies at time T'. Introduce the set

Az(tvzae) = {Oé = (Tk7<k)k € Alé(t?zve) : #{k LT = T} < 1}1

and denote by o the associated value function. Then we have 9° < @°. Indeed, let o

= (g, (k)x be some arbitrary element in A%(t,z,0), (t,z = (v,y,p),0) € [0,T] x S. If
a € Ab(t, 2,0) then we have o°(t, 2,0) > E[ZUL(ZT,@T)], where (Z,©) denotes the pro-
cess associated to a. Suppose now that a ¢ AUt 2,0). Set m = max{k : 7, < T}.
Then define the stopping time 7/ := # and the F,-measurable random variable (' :=
argmax{ef(e,T — 7) : e > =Y, }. Define the strategy o = (7%, Cx)k<m U (7', Ys,, — () U
(T,¢"). From the construction of o, we easily check that o/ € Ab(t, z,6) and E {UL(ZT, QT)}
< E{UL(Z}, @’T)} where (Z’,0’) denotes the process associated to o/. Hence, we get o >
.

We now prove that v® > #°. Let a = (7x, (x)x be some arbitrary element in A%(t, 2, 6),
(t,z = (z,y,p),0) €[0,T]xS. Denote by N = Np(a) the a.s. finite number of trading times
ina. Weset m=inf{0 < k< N—-1: 7441 =7ptand M =sup{m+1< k< N: 7 =7n}
with the convention that inf () = sup ) = N+1. We then define o' = (73, (. )o<k< N—(M—m)+1
€ A by:

(ke Ck), for 0<k<m
(7_/ C/) _ (Tm:TM,Z]kV[:ka), for kK =m and m < N,
Bk (Tkt-M—m> Qe Mi—m), for m+1<k<N—(M—m)and m <N,

(7-/7 Zi\;jm+1 (l) for k=N — (M — m) +1

ML with # = max{r, : 74 < T}, and we denote by (Z' = (X',Y’, P),©®’) the
associated state process. It is clear that (Z,0.) = (Zs,0;) for t < s < 7., and so XET),_

where 7’ =
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= Xy (9( H- = = O(7y-. Moreover, since 7, = Tar, we have © - =0 form+1 <k < M.
From Lemma 1| (or Remark [5.3.1] - this implies that (i <0 for m+1<k<M, and so
s N—(M—m)+1 — Zk:m+1 (x < 0. We also recall that immediate sales does not increase the
cash holdings, so that X, = X, form+1 <k <M. We then get

Xy = Xp-— C}v_(M—m)HPT’f(gllV—(M—m)H’ 6,(7')7)
> X7

Moreover, we have Y], = y + Zszl ¢z = Yr = 0. By construction, notice that 7§ < ... <
Tr,41- Given an arbitrary o € /IZ(t,z,H), we can then construct by induction a trading
strategy o’ € AJ(t,z,0) such that X} > X7 a.s. By the nondecreasing monotonicity of the
utility function U, this yields

EU(X7)] < E[UX7)] < o°(t2,0),

and we conclude from the arbitrariness of a € /{Z(t, 2,0): ©® <’ and thus v = ¥* = o° =

ol

3. Fix now an element (¢, z,6) € [0,7] x (§\ 91S), and denote by v the r.h.s of (5.3.13). Tt
is clear that v > vy. Conversely, take some arbitrary o = (7%, (k)i € AIZ(t, z,0), associated
with the state process (Z, ©), and denote by N = Nr(«) the finite number of trading times
in . Consider the first time before T" when the liquidation value reaches zero, i.e. 7% =
inf{t < s <T:L(Zs,05) = 0} AT with the convention inf () = co. We claim that there
exists 1 < m < N +1 (depending on w and «) such that 7% = 7,,, with the convention that
m=N+1, 7yy1 =T if 7 = T. On the contrary, there would exist 1 < k < N such that
T < 7% < Ty, and L(Zra,0.0) = 0. Between 71, and 7441, there is no trading, and so

(X5, Ys) = (X57,,Y7,), Os = s — 7, for 7, <5 < 741. We then get
L(ZS,GS) = X’rk —i—YTkP f( Tk,s — Tk), Te <8 < Tht1- (5.3.14)

Moreover, since 0 < L(Z,,,©,,) = X, , and L(Z;a,0,a) = 0, we see with for s = ¢
that Yz, Pra f(—Y,,, 7% — 1) should necessarily be strictly negative: Y;, Pra f(—Y;,, 7% —7%)
< 0, a contradiction with the admissibility conditions and the nonnegative property of f.
We then have 7¢ = 7, for some 1 < m < N+1. Observe that if m < N,i.e. L(Z. ,0. )
= 0, then U(L(Z7,©7)) = 0. Indeed, suppose that Y, > 0 and m < N. From the
admissibility condition, and by Ité’s formula to L(Z,0) in ) between 7% and 7, ,

we get

0< L7 .0, ) = LZ_ .0, )~ L(Zn6m)
Tm+1

_ / Vo Pa[ ¥z, 5 = n)ds + 0 (= Vi = 1) AW, [5.3.15)
of

where ((y,0) = bf(—y,0) + —0(—y,9) is bounded on Ry x [0,7] by (Hcf)(ii). Since the

integrand in the above stochastic integral w.r.t Brownian motion W is strictly positive, thus
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nonzero, we must have 7% = 7,,41. Otherwise, there is a nonzero probability that the r.h.s.
of (5.3.15)) becomes strictly negative, a contradiction with the inequality (5.3.15)).
Hence we get Y, = 0, and thus L(Z_- g ©- )=X
m+

rn = 0. From the Markov feature
of the model and Corollary we then have

Tm+1

E[U(L(ZT,@T))‘me} < 0w, Zr .0, ) = U(X,) = 0.

Since U is nonnegative, this implies that U(L(Z7,07)) = 0. Let us next consider the
trading strategy o' = (77, (})o<k<(m—1) € A consisting in following a until time 7%, and

liquidating all stock shares at time 7% = 7,,,_1, and defined by:

Y (TkaCk), for 0<k<m-1
(Tkagk) = Tmfl,*YT(— )), for k=m —1,
m—1

and we denote by (Z’,©') the associated state process. It is clear that (Z.,0.) = (Z, ©)
for t < s < 7p—1, and so L(Z.,0.) = L(Zs,0,) > 0 for t < s < 7,,—1. The liquidation
at time 7, (for m < N) yields X, , = L(Z_- 20 1) > 0, and Y;

m—1

= 0. Since
there is no more trading after time 7,,,_1, the liquidation value for 7,1 < s < T is given
by: L(Zs,05) = X, , > 0. This shows that o/ € A2+(t,z,0). When m = N + 1, we

have o = ¢/, and so X/, = L(Z},,0".) = L(Zr,07) = Xp. For m < N, we have U(X/.) =
U(L(Z5,0%)) > 0 =U(L(Zr,Or1)) = U(X7). We then get U(X7.) > U(Xr) a.s., and so

EU(X7)] < EUX})] < vslt2,0).

We conclude from the arbitrariness of o € fllé(t, z,0): v < vy, and thus v = v4. O

Remark 5.3.2 If we suppose that the function e € R — ef(e, ) is increasing for 6 € (0,77,
we get the value of v on the bound 9;,8*: v(t,z2,0) = U(0) = 0 for (¢t,z = (x,y,p),0) €
[0,7] x 0rS*. Indeed, fix some point (¢t,z = (z,y,p),0) € [0,T] x ILS*, and consider
an arbitrary a = (74, (p)r € AS(t, 2,0) with state process (Z,0), and denote by N the
number of trading times. We distinguish two cases: (i) If 71 = ¢, then by Lemma the
transaction (; is equal to —y, which leads to Y;, = 0, and a liquidation value L(Z,, 0, )
= X, = L(z,0) = 0. At the next trading date 7 (if it exists), we get X =Y, =0with
liquidation value L(Z o (C] T;) = 0, and by using again Lemma we see that after the
transaction at 79, we shall also obtain X,, = Y,, = 0. By induction, this leads at the final
trading time to X, = Y, = 0, and finally to X7 = Y7 = 0. (ii) If 4 > ¢, we claim that
y = 0. On the contrary, by arguing similarly as in between ¢t and 7, , we have then
proved that any admissible trading strategy a € Ag(t, z,0) provides a final liquidation value
Xr =0, and so

u(t,2,0) = U0)=0, VY(tz0)¢l0,T]xdS". (5.3.16)
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Remark 5.3.3 The representation of the optimal portfolio liquidation reveals inte-
resting economical and mathematical features. It shows that the liquidation problem in a
continuous-time illiquid market model with discrete-time orders and temporary price impact
with the presence of a bid-ask spread as considered in this paper, leads to nearly optimal
trading strategies with a finite number of orders and with strictly increasing trading times.
While most models dealing with trading strategies via an impulse control formulation as-
sumed fixed transaction fees in order to justify the discrete nature of trading times, we prove
in this paper that discrete-time trading appears naturally as a consequence of temporary
price impact and bid-ask spread.

The representation shows that when we are in an initial state with strictly
positive liquidation value, then we can restrict in the optimal portfolio liquidation problem
to admissible trading strategies with strictly positive liquidation value up to time 7. The
relation (5.3.16|) means that when the initial state has a zero liquidation value, which is not
a result of an immediate trading time, then the liquidation value will stay at zero until the
final horizon.

5.4 Dynamic programming and viscosity properties

In the sequel, the conditions (H1f), (H2f), (H3f), (Hcf) and (HU) stand in force, and
are not recalled in the statement of Theorems and Propositions.

We use a dynamic programming approach to derive the equation satisfied by the value
function of our optimal portfolio liquidation problem. Dynamic programming principle
(DPP) for impulse controls was frequently used starting from the works by Bensoussan and
Lions [§], and then considered e.g. in [78], [60], [53] or [75]. In our context (recall the
expression of the value function), this is formulated as:

DYNAMIC PROGRAMMING PRINCIPLE (DPP). For all (¢, z,0) € [0,T] x S, we have

v(t,z,0) = sup Elv(r, Z-,0,)], (5.4.1)
a€A(t,z,0)

where 7 = 7(«) is any stopping time valued in [¢,T] eventually depending on the strategy

a in (5.4.1). More precisely we have :

(i) for all & € A(t, 2,0), for all 7 € T, 1, the set of stopping times valued in [¢, T:
Ejv(r,Z:,0;)] < wv(t, z,0) (5.4.2)
(ii) for all € > 0, there exists &° € A(t,2,0) s.t. for all 7 € Ty :
v(t,z,0) —e < Elo(r, Z5,07)], (5.4.3)

with (Z¢,©¢) the state process controlled by &<,
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The corresponding dynamic programming Hamilton-Jacobi-Bellman (HJB) equation is

a quasi-variational inequality (QVI) written as:

min —@—@—ﬁv,v—Hv = 0, in[0,T)xS, (5.4.4)

together with the relaxed terminal condition:
minfv — U, , v—Hv] = 0, in{T}xS. (5.4.5)

The rigorous derivation of the HJB equation satisfied by the value function from the
dynamic programming principle is achieved by means of the notion of viscosity solutions,
and is by now rather classical in the modern approach of stochastic control (see e.g. the
books [34] and [67]). There are some specificities here related to the impulse control and
the liquidation state constraint, and we recall in Appendix, definitions of (discontinuous)
constrained viscosity solutions for parabolic QVIs. The main result of this section is stated

as follows.
Theorem 5.4.1 The value function v is a constrained viscosity solution to (5.4.4])-(5.4.5)).

Proof. The proof of the viscosity supersolution property on [0,7") x & and the viscosity
subsolution property on [0,7") x S follows the same lines of arguments as in [53], and is then
omitted here. We focus on the terminal condition (5.4.5)).

We first check the viscosity supersolution property on {T'} x S. Fix some (z,0) € S, and
consider some sequence (ty, 2k, 0k )k>1 in [0,7) x S, converging to (7, z,0) and such that

limg, v(tg, 2k, Ok) = ve(T), z,0). By taking the no impulse control strategy on [tx, T, we have
’U(tk, 2k Hk) > E[UL(Z%tk’Zk, @%tk’ek)].

Since (Z%tk’z’“,G%t’“’z’“) converges a.s. to (z,0) when k goes to infinity by continuity of

(Z%t% @%t0) in its initial condition, we deduce by Fatou’s lemma that
(T, 2,0) > Up(z,0). (5.4.6)

On the other hand, we know from the dynamic programming QVT that v > Hv on [0,T) x S,
and thus

O(tr, 2k, O) > Ho(te, 2, 0k) > Hos(te, 25, 0k), Yk > 1.
Recalling that Hwv, is Isc, we obtain by sending k to infnity:
0lT,2,0) > Hoo(T,z0).

Together with (5.4.6)), this proves the required viscosity supersolution property of (5.4.5)).
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We now prove the viscosity subsolution property on {7} x S, and argue by contradiction
by assuming that there exists (z,0) € S such that

min [v*(T, z,0) — UL (%,0) , v*(T, 2,0) — Hv*(T, 2,0)] = 2¢ > 0. (54.7)

One can find a sequence of smooth functions (¢™),>¢ on [0,7] x S such that ¢™ converges
pointwisely to v* on [0,T] x S as n — oo. Moreover, by (5.4.7) and recalling that Hv* is

usc, we may assume that the inequality
min [p" — UL , ¢" —HU*] > ¢, (5.4.8)

holds on some bounded neighborhood B" of (T, 2,0) in [0,7] x S, for n large enough. Let
(tk, 2k, Ok )>1 be asequence in [0, T') xS converging to (7', Z, 6) and such that limy, v(tg, 2, O)
= v*(T, 2,0). There exists 6" > 0 such that B := [t, T] x B(zx, ") x <(9k — 0", 0, +0™)N

[0, T]) C B" for all k large enough, so that (5.4.8) holds on B}}. Since v is locally bounded,
there exists some 1 > 0 such that |[v*| < n on B". We can then assume that ¢ > —2n on
B™. Let us define the smooth function ¢} on [0,7") x S by

2
Op(t,z,0) = ¢"(t,2,0)+ 4n]z‘5nz§| + VT —t
and observe that
(v =Rt 2,0) < —n, (5.4.9)
ovT —t
for (1, 2,6) € [ty, T] X OB (25, ") x ((ek 8,0 4+ 0™) N [o,:r]). Since - — —o0 as
t — T, we have for k large enough
opy 0P}
- % - % LY > 0, on B (5.4.10)
Let of = (Tf,{f)jzl be a %—optimal control for wv(ty, zk,0) with corresponding state

process (Z*,©F), and denote by of = inf{s > t;, : (Z¥,0F) ¢ B2} A7f AT. From the
DPP (5.4.3), this means that
o) -+ < E[1 . Z8)| +E|1 UL(Zk., 0%
vt 2, 0) — o < [ ok <(rknT) V(T 05)] + [ ot=r<rk UL(Zgs, gg)}
FE Loy v D2y O (). 0)] (54.11)

k

ns

Now, by applying Ito’s Lemma to @F (s, Z¥, ©F) between t;, and oF, we get from (5.4.8)-

(F49)-(F-410),
Phlts o 00) = E[Lyy oy @0k, 25, 050 +E[Lpcp @t (o, 280 004 )]

+E[1 e (0" (7 T2 -, 08 - ¢D), 0) )]
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Together with (5.4.11)), this implies

5 1
Or (th, 2k, Ok) > U(tk7zk’9k)_%+5/\7l-

Sending k, and then n to infinity, we get the required contradiction: v*(T, z,0) > v*(T, z,0)+
eNm. O

Remark 5.4.1 In order to have a complete characterization of the value function through
its HJB equation, we need a uniqueness result, thus a comparison principle for the QVI

(5-4.4)-(5.4.5). A key argument originally due to Ishii [45] for getting a uniqueness result
for variational inequalities with impulse parts, is to produce a strict viscosity supersolution.
However, in our model, this is not possible. Indeed, suppose we can find a strict viscosity
Isc supersolution w to (5.4.4), so that (w — Hw)(t,2,0) > 0 on [0,T) x S. But for z =
(z,y,p) and § = 0, we have I'(z,0,¢) = (z,y + e,p) for any e C(z,0). Since 0 € C(z,0) we
have Hw(t, z,0) = sup.¢c[_y g w(t, 2,y + €,p,0) > w(t, 2,0) > Hw(t, 2,0), a contradiction.
Actually, the main reason why one cannot obtain a strict supersolution is the absence of
fixed cost in the impulse function I' or in the objective functional.

5.5 An approximating problem with fixed transaction fee

In this section, we consider a small variation of our original model by adding a fixed trans-
action fee ¢ > 0 at each trading. This means that given a trading strategy o = (75, (n)n>0,
the controlled state process (Z = (X,Y, P),©) jumps now at time 7,41, by:

(Z7'n+17@7'n+1) = (FE(ZT;L )

1

@T;H,Cnﬂ),o), (5.5.1)

where T'; is the function defined on R x Ry x R% x [0,7] x R into RU {—o0} x R x R¥ by:

Ie(z0.¢) = T(z0,¢) = (5,0,0) = (2 —epfe.0) — e,y +ep),

for z = (z,y,p). The dynamics of (Z, ©) between trading dates is given as before. We also

introduce a modified liquidation function L. defined by:
L.(2,0) = max[z, L(z,0)—¢], (z,0)=(x,y,p,0) € Rx Ry xR} x[0,77].

The interpretation of this modified liquidation function is the following. Due to the presence
of the transaction fee at each trading, it may be advantageous for the investor not to liquidate
his position in stock shares (which would give him L(z,6) — ¢), and rather bin his stock
shares, by keeping only his cash amount (which would give him z). Hence, the investor
chooses the best of these two possibilities, which induces a liquidation value L.(z, ).

We then introduce the corresponding solvency region S. with its closure S, = S. U 9S.,
and boundary 9S. = 0,S5: U 01.S::

S. = {(z,e)z(x,y,p,e)eRxR+xRix[O,T]: y>0 andLa(z,0)>0},
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0yS: = {(2,9) = (z,y,p,0) c RxRy xR} x[0,7]: y=0 and L.(z,0) > 0},
a.S. = {(2,9) = (@,y,p.0) ER xRy x RY xRy : L(2,0) = o}.
We also introduce the corner lines of 0S.. For simplicity of presentation, we consider a
temporary price impact function f in the form:

fle,0) = f(g) = exp ()\g) (/iale>o +1e—o + Hb1e<o> 1g>0,

where 0 < K < 1 < Kq, and A > 0. A straightforward analysis of the function L shows that
y — L(x,y,p,0) is increasing on [0,6/)], decreasing on [0/, 00) with L(x,0,p,0) = x =
L(x,00,p,0), and maxy~o L(x,y,p,0) = L(x,0/\,p,0) =z —&—p%f(—l/)\). We first get the
form of the sets C(z, 6):

C(z,0) = [~y.e(z,0)],

where the function e is defined in Lemma We then distinguish two cases: (i) If
p%f(fl/)\) < g, then L.(z,y,p,0) = x. (ii) If p%f(fl/)\) > €, then there exists an unique
y1(p,0) € (0,0/A] and ya(p,0) € [0/, 00) such that L(z,y1(p,0),p,0) = L(z,y2(p,0),p,0)
=z, and L (2, y,p,0) = z for y € [0,41(p, 0)) U (y2(p, 0), 00), Le(,y,p,0) = L(z,y,p,0) —¢
for y € [y1(p,0),y2(p,0)]. We then denote by

Dy = {0} x {0} xR: x [0,T] = 8,5.N LS.,
Do = {000 (S 2= 0071},
Do = {0.00.0)0.0) 9L F (50 25, 0 € 0,71},

Notice that the inner normal vectors at the corner lines D; . and Dj . form an acute angle

(positive scalar product), while we have a right angle at the corner Dj.

Next, we define the set of admissible trading strategies as follows. Given (t,z,60) €
[0,7] x S., we say that the impulse control « is admissible, denoted by a € A%(t, 2, 0), if 1o
=t—0, 7, >t n>1, and the controlled state process (Z¢, ©) solution to ——
(5.2.3)-(5.2.6)-(5.5.1), with an initial state (Z;_,0,~) = (2,6) (and the convention that
(Z7,04) = (2,0) if 7 > t), satisfies (Z:,0;) € [0,T] x S, for all s € [t,T]. Here, we stress

the dependence of Z¢ = (X¢,Y, P) in € appearing in the transaction function I';, and we

notice that it affects only the cash component. Notice that A°(t, z, 6) is nonempty for any
(t,z,0) € [0,T] x S-. Indeed, for (z = (x,9,p),0) € S, i.e. Lc(2,0) = max(x, L(z,0) —¢) >
0, we distinguish two cases: (i) if z > 0, then by doing none transaction, the associated state
process (Z° = (X¢,Y, P), ©) satisfies X = > 0,t < s < T, and thus this zero transaction
is admissible; (ii) if L(z,0) —e > 0, then by liquidating immediately all the stock shares,
and doing nothing more after, the associated state process satisfies X: = L(z,0) —¢, Y =
0, and thus L.(Z:,0,) = X; > 0, ¢t < s < T, which shows that this immediate transaction

is admissible.



180 CHAPTER 5. OPTIMAL PORTFOLIO LIQUIDATION

epsilon=0.1 epsilon=0.2

D2,£

/DO D1 €
/ ,

e il

Swv oo N
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Swv oo N

y : stock shares y : stock shares
epsilon=0.3 epsilon=0.4
X X
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D

a Do D, 2. a 0
S / ,€ l S /
| WW—WH |

y : stock shares y : stock shares

Figure 5.4: Domain S, in the nonhatched zone for fixed p = 1 and § = 1 and ¢ evolving
from 0.1 to 0.4. Here s = 0.9 and f(e,0) = rpexp (§) for e < 0. Notice that for e large
enough, S is equal to open orthant R} x R .
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theta=1

x:cash amount

: mid—price
P P y: stock amount

Figure 5.5: Lower bound of the domain S; for fixed § = 1 and f(e, 8) = xyexp (§) for e < 0.
Notice that when p is fixed, we obtain the Figure 4.

p=1

x:cash amount

theta: time—lag order

y: stock amount

Figure 5.6: Lower bound of the domain S; for fixed p =1 and € = 0.2. Here x; = 0.9 and
f(e,0) = ryexp (5) for e < 0. Notice that when 6 is fixed, we obtain the Figure 4.
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Given the utility function U on R, and the liquidation utility function defined on S.
by Ur.(z,60) = U(Ls(z,0)), we then consider the associated optimal portfolio liquidation
problem defined via its value function by:

ve(t,2,0) = jué) H)IE[ULE(Z%,@T)], (t,z,0) € [0,T] x S.. (5.5.2)
acAs(t,z,

Notice that when ¢ = 0, the above problem reduces to the optimal portfolio liquidation
problem described in Section 2, and in particular vg = v. The main purpose of this section
is to provide a unique PDE characterization of the value functions v., € > 0, and to prove

that the sequence (vc). converges to the original value function v as & goes to zero.

We define the set of admissible transactions in the model with fixed transaction fee by:
Co(2,0) = {e eR: (rg(z,e, e),O) = s} (2,0) € S..
A similar calculation as in Lemma shows that for (2 = (z,9,p),0) € S,

_ [—y,e-(z,0)], if0>0o0rz>e,
Cel2,6) = { 0, if §=0 and z <&,
where &(z,60) = sup{e € R : epf(e/0) < x —e} if > 0 and &(z,0) = 0 if > e. Here, the
set [—y, -(z,0)] should be viewed as empty when &(z,0) < y, i.e. =+ pyf(—y/0) —e < 0.
We also easily check that C. is continuous for the Hausdorff metric. We then consider the
impulse operator H. by

Hew(t,z,0) = sup w(t,Te(z,0,e),0), (¢2,0)€[0,T] xS,
6665(2’70)

for any locally bounded function w on [0,7] x S, with the convention that H.w(t, z,0) =
—oo when C.(z,60) = 0.

Next, consider again the Merton liquidation function Lj;, and observe similarly as in

(:37) that

Lu(Te(z,0,¢) = Lu(z) = ep(1-f(e,0)) ~
< - V(z,0)€S8., e€R. (5.5.3)

This implies in particular that

H:Ly < Ly on S.. (5.5.4)

Since L. < Ly, we observe from (5.5.3)) that if (2,0) € N: := {(2,0) € Sc : Ly (2) < €},
then C.(z,0) = 0. Moreover, we deduce from (5.5.3) that for all & = (7, (n)n>0 € A°(¢, 2, 0)
associated to the state process (Z,0), (t,z,0) € [0,T] x S.:

O S LM(ZT) — ZO,t,Z ZALM Tn
n>0

< LM(Z%t’Z) — 5NT(a),
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where we recall that Ny («) is the number of trading times over the whole horizon T'. This
shows that

1
Np(a) < ELM(Z%t’Z) < 00 a.s.

In other words, we see that, under the presence of fixed transaction fee, the number of
intervention times over a finite interval for an admissible trading strategy is finite almost

surely.

The dynamic programming equation associated to the control problem ({5.5.2)) is

. ow Ow , _
min | — —- — 55— Lw , w— ng} = 0, inl0,7) X:SE’ (5.5.5)
minjw—-Ur. , w—Hw] = 0, in{T}xS.. (5.5.6)

The main result of this section is stated as follows.

Theorem 5.5.1 (1) The sequence (v¢)c is nonincreasing, and converges pointwise on [0, T]X
(S\ 9LS) towards v as € goes to zero.
(2) For any € > 0, the value function v, is continuous on [0,T) x S¢, and is the unique (in

[0,T) x S;) constrained viscosity solution to (5.5.5)-(5.5.6), satisfying the growth condition:
lve(t,2,0)] < K+ Ly (2)7), V(t,2,0)€0,T] xS, (5.5.7)
for some positive constant K, and the boundary condition:

1. t/ / 0/ _ " 9
(tlyz",@’l)g(t,zﬁ) Ug( 2 ) ’U( X2 )

= U(0), Y(t,z=(0,0,p),0)€[0,T]x Dy. (5.5.8)

We first prove the convergence of the sequence of value functions (ve).

Proof of Theorem (1).

Notice that for any 0 < &1 < €2, we have L., < L., < L, A%2(t,2,0) C A®'(t,z,0) C
A(t, 2,0), for t € [0,T], (2,0) € S.; C S, C S, and for a € A®2(t,2,0), L.,(Z%2,0) <
L.,(Z*',0) < L., (Z°,0) < L(Z,0). This shows that the sequence (v.) is nonincreasing,
and is upper-bounded by the value function v without transaction fee, so that
liﬁ)lva(t,z,e) < w(t,z,0), Yt z0) €[0,T]xS. (5.5.9)
3
Fix now some point (¢,2,0) € [0,7] x (S\ 9,S). From the representation (5.3.13)) of
v(t, z,0), there exists for any n > 1, an 1/n-optimal control o) = (T]gn), Ckn))k € AZ (t,z,0)
with associated state process (Z(™ = (X Y P) ©™) and number of trading times
N®).

EU(X™M) > v(t,z,@)—%. (5.5.10)
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We denote by (25, @™) = (X&) v P) @) the state process controlled by a(™ in
the model with transaction fee € (only the cash component is affected by ¢), and we observe
that for all t < s < T,

xom = xM _eNM 4 XM as e goes to zero. (5.5.11)
Given n, we consider the family of stopping times:

o™ = inf{s>t: L(z2™,0M) <} AT, &>0.
Let us prove that

11\%0@ = T as. (5.5.12)

Observe that for 0 < g1 < &9, ng’(n) < X;l’(n), and so L(Z:Q’(n),@s) < L(Zssl’(n),@s)

for t < s < T. This implies clearly that the sequence (oén))g is nonincreasing. Since this

sequence is bounded by T, it admits a limit, denoted by 0(()”) = limgg T aé”).

definition of aé"), we have L(ZE’(n) o™ ) < g, for all € > 0. By sending ¢ to zero, we then

Ugn) ) o_én)
get with (5.5.11)):

Now, by

Lz, 0", ) = 0 as.
0 0

Recalling the definition of .A2+ (t,z,0), this implies that 0(()") = ,E,n) for some k € {1,...,N™+

1} with the convention T](\?()n)ﬂ =T. If k < N™  arguing as in (5.3.15), we get a contra-

diction with the solvency constraints. Hence we get a(()n) =T.

(n)

Consider now the trading strategy ¢=(" € A consisting in following a(™ until time o

and liquidating all the stock shares at time aén) , l.e.

a™™ = (1" G U, =Y ).

TE<O0g

We denote by (25 = (X&) ye() pP) ©5(m) the associated state process in the market
with transaction fee €. By construction, we have for all t < s < aén): L(Zf’(n), éi’(")) =
L(Z?’(n), @&")) > &, and thus Le(Z?(”), (:)i’(n)) > (0. At the transaction time Uén), we then
have Xe’((:;) = L(Ze’(n) 6= )—e= L(Z(n) @E;Lz)’_) —¢, Ve = 0. After time o™

o! o= ), XORE ol v

there is no more transaction in 6=, and so

O U N N (5513
f/sa,(n) _ }7;?(:) - 0, Jén) <s<T, (5.5.14)

and thus LE(Z?(”),@?(”)) = f(f’(n) > 0 for aé“’ < s < T. This shows that =™ lies in
As(t, z,0), and thus by definition of v.:

v(t,2) > E[UL(Z2™, 65, (5.5.15)
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Let us check that given n,

lifglLE(pr’("),é?(")) - X" as. (5.5.16)
3

(n)

To alleviate notations, we set N = N’ the total number of trading times of o™ If the
last trading time of a(™ occurs strictly before T, then we do not trade anymore until the

final horizon T', and so

Xy = x® and vV = yW =0, on {ry<T}. (5.5.17)

(n

By (5.5.12f), we have for ¢ small enough: aé QS TN, and so X5 (n) = X%’V(n), )75’(?), = YT(ISL)

= 0. The final liquidation at time aén) yields: X;’(n) =X E’((nr;) =X E((g)_ —€ = X%’\Sn) — ¢,
and Y ) = EN/E(?S)) = 0. We then obtain

LE(Z;’("),(:);(H)) — maX( X0 L( _ @ 2 )) _6)
_ 751,(11) _ Xé‘a(”) — ¢ on {TN < T}
= X{"-(1+N)z on {rv <T},

by (5.5.11)) and (5.5.17), which shows that the convergence in (5.5.16]) holds on {7y < T'}.
If the last trading of a(™ occurs at time T, this means that we liquidate all stock shares at
T, and so

xmWo— ey, v =0 on {rv=T}. (5.5.18)

On the other hand, by ([5.5.13)-(5.5.14]), we have

O’E ,(n),—»

@(T(L) _) —¢

n)s
Oe

— L(Z; Z G(n)) as € goes to zero,

by (9.5.12). Together with ([5.5.18]), this implies that the convergence in ([5.5.16) also holds

on {TN = T}, and thus almost surely. Since 0 < L. < L, we immediately see by Proposi-
tion that the sequence {U_(Zy () ,63 & (n )) e > 0} is uniformly integrable, so that by

sendlng e to zero in ([5.5.15)) and using ([5.5.16)), we get

limv.(t,2,0) > EUXM)] > o(t,2) — -
el0 n

from (5.5.10). By sending n to infinity, and recalling (5.5.9)), this completes the proof of
assertion (1) in Theorem O

We now turn to the viscosity characterization of v.. The viscosity property of v, is

proved similarly as for v, and is then omitted. From Proposition [5.3.1] and since 0 < v,
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< v, we know that the value functions v, lie in the set of functions satisfying the growth

condition in (5.5.7), i.e.

5 , S jw(t, z,0)|
G,([0,T] x S;.) = {w. [0,T] x S: — R, [0;1]1}()56 15 L) < oo}
The boundary property is immediate. Indeed, fix (¢,z = (x,0,p),0) € [0,T] x 0,S,
and consider an arbitrary sequence (t,, zn = (Zn,Yn, Pn); On)n in [0,T] x S. converging to
(t,z,0). Since 0 < L.(zp,0,) = max(xy,, L(z,,0,) — €), and y,, goes to zero, this implies
that for n large enough, x,, = L.(z,,0,) > 0. By considering from (t,, z,, 0,) the admissible
strategy of doing none transaction, which leads to a final liquidation value X1 = z,, we
have U(z,) < ve(tn, 2n,0n) < v(tyn, 2n,0,). Recalling Corollary we then obtain the
continuity of v. on 9,8, with v.(¢, 2,0) = U(z) = v(t, 2,0) for (2,0) = (x,0,p,8) € 9,S:, and
in particular . Finally, we address the uniqueness issue, which is a direct consequence

of the following comparison principle for constrained (discontinuous) viscosity solution to
(5-5.5)-(5.5.6).

Theorem 5.5.2 (Comparison principle)
Suppose u € G([0,T] x S.) is a usc viscosity subsolution to (5.5.5)-(5.5.6) on [0,T] x S,

and w € G,([0,T] x 8.) is a lsc viscosity supersolution to (5.5.5)-(5.5.6) on [0,T] x S such
that

u(t,z,0) < lim inf w(t' 2,0, V(t,z0) €[0,T]x Dy. (5.5.19)
IVZ/;G/ — (t, 2,0
(t(’t, 2',0") )e [o,(tn x ;

Then,
u < w on [0,T]xS.. (5.5.20)

Notice that with respect to usual comparison principles for parabolic PDEs where we
compare a viscosity subsolution and a viscosity supersolution from the inequalities on the
domain and at the terminal date, we require here in addition a comparison on the boundary
Dy due to the non smoothness of the domain S. on this right angle of the boundary. A
similar feature appears also in [53], and we shall only emphasize the main arguments adapted

from [4], for proving the comparison principle.
Proof of Theorem [5.5.2]
Let u and w as in Theorem and (re)define w on [0, 7] x dS. by

w(t, z,0) = lim inf w(t', 2,0, (t,2,0)€[0,T] xdS.. (5.5.21)
12 0') = (12,6
(t(/t, 2,0 )e [0,(;) x ;

In order to obtain the comparison result ([5.5.20)), it suffices to prove that SUP[o, 7] x . (u—w)

< 0, and we shall argue by contradiction by assuming that

sup (u—w) > 0. (5.5.22)
[0,T)xSe
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e Step 1. Construction of a strict viscosity supersolution.
Consider the function defined on [0,7] x S. by

U(t,2,0) = T DLy(z), te]0,T],(z0) = (z,y,p0) €S-,

where p' > 0, and 7/ € (0, 1) will be chosen later. The function v is smooth C? on [0, T") x

(S:\ Dy), and by the same calculations as in ([5.3.10)), we see that by choosing p’ > % i

7207
then

oY oY 5
~ 5 "0 Ly > 0 onl0,T)x(S:\ Do). (5.5.23)
Moreover, from , we have
(W — M) (t,2,0) = /T [LM(z)7/ (ML ()| = Az)  (5.5.24)

> 0 on [0,T] x S-.
For m > 1, we denote by
1
w(t,z,0) = elu(t,z,0), and Wy(t,2,0) = et[w(t,z,H)—l—Ew(t,z,G)].

From the viscosity subsolution property of u, we immediately see that @ is a viscosity

subsolution to

min [& — gu _ou Li, a—Ha < 0, on [0,T)xS. (5.5.25)

min @ — Uy, & —H.a] < 0, on {T}xS., (5.5.26)

where we set Ur_(z,0) = eTUr_(z,0). From the viscosity supersolution property of w, and
the relations (5.5.23))-(5.5.24f), we also derive that w0, is a viscosity supersolution to

By — e ZTm > 5.
Wi — 5 50 LDy, > 0 on [0,T) x (S:\ Do) (5.5.27)
1
Wiy — HeWy, > EA on [0,7] x &.. (5.5.28)
Wy —Up, > 0 on {T}xS&.. (5.5.29)

On the other hand, from the growth condition on u and w in G, ([0, T] x S:), and by choosing
7' € (v,1), we have for all (t,0) € [0,T],

|l|im (u—wp)(t,z,0) = —oo.

Therefore, the usc function @ — 1@, attains its supremum on [0, 7] x S., and from ([5.5.22)),
there exists m large enough, and (£, 2,0) € [0,T] x S. s.t.

M = sup (@—1p) = (@—wm)(tz0) > 0. (5.5.30)
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e Step 2. From the boundary condition , we know that (Z,6) cannot lie in Dy, and
we have then two possible cases:

(i) (2,0) € 8.\ Dy

(ii) (z,0) € 8S. \ Dy.
The case (i) where (Z,0) lies in S. is standard in the comparison principle for (nonconstained)
viscosity solutions, and we focus here on the case (ii), which is specific to constrained
viscosity solutions. From , there exists a sequence (ty, zn, 0p)n>1 in [0,7") x S: such
that

(tns Zns Ons Wi (tny 20, O0n))  — (£, 2,0, 10, (2, Z,0)) as m — oo.

We then set &, = |z, — 2| + |0, — 0], and consider the function ®,, defined on [0, 7] x (S.)?
by:

(I)n(t, 2797 Zlv 0/) = a(ta 2, 0) - ’lI)m(t, 2/7 0,) - SOn(tv 2797 Zlv 0/)
on(t,2,0,2,0) = [t—t+|z—z*+|0 -0
|z =22+ 10— 0|2 d(',0") 4
+ %, + <d(zn,¢9n) 1)

Here, d(z,0) denotes the distance from (z,0) to dS.. Since (2,0) ¢ Dy, there exists an
open neighborhood V of (Z,0) satisfying ¥V N Dy = (), such that the function d(.) is twice
continuously differentiable with bounded derivatives. This is well known (see e.g. [36])
when (Z, §) lies in the smooth parts of the boundary S \ (D1 .U Ds ). This is also true for
(2,0) € Dy for k € {1,2}. Indeed, at these corner lines, the inner normal vectors form an
acute angle (positive scalar product), and thus one can extend from (Zz, #) the boundary to a
smooth boundary so that the distance d is equal, locally on the neighborhood, to the distance
to this smooth boundary. From the growth conditions on u and w in G,([0,T] x S:), there

G \2

exists a sequence (£, 2, 0, 2,0 attaining the maximum of the usc @, on [0, 7] x (S.)2.

By standard arguments (see e.g. [4] or [53]), we have

(bny 2ny 0n, 21, 00) — (£,2,0,%,0) (5.5.31)
S — 22410, — 012 sd(Z,0) 4
n n nons 5.32
55 (d(%en) ) 0 (5.5.32)
Wty 2y On) — W (B, 2,00)  — (G — W) (L, 2,0).  (5.5.33)

The convergence in (5.5.32) shows in particular that for n large enough, d(2,,8.) > d(zy, 0,)/2
> 0, and so (2] é’) € S:. From the convergence in ([5.5.31)), we may also assume that for

n»’n

~

n large enough, (2,,0,), (2,,6) lie in the neighborhood V of (%, ) so that the derivatives

upon order 2 of d(.) at (£,,0,) and (£,,8.) exist and are bounded.

nr’n

e Step 3. We show that for n large enough,

W(tn, 2, 0n) — Hett(tn, 2,) > 0. (5.5.34)
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Otherwise, up to a subsequence, we would have for all n:
Wty 2ns 0n) — Heti(tn, 2,) < 0.

By sending n to infinity, and from the upper-semicontinuity of H.u, we get with (5.5.31)):
—o0 < (t, z,0) < Hea(t, z,0), which shows in particular that C.(z, ) is not empty. More-
over, by the viscosity supersolution property ([5.5.28)), we have

1 .
Wy (L, n,e’) H ol (s n,e’) > EA(t"’ 2 6.

nr’n

By substracting the two previous inequalities, we would get

. . 1
Wtn, 2n, On) — Wi (tn, n,e’) < Heii(tn, 2n) — Hetbm (tn, 2 n,@’)—%A(tn, n,a’)

By sending n to infinity, and from the upper-semicontinuity of H. %, the lower-semicontinuity

of He,, and A, this yields with (5.5.31)), (5.5.33])

(i — @) (F,2,0) < Hea(f,2,0) — Heion(F, 7,0) EA(E,z,e‘).

Now, by compactness of C.(2,0) # 0, there exists ¢ € C.(2,0) such that H.u(t,z,0) =
a(t,T-(%,0,€),0) and so

M = (@ — dp)( 7Zaé)
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a contradiction.

e Step 4. We check that, up to a subsequence, ¢, < T for all n. On the contrary, t, =t =T
for n large enough, and we would get from ([5.5.34) and the viscosity subsolution property
(15.5.26)):

W(T, 20, 0p) < Up.(%n,0p).

Moreover, by (5.5.29), we have @, (T, 2}, 9;1) UL (2, 0;1) which combined with the former

inequality, implies

W(T, 20 0) — W (T, 21,80) < Up_(2n,6n) — U (2.,6,).

”I’L”I’L n?n

By sending n to infinity, this yields with (5.5.31), (5.5.33) and continuity of U : M =
(it — Wm) (L, 2,0) < 0, a contradiction with (5.5.30).

e Step 5. We use the viscosity subsolution property of @ at (tn, 2n, én) €[0,7) xS,
which is written by as

(i——— = — L) (En, 20, 0,) < 0. (5.5.35)
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The above inequality is understood in the viscosity sense, and applied with the test function
(t,2,0) — @n(t, z,0,2,0), which is C? in the neighborhood [0, T] XV of (£n, 2, 0,,). We also

YnrYn

write the viscosity supersolution property (5.5.27) of @y, at (i, 2,,60,) € [0,T) x (S:\Do):

(B — —t — 2 — L) (. 2,00) > 0. (5.5.36)

ny Zns Up

The above inequality is again understood in the viscosity sense, and applied with the test
function (t,2/,0") — —gon(t,én,én,z’,e’), which is C? in the neighborhood [0,7] x V of
(fn,2.,0"). The conclusion is achieved by arguments similar to [53]: we invoke Ishii’s
Lemma, substract the two inequalities —, and finally get the required contra-
diction M < 0 by sending n to infinity with (5.5.31)-(5.5.32)-(5.5.33). O

5.6 An approximating problem with utility penalization

We consider in this section another perturbation of our initial optimization problem by
adding a cost ¢ to the utility at each trading. We then define the value function v, on
[0,7] x S by

.(t,2,0) =  sup E[UL(ZT,@T)—eNT(a), (t,2,0) € [0,T] x S. (5.6.1)
aEAZ(t,z,O)

The convergence of this approximation is immediate.

Proposition 5.6.1 The sequence (v¢). is nondecreasing and converges pointwise on [0, T] X

S towards v as € goes to zero.

Proof. It is clear that the sequence (7.). is nondecreasing and that 9. < v on [0,T] x S
for any € > 0. Let us prove that lim.\ g%. = v. Fix n € N* and (¢,2,0) € [0,7] x S and
consider some o™ € AY(t, z,0) such that

n n 1
E[Un(z(,0f)] = w(t,z0) -,

n

where (Z(™ ©M) is the associated controlled process. From the monotone convergence

theorem, we then get

lmoe(t.2,6) > E[v, (2", 00")] > u(t,2,6) = =

By the arbitrariness of n € N*, we conclude that lim. ¥. > v, which ends the proof since we

already have v, < v. O

The nonlocal impulse operator H¢ associated to is given by

Hep(t,z,0) = He(t,z,0)—¢
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and we consider the corresponding dynamic programming equation:

) ow  Ow _ ) _
min [ v i Lw, w—Hw| = 0, in0,T)xS, (5.6.2)
min[w — U , w—Hew] = 0, in{T}xS. (5.6.3)

By similar arguments as in Section 5, we can show that ¥ is a constrained viscosity

solution to ([5.6.2)-(5.6.3]), and the following comparison principle holds:
Suppose u € G,([0,T] x 8) is a usc viscosity subsolution to (5.6.2)-(5.6.3) on [0,T] x S, and
w € G,([0,T] x 8) is a lsc viscosity supersolution to (5.6.2)-(5.6.3) on [0,7] x S, such that

u(t,z,0) < lim inf w(t', 2,0, V(t, z0)€|0,T]x Dy.
' 2',0") = (t, 2,0
(if,z’,e/))e [oftT) ><)S

Then,
v < w on [0,7]xS. (5.6.4)

The proof follows the same lines of arguments as in the proof of Theorem (the function
1 is still a strict viscosity supersolution to (5.6.2)-(5.6.3) on [0, 7] x S), and so we omit it.

As a consequence, we obtain a PDE characterization of the value function v.

Proposition 5.6.2 The value function v is the minimal constrained viscosity solution in

G,([0,T] x S) to (5.4.4)-(5.4.5), satisfying the boundary condition

( Gli)rn( 0)v(t’,z’,0’) = o(t,z,0) = U0), Y(tz0)e0,T]x Dy. (5.6.5)
t' 20" —(t,z,

Proof. Let V € G,([0,T] x S) be a viscosity solution in G([0,T] x S) to (5.4.4)-(5.4.5)),
satisfying the boundary condition (5.6.5). Since H > H., it is clear that Vi is a viscosity

supersolution to (5.6.2)-(5.6.3). Moreover, since limy . gy ¢.0) Vi(t',2',0") = U(0) =
v(t, z,0) > vi(t,z,0) for (t,z,0) € [0,T] x Dy, we deduce from the comparison principle
(5.6.4) that V' > V, > ©¥ > 0. on [0,7] x S. By sending ¢ to 0, and from the convergence

result in Proposition [5.6.1] we obtain: V > v, which proves the required result. O

Appendix: constrained viscosity solutions to parabolic QVIs

We consider a parabolic quasi-variational inequality in the form:

o

ot

together with a terminal condition

min + F(t,xz,v,Dpv, D3v) , v —Hv| = 0, inl0,T)x 0O, (A1)
min[v—g,v—Hv] = 0, in{T}xO. (A.2)

Here, © C R? is an open domain, F is a continuous function on [0, 7] x R? x R x RY x S¢

(8% is the set of positive semidefinite symmetric matrices in R?*?), nonincreasing in its last



192 CHAPTER 5. OPTIMAL PORTFOLIO LIQUIDATION

argument, g is a continuous function on O, and H is a nonlocal operator defined on the set
of locally bounded functions on [0,7] x O by:
Ho(t,z) = sup [v(t,T(t,z,e))~+ c(t, z,e)].
eeC(t,z)

C(t,x) is a compact set of a metric space F, eventually empty for some values of (¢, ), in
which case we set Ho(t,x) = —0), and is continuous for the Hausdorff metric, i.e. if (¢,,z,)
converges to (t,z) in [0,7] x O, and (e,) is a sequence in C(t,,z,) converging to e, then
e € C(t,r). The functions I' and ¢ are continuous, and such that T'(¢,z,e) € O for all e €
C(t,x,e).

Given a locally bounded function u on [0,7] x O, we define its lower-semicontinuous (lsc
in short) envelope u, and upper-semicontinuous (usc) envelope u* on [0,7] x S by:

ug(t,x) = lim inf wlt,2'), ur(t,x) = lim sup u(t', x).

(", a") — (¢, 2) (', 2"y — (t,x)
(t',2") €10, T) x O (' 2"y €[0,T) x O

One can check (see e.g. Lemma 5.1 in [53]) that the operator H preserves lower and upper-
semicontinuity:

(1) Hus is 1sc, and Hu, < (Hu)x, (i) Hu* is usc, and (Hu)* < Hu*.

We now give the definition of constrained viscosity solutions to —. This notion,
which extends the definition of viscosity solutions of Crandall, Ishii and Lions (see [23]),
was introduced in [76] for first-order equations for taking into account boundary conditions
arising in state constraints, and used in [79] for stochastic control problems in optimal

investment.

Definition A.1 A locally bounded function v on [0, T]x O is a constrained viscosity solution

to (A.1)-(A.2)) if the two following properties hold:
(1) Viscosity supersolution property on [0,T] x O: for all (t,Z) € [0,T] x O, and ¢ €
C12([0,T] x O) with 0 = (vsx — )(£,Z) = min(vs — @), we have

Oy

min | — S2(8,2) + F(L2,0.(1.2), DoplE,2), D2p(E.7)) |

Y

v (E, %) — Hv*(t‘,i«)} 0, (£7)€0,T) x O,

min[v*(f,i)—g(i),v*(f,:f)—Hv*(f,ic)} > 0, (Lz)e{T}xO.

(ii) Viscosity subsolution property on [0,T] x O: for all (t,z) € [0,T] x O, and ¢ €
CH2([0,T] x O) with 0 = (v* — ¢)(t,7) = max(v* — ¢), we have

(4
*
—~
&

|

Iy

4
*
—~
uﬁhl
]

.,

IN

0, (£,z)€0,T) x O,

K

min [v*(¢,Z) — ¢(Z) , v*(t,T) — HU*(E,STT)} < 0, (Lz)e{T}xO.
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RESUME : Nous étudions le lien entre EDS rétrogrades et certains problémes d’optimisation stochas-
tique ainsi que leurs applications en finance. Dans la premiére partie, nous nous intéressons a la
représentation par EDSR de probléme d’optimisation stochastique séquentielle : le contréle impul-
sionnel et le switching optimal. Nous introduisons la notion d’EDSR contrainte & sauts et montrons
qu’elle donne une représentation des solutions de probléme de contrdle impulsionnel markovien.
Nous lions ensuite cette classe d’EDSR aux EDSRs a réflexions obliques et aux processus valeurs de
problémes de switching optimal. Dans la seconde partie nous étudions la discrétisation des EDSRs
intervenant plus haut. Nous introduisons une discrétisation des EDSRs contraintes a sauts utilisant
I’approximation par EDSRs pénalisées pour laquelle nous obtenons la convergence. Nous étudions
ensuite la discrétisation des EDSRs a réflexions obliques. Nous obtenons pour le schéma proposé une
vitesse de convergence vers la solution continument réfléchie. Enfin dans la troisiéme partie, nous
étudions un probléme de liquidation optimale de portefeuille avec risque et colit d’exécution. Nous
considérons un marché financier sur lequel un agent doit liquider une position en un actif risqué.
L’intervention de cet agent influe sur le prix de marché de cet actif et conduit & un cotit d’exécution
modélisant le risque de liquidité. Nous caractérisons la fonction valeur de notre probléme comme
solution minimale d’une inéquation quasi-variationnelle au sens de la viscosité contrainte.

MoTs-CLES : EDS rétrogrades contraintes, réflexions obliques, contréle impulsionnel, switching
optimal, solution de viscosité, inégalités variationnelles, discrétisation d’EDSR, risque de liquidité,
maximisation d’utilité.

DISCIPLINE : MATHEMATIQUES

ABSTRACT : We study the link between Backward SDEs and some stochastic optimal control
problems and their application to mathematical finance. In the first part we focus on the BSDE
representation of solution to impulse control and optimal switching. We first introduce the notion
of constrained BSDEs with jumps and prove that it gives a representation of solutions to Markovian
impulse control problems. We then bind these contrained BSDEs to BSDEs with oblique reflexion
and optimal switching problems. In the secoond part, we study the time discretization of the
previous BSDEs. We first state a discretization of constrained BSDE using the approximation given
by the penalized BSDEs. We the provide a speed convergence for the natural scheme associated to
BSDEs with oblique reflections. Finally, in the third part, we consider a liquidation problem under
execution risk and cost. We characterize the associated value function as the minimal solution to
the associated quasi-variational inequality.

KEY WORDS : Constrained Backward SDEs, impulse control, optimal switching, viscosity solution,
variational inégalites, BSDE discrétization, liquidity risk, utility maximization.
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