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Abstract

The objective of this thesis is to study the probabilistic representation (Feynman-Kac for-
mula) of different classes of Stochastic Nonlinear PDEs (semilinear, fully nonlinear, reflected
in a domain) by means of backward doubly stochastic differential equations (BDSDESs). This
thesis contains four different parts. We deal in the first part with the second order BDS-
DEs (2BDSDEs). We show the existence and uniqueness of solutions of 2BDSDEs using
quasi sure stochastic control technics. The main motivation of this study is the probabilistic
representation for solution of Fully nonlinear SPDEs. First, under regularity assumptions
on the coefficients, we give a Feynman-Kac formula for classical solution of fully nonlinear
SPDEs and we generalize the work of Soner, Touzi and Zhang (2010-2012) for determinis-
tic fully nonlinear PDE. Then, under weaker assumptions on the coefficients, we prove the
probabilistic representation for stochastic viscosity solution of fully nonlinear SPDEs. In the
second part, we study the Sobolev solution of obstacle problem for partial integro-differential
equations (PIDEs). Specifically, we show the Feynman-Kac formula for PIDEs via reflected
backward stochastic differential equations with jumps (BSDEs). Specifically, we establish the
existence and uniqueness of the solution of the obstacle problem, which is regarded as a pair
consisting of the solution and the measure of reflection. The approach is based on stochastic
flow technics developed in Bally and Matoussi (2001) but the proofs are more technical. In
the third part, we discuss the existence and uniqueness for RBDSDESs in a convex domain D
without any regularity condition on the boundary. In addition, using the approach based on
the technics of stochastic flow we provide the probabilistic interpretation of Sobolev solution
of a class of reflected SPDEs in a convex domain via RBDSDEs. Finally, we are interested
in the numerical solution of BDSDEs with random terminal time. The main motivation is to
give a probabilistic representation of Sobolev solution of semilinear SPDEs with Dirichlet null
condition. In this part, we study the strong approximation of this class of BDSDEs when the
random terminal time is the first exit time of an SDE from a cylindrical domain. Thus, we
give bounds for the discrete-time approximation error. We conclude this part with numerical
tests showing that this approach is effective.

Keywords: Backward Doubly Stochastic Differential Equations, Second order Backward
Doubly Stochastic Differential Equations, quasi-sure stochastic analysis, Semilinear Stochas-
tic PDEs, Fully Nonlinear Stochastic PDEs, Reflected backward stochastic differential equa-
tion, partial parabolic integro-differential equations, jump diffusion process, obstacle problem,
Stochastic flow, Skorohod problem, convex domains, regular measure, Forward-Backward Sys-
tem, Euler scheme, Monte Carlo method.




Résumé

L’objectif de cette thése est étude de la représentation probabiliste (formule de Feynman-
Kac) des différentes classes d’EDP Stochastiques non-linéaires (semi-linéaires, complétement
non-linéaires, réfléchies dans un domaine) en utilisant les équationns différentielles double-
ment stochastiques rétrogrades (EDDSRs). Cette thése contient quatre parties différentes.
Nous traitons dans la premiére partie les EDDSRs du second ordre (2EDDSRs). Nous mon-
trons I'existence et I'unicité des solutions des 2EDDSRs en utilisant des techniques de controle
stochastique quasi- sure. La motivation principale de cette étude est la représentation proba-
biliste des EDP stochastiques complétement non-linéaires (ou Fully nonlinear). Tout d’abord,
sous des hypotheéses de régularité sur les coefficients, nous donnons une formule de Feynman-
Kac pour les solutions classiques des EDP Stochastiques totalement non linéaires généralisant
ainsi les travaux de Soner, Touzi et Zhang (2010-2012) pour les EDP totalement non-linéaire
déterministes. Puis, sous des hypothéses plus faibles de type Lipschitz sur les coefficients,
nous prouvons la représentation probabiliste des solutions de viscosité stochastique de EDPS
totalement non linéaires. Dans la deuxiéme partie, nous étudions les solutions faibles de type
Sobolev du probléme d’obstacle pour les équations & dérivées partielles inteégro-différentielles
(EDPIDs). Plus précisément, nous montrons la formule de Feynman-Kac pour 'EDPIDs
par 'intermédiaire des équations différentielles stochastiques rétrogrades réfléchies avec sauts
(EDSRRs). Plus précisément, nous établissons 1’existence et I'unicité de la solution du prob-
leme d’obstacle, qui est considérée comme un couple constitué de la solution et de la mesure
de réflexion. L’approche utilisée est basée sur les techniques de flots stochastiques dévelop-
pées dans Bally et Matoussi (2001) mais les preuves sont beaucoup plus techniques. Dans la
troisiéme partie, nous traitons l'existence et 'unicité pour les EDDSRRs dans un domaine
convexe D sans aucune condition de régularité sur la frontiére. De plus, en utilisant ’approche
basée sur les techniques du flot stochastiques nous démontrons I'interprétation probabiliste
de la solution faible de type Sobolev d’une classe I’EDP Stochastiques réfléchies dans un do-
maine convexe via les EDDSRRs. Enfin, nous nous intéressons a la résolution numérique des
EDDSRs a temps terminal aléatoire. La motivation principale est de donner une représenta-
tion probabiliste des solutionsde Sobolev d’EDP Stochastiques semi-linéaires avec condition
de Dirichlet nul au bord. Dans cette partie, nous étudions ’approximation forte de cette
classe ’EDDSRs quand le temps terminal aléatoire est le premier temps de sortie d'une EDS
d’un domaine cylindrique. Ainsi, nous donnons les bornes pour 'erreur d’approximation en
temps discret. Cette partie se conclut par des tests numériques qui démontrent que cette
approche est effective.

Mots-clés: Equationns Différentielles Doublement Stochastiques Rétrogrades, Equationns
Différentielles Doublement Stochastiques Rétrogrades du second order, Analyse stochas-
tique quasi- sure, EDP Stochastiques semi-linéaires, EDP Stochastiques complétement non-
linéaires, Flot stochastique, Probléme de Skorohod, Schéma d’Euler, Méthode Monte Carlo.
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CHAPTER 1

Introduction

The aim of this thesis is to study by a probabilistic approach different classes of nonlinear
stochastic partial differential equations (SPDEs in short). More precisely, we provide the
probabilistic representation of solution for SPDEs (classical, Sobolev and Viscosity solutions)
by means of solution of some class of backward doubly stochastic differential equations (BDS-
DEs in short).

This thesis contains four chapter. In Chapter 2, we propose a wellposedness theory for a
class of second order backward doubly stochastic differential equation (2BDSDE). We prove
existence and uniqueness of the solution under a Lipschitz type assumption on the generator,
and we investigate the links between our 2BDSDEs and a class of parabolic Fully non-linear
Stochastic PDEs. Precisely, we show that the Markovian solution of 2BDSDESs provide a
probabilistic interpretation of the classical and stochastic viscosity solution of Fully nonlinear
SPDEs. Then, we present in Chapter 3 a probabilistic interpretation for the weak Sobolev
solution of the obstacle problem for semilinear parabolic partial integro-differential equations
(PIDESs). The results of Léandre [82] concerning the homeomorphic property for the solution
of SDEs with jumps are used to construct random test functions for the variational equa-
tion for such PIDEs. These results are the natural connection with the associated Reflected
Backward Stochastic Differential Equations with jumps (RBSDEs), namely Feynman Kac’s
formula for the solution of the PIDEs. In Chapter 4, we prove existence and uniqueness
results for reflected backward doubly stochastic differential equations (in short RBDSDEs)
in a convex domain D without any regularity conditions on the boundary. Moreover, using
a stochastic flow approach a probabilistic interpretation for a class of reflected SPDEs in
a domain is given via such RBDSDEs. The last Chapter (5) is about solving numerically
backward doubly stochastic differential equations (BDSDEs) with random terminal time 7.
The main motivations are giving a probabilistic representation of the Sobolev’s solution of
Dirichlet problem for semi-linear SPDEs and providing the numerical scheme for such SPDEs.
Thus, we study the strong approximation of this class of BDSDEs when 7 is the first exit
time of a forward SDE from a cylindrical domain. We use the Euler scheme and we provide

bounds for the discrete-time approximation error.
We begin by recalling the theory of BSDEs and BDSDEs.

1.1 2BDSDESs and Fully nonlinear SPDEs

1.1.1 Backward Doubly SDEs and semilinear SPDEs

Backward Stochastic Differential Equations (BSDEs) have been studied extensively in the last
two decades as they naturally arise in the context of stochastic control problems [44, 62|, and
they provide a probabilistic representation for solutions to semilinear parabolic Partial Dif-
ferential Equations (PDEs), via a nonlinear Feynman-Kac’s formula. This class of equations
were introduced by Bismut [16] as equation for the adjoint process in the stochastic version of
Pontryagin maximum principle. Then Pardoux and Peng [110] generalized this notion in 1990
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for a nonlinear general class of BSDEs. According to these authors, a solution to a BSDE
consists of a pair of adapted processes (y, z) taking values in R" and R¥*", respectively, such
that

T T
Yy = f—l—/ f(s,ys, zs)ds —/ 2,dB , t € [0,T] (1.1.1)
t t

where T is a finite time horizon, (By)icjo,r] @ d-dimensional Brownian motion on a filtred
probability space (€2, F, (F;)ico,r), P), F is the P- augmented natural filtration generated
by B, f a progressively measurable function from Q x [0,7] x R® x R®" and ¢ an R"-
valued Fr- measurable random variable. They showed the existence and uniqueness of the
adapted solution under the condition that f is uniformly lipschitz in y and z and that £ and
f(5,0,0) are square integrable. Since then, BSDEs have been studied with great interest.
In particular, many efforts have been made to relax the assumptions on the generator.
For example, Lepeltier and San Martin [85] have considered the case where the generator
is continuous with linear growth. Then, Kobylanski [74] have showed the existence of a
maximal solution in the case where the generator f has linear growth in y and quadratic
growth in z with a bounded terminal condition.This latter BSDE is very useful in finance
because it allows to solve problems in portfolio management constraints through a backward
approach, where the utility function is exponential, (see e.g. El Karoui and Rouge [123], Hu,
Imkeller and Muller [66]). El Karoui et al. [46] introduced the notion of one barrier reflected
BSDE, which is actually a backward equation but the solution is forced to stay above a
given barrier. This type of BSDEs is motivated by pricing American options and studying
the mixed game problems (see e.g. Cvitanit and Karatzas [35], Hamadéne, Lepeltier and
Matoussi [63]).

The main motivation to introduce the nonlinear BSDEs was to give a probabilistic inter-
pretation (Feynman-Kac’s formula) for the solutions of semilinear parabolic PDEs. For
smooth coefficients the PDE has a classical solution but if the coefficients are just Lipschitz
continuous functions one has to consider weak solutions. This result was first obtained
by Peng [115], see also Pardoux and Peng [108] by considering the viscosity and classical
solutions of such PDEs. Later, Barles and Lesigne [13] proved that the same probabilistic
interpretation holds for the variationnal formulation of the PDEs.

Since we deal with solutions of a class of Stochastic PDEs (SPDEs in short), we consider
Backward Doubly Stochastic Differential Equations (BDSDEs, in short). Indeed, by intro-
ducing in standard BSDEs a second nonlinear term driven by an external noise, Pardoux
and Peng introduced in [109] the so-called backward doubly stochastic differential equations
(BDSDEs, in short),

T T T
y—+ / F(5290r 20)ds + / o5y, 2)dIT, — / 2dBo, te0.T]  (112)
t t t

where (W}): > and (By): > are two finite-dimensional independent Brownian motions. We
note that the integral with respect to W is a "backward It6 integral". In order to establish
the connection between BDSDEs and SPDEs (1.1.4), Pardoux and Peng [109] considered the
following Markovian BDSDE, for all 0 <t < s < T

T T T
it = o)+ [ X Ak [ gt Xy sl — [ e,
(1.1.3)
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These equations provide Feynman-Kac’s representation for the solution of the following sys-
tem of semilinear parabolic Stochastic PDEs
du(t,z) + Lu(t,x) + f(t, z,u(t,x), (Vuo)(t,x))dt
v gt ult, 2), (Vuo)(t,2))dW, =0, 0 <t < T (1.1.4)
u(T,z) = o(x)
where a = (00*), Lu = (Lu')1 < < n,

d

L0 1 o P
L=>"b (“’)axi +3 Z “](x)axiaxj' (1.1.5)

i=1 ij=1

L is the second order differential operator associated with a diffusion process
{X5*;t < s < T}, which is the stong solution of a standard It6 (forward) stochastic difrfer-
ential equation (SDE):

X =g +/ b(XE™)dr —i—/ o(X)dB,, t<s<T.
t ¢

These SPDEs (1.1.4) appear in various applications as, for instance, Zakai equations in fil-
tering, pathwise stochastic control theory and stochastic control with partial observations.
Several generalizations to investigate more general nonlinear SPDEs have been developed
following different approaches of the notion of weak solutions, namely, Sobolev’s solutions
[43, 61, 75, 125, 137], and stochastic viscosity solutions [88, 89, 90, 24, 25].

Under smoothness assumptions on the coefficients, Pardoux and Peng [109] proved the
existence and uniqueness of classical solution for SPDEs (1.1.4) and they related it to solutions
of BDSDEs (1.1.3) given by

Yt =u(s, X)) and 2L* = (Vuo)(s, X57). (1.1.6)

But, if the coefficients are just Lipschitz continuous one has to consider solutions in a weak
sense. More precisely, u becomes a weak solution of equation (1.1.4) if the following relation
holds almost surely, for each test function ¢ € C*([0,7]) ® C° (RY),

/t (uls, ), Dupls, ))ds + / e(uls, ). (s, )ds + (ult, ) o(t, ) — (), (T..)
_ / (55, (Vo) s, ), ol s + 3 / (905, u(s. ), (Vuo) (s, ), (s, )iV,

(1.1.7)

where (¢, ¢) = / o(z)é(x)dr denotes the scalar product in L?(R%, dx) and
Rd

c(u.) = (L) = [ (Tu0)(V0) + ¥ (Voo + bu)(a)da

Rd
is the energy associated to the diffusion operator. This is a variational formulation for SPDE
(1.1.4).

In [10], Bally and Matoussi proved that the probabilistic interpretation (1.1.6) holds for
the variational formulation (1.1.7) and that the SPDE (1.1.4) has a unique solution u in a
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Sobolev space. The key element in their approach is the theory of stochastic flows which has
already been used by Kunita in [80] and [79] when the coefficients are linear and don’t depend
on the gradient of the solution. Next, Matoussi and Scheutzow [97] introduced another
kind of external noise term given by the It6-Kunita stochastic integral. This allows to give
a probabilistic interpretation of classical and Sobolev’s solutions of semilinear parabolic
stochastic partial differential equations driven by a nonlinear coreled space-time noise.

An other approach of the notion of weak solution for PDEs and SPDEs is the viscosity
solution. The notion of viscosity solution for PDEs was introduced by Crandall, Ishii and
Lions [31] for certain first order Hamilton-Jacobi equations. Today this theory becomes an
important tool in many applied fields, especially in optimal control theory and numerous sub-
jects related to it, in particular mathematical finance. The stochastic viscosity solution for
semilinear SPDEs was introduced firstly by Lions and Souganidis in some notes [88, 89, 90].
They used the so-called "stochastic characteristic" to remove the stochastic integrals from
SPDEs and obtain PDEs with random coefficients . A few years later, Buckdahn and Ma
[24, 25] have introduced the rigorous notion of stochastic viscosity solution for semilinear
SPDEs and then they gave the probabilistic interpretation of such equation via BDSDEs
where the intensity of the noise g in the SPDEs (1.1.4) does not depend on the gradient of
the solution. They used the so-called Doss-Sussmann transformation and stochastic diffeo-
morphism flow technics to convert the semilinear SPDEs to PDEs with random coefficients.
This transformation permits to remove the martingale term from the SPDEs.

The definition of the stochastic viscosity solution will depend on the following stochastic
flow n € C(F/},[0,T] x R? x R) defined as the unique solution of the stochastic differential
equation (SDE):

T
n(t,z,y) =y +/ g(s,z,m(s,2,y)) o AW, 0<t< T (1.1.8)
t

Under the smooth assumption on g, for fixed = the random field 7(.,z,.) is continuously
differentiable in the variable y; and the mapping y — n(t, z,y,w) defines a diffeomorphism
for all (¢,x), P-a.s. We denote by E(t,z,y) the y-inverse of n(t,z,y), so E(t,z,y) is the
solution of the following first-order SPDE:

T
5(t7l’,y) =Y _/ Dyg(S,I7y)g(S7ZE,y) OdW& V(t,.l’7y) ) P—a.s. (119)
t

We note that E(t,z,n(t,x,y)) = E(T,z,n(T,x,y)) =y, V(t,z,y). Afterthat, we need to
define the following spaces:

Forp>1, L* (FXVT; R?) denotes the space of all R valued ]—"TV,VT measurable r.v. £ such that
E[|¢€7] < 4o00.

CH*([0, T) x R?), for k,1 > 0, denotes the space of all R- valued functions defined on [0, 7] x R¢
which are k-times continuously differentiable in ¢ and [-times continuously differentiable in .
CYM(F,[0,T] x R?), for k,1 > 0, denotes the space of all C**([0,T] x R%)-valued random
variables ¢ that are 7%, @ B([0,T] x R?) measurable.

CH(EW, [0, T] xR?), for k,1 > 0, denotes the space of random variables ¢ € C**(F/, [0,T] x
R?) such that for fixed z € R? the mapping (t,w) — ©(t, z,w) is FW- progressively measur-
able.

We now define the notion of stochastic viscosity solution for SPDEs introduced first by Buck-
dahn and Ma [25, 24].
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Definition 1.1.1. (i) A random field u € C(F", [O, T] x R%) is called a stochastic viscosity
subsolution (resp. supersolution) of SPDE (f,g), if u(T,x) < (resp. = )¢(x), Vo € R and
if for any {F%}e > 0- stopping time T such that 0 < 7 < t, ¢ € LO(FY;RY), and any random
field ¢ € CY2(F)'7,[0,T] x RY) satisfying

u(t, z) = n(t, z,o(t,x)) < (resp. 2 ) 0= u(7,¢) —n(r, ¢, (7, (),
for all (t,x) in a neighborhood of (1,¢),P — a.e. on the set {0 < 7 < T}, it holds that

—LY(7,¢) = (7, 9(7, ), (Vo)(7, () < (resp. = ) Dyn(7, ¢, (7, () Dup(, ),
P —a.e. on {0 <7 < T}, where ¥(t,x) = n(t,z,o(t, z)).

(ii) A random field u € C(FW [0, T] x R?) is called a stochastic viscosity solution of SPDE
(f,9), if it is both a stochastic viscosity subsolution and a supersolution.

Definition 1.1.2. A random field u € C(FV,[0,T] x RY) is called a w- wise viscosity (sub-,
super-) solution if for P — a.e.w € Q, u(w,.,.) is a (deterministic) viscosity (sub-, super-)
solution of the SPDE (f,0).

Remark 1.1.1. If we assume that p € CY*(FW [0,T] x R?), and that g € C**3([0,T] x
R x R; RY), then a straightforward computation using the Ito-Ventzell formula shows that the
random field (t, z) = n(t,x, p(t, x)) satisfies

dy(t,x) = Dyn(t,z, p(t, ) Dep(t, x)dt — (g(t, z,¢P(t, x) odW tel0,7]. (1.1.10)

Since g(1,(,0(1,¢) = g(7,¢,u(r,C)) by defintion, it seems natural to compare —L(7,() —
F(1,C0(T,Q), (Vo) (1, Q) with Dyn(t, ¢, ¢(7,C))Dep(T,() to characterize a viscosity solu-
tion of SPDE (f,g).

If the function g = 0 in SPDE (f,g) , the flow n becomes n(t,z,y) = vy, Y(t,z,y) and
W(t,x) = o(t,x). Thus the definition of a stocahstic viscosity solution becomes the same as
that of a deterministic viscosity solution (see, e.g. Crandall, Ishii and Lions [31]).

After extending the notion of viscosity solution to nonlinear SPDEs, Buckdahn and Ma [24]
showed that a stochastic PDE can be converted to a PDE with random coefficients via a
Doss-Sussmann transformation. Then, they proved the existence of the stochastic viscosity
solution and obtained the nonlinear Feynmann-Kac formula. Here, we will recall briefly their
main results in [24].

Proposition 1.1.1. Under Lipschitz continuous condition on f and smooth assumption on g
and the coefficients o and b, we have that a random field v is a stochastic viscosity sub- (resp.
super-) solution to SPDE (f,q) (1.1.4) if and only if v(.,.) = £(.,.,u(.,.)) is a stochastic
viscosity sub- (resp. super-) solution to SPDE (f,0). Consequently, u is a stochastic viscosity
solution to SPDE (f,g) (1.1.4) if and only if v(.,.) = E(.,.,u(.,.)) is a stochastic viscosity
solution to SPDE (f,0), with

1

f(t,:v,y,z) = m{f(tvxan(tvxvy)vDﬁcn(t’Iay)o—(I) + DyU(’fv«Tay)Z)

1
+ Lt x,y) + Deyn(t, z,y)o(x)z + §Dyy7](t, z,y)|2*}, (1.1.11)

forall (t,x,y,2) € [0,T] x REx R xR, P-a.s. Here L, is the same as the operator in (1.1.5),
with the emphasis that all the partial derivatives are with respect to x.
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We will now apply Doss transformation to the BDSDE (1.1.3) in order that the backward
integral vanishes. Thus, the BDSDE will become a BSDE with a new generator f which is
of quadratic growth with respect to the gradient of the solution. Let us define the following
two processes:

U‘?m = g(tv X?zv y?x)

1.1.12
VIT = DyE(s, X0y ") 2" + Dull(s, X%,y ") o (2). ( )

It is easy to check the inverse transformation:
y?l‘ = 77(87 X};I7 U;’x) (1 1 13)

2" = Dyn(t, X1, UM )WV; + Dan(t, X%, U)o (x).

S

Theorem 1.1.1. Under Lipshitz continuous condition on f and smooth assumption of g we
have (U%*, V5% is the unique solution of the following BSDE,

T

T T
Ub™ = p(X3") — / flr, XEe ybt 200 dy — / VB, t<s<T, (1.1.14)

where f:[0,T] x RY x R x R? = R is defined by (1.1.11).

Next, Buckdahn and Ma proved the existence of the stochastic viscosity solution of the
SPDE (f,g) (1.1.4). First, they introduced for each (¢,z) € [0,T] x R? two random fields

u(t,z) = Yt v(t,x) = U,

where y and U are the solutions of the BDSDE (1.1.3) and BSDE (1.1.14). Then by (1.1.12)
and (1.1.13) we know that, for (w,t,z) € Q x [0,T] x R?

w(w, t,x) =n(w, t,z,v(w, t,x)) ; v(wt,x) =Ew,t r,ulwtr)). (1.1.15)

Finally, thanks to Proposition 1.1.1, Buckdahn and Ma [24] need only to prove that the
random field v defined in (1.1.15) is a stochastic viscosity solution to the SPDE (f,0).

Theorem 1.1.2. Under the Assumptions of Proposition 1.1.1, the random field v is a stochas-
tic viscosity solution of SPDE (f,0); and u is a stochastic viscosity solution to SPDE (f,g),
respectively.

1.1.2 Second Order BSDEs and Fully Nonlinear PDEs

Motivated by applications in financial mathematics and probabilistic numerical methods for
PDEs, Cheridito, Soner, Touzi and Victoir [30] introduced the first formulation of second
order BSDEs (in short 2BSDEs), which are connected to the larger class of fully nonlinear
PDEs. Then, Soner, Touzi and Zhang [128] provided a different formulation of 2BSDEs based
on the quasi sure analysis. Their key idea was to consider a family of BSDEs defined quasi-
surely (q.s for short) under a non-dominated class of mutually singular probability measures,
which means P-a.s. for every probability measure P in this class. This new point of view is
inspired from the quasi-sure analysis of Denis and Martini [39] who established the connection
between the so-called hedging problem in uncertain volatility models and the so-called Black-
Scholes-Barremblatt PDE. The latter is fully nonlinear and has a simple piecewise linear
dependance on the second order term.
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These observations leads Soner,Touzi and Zhang [128] to consider the following formulation
for solution to a 2BSDE, which consists of a triplet of processes (Y, Z, K') such that

T T
Y}er/ FS(YS,ZS)ds/ ZsdBs + Ky — K;,0<t < T, P—a.s. for all P. (1.1.16)
t t

The process K has a heuristic interpretation. Indeed, if there is a solution Y to the 2BSDE
(1.1.16), it will be represented as a supremum of solutions y* to standard BSDEs. The role
of the process K is then to push the process Y to ensure that this property holds for every
probability measure P.

Soner, Touzi and Zhang established a complete theory of existence and uniqueness for the
solution to the equation (1.1.16), when the generator F is uniformly Lipschitz in (Y, Z),
uniformly continuous with respect to the trajectory w and under conditions of integrability
of ¢ and F. We note here that the uniform continuity condition is crucial in the proof of
existence since the solution is constructe pathwise. Let us briefly recall the main ideas of
their proof. First, the uniqueness is achieved through a representation of the solution Y as a
supremum of solutions y* of classical BSDEs defined under differents probability measures.
This representation then provides a natural candidate for the solution. Nevertheless, since the
probability measures are mutually singular, it is extremely difficult to tread over the problems
related to negligible sets. Thus, Soner,Touzi and Zhang proposed a pathwise construction of
the solution to a 2BSDE when the terminal condition is regular (£ is bounded and uniformly
continuous in w), then they extended their results to the closure of this space.

The theory being very recent, the literature remains rather limited. However, we refer the
interested reader to Possamai [118] and Possamai and Zhou [120] who respectively extended
these wellposedness results to generators with linear and quadratic growth.

In the following, we will concentrate ourselves on this new formulation.

1.1.3 Second Order BDSDEs and Fully Nonlinear SPDEs

Our main motivation in this first part of the thesis is to provide a probabilistic interpreta-
tion for classical and stochastic viscosity solution of the following parabolic Fully nonlinear
stochastic partial differential equation (in short FSPDE)

duy(z) + h(t, 2, u(z), Dug(, ), D*uy(z)) dt + g(t, @, us(x), Dug(x)) 0 AW, = 0 (1.1.17)

over the time interval [0,7], with a given final condition ur = ® and g = (gl, e ,gd) and h are
nonlinear functions. While second order BSDEs are naturally connected to fully nonlinear PDEs,
the solution of our SPDEs (1.2.15) will be represented via the solution of second order backward
doubly SDEs (2BDSDEs in short). So, an extension of the theory of 2BSDEs, introduced by Soner,
Touzi and Zhang [128], is needed in our context. We will briefly present our contributions in this
framework (see e.g. [93]).

1.1.3.1 Existence and uniquenes of 2BDSDEs

In our framework [93], we provide a complete theory of existence and uniqueness of Second order
BDSDEs (2BDSDEs) under the Lipschitz-type hypotheses on the driver.
First of all, we shall work on the product space  := QF x QW where

e OF .= {w e C([0,T],R%),wy = 0} equipped with the uniform norm ||w||ee := sup |w|, B
<t<T

the canonical process (Bi(w) = wy), P% the Wiener measure.
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e (Wi)o <t <7 is a standard Brownian motion independent of B and defined on (QW, FW P}V).

We then define FW = {}'t%}t > o a retrograde filtration generated by W, such that F; := o{W, —
Ws,s < r < t} and let ]-"%V = ]-'(g’}/T. We also consider the following family of o- fields .7-"tB =
o{B,,0 < r < t}. For each t € [0,T], we define

Fo=FPVF and G =FPVvF).
Finally, we consider F = FB @ FW let P denotes the set of the non-dominated class of mutually

singular probability measures P := P* ® ]P’(‘)/V such that

t
P* = P%o(XY)! where X ::/ al2dB,,t € 0,T],PF¥ — a.s. (1.1.18)
0

T
for some F- progressively measurable process « taking values in Sio with / |a|dt < o0 IF’OB —a.s.
0

Let Hy(w,y,2,7) : [0,T] x Q2 x R xR%x Dy — R be F- progressively measurable, where Dy C R%*4
is a given subset containing 0 and we define F' as the corresponding conjugate of H w.r.t v by

1
Ft(w7yazva) ‘= Sup {fTr(a’y) - Ht(w7y,2,7)} for a € 8507
Y€EDH 2

where S;O denotes the space of all d x d real valued positive definite matrices and
Ft(ya Z) = Ft(y, Z, dt)

_ 1 t .
with G, := liﬁ}g((Bﬁ —(B);_.), where (B); := B;B/ — 2/ BydB) is defined pathwise and the lim
€ 0
is taken compentwise.

We consider also a function g;(w,y, 2) : [0,T] x 2 x R x R? — R! which represents the intensity of
the nonlinear external noise driven by (Wy); > o.
We shall consider the following 2BDSDE .

T T T

Vi = ¢+ [ ROuZ)dst [ 0.0 Z0diV.~ [ ZadBos K- K 0< ST P
t t t
(1.1.19)
Definition 1.1.3. We say (Y, Z) is a solution to the 2BDSDE (1.1.19) if
[ YT = f P — q.S.

e For each P € P, the process KT defined below has nondecreasing paths, P — a.s.:

t

t t
KP =Yy Vi —/ Fo(Ya, Z,)ds 7/ 0:(Ya, Z,)d1V, +/ ZudB,, 0<1<T, P ags.
0 0 0 (1.1.20)
o The family {K®,P € P} defined in (1.1.20) satisfies the following minimum condition:
K} = essinff Ef [K%P!] P—a.s. for allP € P,t € [0,T]
P'eP(t+ ) (1.1.21)
where P(t+,P) := {P' .= Py @ BY € P; Py =Py on F 7).

Moreover, if the family {KPJP’ € P} can be aggregated into a universal process K, we call (Y, Z, K)
a solution of 2BDSDE (1.1.19)
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The process K plays an important role, it forces Y to stay above every y¥. To understood this
formulation, we can consider the case where the set P is reduced to a singleton {P}. From the
minimum condition (1.1.21), we know that KT is a non-decreasing martingale. Since P satisfies the
martingale representation property, this martingale is also continuous, and is therefore a constant.
Thus, we have K¥ = 0, P —a.s. and the 2BDSDE (1.1.19) is equivalent to standard BDSDE (1.1.2).
For 2BDSDESs, our main assumption on the functions F' and g is as follows

Assumption 1.1.1. (i) P is not empty, the domain Dr,(y,z) = Dr,1s independent of (w,y, 2).
(ii) For fized (y,z,a), F is F; measurable in Dg,, and g is Fy measurable.

(iil) We have the following uniform Lipschitz-type property iny and z: There exist constants C > 0
and 0 < a < 1 such that

V(y,y/,z,z/,t,w), ‘Ft(wvya Z) - Ft(wvy/vz/)‘ < C(|y - y/| + Hd1/2(2 - Z/)H)

V(yvy IE2% 7taw)7 Hgt(wvyvz) - gt(wvy y 2 )H2 < C‘y -y ‘2 + O‘H(Z -z )”2

(iv) There exists a consatnt X € [0, 1] such that

(1= Na > al,.

(v) F is uniformly continuous in w for the ||.||co norm.
(vi) g is uniformly continuous in w for the ||.||c norm.

We can now show as in [129] that the solution to 2BDSDE (1.1.19) can be represented as a
supremum of solutions to BDSDE (1.1.2), which in turn implies the uniqueness of the solution.

Theorem 1.1.3. Let assumption 1.1.1 holds. Assume & € L2 and that (Y, Z,K) € D?> x H? x IP (see
Chapter 2 for precise definition of the solution space) is a solution to 2BDSDE (1.1.19). Then, for
anyPeP and 0 <t <ty <T,

Y;, = esssup® yz (t2,Yy,), P — a.s. (1.1.22)
P cP(t],P)

Consequently, the 2BDSDE (1.1.2) has at most one solution in D? x H2.

As one can see from Theorem 1.1.3 above, if there is a solution to the 2BDSDE (1.1.19), it will
be represented as a supremum of solutions to standard BDSDEs. However, since we are working
under a family of non-dominated probability measures, we are not able to use the classical technics
of BSDEs. So, we overcame this problem by constructing the solution pathwise using the so-called
regular conditional probability distribution of Stroock and Varadhan [134]. This allows to construct
a solution to the 2BDSDE when the terminal condition belongs to the space UC(€2). Then, by
passing to limit, we prove existence of solution when the terminal condition is in £? , the closure of
UC(2) under a certain norm defined in Chapter 2.

We are now in position to state the main result of this part.

Theorem 1.1.4. Let £ € £L? and assume that Assumption 1.1.1 holds. Then:
1) There exists a unique solution (Y, Z) € D? x H? of the 2BDSDE (1.1.19).
2) Moreover, if in addition we choose to work under either of the following model of the theory

(1) Zermelo-Fraenkel set theory with aziom of choice (ZFC) plus the Continuum Hypothesis (CH).

(ii) ZFC plus the negation of CH plus Martin’s aziom.
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Then there exists a unique solution (Y, Z,K) € D? x H? x 12 of the 2BDSDE (1.1.19).

We point out that the 2BDSDE (1.1.19) is in fact a 2BSDE (1.1.16) perturbed by a nonlinear term
driven by an extra Brownian motion. To prove the exisence of the solution, we need to handle with
the difficulties coming from this external noise. That’s why we put some efforts to prove a control
trajectoriel for our candidate in order to show the dynamic programming principle. Let also mention
that this proof requires us to extend the existing results on the theory of g-martingales of Peng [114]
and the results of Karandikar [72] to our case (see Appendix of Chapter 2).

1.1.3.2 Probabilistic interpretation of solution of SPDEs

After establishing the result of uniqueness and existence of solution to 2BDSDEs, we are ready
now to present the relation with a class of SPDEs. We consider the Markovian 2BDSDESs, whose
solution can be represented by a deterministic function of ¢ and B;, and show the connection of these
2BDSDEs with fully nonlinear SPDEs.

Our main objective is to establish the connection Y = v(s, B¥"), s € [t,T], P — q.s, where v
solves, in some sense, the following fully nonlinear SPDE:

du(t, ) + h(t, ,u(t,z), Du(t, ), D*u(t, z))dt + g(t, ,u(t,z), Du(t,z)) o th =0,0<t<T
(1.1.23)
w(T,z) = ¢(x).

We can write the SPDE (1.1.23) in the integral form

wtz) = o)+ /t h(t, 2, ult, 2), Du(t, z), D2u(t, 2))dt + /t o(t, 2, u(t, 2), Dult,z)) o di,
(1.1.24)

where v is a mapping from [0, 7] x Q x R? to R.
We consider the case

Ht(w7y7'z77) = h(t7 Bt(w)ayaf%r}/)?

where h : [0, 7] x R x R? x Dj, — R is a deterministic map. Then the corresponding conjuguate and
bi-conjuguate functions become

1
f,z,y,z,a) = sup {fTr(av) - h(t,x,y,z,v)} for a € S7°, (1.1.25)
YED, 2
. 1
h(t,z,y,z,7) = sup {iTT(ay) — f(t,®,y,2,a)} for vy € R, (1.1.26)
aes;?

Notice that —co < h < h and h is nondecreasing convex in . Also, h = h if and only if k is convex
and nondecreasing in ~.
The following is a slight strengthening of Assumption 1.1.1
Assumption 1.1.2.
(i) P is not empty, the domain Dy,(, .y = Dy,is independent of (w,y, z).
(ii) There exist constants C > 0,0 < a < 1 and modulus of continuity p with polynomial growth such
that for allt € [0,T),a € th,a;7m/7z7z, eR%y,y €R.
|ft(ac,y,z,a) - ft(xay y & 7a‘)‘ < p(|$ - D + C(|y -y | + Ha1/2(z -z )H)

lge(@,y,2) = gi(@,y 2P < plle =) + Cly —y P + el (z = 2|

(i) The function g € CZ?’Q’?’([O, T] x R? x R; RY)
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Next, let ¢ : RY — R be a lebesgue measurable function. We denote, for any (¢, ) € [0, 7] x R?
BY* .= x4+ B! forall s € [t,T].

and we consider the 2BDSDE (1.1.19) in this Markovian setting with terminal condition { = gzﬁ( )

T
Yie = g(BY) / Fls, B Y0 2%+ [ gl B, i, 21) o i,
t

/ Z8%dB, + KH* — K9 t < s<T, P—q.s (1.1.27)

S
We remark that the stochastic integral with respect to dW is the Stratonovich backward integral (see
Kunita [78] page 194). Since g € 657273([0, T] x R% x R; R), using the definition of the Stratonovich
backward integral, we show easily that (1.1.27) is equivalent to the following 2BDSDE:

T T
Vir = (B~ [ s Bl Y 2 adr + [ gt B Y 207l
s t

T
— / ZbdB, + K;’m ~ KM t<s<T, P—gqs (1.1.28)
S

R 1
where f(57$’y727ds) = f(5730,2/727@s) + iTT(g(Sax7ya z)Dyg(saI7ya z))

As we have explained above, our main motivation is to represent the classical and the stochastic
viscosity solution for fully nonlinear SPDE (1.1.23) by means of solution of the Markovian 2BDSDE
(1.1.27). We begin first by the classical solution for SPDEs.

Classical solution for SPDEs

Definition 1.1.4. We define the classical solution of the SPDE (1.1.23)as a R-valued random field
{u(t,z),0 <t < T,z € R} such that u(t, ) is .Ft% -measurable for each (t,x), and whose trajectories
belong to C%2([0, T] x R%: R).

Theorem 1.1.5. Let Assumption 1.1.2 hold true. Suppose further that h is continuous in its domain,
Dy is independent of t and is bounded both from above and away from 0. Let {u(t,z);t € [0,T] x R4}
be a classical solution of (1.1.28) with {(u, Du)(s, B¥"), s € [t,T]} € D? x H2. Then:

S
Y = u(s, BY*), Zb" .= Du(s, Bb*), KM = / kydr
0

1
with ks := h(s, B, Ys, Zs,T's) — iTr(dSFS) + f(s,Bs,Ys, Zs,a5) and T's := D2u(s7Bé’z)
is the unique solution of the 2BDSDE (1.1.27). Moreover, u(t,z) = Y;"* for all t € [0,T).

Stochastic viscosity solution for SPDE

Following the classical terminology in the BSDE literature, we say that the solution of the 2BDSDE
is Markovian if it can be represented by means of a deterministic function of (¢, B). In this part, we
construct a deterministic function u, by using a probabilistic representation in the spirit of (1.1.22),
and show its connection with 2BDSDE (1.1.27). The connction between u and the SPDE (1.1.23)
will be established in the next subsection.
We now introduce the random function  : [0, 7] x Q" x R? — R given by

u(t, z) := Suptytpm(ﬂqﬁ(B%z)), for (t,z) € [0,T] x R% (1.1.29)

PeP

By the Blumenthal zero-one law, it follows that u(¢,z) is deterministic w.r.t B but still an }"t% -
adapted process.
For the remainder of this part we will assume that the random field  is in C(.Ft%, [0,T] x RY).
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Proposition 1.1.2. Let Assumption 1.1.2 holds true. A random field u is a stochastic viscosity sub-
(resp. super-) solution to SPDE (h,g) (1.1.23) if and only if v(.,.) = E(.,.,u(.,.)) is a stochastic
viscosity solution to SPDE (iL, 0), with

- 1 R
h(t — {h(t t D,n(t Dyn(t D t
( 7x3y7'z77) Dyﬁ(t,l”y){ ( 71‘777( ,I,y), ﬂ:n( ax7y) + y77( ,x,y)z, Imn( 7x7y)
+ 2Dyt ,y)z + Dyyn(t, 2, y)|2* + Dyn(t, z,y)7)} (1.1.30)

We will now apply Doss transformation to the 2BDSDE (1.1.27) in order that the Stratonovich
backward integral vanishes. Thus, the 2BDSDE will become a 2BSDE with a new generator f. Let
us define the following three processes:

Uﬁ’z = 5(57 Bg’zvyrstw)
‘/St,x — D g(s Bt,z Yt,x)zt,a: + ng(S,B?I,X/St’x)

Kb = / D,E(r, BY®, Y1) dKL® (1.1.31)
It is easy to check the inverse transformation
yte = (S B gty
Zbt = Dyy(s, BY®, U)W, + Dyn(s, B4, UL)
Kl = / Dyn(s, Bb* UL dK " (1.1.32)

Theorem 1.1.6. Let Assumption 1.1.2 holds true. Then (U, Vt*z,f(t’z) is the unique solution of
the following 2BSDE,

T
Uﬁ“=¢<B%m)—/ FOr, Bt Y00, 20 dr—/ VidB, + K" — Ky* 1< s <T(1.1.33)
where f:[0,T] x R x R x R? x Dy~ R is defined by:

fitepz,0) & {0y, Dynlt )2 + Dant,2,9) — STr(aDeen(t ,)

~ (@Duyn(t,2,9)2) — 5 Tr(aDyyn(t,z,y)|=")} (11.34)

We are now ready to prove that u defined by (1.1.29) is the stochastic viscosity solution of our
SPDE (h, g) (1.1.23). First, we introduce the random field v(t, z) = U, where U is the solution of
2BSDE (1.1.33). Then by (1.1.31) and (1.1.32) we know that, for (¢,z) € [0,T] x R?

u(t,z) = nt,z,v(t,x)) ; v(t,z) =E(, z,ult,z)). (1.1.35)

Finally, thanks to Proposition 1.1.2, we need only to prove that the random field v defined in (1.1.35)
is a stochastic viscosity solution to the SPDE (A, 0).

Theorem 1.1.7. Under our Assumptions, the random field v is a stochastic viscosity solution of
SPDE (h,0); and u is a stochastic viscosity solution to SPDE (iz,g), respectively.

1.2 Reflection problem for PIDEs and SPDEs

1.2.1 Obstacle problem for PIDEs

We present in this part a probabilistic interpretation for the weak Sobolev solution of the obstacle
problem for semilinear parabolic partial integro-differential equations (in short PIDEs), namely Feyn-
man Kac’s formula for the solution of the PIDEs, via the associated Reflected Backward Stochastic
Differential Equations with jumps (in shirt RBSDEs). This representation gives an application to
the pricing and hedging of contingent claims with constraints in the wealth or portfolio processes in
financial markets including jumps. We start first by giving the literature related to these equations.
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1.2.1.1 Motivations and formulation

In the classical literature, the obstacle problem for semilinear PDEs and their connection with optimal
stopping and control problems have been first studied by Mignot-Puel [103] (see also Bensoussan-
Lions [15]), and then by Michel Pierre [116, 117]. They model such problems by means of variational
inequalities.

Our main interest is to study the following partial integro-differential equations (in short PIDEs) of
parabolic type:

(O + L)u(t, x) + f(t,z,u(t, z), Vu(t, z)o(x), u(t,z + B(z,-)) —u(t,z)) =0 (1.2.1)

over the time interval [0,7], with a given final condition ur = g, f is a nonlinear function and
L = K1+ Ky is the second order integro-differential operator associated with a jump diffusion which
is defined component by component with

d d 2

> o) ge(e) + 5 Y o) 5 a) and

i—1 g ig—1

Kip(z)
(1.2.2)

d
Kae(e) = [ (ol +82,0) ~ pla) = 3 6w e) - pla))Ade), € CHRY,
i=1 v

This class of PIDEs appears in the pricing and hedging contigent claims in financial markets
including jumps (see [32] and [14]). Matache, von Petersdorff and Schwab [92] have studied a
particular case where f is linear in (y,z) and not depends on v (the jump size variable). They
have shown the existence and uniqueness of the Sobolev solution of the variational form of some
types of PIDEs, stemming from pricing problems in Lévy markets. They used an analytic method
in order to derive a numerical schema based on the wavelet Galerkin method. Our nonlinear PIDEs
(1.2.1) include the case of pricing of contingent claims with constraints in the wealth or portfolio
processes. As an example, hedging claims with higher interest rate for borrowing may be considered
in a financial market with jumps. El Karoui, Peng and Quenez [49] have studied this example
in a continuous financial market where the non linear source function f is given by f(t,z,y,%) =
ry + 0101z — (Ry — re)(y — iy 2°). More recently, the pricing and hedging of American options in
the Markovian case and the related obstacle problem for PDEs, was studied by El Karoui et al [46]
and Bally et al [9].

If h:[0,7] x R? — R is a given function such that h(T,z) < g(x), we may roughly say that
the solution of the obstacle problem for (1.2.1) is a function u € L2([0,T]; H'(RY)) such that the
following conditions are satisfied in (0, 7)) x R? :

(7)) w=h, dt®dr-—ae.,
(17) Ou+ Lu+ <0
(i) (uw—h)(du+ Lu+ f)=0.

(iv) ur =g, dr—a.e.

(1.2.3)

The relation (i) means that the distribution appearing in the LHS of the inequality is a non-
positive measure. The relation (ii7) is not rigourously stated. We may roughly say that one has
Ou+ Lu+ f =0 on the set {u > h}.

In the case of the obstacle problem for PDEs (when the non local term operator Ko =0), if one
expresses the obstacle problem in terms of variational inequalities it should also be required hat the
solution has a minimality property (see Mignot-Puel [103] or Bensoussan-Lions [15] p.250). The
work of El Karoui et al [46] treats the obstacle problem for (1.2.1) within the framework of backward
stochastic differential equations (BSDEs in short). Namely the equation (1.2.1) is considered with
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f depending on u and Vu , A = 0 and 8 = 0 and the obstacle h is continuous. The solution
is represented stochastically as a process and the main new object of this BSDE framework is a
continuous increasing process that controls the set {u = h}. This increasing process determines in
fact the measure from the relation (i¢). Bally et al [9] (see also Matoussi and Xu [99]) point out that
the continuity of this process allows the classical notion of strong variational solution to be extended
(see Theorem 2.2 of [15] p.238) and express the solution to the obstacle as a pair (u,r) where v
equals the LHS of (i) and is supported by the set {u = h}.

Barles, Buckdahn and Pardoux [12] (see also [136], [124] and [111]) have provided a probabilistic
interpretation for the viscosity solution of (1.2.1) by using a forward BSDE with jumps. Situ [126]
has studied the Sobolev solution of (1.2.1) via an appropriate BSDE with jumps, whose method
is mainly based on Sobolev’s embedding theorem. More recently, Matoussi and Stoica [98] studied
the obstacle problem for parabolic quasilinear SPDEs and gave a probabilistic interpretation of the
reflected measure v in terms of the associated increasing process which is a component of solution
of reflected BSDEs. Such measures are called regular measures or Revuz measures. Their method is
based on probabilistic quasi-sure analysis. On the other hand, Michel Pierre [116, 117] has studied
parabolic PDEs with obstacles using the parabolic potential as a tool. He proved that the solution
uniquely exists and is quasi-continuous with respect to socalled analytical capacity. Moreover he
gave a representation of the reflected measure v in terms of the associated regular potential and
the approach used is based on analytical quasi-sure analysis. Finally, Denis, Matoussi and Zhang
[38] have extended the approach of Michel Pierre [116, 117] for the obstacle problem of quasilinear
SPDEs.

1.2.1.2 New results

The main objective of this part is to prove existence and uniqueness results of the solution of the
obstacle problem for the PIDEs and to give the associated probabilistic interpretation via the RB-
SDEs with jumps. In the following, we present the main results obtained in the already published
paper [96].

We consider the final condition to be a fixed function g € LZ (]Rd) (where L% (Rd) is a weighted
Hilbert space which is separable thanks to the assumptions verified by the weight function p) and
the obstacle h be a continuous function A : [0,7] x R? — R. Then the obstacle problem for the
equation (1.2.1) is defined as a pair (u,v), where v is a regular measure concentrated on {u = h}
and u € L/%([O, T] x R%R)) satisfies the following relations:

(") u=h, dP®dt®dr—ae.,
(ii") Owu(t,x) + Eu(t x) + f(t, z,ult,x), Vu(t, z)o(z),u(t, z + B(z,-)) — u(t,z)) = —v(dt, dz),
(iii') v(u>h) = a.s.,
(iv') ur =g, dz—ae.
(1.2.4)

v represents the quantity which makes it possible to pass from inequality (i¢) to equality (ii") and
to get the uniqueness result for the obstacle problem. The rigorous sense of the relation (i4i’) which
is based on the probabilistic representation of the measure v and plays the role of quasi-continuity
of u in this context will be explained in Chapter 3.

The concern is to solve our problem (1.2.4) by developing in the jump setting a stochastic flow
method which was first introduced by Bally and Matoussi [10] for parabolic SPDEs. The key element
in [10] is to use the inversion of stochastic flow which transforms the variational formulation of the
PDEs to the associated BSDEs. Thus it plays the same role as Itd’s formula in the case of the
classical solution of PDEs. More precisely, our approach will be based on the results of Léandre [82]
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about the homeomorphic property for the solution of SDEs with jumps. We need to provide useful
results on stochastic flow associated with the following forward SDEs with jumps

Xes(z) =a+ /ts b(X¢r(z))dr + /ts (Xt (2))dW, + /ts /Eﬂ(th_(a:), e)p(dr, de). (1.2.5)

where E = R’ \ {0} and the coefficients of the diffusion satisfy the following assumption

Assumption 1.2.1. b € Cﬁb(Rd;Rd), o€ Cﬁb(Rd;RdXd), B : R x E — R? be measurable and for
ale e E, B(-,e) € Cl?:b(]Rd;Rd), and for some K >0 and for allz € R%, e € E,

|B(z,e)] < K(1Ale]), |D“B(x,e)] < K(1A]e|) for 1 < |af <3,

where o = (o, 9, ,aq) is a multi-index and |a| = aq + ag + -+ + ag. D is the differential
olal
(0%121)(0%2x9) - - - (O%zy)

operator D% =

The existence and uniqueness of this solution was proved in Fujiwara and Kunita [52]. It is well
known that the stochastic flow associated to a continuous SDE with regular coefficients satisfies the
homeomorphic property (see Bismut [16], Kunita [76, 80]). But this property fails for the solution
of SDE with jumps in general. Léandre [82] gave a necessary and sufficient condition under which
the homeomorphic property is preserved at the jump time, namely, for each e € FE, the maps
H, : ©+— x4 (z,e) should be one to one and onto. One can read also Fujiwara and Kunita [52]
and Kunita [77] for more details on the subject. Therefore, we assume additionally that

Assumption 1.2.2. For each e € E, the linkage operator:
He : 2 x4 B(z,e) is a C*-diffeomorphism.

We denote by H_! the inverse map of H,, and set h(x,e) := 2 — H_ }(x). Under Assumptions 1.2.1
and 1.2.2, we have that {X; s(z);z € R?} is a O2-diffeomorphism a.s. stochastic flow. Moreover the
inverse of the flow satisfies the following backward SDE (see Kunita [76]

Xt =y~ Bt - [Cox i, - [ [ 605 .o, de

(1.2.6)
/ / B(X, 5 (y),e (dr de).
for any t < s, where
b(:c =b(x Z do (la and B(x,e) = B(z,e) — h(z,e). (1.2.7)

ox;

Remark 1.2.1. Note that stochastic flow approach was used recently in other context. In [71]
based on stochastic flow arguments, the author shows that the probabilistic equivalent formulation of
Dupire’s PDE is the Put-Call duality equality in local volatility models including exponential Lévy
Jumps. Also in [104], [48] and [47], the inversion of stochastic flow technics are used for building a
family of forward utilities for a given optimal portfolio.

We also need equivalence of norms result which plays an important role in the proof of the existence
of the solution for PIDE as a connection between the functional norms and "random process norms".
For continuous SDEs, this result was first proved by Barles and Lesigne [13] by using an analytic
method. Bally and Matoussi have proved in [10] the result with a probabilistic method. Note
that Klimisiak [73] have extended this estimes for Markov process associated to a non-homogeneous
divergence operator. The following result generalize Proposition 5.1 in [10] (see also [13]) in the case
of a diffusion process with jumps, and the proof will be given in Appendix 3.5.1.
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Proposition 1.2.1. There exists two constants ¢ > 0 and C > 0 such that for everyt < s < T and
¢ € L'(RY, dx),

[ el < [ BleXut@)ho@is <€ [ ol (128)

Moreover, for every ¥ € L([0,T] x RY, dt @ dx),

/Rd/ (5,2)ldsp(z /Rd/ (1¥ (s, X ,s(x))])dsp(x C/Rd/ (s,2)|dsp(x)dz.

(1.2.9)

As we have mentioned above our main interest in the work [96] is to establish the probabilistic
representation of the Sobolev’s solution of the obstacle problem for our PIDEs (1.2.4) via the following
reflected BSDE with jumps (RBSDE with jumps for short) :

Y = g(Xer(z)) + /T fr, Xp (), Y20, Z6E VIS )dr + K%z - KL
— / ZL*dB, — / / V. (e)pi(dr, de), P-a.s., Vs € [t,T] (1.2.10)
yie s [be, / (V2% — LE9YKD™ = 0, Pea.s.
t
The obstacle process L5" = h(s, X¢s(x)) is a cadlag process which has only inaccessible jumps since

h verifies the following hypothesis:

Assumption 1.2.3. h € C([0,T] x R%:R) and there exit v, & > 0 such that |h(t,z)| < o(1 + |2|*),
for all z € RY.

According to Hamadéne and Ouknine [65], there exists a unique quadruple (Y5* 7% Viz KhT) ¢
S%(t,T) x HA(t,T) x L2(t,T) x A%(t,T) (see Chapter 3 for precise definition of the solution space)
solution of the RBSDE with jumps (1.2.10).

We denote the space of solutions by
Hy = {u e L2([0,T] x RY) | Vuo € L([0,7] x R%)}

endowed with the norm

T ) ) 1/2
s = ([, [ s, + [Vuts. yota) Pasp(eydz)
where we denote the gradient by Vu(t,z) = (alu(t,ac), - Oqut, x))
More precisely, we consider the following definition of weak solutions for the obstacle problem
(1.2.4):

Definition 1.2.1. We say that (u,v) is the weak solution of the PIDE with obstacle associated to

(9.f, ) if

(i) ||uHH < oo, u2h, and u(T,z) = g(zx),

(i) v is a positive Radon regular measure in the following sense, i.e. for every measurable bounded
and positive functions ¢ and 1,

[ 0 X IO 6,01y 5 v, )

:/Rd/t (s, 2)0(s, Xos(2))dK " dz, as.. (1.2.11)
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where (Y& Zﬁ VP K < s <1 is the solution of RBSDE with jumps (1.2.10) and such that

/ [ vt do) <

(iti) for every test function ¢ € Dy = C>([0,T]) ® C° (R?)

/ ' [ us.0p.os.00duds + [ (utt.0pott.) - g(apo(a))da + [ ' [ o). s 2y

T T
— [ [ #om Vo s,z 4 5(a, ) — ulso)ols,o)dads + [ [ ol 0)1umny (s, 2)v(ds, da),
t R4 t R4

(1.2.12)
where L* is the adjoint operator of L.

We give now the following result which allows us to link by a natural way the Sobolev solution
to the obstacle problem with the associated reflected BSDE with jumps. Roughly speaking, if we
choose in the variational formulation (1.2.12) the random functions ¢:(-,-) defined by ¢:(s,z) =
¢(X{Sl(x))J(X{Sl (x)), as a test functions, then we obtain the associated BSDE. In fact, this result
plays the same role as It6’s formula used in [108] and [115] (see [108], Theorem 3.1, p. 20) to relate
the solution of some semilinear PDEs with the associated BSDE.

Proposition 1.2.2. Let p(z) = (1 + |z])™P with p > v where v = k +d+ 1 and uw € Hy be a
weak solution of PIDE with obstacle associated to (g, f,h). Then, under lipschitz condition on f and
Assumptions 1.2.1, 1.2.2 and 1.2.3, we have for s € [t,T] and ¢ € C(R?),

! T
/]Rd/ u(r, x)déy(r, x)dz + (u(s,-), ¢e(s, ) — (9(), ¢¢(T', ")) _/ (u(r,-), L2 y(r,-))dr
S T :
- /]Rd/ f(r,z,ulr, z), 0" Vu(r, ), u(r, z + Bz, ) — u(r, )¢y (r, x)drdz (1.213)
AT
+/Rd/8 Gu(r, 2) Lyzpy (r, w)v(dr, dz).  a.s.

T
where / / u(r, x)dey(r,x)dz is well defined thanks to the semimartingale decomposition result
Rd Js
(Lemma 8.2.1).

The main result of this part is the following theorem, where we prove the existence and uniqueness
results of the solution of our PIDEs (1.2.4) and we give the associated probabilistic interpretation
via the reflected BSDEs with jumps.

Theorem 1.2.1. Let p(x) = (1 + |x|)™P with p > v where v = K+ d + 1. Then, under lipschitz
condition on f and Assumptions 1.2.1, 1.2.2 and 1.2.3, there exists a weak solution (u,v) of the
PIDE with obstacle (1.2.4) associated to (g, f, h) such that, ds ® dP ® p(x)dx — a.e.,

YIT = (s, Xpa(2)), 257 = (Vuo) (s, Xos(x)),
VE() = uls, Xuom (@) + B(Xus- (2), ) = uls, X (2) (21

Moreover, the reflected measure v is a reqular measure in the sense of the definition (i) and satisfying
the probabilistic interpretation (1.2.11).

If (w,v) is another solution of the PIDE with obstacle(1.2.4) such that U satisfies (1.2.11) with
some K instead of K, where K is a continuous process in A%(t,T), thenu=u and U = v.

In other words, there is a unique Randon regular measure with support {u = h} which satisfies
(1.2.11).
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We show the existence and uniqueness of the solution (u,v) of the obstacle problem for (1.2.1)
using a probabilistic method based on reflected BSDEs with jumps. The proof of this result differs
from that of Bally et al [9] since we have to consider the stochastic flow associated with the forward
jump diffusion process. In particular, the jump part appearing of the tightness result for the ap-
proximation measure has to be taken into account. The existence of the solution is established by
an approximation penalization procedure, a priori estimates and the equivalence norm results. The
uniqueness is a consequence of the variational formulation of the PIDEs written with random test
functions and the uniqueness of the solution of the FBSDE.

1.2.2 BDSDEs and semilinear SPDEs in a convex domain

1.2.2.1 Motivations and literature

Our main interest is the following system of semilinear stochastic PDE with value in R,
duy(z) + [Lue(z) + fe(z, u(2), Vugo (z))]dt + he(z, ue(x), Vugo (x)) - th =0, (1.2.15)

over the time interval [0, 7], with a given final condition up = ®, f, h are non-linear random functions
and L is the second order differential operator associated with a diffusion which is defined component
by component with

1 d
EZ:: 8%8% o(z). (1.2.16)

d
P
i=1

The differential term with th refers to the backward stochastic integral with respect to a
d-dimensional Brownian motion on (Q,]—' P, (W) > g). We use the backward notation because
in the proof we will employ the doubly stochastic framework introduced by Pardoux and Peng
[109]. Such SPDEs appear in various applications like pathwise stochastic control problems, Zakai
equations in filtering and stochastic control with partial observations. It is well known now that
BSDEs provide a natural tools to give a probabilistic interpretation for the solution of a class of
semi-linear PDEs. By introducing in standard BSDEs a second nonlinear term driven by an external
noise, we obtain Backward Doubly SDEs (BDSDEs) [109] (see also [10], [97]), which can be seen as
Feynman-Kac representation of SPDEs and form a powerful tool for probabilistic numerical schemes
[6] for such SPDEs. Several generalizations to investigate more general nonlinear SPDEs have been
developed following different approaches of the notion of weak solutions, namely, Sobolev’s solutions
[43, 61, 75, 125, 137], and stochastic viscosity solutions [88, 89, 90, 24, 25]. Given a convex domain
D in R¥, this part is concerned to study the reflection problem for SPDE (1.2.16) in such domain
D. This problem is well known as a Skorohod problem for SPDEs.

In the case of diffusion processes, the refection problem has been investigated in the literature by
severals authors. The case of a half-space domain was studied by Skorokod [127], McKean [100],
Watanabe [139], El Karoui, Chaleyat-Maurel and Marchal [28]. In the case of a convex domain this
reflection problem was treated by Tanaka [135] and Menaldi [101] by using the variational inequality
and the convexity properties of the domain. Finally, Lions and Sznitman [91] have solved SDEs
with reflecting boundary conditions in general domains by a direct pathwise approach based on the
Skorohod problem.

1.2.2.2 New results

In this part of the thesis we study existence and uniqueness results for reflected backward doubly
stochastic differential equations (in short RBDSDESs) in a convex domain D without any regularity
conditions on the boundary. Moreover, using a stochastic flow approach a probabilistic interpretation
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for the weak solution of a class of reflected SPDEs in a domain is given via such RBDSDEs. Inspired
by the variational formulation of the obstacle problem for SPDEs and Menaldi’s work [101] on
reflected diffusion in a domain, we consider the solution of the refection problem for the SPDEs
(1.2.15) as a pair (u,v), where v is a random regular measure and u € L?(Q x [0, T]; H}(R%)) (where
H /} is the weighted Dirichlet space and p a weight function) satisfies the following relations:

(i) w(z) € D, dP®dt®dx — a.e.,

(i) due(z) + [ Lug(z) + filz, ue(x), Vugo (2)) | dt + he(z, w(z), Vugo () ~th = —v(dt,dx), a.s.,
(#i7) v(u ¢ D) =0,a.s.,

(iv) up =@, dr—ae.

(1.2.17)

v is a random measure which acts only when the process u reaches the boundary of the domain
D. The rigorous sense of the relation (iii) will be based on the probabilistic representation of the
measure v in term of the bounded variation processes K component of the associated solution of the
reflected BDSDE in the domain D.

Our first contribution in this work (see [94]) is to define the solution of Reflected BDSDE in a given
convex domain D and to prove the existence and uniqueness of solution for such equations in order
to relate it to the the solution of the refection problem for our SPDEs (1.2.15).

Let us start with the following defintion:

Definition 1.2.2. The triplet of processes (Yi, Zi, Ki){o < ¢ < 1} is solution of the backward doubly
stochastic differential equation in a conver domain D, with terminal condition & and coefficients f
and h, if the following hold:

(i) Y € S(0,T)) , Z € H2,,([0,T]) and K € A%([0,T]) (see Chapter 4 for precise definition of
the solution space),

(i)
T T T
Y, =§+/ fs(YS,ZS)ds+/ hs(Ys,Zs)dWS—/ ZydBy+ Kr—K;, 0 <t < T,a.s. (1.2.18)
t t t

(iii) ;€ D, 0<t< T, a.s.

(iv) for any continuous progressively measurable process (z)o < < T valued in D,
T
/ (Vi — 2)"dK; <0, a.s. (1.2.19)
0

The triplet (Yi, Zy, Ki)go <t <1y € Sp([0,T]) x HZ, ([0, T]) x AZ([0,T)) is called a solution of
RBDSDE with data (€, f,h).

Remark 1.2.2. From Lemma 2.1 in [53], the condition (1.2.19) implies that the bounded variation
process K acts only when'Y reaches the boundary of the convex domain D and the so-called Skorohod
condition is satisfied:

T
/ 1iy,epydK; = 0. (1.2.20)
0
Moreover there exits a Fi-measurable process (ou)o <+ <7 valued in RF such that

¢
K :/ asd||Ks|lyr  and — as € v(Ys).
0

Next, results of existence and uniqueness of such RBDSDEs are established.
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Theorem 1.2.2. Let & € Li(Fr), £ € D a.s.. Then, under Lipschitz continuous condition, the
RBDSDE (1.2.18) has a unique solution (Y, Z,K) € S2([0,T]) x H3,4([0,T]) x A2([0,T]).

We note that existence and uniqueness of the solution of RBDSDE is given under only convexity

assumption for the domain without any regularity on the boundary. This result is proved by using
penalization approximation. Thanks to the convexity properties we prove several technical lemmas,
in particular the fundamental Lemma 4.2.2 of Chapter 4.
After establishing the exixtence and uniqueness results for the reflected BDSDE (1.2.18), we are able
now to give a Feynman-Kac’s formula for the weak solution of a semilinear reflected SPDEs (1.2.17)
in a given convex domain D via Markovian class of RBDSDEs studied. As explained above, the
solution of such SPDE is expressed as a pair (u, ) where u is a predictable continuous process which
takes values in a Sobolev space and v is a random vector regular signed measure. The bounded
variation processes K component of the solution of the reflected BDSDE controls the set when u
reaches the boundary of D. In fact, this bounded variation process determines the measure v from
a particular relation by using the inverse of the flow associated to the diffusion operator. In order
to provide the probabilistic representation to the solution of the RSPDEs (1.2.17), we introduce the
following Markovian RBDSDE:

T T
(i) Y = (Xyr(2)) + / Fo (X (2), Y50, Z3)dr + / (X (@), Y%, ZE5) W, + K5 — KL
s s

T
—/ ZMdB,, P-a.s., Vs € [t,T)]
S
(i) Y € D P-a.s.

T
(i) / (V% — 0y(Xp.g(2))) dKS" < 0., P-a.s.,
0

for any continuous F; — random functionv : [0,7] x Q@ x R? — D.
(1.2.21)
where {X; s(x),t < s < T} is the diffusion process starting from z at time ¢ and is the strong
solution of the equation:

Xiy(2) = 2+ /t (X (2))dr + /t " o(Xy, (2))dB,. (1.2.22)

Therefore under our assumptions and according to Theorem 1.2.2) there exists a unique triplet
(vtz zbr K'%) solution of the RBDSDE (1.2.21) associated to (®, f, h).

We denote by Hr the space of ft%—progressively measurable processes (u;) with valued in the
weighted Dirichlet space H, (R%) where

H}(RY) := {v e L2R?) | Vvo € L2(RY))}

endowed with the norm

T
e, ==[ s [ f@Pods+ [ [ 1VuG@ote)Pasp(a)ds).

0<t<T

where we denote the gradient by Vu(t,z) = (81u(t,1;), -, Oqul(t, m))

We now consider the following definition of weak solutions for the reflected SPDE (1.2.17):

Definition 1.2.3. We say that (u,v) = (u’,v%) < ; <k is the weak solution of the reflected SPDE
(1.2.17) associated to (®, f, h), if for each 1 <i <k
(i) llullyy, < oo, ui(z) € D,dz ® dt ® dP a.e., and u(T,x) = ®(x),
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(ii) V' is a signed Radon reqular measure in the following sense, i.c. for every measurable bounded
and positive functions ¢ and v,

T
L[ et X @) @)t 00 ey s,0)0 (s, o)
T
:/Rd/t gp(s,x)w(&Xt,s(x))dKE’z’idw, a.s.. (1.2.23)

where  (Y&*, ZV" Ki™) < <1 is the solution of RBDSDE (1.2.21) and such that

[ [ pwlat.an < .

(iii) for every test function ¢ € Dy = C>([0,T]) ® C° (RY)

/tT /Rd ui(5,$)35<,0(8,a:)da:ds+/Rd(ui(t7x)<p(t,x) q)i(x)go(T,x))dx/T/Rd ui(s, )L (s, v)dzds
- /t ) Js(@yuls, 2), Vu(s, w)o(x))(s, v)deds + / /R s uls, @), Vuls, )o@ ))p(s, 2)dwd iV

/ /Rd s,2)Lpueony (s, x)v' (ds, dz).
(1.2.24)

where L* is the adjoint operator of L. For the sake of simplicity we will omit in the sequel the
subscript 1.

We give now the following result which allows us to link by a natural way the solution of SPDE
with the associated BDSDE. In fact, this result plays the same role as 1t6’s formula used in [109] to
relate the solution of some semilinear SPDEs with the associated BDSDEs:

Proposition 1.2.3. Let ® : R? — R such that belongs to Li(Rd), ®(z) € D a.e. Yz € R and
u € Hp be a weak solution of the reflected SPDE (1.2.17) associated to (®, f,h). Then, under
lipschitz continuous condition on f and h, reqularity condition on the coefficients of the diffusion, we
have for s € [t,T] and ¢ € C(R?),

T T
L[ utradentriands + (s, o5, ) = @CL@o) = [ [ atra) ot o)drds
Rd Js Rd Js
T T
:/ fr(ac,u(r,a;),Vu(r,x)a(w))got(r,x)drdx+/ / hr(ﬂc,u(r,x),Vu(r,x)a(x))tpt(r,x)dWrdx
Rd Js Rd Js

/]Rd/ oi(1, ) ueapy (r, @)v(dr, dz).  a.s.
(1.2.25)

T
where / / u(r, x)dp(r, z)dz is well defined thanks to the semimartingale decomposition result
R4
(Lemma 4.5’?1).

Then, the main result of this part is the following theorem where we prove existence and uniqueness
of the solution (u,v) of the reflection problem for (1.2.15) in a convex domain and we provide the
probabilistic interpretation via the Reflected Forward-BDSDEs :

Theorem 1.2.3. Let ® : R? — R* such that belongs to Lg(Rd), ®(x) € D ae. VYr € R? and
p(x) = (1 + |z|)7P with p > d + 1. Then, under lipschitz continuous condition on f and h, and
regularity condition on the coefficients of the diffusion there exists a weak solution (u,v) of the
reflected SPDE (1.2.17) associated to (®, f,h) such that, u(t,z) := Y"*, dt @ dP® p(x)dx — a.e., and

YT = u(s, X¢ s(z)), 74" = (Vuo)(s, X1 s(z)), ds® dP® p(z)dr — a.e.. (1.2.26)
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Moreover, the reflected measure v is a signed reqular measure in the sense of the Definition 1.2.8 (ii)
and satisfying the probabilistic interpretation (1.2.23).

If (w,v) is another solution of the reflected SPDE (1.2.17) such that U satisfies (1.2.28) with some
K instead of K, where K is a continuous process, then T = u and U = v.

In other words, there is a unique Randon reqular measure with support {u € D} which satisfies

(1.2.23).

The proof of this result is based on the probabilistic interpretation via the Reflected Forward-
BDSDEs. The uniqueness is a consequence of the variational formulation of the SPDEs written with
random test functions and the uniqueness of the solution of the Reflected FBSDE. The existence of
the solution is established by an approximation penalization procedure, a priori estimates and the
equivalence norm results. In the Appendix, technical lemmas for the existence of the solution of the
Reflected BDSDEs and SPDEs in a convex domain are given.

1.3 Numerical scheme for BDSDEs in domain

1.3.1 Literature

As explained in Section 1.1.1 backward stochastic differential equations (BSDEs in short) are natural
tools to give a probabilistic interpretation for the solution of a class of semi-linear PDEs (see [115],
[108], [107], [36]). By introducing in standard BSDEs a second nonlinear term driven by an external
noise, we obtain Backward Doubly SDEs (BDSDEs) [109] introduced in Section 1.1.1. In the Marko-
vian setting, these equations can be seen as Feynman-Kac’s representation of Stochastic PDEs and
form a powerful tool for numerical schemes [6, 7]. Several generalizations to investigate more general
nonlinear SPDEs have been developed following different approaches of the notion of weak solutions:
the technique of stochastic flow (Bally and Matoussi [10], Matoussi et al. [97, 99], Kunita [80]); the
approach based on Dirichlet forms and their associated Markov processes (Denis and Stoica [43],
Bally, Pardoux and Stoica [11], Stoica [131], Denis, Matoussi and Stoica [40, 41, 42|, Matoussi and
Stoica[98]); stochastic viscosity solution for SPDEs (Buckdahn and Ma [24, 25], Lions and Souganidis
[89, 90, 88]). Above approaches have allowed the study of numerical schemes for the Sobolev solution
of semi-linear SPDEs via Monte-Carlo methods (time discretization and regression schemes [6, 5, 7]).

In the case when we consider the whole space R¢, the numerical approximation of the BSDE has
already been studied in the literature by Bally [8], Zhang [140], Bouchard and Touzi [22], Gobet,
Lemor and Warin[57] and Bouchard and Elie [17]. Bouchard and Touzi [22] and Zhang [140] proposed
a discrete-time numerical approximation, by step processes, for a class of decoupled FBSDEs with
possible path-dependent terminal values. Zhang [140] proved a regularity result on Z, which allows the
use of a regular deterministic time mesh. In Bouchard and Touzi [22], the conditional expectations
involved in their discretization scheme were computed by using the kernel regression estimation.
Therefore, they used the Malliavin approach and the Monte carlo method for its computation. Crisan,
Manolarakis and Touzi [34] proposed an improvement on the Malliavin weights. Gobet, Lemor and
Warin in [57] proposed an explicit numerical scheme base based on Monte Carlo regression on a
finite basis of functions. Their approach is more efficient, because it requires only one set of paths to
approximate all regression operators. These Monte Carlo type numerical schemes are investigated
to solve numerically the solution of semilinear PDEs. These latter methods are tractable especially
when the dimension of the state process is very large unlike the finite difference method.

For BDSDEs where the coefficient g does not depend in the control variable z, Aman [1] proposed
a numerical scheme following the idea used by Bouchard and Touzi [22] and obtained a convergence
of order h of the square of the L2- error (h is the discretization step in time). Aboura [1] studied
the same numerical scheme under the same kind of hypothesis, but following Gobet et al. [58]. He
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obtained a convergence of order h in time and he attempt for a Monte Carlo solver. Bachouch et al
[6] have studied the rate of convergence of the time discretization error for BDSDEs in the case when
the coeflicient g depending in (y, z). They presented an implementation and numerical tests for such
Euler scheme. Bachouch, Gobet and Matoussi [5] have recently analyzed the regression error arising
from an algorithm approximating the solution of a discrete- time BDSDEs. They have studied the
rate of converge of such error in the case when the coefficients of the BDSDEs are only depend in
the variable y.

For BSDEs with finite random time horizon, namely, the first exit time of a forward SDEs from a
domain O, Bouchard and Menozzi [21] studied the Euler scheme of these equations and provided the
upper bounds for the discrete time approximations error which is at most of order h/2=¢ where ¢ is
any positive parameter. This rate of convergence is due to the approximation error of the exit time.
These results are obtained when the domain O is piecewise smooth and under a non-charateristic
boundary condition (without uniform ellipticity condition). Bouchard, Gobet and Geiss [20] have
improved this error which is now at most of order h'/2 even if the time horizon is unbounded.

1.3.2 New results

We are interested in this part of the thesis in solving numerically backward doubly stochastic dif-
ferential equations (BDSDEs) with random terminal time 7. The main motivations are giving a
probabilistic representation of the Sobolev’s solution of Dirichlet problem for semi-linear SPDEs and
providing the numerical scheme for such SPDEs. Thus, we study the strong approximation of this
class of BDSDEs when 7 is the first exit time of a forward SDE from a cylindrical domain. We use
the Euler scheme and we provide bounds for the discrete-time approximation error.

First, we define the solution of BDSDEs with random terminal time and associated to (&, f,g) as a
couple {(Ys, Z,); 0 < s < T} € S2([0,T]) x H2, 4([0,T]) such that Y; = £ on the set {t > 7}, Z, =0
on the set {t > 7} and

TAT TAT AT
Y, = §+/ £(5, Y, Zs) ds + / 9(s,Ya, Z5) AW, — / ZydB,, 0<t<r. (13.1)
t t t

where we need the following assumptions on the final condition and on the coefficients:

Assumption (HT) The final random time 7 is an ftB—stopping time and the final condition £ is an
FE-measurable and k-dimensional random variable such that E[e*"|¢|?] < oo.

Assumption (HL) The two coefficients f : Q x [0,T] x R*¥ x RF*4 — R¥ and g : Q x [0,T] x
2K

RF x RFxd 5 RFXL which for some real numbers o, g, A, K >0, C > 0, A > T-a 2u+ C and
—«

0 < a < 1 satisfy: for all t € [0,7] and (y, 2), (v, 2') € R¥ x RF*4,

(i) f(.,y,2) and g(.,y, z) are F; measurable,
(i) [f(ty.2) = ft.y 2 < K(ly — ¥+ 1z = Z]),
(i) (y—y' f(ty,2) — f(t,,2)) < —nly—y'P
(i) llg(t,y.2) — g(t.y",2)* < Cly =y + alz = |,

) ]E/ S (£,0,0) ds < oo andIE/ A llg(t,0,0)|2 ds < oo.
0 0

This later equation (1.3.1) gives the probabilistic interpretation for the weak-Sobolev’s solutions
of a class of semilinear stochastic partial differential equations (SPDEs in short) with Dirichlet
null condition on the boundary of some open smooth domain @ C R Let also mention that an
alternative method to solve numerically nonlinear SPDEs is an analytic one, based on time- space
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discretization of the SPDEs. The discretization in space can be achieved either by finite differences,
or finite elements [138] and spectral Galerkin methods [70]. But most numerical works on SPDEs
have concentrated on the Euler finite-difference scheme. Very interesting results have been obtained
by Gyongy and Krylov [60]. The authors consider a symmetric finite difference scheme for a class of
linear SPDE driven by an infinite dimensional Brownian motion.

To our best knowledge, there is no result concerning the existence and uniqueness of the solution for
BDSDE (1.3.1) in the literature. So we need to prove existence and uniqueness of the solution for
BDSDE (1.3.1) which is an extension of Peng’s results [115] in the standard BSDE case:

Theorem 1.3.1. Under the Assumptions (HT) and (HL), there exists a wunique solution
{(Ys, Zs); 0< s < T} e SH0,T)) x Hi, 4([0,T)) of the BDSDE (1.3.1).

The uniqueness of the solution is obtained directly by applying generalized Ito formula to the
difference of two solutions and under the Lipschitz continuous assumption on the coefficients. For
the existence, it is proved in two steps. The first one, we suppose that the intensity of the external
noise g does not depend on the variables y and z in order to transform our BDSDE into a BSDE
and we apply the result of Peng [115]. Then the nonlinear case is deduced by using the fixed point
Banach theorem. Afterthat, we are interested in developing a discrete-time approximation of a
Forward-Backward Doubly SDE with finite stopping time horizon, namely the first exit time of a
forward SDE from a cylindrical domain D = [0,T) x O. For all (t,z) € [0,T] x R%, let (X5")o < s <+
be the unique strong solution of the following stochastic differential equation:

dX5 = b(XE)ds + o(XE7)dBs, s € [t,T], X =g 0<s<t, (1.3.2)

where b and ¢ are two functions on R¢ with values respectively in R% and R%*¢. We will omit the
dependance of the forward process X in the initial condition if it starts at time ¢ = 0.

Let 757 is the first exit time of (s,Xﬁ’x) from a cylindrical domain D = [0,T) x O for some open
bounded set O C R?. We now consider the following Markovian BDSDE with terminal random time
T associated to the data (®, f,g): For allt < s < T,

{ _dYSt,x = 1{s<7'}f($7 X;,z7 )/St@‘a Zﬁ,x)ds + 1{5<7’}g(87 Xﬁ’l‘v YSt’Iv Z?l)dws - Z?de& (133)

Yt =®(r, XEY), 1<s<T,

where f and @ are now two functions respectively on [0, 7] x R? x R*¥ x R¥*? and R? with values in
R* and g is a function on [0,7] x R? x R¥ x R¥*? with values in R¥*!,

Now, we specify some conditions on the domain and the diffusion process:
Assumption (D) O is an open bounded set of R? with a C2-boundary.
Assumption (MHD)

(i) The matrix a := oo™ is elliptic, i.e. there exist A > 0 such that for all z,{ € O ,
All¢I? < Calz)¢™. (1.34)
(ii) There exist a positive constant L such that

|b(z) — b(z")| + ||lo(z) — o(a")|| < L|x — 2'|, V&, 2’ € R%

Besides, we assume that the terminal condition ® is sufficiently smooth:

Assumption (MHT)

® € CH¥([0,T) xRY) and |92 + || D] + | D*®|| < L on [0,7] x R
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We next state a strengthening of Assumption (HL) in the present Markov framework:

2K
Assumption (MHL) There exist constants o, pu, \, K > 0, C > 0, C’ > 0, A > 1o 2u+C
-«

and 0 < o < 1 such that for any (t1,x1,v1, 21), (t2, 2, Y2, 22) € [0, T] x R x RF x RF*d,
(i) [f(tr, 21,91, 21) — f(t2, 22, y2, 22)| < K (V/[t1 — to] + |21 — 22| + |1 — 2| + |21 — 22])),
(i) llg(tr, z1,91,21) — glt2, 22, 92, 22) > < O (|t — to| + 21 — 22 + [y1 — v2*) + allz1 — 2,
(i) (y1 =y, ftr, 21,01, 21) — flt,20,92,21) ) < — plyn — ol

(iv)  suwp (If(40,0,0) +lg(t,0,0,0)) < C"

0<t<

We note that the integrability condition given by Assumption (HT) is satisfied in this Markovian
setting thanks to the smoothness of ® (Assumption (MHT')) and the fact that the exit time 7, under
the ellipticity condition (1.3.4) verified by the matrix a (see Stroock and Varadhan [133]), satisfy

sup  Elexp(At"")] < oo.

(t,z)€[0,T)xO

In order to approximate the forward diffusion process (1.3.2), we use a standard Euler scheme with
time step h, associated to a grid

This approximation is defined by
¢ t
xN :m+/ b(Xw(s))ds—i—/ 0(Xys)dBs,  t=0 (1.3.5)
0 0

where (s) := sup{t € 7 : t < s}. Notice that ¢(¢t) = t;, for ¢ € [t;,t;+1) and the continuous
approximation (1.3.5) is equivalent to the following discrete approximation

Xy =
0T v N _ (1.3.6)
X = Xti, + b(th )(tH_] - tz) + O'(th )(Bti+1 - Bti), 2 < N.

tit1

Then, we approximate the exit time 7 by the first time of the Euler scheme (¢, X}V )ier from D on
the grid 7

Fi=inf{ten: XN ¢ O}AT. (1.3.7)

The upper bound estimates for the error due to the approximation of 7 by 7 was proved by Bouchard
and Menozzi [21] for the weak version of such estimate and Gobet [54, 55| for the strong one. Recently,
Bouchard, Geiss and Gobet [20] have improved the following L!-strong error:

Theorem 1.3.2. Assume that (MHD) and (D) hold. Then, there exists C, > 0 such that
E[|r — 7] < Crhl/2 (1.3.8)

Let us mention that the upper bound estimates for the error due to the approximation of 7 by 7
proved by Bouchard and Menozzi [21] for the weak version of such estimate is as following: for any
e € (0,1) and each positive random variable ¢ satisfying E[(£1)?] < CF for all p > 1, there exists
C5 > 0 such that

E[E[ér|r — 7I|FE 7] < Cih'e. (1.3.9)
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For the strong estimate error, Gobet [54, 55] have proved that, for each € € (0,1/2), there exists
C5 > 0 such that

E[lr — 7] < C5ht/?2=. (1.3.10)

Regarding the approximation of (1.3.3), we adapt the approach of [6]. We define recursively (in a
backward manner) the discrete-time process (Y, ZV) on the time grid 7 by

Y = o7, X, (1.3.11)

and fori =N —1,...,0, we set

ZE =7y, (VY + g(ti, O AWH)AB] | (1.3.12)
VN =By, [V ]+ LerphBa [f (£, )] + L, <r Be [g(ti41, ©7%,) AW, (1.3.13)

where

oN = (XN YNz, AW, =W,,,, - Wi, , AB; =By, — By,.

i

i+1

T denotes the transposition operator and E;, denotes the conditional expectation over the o-algebra
]-'2. The above conditional expectation are well defined at each step of the algorithm.
Then we consider a continuous-time extension of Y~ in S? defined on [0, T by

T T T
V= S XD+ [ den fel0). 0 )ds + [ Lanatois). o)V, - [ zVa,

(1.3.14)

where ¢(s) :=inf{t e m: ¢t > s}.
Afterthat, we provide bounds for the (square of the) discrete-time approximation error up to a
stopping time 0 < T P-a.s. defined as

6

Err(h)j == maxE[ sup 1yep |V — V7V [°] + E[/ |z — Zﬁt)\ﬁdt}, (1.3.15)
<N ety i) 0

where we recall p(s) := sup{t € 7 : t < s}. We are interested in two important cases: § = T and

0 = 7AT. This approximation error is naturally related to the error comming from the approximation

of 7 by 7 (1.3.8), the error due to the approximation of X by X, and the regualrity of the solution
(Y, Z) of (1.3.3) through the quantities

R(y)‘/r :==maxE| sup |Y2_nl
S TCN [te[ti-,tﬁ-l]

T
0 R(2)e ::E[/O 120 — Z, 0]

where Zti be the best approximation of (Z;), <+ <t;,, by Jt,-measurable random variable in the

i+1
following sense

_ tit1
Zy, = h Ry, [/ Zsds], i< N.
t;
We finally obtain our main result, which provides an upper bound for the convergence rate of
Err(h)2 .- (and thus for Err(h)2,; and Err(h)2) which is of order h'/2.

THNT TAT

Theorem 1.3.3. Let the Assumptions (D), (MHT), (MHL) and (MHD) hold. Then, for each
e € (0,1/2), there exists C5 > 0 such that

Err(h)?, \; < Cph'/? and  Err(h)f < Cph'/? (1.3.16)
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Then, we end this part by giving a Feynman-Kac’s formula for the weak solution of a class of
semilinear SPDEs with Dirichlet null condition on the boundary via the associated Markovian class
of BDSDEs with random terminal time studied above. This representation enables us to solve
numerically by Monte Carlo method the solution of SPDEs in a domain. Indeed, for a given open
bounded domain O of R?, we are interested in the following semilinear SPDEs :

duy + Lug dt + f(t, 2, us, Dyug) dt + g(t, x, ug, Doty ) dwt =0,VO<t<T, Vx €O,

w(T,z) = ®(z), Ve e O (1.3.17)
u(t,z) =0, VOt T, Vx € 00.
where D, := Vwuo and L is the second order differential operator associated with a diffusion

which is defined component by component with

2

d
Lo(z) = Zbi(x 821 ;Z: &uax] o(x) (1.3.18)

and a := oo™*.
We assume the following hypotheses on the coefficients of the diffusion and the final condition:

Assumption (MHD”) The coeflicients of the second order differential operator £ satisfy:
e b is a bounded function and belongs to C’f)b(Rd,Rd).
o 0 € C} (R4, RF4) and satisfy the ellipticity condition (1.3.4).

Assumption (MHT’) & € L?(O;R*) with polynomial growth, namely there exists C' > 0 and
p € N such that |®(x)] < C(1 + |z|P).

We denote by ‘H the space of E‘%—progressively measurable processes (u;) with valued in the Dirichlet
space H}(O) where
Hj(0) = {v e L*(0) | Voo € L*(0))}

endowed with the norm

lulfy =E[ sup_Jluel} + / / Vs (@)o () Pdsp(e)dz]

0<s<T

where we denote the gradient by Vu(t,z) = (du(t,z),- - -, dqu(t, z)).

Definition 1.3.1. We say that u € H is a weak solution of the SPDE (1.3.17) if the following
relation holds for each ¥ € D,

T T
/t /Ou(s,x)Gs\I’(s,x)da:ds—/OCI)(:U)\II(T,:B)dx—O—/Ou(t,x)\I/(t,x) da:—/t /Ou(s,:n)ﬁ u(s, z) drds

_/tT/O\I/(S,m)f(S,:v,u(S,iv),Dau(s,x))dacds+/tT/o ‘I’(Sax)g(sa$7u(8,$),Dgu(s,x))dacdff/s,

(1.3.19)

where /L- = Z %(Zf it
k

(u(s,-), L*U(s,")) ::/ODUU(S,:E) DU\II(s,x)d:v—0—/0u(s,x)div((b—A)\Il(s,x))dx.
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We consider now the Markovian BDSDE with random terminal time 7%% which is the first exist
time of the forward diffusion X** from the domain O

T T
yie = o(xhe ) + / Voo f(r, X57, V0 Z0) dp — / 7% B,
, s s (1.3.20)
+ / 1(T‘=’”>r)g(T7 X:,m’ K't7z7 ZfJ) dW?‘ .

Then probabilistic representation for the weak solution of semilinear SPDEs with Dirichlet null
condition on the boundary of the domain O (1.3.17) is given by means of solution of BDSDEs with
random terminal time (1.3.20). This is done by using localization procedure and stochastic flow
technics (see e.g. [10], [97], [80, 79] for these flow technics).

Theorem 1.3.4. Assume (MHT?), (D), (MHL) and (MHD’) hold and let
{(YH*, Zb"),t < s < T} be the solution of BDSDE (1.3.20) . Then, u(t,z) := Y,"*, dt ® dz, a.e. is
the unique solution of the SPDE (1.3.19) and

Yhe = u(s/\Tt"x,Xt’m ), ZbT = Dau(sATt’z,Xt’x ). (1.3.21)

sSATH® SATHT
Thanks to representation (1.3.21), numerical resolution of BDSDEs can be applied to solve nu-
merically the solution of semilinear SPDEs (1.3.17). Finally, we implement our numerical scheme
(1.3.6)-(1.3.11)-(1.3.13)-(1.3.12) and we only test statically its convergence. Further analysis of the
convergence of the used method and of the error bounds will be accomplished in a future work.

1.4 Work in progress and Perspectives

We end the introduction by presenting some work in progress and future prespectives.

1. In the first work, we are interested in the solution of the reflection problem for quasilinear
Stochastic PDEs in a convex domain D. More precisely, we give probabilistic interpretation
for these solutions via Reflected generalized BDSDEs in a convex domain. We prove in this
work existence and uniqueness results of such RBDSDEs in a convex in order to relate it to
the the solution of the refection problem for our quasilinear SPDEs.

2. In the second one, we prove existence result and representation of the robust problem associated
to BSDE with weak terminal condition which was first introduced by Bouchard, Elie and
Reiveillac [18]. This class of robust equations shall permit to get results on quantile hedging
and hedging under loss constraints obtained by Folmer and Leukert [50] and in Bouchard, Elie
and Touzi [19] under models uncertainty. We are able to get these robust results for a class
of models in the dominated case, but the non dominated case (as the UVM = Uncertainty
volatilty models) seems to be a difficult question.

3. An other work in progress which is related to the obstacle problem for PIDEs (studied in
Chapter 3) is to study the problem by using an analytical point of view (see Michel Pierre
[116, 117], Denis, Matoussi and Zhang [38]). The question is how to define the anlytical
potential associated to the non local operator Iy (1.2.16) in the jump case. Therefore, we are
thinking of how to define the associated analytical capacity and extend the analytical quasi-
sure approaches for the PIDEs and generally for the Stochastic PIDEs. Moreover, we also
study this problem by probabilistic quasi-sure approach as in Matoussi and Stoica [98] for the
obstacle problem of quasilinear parabolic stochastic PDEs.

4. For future research, an another topic is about quasilinear and fully nonlinear Stochastic PDEs
driven by a general noise with less regularity condition that the Brownian motion. Thus we
shall study Stochastic PDEs from a rough point view combining with BSDEs and 2BSDEs
theory.
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2.1 Introduction

Our aim in this chapter is to provide a complete theory of existence and uniqueness of Second order
BDSDEs (2BDSDEs) under the Lipschitz-type hypotheses on the driver. We will show that in this
context, the definition of a 2BDSDE is very similar to that of a 2BSDE. The main motivation is to
give the probabilistic interpretation of classical and stochastic viscosity of fully nonlinear Stochastic
PDEs. Similarly to Buckdahn and Ma [24, 25], we use the Doss-Sussnmann transformation to convert
fully nonlinear SPDEs to fully nonlinear PDEs with random coefficients, then we use the solution of
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2BDSDE to provide the Feynman-Kac’s formula.

The outline is as follows. After recalling briefly some notations, we provide in Section 2.2 the precise
definition of 2BDSDEs and show how they are connected to classical BDSDEs. Then, in Section
2.3, we show a representation formula for the solution of 2BDSDESs which in turn implies uniqueness
and existence result is given in section 2.4 . In Section 2.5, we present first the link between the
the markovian 2BDDSE with the associated fully nonlinear SPDEs. Then, we prove that stochastic
viscosity solution of such SPDE’s is given via the solution of 2BDSDEs. Finally, we give some
technicals results needed for the existence of the solution of the 2BDDSEs . The starting point of
this work is the following parabolic Fully nonlinear stochastic partial differential equation (in short
FSPDE). This Chapter is based in [93].

2.2 Preliminaries and Hypothesis

The inner scalar product of the space R%(d > 2) will be denoted by (.,.) and the associated Euclidean
norm by |.]|.

In what follows let us fix a positive real number T > 0. First of all, we shall work on the product
space  := QOF x QW where

e OF .= {w e C([0,T],R%),wy = 0} equipped with the uniform norm ||w||e := sup |w|, B
<E<T

the canonical process (Bi(w) = wy), P% the Wiener measure.

o (Wi)o <t <7 is a standard Brownian motion independent of B and defined on
QW FW ).
Let FW = {f%}t>0 be a retrograde filtration generated by W, defined by FlY = o{W, —
Ws,s < r < t} and let FYY = ]-g/}/T. We also consider FZ = {FP}, - o a forward filtration gen-
erated by B, such tha FP := ¢{B,,0 < r < t}. For each t € [0,T], we define

Fo=FPVF and G =FPVvF).

Finally, we consider F = FB ® FW and the probability measure P := IP’% ® IP’KV.
The collection F = (F;)o <t <7 is neither increasing nor decreasing and it does not constitute a
filtration. However, G = (G¢)o < ¢ < 7 18 a filtration.

2.2.1 The set of probability measures and the generator

We will say that a probability measure Pp is a local martingale measure if the canonical process B
is a local martingale under Pp. By Karandikar [72], we know that we can give pathwise definition
of the quadratic variation (B); and its density a;.

t
—1
(B); :== B;B, — 2/ B.dB! and a; :=Tim-((B); — (B);_.).

0 el e
where T denotes the transposition, and the lim is componentwise.
Let P denote the set of all measure P :=Pg ® IP’KV such that

(B)¢ is absolutely continuous in ¢ and a takes values in S;O.
w isa P§ — Brownian motion.

where S;O denotes the space of all d x d real valued positive definite matrices.
This chapter concentrates on the subclass Pg C P consisting of all probability measures P := PA P}/
such that

t
P* = PYo (X! where X ::/ al/2dB,t € [0,T],P% — a.s. (2.2.1)
0
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for some FB- progressively measurable process « taking values in Sio with / ' |o|dt < oo ]P’% —a.s.
For any P € Py , it follows from the Lévy characterization that Itd’s stochgstic integral under PP,

Xp = /Ot al/%dB,, t € 0,T], P} — a.s. (2.2.2)
defines a P-Brownian motion.
Remark 2.2.1. We denote by F (resp. W]P) the P-augmentation of the right-limit filtration
generated by B (resp. by X%). We recall from [130] that

Ps={PcP: WP:F“”}, (2.2.3)

and every P € Pg satisfies the Blumenthal zero-one law and the martingale representation property.

Remark 2.2.2. We recall from [129] that for a fited P € Pg, we have from the Blumenthal zero-one
law that E¥[¢|Gy] = EF[¢|G]P — a.s. for any t € [0,T] and P-integrable &. In particular, this shows
that any Q;r—measumble random variable has an Gi-measurable P-modification.

Let Hy(w,y,z,7) : [0, T] x 2xRxRIx Dy — R be F- progressively measurable ;where Dy ¢ R%*?
is a given subset containing 0.
Define the corresponding conjugate of H with respect to v by

1
Fy(w,y,z,a) := sup {fTr(a'y) — Hi(w,y, z,v)} for a € Sio,
YEDH 2

Ey(y,2) := Fy(y, z,4;) and F? := F,(0,0).

We denote by Dr, ..y == {a, Fi(w,y,z,a) < +oco} the domain of I in a for a fixed (t,w,y, 2).
We consider also a function g;(w,y, ) : [0, T] x 2 x R x RY — R! which is F- progressively measurable
and denote g = g(0,0).

Definition 2.2.1. We restrict the set of probability measures in P which is the collection of all
P € Py such that
ap < a<ap, dt x dP — a.s. for some ap,ap € S;O,

EP[(/OTmOth)} < +o0, EP[(/OT \|g£||2dt)} < +00.

Definition 2.2.2. We say that a property holds P-quasi-surely (P-q.s. for short) if it holds P-a.s.
for all P € P.

We now state our main assumptions on the functions F' and g
Assumption 2.2.1. (i) P is not empty, the domain Dr,(y,z) = Dr,ts independent of (w,y, z).
(ii) For fized (y,z,a), F is Fi measurable in Dr,, and g is F; measurable.

(iil) We have the following uniform Lipschitz-type property iny and z: There exist constants C > 0
and 0 < a < 1 such that ¥(y,y', 2,2, t,w) € R x R x xR x RY x Q,

|F(w,y,2) = Fylw, ', ) < CO(ly — ¢/ + @' (= = 2)]))
lge(w, y.2) = gr(w, . P < Cly = ¢/ P + all(z = )|
(iv) There exists a constant X € [0, 1] such that

(1=XNa > aly.

(v) F is uniformly continuous in w for the |.||c norm.

(vi) H is uniformly continuous in w for the ||.||so norm.
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2.2.2 The Spaces and Norms

For the formulation of the second order BDSDEs, we will use the same spaces and norms introduced
in the second order BSDEs [128].

For p > 1, LP? denotes the space of all Fp-measurable scalar r.v. £ with

I€ls, = EggEP[Iélp} < 400.

HP denotes the space of all F; - measurable R%valued processes Z with

121 = suwE® ([
PeP 0

DP denotes the space of all F;- measurable R-valued processes Y with

T 9 4
lay/ Zt|2dt)z} < +oo.

P -q.s. cadlag paths, and ||V}, = supEP[ sup \Yi|p} < +o0.
PeP 0<t<T

IP denotes the space of all - measurable R-valued processes K null at 0 with

P -q.s. cadlag paths, and nondecreasing paths, and || K|, := supEP {(KT)p} < +o0.
PeP

For each & € L, P € P and t € [0,T] denote EF[¢] := ess sup? Ef)/ [€] where
P’ €P(t+,P)

P(tt,P) = {P =Py @ P € P; Py = Py on FPT}.

Here EY[¢] := EF[¢|G] = EF[¢|FE v FV], P — as.
Then we define for each p > 2,
D

LP:={¢ € LP: ||| < +oo} where ||¢|[F, := supE" {esssupP(IEf’PHﬂz])z}.

PeP 0<t<T
Finally, we denote by UCy(2) the collection of all bounded and uniformly continuous maps £ : 2 — R
with respect to the |.||oc -norm, and we let £P be the closure of UC}(€2) under the norm ||.||Lr, for
every 2 < p.

2.2.3 Formulation

We shall consider the following second order backward doubly stochastic differential equation
(2BDSDE for short)

T T T
Yt:5+/ Fs(Ys,Zs>ds+/ gs(Y;,Zs)dWs—/ ZudBorKr — K,
Jt t t (2.2.4)

0<t<T, P—q.s.

We note that the integral with respect to {W;} is a "backward It6 integral" (see [78], Page 111-112)
and the integral with respect to {B;} is a standard forward Ito integral.

For any P € P, G-stopping time 7, and G,-measurable random variable ¢ € L2(P), let (y¥, 2%) :=
(¥ (7,€),2F(1,€)) denote the unique solution to the following BDSDE (existence and uniqueness
have been proved under our assumptions by Pardoux and Peng [109])

oy :f—i—/ Fs(yf,zf)ds—i-/ gs(yf,zf)dws —/ 2PdB, 0<t<T, P—as. (2.2.5)
t ¢ ¢

Definition 2.2.3. For & € L?, we say (Y, Z) € D? x H? is a solution to the 2BDSDE (2.2.4) if



2.2. Preliminaries and Hypothesis 33

o Yr=¢(P —g.s.

o For each P € P, the process KT defined below has nondecreasing paths, P — a.s.:

t t t
KP ::Yo—Yt—/ FS(YS,Zs)ds—/ gs(Y;,Zs)dWs+/ 2,dB,,
0 0 0

(2.2.6)
0<tgT, P—a.s.
o The family {K* P € P} defined in (2.2.6) satisfies the following minimum condition:
K} = essinf’ E]f, [K%P;/] P—a.s. for allP € P,t € [0,T]. (2.2.7)

P eP(t+,P)

Moreover, if the family {K* P € P} can be aggregated into a universal process K, we call (Y, Z, K)
a solution of 2BDSDE (2.2.4).

2.2.4 Connection with standard BDSDEs
Let H be the following linear function of :
1
Hi(y, 2z,7) = 5la v = fily, 2),
where I is the identity matrix in R? .
Then, Dp, ) = {1a}, Fy(y,2) = fi(y,2) and P = {Py := P% @ P{}. In this case, the minimum
condition (2.2.7) implies
0=Ko=E"[K7] andthus K =0, Py-—a.s.
since K; is nondecreasing. Hence, the 2BDSDE (2.2.4) is equivalent to the following BDSDE:

T T T
Y, :§+/ fs(Ys,Zs)ds+/ 9s(Ys, Z5)dW f/ ZydB,,0 <t <T, Po—a.s.  (2.2.8)
t t t

2.2.5 Connection with G-expectation

We consider H the following function:
Hi(y,z,7) == G(v) =

and suppose that g does not depend on Y and Z, then

e Dp, =[a,a] and Fi(y, z,a) =0 for all a € [a,qd] ;

T
e P={PcPga<a<a, dtxdP—a.s. EP[(/ |g(t)|2dt)} < too},
0
and the 2BDSDE (2.2.4) becomes
T T
Yt:€+/ g(s)dst/ ZsdBs + Kp — K, 0<t<T, P-—gqs.
t t

Denoting

t T
Yt:m/o o(s)div., 5:§+/0 o(s)diT .
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we have the following 2BSDE
B B T
Yt:g*/ ZsdBs+ Kr — Ky, 0<t<T, P-—gqs.
t

As in [128], we may decompose K into dK; = kydt+dK), where k > 0 and dK} is a measue singular

1
to the Lebesgue measure dt. Then, there exists a process I' such that G(I';) — th : ' = k; and we
get

T T

— _ 1

Y;:S—O—/ (ids:F—G(Fs))ds—/ Z(dBs+ Ky —K?, 0<t<T, P—gqs.
t t

and it follows that

T 4 T T

Yt:§++/ (ids:F—G(FS))ds—i—/ g(s)dW‘g—/ ZydBs + K% — K?,
t t t

0<tsT, P—aq.s.

In addition to Assumption 2.2.1, we will assume

Assumption 2.2.2. The processes F° and g° satisfy the following integrability conditions

T
#* = supEP[esssupp(EfI’P[/ |F2ds])] < +oo, (2.2.9)
PEP  0<t<T 0
T
P o= sup(EP[/ |gg|2dsD < +o0. (2:2.10)
PeP 0

2.3 Uniqueness of the solution and other properties

2.3.1 Representation and uniqueness of the solution

The aim of this section is to prove the uniquness of solution for 2BDSDEs (2.2.4), which is a direct
consequence from representation theorem. But, since in our 2BDSDEs (2.2.4) we have the extra
backward integral we shall handle with the difficulties coming from this term. That’s why, the
followig lemma is needed.

Lemma 2.3.1. The minimum condition (2.2.7) implies that

inf EY |KE - KF'| =o0.
PPt P) [ T t}

Proof. Indeed, fix some P € P and some P’ € P(tT,P) and observe first that (2.2.7) implies that
K} = K} | P — a.s. Hence, taking expectation under P in (2.2.7), we obtain readily

EP | essinf® BP'[KE — KF]| =o0. 2.3.1
[;g;}gm ¢ [Kr — K] (2.3.1)

Then, we know (see [129]) that the family P(¢tT,P) is upward directed. Therefore, by classical
results, there is a sequence (P"), > o C P(t*,P) such that

. P P / P . P~ n Pn
P?g;;}?fﬁp)Et [Kr —Ki]= lim JE;&[Kp — K]



2.3. Uniqueness of the solution and other properties 35

Using this in 2.3.1 and then the monotone convergence theorem under the fixed measure P, we

obtain
0=E" inf” B [K} — K]
(S B T — K
o P . Pn n . P
=K nglfooiEt [Kr - K; ]}
o . P Pn n . Pn
- v R R
o . P P n o P
SR
= lim [EM [Kﬂ"" - KF”}
n—4oo
> inf EF [K%’i - Kf’} .
P’ eP(t+,P)
Since K 4 is a non-decreasing process, the result follows. a

We can now show as in Theorem 4.4 of [129] that the solution to 2BDSDE (2.2.4) can be represented
as a supremum of solutions to BDSDE (5.3.2).

Theorem 2.3.1. Let assumptions 2.2.1 and 2.2.2 hold. Assume ¢ € L2 and that (Y,Z,K) is a
solution to 2BDSDE (2.2.4). Then, for anyP € P and 0 < t1 <te < T,

Y, = esssup’ yz (t2,Yz,), P — a.s. (2.3.2)
P eP(t] P)

Consequently, the 2BDSDE (2.2.4) has at most one solution in D? x H?

Proof. Let first assume that (Y, Z, K) is a solution to 2BDSDE (2.2.4) and (2.3.2) is true then
Y, = esssup’ yi (T,€), t€[0,T], P — a.s. forallP € P (2.3.3)
P eP(tt,P)

and thus Y is unique. Since we have that d(Y, B), = Zid(B):, P — q.s., Z is unique.
Finally, the process K* is uniquely determined. We will now prove the representation (2.3.2).
(i) Fix 0< t; <ty < T, and P € P. For any P’ € P(t],P), note that from (2.2.4)

to

to R to / / B
Yt:Yt2+/ FS(YS,ZS)der/ gs(ifg,Zs)dst/ ZdBs + Kf — K{ ,t1 <t <ts,P —a.s.
t t t

and that KT is Illondecreasing, P’ — a.s.. Applying the comparison principle for BDSDE under P |
we have Yy, > ytﬂ); (t2, YtQ)JP’, —a.s.
Since P’ = P on ]-';1“, we get Yy, > yE (t2,Y%,),P — a.s and thus

Y, = esssup’ yf;/(tz,YtQ), P — a.s. (2.3.4)
PeP(t],P)

(ii) To prove the reverse inequality of representation (2.3.2), we use standard linearization techniques.
Fix P € P, for every P’ € P(t],P), denote:

OY :=Y —of (t2,Yy,) and 07 := Z — 2F (t,,Y3,)

By the Lipschitz Assumption 2.2.1(iii), there exist (F;)-measurable bounded processes A, 1, «, 3 such
that

to to to / /
§Y, = / (As8Ys + 05026 2,)ds + / (@s0Ys + B0 Zs) AW, — / 0Z,dBs + K{, — K{
t t t

t<ty,P —a.s. (2.35)
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Define:

t t 1 rt
My = exp(/ nsagl/QstJr/ Asds — 5/ Insl2d8)7
0 0 0

t <t <ty,P —as (2.3.6)
By Integration by parts we have
A(M8Yy) = My(6Z; + 6Yima, /2)dBy — MyBi6 Z,dW, — Myd KP (2.3.7)

so, we compute that:

/ t2 / / ’ /
EF[5Y;,] = EF [M; / M dK? } < EF { sup (M, ' M) (K, — K},)
t1 t1 <t <t2
by the nondecrease of K 4 and where we used the fact that since dY;, is ft;r—measurable, its expec-

tation is the same under P and P'. By the boundedness of A, n, «, 3, for every p > 1 we have,
EF [ sup (Mtlet)p + sup  (My, MY < Cpoty <t <tg,P —aus (2.3.8)
<t <t t <t< b
Then it follows from the Hélder inequality that:
P P’ P 13\ R (P e P 3721\ 2/
PV = of, (02 v)] < (BF [ swp (M) (EF (T, - KT)Y2))

t1 <t <t2
’ / ’ ’ ’ ’ 1/3
< C(E" K}, - KT JET (K, - KT,)7))
From the definition of K ]P)l, we have

sup  EF[(KF, — K7)?) < C([Y [Be + 1215 + ¢° +97) < oo (2.3.9)
P'eP(t],P)

Then, by taking the infimum in P(¢{,P) in the last inequality and using (2.3.9) and the result of
Lemma 2.3.1, we obtain

inf EP [Ytl —yF (tQ,YtZ)} <o.
P'eP(t] P)

But we clearly have

inf EF |:}/t1 - yz (t27 Y;fz)} > EF
P cP(t],P)

Yy, — esssup® ), (t2an2):| :
P eP(t] P)

Hence

EF |V;, — esssup’ y]tp1 (t2,Yz,)| <O.

P eP(t],P)

Since the quantity under the expectation is positive P-a.s. by Step 1, we deduce that it is actually
equal to 0, P — a.s., which is the desired result. a

As an immediate consequence of the representation formula (2.3.2) together with the comparison
principle for BDSDESs, we have the following comparison principle for 2BDSDEs.

Theorem 2.3.2. Let (Y, Z) and (Y', Z') be the solutions of 2BDSDEs with terminal conditions & and
¢ and generators F and F' respectively (with the corresponding functions H and H'), and let (4, 2F)
and (y'F, 2') the solutions of the associated BDSDEs. Assume that they both verify Assumptions 2.2.1
and 2.2.2, and that we have P — q.s.

ggflvF(ytaZt) (yt7ZtP)
ThenY <Y',P —q.s.
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2.3.2 A priori estimates

In this section, we show some a priori estimates which will be useful in the sequel.

Theorem 2.3.3. Let Assumptions 2.2.1 and 2.2.2 hold.

(i) Assume € € L2 and that (Y, Z) € D? x H? is a solution to the 2BDSDE (2.2.4). Then, there

exist a constant C' such that

Y1132 + 1121 +]§ugEP[IK§EIZ] < C(lElE: + o* +v?). (2.3.10)
S

(i) Assume & € L2 and that (Y, Z%) € D?xH? is a corresponding solution to the 2BDSDE (2.2.4),
i =1,2. Denote 66 := ' — 2.0 :==Y' Y% 627 := 2" — 7%, and SKF .= K'P — K?P,

Then, there exist a constant C' such that

[0 |lp2 < C|6¢ |2
16212 + supEP[ sup [6KF1 < Clo€l 164z + I€%lcs (2.511)
PeP 0<t<T
+ (¢2)1/2 + (¢2)1/2).

Proof. (i) Fix P € P, for every P! € P(t+,P), we apply Ito’s formula to |y |2 to obtain

T T U / U
WE 2 = |§|2+2/ BGE 2y d8+2/t a5 2 )yE W,

—Q/ysde /
¢

Then, by taking expectation and from the Lipschitz Assumption 2.2.1(iii) we have

£ Pt [ ot P

B 1) < O [ [ I0R I 1 ] B [T Pas]
t

. T , o
v [/ (19217 + lys [*)ds] + aE" [/ |z |%ds]
! t

/N

/ T / N
Ce B (g2 + / (I 2 + |EO + |g°2)ds]

/ T ’ , T ,
4 (e—1)EP [/ a1/22F |2ds] + oEF [/ 127 [2ds]
t t
. A . .
and, by setting € = 3 and the Assumption 2.2.1(iv), we get
T , , T T
B (of P+ 5B [ 1al25E Pas] < OB [P + [ (B +IgbP)ds + [ 1oF Pas].
t t t
It then follows, using Gronwall’s lemma, that

B 107 1 < (8 [167) + (' [ 08Pl + (5 / (192 %ds))
" —a.s. for all P’ EP(H— P),t € [0, 7).
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Now, for every P € P, we have

"2
E°[ sup [Y;["] = E°[ sup (esssup” [y [)7]
0<t<T 0<t<T Pep(tt,p)
T
< w0 [ 1l [ O el s
0<t<T 0

T T , T , T
+ |/0 ngWsm/o asyi’dfﬁsm/o ﬁszdes|+|/o 2 aBJ))]

T A
< O(FF[ sw (E[P(¢P)] +EF[ sup <Ef’“”[/ |F0as))] )
0<t<T 0<t<T
o e(sl s O 0 e (60 a2 )
+ C(EP[OSSLQET |/ dW\ +EP[ sup HP|/ 2P 4B, ) D

and, by the definition of the norms, we get

T
Y2, < C(Hf”n?} +¢* + ¢ +supEF [ sup |y [*T] + sup]EP[(/ |a}
H H PeP 0t T 0

;e]),

where we used that

’ 2
supIE]P[ sup (esssup® EF [|A|]2} < Csup (IEPU%HQ*'E])m Ve > 0.
PeP 0<t<T ]Ple’P(t-%—’ﬂD) PeP

Finally, we obtain
Y152 < CUIENT: + 6% +0?). (2.3.12)

For the estimate for Z, we apply Ito’s formula to |Y'|? under each P € P and from the Lipschitz
Assumption 2.2.1(iii) we have:

EP[/OT |a;/225\2ds}

N

T
EP[\YOF+/ |a;/225|2d5}
0

N

T T
CE (e + [ WS+ 1 + a2 Zuds + [ ilan?]

T
+ EF| /0 195V, Z4) Pds]

N

T T
CEF 16+ [ 1YL+ I¥al + a2 s + [ ¥ajax ]
0 0
T T
b CEF[ [ (ot YiPyds] + aB7[ [ 12,
0 0

T T
CE i+ s [V [ IE P+ [ gl
0

0<s<T

N

T T
+ aEP[/ a}/27, ds + | K5 ] + aEP[/ 1Z4[2ds].
0 0
for any e € (0,1]. But by the definition of K7, it is clear that

T T T
B(IKER) < QBT [l + s v+ [Tz pass [ RSP [ IdPas]. @23a9)
0<s<T 0 0
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for some constant Cj independent of €. Then,

T T T
EP[/ @l27,%ds] < C=TUEF[IEP 4 sup \Ys|2+(/ |F§|ds)2+/ l901ds]
0 0 0

0<s<T

T
+ (e+Coe+1 f)\)EP{/ \a;/ZZsts}.
0

Choosing ¢ := this provides

_r
2(1 + Co) ’

T T T
B[ [ ez < o[l + s v [ RSP+ [ abpas)

0<s<T

By (2.3.12), we have

1Z17e < CUEIR: + 6 + 27 (2.3.14)
(ii) First, we can follow the same proof of (i) to obtain that there exist a constant C' depending only

on T and the Lipschitz constant of ' and H such that for all P
EF[lys ! =y 7] < C|16¢] 12 (2.3.15)
Then by definition of our norms, we get from (2.3.15) and (2.3.2) that
[10Y [Ip2 < C[16¢]| 2. (2.3.16)

Applying It6 formula to [§Y|?, under each P € P, leads to

T
EP[/ Y252, 2ds
0

/N

T
CE?||6¢)* + /|5Y|(|5Y\+|a1/25z |)ds+/ |5Y5|d51<§”}

|
+ P[/ Y, 5]
[

CEP[|6¢2 + sup |5Y|2 sup |5Y;\2[K}’P7K%’P]}

0<s<T 0<s<

N

+ 51EIP’[/ |A1/26Zs\2ds}.

The estimate for 67 is now obvious from the above inequality and the estimates of (i). Finally the
estimate for the difference of the increasing processes is obvious by definition. a

2.4 A direct existence argument

As we have shown in Theorem 2.3.1, if there is a solution to the 2BDSDE (2.2.4), it will be represented
as a supremum of solutions to standard BDSDEs. However, since we are working under a family
of non-dominated probability measures, we are not able to use the classical technics of BSDEs. So,
Soner, Touzi and Zhang [129] overcame this problem by constructing the solution pathwise using the
so-called regular conditional probability distribution (in short r.c.p.d).

2.4.1 Notations

For the convenience of the reader, we recall below some of the notations introduced in [129].

e For 0 < t < T, we denote Q% := {w € O([t, T],R?%);w(t) = 0} the shifted canonical space; B! the
shifted canonical process; IP’(? "' the shifted Wiener measure; Fl the shifted filtration generated by
B
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e For 0 <t < T, we denote Q! := {w := (WP, wW) s.t. WP € O, WV € Qw}.
Exactly as in Section 2, we can define the set P%, by restricting to the shifted space Q°
e For 0 < s <t < T and w € Q°, define the shifted path w’ := (wB’t,wW) € Q! such that

wBt=wB —wB, wreltT)

eFor0 < s<t<Tandw € Q°, & € O define the concatenation path w®,& := (wB®thB,wW®t(I)W)
by

(WP @ aP)0r) = wPly(r) + WP + 5B n (), Vre[s,T]
W @ @")r) = @V L) + @ M) (), €[5 T)

e For 0 < s <t < T and Fj-measurable random variable £ on 2%, for each w € 2°, define the shifted
Fl-measurable random variable £+ on QF by

E(@) = Ew @), Ve
Similarly, for an F*-progressively measurable process X on [s,T] and (t,w) € [s,T] x Q°, the shifted
process { X5 r € [t,T]} is F'- progressively measurable.
e For a G-stopping time 7, we use the following simplification
WRr W= W Ry @, £ 1= T YT = X,

e We define our "shifted ” functions:

FM@,y,2) = Fylw®d,y,za(@) VY(s,o)€[t,T] x Q!
g (@) = gslw @i @,y,2) Y(s,@) € [t,T] x Q.

Then note that since F' and g are assumed to be uniformly continuous in w under the L*° norm,
then so are F** and g?w. Notice that this implies that for any P € 75§

EP[(/tTW;M(o,O)pds)] < 400,

]Ep[(/tTg?‘“(O,O)Fdsﬂ < +00

for some w if and only if it holds for all w € Q.
e Finally, we extend Definition 2.2.1 in the shifted spaces

Definition 2.4.1. P! consists of all P :=P! € ﬁts such that

ap < &' <ap,ds x dP — a.e on [t,T] x Q. for some ap,ap € S;°

e[(/ B0, 0)Pds) | < +00 , B / 149(0,0)ds)] < oo for allw € 0

e By Stroock and Varadhan [134], there exist an r.c.p.d. P¥ on Gr such that for a given w € €,
G-stopping time 7, P € P! and every bounded Gr-measurable random variable ¢

EE[¢](w) = EF7 [¢], for P — a.e. w.

Furthermore, P% naturally induces a probability measure P™* on g;(“).
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2.4.2 Existence when ¢ is in UC,(Q2)

When ¢ is in UC,(Q2), we know that there exists a modulus of continuity function p for &, F' and g
in w. Then, for any 0 <t < s < 7T, (y,2) € Rx R% and w,w' € Q,@ € O,

65(@) = £ (@)] < p(|lw® = Plle), |EE (@, 9, 2) = Fo* (@,,2)] < p(l|lw” =P le)
1954 (@, 9, 2) — g8 (@,,2)] < p(l|lw” =" Ple).
We add the following assumption

Assumption 2.4.1.

Plet,w|2 T [t,w 2 T t,w 2 1/2
Ar(w) = Isu?g(lE = +/t 140, 0)] ds—i—/t 00=(0,0)Pds] ) < oo,
S

for all (t,w) € [0,T] x Q.
To prove existence, we define the following value process V; pathwise

Vi(wB, ) = e;s igpPgVyiP,t,wB (T,6)(-), PY — a.s. with P := Pz @ P, (2.4.1)
€

where, for any (t;,w) € [0,T] x Q, P € P, t5 € [t;,T], and any JF,-measurable n € L2(P), we

B B
denote yfj’“’“ (ta,m) = y]tpl’tl’“’ , where (yFf1@” ZPi19%) is the solution of the following BDSDE on
the shifted space Q! under P,
to R to
B A S L AR T
S S

to
+ / gl (y}?’tl’wB,zf’“’“’B)(wW)df/[_/r, for P — a.e. " € Qu. (2.4.2)
S

The following Lemma allows to give a link between BDSDEs on the shifted spaces.

Lemma 2.4.1. Fiz some Pg € Pg. For Pg-a.e. w? € QF, the following inequality holds

L,wB W W
yiPB “Fo (wW) = ny®]PO (wB,wW), t €[0,T], for IF’gV —ae. V€ Qp,

Proof. We divide the proof in two steps.

Step 1: We start by showing the result in the case where F' and g do not depend on (y, z). In this
case, we can solve directly the BDSDEs to find that for P @ P{/ — a.e. (w?,w") € Q

T T
yiP’B®P(‘§V ((,UB7(A)W) — EPB‘X’PUW |:£ +/t FSdS +/t gsdws

gt] (W8, ™). (2.4.3)

Then, since £ is actually ]-'f -measurable, we deduce immediately, using the definition of the r.c.p.d.
that

EPseRY ()G (w8, W) = B% [ FP) (%) = B[]

Next, we know from the results of Stricker and Yor [132] that there we can define a measurable map
from (Q% x [0,7T], Fr ® B([0,T])) to (R, B(R)) which coincides P}/’ ® dt-a.e. with the conditional
expectation of gs, under PP, with respect to the c-algebra FF. For notational simplicity, we still
denote this map as

(wW,s) — EPB [gs(-,wW)| ]-'tB] .
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In other words, the above map does indeed define a stochastic process. That being said, we claim
that for Pg-a.e. w? € QF

EPs&PY {/Tgsd{/i—/s gt} (WP, W) = </tTE]pB 9. FE] (wB,~)dWS) @")

t
T B
= </ EFs [gz’“’B] ()dwé> W), for Py —a.e. W e QW.
t

(2.4.4)

To prove the claim, let us first show it in the case where g is a simple process on (QW, }'IW ) with the
following decomposition

n—1
gt(wBa WW) = Z Gt Lt ti1]-
=0

Then, we have by definition of backward stochastic integrals, for P ® IF’XV—a.e. (wB, wW) €N

T
E]P’B®]P’(‘)/V [/ ggde

n—1
gt:| (UJB7WW) = ZEPB@W [gtiﬂ (Wtiﬂ/\t - Wti/\t) | gt} (WB,WW)
t

=0

n—1
= ZEPB@P(‘)}V [9tvt+1 ’ gf} (WB7“’W) (Wti+1/\t - Wti/\t) (@™).
i=0

Notice next that for Pp @ PV -a.e. (wP,w") € Q
EFpOF [gti+1|gt} (“)vaw) =E"» [ 9t (‘7WW)|J:tB] (WB)'
Indeed, for any X which is G;-measurable, we have
/IEPB [ty (V)| FP] (w0P) X (WP, 0™ dPg(w?)dPy (W)
Q
:/ (/ EFB [gtiJrl (',wW)|.7:tB] (wB) X(wB,wW)d]P’B(wW)) dIP’gV(wW)
ow OB
:/ (/ Gtin (wB,wW) X (WP, ") (wB) d]P’B(wW)) dIP’gV(wW)
aw \JaB
= /Qgti+1 (wB,wW) X(wB,wW) (wB) d (]P’B ® PXV) (wB,wW),

B

where we have used the fact that since for every w" € QW w8 —s X(w ,wW) is .Ff—mcasurablc,

we have by definition of the conditional expectation that
/ EFB [gtl.+1 (-,ww)|]:tB] (wB) X(wB,wW)dIP’B(wW) :/ Gti (wB7wW) X(wB,wW)dIPB(wW).
QB QB

Hence, we deduce finally that

T
EFpOR’ { / g5diV,

n—1
G| ) = B [y () FE] () (Wisane = W) 67
t i=0

- ( / VS gy P (WP, -WS) @").

By a simple density argument, we deduce that the same holds for general processes g. Next, notice

that by definition of r.p.c.d., we have for any w" € QW

wB
B2 [ g,| FP] (WP, 0") = EPs {g?“’B} W), for P —a.e. w® € QF.
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Therefore, the Pp-negligible set outside of which the above does hold true depends, la priori, on

w". However, since g is uniformly continuous in w, it is easily checked that the map w" +—
5wB B . . . . . .

EPS [g?w } (w") is actually uniformly continuous. Hence, it is possible to choose the same Pp-

negligible set for all W € QW This finally proves (2.4.4).

Using similar argument, we show that we also have for Pg-a.e. w?® € QB

T T twB T~
EPBePY [/ Fids Qt} wB, ™) :/ EP5 {F;""B} (wW)ds, for P} —a.e. "V € QW
¢ t

To sum up, we have obtained that for Pg-a.e. w?® € QF
P H:DW L,wB B T
o w8 = B [ ([ B [ ) P 9alT ) )
t
T apte” [2ewB] o w W w w
+/ E's {Fs"*’ }(w )ds, for Py —a.e. w” € Q.
t

t,wB W B
But, we also have (remember that by the Blumenthal 0 — 1 law yf) R only depends on w

for any w® € OF

")

B T T
PLYT QPW twB , W twB oW B ~ B B
A LT Rl P o AR P
t t

B T R T
— P R {gtvw3+ / Ft“’ds + / " v,
t t

gf] ")

7| @),
Using the same arguments as above, we obtain

B T B
P QPW t.wB t.wB B twB r~, B
y o O (W) =BT [gfvw ]+ EFs [Fj“ }ds
t

+ ( /t oo 92" dﬁ) (@),

which proves the desired result.

Step 2: Since we are in a Lipschitz setting, solutions to BDSDEs can be constructed via Picard
iterations. Hence, using Step 1, the results holds at each step of the iteration and therefore also
when passing to the limit. a

We point out that for classical 2BSDEs, Soner, Touzi and Zhang have proved in Lemma 4.6 [129] a
regularity result for the value process, precisely the uniform continuity with respect to the trajectory
w® and this is crucial to prove their dynamic programming principle (Proposition 4.7 in [129]).

Since in our context, the value process V defined in (2.4.1) is a random field depending on two
source of randomness, we prove the following regularity result which is weaker than Lemma 4.6 [129].

Lemma 2.4.2.
B [(ViwPh) = ViwP2)’] <o (Il = wB2).

In particular, this implies that the map w® — Vy(w®,-) is uniformly continuous in probability (with
respect to ng), which implies that there is a ng—version, which we still denote V' for simplicity such
that Vi is Fi-measurable.

Proof. The estimate is an easy consequence of classical a priori estimates for BDSDESs, using in
particular the uniform continuity in w of both F' and g. As for the existence of measurable version,
this is a classical result (see for instance Dellacherie and Meyer [37]). 0
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Now, we present the main result concerning the dynamic programming principle in our context. We
follow the new approach (work in progress) of Possamai, Xiaolu and Zhou [119] where they proved
existence result for 2BSDEs with only measurable parameters. Their proof is based on dynamic
programming principle without regularity on the terminal condition and the generator.

We are now in position to show the following dynamic programming principle in our context as in
[119].

Theorem 2.4.1. Under the Assumptions 2.2.1, 2.2.2 and for & € UCW(Q), we have for all
0<t<t1 <t T andforallw:(w37ww) e

B B
Vi (wP,) = esssupV ™ (82, VIO (), BY —ae. € QY (2.4.5)
PePh1
Proof. For simplicity we will omit the dependence of ) with respect to (t7wB) thanks to Lemma

2.4.1. Then, the dynamic programming principle (DPP in short) is a direct consequence of the
comparison principle, once we have the measurability result given in Lemma 2.4.2. First, for every
P € P!, we have

VE(T,€) = V] (t2,)5), BY —as.
It follows by the comparison principle that

Vi, (w) := esssup y;‘j (T, &) = esssup yg‘j (to, y;“;) < esssup yg'j (t2, VtH;)
PePt1 PePt1 PePtl

Next, for every € > 0, by the measurable selection theorem together with concatenation technique,
we can construct, for every P € P!, a new probability Q. € P!, such that

ygs (t27 ytzs) 2 yglj (t27 V;fz) —&.
It follows that

Vi, (w) = esssup yg(tg, yg) > esssup y}j (ta, Vg) — .
PePt1 PePt1

And hence the other inequality of the DPP holds true by the arbitrariness of € > 0. a
Next, we introduce the right limit of the V which is clearly F;-measurable:

V= lim V. 2.4.6
¢ TGQO%%],’NJ " ( )

Lemma 2.4.3. Under the Assumptions 2.2.1, 2.2.2 , we have

V= lim V., P'—g.s.
reQn(¢,T],rlt

and thus V1 is cadlag Pt — q.s.

Proof. For each P € P!, let (?P(T7 §),§P(T, €)) be the solution of the BDSDE with generators F
and ¢, and terminal condition ¢ at time 7. We define VF := V — yP(T, £). Then, VE>0,P—a.s.
For any 0 < t1 <ty < T, let (y™'2, 25%2) .= (VP (L2, Vi), ZF (t2, Vi,)).
Note that
P Pt ,w t1,w
ytl(tzv‘/tz)(w) =4 (t27‘/t2 )v P—a.s.

Then by the dynamic programming principle (Theorem 2.4.1) we get

Pt
Vo 2y, 2P—a.s.
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Denote §; 2 := y; ™2 — ﬁf’ Bt = dt_l/Q(z]tp’t2 - ?]f’). Then (g2, 2%'2) is solution of the following
BDSDE on [0, to]

to to t2
~Pt vV ’ ) a ’ ) ) z
=T [ e s [ v, - [ i,
t t t
where

@y, 2) o= B(w,y + V) (), a2 (w)z + Z{ (@) — Fy(w, D} (), 2, )
P (@,,2) == gelw,y + Vs (W), a2 (w)z + 2, (W) — ge(w, Vy (W), 2 (@)

Then 175» > gfz 2 Therefore, VPisa positive weak doubly fF- supermartingale under P by Definition
2.6.3 (given in the Appendix). Now applying the downcrossing inequality Theorem 2.6.1, one can

easily see that P- a.e. w, the limit lim V¥ exists for all £ € [0,7T]. Note that ¥ is continuous,
reQN(¢,T],rlt

P-a.s. We get that the lim in the definition of V' is in fact the lim P-a.s. Then,

V= lim V., P'-gs.
reQN(t,T],rlt
and therefore V7 is cadlag Pt — ¢.s. O
Thanks to the dynamic programming principle for V' and regularity results for the value process
V., we have the following decomposition for V+.

Proposition 2.4.1. Under the Assumptions 2.2.1, 2.2.2, the process VT defined by (2.4.6) verify
for all0 <t < s < T, the following decomposition

T ~ T ~ T _ _ ~
V=gt [ RV ZDas [ ZDdW, - [ ZRap+ KR~ RE Poas
Proof. We introduce first the following RBDSDE with lower obstacle V+ under each P € P!,

. T - _ T _ N T - - ~

Yf:£+/ FS(Yf,ZE’)dH/ gs(if,Zf)df/[_/Sf/ ZPdB, + KE — K?
t t t

YP>VF, 0<t<T, P—as

T ~ ~
/ (Y. -VEdK] =0, P-a.s.
0

At the best of knowledge, there are no results in the literature for the existence and uniqueness of
such RBDSDE with cadlag obstacle. The proofs of these results are postponed to section 2.6.3 in
the Appendix for completeness.

As mentioned in Remark 4.9 in [129], and for a fixed P € P!, we shall use the solution of the above
RBDSDEs and the notion of F-weak doubly supermartingale whis is introduced in the Appendix.
This notion is a natural extension of nonlinear f-supermartingale introduced first by Peng [113] in
the context of standard BSDEs.

For this end, we argue by contradiction and suppose that Y® is not equal P — a.s. to V. Then we
can assume without loss of generality that }N/OP > VO’L, P — a.s. For each € > 0, define the following
G-stopping time :

T i=inf{t >0, Y <V +e)

Then Y? is strictly above the obstacle before 7¢, and therefore KPis identically equal to 0 in [0, 7°].
Hence, we have for all 0 <t < s < T
" " T€ R N " T€ " N T€ N
YSP = Y}Z +\/ FT(Y;PaZrP)dT‘F/ gT'(}/;‘P7ZF)dW7‘ - / ZdeT, P—a.s.
S

S S
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Let us now define the following BDSDE on [0, 7¢]

€

IP’:VTJ2+/ Ey(yP, +]P’)dr—i-/ 9-(y,F, +Pd\7/ / 2PPdB,, P—a.s.
S S
By comparison theorem and the standard a priori estimates, we obtain that
E[YY] < E[yy "] + CE[|VE — YE|] < E[yd "] + Ce,
by definition of 7¢.
Moreover, we can show similarly to the proof of Lemma 2.4.3 (see also the arguments in Step 1 of
the proof of Theorem 4.5 in [129] page 328-329) that V' is a strong F doubly supermatingale under
each P € P!. Thus, we obtain particularly that y, < V0+ which in turn implies

E[Yy] < E[Vy'] + Ce,

hence a contradiction by arbitrariness of €. Therefore, we have obtained the following decomposition

T T T
v;:ng/ FT(Vﬁ,Zf)dr—i-/ gr(vj,zf’)d%—/ ZYdB, + Ky — KX, P—a.s., VP e P!

S

O
We next prove a representation for V1 similar to (2.3.2) .
Proposition 2.4.2. Assume that Assumptions 2.2.1, 2.2.2 hold. Then we have
Vit = esssup® Vi (T,€), P—a.s.,VPe P (2.4.7)

P’ €P(t+,P)
Proof. Fix P € P!. Denote
VtP’Jr = esssup’ V! (T,¢€)

P eP(t+,P)
We want to prove the equality V" = V;* P—a.s.. Flrst for each ]P’ € P(t,P) C Pt and re Qn(t, 1Y,
we have yr <V, P —a.s.. Sending r | t, we obtain yt <V, P —as. Slnce both y; and V;' are
G; -measurable and P’ = P on G;, then ¢/ < V,©, P —a.s. and, thus , V"7 < VH P—a.s.
On the other hand, for each r € QN (¢, T), since V, = V', P — a.s. and following the same arguments
in [128] Theorem 4.3, Step (iii), we have
there exist P, € P(r,P) such that YI"(T,€) 1V, P—a.s.
Then, it follows from the stability of BDSDE that
Vi (r, Vo) = Y/ (r, lim YI(T.€)) = lim V(r, Y, (T.€)).
n—oo n—oo
Since P, € P(r,P) C P(t*,P), we have

Vi (Vo) = Jim VF (r, VP(T,6) = lim YP(T. <V, P—as.

Sending r | ¢, by the stability of BDSDEs again we obtain V;* < V]P t P—as. O
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2.4.3 Existence result in the general case

We are now in position to state the main result of this section.
Theorem 2.4.2. Let £ € L2 and assume that Assumptions 2.2.1, 2.2.2 hold. Then:
1. There exists a unique solution (Y,Z) € D? x H? of the 2BDSDE (2.2.4).
2. Moreover, if in addition we choose to work under either of the following model of the theory

(i) Zermelo-Fraenkel set theory with axziom of choice (ZFC) plus the Continuum Hypothesis
(CH).

(ii) ZFC plus the negation of CH plus Martin’s aziom.
Then there exists a unique solution (Y, Z,K) € D* x H? x 12 of the 2BDSDE (2.2.4).

Proof. The proof is divided in three steps. In the first one we prove that the value process V+
defined by (2.4.6) is the solution of our 2BDSDE in the case when £ belongs in UC(€2) and show
the aggregation result for the solution. Then, in the second step we verify the minimality condition
for the increasing process. Finally, we deal with the general case.

Step 1: Existence and aggregation results for £ belongs in UCy ()
As we have mentioned above, the natural candidate for the Y solution for our 2BDSDE is given by

Y, =V = lim  V,, where V is the value process defined by (2.4.1). First, we know that VT
reQn(¢,T],rlt

is a cadlag process defined pathwise and using the same notations in Proposition 2.4.1 our solution
Y verifies

13 - t . t .
Vﬁ:Vo**/ FS(VS*,ZSP)dsf/ gs(\/;+,zf)dWS+/ Z¥dB, — K/, P —a.s., VP € P..
0 0 0

We note that V7 is a cadlag generalized semimartingale (studied by Pardoux and Protter in [112]
and Pardoux and Peng [109]). Therefore, we can adapt Karandikar’s results obtained for cadlag
semimartingale in our context to define a universal process Z which aggregates the family {ZF, P ¢
P}

Concerning the fact that we can aggregate the family (I?P)P o’ it can be deduced as follows. We
€

have from (2.4.6) that V' is defined pathwise, and so is the Lebesgue integral fot ﬁs(Ver, Z)ds. In
order to give a pathwise definition of the two stochastic integrals, we would like to use the recent
results of Nutz [105]. However, the proof in this paper relies on the notion of medial limits, which
may or may not exist depending on the model of set theory chosen. They exists in the model (i)
above, which is the one considered by Nutz, but we know from [51] (see statement 220(1) page 55)
that they also do in the model (ii). Therefore, provided we work under either one of these models,

t ~ ~
the stochastic integrals / ZsdB, and / gs(th,ZE))dWS can also be defined pathwise. We can
0 0

therefore define pathwise
~ t _ t ~ t
K =V, =V _/ FS(V;,ZS)ds—/ gs(vj,zf)dfd_/s +/ Z4d By,
0 0 0

and K is an aggregator for the family (I?P)P o’ that is to say that it coincides P — a.s. with IN(]P,
€

for every P € P!. Thus, the triplet (Y, Z, I?) satisfy the equation (2.2.4) and from the a priori
estimates in Theorem 2.3.1 we get that (Y, Z, K) belongs to D? x H? x I2. It remains to prove the
minimality condition (2.5.7) for the increasing process K.
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Step 2: The minimality condition of KP
Now, we have to check that the minimum condition (2.2.7) holds. We follow the arguments in the
proof of Theorem 2.3.1. For t € [0,T],P € P! and P! € P(t+,P), we denote §Y := V+ —¢F (T,¢)
and 67 := Z — 2F (T,€) and we introduce the process M of (2.3.6). We first observe that the non
decrease of K implies that
essinf’ EL [KT - KP] 0.

PreP(tt,P)
Then, it suffices to prove that IEP[ ess inf" EP [K]P KF,]} <0

P'eP(tt,P)
We know that the family P(¢t*,P) is upward directed. Therefore, by classical results, there is a
sequence (P"),, > 9 C P(¢*,P) such that

EP B [KE — K[| = 1 EF" ~ K. 248
sint® B URF K7 = L E7 [T K] (2:4

On the other hand, by (2.3.8), we estimate by the Holder inequality that
]E [K]P)’Il —I_ﬂ(';t n:|
n . - 1/3,~pr mpen1/3, . - —1/3/73pn Py 2/3
= EF(( nt (M7t M) P (RE - RE)MP( g ()T (RE - KT

t<s<

< (B [(, int (M 0 (RF — RE)JEE [ swp (a7 aa) B [(RF — k7))

t<s<T

< O(BF[(KF")")EP"[(, inf (M, M) (KF" - W")])l/3

<

< C (7 [(RE')")E™" [, / M,dKE"]) e
<o (B [(&5)1) " @ v . (2.09)

where we have used in the last inequality the non decrease of KP®" and argument of the proof of
Theorem 2.3.1 (ii).Plugging (2.4.9) in (2.4.8), we obtain

EP | essinf? EP [RE — KP)| < C I EF [5v;] ) />
[P,eg;tgm i [Kr — K | Jim L (BT [oYi])

1/3

< C’( essinf’ EF" [61@}) =0.

PreP(t+,P)

which is the desired result.
Step 3: Euxistence and aggregation results for & in L2

For ¢ € L2, there exists by definition a sequence (&,)n >0 C UC(Q) such that

lim ||, —&mllr2 =0 and sup [[&n]|r2 < +o0.
n——+o00 n>0

Let (Y™, Z") € D? x H? be the solution to 2BDSDE (2.2.4) with terminal condition &,, and
t t t
KM =yr -y — / F(Y Z$)ds — / g(Yy, Z;L)dws + / ZtdBs, 0<t<T, P—a.s.
0 0 0

By the estimates of Theorem 2.3.3, we have

Y™ —Y™|2s + |27 — Z™ |3 + supEP[ sup 0<t<T|KM — K™
0t T

< Cllén = &l + Clign - §m||L2(H€nHL2 +&mliLe + (692 + ()2 — 0.

n,m—+oo
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Extracting a subsequence if necessary, we may assume that

Y™ —Y™|2, + (2" — Z™ |} + supET[ sup |KT — K[
PeP 0<tLT

g™ (2.4.10)

for all m > n > 0. This implies by Markov inequality that for all P and all m > n > 0
P P r 1
IF’[ sup [|Y7" =Y + K] - K0 +/ |Z — Z™Pdt > —| < Cn27". (2.4.11)
0<t<T 0 n

Define

Y= ImY", Z:=Im2z", K':= IimK"", (2.4.12)

n—oo n—oo n—oo

where the lim for Z is taken componentwise. It is clear that Y, Z, KT are all F*-progressively
measurable. By (2.4.11), it follows from Borel Cantelli Lemma that for all P we have P — a.s.

T
lim [ sup [V = VP24 KT - KT ¢ / \Z — Z™2dt| = 0.
noooly <t T 0

It follows that Y is cadlag, P-g.s., and that KT is cadlag nondecreasing process, P — a.s. Further-
more, for all P, sending m to infinity in (2.4.10) and applying Fatou’s lemma under P gives us that
(Y,Z,K) € D? x H? x I2. O

2.5 Probabilistic interpretation for Fully nonlinear
SPDEs

Let ¢ : R — R be a lebesgue measurable function. In this section we denote, for any (t,z) €
[0,T] x R?
BY .=z + B! forall s € [t,T],

where (BY)sepi,7) is the shifted canonical process on Q.
Let us first define the following functional spaces:

. MKE/T denotes all the F-stopping times 7 such that 0 < 7 < 7.

° Lp(]-'f}ép; R9), for p > 1, denotes the space of all R% valued ]-"TV}?F measurable r.v. £ such that
E[|€]P] < 4o0.

o CLUE([0,T]xR?), for k,1 > 0, denotes the space of all R- valued functions defined on [0, T] x R%)
which are k-times continuously differentiable in ¢ and [-times continuously differentiable in x.

. Clvk(ﬁ%, [0,T] x RY), for k,I > 0, denotes the space of all C**([0,T] x R%)-valued random
variables ¢ that are F%, @ B([0,T] x R%) measurable.

o CUE(EW [0, T] x RY), for k,1 > 0, denotes the space of random variables ¢ € C’l7k(}'%, [0,T] x
R?) such that for fixed 2 € R? the mapping (¢, w) + ¢(t, z,w) is FW- progressively measurable.

Furthermore, for (¢t,x,y) € [0,7] x R x R, we denote 9/0y = D,,0/0t = Dy, D = D, =
(0/0x1,- -+ ,0/014), and D? = Dy, = (5%1,1]_)%:1. The meaning of Dgy, Dy, etc should be clear.
The following is a slight strengthening of Assumption 2.2.1

Assumption 2.5.1.

(i) Pt is not empty, the domain Dy, Dy, is independent of (w,y, z).

yz) =
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(ii) There exist constants C > 0,0 < o < 1 and modulus of continuity p with polynomial growth such
that for all t € [0,T],a € th,a;wl,zgz, eR%y,y €R.

iz, 2.0) = filz,y, 2 a)| < plz — ') + C(ly — v | + a2z = 2)])),

lge(2,y,2) = gel,y 2P < plle = 2'|) + Cly —y [P + all(z = )|
(i) The function g € C£’2’3([0, T] x R? x R; RY).

We consider the 2BDSDE (2.2.4) in this Markovian setting with terminal condition & = ¢(B%"):

T T
Yir ¢(By") / fs, BR®, Y00, Z0% ay)dr + / g(r. BL* Y}, Z8%) 0 WV,
s t

T
- / ZVdB, + Ki* — Kb t <s < T, P! —q.s (2.5.1)

S

We remark that the stochastic integral with respect to dW is the Stratonovich backward integral (see
Kunita [78] page 194). Since g € C’l?’2’3([07 T] x R x R; R!), using the definition of the Stratonovich
backward integral, we show easily that (2.5.1) is equivalent to the following 2BDSDE:

T T
yhe = ¢(B;z)—/ f(s,Bﬁ*x,Kt’w,Zﬁ"‘,&r)dr—i—/ g(r,Bﬁ@,W,Zﬁw)dWT
S t
T

/ ZMdB, + Ky* — Kb t <s < T, P' —q.s (2.5.2)
S

A . . 1
where f($7 x,Y,z, (ls) = f(87 z,Y,z, CLS) + ETT(Q(S, z,Y, Z)Dyg(sa z,Y, Z))
Our main objective is to establish the connection Y3*" = w(s, BY"), s € [t,T], P! — ¢.s, where v
solves, in some sense (classical or viscosity solutions), the following fully nonlinear SPDE: for all
0<t<T

du(t,) + h(t, 2, u(t, z), Du(t, x), D*u(t, x))dt + g(t,z, u(t, x), Dut,)) o diW, =0,

(2.5.3)

w(T,x) = ¢(z).

We can write the SPDE (2.5.3) in the integral form in the case when {u(t,z),0 <t < T,z € R%} ¢
00’2(]:%, [0,T] x R?) is a classical solution, namely

T T
ulto) = oa)+ [ h(t.u(t.o). Dutt.o). DPult. )it + [ glt.n,ult,z), Dult,z) o diF,
t t
(2.5.4)
We consider the case
Ht(wv Y, z, 7) = h(tv Bt(w)v Y, =z, ’Y)v

where h : [0,T] x R x R? x D}, — R is a deterministic map. Then the corresponding conjuguate and
bi-conjuguate functions become

1
ft,x,y,2,a) = sup {iTT(a'y) — h(t,z,y,2,7)} fora € S;°, (2.5.5)
YED},
. 1
aes;?

Notice that —co < h < h and h is nondecreasing convex in 7. Also, h = h if and only if h is convex

and nondecreasing in 7.
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2.5.1 A nonlinear Feynman-Kac representation formula

We define a similar notation to (5.3.2). Let 7 be an G! - stoppinfg time, P € P!, and 1 a P-square
integrable G‘- measurable random variable. We denote by (v, 2F) := (y¥4% (7, n), 254%(7,n)) the
solution of the following BDSDE:

T T T
E):n_/ f(r,Bﬁ’z,yf,zf,&r)dr—/ g(r’Bﬁ’xvy?aZE)dWT_/ ZIrPdBrv t<r<T, P-as.
s s s
Under our assumptions the above BDSDE has a unique solution.

Definition 2.5.1. We define the classical solution of the SPDE (2.5.3)as a R-valued random field
{u(t,z),0 <t < T,z € RY} such that u(t, ) is FY ' -measurable for each (1, x), and whose trajectories
belong to C% 2([O,T] x R%:R).

Theorem 2.5.1. Let Assumption 2.5.1 hold true. Suppose further that h is continuous in its domain,
Dy is independent of t and is bounded both from above and away from 0. Let {u(t,z);t € [0,T] x R¢}
be a classical solution of (2.5.3) with {(u, Du)(s, B¢"), s € [t,T]} € D? x H2. Then:

Y5 = u(s, BY"), Zb" .= Du(s, Bb*), Kb .= / krdr
0

~ 1
with ks := h(s, Bs,Ys, Zs,T's) — §Tr(asrs) + f(s, Bs,Ys, Zs, d5) and Ty := D*u(s, BY)
is the unique solution of the 2BDSDE (2.5.1). Moreover, u(t,z) = Y"*" for all t € [0,T].

Proof. It sufficies to show that (Y, Z, K) solves the 2BDSDE (2.5.1). For notational simplicity, we
shall write B instead of B4 and let s =tg <t] <ty < ...<t, =T,

n—1 n—1 n—1
Z[u(tiv Bti) - u(ti+17 Bti+1)} = Z[u(tiv Bti) - u(tiv Bt¢+1)] + Z[u(ti’ Bti+1) - u(ti+17 Bti+1)}
i=0 i =0

n—1 t1+11

:—Z/ Du(ti, B,)dB, — ) | fTr(aTD u(ts, By))dr
=0

ti

i+l
+Z /t h(r, By, u(r, By ), Du(r, By,,,), D*u(r, By,.,))dr

tit1
+)° /t g(r, Be,, u(r, By,,,), Du(r, By,,.,)) 0 diV,,

where we have used the It6 formula and the equation satisfied by u (2.5.4). Now, the transformation
from Stratonovich to Itd integral yields to

n—1 ti i+l ]

n 1
S lulti, Be) — ultivn, Beyy) =~ Y Du(t;, B,)dB, Z/ 5 Tr(arD?ulti, By))dr
i=0 i=0 Jti

n—1 tiv1 )
+ Z/ h(r, By, ,,u(r, By, ), Du(r, BtH]),DQu(r, By, ,))dr
t

i—0 Y ti
n-l tit1
+ / o(r, By, ) ulr, Br,,,), Du(r, By, ))diV,
i=0 /ti
n—1 tiv1
+ Z / f(ra Bti“ ) u(r, Bti+1)7 Du(T’, Bti+1 )7 dr)dr

n—1 tiv1
_Z/ f(r, By, ., u(r, By, ), Du(r, By, ), & )dr
i=0 “ti

Z+1
Y Z/ T Bt,+1’u(rv Bti+1)7Du(T7 Bti+1))Dg(T7 Bti+17 (T Bt;+1)) Du(r Bt1+1))d
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It sufficies to let the mesh size go to zero. It remains to prove the minimum condition:

, T
essinf? Ef [/ ksds] =0 for all t € [0,T] P € P* (2.5.7)
P’ eP(t+,P)

by which we can conclude that (Y, Z, K) is a solution of the 2BDSDE (2.5.1). Since ¢(Br) € L2,
the uniqueness follows from Theorems 3.1 and 3.3 (i).

To prove (2.5.7), we follow the same argument as in the proof of Lemma 3.1 in [49]. For every ¢ > 0,
notice that the set

A 1
A®:={a € Dy:h(t,B,Y;, Z;,T) < §T7'(atrt) — ft, B, Yy, Zy,a0) + €}

is not empty. Then it follows from a measurable selection argument that there exists a F/- pre-
dictable process a® taking values in Dy such that

- 1
h(t7 Bt7 thv Zt: Ft) < §Tr(airt) - f(t7 Bt7 Y;,: Zta ag) +e

We note that this in particular implies that T'; € D;,.
In the remainder of this proof, we show the existence of an [ - progressively measurable process af

T
with values in 8507 / |a5|dt < oo, such that, P* -as., a € A°.
0
Let P=P*:=P* ® Py € P! and ¢ € [0,7] be fixed. Let

75 =T ANinf{t > to| K¢ > Ky, + €},
and define:
e =T Ainf{t > 75 |h(t, By, Yi, Z4,Tt) > Tr(a Ty) = f(t, By, Yy, Zy,a5z) + 2¢}

for n > 0. Since K is continuous, notice that 75 > 0, Pt-q.s. Also, since B,Y, Z,T" are all continuous
in ¢, 75 are G- stopping times and, for any fixed w, are uniformly continuous in t.

Next, for any fixed a € Dy, the function f(.,a) is continuous. Also h is continuous. Then for P'-q.s.
wE Q,

(1, Bulw), Yi), Zu(w), Tu(w) — 5Tr(ass D@ + 1t Bilw), Vi), Zw)t, a ()

is uniformly continuous in ¢ for t € [7;, T]. Then 75, — 7, > 6(g,w) > 0 whenever 7, ; < 1, where
the constant d(e,w) does not depend on n. This is implies that 75 = 1 for n large enough. Applying
the arguments in Example 4.5 of [130] on [7§,T7, it is easy to see that there exists an (F¥)o<¢< T
-progressively measurable process o taking values in Dy such that

of =ap for te€[0,75] and @ = ZaTs (76720 1) (t),
dt x dP¥ —a.s. on [15,T] x Q.
This implies that
iL(t,Bt,Yt,Zt,I‘t) < %Tr(dtl“t) — f(t,Be, Yy, Zy, aq) + 2 dt x dP* — a.s. on [15,T] x .

It is obvious that P®" € P!, then P € P(to+,P) since 7§ > to. Therefore,
essinf? ]EIP; {/ ktdt} €+ EP {/ k‘tdt} e+2(1—ty), P—a.s.
P eP(t] P) to e

By the arbitrariness of € > 0, and the nonegativity of k, this provides (2.5.7). a
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2.5.2 Stochastic viscosity solution for SPDE

Buckdahn and Ma [24, 25] have introduced the rigorous notion of stochastic viscosity solution for
semilinear SPDEs and then they gave the probabilistic interpretation of such equation via BDSDEs
where the intensity of the noise ¢ in the SPDEs (2.5.3) does not depend on the gradient of the
solution. Following the classical terminology in the BSDE literature, we say that the solution of the
2BDSDE is Markovian if it can be represented by means of a deterministic function of (¢, B). In
this subsection, we construct a deterministic function u, by using a probabilistic representation in
the spirit of (2.3.1), and show its connection with 2BDSDE (2.5.1). The connection between u and
the SPDE (2.5.3) will be also established.

We will use the shifted probability spaces defined in Section 2.4. We now introduce the random
function u : [0, 7] x QW x RY — R given by

u(t, z) == supy, " (T, p(BEY)), for (t,z) € [0,T] x R% (2.5.8)
Pcpt

By the Blumenthal zero-one law, it follows that (¢, x) is deterministic w.r.t B but still an F% -
adapted process.

As we have explained in the existence of the solution for 2BDSDE in the abstract setting, we suppose
that our candidate u defined by (2.5.8) belongs to C’(]:t%, [0,T] x RY).

We next state a strengthening of Assumption 2.2.2 in the present Markov framework.

Assumption 2.5.2. (i) The function ¢ is uniformly continuous and bounded function on RY.

(ii) There is a continuous positive function A(t,x) such that, for any (t,z):

T T
supIE]Pqu(B%IN2 + / |f(s, BL®,0,0,a%)%ds + / lg(s, Bb®,0,0)2ds| < A%(t, ),
PeP? t t (259)
supEP{ sup AQ(S,Bz’x)} < 00.
Pept  lt<s<T

2.5.2.1 Definitions

We follow Buckdahn and Ma [24]. The definition of our stochastic viscosity solution will depend
on the following stochastic flow n € C(FW,[0,T] x R? x R) defined as the unique solution of the
stochastic differential equation (SDE):

T
n(t,xz,y) =y + / g(s,x,n(s,z,y)) o dWS, 0<tLT (2.5.10)
t

Under the Assumption 2.5.1, for fixed = the random field 7(.,x,.) is continuously differentiable in
the variable y; and the mapping y — n(¢, z,y,w) defines a diffeomorphism for all (¢, x), P-a.s. We
denote by E(t,x,y) the y-inverse of n(t, z,y), so E(t,z,y) is the solution of the following first-order
SPDE:

T
Elt,z,y) =y — / DyE(s,x,y)g(s,x,y) o dWs, Y(t,z,y),P — a.s. (2.5.11)
¢

We note that E(t, z,n(t, z,y)) = E(T,z,n(T,z,y)) =y, V(t,z,y)
We now define the notion of stochastic viscosity solution for SPDE (h, g) (2.5.3).

Definition 2.5.2. (i) A random fieldu € C(FW, [0, T]|xR?) is called a stochastic viscosity subsolution
(resp. supersolution) of SPDE (iz,g), if w(T,z) < (resp. = )é(x), Vo € R and if for any T €
MKYT, ¢ € LY(FW;RY), and any random field ¢ € 6'1’2(]'}%7 [0, T] x RY) satisfying

u(tzx) - W(t»% @(t,x)) < (resp. > ) 0= u(Ta ¢) —n(r, ¢, (T, C)y
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for all (t,z) in a neighborhood of (7,¢),P — a.e. on the set {0 < T < T}, it holds that

—h(7,¢, (7, ¢), DY(r,¢), D*¥(1,¢)) < (resp. = )Dyn(r, ¢, (7, ¢)) Dep(T, C),

P —a.e. on {0 < 7 < T}, where ¢(t,z) £ n(t, =, p(t,)).
(ii) A random field u € C(FW [0, T] x R%) is called a stochastic viscosity solution of SPDE (h, g), if
it 1s both a stochastic viscosity subsolution and a supersolution.

Definition 2.5.3. A random field w € C(FW [0, T] x R?) is called a w- wsise viscosity (sub-, super-)
solution if for P — a.ew € Q u(w,.,.) is a (deterministic) viscosity (sub-, super-) solution of the

SPDE (h,0).

Remark 2.5.1. If we assume that ¢ € CY2(FW [0,T] x RY), and that g € C*%3([0,T] x R¢ x
R;RY), then a straightforward computation using the Ito-Ventzell formula shows that the random
field Y(t,z) = n(t,z, p(t,x)) satisfies

dip(t,x) = Dyn(t, z, p(t,x))Dyp(t, x)dt + (g(t, z, ¥ (¢, x)), odWQ, te0,T]. (2.5.12)

Since g(1,, (1, ¢) = g(7, ¢, u(1,()) by defintion, it seems natural to compare

h(r, ¢, (7, C), D(T,¢), D2 (7, C)) with Dyn(r, ¢, o(7,C))Dep(T,¢) to characterize a wiscosity solu-
tion of SPDE (h,g).

If the function g = 0 in SPDE (f, g) , the flown becomes n(t, z,y) =y, V(t, z,y) and p(t,z) = p(t, ).
Thus the definition of a stochastic viscosity solution becomes the same as that of a deterministic vis-
cosity solution (see, e.g. Crandall, Ishii and Lions [31]).

Next, we give a generalized version of It6-Ventzell formula that combines the generalized It6 formula
of Paroux and Peng (1994) and the It6-Ventzell formula of Ocone and Pardoux (1989).

Lemma 2.5.1. (Generalized Ito-Ventzell formula)
Suppose that F € C%(F, [0, T] x Rk) is a semimartingale with spatial parameter z € R¥:

F(t,:z:):F(O,t)+/OtG(s,x)ds—i—/OtH(s,:z:)st+/0tK(s,m)dW5, te 0,7,

where G € CO%(FB [0, T] x R¥), H € CO2(FB,[0,T] x R¥;R?) and K € CO2(FW,[0,T] x R¥;RY).
Let ¢ € C(F, [0, T); R*) be a process of the form
¢

t
¢t:¢O+At+/ ’stBs+/ (Ssdws: te [OaT]7
0 0

where v € Hixd, S Hixl and A is a continuous F-adapted process with paths of locally bounded
variation. Then, P-almost surely, it holds for all 0 <t < T that

t t t
F(t.00) =FO.0)+ [ Gls.o)ds+ [ Hs.00B. + [ K(s,0.d.
0 0 0
t t t
+/ DxF(s,qSS)dAer/ DmF(s,qu)fysstJr/ DoF (s, )8, dW s
0 0 0 (2.5.13)
1 t 1 t
+§/0 TT(DMF(S,QSS)’yS'y;f)dei/O TT(DMF(S,@)(SS(Z‘)ds

t t
—|—/ Tr(DyH(s, ¢s)vs)ds —/ TT(DmF(s,q&S)(;;k)ds.
0 0



2.5. Probabilistic interpretation for Fully nonlinear SPDEs 55

2.5.2.2 Doss transformation

In this subsection we use the so-called Doss-Sussmann transformation to convert the fully nonlinear
SPDEs (2.5.3) to PDEs with random coefficients. This transformation permits to remove the mar-
tingale term from the SPDEs.
To begin with, let us note that, under Assumption 2.5.1 (iii), the random field n € C%22(FW [0, T] x
RY x R), thus so is £. Now for any random field ¢ : [0, 7] x R? x Q + R, consider the transformation
introduced in Definition 2.5.2:

o(t,x) =Et,z,¢(t,x)), (t,z)el0,T] xR,

or equivalently, ¥(t,z) = n(t,z,¢(t, x)), (t,z),P — a.s. One can easily check that ¢ €
COP(FW [0, T] x RY) if and only if ¢ € COP(FW [0,T] x R?), for p = 0,1,2. Moreover, if
¢ € CO2(FW [0, T] x RY), then Dy1p = Dyn + DynDyep; and

Daath = Daan) + 2(Dayn) (Dap)” + (Dyyn) (Dap) (Dap)” + (Dyn) (Daap)- (2.5.14)
Furthermore, since E(t, z,n(t, z,y)) = y, V(t,z,y), P — a.s., differentiating the equation up to the
second order we have (suppressing variables), for all (¢,z,y) and P-almost surely,

D&+ DDy =0, DyEDyn=1,

Dya€ + 2(Day€)(Dan)”™ + (Dyy€)(Dan)(Dan)™ + (Dy&)(Daan) = 0,
(D2y€)(Dyn) + (Dyy&)(Dan)(Dyn) + (Dy&)(Dayn) = 0,
(Dyy€)(Dyn)? + (DyE€)(Dyyn) = 0.

Now, we will use the Doss transformation to obtain the following proposition where the proof is

(2.5.15)

exalty the same as Proposition 3.1. in [24].

Proposition 2.5.1. Let Assumptions 2.5.1 and 2.5.2 hold true. A random field u is a stochastic
viscosity sub- (resp. super-) solution to SPDE (h,g) (2.5.8) if and only if v(.,.) = E(., ., u(.,.)) is a
stochastic viscosity solution to SPDE (h,0), with

- 1 .
h(t — {h(t t D, n(t Dyn(t D t
( 7x7y7'za7) Dyn(t,x,y){ ( 71‘577( ,I,y), In( ,x7y) + y77( ,.T,y)Z, Imn( ,.T,y)
+ 2Dyt ,y)z + Dyyn(t, e, y)|2* + Dyn(t, 2, y)7)}- (2.5.16)

We will now apply Doss transformation to the 2BDSDE (2.5.1) in order that the Stratonovich
backward integral vanishes. Thus, the 2BDSDE will become a 2BSDE with a new generator f which
is quadratic in z (studied by Possamai and Zhou [121] and Lin [87] in the case of a bounded final
condition (;S(BtTI)) Let us define the following three processes:

U;,m = 8(t’ B;,x7}/;t,z)
VI = DyE(s, BYT Y, ") 20" + Dall(s, BE YY)

S
R = [ pemin vy @25.17)
0

Theorem 2.5.2. Let Assumptions 2.5.1 and 2.5.2 hold true. Then (UH* V¥ K'%) is the unique
solution of the following 2BSDE, for allt < s < T,

T T
UbT = ¢(BE") — / f(r, BL", Y5 78 6, )dr — / VETdB, + K — K7, (2.5.18)
S

S
where f:[0,T] x R x R x R? x Dy~ R is defined by:
. 1

f tﬂ$7yazaa £ " /7 N

( ) Dyn(t,z,y)

~ (@Duyn(t,2,9)2) — 5 TraDyyn(t,z, ) |=)} (2.5.19)

1
{f(t7way7Dyn(t>$7y)Z + Dwn(tal'vy)) - 5TT(aDlxn(ta$>y))
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Proof. It is easily checked that the mapping (B,Y, Z, K) — (B,U,V,K) is 1 — 1, with the inverse
transformation:

Y = n(t, B, Uy)

Zy = Dyn(t,By,U)Vi + Den(t, By, Uy)
t

K = /Dyn(&BS,US)dKS. (2.5.20)
0

Consequently, the uniqueness of (2.5.18) follows from that of 2BDSDE (2.5.1), thanks to (2.5.17)
and (2.5.20). Thus we need only show that (U, V, K) is a solution of the 2BSDE (2.5.18).

Applying the generalized Ito-Ventzell formula (Lemma 2.5.1) to &(t, B, Y:), one derives that for
(t,z) € [0,T] x RY

T T
U = E(t, B, Y,) = ¢(Br) — / D& (s, By, Y,)dB,s — / DyE(5, Ba, Ya) (5, By, Ya, Za i) ds
t t

T T 1 T
—/ DyS(s,Bs,YS)ZSdBS—i—/ DyE(s,BS,Ys)dKS—i/ Tr(Dyul(s, By, YVa)its)ds
t t t

L . (2.5.21)
- 5/ TT(Dyyg(SaBsaYs)&s|Zs|2)d5 - / TT(nyg((S»Bs»Yte)&sZs)dS
t t
T T ~ _
—o(Br) ~ [ Mo B Yo Zoads— [ VB Ky - K,
t t
where
. . 1 . 1 .
H(Sa €, Y, 2, as) é (Dyg)f(s7 x,Y, %z, as) + iTr((Dmxg)aS) + iTr((Dyyg)asMQ) (2522)
+ Tr((Dey€)asz).
Next, we can show that
H(s, Bs, Y, Zs, i5) = f(s, Bs,Us, Vs, 05) Vs €[0,T], P— a.s. (2.5.23)

similarly as done in Buckdahn and Ma [24] (proof of Theorem 5.1. page 198-199).

The process K is an increasing process which satisfies the minimum condition (2.5.7) thanks to
(2.5.17), the fact that y — n(t, x,y) is strictly increasing and that K satisfies the minimum condition
(2.5.7). O

We are now ready to prove that u defined by (2.5.8) is the stochastic viscosity solution of our SPDE
(h,g) (2.5.3). First, we introduce the random field v(t, ) = U}"*, where U is the solution of 2BSDE
(2.5.18). Then by (2.5.17) and (2.5.20) we know that, for (¢,z) € [0,T] x R?

u(t,x) = nt,z,v(t,x)); v(t,z) =E(, z,ult,x)). (2.5.24)

Finally, thanks to Proposition 5.1, we need only prove that the random field v defined in (2.5.24) is
a stochastic viscosity solution to the SPDE (h, 0).

Theorem 2.5.3. Under our Assumptions, the random field v is a stochastic viscosity solution of
SPDE (h,0); and u is a stochastic viscosity solution to SPDE (iz,g), respectively.

Remark 2.5.2. As mentioned in the begining of Section 2.5.2, we suppose that our candidate u
defined by (2.5.8) belongs to C(]—‘t%, [0,T] x RY). Thanks to the ralation (2.5.24), this condition is
equivalent to v(-,-,w) belongs to C([0,T] x RY), P-a.s. for all w € Q. This latter can be proved by
using regularity results for deterministic fully nonlinear PDEs ([27],[86]), but it is still a work in
progress to make it rigoursly.
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2.6 Appendix

2.6.1 Doubly f- supersolution and martingales

In this section, we extend some of the results of Peng [114] concerning f- supersolution of BSDEs
to the case of BDSDEs. In the following, we fix a probability measure P. Let us given the following
objects:

(i) a terminal condition & which is Fr-measurable and in L?(PP)

(ii) f:OxRxRI =R, g: QxR xR R are two functions verifying:

T T
. E[/ |£(£,0,0)]%dt] <400 JE[/ lg(t,0,0)[2dt] < +oo
0 0

e There exist constants ¢ > 0 and 0 < o < 1 such that for any(w,t) €  x
0,715 (y1,21), (y2, 22) € R x RY

c(lyr — o + 21 — 22)1?)

clyr — y2l® + a2 — 20| %

|f(ty,21) — f(ty2, 22)]* <
lg(t,y1,21) — g(t,y2, 22) [ <

(iii) a real-valued r.c.l.l. progressively measurable process {V;,0 < ¢t < T'} with

E( sup [Vi[?) < +oc.
0<t<T

We want to study the following problem: to find a pair of processes (y, z) € D?(P) x H?(P) satisfying

T T T
ye =&r +/ fs(ys, zs)ds + / 9s(Ys, zs)dws +Vr =V, — / 2sdBs , P — a.s. (2.6.1)
t t t
We have the following exixtence and uniqueness theorem

Proposition 2.6.1. Under the above hypothesis there exists a unique pair of processes (y,z) €
D?(P) x H3(P) of solution BDSDE (2.6.1).

Proof. In the case where V = 0, the proof can be found in [109]. Otherwise, we can make the
change of variable 7, := y; + V; and treat the equivalent BDSDE

T T T
U= Er + Vi +/ Fo(@o — Vi, 25)ds + / 95T — Vi, 2) AWV — / 2.dB.. (2.6.2)
t t t

O
We also have a comparison theorem in this context

Proposition 2.6.2. Let & and & € L*(P),Vii = 1,2 be two adapted cadlag processes and
fiy, 2), 9i(y, 2) four functions verifying the above assumption. Let (y',2%) € D*(P) x H2(P),i = 1,2
be the solution of the following BDSDFEs:

y§=f%+/ f;<y;,z;>ds+/ gs<yz,z;>dWs+sz—vz—/ SdB,, P—as, i=12
t t t

respectively. If we have P — a.s. that & > &, VI — V2 is non decreasing, and fl(yl,zl) > f2(y},2})
then it holds that for all t € [0, T]
yr >y P—as.

Remark 2.6.1. If we replace the determonistic time T by a bounded stopping time T, then all the
above is still valid.
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For a given stopping time, we now consider the following BDSDE

T

yt:§T+ fs(y87zs)d5+/

tAT tAT

T T

gs(ys, Zs)dWS + V‘r - Vt/\'r — / ZSdBS s P—a.s. (263)

tAT

where ¢ € L?(P) and V € I3(P).

Definition 2.6.1. Ify is a solution of BDSDE of form (2.6.3), the we cally a doubly f- supersolution
on [0,7]. If V=0 in [0,7], then we call y a doubly f- solution.

Proposition 2.6.3. Given y a doubly f- supersolution on [0, 7], there is a unique z € H2(P) and a
unique V€ 12(P) such that (y, z) satisfies (2.6.3).

Proof. If both (y,2,V) and (y, 2%, V1) satisfy (2.6.3), then we apply It6’s formula to (y — y)? on
[0, 7] and take expectation:

B[ [z - 24Pds) + B[ 3 (A1 - V)P =0
0 te(0,7]

Thus z = z!. From this it follows that V = V1. O
Thus we can define

Definition 2.6.2. Let y be a supersolution on [0, 7] and let (y,z,V) be the related unique triple in
the sense of BDSDE (2.6.3). Then we call (z,V') the decomposition of y.

We now introduce the notion of doubly f- (super) martingales.

Definition 2.6.3.
(i) A doubly f- martingale on [0,T) is a doubly f- solution on [0,T)].

(ii) A process (Yi) is a doubly f- supermartingale in the strong (resp. weak) sense if for all stopping
time T < t (resp. allt < T), we have EF[|Y;|*] < +oo (resp. EF[|Y;|?] < 400 and if the doubly f-
solution (ys) on [0,7] (resp. [0,t]) with terminal condition Y; (resp. Yi) verifies yo < Yo for every
stopping time o < 1T (resp. ys < Ys for every s < t).

Certainly, a doubly f- supermartingale in the strong sense is also a doubly f- supermartingale in
the weak sense. Under mild conditions, a doubly f- supermartingale in the weak sense corresponds
to a doubly f- supermartingale in the strong sense.

2.6.2 Downcrossing inequality
In this section, we prove a downcrossing inequality for doubly f-supermatingales.

Theorem 2.6.1. Assume that f(0,0) = 0. Let (Y:) be a positive doubly f-supermartingale in the
weak sense and let 0 = tg < t; < ... < t; =T be a subdivision of [0,T]. Let 0 < a < b, then there
exists C > 0 such that D2[Y,n], the number of downcrossings of [a,b] by {Y;,}, verifies

C_enyy no)

—prb <
MDY m] < —

Proof. Consider
) ti ) ) ti o ti
i =Yoo [ Gl + ulzias + [ ot a7~ [T s, 0<i<n
t t t

Since Y;, > 0, using comparison theorem, we have yz >20,t<t;

ti ) ) t o ti
yi= Y + / (gl + agz)ds + / 0uyl 2yl / SdB, 0<t <t
t t t
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where af, := psgn(z})1ly,_,<s <, and ag ==Y, al.

Define gg = e_’\(“_s)yi, we obtain for all 0 < ¢t < ¢;

ti . t; . R t; .
U= +/ e_)‘(ti_s)asz;ds + / e_)‘(ti_s)gs(y;, zé)dWs — / e_’\(t"_s)z;st
t t t

Let Q be the probability measure defined by

dQ T i s
ﬁ:g(/o e At )asst).

t
and define ¢! := g + / e A= g (4L zé)dWs, we then have easily that
0

g =E%[gi 1G] 0<t<t

Since Y is a doubly f-supermartingale (and thus also a f~#-supermartingale where f;"(y,z) =
—u(ly| + |2])), we therefore obtain

t; . )
EQY;, + /0 e N6y (i 2V |G ] = 5
. ti-1 S
g [l

ti—1 o
ge—/\(ti—tifl)}/tiil_'_/ e—/\(ti—S)gs(y;Zé)dWs
0

ti ) .
It means that the process X := (X;,)", where X;, = eMiY;, + / sy, zé)dws, is a Q- super-

martingale with respect to (Gy,)",. Then we can finish the proof exactly as in [29].

2.6.3 Reflected backward doubly stochastic differential equations

In this section, we want to study the problem of a reflected backward doubly stochastic differential
equation (RBDSDE in short) with one cadlag barrier. This is an extension of the work of Hamadene
and Ouknine [64] for the standard reflected BDSDESs to our case. So we need the following objects:

(i) a terminal condition ¢ which is Fr-measurable and in L?(P)

(ii) f:OxRxRI =R, g: QxR xR R are two functions verifying:

T T
o ]E[/ |£(£,0,0)[?dt] < 400, E[/ llg(t,0,0)|dt] < +o0
0 0

e There exist constants ¢ > 0 and 0 < a < 1 such that for any(w,t) € Q x
0,775 (y1,21), (Y2, 22) € R x R

|f(tvylazl) 7f(t7y23Z2)|2 < C(|y1 7y2|2+ HZl 722H2>
<

lg(t, y1,21) — g(t, y2, 22) || clyr — y2l® + ol 21 — 2%

(iii) The barrier {S;, 0 <t < T} is a real-valued r.c.ll. progressively measurable process satisfying
St < € and
E( sup (S;r)Z) < +o0.
0<t<T

Now we present the definition of the solution of RBDSDEs with one lower r.c.l.l. barrier.
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Definition 2.6.4. We call (Y, Z, K) a solution of the backward doubly stochastic differential equation
with one r.c.l.l. reflecting lower barrier S(.), terminal condition & and coefficients f and g, which
satisfy (i)- (i) if the following hold:

(iv) Y € D*(P) , Z € H2(P).
T T T

(V) }/t:g—i—/ f(S,}/S,ZS)dS"'/ g(svnvzs)dws_/ ZSdBS+KT_Kta Ogth
t t t

vi) ;28 ,0<t<T, as.

(vii) If K¢ (resp. K?) is the continuous (resp. purely discontinuous) part of K, then
T
/ (Ys = S5)dKS =0, a.s. and ¥t < T,AK{ = (Sp- = Y) 1y __g, .
0

The state-process Y'(.) is forced to remain above the barrier S(.), thanks to the cumulation action
of the reflection process K(.), which acts only when necessary to prevent Y(.) from crossing the
barrier, and in this sense, its action can be considered minimal.

Remark 2.6.2. The condition (vii) implies in particular that

T
/ (Ys* - Ss*)sz =0
0

Actually
T T
| o sk = / )dKE + / (Ve — S, )dK?
0 0
= / DAKS+ ) (Y, )AK?
s<T
= 0.
The last term of the second equality is null since K¢ jumps only when Y,— = S, O

The main objective of this section is to prove the:
Theorem 2.6.2. Under the above hypotheses, the RBDSDE (v) has a unique solution (Y, Z, K).

Before we start proving this theorem, let us establish the same result in case f and g do not depend
on Y and Z. More precisely, given f and g such that

E(/OT |f(s)|2ds) < +o0,

B [ lo)IPas) < oo

and & as above, consider the reflected BDSDE

T T T
Y, =¢ +/t f(s)ds + /t 9(8)chS — /t Z,dBs + Kt — K;. (2.6.4)

Proposition 2.6.4. There exists a unique triplet (Y, Z, K) wverifies conditions of Definition 4.2.5
and satisfies (2.6.4).
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Proof. a) Existence: The method combines penalization and the Snell envelope method.

For each n € N*, we set
fa(s,y) = f(s) +n(ys — Ss)~
and consider the BDSDE

T T T
Y= gny / Fuls, Y7)ds + / o(s)div, — / ZdB,,
t t t

(2.6.5)

It is well known (see Pardoux and Peng [109]) that BDSDE (2.6.5) has a unique solution (Y, Z") €

D?(P) x H2(P) such that for each n € N,

T
E( sup |Yt”\2+/ ||Z;‘H2ds)<oo.
0

0<t<T

From now on the proof will be divided into four steps.
Step 1: For all n > 0 and (s,y) € [0,T] x R,

fn(S,y7z) < fn+1(87y: 2:)7

which provide by Comparison Theorem, Y;* < Y™ ¢ € [0, 7] a.s..
Step 2: For each n € N, denoting

t
R R WO
0

t

E::f—ﬁ—/o g(s)df/l_/S , S = St—i-/o g(s)dWS7

we have
~ B T T - T
yt“:§+/ f(s)d5+n/ (Ys”—SS)‘dsf/ Z{dBs.
t t t

The process Y;" satisfies

Vi<T Y =ess supE[/ f(s)ds + (Y] A S )lgrery + E1—m |Gy
t

T>t

In fact, for any n € N and ¢ < T we have
~ B T T ~ T
Y =€&+ / f(s)ds + n/ (Y — Ss) " ds — / Z7'dBg.
¢ ¢ ¢

Therefore for any stopping time 7 > ¢ we have

o= B [ f@dsen [ (77 - 5)7ds00)

WV

E[(Sy AY") ey + Edgroqy + /t f(s)ds|G],

(2.6.6)

(2.6.7)

(2.6.8)

(2.6.9)

since Y* > (S, A ?T")I[T<T] + gl{T:T}. On the other hand, let 77 be the stopping time defined as

follows:
=inf{s > t,K!' — K]'> 0} AT,
t

where KJ' = n/ (Y* — S5)ds. Let us show that l[Tt*<T]17£i) = (S A eri)l['rt%T]'

0
Let w be fixed such that 77(w) < T. Then there exists a sequence (tx)r > o of real numbers which
decreases to 7/ (w) such that ¥"(w) < Sj(w). As Y™ and S are RCLL processes then taking the
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limit as k — oo we obtain YT’} < S‘Tt* which implies 1[73<T]YT7}) = (S A }771)1[ <]
Now from (2.6.8), we deduce that:

_ T T _
o= e [ s [z,
t t

T*

_ _ _ T to_
= (S AYD )L or) + L=y +/ f(s)ds —/ ZgdBs.
t t

Taking the conditional expectation and using inequality (2.6.9) we obtain: Vn > 0, and t > T
Y = ess supE[/ f(8)ds + (Y] A Se)lgrery + El2my |Gy (2.6.10)
T>t t
Step 3: There exists a RCLL (Y3)¢ < 7 of D?(P) such that P-a.s.
(i) Y = lim Y™ in H}(P), S< Y.
n—oo

(i) for any ¢t < T,

T t
Y: = ess sup]E[/t f()ds + Sr1iory + E1g—1y|Gi] _/0 g(s)df/[_/s. (2.6.11)

T>1

Actually for ¢ < T let us set Y; = ess sup]E[/ f(s)ds + §71{7-<T} + 51{T:T}|gt].
t

T>t
The process Y belongs to D?(P) since S is so, f € H2(P) and € is square integrable. On the other
hand for any n > 0 and ¢t < T we have Yt” < YQ Thus there exist a Gi-measurable process Y

¢
such that P-a.s. forany t <7, Y 2 Y; <Y; and we have Y;* /'Y, =Y, — / g(s)dW(97 then
0
Y = lim Y" in H?(P).
n—o0

t
Besides the process (Y;* + / f(s)ds): < T is a RCLL supermartingale as a snell envelope of
0
t t
(/ f(s)ds + (S A Y;”)I[KT] + gl{t:T})t <7 and it converges increasingly to (Y; + / f(s)ds)t <.
0 0
It follows that this latter process is an RCLL supermartingale. Henceforth the process Y is also a
(Gt)- RCLL with E[sup |Y;|?] < +o0.
t<T

The process (Yi): > 0 is (Ft)- measurable as the limit of a (F;)- measurable process (Y;*): > o.
Next let us prove that Y > S. We have

E[Yy") = El¢ + /0 f(s)ds] + E| /0 n(Y? — )~ds].

T
Dividing the two hand-sides by n and taking the limit as n — oo to obtain E[/ (Yr—8s)"ds] =0.

S

As the processes Y and S are RCLL then P-a.s. Y; > Sy, for t < T. But YTOZ & > Sp, therefore
Y >S.

Finally let us show that Y satisfies (2.6.11). But this is a direct consequence of the continuity of
the Snell envelope through sequences of increasing RCLL processes. In fact on the one hand, the
sequence of increasing RCLL processes ((Sy A Y;") 1<) + §1—1})i < 7)¢ < 7 converges increasingly
to the RCLL (St1ly<q) + {1y—1))t < 7)[t < T since Y; > Si.

t T
Therefore, the sequence (/ f(s)ds + Y/"); <1 converges to ess supIE[/ f(s)ds + S:lgcry +
0 0

T=>t

t
51{T=T}|gt] which then is equal to (/ f(s)ds +Y;); < 7 and which implies that
0

o= ()l

T t
- esssupIE[/t f(s)ds+§Tl{T<T}+€1{T:T}|Qt] _/0 g(s)dws.

T>t
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Step 4: There exist two processes Z € H2(P), K € I?(P) such that (Y, Z, K) is the solution of the

RBDSDE (2.6.4).
t

We know from (2.6.11) that the process (/ f(s)ds +Y™)¢ < 7 is a Snell envelope. Then, there exist
0

a process K € I2(P) and a (G;)-martingale such that
t t
/ f(s)ds+Y}+/ g(s)dWs = My, — K, ,0<t<T.
0 0

Additionally K = K¢+ K¢ where K¢ is continuous non-decreasing and K¢ non-decreasing purely
discontinuous predictable such that for any t < T, A;K?% = (S,- — Y})l{yr =5, }-
Now the martingale M belongs to S?(P) then the Ité’s martingale representation theorem implies

T
the existence of (G;) -measurable process Z such that E[/ |Z|?ds] < oo and
0

t
Mt:Mo—i—/stBS, 0<t<T, P—as.
0

Hence
¢ t t
Y=Y, —/ F(s)ds —/ g(s)dW, +/ ZydBs — K;, 0<t<T.
0 0 0
T
Let us now prove that (Ys — S5)dK: = 0.
0
It remains to show that Z; and K, are in fact Fy-adapted. For K, it is obvious since it is the limit
of K* = / n(Y]' —Ss)”ds which is F; - measurable for each ¢t < T.
0

Now

T T T
/ stBs:§+/ f(S,Y'S,ZS)dS—i-/ g(svifs»Zs)dWs_ift'i‘KT_Ktv
t t t

and the right side is ]-'75 \Y .E%—measurable. Hence from the Itd’s martingale representation theorem

Zs, t<s<Tis FBv .7-"% adapted. Consequently Zs is F2 v ]-"%-measurable for any t < s, so it

is FP v ,FZVT—measurable.

b) Uniqueness: under Lipschitz continuous condition, the proof of uniqueness is a standard in

BSDE theory (see e.g. proof of Proposition 2.1. in [2]). O
The existence of solution of RBDSDE (v) in Theorem 2.6.2 is obtained via a standard fixed Banach

point theorem for reflected BSDEs (see for instance El Karoui, Hamadene and Matoussi [45]).
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3.1 Introduction

Our main interest in this chapter is to study the following partial integro-differential equations (in
short PIDESs) of parabolic type:

(O + L)u(t, z) + f(t, z,u(t, z), Vu(t, z)o(x), u(t, z + B(z, ) — u(t,z)) =0 (3.1.1)

over the time interval [0,T], with a given final condition ur = g, f is a nonlinear function and
L = K1+ Ky is the second order integro-differential operator associated with a jump diffusion which
is defined component by component with

d d
9 1 g o2

— (. . - ij .
Kip(z) E b(fb)(%ci@(»U)Jr2 E a (m)axiaxjso(l) and

i=1 ij=1

(3.1.2)

d
Kae(e) = [ (ol +52,:0) ~ pla) = 3 6w e) - pla))Ade), € CARY,
i=1 ¢

More precisely, our main interest is to consider the final condition to be a fixed function g € L? (Rd)
and the obstacle h be a continuous function h : [0, 7] x R? — R. Then the obstacle problem for the
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equation (3.1.1) is defined as a pair (u,v), where v is a regular measure concentrated on {u = h}
and u € L?([0,T] x R% R)) satisfies the following relations:

(Y uz=h, dPRdt®dr—ae.,
(i) Opu(t,z) + Lu(t,z) + f(t,z,u(t,z), Vu(t,z)o(z),ult,z + B(x,")) — u(t,z)) = —v(dt, dx),
(iii') v(u>h)=0, as.,
(i) ur =g, dz—ae.
(3.1.3)

v represents the quantity which forces u to stay above the obstacle h and we get the uniqueness
result for the obstacle problem. In Section 3.4, the rigorous sense of the relation (7i:') which is based
on the probabilistic representation of the measure v and plays the role of quasi-continuity of u in
this context will be explained. The main result of the chapter is Theorem 3.4.1 which ensures the
existence and uniqueness of the solution (u, v) of the obstacle problem for (3.1.1) using a probabilistic
method based on reflected BSDEs with jumps. The proof is based on the penalization procedure. It
can be noted that the quasi-sure approaches for the PIDEs (probabilistic [98] or analytical one [38])
are unsuccessful. It remains unclear, until now, how to define the anlytical potential associated to
the operator L specially for the non local operator K. Thus, the stochastic flow method developed
by Bally and Matoussi in [10] (see also [97]) for a class of parabolic semilinear SPDEs is used in this
context.

As a preliminary work, first we present the existence and uniqueness of Sobolev’s solution of PIDE
(3.1.1) (without obstacle) and provide a probabilistic interpretation by using solution of BSDEs
driven by a Brownian motion and an independent random measure. The concern is to solve our
problem by developing a stochastic flow method based on the results of Léandre [82] about the
homeomorphic property for the solution of SDEs with jumps. The key element in [10] is to use
the inversion of stochastic flow which transforms the variational formulation of the PDEs to the
associated BSDEs. Thus it plays the same role as Itd’s formula in the case of the classical solution
of PDEs.

This chapter is organized as following: in section 4.2.1, first the basic assumptions and the defini-
tions of the solutions for PIDEs are presented. We provide useful results on stochastic flow associated
with the forward SDEs with jumps, then in this setting a class of random test functions and their
semimartingale decomposition are introduced. Finally, an equivalence norm result is given in the
jump diffusion case. In section 3.3, we prove the existence and uniqueness results of the solution of
our PIDEs and give the associated probabilistic interpretation via the FBSDEs with jumps. The
uniqueness is a consequence of the variational formulation of the PIDEs written with random test
functions and the uniqueness of the solution of the FBSDE. The existence of the solution is es-
tablished by an approximation penalization procedure, a priori estimates and the equivalence norm
results. In section 3.4, we prove existence and uniqueness of the solution of the obstacle problem
for the PIDEs. The proof of this result differs from that of Bally et al [9] since we have to consider
the stochastic flow associated with the forward jump diffusion process. In particular, the jump part
appearing of the tightness result for the approximation measure has to be taken into account. In the
Appendix, we first give the proof of the equivalence norm results, then prove a regularity result for
the BSDEs solution with respect to the time-state variable (¢, ), in order to relate the solution of
BSDEs to the classical solution of our PIDEs. Finally, we give a proof of a technical lemma which
is crucial for the existence of the regular measure part of the solution of our obstacle problem for
PIDEs. This chapter is based on [96].
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3.2 Hypotheses and preliminaries

Let T > 0 be a finite time horizon and (€2, F,P) be a complete probability space on which is defined
two independent processes:

- a d-dimensional Brownian motion W; = (W}, --- , W2);

- a Poisson random measure p = p(dt, de) on ([0,T] x E,B([0,T]) ® Bg), where E = R\ {0} is
equipped with its Borel field Bg, with compensator v(dt, de) = A(de)dt, such that {i([0,T] x A) =
(b —v)([0,T] x A)}+ >0 is a martingale for all A € Bg satisfying A(A) < co. A is assumed to be a
o— finite measure on (F, Bg) satisfying

/(1 A le|*)A(de) < +oo
E

Denote P = P ® Bg where P is the predictable o-field on Q x [0, T7].
Let (Fi)¢ >0 be the filtration generated by the above two processes and augmented by the P-null
sets of F. Besides let us define:

- |X| the Euclidean norm of a vector X;

- L?(E,Bg, \;R") (noted as L3 for convenience) the set of measurable functions from (E, Bg, \)
to R™ endowed with the topology of convergence in measure and for v € L(E, Bg, \; R")

ol = [ 1o(@Pde) € B U {+oc:
E
-L5(Fr) the space of n-dimensional Fp-measurable random variables £ such that
€120 := E(IE]7) < 4005
'HP

nxd

([0,T]) the space of R™*?-valued P-measurable process Z = (Z;); < 7 such that

T
121 =Bl 121Pde) < 4o
0
- 8E([0,T]) the space of n-dimensional Fi-adapted cadlag processes Y = (¥}); < 7 such that

IV [l5e :=E[sup [¥;["] < +o0;
t<T

- AL (¢, T) the space of n-dimensional F-adapted non-decreasing cadlag processes K = (K;); <1
such that
K% == E[[K7|"] < +o0;

-L2([0,T)) the space of R™-valued P-measurable mappings V (w, ¢, e) such that

p = E[( / IVi|[2dey/] = / / IVi(e) PA(de)dt)??] < +oo.

- C’Zkb(]Rp ,RY) the set of C*-functions which grow at most linearly at infinity and whose partial

Vi

derivatives of order less than or equal to k& are bounded.
- L% (Rd) will be the basic Hilbert space of our framework. We employ the usual notation for its
scalar product and its norm,

2

(o), = [ ule)o @)oo, Jul, = ( [ o ) plara

where p is a continuous positive and integrable weight function. We assume additionally that % is
locally integrable
In general, we shall use the notation

(u,v) = /Rdu(x)v(x) dz,
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where u, v are measurable functions defined in R? and uv € L' (R?).

Our evolution problem will be considered over a fixed time interval [0,7] and the norm for an
element of L2 ([0, 7] x R?) will be denoted by

fullo = ( ' /. |u<t,x>|2p<x>dxdt)§ .

We usually omit the subscript when n = 1. We assume the following hypotheses :
(A1) g belongs to L%(Rd);

(A2) f:[0,T] x R x R™ x R™*? x L2(E, Bg, \;R™) — R™ is measurable in (t,z,y, z,v) and
satisfies f0 € L2 ([0,T] x R?) where f0:= f(-,-,0,0,0).

(A3) f satisfies Lipschitz condition in (y, z,v), i.e., there exists a constant C' such that for any
(t,) € [0,T] x R? and (y, z,v), (y/, 2',v) € R™ x R™*4 x L2(E, Bg, \;R™):

[f(t 2y, 2,0) = ft2, 0, 20 < Clly =y + ]z = 2+ [lv =)

(A4) b € C}(RERY), 0 € CFy(RGRIXD), B @ RY x B — R? be measurable and for all e € E,
B(-,e) € C’gb(Rd;Rd), and for some K > 0 and for all z € R% e € E,

1B(z,e)l < KQUAJel),  1D*8(w,e)] < K(LA Je]) for 1< Ja] <3,
where a = (a1, @2, - ,aq) is a multi-index and || = aq + ag + -+ + ag. D* is the differential

olal
(80‘1961)(8@2962) .. ([)Uédxd)'

operator D% =

3.2.1 Weak formulation for the partial differential-integral equations

The space of test functions which we employ in the definition of weak solutions of the evolution
equations (3.1.1) is Dy = C>([0,T]) ® C° (R?), where C* ([0, T]) denotes the space of real functions
which can be extended as infinite differentiable functions in the neighborhood of [0, T and C2° (Rd)
is the space of infinite differentiable functions with compact support in R¢. We denote the space of
solutions by

Hy = {u € L2([0,T] x RY) | Vuo € L([0,7] x R%)}
endowed with the norm

1/2

T
luller = ([, [ luts )P + [Vu(s.aota) Pdsp(a)dz)
r Jo
where we denote the gradient by Vu(t,z) = ((91u(t,w), - Oqut, x))

Definition 3.2.1. We say that uw € Hyp is a Sobolev solution of PIDE (3.1.1) if the following relation
holds, for each ¢ € Dr,

T T
/t(U(S,x)ﬁsﬁﬁ(s,w))dﬁ(U(t»x)w(t,x))—(g(fv)mb(T»x))—/t (u(s,x), L¢(s, x))ds

T (3.2.1)
= /t (f(s,z,u(s,x), Vu(s,z)o(x),u(s,x + B(z,-)) —u(s,x)), ¢(s, z))ds.

where L* is the adjoint operator of L. We denote by u:=U(g, f) such a solution.
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3.2.2 Stochastic flow of diffeomorphisms and random test functions

In this section, we shall study the stochastic flow associated to the forward jump diffusion component.
The main motivation is to generalize in the jump setting the flow technics which was first introduced
in [10] for the study of semilinear PDE’s. Let (X s(x)): < s < 7 be the strong solution of the equation:

Xis(z) =2+ | b(X¢r(z))dr + | o (Xt (2))dW, + | B(Xer—(z), e)p(dr, de). (3.2.2)
¢ t t JE

The existence and uniqueness of this solution was proved in Fujiwara and Kunita [52]. Moreover, we
have the following properties (see Theorem 2.2 and Theorem 2.3 in [52]):

Proposition 3.2.1. For each t > 0, there ezists a version of {X;s(z); x € R% s > t} such that
Xi5(+) is a C%(R%)-valued cadlag process. Moreover:

(1) X¢s(-) and Xo s—¢(-) have the same distribution, 0 <t < s;

(11) Xtgtrs Xtrtas -+ Xtn_1,t, 0re independent, for alln € N, 0 <tg <ty < -+ <tp;

(111) Xep(x) = Xor o Xes(x), 0<t<s <7,

Furthermore, for all p > 2, there exists M, such that for all 0 <t < s, z,2’ € RY, h,h' € R\{0},
where Al g(z) = %(g(w + he;) —g(x)), and (eq,--- ,eq) is an orthonormal basis of RZ.

It is also known that the stochastic flow solution of a continuous SDE satisfies the homeomorphic
property (see Bismut [16], Kunita [76], [80]). But this property fails for the solution of SDE with
jumps in general. P.-A. Meyer in [102] (Remark p.111), gave a counterexample with the following
exponential equation:

t
X(),t(aj) =T +/ X07s_dZS
0

where Z is semimartingale, Zy = 0, such that Z has a jump of size —1 at some stopping time T,
7 > 0 a.s. Then all trajectories of X, starting at any initial value x, become zero at 7 and stay there
after 7. This may be seen trivially by the explicit form of the solution given by the Doléans-Dade
exponential:

Xog(w) = zexp(Z; — %[Z, Z]7) H (1+ AZS)e_AZS.

0<s <t

In the general setting of non-linear SDE, at the jump time 7, the solution jumps from Xo . (z)
to Xo,r—(z) + B(Xo,r—(x)). Léandre [82] gave a necessary and sufficient condition under which the
homeomorphic property is preserved at the jump time, namely, for each e € E, the maps H, : x —
x+ f(z, ) should be one to one and onto. One can read also Fujiwara and Kunita [52], Protter [122]
and Kunita [77] for more details on the subject. Therefore, we assume additionally that, for each
e € E, the linkage operator:

(A5) H, :z— x4+ B(z,e) is a C*diffeomorphism.
We denote by H_ ! the inverse map of He, and set h(z,e) := x — H;'(z). We have the following
result where the proof can be found in [81] (Theorem 3.13, p.359):

Proposition 3.2.2. Assume the assumptions (A4) and (A5) hold. Then {X;s(x);z € RY} is
a C2-diffeomorphism a.s. stochastic flow. Moreover the inverse of the flow satisfies the following
backward SDE

X =y [ Hx *(y))dr—/ oA~ [ [ 505 w0l de)
//B H (dr de),

for any t < s, where

(3.2.3)

Z a(;jl‘z 7,] and 5(377 6) = 6(x’ e) — ]’L(l‘7 6). (324)
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The explicit form (3.2.3) will be used in the proof of the equivalence of norms (Proposition 3.2.3).

Remark 3.2.1. In (3.2.3), the three terms/ X, dWT, / / B(X, (dr de) and

B(Xf’sl(y),e)u(g,de) are backward Ité integrals. We refer the readers to literature [81] for

¢ JE
the definition ([81] p. 858). For convenience, we give the definition of the backward Ité integral with
respect to a Brownian motion. Let f(r) be a right continuous backward adapted process, then the
backward Ito integral is defined by

/;5 f(r)mr = |ll[1\IE>IOZ f(tk+1)(Wtk+1 - Wtk)?
k

where Il = {t = t9 < t; < --- < t,, = s} are partitions of the interval [t,s]. The other two terms
can be defined similarly. Note that the inverse flow XT_’S1 is backward adapted, so we may define the

backward integrals such as [;° U(ersl(y))dWT etc..

Remark 3.2.2. In the paper of Ouknine and Turpin [106], the authors have weakened the regularity
of the coefficients b and o of the diffusion, but added additional boundedness on them. Since this
improvement is not essential and the same discussion is also valid for our case, we omit it.

We denote by J (X, 1(z)) the determinant of the Jacobian matrix of X X(z), which is positive and
J(thtl(x)) = 1. For ¢ € C(R?), we define a process ¢ : Q x [t,T] x R? — R by

$i(s,x) 1= O(X; ) (2)) (X (2)) (3.2.5)
We know that for v € L%(R?), the composition of v with the stochastic flow is
(Vo Xis(-);0) = (v, di(s,-))-
In fact, by a change of variable, we have

(vo Xus(), 0) = /R ,VXis(@)()de = /]R PO W) T (X ()dy = (v, ¢i(s, ).

Since ((;St(s X))t < s 18 a process, we may not use it directly as a test function because
ft ,0s®¢(s,+)) has no sense. However ¢(s, ) is a semimartingale and we have the following
decomposmon of ¢¢(s,x):

Lemma 3.2.1. For every function ¢ € C°(R?),

Gi(s,x) = o(z /£¢t7“$)d7"—2/ (zi:

/ /Aeqﬁt Ya(dr, de),

where Acu(t, ) = u(t,He(z)) — u(t,x), Abu(t,z) = u(t, H;Y(2))J(H 1 (x)) — u(t,z) and L* is the
adjoint operator of L.

)t (r, 1’))) aw}
(3.2.6)

Proof. Assume that v € C°(RY). Applying the change of variable y = X,;sl (x), we can get
L v@@s.n) = ota)ds = [ @)@ @) I @) = 6 (0)(Xi7 (@)
= [ (0(Xes())o(y) — v(y)e(y))dy

d

= /id o(y)(v(Xps(y)) — v(y))dy

As v is smooth enough, using It6’s formula for v(X¢ s(y)), we have
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o(Xealy)) — o / Lo(Xe(y))dr + / Z (X0 () D Y (X () AW
j=1
+/t /EAev(Xtyr,(y))ﬁ(dr,de).

/]Rd v(x)(de(s, ) — ¢(x))dx
S S d
Lo [ eokestar+ [752 5 ert) Zof(Xt Daws

/R o) /t S /E Aco( Xt (y)i(dr, de)dy

Since the first term has been dealt in [10], and the adjoint operator of £ exists thanks to [92], we

Therefore,

focus only on the second term. Using the stochastic Fubini theorem and the change of variable
x = Xt ,(y) we obtain

Lot [ [ Aot @iitardaay = [ [ [ ot Amcx,-)aitar,de)

/ / R Gi(r—, x) Aev(x)dapi(dr, de).

Finally, we use the change of variable y = H_ !(z) in the right hand side of the previous expression

/t S /E /Rd &1 (r—, ) Acv(x)dzfi(dr, de)

/S/ de(r—, ) (v(He(;r)) — v(x)) dxp(dr,de)
t JE JR4

_ /t /E /R (@) ALyl ) dafi(dr, de).

Since v is an arbitrary function, the lemma is proved.

We also need equivalence of norms result which plays an important role in the proof of the existence
of the solution for PIDE as a connection between the functional norms and random norms. For
continuous SDEs, this result was first proved by Barles and Lesigne [13] by using an analytic method.
In [10], the authors have proved the result with a probabilistic method. Note that Klimisiak [73]
have extended this estimes for Markov process associated to a non-homogeneous divergence operator.
The following result generalize Proposition 5.1 in [10] (see also [13]) in the case of a diffusion process
with jumps, and the proof will be given in Appendix 3.5.1.

Proposition 3.2.3. There exists two constants ¢ > 0 and C > 0 such that for everyt < s < T and
¢ € L' (RY, dx),

[ Je@lo@ds < [ Blo(Xi@p@ds <C [ p@lp@ds.  (27)
R Rd Rd

Moreover, for every ¥ € LY([0,T] x RY, dt @ dx),

/Rd/ (5, )ldsp(w / / (1 (s, Xp,s(x))])dsp(x C/Rd/ (s, 2)|dsp(z)dz.

(3.2.8)

We give now the following result which allows us to link by a natural way the solution of PIDE
with the associated BSDE. Roughly speaking, if we choose in the variational formulation (3.2.1) the
random functions ¢ (-, ) defined by (3.2.5), as a test functions, then we obtain the associated BSDE.
In fact, this result plays the same role as Itd’s formula used in [108] and [115] (see [108], Theorem
3.1, p. 20) to relate the solution of some semilinear PDE’s with the associated BSDE:
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Proposition 3.2.4. Assume that all the previous assumptions hold. Let u € Hr be a weak solution
of PIDE(3.1.1), then for s € [t,T] and ¢ € C(RY),

T T
L[ wtra)aontrayds + (utsa).onts.2) = (0(o). 0(To)) = [l €610,

T
:/ / f(rz,ulr,z), Vu(r,z)o(z), u(r,z + 8(z, ) — u(r, z))é(r, z)drdx. a.s.
Rd Js
(3.2.9)
T
where / / u(r, z)dei(r,x)dz is well defined thanks to the semimartingale decomposition result
Rd Js
(Lemma 3.2.1).

Remark 3.2.3. Note that ¢(r,x) is R-valued. We consider that in (3.2.9), the equality holds for
each component of .

Remark 3.2.4. Under Brownian framework, this proposition is first proved by Bally and Matoussi
in [10] for linear case via the polygonal approximation for Brownian motion (see Appendiz A in [10]
for more details). In fact, thanks especially to the fact that A is finite, we can make the similar
approximation for It6-Lévy processes only by approximating polygonally the Brownian motion, the
proof of this proposition follows step by step the proof of Proposition 2.3 in [10] (pp. 156), so we
omit it.

3.3 Sobolev solutions for parabolic semilinear PIDEs

In this section, we consider the PIDE (3.1.1) under assumptions (A1)-(A5). Moreover, we consider
the following decoupled forward backward stochastic differential equation (FBSDE in short) :

X s(z) :x+/t b(Xt,r(xi)dr+/t U(Xt,r(x))dWr+/t /Eﬁ(Xtﬁr_(a:),e)ﬁ(dr,de);

Y =g+ [0 X @), Y, 2V (3.3.1)

T T
f/ ijdeTf/ /Vrt’z(e)ﬁ(dr, de).
s s E

According to Proposition 5.4 in [33] which deals with of reflected BSDE, we know that (3.3.1) has a
unique solution. Moreover, we have the following estimate of the solution.

Proposition 3.3.1. There ezists a constant ¢ > 0 such that, for any s € [t,T):

T T T
sup (VO3] +E[ [ 1z 0Bds+ [ [ vEeBNaes] < g+ [ 12130 (332)

s€t,T]
Our main result in this section is the following where the proof will be given in Appendix 3.5.3:

Theorem 3.3.1. Assume that (A1)-(A5) hold. There exists a unique solution u € Hrp of the
PIDE (3.1.1). Moreover, we have the probabilistic representation of the solution: wu(t,xz) = Ytt’z,
where (Yst’x, zL, Vst’x) is the solution of BSDE (3.3.1) and, we have, ds ® dP & p(x)dx — a.e.,

YT = (s, Xes(@), 287 = (0" Vu)(s, Xes(a)),

’ (3.3.3)
Vit () = uls, Xes— (@) + B(Xes— (@), 7)) — uls, Xes—(2)).

Remark 3.3.1. Since u € Hr, u and v = (Vuo) are elements in Lg([QT] x RY) and they are
determined p(x)dzx a.e., but because of the equivalence of norms, there is no ambiguity in the definition
of u(s, Xt s(x)) and the others terms of (3.3.3).
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Remark 3.3.2. This stochastic flow method can be generalized to the study of Sobolev solution
of stochastic partial integro-differential equations (SPIDEs for short) without essential difficulties
(see e.g. [10] for Brownian framewrok). More precisely, as the authors have done in [10, 109], by
introducing an appropriate backward doubly stochastic differential equation (BDSDE for short) with
Jjump, we can provide a probabilistic interpretation for Sobolev solution of an SPIDE by the solution
of the BDSDE with jump.

3.4 Obstacle problem for PIDEs

In this part, we will study the obstacle problem (3.1.3) with obstacle function h, where we restrict
our study in the one dimensional case (n = 1). We shall assume the following hypothesis on the
obstacle:

(A6) h € C([0,T] x R%R) and there exit ¢, & > 0 such that |h(t,2)| < ¢(1 + |2|%), for all z € R%.

We first introduce the reflected BSDE with jumps (RBSDE with jumps for short) associated with
(g, f, h) which has been studied by Hamadéne and Ouknine [65]:

Y = g(Xer(z)) / fr, Xeo(z), V1" Z“““’,Vf’z)errK%x — KL
f/ ZHEdW, — / / Vh(e)u(dr, de), P-a.s., Vs € [t, T (3.4.1)

vhe > phe / (YE* — LE")dKE® = 0, P-a.s.
t

The obstacle process Lb" = h(s, X¢s(z)) is a cadlag process which has only inaccessible jumps since
h is continuous and (X s(x)): < s < 7 admits inaccessible jumps. Moreover, using assumption (A1)
and (A2) and equivalence of norm results (3.2.7) and (3.2.8), we get

9( Xy r(x)) € L%(Fr), and f(s, X1.5(x),0,0,0) € H2(t,T).

Therefore according to [65], there exists a unique quadruple (Y%, Zb Ve Kbo) € S2(t,T) x
H2(t, T) x L2(t,T) x A%(t,T) solution of the RBSDE with jumps (3.4.1).

More precisely, we consider the following definition of weak solutions for the obstacle problem (3.1.3):

Deﬁnition 3.4.1. We say that (u,v) is the weak solution of the PIDE with obstacle associated to

(9,1 h)

(i) ||UH7{ <00, u2h, and u(T,z) = g(x),

(i) v is a positive Radon regular measure in the following sense, i.e. for every measurable bounded
and positive functions ¢ and 1,

L o X @) IO @)t a) o s, ). )
_ /R d /t (5, 2)0 (s, X)) AK " dz, a.s.. (3.4.2)

where (YO, Z0" VI KEY™), < ¢ < 7 is the solution of RBSDE with jumps (3.4.1) and such that

/ /d v(dt,dx) <
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(i) for every ¢ € Dy

/tT /Rd u(s, x)0sP(s, x)dxds + /Rd(u(t’ z)p(t,z) — g(x)p(T, x))dx + /tT /Rd u(s,z), L6(s, x)dwds

T T
- / / F(s, 2,0, Vuo, u(s, z + Bz, ) — uls,2))é(s, z)deds + / 05, 2)Luny (5, 2)(ds, ).
t R4 t R4
(3.4.3)

First, we give a weak It6’s formula similar to the one given in Proposition 3.2.4. This result is
essential to show the link between a Sobolev solution to the obstacle problem and the associated
reflected BSDE with jumps, which in turn insures the uniqueness of the solution. The proof of this
proposition is the same as Proposition 3.2.4.

Proposition 3.4.1. Assume that conditions (A1)-(A6) hold and p(x) = (1 + |z|)™P with p > ~
where y = k +d + 1. Let u € Hr be a weak solution of PIDE with obstacle associated to (g, f,h),
then for s € [t,T] and ¢ € C2(RY),

' T
/R/ u(r,@)dgy(r.)dw + (u(s, ), du(s,)) = (9(). 0u(T, ) - / (u(r, ), £ u(r, -))dr
S T )
= /Rd/ fOrz,u(r, z),0"Vu(r, z), u(r,z + B(x,-)) — u(r,x))(r, z)drde (3.4.4)
T
+/Rd / G(r, )Ly} (r, 2)v(dr, dz).  a.s.

T
where / / u(r, z)dei(r,x)dz is well defined thanks to the semimartingale decomposition result
Rd
(Lemma 3281)

The main result of this section is the following

Theorem 3.4.1. Assume that conditions (A1)-(A6) hold and p(xz) = (1 + |z|)~P with p > ~ where
v =k+d+ 1. There exists a weak solution (u,v) of the PIDE with obstacle (3.1.3) associated to
(g, fyh) such that, ds @ dP ® p(z)dz — a.e.,

Y = u(s, Xps(2)), ZE" = (0" Vu) (s, Xi.s(2)),
Vts‘t,x(') = u(57 Xt,s—(‘/r) + 6(Xt75—(x)7 )) - U(S, XtaS—(x))7 a.S.. (345)

Moreover, the reflected measure v is a reqular measure in the sense of the definition (ii) and satisfying
the probabilistic interpretation (3.4.2).

If (w,7) is another solution of the PIDE with obstacle(3.1.3) such that U satisfies (3.4.2) with some
K instead of K, where K is a continuous process in A%(t,T), then @ =u and U = v.

In other words, there is a unique Randon regular measure with support {u = h} which satisfies

(3.4.2).

Remark 3.4.1. The expression (3.4.2) gives us the probabilistic interpretation (Feymamn-Kac’s
formula) for the measure v via the nondecreasing process K*® of the RBSDE with jumps. This
formula was first introduced in Bally et al. [9] (see also [99]). Here we generalize their results to the
case of PIDE’s.

From Lemma 3.1 in [33], we know that if we have more information on the obstacle L, we can give
a more explicit representation for the processes K. Then as a result of the above theorem, we have
when h is smooth enough, the reflected measure v is Lebesgue absolute continuous, moreover there
exist a unique v and a measurable function (as)s > o such that v(ds,dz) = asvs(dz)ds .
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Proof. a) Existence: The existence of a solution will be proved in two steps. For the first step,
we suppose that f does not depend on y, z,w, then we are able to apply the usual penalization
method. In the second step, we study the case when f depends on y, z, w with the result obtained
in the first step.

Step 1 : We will use the penalization method. For n € N, we consider for all s € [t,T],

T
VI = (X (@) + [ S Xep())dr 4 |0 = e X @)

S

—/ ZMhE AW, — //V"” fi(dr, de).

From Theorem (3.3.1) in section 3, we know that u,(t,z) := Y;*"*  is solution of the PIDE (g, f,,),
where f,(t,z,y) = f(t,x) + n(y — h(t,z))~, i.e. for every ¢ € Dr
T

T
/t (u"(5, ), a5, ))ds + (u™ (8, ), B(t, ) — (9(), ST, )) + / (u"(s, ), L*¢(s, ))ds
/(f ), p(s,+) ds+n/ ((u™ = h)~(s,-), P(s,-))ds. (3.4.6)

Moreover

VI = (s, Xp.o()), Z00% = Vg (s, Xp o(2))o(Xps(z)),
‘/!l,t,I(.) = un(s, Xtysf(x) + B(Xt,sf(x)v )) - un(87 Xt,S*(x)) (347)

Set Ki"b* = n/ (V5% — h(r, Xt ,(x)))"dr. Then by (3.4.7), we have that K = n/ (upn, —
t ¢
h)~(r, X¢r(z))dr.

Following the estimates and convergence results for (Y74% zZnte ynte gnte) in the step 3 and
step 5 of the proof of Theorem 1.2. in [65], we get as m, n tend to infinity :

T
]E[ sup |szn,t,x _ i/sm,t,:c|2} 4 E[/ |Z;L,t,.’t _ Zsm,t,x|2 ds}
t<s<T t

+E[/ / ‘V"t’” thz e)‘ A(de)ds] + E[ sup ‘Kn,t,z K;”’t’x‘z] 0

t<s<T

and

T
SUPE[ oo [V +/ (zzesasy+ [ [ Vo) Adeyds + (o
n t<s<T . .

C(1+ [z7). (3.4.8)

By the equivalence of norms (3.2.8), we get
/ / )(|tn (5, ) = Um (s, 2)[> + |0V (s, ) — 0"V (s, 2)|*)dsd
r 2 2
kTZ Ad p(m)E/t (’YSn,t,w _ }/sm,t,m! 4 ’Z;L,t,x _ Zgn,t,a:’ )d5d$ 0.

Thus (un)nen is a Cauchy sequence in Hrp, and the limit u = lim, o u, belongs to Hrp. Denote

vp(dt, dx) = n(un, — h)~ (¢, z)dtdz and m,(dt,dz) = p(x)v,(dt, dz), then by (3.2.8)

wn([0,T] x RY) = /Rd/ (@)n(dt, do) /Rd/ B (t, 2)dtda

‘K"Md:c C [ pla) (L fol) do < oo,

N

7<?2
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It follows that
supm, ([0, 7] x RY) < oo. (3.4.9)

Moreover by Lemma 3.5.1 (see Appendix 3.5.4), the sequence of measures (7, )nen is tight. Therefore,
there exits a subsequence such that (m,)nen converges weakly to a positive measure w. Define

v = p~lm; v is a positive measure such that / / Jv(dt,dx) < oo, and so we have for ¢ € Dy

with compact support in z,

[ [ o= [ [ i [ [ = [ [ o

Now passing to the limit in the PIDE (g, f,) (3.4.6), we get that that (u,v) satisfies the PIDE with
obstacle associated to (g, f, h), i.e. for every ¢ € Dp, we have

T
/ (u(s, $,+))ds + (u(t, )¢(t7'))—(9('),¢(T>'))+/t (u(s,-), L7¢(s,-))ds
/ (f(s,"),d(s,") ds+/ / (s, z)v(ds,dz). (3.4.10)

The last point is to prove that v satisfies the probabilistic interpretation (3.4.2). Since K™%®
converges to K* uniformly in ¢, the measure dK™"* — dK»* weakly in probability.

Fix two continuous functions ¢, v : [0,T] x R — R* which have compact support in z and a
continuous function with compact support 6 : R* — Rt we have

T
L ot X @) I3 @)t 0@ ds, da)
— lim /Rd/ 65, X1 (2)) (X1 (@) (5, 2)0()n(un — h)~ (s, 2)dsda

~ lim /R d /t (5, 2)0(5, Xo.0(2))0(Xos (2) )0t — B)™ (£ X))t
T

= lim s, ) (s, Xi.s(x ts(T b gy

- nLoo/Rd/t 9(5, 2)(s, X1,0(2))0(Xo 5 (2)) K P

T
L otsaduts, Xuue)o(u o)k

We take 6 = 0 to be the regularization of the indicator function of the ball of radius R and pass
to the limit with R — oo, it follows that

/Rd/ Os, Xp 3 (2))J (X (2)) (s, 2)v(ds, dx) /}Rd/ o(s,2)0(s, X5 (x))dK . (3.4.11)

Since ()@"’t’w,Zg’t’z,Vsn’t’z,K‘?’t’z) converges to (Ygt’w,Zﬁ’z,Vf’x,Kﬁ’x) as n — oo in S?(t,T)
xHA(t,T) x L2(t,T) x A%(t,T), and (Y*, Z4", V&, Ko™) is the solution of RBSDE with jumps
(9(Xer(2)), f, h), then we have
T T
/ (Vi _ [ty qRte — / (1 = B) (s, Xo.s(2))AKL" = 0, a5,
t t

it follows that dK:* = l{u:h}(s7Xt,s(x))dK§’x. In (3.4.11), setting ¥ = 1y,—py yields

/Rd/ ¢ S th ( s( ))1{u h}(s l’) (ds,d:r)
= /R . /t o(s, X, (2))J (X[ (x)v(ds, dz), a.s
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Note that the family of functions A(w) = {(s,z) — (b(s,thsl(:U)) 1 ¢ € C} is an algebra which
separates the points (because z — thsl(w) is a bijection). Given a compact set G, A(w) is dense
in C([0,T] x G). It follows that J(X{sl(x))l{u:h}(s,x)l/(ds,dm) = J(thsl(x))y(ds,dx) for almost

every w. While J(X,;S1 (z)) > 0 for almost every w, we get v(ds,dr) = lg—py(s,z)v(ds,dz), and
(3.4.2) follows.

Then we get easily that Yi* = u(s, Xt s(x)), zZhr = Vu(s, Xt s(x))o(Xts(z)) and
VI = uls, Xpe(2) + B(Xis_(x),-)) — u(s, Xrs_(x)), in view of the convergence results for
(Yb® Zmb® YWY and the equivalence of norms. So u(s, Xt s(x)) = YT > h(s, Xt s(z)). Specially
for s = ¢, we have u(t,z) > h(t, x).

Step 2 : The nonlinear case where f depends on y,z and w.

Let define F(s,z) £ f(s,x,Y:"", Z3", Vo). By plugging into the facts that f© € L2([0,T] x R9)
and f is Lipschitz with respect to (y,z,v), then thanks to Proposition 3.3.1 we have F(s,x) €
L?J([O, T] x R9). Since F is independent of y, z,w, by applying the result of Step 1 yields that there
exists (u,v) satisfying the PIDE with obstacle (g, F, h), i.e. for every ¢ € Dy, we have

T T
/t (us, ), a5, ))ds + (u(t, ), B(t, ) — (9(), (T, )) + / (uls, ), £7(5,))ds
T T
= /t(F(s,'),¢(s,-))ds+/t /quS(s,x)l{u:h}(s,x)l/(ds,da:). (3.4.12)

Then by the uniqueness of the solution to the RBSDE with jumps (9(X:r(x)),
[y h(Xis(z))), we get easily that Yt = u(s, Xt s(x)), zbr = (Vuo)(s, X¢,s(x)),
VI = (s, Xre(2) + B(Xis(x),-)) — u(s, Xrs_(2)), and v satisfies the probabilistic in-
terpretation (3.4.2). So u(s, Xy(z)) = YI* > h(s,X;s(x)). Specially for s = t, we have
u(t,x) > h(t,x), which is the desired result.

b) Uniqueness : Set (@,7) to be another weak solution of the PIDE with obstacle (3.4.3)
associated to (g, f, h); with 7 verifies (3.4.2) for a nondecreasing process K. We fix ¢ : R — R,
a smooth function in C?(R?) with compact support and denote ¢;(s,z) = ¢(thsl(x))J(Xt_1(ac)).

\S
From Proposition 3.4.1, one may use ¢;(s, ) as a test function in the PIDE(g, f, h) with 9s¢(s, x)ds
replaced by a stochastic integral with respect to the semimartingale ¢.(s,z). Then we get, for
t<s<T

g T
[ [ atra)aontradrds + @, ), on(s. )~ 00T = [ [ atra)e oo, oyirds
s Rd : -y
T
- / /Rd f(r,z,u(r,x), (Vao)(r,z),a(r,z + B(x, ) — a(r, z))é¢(r, x)drdz

T
—l—/s /]Rd é1(r, ) Lg—py (r, ©)v(dr, dz). (3.4.13)

By (3.2.6) in Lemma 3.2.1, we have

/ST /Rd u(r, x)doy(r, z)drdz = /ST(/Rd(VuU)(nm)gzst(nw)dx)dwr
" /ST/E/]Rd u(r, x) Acpr(r—, )dafi(dr, de) + /ST /Rd u(r, x) L gy(r, x)drdz.
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Substitute this equality in (3.4.13), we get
T
[ atsouts,a)de = (o). 0uT0) = [ ([ (Vao) ) apds)aw,
Rd s Rd
T
Acu(r—, ,x)dxp(dr, d
+1 /]E y u(r—,z)pe(r, x)dzp(dr, de)
T
[ om0, (Vao) o). a4 B, ) — atra)enr ) drds
s JRd
T
) Ly (r, )0 (dr, ).
+/s /]Rd ét(r, ) Lg—py (r, )v(dr, dx)
Then by changing of variable y = Xt}l (z) and applying (3.4.2) for 7, we obtain
[t XealwDotidy = [ o(Xur(u)ot)dy
Rd R4
T
[ S0 X ). o). (V0) 1 X ), Aclr, X ()i

T T
+ / /Rd¢(y)1{a:h}(r,Xt,s(y))d?f.’ydy— / ( /R (Vo) (r, X (1)) (y)dy)dW,

v ! ([ At Xeo oty ) atar,ae)

Since ¢ is arbitrary, we can prove that for p(y)dy almost every y, (u(s, Xt s(y)),

(Vo) (s, Xe.s(y)), u(s, Xoso (9)+B(Xes(y), ) —(s, Xi5— (1)), K&¥) solves the RBSDE with jumps

(9(Xy1(y)), f,h). Here I?é’y:fts Lg—ny (7, Xm(y))dff.’y. Then by the uniqueness of the solution

of the RBSDE with jumps, we know (s, X;s(y)) = Y&V = u(s, Xes(y)), (0*Va)(s, X1.s(y)) =
749 = (Tu)(s, Xeoo(y)), Ts, KXo (1) + B (X (1), ) — U5, Xuo—(9)) = V() = u(s, Xro— (1) +

B(Xts—(y),-)) — u(s, X¢s—(y)) and K'Y = K. Taking s = t we deduce that a(t,y) = u(t,y),

p(y)dy-a.s. and by the probabilistic interpretation (3.4.2), we obtain

T
/ /d be(r, )1 g—py (1, 2)7(dr, dx) / / b1(r, )L y—py (r, )V (dr, dz).
So 1gg=n} (r, z)v(dr,dz) = 1gy—p (r, v)v(dr, dz).
3.5 Appendix

3.5.1 Proof of Proposition 3.2.3

In order to prove (5.4.10), it is sufficient to prove that

J(X X
gl OB @),
p(x)
In fact, making the change of variable y = X; s(z), we can get the following relation:
x-1 -1
W)p(Xis (1)
L Blei@)oterts = [ o) By
a p(y)
We differentiate with respect to y in (5.4.6) in order to get:
VX ) = / VX, ()X dr—/ Vo (X7 () VX )T
- [ A w9 X ), do )
. / /E VB ). ) VX (). de)
¢

= IT+Ts(y)
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where Vb, Vo, V3 and VB are the gradient of b, ¢, and B , respectively and [ is the identity matrix.
Since J(X; M (y)) == det VX, (y) = Hgﬁlf < VX, Hy)E, € >, we obtain
, , o ;

L= [Pea()l < J(X7J () < 1+ [ITes()]

Writing I'y s () := Cts(y)+ Dy s(y), where Dy s(y) denotes the integration with respect to the random
measure and Cts(y) denotes the others.

According to Bally and Matoussi [10], we know that for any y, E[|Cys(y)|*] < K(s —t). Now we are
going to prove the similar relation for D s(y). We only deal with the first term of Dy (y) because
another one can be treated similarly without any difficulty. In fact, by Burkholder-David-Gundy
inequality (of course in the backward sense), we have

] / / VA(XL ), €) VX (), de) )

< / / IVA(X 1), ) VXL (1) PA(de)dr]
< CiE] / [E (1A Jel)2V XL () PA(de)dr]

_ o / VX () /E (1 A eP)A(de)dr]

< K(S_t)a

since E[[VX, }(y)*] < oo. Therefore, E[|I5Y[?] < 4K (s —t). Hence,

1-2y/K(s —t) <E[J(X.[ ()] <1+ 2/K(s —t),

and the desired result follows.

3.5.2 Regularity of the solution of BSDE with jumps

In this section, we are going to prove regularity results for the solution of BSDE’s with jumps with
respect to the parameter (¢,x) in order to relate the solution of BSDE to the classic solution of
PIDE. We note that some part of the results given in this section were established in a preprint of
Buckdahn and Pardoux (1994) [26]. However, for convenience of the reader and for completeness of
the chapter, we give the whole proofs. We first start by giving the LP-estimates for the solution of
the following BSDE’s with jumps:

Y, = §+/ sz57ZS7V)ds—/t ZydW, — //V fi(ds, de). (3.5.2)

Theorem 3.5.1. Assume that f is uniformly Lipschitz with respect to (y, z,v) and additionally that
for some p > 2, £ € Lh,(Fr) and

T
]E/ 1£(£,0,0,0)[Pdt < co. (3.5.3)
0

E[sttlp|Yt|p+ (/OT|Zt2dt)p/2+ (/OT (/Elvt(e)|2)\(de))dt)p/2} < o0,

Proof. We follow the idea of Buckdahn and Pardoux [26]. The proof is divided into 3 steps.
Step 1: From (3.5.2),

Y, = Yof/stMZwV)der/ZdW +// fi(ds, de).

Then
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then by It6’s formula,

v

t t
|Y0|2—2/ (f(s,Ys,zs,v;),de/ (262 + [Va]2)ds
0 0

_|_

t t
2 _ 2\(ds. de).
2 /0 (Y, ZsdW,) + /0 /E (Vae + Va(e)2 — [Ya_|?)fi(ds, de)

Let ¢pp(z) = (@ An)P +pnP~t(z —n)* for all p > 1. Then ¢y, € C1(R}), mp(T) = p(T A n)P~1
bounded and absolutely continuous with

" () = p(p — 1) AnpP 21 ().
Again by applying [t6’s formula to ¢y, ,(|Y2|?),
T
DV [?) = bup((¥i[2) — 2 / & (Val2) (F (5. Yo, Zo, Vi), Ya)ds
+2/ & (Yal?)(Ya, Zod V) / O (VPN 2.2, Ya)ds
+ / o (V)| Zo2ds + / R ARIVAR
r 2 2\1~
+ / /E Gap(Yae + Va(©)P) — b pl|Yau )] fi(ds, de)
T
+ / [E Bnp(Yar + Va(©I2) = bup(IYa P)] — (Yo + Vale)? — Va_ [2)l, (Vo [2)A(de)ds.
Since (Y, Z,V) € B2, it follows from Burkholder-Davis-Gundy’s inequality,
/ ¢np |Y| KsastWs)

sup } < Cpr? MY g2 121152 »

|:0<t<T

that the dW integral above is uniformly integrable, hence it is a martingale with zero expectation.
From the boundedness of ¢;, ,, the integrand in the zi-integral can be written as follows

Fnp([Ysm + Va(©)*) = bup(|Ye- ) = vs(e)(2(Yem, Vi(€)) + [Vi(e) ),

where 1);(e) is a bounded and predictable process. By BDG’s inequality

] < ( /OT /E |ws<e><Ys,vs<e>>|2u<ds,de>)1/2}

< e’ Y llse Vg2 s

//ws (Vs Va(e))(ds, de)

{ sup
0<t<T

and by the decomposition pi(ds,de) = u(ds, de) — dsA(de),

/Ot/E%(e)Vs(e)Pﬁ(ds,de)] < 2P IE UOT/EIVS(Q)FW@)CZS}

2o |V | Z2 -

E[ sup
0<t<T

We have also

e[ (Gnp(|Yae + Va(e)) = bnp(|Yae|*)ii(ds, de) | =
I |-

From Taylor’s expansion of ¢y, , and the positivity of ¢! p» We conclude

T
/t /E[%p(\Ys— +Va(@)l?) = bnp(IYe-|?) = (1Yee + Vil©)* = [Ysu 1)), , (|Ys-*)]A(de)ds > 0.
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Using again gz%p > 0 we conclude that:

Edup(¥i2) + E /tT¢;,p<m2>(|zs|2+|v5|2>ds
< Edulle)+2E | (VP (F(5, Y Zo, Vi), Yo)ds
< Eonpl6P) + B [ 6L VPITEIT6,0.0.0) + ¥l + 1] + Vo)
Hence we deduce that
Bonp(V?) + 3B [ o (PZE + V)i
< Bong(P) 4 CB [ 41, (%)17(6,0.0.0) + %)
< B () + O [ (1705,0,0,00% + (Vo) + (VoIS
< Eonp(6) + T [ (17(5,0.0.0% + (Ve

Then it follows from Gronwall’s lemma that there exists a constant C'(p,T') independent of n such
that

T
sup B, (Vi) < Clo. TIE[E] + / [F(£,0,0,0)*7dt],

0<t<

hence from Fatou’s lemma

sup E[|V;]%] < oo, (3.5.4)
0<tLT
and also
T
E / Y220 (| Za[2 + [ Va[[2)ds < oo, (3.5.5)
0

T
E [ [ (Ve 4 Vi@ = Ve = p(¥ec 4 V(o) = [¥er PIYec PO V)M de)ds < o0, (350
o JE
and this holds for any p > 1.
Step 2: Now, again from Itd’s formula,
T
Yilr > P 2p [ VPO, Y 2 Vi), Yo)ds
t
T T
+op [ PODZE Vi) 42 [ VPO, 2
t t
T
b [ [0 e - v Prs. do).
t JE
It follows from (3.5.4) and (3.5.5) that the above dW-integral is a uniformly integral martingale,
and from (3.5.5) and (3.5.6) that the g-integral is a uniformly integrable martingale. It is then easy

to conclude that

E[ sup [Yi*] < oo, p> 1.
o<t T
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Step 3: Finally,

t t t
/ ZrdW, + / / Vr(@ﬁ@ﬂ de) =Y -Ys+ / f(""7 Y, Zr, V;')dr,
s s JE s

and from BDG inequality, (3.5.4) and (3.5.3), for any p > 2, there exists C, such that for all
0<s<t<T,n=1lifr, =inf{u>s, [[(|Z]* +[|V;[[*)dr > n} At,

B ([T 1zp 4 vpar?| < B [0z vy
< - o[z ).

CP
1— Cp(t —s)p/2’

T p/2 T p/2
(/ |Zt|2dt) +(/ umﬁdt) ) <o p>.
0 0

From now on, we denote by ¥ = (Y, Z, V') and BP the space of solutions, i.e.,

R T p/2 T p/2
[pi[y :E[SuplignlYt\”Jr (/ |Zt|2dt> + </ \|m|2dt> }
0 0

In the sequel, we will consider a specific class of BSDE where

Hence if Cp(t — s)P/? <1, n > 1, E [(/ (12 )? + HVTHZ)dT)p/Q] < It clearly
follows that ’

E

g = g(Xt,T(x)) and f(87 Y, z, U) = f(sa Xt,s('z.)a Y, z, U)
and we assume )
g € C3(RLGR™),
(H) vs G [O7T]7(m7y7z7v) Hf(s’x7y’ Z7v) 6 03
and all their derivatives are bounded.

Note that f is differentiable w.r.t. v in the sens of Fréchet and its Fréchet differential is bounded
with the norm in L?(E, \; R¥).
Let (Y&, ZL" V™), < s < 7 denote the unique solution of the following BSDE:

T T T
YE* = g(Xpr(2)) + / P Xy (@), Y8, 252 VA dp — / 257w, — / / Ve (e)i(dr, de).
s s s E
(3.5.7)
It follows easily from the existence result in [12]:

Corollary 3.5.1. For each t € [0,T], x € R, the BSDE(3.5.7) has a unique solution
Et,z _ (Yt,a: Zt,z Vt,z) c 62
and Ytt’x defines a deterministic mapping from [0,T] x R? into R™.

Now we are going to deal with the regularity of the solution with respect to the parameter x. Let
us establish the following proposition:

Proposition 3.5.1. Under the assumption in the previous theorem and assume moreover that (H)
holds. Then, for any p > 2, there exists Cp, q such that for any0 <t < T, z,2' € R%, h, b’ € R\ {0},
1<i<d,

(i) 1557 =S5 |5, < Cp(1+ [a] + |2/])9)z — 2'|P;



3.5. Appendix 83

(ii) [ALE = AL S gy < Cp(1+ |2] + [2/] + [l + [B)(|e — 2'|P + [h — '[P

where A%E’;’x = %(Yt wthe; l/;t’z7 Zﬁ’x+hei — Zﬁ’x, St’z"'hei - Vst’x), and (e1,- -+ ,eq) is an orthonor-
mal basis of RY.

Proof. Note that after applying LP-estimation of the solution to the present situation, we can
deduce that Vp > 2, there exist C),, ¢ such that

T p/2 T p/2
Esupnmmtﬂu( / |Z§@|2ds) +( / ||v;’x|\2ds) ]<cp<1+|w|q>.
$ t t

Fort<s<T

)

/

}/;t,x _ Yt,z

S

T
= g(Xyr(2)) — 9(Xpr(2)) + / (f(r, Xop (@), Y07, ZE° V) — f(r, Xop(2)), Y0, 257 V) ) dr
- / (Zb* — Zb YW, — / / (Vi (e) — V5 (e)fi(dr, de)
1 T
- /0g'(axtw)+(170>Xt,T<x’>><Xt,T<x>th,T<x’>>de+ / [w(tw’xxt,r(z)th,wx/))

+p(t 2,2 ) (VT = YI) 4 &t 2 ) (20 = Z07) + (e, 2, 2!), (VT = V) |dr

- / Lz 2w, - / ' /E (V#(e) — V' (¢) ldr, de),

where 1y 1
N f :t,z,z’ no_ .f —=tx,x’
or(t,x,2") = A 72 )dl,  p(t,z,x") = —ay(urﬂ )do
af v—txm / af —t,z,x’
Stz 2) = do, (L, x, = do,
Gitoa)= [ FEgn e = [ 5EG)

28 = 058" + (1 - 0)8k"
and (-, -) stands for the scalar product in L?(E, \; R™).
Then given the boundedness of the derivatives, the previous proposition and
lor(t, 2, 2)| < C(1+ [ Xpp(2)] + [ X (a)])7,
we know that (7) holds true after applying the LP-estimates of the solution.

Now we turn to (7). In fact, we have

iyt t,x+he; t,x
pYs© o= (YT =Y

> =

1
— / g/(eXt,T(x + he;) + (1 — 0) Xy (2)) A} Xt (2)do
0
T 4 |
+ / |:g0r (t7 * + hei’ x)A%’Xt’T(x) + wr(t’ T + hei7 m) ;7.)/:7.L
+ &t a+ hei, 2)ALZpT + (n(t,w + hei,x), AL VET) |dr

/A’Z”‘dW //NV” fi(dr, de).

Note that for each p > 2, there exists C, such that E[suplim,|A} X, (z)P] < Cp. Then same
calculation as in (7) implies that

1A

Cp(L + [z|* + []T).
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Finally, we consider
ALYIE = N Y =T (h sl o)
+ /T [gpr(t,x + he;, x)(AﬁLXt’T(x) — A%Xtﬂ«(l‘l)) + . (t, x + he;, x)(Aﬁert’gc — AZ,YTM/)
+ &t x4 hey, x)(ALZET — AL ZETY 4 (no(t, @ + hey, ), AL VET — AL VEY | dr
T T
- [ @iz - spzeaw - [ [ @i - sl e )
where ) C

. 1 .
o8 (hyas b 2') = / (g’(QXt’T(x +he;) + (1 —0) X, 7(z) AL X r(x)
0

g (O0Xpr (2" + He) + (1 —0) Xy (')A Xy r(a'))do

+/Tkwwx+mew@f+hhw%A%nAﬁ
s
+ (et x + he,x) — hp(t, 2’ + ey a’)) ALY,
+ (&t z+ hey,x) — & (7' + Rey, ﬁ))A%ZﬁW
+ (n(t,x+ hej,x) — e (t, 2’ + he;, o), Z/Vf’z/) dr.
Since f has bounded derivatives, we have
[t (t, @ + hei, x) — (8,2’ + Bep, 2| + |&-(t, @ + heg, x) — &-(t, 2" + Wei, 2)]
e (8,2 + hes, @) — 1, (8,27 + W a')| < C(ISETHes - gp 4| 4 gt _ xte')
and
lor(t, z + hej, x) — @r(t, 2 + heg, 2')]
< (1 mirria ) 4 e 4 5 (e - s 4 st - 5,
it follows from the previous proposition that there exist a constant C, and some c, such that
Efsup; < o < 7[00 (hy 3 1, 2')P] < Cp(L + [z| + [a'] + [B] + W) (|2 — 2P + |h — B'|P).
Then, statement (ii) follows from the same estimate, which ends the proof. a

Therefore, using Kolmogorov’s criterion, we can get that Y, Z, V are a.s. differentiable w.r.t. x.
Iterating the same argument, we get in fact:

Theorem 3.5.2. For all 0 < t < T, there exists a version of ¥4 = (Y%, ZbT V) such that
x = X5 is a.e. of class C? from R? into D([t, T]; R™)x L2([t, T); R™*%) x L2([t, T] x E, ds\(de); R™),
where D([t, T]; R™) denotes the set of R™-valued cadlag functions on [t,T|. Moreover, for anyp > 2,
there exist Cp and q such that

glal
|52 < Co(1+[al?), 0< o] <2,
% . 92 )
— b R < CL(1 Nz —2'P, 0<t<T.
Hﬁxiaxj w0z, e < Cp(L+ |2] +[2]) ]z — 2|

Additionally, we have the following regularity in t:
Proposition 3.5.2. For allp > 2 and s >tV t', there exist C, and q such that

I = B0y < Cola+ e+ /)7 = O+ o ),
o~ o
5B — S|, < Cy(1 [l + &)t — P2+ — 2'P), 0< ] <2,

Hence, we have

Corollary 3.5.2. The function (t,z) — Y,*" € Cp([0,T] x RE:R™).



3.5. Appendix 85

3.5.3 Proof of Theorem 3.3.1: existence and uniqueness of solution
of PIDE (3.1.1)

(i) Uniqueness : Let ul,u? € Hr be two weak solutions of (3.1.1), then Prop. 3.2.4 implies that for
i=1,2

/ / uZ(T: m)dd)t(ra x)dyc + (UZ(S,J)), ¢t(8, CU)) - (g(l‘), (Zst(Tv w)) - / (ul(ﬁ ')7 £*¢t(ra ))dT‘
Rd Js T s

= / fr z, ui(r, x), U*Vui(r, x), ui(r, x+ B(x,)) — ui(r7 )¢ (r, x)drdx.
R4 Js

By the decomposition of the semimartingale ¢ (s, z), we have

/]Rd /ST u'(r, z)dey (r, x)dx
:/Rd /STui(r,x)ﬁ*d)t(r’x)dr—ji/ /T <i
n /R d / ! /E W (1, ) A% by (r—, )Ti(dr, de).

We substitute this in the above equation and get

o (x)u(r, z) e (r, :c))) AW} (3.5.8)

/Rdui(s,x)@(s,x)dgg :/ 9(z) (T, ﬂc)d:c—/ / (Vu'o)(r,z)du(r, z)dxdW,

/ / /R (r, ) AZd(r—, z)dzp(dr, de)

/ / flryz,ul(r,x), (Vo) (r,z), ul(r,z + Bz, ) — u'(r, z)) ¢ (r, z)drdz.

Then by the change of variable, we obtain

[ s Xeateoteis
= [ oxa@nowas— [ [ o iiorn X tw)iaw,
/Rd / / p(a)(u' (s, Xep—(2) + B(Xip—(2),€)) — uls, Xe,—(2)))p(dr, de)dx

/]Rd i o) f(r, Xer(z),u (T,Xt,,«( x)), (Vu' U)(r,Xt,T(x)),Aeui(r,Xtvr,(x)))drdx.

Since ¢ is arbitrary, we deduce that (Ysi’t’x, Z;Vt’”’, Vsi’t’x) solve the BSDE associated with
(9(Xi7()), f), p(x)dz-a.e., where

Ysi,t X (s Xt 5(33)) l tr (VUZU') (5, Xt,s(x)) and
V= (s, Xy () + (Ko 2),) — (5, Xe ().

This means p(x)dz-a.e., we have
}/Si,t,z: (XtT / f 7' XtT( ) tha: thx Vltz)dr / thIdW / /Vltl‘ d'f‘ d@)
S

Then the uniqueness follows from the uniqueness of the BSDE.

(i) Existence : Let us set
F(s,x) & f(s,2, Y5, Z5% V),
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Plugging into the facts that f0 € L%([O,T] x R%) and f is Lipschitz with respect to (y, z,v), then
thanks to Prop. 3.3.1 we have F(s,z) € L?)([07T} x R%). Since g € L%(Rd), we can approximate
them by a sequence of smooth functions with compact support (g, Fy,) such that

gn — g in L2(RY),
{ Fo(s,z) — Ig(s, z) in L2([0, 7] x RY). (3.5.9)

Denote (Yo"0, ZIW0 VI"bTY € 82 x H2 x L2 the solution of the BSDE associated with (&,, F},),
where &, = g5 (X1 (2)), Le.

T T T
Vi = g (Xer(x)) +/ Fo(r, X¢p(x))dr — / ZrE AW, — / / Vb (e)fi(dr, de).
E
’ ’ ’ (3.5.10)
Since F), and g, are smooth enough, from the regularity result of the solution with respect to (¢, x)
(see the proof in Appendix), we know that u, (t,z) := ¥;""* € C12([0, T] x R?) is the classic solution
for the following PIDE:

(3.5.11)

(0 + L)u(t,z) + En(t,z) =0
U(Tv Z‘) = gn(x)

Moreover, we know that vy, (¢, z) := Ztn’t’x = (Vuyno)(t,z). Besides, from the flow property, we can
deduce that Y7""" = u, (s, X; +(x)) and Z8"" = (Vu,o)(s, X;.4(x)), as well as the representation of
the jump part

VI i (5, X1 (1)) 5= (5, Krom (@) + B (Koo (@), ) — (5, X (2), a5

Applying the equivalence of norms result and the Proposition 3.3.1, we have

/W /t (o 2+ 10 5,2) e
< C/Rd /tT E(|un(s, Xe.s (@) + |07 Vuun(s, Xeo(2))|?)dsp(z)dz
= C/Rd /tTE(|Ksn’t’z|2+|Z§’t’xz)dsp(x)dx
< C(/RdElgn(Xt’T(x))Pf’(x)dx:AdZTE|Fn(S,Xt,s($))2dSP($)dfﬁ)
< o [Llm@Powars [ [ 1R snPaspwr) < o

where ¢ is a constant which changes from line to line . Therefore, we have shown that Vn, u, € Hr
solves the PIDE associated with (g, f»), and for every ¢ € Ccl’oo([O, T] x R9),

/t (tn(5, ), Bu(5, )5 + (un(t, ), 61, ) — (), ST, )) — / (Cuun(s, ), B(s, ))ds

T (3.5.12)
- / (Fa(s,), #(5, ))ds.

2 we get for any s € [t,T],

Now for m,n € N, applying Itd’s formula to |Y5m’t’x .

T T
]E|Ytsm,t,z o Y;n,t,z|2 + E/ |Zzn,t,x o Z;l’t’z|2d’f‘ + ]E/ / |V;m,t,z(e) o V;n,t,x(e)|2)\(de)dr
s s E
= 1E|gm()i;g,T(ﬂ€))—gn(Xt,T(x))l2
+2E / (Y08 = Y (B (1, X () — F(r, Xeo(2)))dr.
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Combining the properties of f,, and f, with the basic inequality 2ab < ea? + ¢~ 'b2, we have:

T
]Enfsm,t,w _ st,t,x|2 + E/ |Z:n,t,z _ Z;l,t,£|2d7,,
S

T
< Elgn(Xer (@) = gn(Xer (@) + €E / D R
1 [T :
42E [ [Pl Xi(2)) = Bt X (@) P
It follows again from the equivalence of norms that
/ E|Y;m’t’z _ szn,t,x‘Qp(w)dw
R4 r
< / Elgn(Xiir(2)) ~ 0n(Xer (@) Pola)do +2 [ B [ e vt Parp(a)da
R4 s
/d / (r, Xo (2)) = Fu(r, Xop () 2drp(a)da
R
< 66’/ / Y,y b 2 gy (e dm+C’/ |gm () — gn(2)[*p(z)d
R4
C
|Eon(r, @) = Fy(r,z)Pdrp(z)dz.

Choosing & approprlately, by Gronwall’s inequality and the convergence of F,, and g,, we get as
m,n — 0o,

m,t,x n,t,x|2
sup <hsni . E|Y =Y p(x)dx — 0,

which implies immediately as m,n — oo,

T T
/ ]E/ |y mbe Yyt 2dpp(x)da +/ ]E/ |zmte — zmbe 2dpp(z)dz — 0.
Rd s Rd s

Thanks again to the equivalence of norms (5.4.11), we get as m,n — oo:

T
[ (ns,2) = wnls. )P + 10" T (s,2) = 0" Funs,2))pa)deds
t JR
1
< 6/ /d E(|(Um - Un)(S,Xt,s(.Z‘))|2 + |(g*vum _ U*Vun)(s,Xt75($))|2)p(x)dl'ds
t R
T
- l/ / B(Y; 00 = Y2 | 200 — 20 ) p(a)dads — 0,
CJi Jra

which means that u,, is Cauchy sequence in Hr. Denote its limit as u, then v € Hp. Moreover, since
X¢ s(z) has at most countable jumps, using again the equivalence of norms, we can deduce that

T
/ [win (8, ) — wn (s, )[*p(z)dzds — 0,
t Rd
henceforth there exists at least a subsequence {uy, }, such that dt ® dP ® p(z)dz-a.e.,

YT =g, (5, Xp(2) = u(s, Xs(x)) = Y7,
ZEWhT = 5*Vuy, (s, Xis(x)) = 0*Vu(s, Xy o(x)) =: 257,
VERET =, (5, X (1) = (s, Xi oo (1) + B(Xr s (7)) — uls, Xp s (2)) 1= VT

Then we get the desired probabilistic representations (5.4.14). Passing limit in (3.5.12), we have for

every ¢,
T

T
[ (s, 0005 s+ (utt ), 6(8.9) — (901, 6(T. ) = [ (a5, £70(s,))ds
t oo t (3.5.13)
:/t (f(s,~,u(5,'),U*Vu(&-),u(s,x+6(x,~))fu(s,x)),gb(s,'))ds,

which means that u € Hp is the weak solution of (3.1.1). O
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3.5.4 Proof of the tightness of the sequence (7, ),cn

Recall first that v, (dt, dz) = n(u, — h)~ (¢, x)dtdz and m,(dt,dz) = p(x)vy(dt,dx) where u, is the
solution of the PIDE’s (3.4.6).

Lemma 3.5.1. The sequence of measure (mp)neN 1S tight.

Proof. Since here we need to deal with the additional jump part, we adapt the proof of Theorem
4 in [9]. We shall prove that for every ¢ > 0 , there exists some constant K such that

T
/0 /Rd 1{|z| > QK}Wn(dS,dl‘) <eg VneN. (3.5.14)

We first write

T
/ / 1{jo| > 25} (ds, d)
0 R4

T
:/0 /Rdl{lzl>2K} (1{‘Xa;x z|<K}+1{|XOS(I z|>K})7Tn(d$,dl')
= I;L(+LTIL(7 P —a.s.

Taking expectation yields
T
/ / o) > 21(}7Tn(al<57 dz) = EI%: + ELY.
0 JRd

By (4.3.17) and for K > 2||b||sT, we get thanks to large deviation results (see [67], [68] and [69])

EL% / / ( sup O:(x) - x‘ > K) mn(ds, dz)
R4 0<r<T
2 d
< (Cl exp(—CoK*) + Cs exp(fC4K)) T ([O,T} x R )

< O exp(—C2K?) 4 Cf exp(—CyK),
so EL% < e for K sufficiently large.
On the other hand, if |z| > 2K and ‘X&;(:r) — 1“ < K then ‘X(;Sl(x)‘ > K. Therefore

T
ro< _
Elx < IE/O /]Rd 1{|X0,;(x)‘ > K}p(x)un(ds,dx)

T
E/O /]Rd 1{|X‘;i(x)‘ > K}p(x)n(un — h)™(s,z)dsdx

which, by the change of variable y = X 81(1“)7 becomes

T
]E/ / Lyl > k32(Xo,s(9)) I (Xo,s(y))n(un — 7)™ (s, Xo,s(y))dsdy
0 R
gE/de(x)( (@) Lot > 1y 500 p(Xor( ))J<Xo,r<x>>) Kp""dz

<T
< (IE /R ) (K;’O””)Q p(x)da;)l/g
1/2
(=1,
<C<E/R (p( )~ 1{\m\>K} sup p(XOT(x)) (Xo,r(ﬂﬂ)))Qp(x)dﬂ«“)1/2

0<r<T

2
<p(x)_11{|z|>z<} sup_p(Xo, (@ ))J(Xo,r(x))> p(m)dm>



3.5. Appendix 89

where the last inequality is a consequence of (3.4.8). It is now sufficient to prove that

/Rd pla)"'E

2
( sup p(Xoyr(x))J(Xoyr(m))) } dz < 0. (3.5.15)

0<r<T

Note that

2
E ( wp p(Xo,r(w))J(Xo,r(f))>

0o<r<T

1/2 1/2

<

X

E( sup p(Xo,r(iU))|>4

0<r<T

E (O sw Ip(Xo,r(w))>4}

Therefore it is sufficient to prove that:

/Rd ﬁ (E L e P(th,r(x))lélbl/2 dx < oo.

0<r<T

B( s |J<Xo,r<x>>|)4}

1/2
<C

Since p(z) < 1, we have

t<r<T t<r<T

ﬂ«:[ sup |p<Xt,r<x>>4} < E| swp |p(x, @)1
{ sup \Xm(;c)—adg%}

t<r<T

x
-HP( sup | Xyr(z) —z| > | )
t<r<T 2

= : A(x) + B(x).

If sup |[Xip(z)—2| < % then | Xy, (z)| > %‘ and so |p(X¢r(2))] < (1 + |x\) . Thus we have

t<r<T
that A(z) < (1 + |I|) o and so [pu (1 + |2|)” A(z)'/2dz < co. On the other hand, if x| > 4||b]|T
then (the same argument as in the existence proof step 2 of Theorem 4 in [9] for the It6 integral
with respect to the Brownian motion; and see e.g. Theorem 5.2.9 in [3] for the integral with respect
to the compensated Poisson random measure)

(tfﬁ%/ /5 (Xo,— (), e)ji(dr, de)

< C1 exp(=Cafa]*) + C3 exp(—Cula])

B(z) <P ( sup

and 50 [pa (1 + |2|)” B(z)/2dz < cc.
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4.1 Introduction

We are interested in this chapter in the following system of semilinear stochastic PDE with value in
R¥,

dug(x) + [Lur(x) + fi(z,w(z), Vugo (x))]dt + he(z, u(z), Vugo (z)) - dwt =0, (4.1.1)

over the time interval [0, 7], with a given final condition ur = ®, f, h are non-linear random functions
and L is the second order differential operator associated with a diffusion which is defined component
by component with

) d 2
Lola) = Yo b(@)z ele)+5 > a(a) ax?amﬂ(x>~ (412)

J=1

The differential term with dwt refers to the backward stochastic integral with respect to a
d-dimensional Brownian motion on (Q, F.P,(Wi > 0). We use the backward notation because in
the proof we will employ the doubly stochastic framework introduced by Pardoux and Peng [109).
It is well known now that BSDEs provide a natural tools to give a probabilistic interpretation for
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the solution of a class of semi-linear PDEs. By introducing in standard BSDEs a second nonlinear
term driven by an external noise, we obtain Backward Doubly SDEs (BDSDEs) [109] (see also [10],
[97]), which can be seen as Feynman-Kac representation of SPDEs and form a powerful tool for
probabilistic numerical schemes [6] for such SPDEs. Given a convex domain D in R¥, the concern
is to study the reflection problem for SPDE (4.1.1) in such domain D. This problem is well known
as a Skorohod problem for SPDEs.

In this chapter we shall study the weak solution of SPDE (4.1.1) in a given convex domain D by
introducing the associated BDSDE. Inspired by the variational formulation of the obstacle problem
for SPDEs and Menaldi’s work [101] on reflected diffusion, we consider the solution of the refection
problem for the SPDEs (4.1.1) as a pair (u,v), where v is a random regular measure and u €
L2(Q x [0,T]; H(R?)) satisfies the following relations:

(i) w(z) € D, dP®dt®dr—ae.,
(i) due(x) + [ Lug(z) + fil@, ue(x), Vugo (x)) | dt + he(@, u(2), Vugo () - th = —v(dt,dz), a.s.
(#i) v(u ¢ 0D) =0,a.s.,

(iv) up =@, dr—ae.
(4.1.3)

v is a random measure which acts only when the process u reaches the boundary of the domain
D. The rigorous sense of the relation (iii) will be based on the probabilistic representation of the
measure v in term of the bounded variation processes K component of the associated solution of the
reflected BDSDE in the domain D.

Our contributions are as following: first of all, reflected BDSDEs in the convex domain D are
introduced and results of existence and uniqueness of such RBDSDEs are established. Next, the
existence and uniqueness results of the solution (u,v) of the reflection problem for (4.1.1) are given
in Theorem 4.3.1. Indeed, a probabilistic method based on reflected BDSDEs and stochastic flow
technics are investigated in our context (see e.g. [10], [97], [80, 79] for these flow technics). The key
element in [10] is to use the inversion of stochastic flow which transforms the variational formulation
of the SPDEs to the associated BDSDEs. Thus it plays the same role as It6’s formula in the case of
the classical solution of SPDEs.

The outline is as following: in section 4.2.1, first the basic assumptions and the definitions of the
solutions for Reflected BDSDE in a convex domain are presented. Then, existence and uniqueness
of solution of RBDSDE (Theorem 4.2.1) is given under only convexity assumption for the domain
without any regularity on the boundary. This result is proved by using penalization approximation.
Thanks to the convexity properties we prove several technical lemmas, in particular the fundamental
Lemma 4.2.2. In section 4.3, we study semilinear SPDEs in a convex domain. We first provide
useful results on stochastic flow associated with the forward SDEs, then in this setting as in Bally
and Matoussi [10], an equivalence norm result associated to the diffusion process is given. The main
result of this section Theorem 4.3.1 is the existence and uniqueness results of the solution of reflected
SPDEs in a convex domain. The proof of this result is based on the probabilistic interpretation via
the Reflected Forward-BDSDEs. The uniqueness is a consequence of the variational formulation of
the SPDEs written with random test functions and the uniqueness of the solution of the Reflected
FBSDE. The existence of the solution is established by an approximation penalization procedure,
a priori estimates and the equivalence norm results. In the Appendix, technical lemmas for the
existence of the solution of the Reflected BDSDEs and SPDEs in a convex domain are given.
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4.2 Backward Doubly Stochastic Differential Equations

in a domain

4.2.1 Hypotheses and preliminaries

The euclidean norm of a vector € R* will be denoted by |z|, and for a k x k matrix A, we define
|A|l = VTrAA*. In what folllows let us fix a positive number 7" > 0.
Let (Q, F,P) be a probability product space, and let {W;,0 < s < T} and {B,,0 < s < T} be two
mutually independent standard Brownian motion processes, with values respectively in R? and in
R!. For each t € [0,T], we define

Fo=FP VIR VN

where FP = o{B,,0 < r < T}, .7-'% = o{W, — Wi,t < r < T} and N the class of P null sets
of F. Note that the collection {F;,¢ € [0,T]} is neither increasing nor decreasing, and it does not
constitute a filtration.

4.2.1.1 Convexity results

Besides, we need to recall properties related to the convexity of a nonempty domain D in R*. Let
dD denotes the boundary of D and m(z) the projection of z € R¥ on D. We have the following

properties:
(2 —x)*(z — 7(x)) <0, Yz eR Va' € D (4.2.1)
(x' —2)*(x —7(x)) < (&' —7(2)*(x — 7(x)), Va,2’ € R (4.2.2)
Ja € D,~ > 0,such that(z — a)*((z — 7(z)) > |z — 7(z)|, Vz € R (4.2.3)

For 2z € 9D, we denote by v(x) the set of normal unit vectors at the point . Since D is not regular,
we define a sequence of regular convex which approximate uniformly D. Indeed, the function h(z) =
d(z, D) is convex and uniformly continuous in R¥. If we denote (gs)o<s<s, the approximation
identity with compact support, then hy = gs * h is a sequence of regular convex functions which
tends uniformly to h as 6 — 0. For a fixed n > 0, {x, hs(z) < n} are regular convex domains that
converge uniformly to {z,d(z, D) < n} when 0 tends to 0. Letting n — 0, we conclude that for all
e > 0 there exists a regular convex D, such that

supd(z,D;) <e and sup d(z,D)<e (4.2.4)
rzeD r€D,

One can find all these results in Menaldi [101].

4.2.1.2 Functional spaces and assumptions

Hereafter, let us define the spaces and the norms which will be needed for the formulation of the
BDSDE in a domain.

- LY (Fr) the space of k-dimensional Fp-measurable random variables £ such that

€]

r = E(§P) < +o0;

- H2.,([0,T7]) the space of R¥*valued Fi-measurable process Z = (Z;); < v such that

T
1212, = E[ / \Z4[2d] < +oo;
0
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- S2([0,T)) the space of RF-valued Fj-adapted processes Y = (Y;); < 7, with continuous paths such
that
1Y ll52 := E[sup |[¥2]?] < +oc;
t<T

- A%([0,T]) the space of RF-valued Fi-adapted processes K = (Kt); <7, with continuous and

bounded variation paths such that Ky = 0 and

HK||?42 = E[sup|Kt|2] < 4o00.
t<T

We next state our main assumptions on the terminal condition £ and the functions f and h:
Assumption 4.2.1. £ € LZ(Fr) and £ € D a.s..

Assumption 4.2.2. f:Q x [0,T] x RF x R*>*4 5 RF | h:Q x [0,T] x RF x RF*¥4 — REXU gre two
random functions verifying:

(i) For all (y,z) € RF x R¥*? f,(w, vy, 2) and hy(w,y, z) are F; - progressively measurable.

(i) E[/O 1£:(0,0)2d8] < +o0 E[/O 1140, 0)]%de] < +oo.

(iii) There exist constants ¢ > 0 and 0 < o« < 1 such that for any (w,t) € Q X
[0,T] ;5 (y1,21), (y2, 22) € RF x RFxd

| fe(y1, 21) = fe(y2, 22) |
Ihe(y1, 21) — he(y2, 22)|2

C(|y1 — 2 + |21 — 22||2)

clyr — yal* + |21 — 2%

NN

We denote by f = fi(w,0,0) and hY := hy(w,0,0).
Now we introduce the definition of the solution of BDSDESs in a domain.

Definition 4.2.1. The triplet of processes (Y, Zt, Kt){o <+ < 1) 15 solution of the backward doubly
stochastic differential equation in a convex domain D, with terminal condition £ and coefficients f

and h, if the following hold:
() ¥ € S20.7)) . Z € 2, ,((0.7]) and K & A3(0.7)),
(ii)
Y = §+/tT fS(Ys,ZS)ds+/tT hs(YS,ZS)dWS—/tT ZydBs+ Kp—Ky, 0<t <T as. (4.2.5)

(iii) ;€ D, 0<t< T, as.

(iv) for any continuous F;- measurable process (z)o <+ <1 valued in D,
T
/ (Vi — 21)"dK; €0, a.s. (4.2.6)
0

The triplet (Yy, Zy, Ki){o < ¢ < T} 15 called a solution of RBDSDE with data (&, f,h).

Remark 4.2.1. One may ask the question if there exists a solution Y € D to the following classical
BDSDE introduced first in [109] :

T T T
Yt:§+/t fs(Ys,Zs)der/t hs(}@Zs)dWs—/t Z.dB.. (4.2.7)
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In the particular case when f =0 and h does not depend on (y, z), the solution Y of the BDDSE is
given by

Y, =E[¢+ /OT hadiV 4| Gi). (4.2.8)

By the generalized Ito-martingale representation theorem, there exists a unique Gi-adapted process
(Z)o <t <1 such that (Y, Z)o <+ <1 is solution of the equation (4.2.7). Moreover, by the same ar-
guments developed in [109] we can prove that (Yi)o <t <1 and (Zt)o <t <1 are precisely Fi-adapted
processes. But, since ¢ € D and if we assume that/ hdeS € D, P-a.s., Jensen’s inequality applied
0 _
to the convex function @(x) = d*(x, D) gives that Y € D. When f is not identically equal to zero,
T

the bounded variation term / fs(Ys, Zs)ds will push Y out of the domain D, therefore one need to
t
reflect the process Y when it reaches the boundary of D, this yields to the Definition 4.2.5.

Remark 4.2.2. From Lemma 2.1 in [53], the condition (4.2.6) implies that the bounded variation
process K acts only when'Y reaches the boundary of the convex domain D and the so-called Skorohod
condition is satisfied:

T
/O 1pyiepydK; = 0. (4.2.9)

Moreover there exits a Fy-measurable process (a)o < ¢ < T valued in RF such that
¢
K :/ asd|Ks|lvr  and — as € v(Ys).
0

In the following, C' will denote a positif constant which doesn’t depend on & nor on n and can vary
from line to line.

4.2.2 Existence and uniqueness of the solution
In this section we establish existence and uniqueness results for RBDSDE (4.2.5).

Theorem 4.2.1. Let Asumptions 4.2.1 and 4.2.2 hold. Then, the RBDSDE (4.2.5) has a unique
solution (Y, Z,K) € S([0,T]) x H2,,,([0,T7) x AZ([0,T)).

Proof.
a) Uniqueness: Let (Y1, Z! K1) and (Y2, Z%, K?) be two solutions of the RBDSDE (4.2.5). Ap-
plying Lemma 1.3 in [109] yields

T T
v oVEPR o+ / 12} — Z2|ds = 2 / (Y2~ Y2 (fu(VE, ZY) — fu(Y2, 22))ds
T

T
+ 2 / (¥ = Y2 (he(Y2, 2) = ho(Y2, Z2)dW, 2 | (v}~ Y2)(2Z! - 22)dB,
t t

v2f L YRR - dK?) 4 / DI 2 - 2 2D Pds (4210
t t
Therefore, since (V! — Y2) belongs to D, under the minimality condition (iv) we have
/T(Ysl —Y2)*(dK! - dK?) <0, forall te0,T]. (4.2.11)
¢
Then, plugging (4.2.11) in (4.2.10) and taking expectation we obtain

T T
BNV - Y22 + E| / 12} - 22|%ds] < 2E] / (Y] — Y2 (fulY], Z)) — fu(V2, Z2))ds]

T
+ E| / Iha(Y), Z1) — ho(V2, 22)|%ds).
t
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Hence from the Lipschitz property

T T T
11—«
E[lY;' - Y2 +]E[/t 12y — Z7|Pds] < C(a)E[/t Y = Y2 ds] + 5 E[/ 123 — Z3||*ds]
t

T
+ oF| / 12} — 22| Pds),
t

where 0 < a < 1. Consequently

11—«

B[V - Y22+ (—

T T
B[ 12} - Z2Pds) < el [ v} - Y2Pas)
t t

T
From Gronwall’s lemma, E[|Y,! — Y2|?] =0, 0< ¢ < T, and E[/ | Z: — Z2||%ds] = 0.
0

b) Existence: The existence of a solution will be proved by penalisation method. For n € N, we
consider for all t € [0, T7,
T

(Y = w(Y7))ds — /t Z7dB,. (4.2.12)

T T T
Y =€+ / fs(Y, Z1)ds + / hs(Y, Z;’)df/T/s -n
¢ t ¢

S
Denote by Kj* := fn/ (Y] — w(Yy'))ds. In order to prove the convergence of the sequence

¢
(Y™, Z", K™) to the solution of our RBDSDE (4.2.1), we need several lemmas. For this end, we
add the following further assumption:

Assumption 4.2.3. (i) 0 € D and £ € L{(Fr).

(ii) There exit ¢ >0 and 0 < B < 1 such that for all (t,y, 2) € [0,T] x R¥ x Rkxd

he hi(y, z) < c(Idgr +yy*) + B 22"

(i51) f and h are uniformly bounded in (y, z).

The Assumption 4.2.3 (i) and (ii) are needed to prove the uniform L*-estimate for (Y™, Z™) solution
of BDSDE (4.2.12) (see estimate (4.4.7) in the Appendix 4.4.3). This is crucial for our proof of the
fundamental lemma 4.2.2. The Assumption 4.2.3 (iii) is only added for simplicity and it can be
removed by standard technics of BSDEs. The natural condition instead of (iii) is f° and h° in
LY(Q, F,P).

We assume also for the sake of simplicity that D is a convex set with class C? boundary. If not we
can approximate our convex domain D by regular convex domains as mentioned in section 4.2.1.1.
We start with the following lemma:

Lemma 4.2.1. There ezists a constant C > 0 such that
T
VneN n]E[/ d*(Y", D)ds] < C. (4.2.13)
0
Proof. We apply generalized Itd’s formula [109] to p(Y;?) = d?(Y;*, D) to obtain

1 T T
p7) 45 [ tracel 222y Hessp(Ylds =€) + [ (Vo(¥2)"£.(¥7, Z2)ds
t t

- / (Vo)) ZiaB, + / Vo) (v, 20T, (4.2.14)
t t

T T
tg [ tracel ) (2 23 Hessp(Vy)ds =20 [ (V2 = =(V2))" (V7 = m(Y7))ds.
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Since £ € D a.s., it is obvious that p(¢) = 0. We get from the boundedness of h and the Hessienne
of p

1 (T T
oY) + 5/ trace[Zy Z Hessp(YJ)]ds + Zn/ d*(Y", D)ds
t t
T T
<2 [P 2 <2 [ (07 <R 2B, (4219)
t ¢

T
b2 [ = ) b, 22+
t

Now the algebric inequality 2ab < a? + b% with a = \/ gp(ysn) yields

(PN Z0] < o)+~ If(Y 20
Then it follows that,
n 1 T n r7N* n 3n T 2 n
oY) + 3 trace[Zy Z7* Hessp(Y]")]ds + > d“(Y]', D)ds
t t
T4 T
<2 [ LROTzpPas -2 [ - n(v2) ZidB, (1216)
t N t
T
b2 [ - w )b, 2V
t
By taking expectation and using the boundedness of f, we have
n 1 T n 7N n n T 2 n
E[p(Y;")] + §E[ trace[Zy Z* Hessp(Y)]ds] + §E[ d“(Y]",D)ds] < C. (4.2.17)
t t
Hence, the required result is obtained. a

The next lemma plays a crucial role to prove the strong convergence of (Y™, Z", K™).

Lemma 4.2.2.

E| sup (d(Yt",D))‘*} — 0. (4.2.18)

0<t<T n—+o0o

Proof. We denote by p(z) = d?(z, D) and ¢(z) = p?(x). By applying Ito’s formula to p(Y;*) =
d*(Y®, D), we obtain that

1 T T
PP+ [ tracel 222y Hessp(V))ds = ol) + [ (Vo))" 1,047 22)ds
t t

T

- / (Vo) ZrdB, + / (VoY) he(V, Z0)alT (4.2.19)
t t

T T
by [ tracelhut) (v 20 Hesso¥lds = n [ TpV) (V7 - w(v7)ds.
t t

Since £ € D a.s., we have that ¢(£) = 0 and it is easy to see that

Vp(x) = 2p(x)Vp(x) = 4p(x)(z — m(z)) (4.2.20)
Hessp(x) = 2Vp(x) @ Vp(x) + 2p(x)Hessp(z). (4.2.21)

Then it follows that

1 T T
D7)+ [ tracel20 2 Hessp(V))ds =4 [ (p(2)(¥7 = m(V2)* (V2 22)ds
t t

T T
4 / (P(YI) (Y7 — w(Y]) Z0dBs + 4 / (Y)Y = (VI ha(¥2, Z2)dIV (4.2.22)

1 T T
g [ el 2D Hessp (Vs —dn [ P2,
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By taking expectation we have
1 T T
E[o(Y]")] + iE[/ trace[Z] Z* Hessp(Y]")]ds] +4n]E[/ o(Y)ds]
t t
T
— B[ [ ()07 w7 £V 2] (4.2.23)
t
1 T
+ o / trace|(hsh?) (Y, Z7) Hesso (V)] ds].

2 t

For the last term, we get from the boundedness of h and Hessp
T T
B [ tracel(hli (v} 22) Hessp(V7))ds] < 28] [ (7, 20). Vo(y))Ps]
t t

T
B[ [ 20007 tracel (huh) (¥, 23) Hessp(v; ) ds]
t (4.2.24)

+
< CE| / ' V(v Pds] + CE| / ' 20(¥7")ds]

< C]E[/T(d(YS",D))st].
0

Now the algebric inequality 2ab < a? + b? with a = (d(Y*, D))? and the boundedness of f yield
AT DI, 20 < 207 D) 4 2607 DR, 2L
<20(Y]") + 20(d(Y", D)), ;

By plugging the estimate (4.2.25) and (4.2.24) in (4.2.23), we obtain thanks to lemma 4.2.1

Elp(Y;")] + %E[/ trace[Z! Z* Hessp(Y]")]ds| + (4n — Q)E[/ (Y]")ds]
L c ¢ (4.2.26)
< 2

<cxl [ oy <.

Notice also that Hessienne of ¢(Y]") is a positive definite matrix since ¢ is a convex function, so we
get that

C
sup Elp(v)] < < (12.27)
0<t<T n
Moreover, we can deduce from (4.2.26) that, for every ¢ € [0, T
T
E[/ trace[Z) Z* Hessp(Y")]ds] — 0, asn — oco. (4.2.28)
t

In the other hand, we take the supremum over ¢ in the equation (4.2.22) and by Burkholder-Davis-
Gundy’s inequlity and the previous calculations it follows that

E[ sup o(V")] < CE[ /0 " o(vds] + CE /0 (v, Dy

0<tT

T
| oivoty zzas.]

(4.2.29)
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From the boundedness of h and the fact that Vp?(x) = 4p(x), we have

EK/OT“’(Ys"”?WpO@")%hsm",Z:>>2ds)” ] < o[ /OT<p<m">>2p<w>ds)“ ’

<crl s (o2 ( [ o0ras)"] (4230

0<s<T

< ilE[ sup @(Yf)] +021E{/0T(d(12”»D))2d8]

0<s<T

By the Holder’s inequality, we obtain

4 ny\2 n n\2 1/2 n\\1/2 4 n n\2 1/2
B ([ o). 222 ] < cE[ s o) ([ va0i). z2)s)
T o 2 (4.2.31)
< B[ sw o]+ CE[ [ (Tp(v), 222as).
0<s<T 0
Reporting (4.2.30) and (4.2.31) in (4.2.29) leads to
T T
B sup (7)) < CE(| o(7)ds] + CE[ [ (a(vy, D))as]
ostst 0 0 (4.2.32)
- 2.
8] [ votvr). 22yas).
0
Since each term of (4.2.21) is positive definite and from (4.2.28), we get
T
E{/ <Vp(YS”)),Z;L>2ds} — 0asn — oo.
0
Finally, by using (4.2.27) and Lemma 4.2.1, we get the desired result. O

Therefore, we deduce the strong convergence of (Y™, Z™):

Lemma 4.2.3. The sequence (Y™, Z") is a Cauchy sequence in Sz([0,T)) x H, 4([0,T]), i.e.

T
E[ sup |V;*—Y™? —|—/ |25 — Z™||2dt] — 0 as n,m — +o0.
0<t<T 0

Proof. For all n,m > 0, we apply It6 formula to |Y,* — Y;™|?

T T
Y- ¥ R [z - ZPs =2 [0 Y (RO 2 — Y Z)ds
t t

T T
b2 [ Yy e 22 b ZEalV 2 [ - Y2y - 2B
t t
. . (4.2.33)
b [ I 22 = v 2 Pds = 2 [ - Yy - () s
t t

T
o [P =Yy (),
t
By the property (4.2.2), we have

T T
o / (Y = V™) (VP — m(Y7))ds + 2m / (Y7 = Y™ (Y — (V™) ds

T
<2(n+ m)/t (Y — (V) (Y™ — m(Y™))ds. (4.2.34)
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Hence, from the Lipschitz continuous assumption on f and h, and taking expectation yields to
T T
By~ PP+l 122 - 20 Pas) <28 OOV - YRR+ Y - Y22 - 27
t t
T
VB[ vy YR ralzy - zphas)  (23)
t

T
+2(n+m)E] / (¥ = (V) (Y = w(Y™))ds].
t
For the last term, we need to claim the following lemma whose proof is postponed in the Appendix.

Lemma 4.2.4. There exists a constant C > 0 such that, for each n > 0,

]E[(n /OTd(};“,D)dsﬁ <C (4.2.36)

Now we can deduce from the Holder inequality and Lemma 4.2.4 that
T T
WB( [ (V7 = m(V) (7"  w(¥;)ds] < nB[ [ (Y7, D)d(Y;" D))ds
t ¢

T
<nE[ sup d(Y™ D) / d(Y?, D)ds)]
0<s<T t (4.2.37)

< (l(n [ aoz.pas) )" (B s a0z o)

0<s<T

<c(sl swp_aoy))”

0<s<T
Reporting (4.2.37) in the previous inequality, we have

T T
By~ Y]+ (1 - a = CyEl [ 123 - 2 Pas) < €1+ B[ v - v P
t t

+ C’(]E[ sup  d2(Y™, D)]) 2,

0<s<T

Choosing 1 — a — Cvy > 0, by Gronwall’s lemma, we obtain

1/2
sup E[Y" — Y% < C(E[ sup d2(Y™, D)]) . (4.2.38)
0<t<T 0<s<T
We deduce similarly
T 1/2
IE[/ | Zr — ZM|2ds] < C(E[ sup d2(Y™, D)}) . (4.2.39)
0 0<s<T

Next, we apply again Itd’s formula to |Y;* — ¥;™|2, and we have by the Burkholder-Davis-Gundy
inequality and the previous calculations

T
B sup V7 YR < CE[ [V - Y Y 22 — (s, Y 2
0<t<T 0
T 1/2 r 1/2
HCB( [V = Y PInY, Z0) — bV 20 Pds) P+ CB( [ vy = Y P2 - 27Pds)
0 0

T T
+ ]E[/ (Y =Y + al| 27 — Z"||*)ds] + 2(n + m)E[/ (Y = m(Y) (V" = w(Y]))ds].
t t
Then, it follows by the Lipschitz Assumption 4.2.2 on f and h and (4.2.37) that for any n,m > 0

1/2 T
B[ sup |V;' = Y"P]<C(E[ swp d*(Y;", D))" +CE( suwp | =Y /O |22 — z|Pds)

0<t<T 0<s<T 0<t<T

2 m 1/2 n m|2 —1 T n m||2
<C(8] swp P D))" 4 CB( swp v - ¥+ ([ 27 - 2P,
0

0<s<T 0<t<T
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Choosing 1 — Ce > 0 and from the inequality (4.2.39) we conclude that

1/2 1/2

E[ swp V7 =Y"P]<C(E[ swp @y, D)]) " <C(E[ swp d'(?",D)]) " —0,
0<t<T 0<s<T 0<s<T

as n,m — 0o, where Lemma 4.2.2 has been used. a

Finally, we conclude that (Y™, Z") is a Cauchy sequence in S7([0,7]) x H32,,([0,T]) and therefore
there exists a unique pair (Y;, Z;) of F;- measurable processes which valued in R* x R¥*4_ satisfying

T
E( sup |V —YVi]>+ / |Z] — Zy|dt) — 0 as n — oo. (4.2.40)
0

o<t T

Consequently, since for any n > 0and 0 <t < T,

t
Kf—K?:%"—%m—K"—Km—/O (fs (Vs Z8) = f(Y", Z5))ds

. ) (4.2.41)
- [z~ vz s [ (22 - zras.
0 0
we obtain from (4.2.40) and Burkholder-Davis-Gundy inequality,
E( sup |K}— K"[*) =0 as n,m — oco. (4.2.42)

0<tsT

Hence, there exists a F;- adapted continuous process (K)o <t <7 ( with Ko = 0) such that

E( sup |K;—KP'|*) =0 as n— oc.
0<t<T
Passing to the limit in (4.2.12), the processes (Y, Zt, Kt)o < ¢ < T satisfy
T T T
Y;:£+/ fs(YS7Zs)dS+/ hs(Y:e,Zs)dWs_/ stBs+KT_Kt 5 0<t<T
¢ ¢ ¢

Since we have from Lemma 4.2.2 that Y; is in D, it remains to check the minimality property for
(K3), namely i.e., for any continuous progressively measurable process (z;) valued in D,

T
/ (Y; — 2)*dK; < 0.
0
We note that (4.2.1) gives us
T T
/ ()" — =) dK]" = —n/ (Y = z)* (Y — wn(Y))dt < 0.
0 0

T
Therefore, we will show that we can extract a subsequence such that / (V" — z)"dK}* converge
0

T
a.s. to / (Y — z¢)"dK;. Following the proof of Lemma 4.4.3 in Appendix, we have
0

T T
2|Evr < l€-aP+2 [ O7 - R0 Z0ds+2 [ 07 - an (7, 20
0 0
T T
+ / | hs(Y, Z7)||2ds — 2/ (Y™ — a)Z"dBs. (4.2.43)
0 0
Notice that the right hand side tends in probability as n goes to infnity to

T T T T
|§fa|2+2/ (Ys—a)fs(}@,Zs)dsJFQ/ (sta)hs(Ys,Zs)dquL/ ||hs(Ys725)||2d572/ (Ys—a)ZsdBs.
0 0 0 0
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Thus, there exists a subsequence (¢(n)), >0 such that the convergence is almost surely and

| K™y is bounded. Moreover, due to the convergence in L2 of sup [¥;* — ;|2 to 0, we
0<t<T

can extract a subsequence from (¢(n)), > o such that Y¢() converges uniformly to Y. Hence, we
apply Lemma 5.8 in [53] and we obtain

T T
/ (Y;SW(")) - zt)*dKj)(w(n))) — / (Y; — z)"dK; a.s. as n— o0
0 0

which is the required result. a

4.3 Weak solution of semilinear SPDE in a convex domain

The aim of this section is to give a Feynman-Kac’s formula for the weak solution of a semilinear
reflected SPDEs (4.1.3) in a given convex domain D via Markovian class of RBDSDEs studied in the
last section. As explained in the introduction, the solution of such SPDE is expressed as a pair (u, v)
where u is a predictable continuous process which takes values in a Sobolev space and v is a random
vector regular signed measure. The bounded variation processes K component of the solution of
the reflected BDSDE controls the set when u reaches the boundary of D. In fact, this bounded
variation process determines the measure v from a particular relation by using the inverse of the flow
associated to the diffusion operator.

4.3.1 Notations and Hypothesis

Let us first introduce some notations:

- CT,(RP,RY) the set of C"-functions which grow at most linearly at infinity and whose partial
derivatives of order less than or equal to n are bounded.

- LIQJ (Rd) will be a Hilbert weighted L2-space of our framework. We employ the following notation
for its scalar product and its norm,

1
2
(w0l = [ u@v@ s, = ([ @) oarie)
Rd Rd
Assumption 4.3.1. We assume that p is the weight function that satisfy the following conditions:
e p is a continuous positive function.
1
e p is integrable and — is locally integrable.
p
In general, we shall use for the usual L?-scalar product
(u,v) = / u(z)v(z) dz,
Rd
where u, v are measurable functions defined in R? and uv € L'(R%).

Our evolution problem will be considered over a fixed time interval [0, T'] and the norm for an element
of L2 ([0, 7] x R?) will be denoted by

o= ([ [ |u<t,m)|2p<sc>dscdt)é .

We assume the following hypotheses :

Assumption 4.3.2. @ : R? — R is such that belongs to L2(R?) and ®(z) € D a.e. Vo € RY;
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Assumption 4.3.3. (i) f:[0,T] xR xRF x R¥*d 5 R™ and h : [0, T] x R? x RF x RF*d — Rk
are measurable in (t,x,y,z) and satisfy fO,h° € L/% ([07T] X Rd) where fP(z) := f(t,7,0,0),
hY := h(t,,x,0,0).

(i) There exist constants ¢ > 0 and 0 < o < 1 such that for any (w,t) € Q x
[0,T] ;5 (y1,21), (y2, 22) € RF x RFxd

\fi@ oy, 21) = i@y, 22) P < ey — yol* + |21 — 22| ?)
<

[he(, 91, 21) — he(, 2, 20) |12 clyr — yol® + 21 — 22

Assumption 4.3.4. The coefficients b and o of the second order differential operator L (4.1.2)
satisfy b € Cﬁb(Rd;Rd), o€ Cﬁb(Rd;RdXd).

Assumption 4.3.5. (i) 0 € D and ® € L}(R?).
(ii) There exits 0 < B < 1 such that for all (t,z,y,z) € [0,T] x R¥ x Rkxd

hi hi (2, y,2) < c(Idgr +yy*) + B 22"

(iii) f and h are uniformly bounded in (x,y, z).

4.3.2 Weak formulation for a solution of Stochastic PDEs

The space of test functions which we employ in the definition of weak solutions of the evolution
equations (4.1.1) is Dy = C>([0,T]) ® C° (R?), where C*° ([0, T]) denotes the space of real functions
which can be extended as infinite differentiable functions in the neighborhood of [0, T and C2° (Rd)
is the space of infinite differentiable functions with compact support in R%. We denote by Hr the
space of ﬂ%—progrcssivoly measurable processes (u¢) with valued in the weighted Dirichlet space
H) (R%) where
d d d
H)(RY) := {v € L2(R?) | Voo € L2(R?))}

endowed with the norm

T
lull3,, =E [O sup Tl\usH% + Jpa Jo [Vus(z)o(@)Pdsp(x)dz],

It x

where we denote the gradient by Vu(t,z) = (d1u(t, z), - - -, qu(t, x)).

Definition 4.3.1. We say that u € Hr is a Sobolev solution of SPDE (4.1.1) if the following relation
holds, for each ¢ € Dr,

T T
/t(U(S:x)ﬁsw(sw))dﬁ(U(tvx),s@(taw))—(‘P(w)wp(T,x))—/t (u(s, @), L7p(s, x))ds

T T
:/ (fs(ac,u(&x),Vu(s,:v)a(:r)),cp(s,x))ds+/ (hs(x,u(&9&),Vu(s,x)a(x)),@(s,x))dws,
t t
(4.3.1)
where L* is the adjoint operator of L. We denote by u := U(®P, f, h) solution of SPDEs with data
(@, f,h).

The existence and uniqueness of weak solution for SPDEs (4.3.1) is ensured by Theorem 3.1 in
Bally and Matoussi [10] or Denis and Stoica [43].
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4.3.3 Stochastic flow of diffeomorphisms and random test functions

We are concerned in this part with solving our problem by developing a stochastic flow method which
was first introduced in Kunita [76], [78] and Bally, Matoussi [10]. We recall that {X; s(z),t < s < T}
is the diffusion process starting from z at time ¢ and is the strong solution of the equation:

Xio(2) = 2+ /t (X (2))dr + /t " o(Xor (2))dBy. (4.3.2)

The existence and uniqueness of this solution was proved in Kunita [76]. Moreover, we have the
following properties:

Proposition 4.3.1. For each t > 0, there exists a version of {X;s(z); x € R% s > t} such that
Xi.5(+) is a C*(R%)-valued continuous process which satisfy the flot property: Xi,(r) = X0 Xy (z),
0 <t < s <r. Furthermore, for all p > 2, there exists My such that for all 0 < t < s, z,2' € R,
h,h' € R\{0},

E( sup | Xir(z) —2fP) < My(s —)(1 + |2[F),
t<r<s

E( sup [Xip(2) = Xip(2') = (2 = 2")[P) < Mp(s = t)(|z — 2'|P),
t<r<s

E( sup |AL[Xer(z) —2]P) < My(s —1),
t<r<s ]

E( sup |A}Xip(2) = AY Xip(2)P) < Mp(s — t)(|z — 2'[P + |h = K|P),
t<r<s

where Al g(z) = %(g(x + he;) — g(x)), and (e, -+ ,eq) is an orthonormal basis of RZ.

Under regular conditions (Assumption 4.3.4) on the diffusion, it is known that the stochastic flow
solution of a continuous SDE satisfies the homeomorphic property (see Bismut [16], Kunita [76],
[78]). We have the following result where the proof can be found in [76].

Proposition 4.3.2. Let Assumption 4.3.4 holds. Then {X;s(z);x € R} is a C?-diffeomorphism
a.s. stochastic flow. Moreover the inverse of the flow satisfies the following backward SDE

)

X == [ — [ o )it (133)
for any t < s, where

B) = o) = 32 2 g (0) (43.4)

We denote by J (X, 1(2)) the determinant of the Jacobian matrix of X X(z), which is positive and
J(X;’tl(x)) = 1. For p € C°(RY), we define a process ¢ : Q x [t,T] x R? — R* by

pr(s, @) = (X (2)) (X[ (2)). (4.3.5)
We know that for v € L2(R?), the composition of v with the stochastic flow is
(U ° Xt,s(‘)v (P) = (Ua th(S, ))
In fact, by a change of variable, we have (see Kunita [80], [79], Bally and Matoussi [10])

(00 Xia(hp) = [ o(Xra@pladde = [ o(u)olX0)IG L 0)d = (0.5,

Since (¢¢(s,x))r<s IS a process, we may not use it directly as a test function because

T
/ (u(s,-), Ost(s,+)) has no sense. However ¢;(s,z) is a semimartingale and we have the following
¢

decomposition of ¢4 (s,x)
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Lemma 4.3.1. For every function p € C®(R?),

on(sz) = /L(pt(r:cdr jzd;/t <Z}

where L* is the adjoint operator of L.

(0 (@) (r, x))) dBY, (4.3.6)

We also need equivalence of norms result which plays an important role in the proof of the existence
of the solution for SPDE as a connection between the functional norms and random norms. For
continuous SDEs, this result was first proved by Barles and Lesigne [13]| by using an analytic method
and Bally, Matoussi [10] by a probabilistic method.

Proposition 4.3.3. There exists two constants ¢ > 0 and C > 0 such that for everyt < s < T and
o € LY (RY, dx),

[ Je@lplalds < [ Ble(Xiale)plaids <C [ e@lpta)da. (13.7)
Rd Rd Rd

Moreover, for every W € LY([0,T] x R, dt @ dz),

[, / V(s.)ldspla)da < [ / (1¥(s, X)) spla)do < C [ / (s, 2)|dsp()dz.

(4.3.8)

4.3.4 Existence and uniqueness of solutions for the reflected SPDE

In order to provide a probabilistic representation to the solution of the RSPDEs (4.1.3), we introduce
the following Markovian RBDSDE:

T T
() Y07 = @Xg @) + [ A6, Y2, 20 [ ) Y2, 20, 4 16— K
S

S

T
—/ ZL*dB,, P-a.s., Vs € [t,T)

S

(i) YY" € D P-a.s.

T
(i) / (V2% — vy(Xps())) dKY" < 0., P-a.s.,
0

for any continuous F; — random functionv : [0,7] x Q@ x R? — D.
(4.3.9)
Moreover, using Assumptions 4.3.2 and 4.3.3 and the equivalence of norm results (4.3.7) and (4.3.8),
we get

®(X;r(z)) € L*(Fr) and ®(X; r(z)) € D,

(X)) € HR(.T) and hY(Xys(2)) € Hiq(t,T)-
Therefore under Assumption 4.3.2-4.3.5 and according to Theorem 4.2.1, there exists a unique triplet
(Yo, zte K57 solution of the RBDSDE (4.3.9) associated to (@, f, h).
We now consider the following definition of weak solutions for the reflected SPDE (4.1.3):
Definition 4.3.2. We say that (u,v) = (u',v%) < ; <k is the weak solution of the reflected SPDE

(4.1.3) associated to (@, f,h), if for each 1 <i < k
(i) [|ullyy, < oo, u(z) € D,dz ® dt @ dP a.e., and u(T,z) = ®(x),
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(ii) V' is a signed Radon reqular measure in the following sense, i.c. for every measurable bounded
and positive functions ¢ and v,

T .
/Rd/t (s, X () J (X} (@) ¢ (s, 2) L ueapy (s, 2)v' (ds, dz)
T
= /R‘i/t QO(S,JJ)’L/)(&th(x))dK;’z’idx’ a.s.. (4_3.10)

where (Yo", ZV° KV <s<p is the solution of RBDSDE (4.3.9) and such that

/ / x)|v|(dt, dz) < oo,

(#1) for every ¢ € Dr

[ [ wemptssntoas + [ mptt.0) - @ @aanis - [ [ wonepls, s
- /tT /Rd fs(x,u(&$)7VU(S,LE)U(:Z‘))QD(&x)d.TdS+/tT /Rd hs(ac,u(s,ac),Vu(s,:z:)a(m))w(sw)dwdws

T .
+/ /dgo(s,x)l{ueaD}(s,x)ui(ds,dx). (4.3.11)
t JRd

For the sake of simplicity we will omit in the sequel the subscript i.

We give now the following result which allows us to link by a natural way the solution of SPDE
with the associated BDSDE. Roughly speaking, if we choose in the variational formulation (4.3.11)
the random functions ¢;(-,-) defined by (4.3.5), as a test functions, then we obtain the associated
BDSDE. In fact, this result plays the same role as It6’s formula used in [109] to relate the solution
of some semilinear SPDEs with the associated BDSDEs:

Proposition 4.3.4. Let Assumptions 4.5.2-4.3.5 hold and u € Hr be a weak solution of the reflected
SPDE (4.1.3) associated to (®, f,h), then for s € [t,T] and ¢ € C(R?),

/Rd /ST“(rvx)dSDt(r,x)dx-i-(u(s,-) i(5,7)) — (D( /Rd/s (r,2) L or(r, 2))drdz
= /]Rd /T fr(z,u(r, z), Vu(r, z)o(x))p(r, v)drdz + /]R‘]/ (z,u(r,x), Vu(r,z)o(z))pe(r, x) dwrdag

/]Rd/ @i(r, )1 iyeapy (r, x)v(dr, dx).  a.s.
(4.3.12)

T
where / / u(r, x)dp(r, z)dz is well defined thanks to the semimartingale decomposition result
Rd
(Lemma 45’81)

The main result of this section is the following:

Theorem 4.3.1. Let Assumptions 4.5.2-4.3.5 hold and p(x) = (1 + |x|)™P with p > d + 1. Then
there exists a weak solution (u,v) of the reflected SPDE (4.1.3) associated to (®, f,h) such that,
u(t,z) ==Y, dt @ dP ® p(x)dx — a.e., and

YA = u(s, X¢ 5(z)), 74" = (Vuo)(s, Xt s(z)), ds® dP® p(z)dr — a.e.. (4.3.13)

Moreover, the reflected measure v is a signed regular measure in the sense of the definition (i) and
satisfying the probabilistic interpretation (4.3.10).

If (w,v) is another solution of the reflected SPDE (4.1.8) such that U satisfies (4.3.10) with some K
instead of K, where K is a continuous process, then T = u and U = v.

In other words, there is a unique Randon regular measure with support {u € D} which satisfies

(4.5.10).
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Remark 4.3.1. The expression (4.5.10) gives us the probabilistic interpretation (Feymamn-Kac’s
formula) for the measure v via the nondecreasing process Kb® of the RBDSDE. This formula was
first introduced in Bally et al. [9] (see also [99]) in the context of obstacle problem for PDEs. Here
we adapt this notion to the case of SPDEs in a convexr domain.

Proof. a) Uniqueness : Set (u,7) to be another weak solution of the reflected SPDE (4.1.3)
associated to (®, f,h); with T verifies (4.3.10) for a continuous process K. We fix ¢ : R? — RF,
a smooth function in C?(RY) with compact support and denote @;(s,z) = @(ngl(m))J(X{;(x)).
From Proposition 4.3.4, one may use ¢(s, x) as a test function in the SPDE (®, f, h) with ds¢(s, x)ds
replaced by a stochastic integral with respect to the semimartingale (s, z). Then we get, for
t<s<T

// rxdcpdrcc)dm—}—/ u(sacgptsacdx—/qD gptdem—// (r,x) L% (r, x)drdz
Re Js d

= / fr(z,a(r,x), (Vuo)(r, z))e(r, x)drdx —|—/ / he(z,u(r, z), (Vuo)(r,x))e:(r, x)dxdwr
s R4 Rd
T

+ / /R lr. ) oy r 2)p(dr, ). (4.3.14)

By (4.3.6) in Lemma 4.3.1, we have

/Rd / Tﬂ(ﬁ x)dey(r, z)dadr = / T( /R [(Vuo)(r,2)pi(r, z)dx)dB, + / ! /]R [l @)Ly (r, 2)drda.

Substitute this equality in (4.3.14), we get

[ a6ts,0000 = [ 0@t~ ([ w0200, s,
T T

—|—/ fr(x,u(r,x), (Vuo)(r, z)) e (r, x)drdx + / / he(x,u(r, x), (Vuo)(r, x)) e (r, x)dxdwr
s JRd s Rd
T

+ [ [ el aiean o oplar. da).

Then by changing of variable y = X, . () and applying (4.3.10) for 7, we obtain

[ s Xiaolnidy = [ @(Xr)etdy
[ / () f (X (), T, X (1), (V) (7, X1, () drdy
[ / () (X1 (9), T Ko (), (V) (1, Ko, (1)) gV,
//¢ ) meany (ry Xo,s(y)) AR, dy — // ) (Vo) (r, Xy (y))dyd B,

Since ¢ is arbitrary, we can prove that for p(y)dy almost every y, (a(s, X¢s(y)), (Vuo)(s, X¢s(v)),
K5 solves the RBDSDE (®(X,1(y)), f,h). Here Ks’yf/ Ligeany (T, Xt,r(y))dfi’y, Then by
t

the uniqueness of the solution of the RBDSDE, we know (s, X;s(y)) = YHY = u(s, Xt ,s(y)),
(Vuo)(s, Xis(y)) = Z2¥ = (Vuo)(s, Xis(y)), and K¥Y = KoY. Taking s = t we deduce that
u(t,y) = u(t,y), p(y)dy-a.s. and by the probabilistic interpretation ( 4.3.10), we obtain

/ /lgot 7, 2)Lmeapy (r, x)v(dr, dz) / / ot(r, ) Liyeapy (r, x)v(dr, dz).
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So lggeapy (r, ©)v(dr, dz) = 1gyecopy (r, ®)v(dr, dr).

b) Existence: The existence of a solution will be proved in two steps. For the first step, we
suppose that h doesn’t depend on vy, z, then we are able to apply the classical penalization method.
In the second step, we study the case when h depends on y, z with the result obtained in the first step.

Step 1 : We will use the penalization method. For n € N, we consider for all s € [t,T],
T T
Y = &(Xyr(x)) + / Fr(Xp (@), Y000, Z2050)dr + / (X ()Y,
S S
T T
_ ’/L/ (Y;an,t,z _ ﬂ_(}/rn,t,m))dr _ / Z;l’t’der.
S s

From Theorem 3.1 in Bally and Matoussi [10], we know that u,(t,z) := ¥;*** | is solution of the
SPDE (®7 fTL7h‘) (411)7 with f”(t,l“,y) = f(t,$7y, Z) - ’/l(y - W(y))> Le. for every o € Dr

T
/t (W(s, ), Bup(s, ))ds + (w1, ), (1, ) — (B() / (W™ (s, ), L7 (s, ))ds
T
- / (o™ (5, ), 0" Vn (s, ), (s, ))ds + / (ha(), (s, ))dIT,

t
T
[ = w )l (4.3.15)
t
Moreover from Theorem 3.1 in Bally and Matoussi [10], we also have
YT =y (s, Xps(x)) , Z00" = (Vuno)(s, Xis(2)), ds ®@ dP @ p(z) dx — a.e.

(4.3.16)

S
Set KWW = —n/ (Yb% — q(Y4%))dr. Then by (4.3.16), we have that
t

KM = / (o)) X )

Following the estimates and convergence results for (Y42 zZnte KnH@) in Section 2 and estimate
(4.4.3), we get :

T
s [sup, < [12 4 [ 220 P ds K| < € 1),
n t
where r
C(T,2) = B[ |0(X;r (@) + / ([£2 X)) + [ (Xes@))[*) ds]

and

T
E[ sup |st,t,x _ Ysm,t,x|2] + E[/ ||an,t,x — Z;"’wcH2 ds]
t

t<s<T

+E[ sup |K}MT— ng’m‘z} — 0, as n,m — +o00.
t<s<T

Moreover, the equivalence of norms results (4.3.8) yield:

/ / Y(Jun(s,z) — um(57ac)|2 + |(Vupo)(s,z) — (Vuma)(s,x)|2)dsdx
Rd

2
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Thus (up)nen is a Cauchy sequence in Hp, and the limit v = hm 0 Up belongs to Hp. Denote
Up(dt, dz) = —n(u, — 7(uy)) (¢, z)dtde and m,(dt, dx) = p(z)v,(dt dac) then by (4.3.8)

Il ([0, 7] x RY) = // ()| (A, dz) //p(m\ o — () (¢, @) |dtda

= | p@E Km0 d c/ (2)dz < 0.
It follows that
sup |m,| ([0, T] x R%) < oo. (4.3.17)

Moreover by Lemma 4.4.4 (see Appendix 4.4.4), the sequence of measures (7, )nen is tight. Therefore,

there exits a subsequence such that (m,)en converges weakly to a measure 7. Define v = p~l7; v is

a measure such that / / x)|v|(dt,dz) < oo, and so we have for ¢ € Dp with compact support

T T (z) T ¢ T
/ / odvy, = / / ~dn, — / / —dm = / / pdv.
Re Jt R Jt P RISt P Re Jt

Now passing to the limit in the SPDE (&, f,,, h) (4.3.15), we get that that (u, v) satisfies the reflected
SPDE associated to (@, f, h), i.e. for every ¢ € Dp, we have

lIl.T

T

/t (u(s, ), Duspls, ))ds + (u(t, ), (1)) — (B(), (T, ) — / (u(s, ), L5, ))ds
T T T
= [ Gt o vuts et Nds+ [0k [ [ plspvias.da).

(4.3.18)

The last point is to prove that v satisfies the probabilistic interpretation (4.3.10). Since K™'®
converges to K%® uniformly in ¢, the measure dK™"* — dK%* weakly in probability. Fix two
continuous functions ¢, ¥ : [0,T] x R? — R* which have compact support in = and a continuous
function with compact support 6 : R? — R*, from Bally et al [9] (The proof of Theorem 4), we have
(see also Matoussi and Xu [99])

T
L[ et X2 @) @yits.opwptds,do)
— lim —/Rd/ 6(5, X H(@)) (X2 (@) (5, 2)0( )t — 7(1un)) (5, 2)dsdx

n—oo

n—oo

~ fim - /R d /t (5, 205, Xos (2))0(Xs(@))1(ttn — () (t Xo.o())dtda

n—oo

T

N i t,s ts n,t,x :

= 1 /Rd/t (s, 2)1(8, X1 5(2))0( Xy s(2))dK P d
T

- /Rd/t o(s, ) (s, Xp 5(2))0( Xt s(x))d K dx.

We take @ = O to be the regularization of the indicator function of the ball of radius R and pass to
the limit with R — oo, it follows that

/ / (s, Xy H @) T (X7 M @))b(s, 2)v(ds, dr) = / / (s, 2)0(s, Xo s (2))AK " dz.  (4.3.19)
R4 Jt R4 Jt

From Section 2, it follows that dKL* = 1{u€aD}(s,Xt,5(x))dK§’x. In (4.3.19), setting ¥ = ly,copy
yields

T
L[ ot X @) I8 @) ey 5.2l do)

/Rd/ (5, Xpg (0)J (X, § (2))w(ds, dx), a
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Note that the family of functions A(w) = {(s,z) — ¢>($,th81($)) : ¢ € C} is an algebra which
separates the points (because = — thsl(x) is a bijection). Given a compact set G, A(w) is dense
in C([0,T] x G). It follows that J(ngl(x))l{ueaD}(s,z)l/(ds,dm) = J(thsl(m))u(ds,dm) for almost
every w. While J(thsl(x)) > 0 for almost every w, we get v(ds,dr) = li,eppy(s,)v(ds,dr), and
(4.3.10) follows. Then we get easily that Y = u(s, X s(z)) and Z0" = (Vuo)(s, X¢s(z)), in view of
the convergence results for (Y¢""*, Z"") and the equivalence of norms. So u(s, X; s(x)) = Y&* € D.
Specially for s = ¢, we have u(t,z) € D.

Step 2 : The nonlinear case where h depends on y and z.

Let define H(s,z) £ hex, Y, Z3"). By plugging into the facts that hY € Lg([O7T] x R?) and h is
Lipschitz with respect to (y, z), then we have H,(x) € L2([0,T] x RY). Since H is independent of
Yy, z, by applying the result of Step 1 yields that there exists (u,v) satisfying the PIDE with obstacle
(@, f, H), i.e. for every ¢ € Dy, we have

T T
/t (us, ), Buspls, ))ds + (u(t, ), o(t, ) — (B(), (T, ) — / (us, ), £7p(s, ))ds
T T
- / (fole s, ), 0" Vu(s, ), (s, ))ds + / (HL(). (s, ))dTT,

T
+ /t /R 9(5,2)1ucopy (5, 2)v(ds, ). (4.3.20)

Then by the uniqueness of the solution to the RBDSDE (®(X;r(z)), f, h), we get easily that
Y = s, X s(2)), Zb" = (Vuo)(s, Xt s(z)), and v satisfies the probabilistic interpretation (4.3.10).
So u(s, X¢s(z)) = Y* € D. Specially for s = t, we have u(t, ) € D, which is the desired result. 0O

4.4 Appendix

4.4.1 Some properties of convexity

Denote p(z) = (d(z,D))? = |z — n(z)|?, the square of the distance to the domain D and 7 the
orthogonal projection on the closure D. If D is a convex domain, then the function ¢ is convex.
Moreover, if D is a regular domain, ¢ is two time differentiable on the complement of D and we
obtain:

Ve ¢ D, Ve(z)=2(x—7(z)).

From this expression of gradient V¢, we remark that the hessienne matrix Hessp(z) has the following

form:
20 --- 0

0
Hessp(x) = 1)

0
where M is a positive semi definite matrix. We deduce also that:
Vz € R trace[zz* Hessp(z)] > 0 (4.4.1)

Since Hess is a positive matrix we have for every unit outward normal v(z)

2.0 - 0

* 2 1 * 0
|zv*(x)]° < 05 trace|zz
(M)

0
< C trace[zz"Hessp(z)] (4.4.2)
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Lemma 4.4.1. If D, is a convex which satisfy (4.2.4), then 3¢ > 0 such that Ve < 1,Vz € RF
|m(z) — me(x)| < en/e2 +ed(x,D;) and |n(z) — me(z)| < /€2 + ed(x, D)
where w.(x) is the orthogonal projection of x € R¥ on the closure D,

Lemma 4.4.2.
3¢>0 such that Ve <1, Yz € R¥ |n(z) — 7.(z)| < ev/e(l + d(z, D.))

3¢ >0 such that Ve <1, Vz € RF |n(z) — e ()| La(e,.)>e}) < VeV d(@, D) 1{g(z,p.)>e}

4.4.2 A priori estimates

In this section, we provide a priori estimates which are uniform in n on the solutions of (4.2.12).

Lemma 4.4.3. There exists a constant C' > 0, independent of n, such that for all n large enough
T
Bl swp [¥7+ [ 23 1Pds + K vr) < C. (4.43)
0<t<T 0
Proof. For a given point a € D, that satisy condition (4.2.3), we apply 1td’s formula to get
T T T
Y- [ 1ZEPds =l aP 2 [0 - o T2 2 [ - @b (v, 2l
t t t
T T T
2 [y zias [ 2P - 2 [ - @) (7 = R,
t t t
(4.4.4)

The stocastic integrals have both zero expectations since (Y™, Z™) belongs to S7([0, T]) x H3 . 4([0, T7).
We take expectation in (4.4.4) and we use the condition (4.2.3) and the Lipschitz Assumption 4.2.2
in order to obtain

T T
EY}" - af] + E| / | Z2)%ds] < E[J€ — af?] + 20 / (V7 — ) (fala,0)] + [¥7 — af + |Z7])ds]

T T T
—HE[/t |hs(a,0)|2ds]+C’IE[/t |st—a|2ds]+aIE[/t |Z")?ds]
T T
<CO+E[ (0. 0F + hu(a0)P)ds] + C(1+ e[ ¥~ o
t t

T
+ (o + E)E[/t |Z7|2ds].

(4.4.5)
. -«
Thus, if we choose € = — o We have
1—a T T
BV~ o) + (<5 Bl [ 1Z0Pds < CO+El[ ¥ - aPds)).
t t
Then, it follows from Gronwall’s lemma that
sup E[|Y) —al?] < Ce“T.
0<t<T
Therefore we can deduce
T
sup E[[Y;"]*] <C and IE[/ | Z2|%ds] < C (4.4.6)
0<t<T 0
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In the other hand, the uniform estimate on Y is obtained by taking the supremum over ¢ in the
equation (4.4.4), using the previous calculations and Burkholder-Davis-Gundy inequality. Thus, we
get foralln >0

E[ sup |Y*—a’l<C and E[ sup |Y/"]*]<C.
0<t<T 0<t<T

Finally, the total variation of the process K™ is defined by
T
B[ vr) =Bl [ Y7 - w(v7)lds]
0

But from the property (4.2.3) and the equation (4.4.4) we have

T T
on / AYP — m(¥™)|ds < 20 / (V7 — a)" (Y7 — m(¥7))|ds
t t

T T
<le—af*+2 / (Y7 — a)* fu(Y7, Z7)ds + 2 / (Y7 — a)*ha(Y2, Z0)dIV
t t

T T
2 [ arzzas [z Pds
t t
Hence it follows from previous estimates that
E[|[K™[vr] < C,

and the proof of Lemma 4.4.3 is complete. a

4.4.3 Proof of Lemma 4.2.4

Let first recall that (Y™, Z") is solution of the BDSDE (4.2.12) associated to (&, f™, h) where
'y, 2) = fs(y,2) — n(y — 7(y)), for each (y,2) € R¥ x RF¥*4 Note that , since we have assumed
that 0 € D, f7*(0,0) = £5(0,0) := f0. Therefore, thanks to LP-estimate for BDSDE (Theorem 4.1 in
[109] applied for p = 4), we have the following estimate

T 9 T
supE[ sup [¥7"[* + ( /0 |Z2)%ds) ] < CE|lgl* + /O (1 + 1101 )ds| < oo (447)

n 0<t<

Now, we apply generalized It6’s formula to get

T T T
YR+ / |27 2ds + 20 / (Y2 (VP — m(YI))ds = (€ +2 / (V) oY, Z0)ds
t t t

T

T T
2 / (Y)Y ho (Y, 20V, —2 [ (vry ZrdB, + / Iha (Y7, Z0)|2ds.  (4.4.8)
t t

t
From the property (4.2.3) and since 0 € D we have

T T
2n [ Al = a(vlds < 2 [0 (7 = w2 lds
0 0
T T
<P [Ty AOTZds w2 [ b, 2T
0 0

T T
2 [y ziaBs [, Z) s,
0 0

Then, taking the square and the expectation yiels to
E[(n /OT vy - W(Y;")|ds)2} < CE[l¢l'] + CEK/OT(XQ")*J‘S(Y;”,Z;‘)ds)2}
+ CE[(/OT(Y;”>*hs(1g",Z:)df/T/Sﬂ + C]E[(/OT(XQ")*ZQdBS)Q}

+ex[( [ 7. 22 17s)’].
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By using the isometry property and the boundedness of f and h, we obtain

T 2 T 2
B(n [ v —nias) ] < cu[Jer] + ox[( [ vras)]
0 0
T T
+CB[ [ pvrh v znPas| + e[ [ vrzipas) +c.
0 0
Finally, we deduce from Holder inequality and boundedness of h that
T 2 T T 2
B[(n [ vy = myids) | < o[l [ iviPas s v ([ 120Ras) .
0 0 0<t<t 0
Thus, from the estimate (4.4.7) we get the desired result. O

4.4.4 Proof of the tightness of the sequence (7,),ecn

Recall first that v, (dt,dz) = —n(u, — m(uy))(t, )dtdx and m,(dt, dx) = p(x)v,(dt, dx) where u,, is
the solution of the SPDEs (4.3.15).

Lemma 4.4.4. The sequence of measure (Tp)neN 1S tight.

Proof. We shall prove that for every ¢ > 0 , there exists some constant K such that

T
/0 /]Rd 12| > 23| nl(ds, dx) <€, Vn € N. (4.4.9)

We first write

T
/ / 1o » 2} I7n| (ds, dx)
0 Rd

T
= [ Lt 20 (st < ) Upritorof > ) b, )

=Ig+ Lk, P-—a.s.

Taking expectation yields

T
/O A@d 1{‘1,‘ > QK}ﬂ'n(dS, dl‘) = E[I}H + E(L?(] (4.4.10)

By (4.3.17) and for K > 2||b||oT", we get

T
B[] < //]P’( sup ]ng(x)—x‘ﬂ() il (ds, d)
0 JRd ’

0<r<T
< (Cy exp(—CoK?) + Cs exp(—CyK)) || ([o,T] x Rd>
< O exp(—CoK?) + C4 exp(—CyK),
so E[L] < e for K sufficiently large. On the other hand, if |z| > 2K and ‘Xasl(x) — x‘ < K then
‘Xo_ﬁl(x)‘ > K. Therefore

E[T%]

N

T
]E[/o /Rd x5 1) > k}P@)Ival(ds, dz)]
T
E[/o /R L% @) > kpP(@Infun — 7 (un)|(s, 2)dsdz]

which, by the change of variable y = X ;(cc)7 becomes



114 Chapter 4. Semilinear Stochastic PDEs in a convex domain

/ / 111> 590(X0.8 ()T (Xo,0(0))nlttn — (1) (5, X0, (1)) dsdy]

< [/Rd ,0(3:) (,0( ) 1{‘1;‘ >K} Sup p(XOT( ))J(Xo,r(x») HKH,O,QUHVTdm]

<

1/2
< (E / IIK”’O’”II%/TP(fE)df)
Rd

2
(E/Rd< (z)” 1{|m|>K} sup p(Xo,(x ))J(Xo,r(x))) p(w)dm)

1/2

0<r<T

1/2

2
<c (E / d (p<x>-11{z k), U Tp(Xo,Ax))J(Xo,r(x))) p(x)dx>

where the last inequality is a consequence of (4.4.3). It is now sufficient to prove that

2
/ p(m)_lE|:< sup p(xo,r(m))J(XO,r(x))) }dm<oo. (4.4.11)
Rd

o<r<T

Note that

2
: [(0 ;1:2 Tp(XO”"(I))J(Xo,r(I)))

4172 a1/
< e s lootanl) | [=( s |J(Xo,r($))|>}
0<r<T OsrsT
411/2
<C IE( sup |p(X0,r(I))>}
0<r<T

Therefore it is sufficient to prove that:

/Rd ﬁ (E L Sup |p(Xt,r(w))l4D1/2 dz < oo,

Since p(z) < 1, we have

t<r<T

E[ sup |p<Xt,r<w>>|4] < E| sw |p(xt,7-<x)>|41{

t<r<
—HP’( sup  |Xir(x) — 2| > |w)
t<r<T 2
= :A(z)+ B(z).
-p
If sup |Xip(z)—2| < 2l then | Xer(z)] > % and so |p(X¢r(2))] < (1+%) . Thus we have

t<r<T
—4p
that A(z) < (1 + %) and 5o [pq (1 + |2])P A(z)Y/2dx < co. On the other hand, if |z| > 4[|b]|«T,
then (the same argument as in the existence proof step 2 of Theorem 4 in [9] for the It6 integral with
B(x) <P < sup

JREFCITAESS
t<s<TI[JO
< Cl exp(—C’2|x|2)

respect to the Brownian motion)

and so [pq (1 + |2|)? B(z)/?dz < cc.
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5.1 Introduction

Backward stochastic differential equations (BSDEs in short) are natural tools to give a probabilistic
interpretation for the solution of a class of semi-linear PDEs (see [115], [108], [107], [36]). By
introducing in standard BSDEs a second nonlinear term driven by an external noise, we obtain
Backward Doubly SDEs (BDSDEs) [109], namely,

T T T
Vi ¢+ [ seYazods + [ g vazydv, - [ zasiose<t, G
t t t

where (Wi)¢ >0 and (Bg):> o are two finite-dimensional independent Brownian motions. We note
that the integral with respect to W is a "backward It6 integral". In the Markovian setting, these
equations can be seen as Feynman-Kac’s representation of Stochastic PDEs and form a powerful tool
for numerical schemes [6, 7|]. These SPDEs appear in various applications as, for instance, Zakai
equations in filtering, pathwise stochastic control theory and stochastic control with partial observa-
tions.

Several generalizations to investigate more general nonlinear SPDEs have been developed following
different approaches of the notion of weak solutions: the technique of stochastic flow (Bally and
Matoussi [10], Matoussi et al. [97, 99], Kunita [80]); the approach based on Dirichlet forms and their
associated Markov processes (Denis and Stoica [43], Bally, Pardoux and Stoica [11], Stoica [131],
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Denis, Matoussi and Stoica [40, 41, 42], Matoussi and Stoica[98]); stochastic viscosity solution for
SPDEs (Buckdahn and Ma [24, 25|, Lions and Souganidis [89, 90, 88]). Above approaches have al-
lowed the study of numerical schemes for the Sobolev solution of semi-inear SPDEs via Monte-Carlo
methods (time discretization and regression schemes [6, 5, 7].

In this chapter, we are concerned with numerical scheme for backward doubly SDEs with random
terminal time. These later equations give the probabilistic interpretation for the weak-Sobolev’s solu-
tions of a class of semilinear stochastic partial differential equations (SPDEs in short) with Dirichlet
null condition on the boundary of some open smooth domain @ C R? . Let also mention that an
alternative method to solve numerically nonlinear SPDEs is an analytic one, based on time- space
discretization of the SPDEs. The discretization in space can be achieved either by finite differences,
or finite elements [138] and spectral Galerkin methods [70]. But most numerical works on SPDEs
have concentrated on the Euler finite-difference scheme. Very interesting results have been obtained
by Gyongy and Krylov [60]. The authors consider a symmetric finite difference scheme for a class of
linear SPDE driven by an infinite dimensional Brownian motion.

Our contributions are as following: first of all, BDSDEs with random terminal time are introduced
and results of existence and uniqueness of such BDSDEs are established by means of some trans-
formation to classical BSDEs studied by Peng [115], Darling and Pardoux [36], Pardoux [107] and
Briand et al [23]. Next, Euler numerical scheme for a Forward-BDSDEs is developed where we pro-
vide upper bounds for the discrete time approximations error which is at most of order h/2. Then
probabilistic representation for the weak solution of semilinear SPDEs with Dirichlet null condition
on the boundary of the domain O is given by means of solution of BDSDEs with random terminal
time. This is done by using localization procedure and stochastic flow technics (see e.g. [10], [97],
[80, 79] for these flow technics).

This chapter is organized as following: in section 5.2, first the basic assumptions and the definitions
of the solutions for BDSDEs with random terminal time are presented. Then, existence and unique-
ness results of such equations are given by using fixed point theorem. In section 5.3, we develop a
discrete-time approximation of a Forward-Backward Doubly SDE with finite stopping time horizon,
namely the first exit time of a forward SDE from a domain O. The main result of this section is
providing a rate of convergence of order h'/2 for the square of Euler time discretization error for
Forward-Backward Doubly SDE scheme (5.3.7)-(5.3.13). Moreover, we relate the BDSDE in the
Markovian setting to Sobolev semilinear SPDEs with Dirichlet null condition by proving Feynman-
Kac’s formula in Section 5.4. Finally, the last section is devoted to numerical implementations and
tests. This cahpter is based on [95].

5.2 Backward doubly stochastic differential equations

with random terminal time

Any element € R?, d > 1, will be identified with a line vector with ith component z* and its
Euclidean norm defined by |z| = (3, |z;|)1/2. For each real matrix A, we denote by ||A| its
Frobenius norm defined by [[A[l = (3, ; aaj)l/z.

Let (92, F,P) be a probability space, and let {W;,0 < ¢ < T} and {B;,0 < t < T} be two mutually
independent standard Brownian motions with values in R! and R?. For each 0 < s < T, we define

Fo = FEVFY,

with FP := 0(B;; 0 < r < s) and Fly = o(W, — Wi;s <7 < t) VN where N is the class of
P-null sets of F. Note that (), ¢  is not an increasing family of o-fields, so it is not a filtration.
Hereafter, let us define the spaces and the norms which will be needed for the formulation of the
BDSDE with random terminal time.
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- LP(FY) the space of R* valued FV-measurable random variables & such that
€l = E(e MIEP) < +oo;

- H2.,([0,T7]) the space of R¥*valued Fi-measurable process Z = (Z;); < v such that
T
1215 o= L | 121t < 4o
0

- S%([0,T]) the space of R* valued F;-adapted processes Y = (Y;)¢ < 1, with continuous paths such
that
Y1132 := E[supe Y] < +o00;
t< T

We need the following assumptions:

Assumption (HT) The final random time 7 is an F?-stopping time and the final condition ¢ is an
FE-measurable and k-dimensional random variable such that E[e*"|¢|?] < oo.

Assumption (HL) The two coefficients f : Q x [0,7] x RF x R¥*4 — RF and g : Q x [0,7] x
RF x RF*d 5 RF*! which for some real numbers a, p, A, K >0, C > 0, A > % —2u+ C and
0 < a < 1 satisfy: for all t € [0,7] and (y, 2), (v, 2') € R¥ x RF*d,
(i) f(.,y,2) and g(.,y, z) are F; measurable,
(i) [f(ty.2) = ft.y 2 < K(ly — |+ 1z = #]),
(i) (y—y', f(ty,2) = f(t.y,2)) < —ply—y'
)

(V) lg(t,y,2) — g,/ 2P < Cly = o' + allz = |,
T T

(v) IE/ | f(t,0,0) ds < oo andIE/ e*lg(t,0,0)|> ds < oc.
0 0

Now we introduce the definition of BDSDEs with random terminal time 7 and associated to (&, f, g).

Definition 5.2.1. A solution of BDSDE (1,¢, f,g) is a couple {(Ys, Zs); 0 < s < T} € S2([0,T]) x
H%xd([oa T)) such that Yy = & on the set {t > 7}, Z = 0 on the set {t > 7} and

TAT TAT TAT
Y, = g+/ F(5,Ys, Zo)ds + / 9, Ye, Z5) dW, — / ZydB,, 0<t<r. (52.1)
t t t

We note that the integral with respect to W is a "backward Ito integral" (see Kunita [76] for
the definition) and the integral with respect to B is a standard forward It6 integral. We establish
existence and uniqueness of the solution for BDSDE (5.2.1) which is an extension of Peng’s results
[115] in the standard BSDE case:

Theorem 5.2.1. Under the Assumptions (HT) and (HL), there exists a unique solution
{(Ys, Z5); 0< s < T} € SH[0,T]) x H2, 4([0,T)) of the BDSDE (5.2.1).

Proof.

a) Uniqueness: Let (Y, Z!) and (Y2, Z2) be two solutions of the BDSDE (5.2.1) and denote by
(Y,Z):=(Y'-Y? Z' - Z?). Applying generalized Ito formula (see Lemma 1.3 in [109]) to e**|Y;|?
yields

B TAT _ B TNT B
TR [ O IZR)ds =2 [ N (T 5, Y20~ fls Y2 22) ds
t t

TAT B TAT o
+ 2/ N (Vs g(s, Y2, Z1) — g5, Y2, 22)) diV, — 2/ e (Y, Z,) dB,
t t

AT
+ / Mg, Y0, 2 — g(s, Y2, 22)|ds. (5.2.2)
t
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Then, taking expectation we obtain

TAT TAT
BTGP B[ AORE+IZ0)s] = 2Bl (T s,V 2D — £, Y2 22) s
t t
TAT
B[ Mgl v 2D — gl Y22 P
¢
From Assumption (HL) there exists 0 < & < 1 such that

_ K _ _
2<Ysaf(svy;lvzsl) - f(S,Y;Q,Z.?)> < (_2# + 17_5)|Y;|2 + (1 - E)HZSH27

which together with the Lipschitz continuous assumption on g provide

TAT

TNT
_ _ _ K _
E[eM|Y:[?] +1E[/ MY + (|1 Zs|17)ds] < E[/ M (—2u + T + O)|Y;[*ds]
t t -
TAT _
+ IE)[/ eks(a+175)||ZSH2ds],
t
where 0 < a < 1. Consequently
1—¢

B TAT ) K B B
BTGP+ E[ [ (042 1~ OFP + - a)|ZIP)ds] < o
t

2K
% such that A + 24— T—a C > 0, we conclude that
!

1
Next, choosing € = +

Y'=Y? and Z} =7}, P—as., Vt€ |0, T).

b) Existence: The existence of a solution will be proved in two steps. In the first step, we suppose
that g does not depend on y, z, then we are able to transform our BDSDE with data (7, ¢, f, g) into
a BSDE (r, Ef ), where € and f are explicited below. Thus, the existence is proved by appealing to
the existence result for BSDEs with random terminal time estblished by Peng 1991. In the second
step, we study the case when g depends on y, z using Picard iteration.

Step 1 : Suppose that g := g° does not depend on ¥, z, and the BDSDE (5.2.1) becomes

TNAT TAT TNAT
YVi=¢ +/ f(s,Ys, Zs)ds +/ g(s)diV, —/ ZBs, 0<t<T. (5.2.3)
t t

t

Denoting .
Y; =Y —|—/0 g(S)de, 52: 5"‘/{; g(s)dWsa

we have the following BSDE

_ B TAT B B AT
Y, :5+/ f(s,YS,ZS)dsf/ 7B, 0<1<T. (5.2.4)
t t

t
where f(s,y,2) == f(s,y —/ g(s)dWs,z). We can easily check that £ and f satisfy the same

0
assumptions that Peng [115] (Theorem 2.2) have proved for the existence and uniqueness of the
solution for the standard BSDE (5.2.4). Thus, we get the existence of the solution for the BDSDEs
(5.2.3).

Step 2 : The nonlinear case when g depends on y,z. The solution is obtained by using the fixed
point Banach theorem. For any given (Y, Z2) € H3([0,T]) x Hi, 4([0,71), let consider the BDSDE
with random terminal time:

TAT AT o AT
Y, =¢ +/ (5, Ys, Zs)ds +/ 9(s, Vs, Z,)dW 7/ ZdB,, 0<t<T. (52.)
t t t
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It follows from Step 1 that the BDSDE (5.2.5) has a unique solution (Y, Z) € H3([0,T])xH3,, ([0, T)).
Therefore, the mapping;:

U H([0, T]) % Hiwa10,T]) — Hi([0,T]) x Ha((0,T1)
Y.2) — W(Y,Z)=(Y.2)

is well defined.

Next, let (V. 2), (', Z),(V. Z) and (', Z) € H}((0,T]) x H}4((0, T)) such that (¥, 2) = ¥(¥, )
and (Y', Z) = \I/(Y Z')and set Ap =n—n forn=Y,Y,Z Z,K. Applying Ito formula and taking
expectation yield to

s Lso

E[eM|AY; 2] +E[/:AT (MOYS]? + 116 Z4]1)ds] = 21&[/ AS(AY, f(s,Ys, Zs) — f(s,Y,, Z.))ds]

AT _
VB[ Mlgls. V2~ g(s.Y 1, 2 Pds)
t
From Assumption (HL) there exists o < ¢ < 1 such that
K
(A, f(5,Y5, Z6) = [(5,Ys, Z,)) < (=20 + T DAY+ (1 -9z,

which together with the Lipschitz continuous assumption on g provide

K TA\T AT
BIMAY) + (e 2n - 2 B[ [ Mo+ B[ e|az.Pas
- t t

TAT B TAT B
< CIE[/ cHS|AY Pds] + aE[/ " AZ,|2ds).
t t

K
Next, choosing € such that A + 2y — 1= £, we obtain
— @
C AT AT
5[—1E[/ M| AY, ds] + IE[/ M| AZ,|%ds]]
a i t

AT TAT
< a[gﬂa[/ M| AT, 2ds] +E[/ || AZ,|2ds]].
t t

a
Since . < 1, then ¥ is a strict contraction on H3([0,7] x H3, 4([0,T]) equipped with the norm

C TAT TAT
12 =GB eavifas B[ Az P
t t

Thus from Banach fixed point theorem there exists a unique pair (Y, Z) € H2([0,T]) x H3,4((0,T])
solution of BDSDE associated to (7,&, f,g). Moreover, thanks to Assumption (HL) and standard
calculations and estimates we show that Y belongs to SZ([0, 7). O

5.3 Numerical scheme for Forward-Backward Doubly
SDEs

In this section, we are interested in developing a discrete-time approximation of a Forward-Backward
Doubly SDE with finite stopping time horizon, namely the first exit time of a forward SDE from a
cylindrical domain D = [0,T) x O. As usual, since we will state in the Markovian framework, we
need a slight modification of the filtration. So, we fix ¢t € [0,7] and for each s € [t,T], we define

Ft=FEVFM VN and G =FEVFYL VN,

where .7-'59 =0{B, — B, t <r < s}, .7:5% = o{W, — Ws,s <r < T} and N the class of P null sets
of F. Note that the collection {F!,s € [t,T]} is neither increasing nor decreasing and it does not
constitute a filtration. However, {G,s € [t,T]} is a filtration. We will omit the dependance of the
filtration with respect to the time ¢ if ¢ = 0.
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5.3.1 Formulation

For all (t,z) € [0,T] x R%, let (X")g < s < ¢ be the unique strong solution of the following stochastic
differential equation:

dX5 = b(XE)ds + o(XE)dBs, s € [t,T], XM =g 0<s<t, (5.3.1)

where b and ¢ are two functions on R? with values respectively in R? and R4, We will omit the
dependance of the forward process X in the initial condition if it starts at time ¢ = 0.

Let 797 is the first exit time of (s, X&*) from a cylindrical domain D = [0,T) x O for some open
bounded set O C R,

We now consider the following Markovian BDSDE with terminal random time 7 associated to the
data (@, f,g): Forallt <s<T,

{ SAYET = N (5, XETYET 25 ds 4 Ve pyg(s, X07 VI 207V, — 28 dB,, (5.3.2)

Vit =0, X7%), 7<s<T,

where f and @ are now two functions respectively on [0, 7] x R? x R*¥ x R¥*? and R? with values in
R* and g is a function on [0,7] x R? x R¥ x R¥*? with values in R¥*!,

Now, we specify some conditions on the domain and the diffusion process:
Assumption (D) O is an open bounded set of R? with a C2-boundary.
Assumption (MHD)

(i) The matrix a := oo™ is elliptic, i.e. there exists A > 0 such that for all z,{ € 0O,
AJICII* < Calx)¢™ (5.3.3)
(ii) There exists a positive constant L such that
|b(z) — b(z")| + ||o(z) — o(z')|| < L|z — '], Vo, 2’ € R%

Remark 5.3.1. We mention that this smoothness assumption (D) on the domain could be weakened
by considering the domain O as a finite intesection of smooth domains with compact boundaries and
further conditions on the set of corners (see conditions (D1) and (D2) in [21]). Under this weak-
ened hypotheses, one may just assume the the matriz a satisfies a non-characteristeristic boundary
condition outside the set of corners C and a uniform ellipticity condition on a neighborhood of C.

Besides, we assume that the terminal condition ® is sufficiently smooth:
Assumption (MHT)
® e CY(0,T) xRY) and [|0;®] + || D] + | D*®|| < L on [0,T] x R™.
We next state a strengthening of Assumption (HL) in the present Markov framework:

2K
Assumption (MHL) There exist constants o, g, A\, K > 0,C > 0, C" > 0, A > T-a 2u+C
-«
and 0 < o < 1 such that for any (t1,x1,y1, 21), (t2, 2, Y2, 22) € [0, T] x R x RF x RF*4,

(i) [f(tr, 21,915 21) — f(t2, 22,92, 22)| < K (]t — ta] + |21 — @] + |1 — yo| + [|21 — 22])),
(i) lg(tr, 1,1, 21) — g(t2, 22,92, 22)|1* < C([t1 — ta| + @1 — 22|* + |1 — 12|*) + allz1 — 2%,

(i) (y1 — w2, f(t1,21,01,21) — f(t,21,02,21) ) < — plyr — y2f?,
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(iv) sup (If(£,0,0,0)]+ [lg(£,0,0,0)[) < C".

0<t<T

Remark 5.3.2. We note that the integrability condition given by Assumption (HT) in section 5.2
is satisfied in this Markovian setting thanks to the smoothness of ® (Assumption (MHT)) and the
fact that the exit time T, under the ellipticity condition (5.3.3) verified by the matriz a (see Stroock
and Varadhan [133]), satisfy
sup  Elexp(AT5")] < oo.
(t,z)€[0,T)xO

From [109] and [76], the standard estimates for the solution of the Forward-Backward Doubly SDE

(5.3.1)-(5.3.2) hold and we remind the following theorem:

Theorem 5.3.1. Under Assumptions (MHT) and (MHL), there exist, for any p > 2, two positive
constants C' and C), and an integer q such that :

E[ sup [X5%2) < C(1+ |z, (5.3.4)
t<s<T
T p/2
E[ sup [v2op + ( / 1Z2|2ds)"| < Cy(1+ Jzf9). (5.3.5)
t<s<T t

From now on, CZ denotes a generic constant whose value may change from line to line, but which
depends only on Xy, L and some extra parameter 7 (we simply write Cp, if it depends only on X
and L). Similarly, £/ denotes a generic non-negative random variable such that E[|¢][P] < C}* for
all p > 1 (we simply write &, if it does not depend on the parameter 7).

5.3.2 Euler scheme approximation of Forward-BDSDEs
5.3.2.1 Forward Euler scheme

In order to approximate the forward diffusion process (5.3.1), we use a standard Euler scheme with
time step h, associated to a grid

This approximation is defined by
t t
XN =x+ / b(Xy(5))ds + / 0(Xp(s)dBs, 120 (5.3.6)
0 0

where ¢(s) := sup{t € 7 : t < s}. Notice that p(t) = t;, for t € [t;,t;+1) and the continuous
approximation (5.3.6) is equivalent to the following discrete approximation

X =, (5.3.7)
XN = XY A 0(X])) (b — i) + o (X)) (B, — Bty), i< N. -

Then, we approximate the exit time 7 by the first time of the Euler scheme (%, XtN)teT from D on
the grid «:

Fi=inf{t en: XN ¢ O} AT.

Remark 5.3.3. One may approzimate the exit time T by its continuous version T which is defined
as the first exit time of the Euler scheme (t, X{V), namely

Fi=1inf{t € [0,T): XN ¢ O} AT.

However, this approzimation requires more regularity on the boundary of O (see e.g. [54, 55]).



122 Chapter 5. Numerical Computation for BDSDEs in a domain

The upper bound estimates for the error due to the approximation of 7 by 7 was proved by
Bouchard and Menozzi [21] for the weak version of such estimate and Gobet [54, 55] for the strong
one. Recently, Bouchard, Geiss and Gobet [20] have improved the following L!-strong error:

Theorem 5.3.2. Assume that (MHD) and (D) hold. Then, there exists Cp, > 0 such that
E[|r — 7|] < Cph/2. (5.3.8)

Remark 5.3.4. Let us mention that the upper bound estimates for the error due to the approzimation
of T by T proved by Bouchard and Menozzi [21] for the weak version of such estimate is as following:
for any € € (0,1) and each positive random variable & satisfying E[(§1)P] < C¥ for all p > 1, there
exists C; > 0 such that

E[E¢clr — 7| FE 7)) < Ol e (5.3.9)

For the strong estimate error, Gobet [54, 55] have proved that, for each ¢ € (0,1/2), there exists
C% > 0 such that

E[lr — 7] < C5ht/?>=. (5.3.10)

5.3.2.2 Euler scheme for BDSDEs

Regarding the approximation of (5.3.2), we adapt the approach of [6]. We define recursively (in a
backward manner) the discrete-time process (Y, ZV) on the time grid 7 by

YN = o7, XN), (5.3.11)

and fori =N —1,...,0, we set
ZE = hm 'y (VY + g(tig, O AW)AB] |, (5.3.12)
Y;tfv = Eti [thf\j_l} + 1{ti<?}hEti [f(tiv ei\l)] + 1{t¢<%}Eti [g(ti+17 eﬁl)AWZ]v (5'3'13)

where

oN = (XN, v, zl), AW, =W,,,, - Wi, , AB; = By,,, — By,.

i

T denotes the transposition operator and E;, denotes the conditional expectation over the o-algebra
]-"2. The above conditional expectation are well defined at each step of the algorithm.
Observe that Ytivl{ti > 7 = ®(7, X;V)l{ti > 7} and Zt],.vl{tl > 7} = 0. One can easily check that

N N 9
Y;fi+1 + g(tita, ®i+1)AWi €L (-FtHl)
for all 0 < % < N under the Lipschitz continuous assumption. Then an obvious extension of Itd

martingale representation theorem yields the existence of the G;-progressively measurable and square
integrable process ZV satisfying, for all i < N

Lit1
Vi, + gltirr, O AW, = By [V, | + g(tir, O AW] +/t 7 dB,.

Following the arguments of Pardoux and Peng [109] (see page 213), we can prove that in fact Z%V is
Fi-progressively measurable thanks to the independance of the increments of B and the two Brownian
motions B and W.

This allows us to consider a continuous-time extension of Y~ in S? defined on [0, T by

T T T
vV o= o XN+ /t Liaery [ (9(s), O] ) )ds + /t 1(eryg((s), O )V, — /t zYdB,
(5.3.14)

where ¢(s) :=inf{t e m: ¢t > s}.
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Remark 5.3.5. Observe that Zs = 0 on |7, T] and ZN = 0 on |7, T]. For later use, note also that
tit1
Z) = h7'Ey, zZNds], i< N. (5.3.15)
ti

In order to prove (5.3.25) of Proposition 5.3.2, we need the following lemma.
Lemma 5.3.1. Let Assumptions (MHL) and (MHT) hold. Then,

IZ.I;%}?(IYJW +VRIZI) <& and ([YNg2 +1Z] gz + 12 32 < O (5.3.16)

5.3.2.3 Upper bounds for the discrete-time approximation error

In this section, we provide bounds for the (square of the) discrete-time approximation error up to a
stopping time 6 < T P-a.s. defined as

0
Err(h)j := maxE[ sup 1gep|V; — V7V [°] + E[/ |z — Zﬁt)\|2dt}, (5.3.17)
<N ety i) 0

where we recall ¢(s) :=sup{t € 7 : ¢ < s}.

We first recall some standard controls on X, (Y, Z) and X,

Proposition 5.3.1. Let Assumptions (MHL), (MHT) and (MHD) hold. Fizp > 2. Let 9 be a
stopping time with values in [0,T]. Then,

T
B sup (Vi + ([ 1Z0Pa)"] < cpa+ 1xop)
te[9,T] 9

and

E[ sup (17 + X P)| 7| <.
te[9,T]

Moreover,

maxE[ sup (|X; — X, [P+ X7 = X0V |)] + E[ sup (|X; — X,V |P] < CLhP2,
i<N te(ti,tiv) t€[0,T]

P[ sup (|X —Xg(t)\ >r] <Cprth, >0,
te(0,1]

and, if 8 is a stopping time with values in [0,T] such that ¥ < 6 < ¢+ h P-a.s., then
E[I1X5' — X3P + X0 — XolP| ) < hhl2.

Remark 5.3.6. Let ¥ < 60 P-a.s. be two stopping times with values in w and Zti be the best

approzimation of (Zy)i, <t < t;., by Fi;-measurable random variable in the following sense

i+1

_ tit1

Zy, = h 'Ry, [/ Zsds), i<N. (5.3.18)
t;

Then, recalling that t;11 — t; = h, it follows from (5.3.18),(5.3.15) and Jensen’s inequality that

6 _ tit1 tit1
B [ 120 - 28 Pas) = SB[ [ 1 cucopluln [ 72— 2] P
<N i

i

t
< ZE{/t +11{19<ti<9}h71/

i<N g ti
0
< E[/ 12, 2|as]
9

Observe that the above inequality does not apply if ¥ and 0 do not take values in w. This explains why

tit1

1Za — ZV |2du ds} (5.3.19)

it is easier to work with T4, the next time after T in the grid m such that 7 = inf{t € 7 : 7 < t},
instead of T, that is, work on Err(h)2_,- instead of Err(h)2

T+NT TAT*
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Now we state an upper bound result for some stopping time € with values in 7.

Theorem 5.3.3. Assume that Assumptions (MHL), (MHD) and (MHT) hold, and define

T
R(Y)%s ::%%E[ sup Vi =Y, [?] . R(2)e = [/0 12 = Zpy |12t

tE(ti,tiv)

Then for all stopping times 6 with values in w, we have
()} < Cu(h+ BI¥o Y F] + ROV + R(D)e

T
+1E[/O 12 — Zy |1 *dt] +E[l

(FVT)AD

(r + 1{T<T}|Zs||2)ds}). (5.3.20)

ATNO

Proof. The equations (5.3.2) and (5.3.14), the generalized Ito’s lemma (see Lemma 1.3 in [109])
to (Y —Y™M)2on [t A0t 1 A for t € [ti,ti41] and i < N, and taking expectation yield to

A@

N 2 fi+1A6 Njj2
s = E[[Ying — Y2 + /m 12, — Z|%ds]

t7;+1/\9
= E[|Ys,100 — Y 00l°] + E[2 /t L, - Y (Leary F(Os) = Lpsary F(O))))ds]

tit1 /A0 N 5
+E / 11er 9(82) — 1gacrya (O, 125,

A0

where Oy := (X, Ys, Zs). Using the fact that 1j,cry < Lisery + 17 < sory + 17 < s<r} and the

inequality 2ab < ea? + e'b?, we then deduce that for € > 0 to be chosen later,

tip1 N0
Al <E[Yiino — Y pol?] +<E] /m Y, — vV 2ds]

. t1+1/\9 N 9 ti+1/\9 9
+e E[/t 1{s<%}(f(®$) - f(@go(s))) ds + /M‘9 1{% < s<7'}(f(98)) ds}

NG

. tit1/N\0 ) ti1N0 N )
+e E[/t 14 < 5«73 (f(O5)) ds] + E[/t/\(? 1s<ryllg(©s) — 9(@¢(s))|| dS]

NG

tir1/\0 9 tir1/\0 9
B[ [ 1 cucnlo@IPas] + B[ [ 1 cucnlo(®0) ).

N0

Recall from Remark 5.3.5 that Z = 0 on |7, T]. Since ¥; = ®(7,X;) on {¢t > 7}, we then deduce
from the Lipschitz continuous assumption (MHL) that

ti+1/\0

Ay < [V — Y ] + €K /w Ye — YN 2ds]

tit1/N\0
+CLE_1]E|:/t/\0 1{8<7_'}(‘X5 - ‘X’iy\[(s)‘2 + ‘YS - Yé\([s)‘Q + ||ZS - Z(,JDV&S)”Z)dS]

tit1/\0

4O DB [ 7 1 e (X + Vi)
tA
tit1/\0

LOLe ! + )E] / 1 oer (122 + | B(r, X,))ds]

tA0

tir1 N0
+(C’L671 + a)E[/t , 1« s<7-}HZSH2dS]
A

t,;+1/\0
HE[/t ; 1(ser (CL|Xs — Xfpv(s)|2 +CLlYs — qu,f\(rs)|2 +al|Zs— Zﬁ(S)HQ)ds].
A
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Now, appealing to Proposition 5.3.1 yields to
0 N 2 bi1Ad N2
Atﬂfwl < E[|Ytz‘+1/\9 - Yti+1/\9| ] + EE[[AH ‘YS - Y I ds}

tit1/N\O
+ C’L&‘ilE[/

2 N |2 4 2 4 N 2
» (h+1Ys = Yoo + Yo(s) = YoroI? +112s = Zoo) |12 + 1 20(s) = Z s I17)ds]

t,‘,+1/\0

+ Ot + 1)E[/

t,;+1/\9
1{7'7\7' < S<T\/‘F}£Lds] + (CLE_l + a)E[/ 1{77— < S<T}HZS||2dS]
tAE tAO

b1 2 N 2 > 2 > N 2
+ ]E[/t/\g (CLh+ CrL|Ys — Yw(s)| + CL|Y¢(S) — Yw(s)| +allZs — Zw(s)H + CM”Zw(S) — Zw(s)H )ds}.

Next, we obtain from the definition of ¢

tir1N\O
Ate,tH,l g E“Y;i«kl/\e - th\j_l/\6|2j| + EEI:/t 0 ‘1/5 - Y;N|2d8}
7\

ti+1/\9
+ CL(Eil + 1)E[h|y;i/\0 - Y;ti\/r\0|2 + h|Ytz‘+1/\9 - Yti\il/\9|2 + /t 0 (|Y; - Y@(S)‘Q + ‘Y; - Y¢(S)|2d5)]
A

b O +1)1E[/

tA0

tip1N0

1 i1/ > 2 > N 2
hds] + Cre E[/t 1= Zyo P+ Wt~ 204
A\

teeh > 2.7 N 2
+aB[ [ 120 = ZuolP + 1 Zugo = 2 )]
A

tip1 N0

+ O +1)1E[/

tAO

ti+1/\0
1{7’7\7 < s<-r\/7"}€Ld5] + (CL€_1 + Oé)]E[/t/\e 1{7‘— < s<7} HZSHZdS].

(5.3.21)
It then follows from Gronwall’s lemma that

E[|[Ying—YiNgl*] < (14 Cr(e™" + Dh+ CLRE[Yy,, 00 — Vi pol]

tit1 /A0
+(CLE™ + 1) + CERE[A[Ying — YN[ + / Y = Yot P+ 1 = Yoo ]
A\

tit1/\0
+(Cret +1) + Cgh)E[/ hds|

tAO

tir1 A0 B B
+(Cre™t + Cih)E[/mo (1Zs = Zogs)I” + 1 Z(s) — Zipis I ds]

tir1/N\O _ B
+la+ c;h)JE[/w (125 = Zugo 2 + 1 Z(s) — 22 IP)ds]

tit1 NO

+(Cp(et 1) + CHE] / " L <acrunds]
tA

Cret cemel [ 1, Z,)|2d
+( e~ t+ta+Cf ) [ " {T<s<'r}H 8” S]
A\

(5.3.22)

Then, by taking ¢t = ¢; in (5.3.21), using (5.3.22) to estimate the second term in the right-hand side of

(5.3.21) and recalling Remark 5.3.5 we have for € > 0 sufficiently large, depending on the constants
Cr, and h small

Atgi,ti+1 < (1 + CLh)E[|Y—ti+1/\0 - }/;ﬁl/\ep]
t7,+1/\0

+ CLE[/MG (h+ Y = Yo(o)|* + Vs — Y| *ds)]

tit1 NG tir1 NG

+ CLE[/ ) HZS — ZW(S)HQCZS] + CLE[/ HZS — Zw(s)HQdS]
ti A

t; N6

tit1/O tir1 N0 )
+ CL]E[/ ) Lirar < servryérds] + CLE[/ , Lz < sery | Zs|Pds].
tiN t

i
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Thus, from the following estimate

E[|Y; — Yy?] < E[ sup |V~ Yy

i <8<t

< Cp(1+ |z))h.

We conclude that
8 = B Vi ~ Yol + [ 17~ 22 Pas]
< Cu (B[ = Vi) +h+ RS + R(Z)ja + B | 124 Zygo ]
+CLE[EL|T A —T A O] + /00 Lz < s<ry | Z5)1%ds].

We finish the proof by using again Remark 5.3.5 to obtain

0
E[ / ||zs—zjf(s)||2ds}

0 T
<Cp (}E[/O 1 Zp(s) — Z;V(S)\Fds} +E[/0 1 Zs — ZW(S)Hst}) (5.3.23)
[4
<Cp (JEU 1Zs — ZﬁVHQdS} + R(Z);;Q)
0
which implies the required result, by the definition of Err(h)3 in (5.3.3). O

Proposition 5.3.2. Let Assumptions (MHL), (MHD) and (MHT) hold. There then exist Cr, > 0
and a positive random variable &1, satisfying E[(Er)P) < CY for all p > 2 such that

Err(h)7 < Cy (h +R(Y)52 + R(Z)52 + E[ELlT — T+ Lzeny / 1Z51*)ds]

. ) (5.3.24)
-HE[/O 12~ Zyo ).

and

Err(h)?r/\f < Err(h)?mr/\v" <Cp (h + R(Y)§2 + R(Z);Tﬂ + E[5L|T - ﬂ + 1{?<T}[ ||ZS||2)d5]

T —
+E[/O 12 — Zw(t)||2dt]),
(5.3.25)

where we recall T4 is the next time after T in the grid @ such that 74 := inf{t € 7 : 7 < t}.

Remark 5.3.7. Note that we shall control Err(h)?,- through the slightly stronger term Err(h)%,\;..
This will allow us to work with stopping times with values in the grid ™ in order to be able to apply

(5.3.19), which will be technically easter.

Proof.
(i) First to prove (5.3.24), it suffices to apply Theorem 5.3.3 for § = T and observe that the Lipschitz
continuity of ® implies that

E[|®(r, X;) — &(7, X))
2

I

TVT TVT
SCLE[|Ir =72+ |X- — X2 + / b(X,)ds +/ o(X,)dB;

NT TAT




5.3. Numerical scheme for Forward-Backward Doubly SDEs 127

where |7 — 7|2 < T|7 — 7|, E[|X> — X&|] < Cph by Proposition 5.3.1 and

el [, s [ otxaan] <Biele -1

by Doob’s inequality, (MHD) and Proposition 5.3.1 again.

(ii) We now prove the upper bound (5.3.25). We have by applying Theorem 5.3.3 6 = 7 A T
Bre(h)2, 5, < Co (b + EllVenr — Y 2]+ ROV + R(Z)).

It remains to show that
E[|Yrnr = YA 0Pl < CL(h + E[éL]r — 7| + 1grery / 1Zs||*ds]). (5.3.26)

Observe that by (5.3.2) and (5.3.14)

Vyone — Y0 = 07, X,) — 07, X2)
+ 1{u<r}(/ FX 30 Yoty fov(sﬂd”/; 9(X oy ¥l 20V _/T: Zﬁvst)
+1{T<T+}( / FOX Y Zds + [ " G(X Y, Z)dlT, — / TZSst). (5.3.27)
Then
E[|Yr,pr = YA P S E[O(7, X5) — @(7, X))

T N N N 2 T N N N 2
+E[Lr, <r)] / FX N Yol 2300 ds "] + E[Lr <] / 90X Vil Z0)dW 7]
T+ T4
T 2 T 2
+E[Liraryy] / (X0, Yo, Z3)ds | +E[1rcr ] / 9(X,, Yy, Z,)dWV,[*]. (5.3.28)
We start with the first term in the right hand side of (5.3.27). By using (MHD), (MHL), (MHT)
and Proposition 5.3.1 and applying Itd’s lemma to (®(¢, X¢)): > 0 between 7 and 7, we easily check
that
E(|®(r, X;) — @7, XM)] < CL(B[X-— X2 +E[|/ LD(s, X,)ds|*])
< CL(B[X: — XY P+ Eléclr — 7).
Then, by appealing to (MHD) and Proposition 5.3.1 we conclude that
E(0(r, X,) — &7, X2 < Culh+Elglr — 7). (5.3.29)

For the second term in (5.3.27), it follows from Jensen’s inequality, the isometry property, the
Lipschitz continuous assumption (MHL), Lemma 5.3.1 and Proposition 5.3.1 that

1{7’+<T}|/ f )d5| } 1{7'+<7'}|/ w(s 1/)(5 ZN d(w | }
‘T_T+|/ |£( XN ()Y, (5), S@(5))\2615 ‘HE /7"+ |9(X$(5)7Y1ﬁ5)7zﬁs))|2d5}
<OLE[/ (IX 2o + Y2, \2+||Z¢(5)||2+\Xﬁs>l2+lYﬁs)IQ+|\Zﬁs)||2)ds}

< CLE[gL(7 - 7l + 17 = 7+ )]
< CLE[h +&L|7 — 7). (5.3.30)
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The last term is easily controlled by using the same previous calculations.
E[1frary)] / (XY Z)ds ] 4 E[L | / 9(X Ve, 21T ]
<cu(Bllr =7l [ 100V 20 ds] Bty [ ooV 20 Pas])
<Cu(Bllr =7l [ CLlXP+ VG + 1Z07)s] + BLraryy [ (X + VP + 1Z7)as])
< CLE[|r — 7%¢1) + E[|7 — 7| [ Ci||Zs|*ds] + CLE [gm — 7|+ Lzery [ ||Zs||2ds}
< CLE[E)7 = 7]+ 1rery /; 1Z,]%ds). (5.3.31)

Finally, we finish the proof of (5.3.27) by combining the three estimates. O
Our next result concerns the regularity of (Y, Z) which was proved in [4]:

Theorem 5.3.4. Let the Assumptions (D), (MHT), (MHL) and (MHD) hold. Then
T —
R(Y)% + R(Z)z < CLh and E] / 12, — Zyw|%df] < Cih. (5.3.32)
0

Combining the estimates (5.3.8) and (5.3.32), we finally obtain our main result, which provides an

upper bound for the convergence rate of Err(h)%,\,? (and thus for Err(h)2,; and Err(h)%).

Theorem 5.3.5. Let the Assumptions (D), (MHT), (MHL) and (MHD) hold. Then, for each
e € (0,1/2), there exists C5 > 0 such that

Err(h)2, - < CLhY? and  Err(h)% < Cpht/? (5.3.33)

THNT

5.4 Semilinear Stochastic PDEs with Dirichlet null con-
dition

The aim of this section is to give a Feynman-Kac’s formula for the weak solution of a class of

semilinear SPDEs with Dirichlet null condition on the boundary via the associated Markovian class

of BDSDEs with random terminal time studied in the section 5.2. Indeed, for a given open connected
domain O of R?, we are interested in the following semilinear SPDEs :

duy —I—Eutdt—i—f(t,x,ut,DUut)dt—l—g(t,x,ut,DUut)th =0,VOLt<T, Ve €O,

w(T,z) = ®(x), Ve e O (5.4.1)
u(t,z) =0, VO<Lt<T, Ve € 00,
where D, := Vwuo and L is the second order differential operator which is defined component by

component with

Lo(z) = zd:bi(a:)i (z) —i—1 zd: aij(ac)ai2 (2) (5.4.2)
4 i1 8.%280 2 8:@6%@ o

ij=1

and a := oo*.

5.4.1 Definitions and formulation

Let us first introduce some notations:
- C1%(RP,RY) the set of C™-functions which grow at most linearly at infinity and whose partial
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derivatives of order less than or equal to n are bounded.
- L2 (0) will be a Hilbert L2-space of our framework. We employ the following notation for its scalar

(u,v):/ou(x)u(x)dx, ull, = (/Ou2 (x)da:)é.

Our evolution problem will be considered over a fixed time interval [0, 7] and the norm for an element
of L2 ([0,T] x O) will be denoted by

T , %
||u|2,2=( / / fu(t, )| dxdt) .
0 (@)

We assume the following hypotheses :

product and its norm,

Assumption (MHD?’) The coefficients of the second order differential operator £ satisfy:
e b is a bounded function and belongs to C’Zb(Rd, R9).
e g€ Cﬁb(Rd,RkXd) and satisfy the ellipticity condition (5.3.3).

Assumption (MHT’) & € L2(O;R*) with polynomial growth, namely there exists C' > 0 and
p € N such that |®(z)| < C(1 + |z|P).

The space of test functions which we employ in the definition of weak solutions of the evolution
equations (5.4.1) is D := C*([0,T]) ® C° (O), where C* ([0, T]) denotes the space of real functions
which can be extended as infinite differentiable functions in the neighborhood of [0, 7] and C2° (O) is
the space of infinite differentiable functions with compact support in O. We denote by H the space
of .E%—progressively measurable processes (u;) with valued in the Dirichlet space H{(O) where

H(0) == {v e L*(0) | Vvo € L*(0))}

endowed with the norm

T
ulf=E[ sw ful3+ [ [ [Vu@ote)dsdo).
0 T 0Jo

<s <

SRS

where we denote the gradient by Vu(t,z) = (d1u(t, z), - -, qu(t, z)).

Definition 5.4.1. We say that u € H is a weak solution of the SPDE (5.4.1) if the following relation
holds for each ¥ € D,

/tT/Ou(s,x) sV (s, x) dacds—/OCI)(:U)\II(T,x)d:B—O—/Ou(t,x)\I/(t,x) dac—/tT/Ou(s,x)E*u(s,x) dxds
T T

:/ /\I/(s,m)f(s,:v,u(s,:v),Dau(s,x))dacds+/ / \I/(s,:v)g(s,m,u(s,m),Dgu(s,x))dachs.
t @ t (@]

(5.4.3)
where
(u(s,-), LU(s,-)) == /O Dyu(s,x) Dy (s, z)dx + /O u(s,z) div((b— A) U(s,x))dz,
1 d Oay,;
and A; = 3 Z 02,
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The existence and uniqueness of weak solution for such SPDEs with null Dirichlet condition is
ensured by Denis and Stoica (Theorem 4 in [43]). Indeed, we can rewrite the second order differential
operator L as following:

d d
_ ij i Lo i
L== jzil 9; (a7 (2)9;) + ; (b'(z) - 50ia () ) 0. (5.4.4)
Therefore, since b and Va are bounded, the second term in the right hand side of (5.4.4) may
be considered as an extra term in the nonlinear term coefficient f which still satisfy the uniform
Lipschitz continuous condition in w and D,u.

Motivated by developing Euler numerical scheme for such solution, we are now interested in giving
the probabilistic interpretation for the solution of SPDEs (5.4.1) within the framework of BDSDE
with random terminal time. Thus, this connection between SPDEs and BDSDEs will be established
by means of stochastic flow technics.

5.4.2 Stochastic flow of diffeomorphism and random test functions

We are concerned in this paper with solving SPDEs by developing a stochastic flow method which
was first introduced in Kunita [76], and Bally, Matoussi [10]. We recall that { X5t < s < T} is the
diffusion process starting from x at time ¢ and is the strong solution of the equation:

S S
Xbe = m—f—/ b(Xﬁ’z)dr—k/ o(X5")dB,. (5.4.5)
t t
The existence and uniqueness of this solution was proved in Kunita [76]. Moreover, we have the
following properties:

Proposition 5.4.1. For each t > 0, there exists a version of {Xﬁ’m); v € RY s>t} such that X s
a C?(R%)-valued continuous process which satisfy the flow property: X = X5 XM, 0<t<s <.
Furthermore, for all p > 2, there exists M, such that for all 0 <t < s, z,2' € RY, h, b/ € R\{0},

E( sup |AL[X0" —z][P) < My(s —t),
t<r<s ,
E( sup [ALXPT — ALXPTP) < My(s — t)(Jz — o' [P + [h — B'|P),
t<r<s
where A} g(z) = %(g(m + he;) — g(x)), and (e1,- -+ ,eq) is an orthonormal basis of Re.

Under regular conditions Assumption (MHD?’) on the diffusion, it is known that the stochastic
flow associated to a continuous SDE satisfies the homeomorphic property (see Kunita [76]). We have
the following result where the proof can be found in [76].

Proposition 5.4.2. Let Assumption (MHD’) holds. Then {X";z € R%} is a C2-diffeomorphism
a.s. stochastic flow. Moreover the inverse of the flow which denoted by {thsl(y);y € R4 satisfies
the following backward SDE

XMy =y - / B ) dr — / (X, () dB, (5.4.6)

for any t < s, where

B) = o) - - 22 i, (5.4.7)
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We denote by J(X, _1( )) the determinant of the Jacobian matrix of X, ; (z X(z), which is positive and
J(thtl( )) = 1. For ¢ € C(R?), we define a process ¢; : Q x [t,T] x Ré s R by

pe(s,) = (X1 (@) (X (@)). (5.4.8)
We know that for v € L?(R?), the composition of v with the stochastic flow is
(U °© Xg"v (10) = (’U, 9075(37 ))

In fact, by a change of variable, we have (see Kunita [80], Bally and Matoussi [10])

o) = [ oXEpla)ds = [ v)e(X )T = (w0105,
Since (p¢(s,x))t < s is a process, we may not use it directly as a test function because
T
/ (u(s,-), Ospt(s, +))ds has no sense. However ¢(s, z) is a semimartingale and we have the following
t
decomposition of (s, x)

Lemma 5.4.1. For every function ¢ € C°(R?),

d

s s d
als.0) =)+ [ Catraa-3 [ (Z
j=1 =1

where L* is the adjoint operator of L.

x)pe(r, x))) dWi, (5.4.9)

We also need equivalence of norms result which plays an important role in the proof of the existence
of the solution for SPDE as a connection between the functional norms and random norms. For
continuous SDEs, this result was first proved by Barles and Lesigne [13]| by using an analytic method
and Bally and Matoussi [10] by a probabilistic method.

Proposition 5.4.3. There exists two constants ¢ > 0 and C > 0 such that for everyt < s < T and
p € L'(RY),

[ Je@liz < [ Bpxtdr<c [ ot (5.4.10)
Rd Rd Rd

Moreover, for every W € LY([0,T] x R?),

/ / (s,z)|dsdz < / / (| (s, X1*))dsdx < C/ / (s,z)|dsdz. (5.4.11)
R4 RY

We give now the following result which allows us to link by a natural way the solution of SPDE
with the associated BDSDE. Roughly speaking, if we choose in the variational formulation (5.4.3)
the random functions ¢y(-,) defined by (5.4.8), as a test functions, then we obtain the associated
BDSDE. In fact, this result plays the same role as It6’s formula used in [109] to relate the solution
of some semilinear SPDEs with the associated BDSDEs:

Proposition 5.4.4. Let Assumptions (MHT?), (MHL) and (MHD?”) hold and u € H be a weak
solution of the SPDE (5.4.3) associated to (®, f,g) on the hole domain R?, then for s € [t,T] and
p € CX(RY),

[ vt aaentare + w166, - @@~ [ [ vt arae

T
:/ fr(zyu(r,x), Doulr, x))p:(r, ac)drdac—i—/ / gr(z,u(r, z), Dyu(r, :U)U(ac))got(r,x)dwrdx,
Re Js s
(5.4.12)

T
where / / u(r, x)dp(r, x)dx is well defined thanks to the semimartingale decomposition result
R4
(Lemma 5.48.1).
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5.4.3 Probabilistic representation of the solution of SPDE

As introduced in the section 5.3, we consider now the Markovian BDSDE with random terminal time
5% which is the first exist time of the forward diffusion X%* from the domain O

T T
VI = (X5 L)+ / Lirtaspy f(r, XP7, V00, Z07) dr — / Zp® dB,
. ’ ° (5.4.13)
=+ / 1(Tf,,:x;>T)g(’r‘, X;E’I, Y;t,x7 Zﬁ’z) dW', .
S

Remark 5.4.1. We have Yst"r = Zﬁ’m =0, V7 < s <T. In fact, the process Zb* is the density
which appears in the Ito’s representation theorem of the random variable

T
f = (I)(X;i/z\_r,z) + / 1(Tt,:x> >r) f(r, Xﬁ’z, Y—rt’z, Zf’x) dr
s

But, the r.v € is }"Kf,,—measumble, then Z4® = Zt® 1(zte > ry. Now, we look at (5.4.13) for T > s >
742 all the terms in the right hand of (5.4.13) vanisch, then Y vanischs, for T > s > TH%,

The main result in this section is the following

Theorem 5.4.1. Assume (MHT’), (D), (MHL) and (MHD’) hold and let
{(Y5", Z5%),t < s < T} be the solution of BDSDE (5.4.13) . Then, u(t,z) :=Y,"*, dt @ dz, a.e. is
the unique solution of the SPDE (5.4.3) and

P t . t .
Y5 = u(s ATH X0T L), Z8 = Dou(s AT XDT

SATHT SATt’I)'

(5.4.14)

Proof. Step 1: local variational form of SPDE

Let u € H be weak solution of (5.4.1) and let § € C}(O). Then, we apply the variational equation
(5.4.3) for the test function 6 ¥, with ¥ € C*°([0,T]) ® C° (O) to obtain

T
/ / u(s, 2) 0(z) 0% (s, x) dw ds - / (2)0(2) (T, x)dz +/ u(t,) 0(z) W(t,z) do
t (@] o o
T . )
,/ / Dou(s,x)0(x) Dy (s, x) d:rdsf/ / u(s, x) div( (b — A) 0(x) ¥(s,z)) dx ds
o L (5.4.15)
T
= /t /0 U(s,z)[0(z) f(s,z,u(s,z), Dou(s,z)) + Dou(s, z)D,0(z) |dx ds

T
+/t /O 0(z) ¥ (s,z)g(s,x,u(s,z), Dou(s,z)) dx dWs.

Since 6 has a compact support on O, we can rewrite the variational formulation (5.4.15) in the whole
domain R?

/ / u(s, ) 6(x) 0,0 (s, ) dar ds — / B(2)0() U (T, 2)dx + / u(t, z) 0(z) U(t,z) do

t JRd Rd Rd

- / Dou(s,z)0(x) DyVU(s,z)drds — / / u(s,z) div( (b — A) 0(z) U(s, z)) dz ds
¢ Jna t JRd (5.4.16)

= /t /Rd (s, z)[0(z) f(s,2,u(s,x), Dou(s,z)) + Dyu(s,z) Db (x) |dx ds

T
+ / 0(x) ¥ (s,x) g(s,x,u(s,x), Dou(s,z)) dx dWS.
t Jre

Then, from Proposition 5.4.4, which gives the weak variational formulation (5.4.16) applied to random
test function (-, ) (5.4.8) yields to:
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/ /]Rd ry@) 6(w) drpi(r, @) da dr — /Rd ®(z)0(z) (T, x)dx + /Rdu(&w)@(x) (s, z) da
r . ~
_ /5 y Dou(r, z) 8(z) Dypr(r, z) do dr — /S /Rd u(r,z) div((b— A) 0(z) p¢(r,z)) dx dr
T
= [ [ eitra) ot@) £ utr.2). Dyutr.a)) + Dyu(r,a) D,ba) o dr

T
+/S /]Rd () pu(r, :c)g(r,x,u(r,x),Dgu(nm))dde,.
(5.4.17)

Moreover, by Lemma 5.4.1, we have that

/ST /]Rd u(r, ) 0(x) drpy(r, ) do dr :/ /T u(r, ) 0(z) Ly (r, ) dr dx
/]R/ u(r,2)6(z) V (0" (2) pu(r; z)) (z) dB; de.

Using Integration by parts, we obtain

/ / u(r, z)0(x)droi(r, v)dz dr = / D, (u(r,z)0(z)) p(r, x)dzd B,
d Rd
+ / Dy, (u(r,x)0(x)) Dypi(r, z)dzdr + / / u(r, ) div( (b— A) 0(z) i (r, z)) dx dr
s Rd s Rd
T T
= / / 0(z) (Dou(r,x)) @t(r, z)dzd By, +/ / u(r, z)Dgb(x) o (r, z)dzd B,
s R4 s Rd
T T
—I—/ / 0(z)Dyu(r, x)Dypi(r, x)dzdr —I—/ / w(r, ) De0(x) Dy (r, x)dzdr
s Rd s R4
T
+ / / u(r, z) div( (b— A) 0(x) i (r, x)) dz dr.
s Rd
Using again integration by parts for the fourth term in the right hand of the above equation, we get
T T
/ / u(r, z)0(x)droi(r, x)dx dr = / / 0(z) (Dou(r, z)) i (r, z)dzd B,
s R4 s Rd
T T
+ / / u(r, z)De(x) o (r, z)dzd B, + / 0(x)Dyu(r, x) Dy (r, x)dxdr
s JR4 s Rd (5 4 18)
” i 4.
+ / / u(r,z) div( (b — A) 0(x) gi(r,x)) de dr
s ]er
T
_ / / (D(,u(r7 x)Dy0(z) + u(r, x)Dgﬁ(x))gat(n x)dxdr.
s R4
We substitute now the above equation in (5.4.17) to get
/ u(s,z) 0(x) pr(s, x) do — / D(x)0(x) (T, x)dx
Rd Rd
T T
+/ 0(z) (Dou(r, z)) @t(r, x)dzdB, +/ / u(r, ) Deb(x)pt(r, x)dzdB,
s JRA s JRd
T
= [ [ o) [6(a) £t ), Dyu(r, ) = ur, ) D26(a) o
s R4
T
+ [0 [ 0@ o) gtrute,a), Dyutr, ) di dfF
s Rd
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Now the change of variable y = X, }(z) in the above equation gives

/Rd“(siXﬁ’ﬁ@(Xi’“”)sa(m) do — / B(Xp)O(X ")) d

+/T/Rd9(xgz) (Dour, X)) o(x)dzdB, +/ / . X9 D, 0(X ) (2)dzd B,
/ [ o) 00XE) 50 X2l XE), Dy, XE) = o XE%) DE(XL) e dr

" / [ OO (X)X ulr, XE), Dou(r, X()) drdiV .

Define Y& := u(s, X2%), a.e. and Zo™ := Dyu(s, X¢*) a.e.. In particular we have u(t, z) = Y;**, a.e.
and Dyu(t,z) = Zf’x, a.e.. Thus, it follows from the last equation

/ Y7 0(X5") — txH(X%x Jo(z)dx
/ / Xtr (r, Xﬁ’Z,YTt’z, Z}fr) — u(r, Xﬁ’z)Dgﬁ(Xﬁ’z)]go(x) dx dr
Rd
/ ng P, X5 VI 75 o () AW, dae
Rd Js
-/ / [0(XE) 75 — ¥ D,0(X) |dB, o) e,
Re Js

Since ¢ € C°(RY) is arbitrary function, we get the following equation

T
YIT0(X0T) = Vi 0(Xy") + / [00G) fr, X7, Y07, Z7) = ulr, Xp7) Dg0(X ") | dr
’ . (5.4.19)
/ O(XE") g(r, XL7, V17, Z57) W, f/ [0(X)7)Z0" = Y,P" Daf(X0") |dB,.

Step 2: Approzimation of the random terminal time and BDSDE

We denote by the set O, :={z € O : d(z,0°) > e} and the function

1, z € O,
0= (z) :_{ 0 = O;
3

So, 0 < 6.(x) < 1and 6, € C*(O,). We define the exit stoping time from the set O by
T i=inf{t <s<T : X0 ¢ O, } AN (T —e(T —1)) € [t,T).

Then, for t <s < Tgt’z, we have GE(Xé’z) =1 and DUGE(X?’:) = DZ@E(Xﬁ’z) = 0. Then, we use the
localization function 6. in the equation (5.4.19) to get

t,x
e
Y=Y +/ fr XY 2T dr
i (5.4.20)

Tt,l‘
/ g(r, X0 Yo 760) aiy, — / _ZbvdB,.

/\r§ /\TE

Since the domain O is smooth enough satisfying Assumption D, we have that the stoping time bt
converge to the stoping time 7% a.s, where 9% := inf{t < s : X" ¢ O } AT (sce Chapter IV
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page 119-120 in Gobet [56]) .
So, passing to the limit in the BDSDE (5.4.20), we obtain
TL,z
nt}\ﬁtv”” - Y:;f;; +/ t Flr, Xb%, Y5 250 gy
el (5.4.21)

Tt,z
+ / g(r, X17, Y50, Z07) dW, — / 74" dB,.
SATHT SATHT

In the other hand, Yhe, = (X b ). Indeed, using the boundary condition of the solution u of

TATHZ TATtZ
the SPDE, we get Y;’;;_m =u (Tt’”, Xf_fm ) = 0 which complete the proof of Theorem 5.4.1 and in
particular the representation (5.4.14). O

Remark 5.4.2. We may get the uniqueness of the solution for the SPDE (5.4.1) from the probabilistic
representation. Indeed, let u and @ to be two solutions of The SPDE (5.4.1) and (Y, Z) and (Y, Z)
are the two associated solutions of the BDSDEs (5.4.21). We denote by Au := u—1u, AY :=Y Y and
AZ := Z—Z. By the usual calculus on the BSDEs, we obtain that Au(t,z) = AYtt/’\ﬁt,l. =0,Vz € O.
So, the uniqueness of the solution of the SPDE is given by the uniqueness of the BDSDEs.

5.5 Implementation and numerical tests

In this part, we are interested in implementing our numerical scheme. Our aim is only to test
statically its convergence. Further analysis of the convergence of the used method and of the error
bounds will be accomplished in a future work.

5.5.1 Notations and algorithm

Not forgetting that = := {t; = th ; i < N}, h .= T/N , N € N, is the time grid of the interval
[0,7]. We use a path-dependent algorithm, for every fixed path of the brownian motion W, we
approximate by a regression method the solution of the associated PDE. Then, we replace the
conditional expectations which appear in (5.5.3) and (5.5.4) by L2(£2, P) projections on the function
basis approximating L2(£2, F;,,). We compute th:f in an explicit manner and we use Picard iterations
to compute th:’ in a implicit way. Actually, we proceed as in [57], except that in our case the
solutions V¥ and Z{¥ are measurable functions of (X}, (AW;), < i< n—-1). So, each solution given
by our algorithm depends on the fixed path of W.

5.5.1.1 Forward Euler scheme

The discrete approximation of the forward diffusion process (5.3.1) is defined by

X =, (5.5.1)
X, = X+ 0(X) (s — ti) + o (X)) (Byy, — By,), i< N. a

tit1 i i
Then, we approximate the exit time 7 by the first time of the Euler scheme (¢, X}V )ier from D on
the grid =
Fi=inf{ten: XN ¢ O} AT.

The simulation of the diffusion stopped at the exit time is based on the approach of Gobet and
Menozzi [59]. In this approach, we simulate the diffusion with an Euler scheme with step size h
and stop it at discrete times (;);en+ in a modified domain, whose boundary has been appropriately



136 Chapter 5. Numerical Computation for BDSDEs in a domain

shifted. The shift is locally in the direction of the inward normal n(¢,z) at any point (¢,z) on the
parabolic boundary of @, and its amplitude is equal to co|n’'o|(t, z)v/h, with
E[s2.]

o= —T = 0.5826- - - , 5.5.2
' 3R fse] (5:5.2)

where s =0, Vn > 1,8, 1= 1, G", the G being i.i.d standard centered normal variables, 7+ :=

inf{n >0: s, >0}
5.5.1.2 Numerical scheme for BDSDEs

For each fixed path of W, the solution of (5.3.1)-(5.3.2) is approximated by (YV, ZV) defined by the
following algorithm, given in the multidimensional case.

For0<n<N-1:Vj €{l,....k},
l
YO = B [V 0+ NV 20+ 3 03 (X0, YL 2 )AW,) (553)
j=1
Vi1 €{l,...,k} and Vjo € {1,...,d}
l
B2 gy = B [V, 1 ABugs + D 030 (X0 Y, 2 VAW AB . (5.5.4)

j=1

We stress that at each discretization time, the solution of the algorithm depends on the fixed path
of the brownian motion B.

5.5.1.3 Vector spaces of functions

At every t,, we select k(d + 1) deterministic functions bases (pin(.))1 < i< k(d+1) and we look for
approximations of Ytiv and Zt":f which will be denoted respectively by y,JlV and zév , in the vector space
spanned by the basis (pj, ()1 < j, <& (respectively (Pj; jon ()1 < j1 < k1 < jo» <d)- Each basis p; n(.)
is considered as a vector of functions of dimension L; ,. In other words, P ,(.) = {a.pin(.),a € REin}
where « is the coefficient of the projection on L2(€, 7).

As an example, we cite the hypercube basis (HC) used in [57]. In this case, p;,(.) does not depend
nor on i neither on n and its dimension is simply denoted by L. A domain D C R% centered on
Xo==, that is D :ngl(mi — a,x; + a], can be partitionned on small hypercubes of edge §. Then,
D=U,, . Di. ., where Dy i, =(xi —a+i10,x; —a+i16] X ... X (x; — a +iqd, x; — a + i46].
Finally we define p; ,(.) as the 1ndlcator functions of this set of hypercubes.

5.5.1.4 Description of the algorithm

The main difference with the numerical scheme for FBDSDE in [6] is the simulation of the first
exit time of the forward diffusion process from the domain . The computation of this exit time 7
follows a simple and very efficient improved procedure given in [59]. The purpose is to stop the Euler
scheme at its exit time of a smaller domain in order to compensate the underestimation of exits and
to achieve an error of order o(v/h). The smaller domain is defined by

N.— {r e O : d(z,00) > Co\/mnTU(t»x)”v

where n(t, x) is the inward normal vector at the closest point of = on the boundary of O and ¢y is
the constant given by (5.5.2). We shall interpret |n?'o (¢, )| as the noise amplitude along the normal
direction to the boundary. Thus the efficient exit time of the Euler scheme is given by

#Ho=inf{t; >0 : X} ¢ OV} < 7.
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For more details on this procedure see the book of Gobet [56] (page 142-144). We can also cite

the work of Antoine Lejay [83] where he presents a C-library for simulating quantities and random

variables related to where and when a Brownian motion hits the boundary of an interval, a square

or a rectangle.

Now the projection coefficients a are computed by using M independent Monte Carlo simulations

of X,V and AB, which will be respectively denoted by )Q]:’m and AB' m=1,...

is explicite as follows:

— Initialization: For n = N, take (yy"™') = (®(X{™)) and (z"™) = 0.
— Iteration: Forn=N —1,...,0:

e We approximate (5.5.4) by computing for all j; € {1,...,k} and j» € {1,...

M

1 AB™.

M . N,M,I /yN, )
Ofpn = arginf 7z >y (G

n+1,j1 ¥ 41 h
m=1
l m
 (xNm NMIeNm  NMeN AW, jAB,
+ Zgym oy Yntl ( tnﬂ)a Zni ¢ tnﬂ) 7}1
=1

N.M ) . )
Then we set anl ]2( )= (a?l[,jr_),n'pjhjz,n('))? Jrefl,... k} g2 €4{1,....d}
e We use I Picard iterations to obtain an approximation of ¥, in (5.5.3):
- For i =0: Vj; € {1,...,k}, o0 =0.

J1,n

- For i =1,...,I: We approximate (5.5.3) by calculating o 1’n, Vi € {1,.
of:
| M
N,M,I N N,M, N, N,M/yN,
M Z yn+1,j1 (th+1 )+ hfj]( tn m7yn - I(th m)azn (th, "

m=1

l
2 : Nm N,M,I/~-N,m N,M m
+ g]lv]( tn+1’yn+1 (th,+1)72n+1 ( tn+1)>AWn J apjl,k

NMI()

Finally, we define y, as:

N,M,I M,I .
Yniji ()= (a ) 'nPirn n(-), Vi1 €{1,... k}.

)

2

,M. The algorithm

m
®-Dji jo,n

., k}, as the minimizer

5.5.2 One-dimensional case (Case when d =k =1=1)

5.5.2.1 Function bases

We use the basis (HC) defined above. So we set:

dy — d
di =min X", dy =maxX{" and L = 2 !

n,m n,m v )

where ¢ is the edge of the hypercubes (D;)1 < j < . defined by D; = |d+ (j —1)d,d + ]5)

We take at each time ¢,

N Ny
1p;(X;) ™) = Lar(j—1ysd+io) (X, ™), =1,..., L
and

M N . )
Tn()):{ Wle(thym)vlgj gL}vZ =0,1.
J
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Card(Dj) denotes the number of simulations of Xt]:f which are in our cube D;.
This system is orthonormal with respect to the empirical scalar product defined by

M

< wla ¢2 >7L,]W:: % Z wl(XgZ’m)wQ(Xg’m)

m=1

In this case, the solutions of our least squares problems are given by:

S AB™
M XN N.M.I N,
ayn, = MZ m{nJrl (th:;‘) hn

AWMmABT
xNom  NMI Ny NM,o N,
* ( t":’f’ Yn+1 (th+n11)7 n+1 (thﬁ))#}’

M, N N M, I P N .
= sz"" L ) R (X ), 2 )

Nom  N,M,I N, N,M
+ Q(th:?»ynﬂ (th:ll)v Zni1 ( t+1))AWm}

Remark 5.5.1. We note that for each value of M, N and §, we launch the algorithm 50 times and

we denote by ( OOT‘Z,N M’I)1 <m’ < 50 the set of collected values. Then we calculate the empirical mean
N, M, T - I
ng and the empirical standard deviation o™ defined by:
<0z NMI 1 2 oo N M
, 0,2,N,M,T N,M,I _ y 0@ NMI _ 0., 9
Yo" == 2 Yo and o =\l 10 Z Yoo Y, 2. (5.5.5)
m/=1 m/=1

We also note before starting the numerical examples that our algorithm converges after at most three
Picard iterations. Finally, we stress that (5.5.5) gives us an approzimation of u(0,z) the solution of
the SPDE (5.4.1) at time t = 0.

5.5.2.2 Comparison of numerical approximations of the solutions of the
FBDSDE and the FBSDE: the general case

Now we take

d(x) = -+ K,
fta,y,2) = =0z —ry+(y - 2)"(R—r),
g1(t,z,y,2) = 0.1z 4+ 0.5y + log(x)

and we set 0 = (u—r)/o, K = 115, Xy = 100, ¢ = 0.05, 0 = 0.2, r = 0.01, R = 0.06, 6 = 1,
N =20, T = 0.25 and we fix d; = 60 and dy = 200 as in [58]. We fix our domain O =|60, 200],
choosen large enough to compenstate the rate of convergence of the exit time approximation which
is slow (of order h'/2).

The functions g1,92 and g3 tooken in the following are examples of the function g. They are
sufficiently regular and Lipschitz on [60,200] x R x R and could be extended to regular Lipschitz
functions on R3. In this case, the continuous Lipschitz assumption is satisfied.

We compare the numerical solution of our BDSDE with terminal time 7 (noted again th oML ,
the BDSDE’s one (noted here by Yt,BDSDE ) and the BSDE’s one (noted here by Y?EQDJE )

without ¢ and B.

When t is close to maturity ¢t = t19
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when ¢t = t15

when ¢t =0

In the previous tables, we test our algorithm for different times (when they are close to the maturity
and in initial time ¢ = 0) and we variate the number of Monte Carlo simulation M for fixed number
of time discretization N. We note that the numerical value of the BDSDE with random terminal
time 7 converges to the value of classical BDSDE for M large and this can be explained by the fact

M | Yy pspe(e™™) | Vi spspp(e™M) | Vig ™ (@M
128 | 13.748(0.879) 15.453(0.948) 13.392(1.021)
512 |  13.827(0.384) 15.535(0.409) 12.210(0.3580)

2048 13.762(0.223) 15.465(0.240) 12.051(0.197)
8192 |  13.781(0.091) 15.485(0.097) 14.814 (0.107)
32768 13.796(0.054) 15.501(0.058) 14.729 (0.053)

M | Y pspe(e™M) | Vit sspp(e™) | Vir ™ (@M1
128 | 14.168(0.905) 17.894(1.096) 13.049(1.116)
512 14.113(0.388) 17.774(0.429) 16.469(0.441)

2048 | 13.988(0.226) 17.607(0.270) 9.817(0.178)
8192 |  13.985(0. 093) 17.623(0.104) 12.951(0.115)
32768 13.994(0.055) 17.627(0.064) 13.232(0.053)
M | Yoguspe(@™™) | Yoppsorp@™ ) | =™ N1

128 | 15.431(1.005) 13.571(1.146) 19.719(1.558)

512 | 15.029(0.428) 13.173(0.500) 24.371(0.659)

2048 | 14.763(0.243) 12.885(0.280) 13.433(0.233)

8192 | 14.718(0.098) 12.825(0.106) 12.543(0.122)
32768 14.715(0.060) 12.804(0.064) 13.458(0.057)

that the approximated value of the exit time is close to the maturity T

For go(y, z) = 0.1z 4+ 0.5y when t = t19.

when t = t15

M | Y pepp(a™M) | YioH I (N
128 14.767(0.949) 13.545(1.020)
512 14.850(0.410) 12.862(0.358)
2048 14.781(0.240) 12.739(0.197)
8192 14.801(0.097) 14.401(0.107)
32768 14.818(0.058) 14.358(0.053)
M [ Vo Bpspp(e™) [ Vou ™ (o101
128 16.267(1.093) 13.607(1.111)
512 16.166(0 428 ) 15.191(0.443)
2048 16.007(0.270) 11.675(0.180)
8192 16.024(0.104) 13.551(0.114)
32768 16.029(0 064) 13.689(0.053)
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when t =0
M | Yogpspe(@™) | Yoo g
128 13.821(0.063) 17.811(1.529)
512 14.555(1.132) 19.766(0.645)
2048 14.176(0.495) 13.976(0.241)
8192 13.899(0.277) 13.635(0.122)
32768 13.842(0.105) 14.139(0.058)

For gs(x,y) = logxz + 0.5y: when t is close to maturity ¢t = ¢;9.

M | Vi mpspp(e™™) | Vi ™ (o0

128 15.452(0.948) 13.392(1.021)

512 15.534(0.409) 12.210(0.358)

2048 15.464(0.240) 12.051(0.197)

8192 15.484(0.097) 14.814(0.107)

32768 15.501(0.058) 14.729(0.053)

Whent:t15

M | Vi spspp(e™) | Yoot gL

128 18.253(1.068) 12.782(1.003)

512 18.166(0.453) 17.383(0.454)

2048 18.010(0.266) 9.325(0.174)

8192 18.006(0.109) 12.490(0.097)

32768 18.017(0.065) 12.858(0.049)

when t =0

M | Yohpepe(e™™M) | oo (oM

128 | 12.071(0.054) 20.496(1.421)

512 | 12.075(0.088) 27.093(0.654)

2048 | 12.122(0.218) 13.362(0.221)

8192 12.384(0.381) 114878(0.101)

32768 | 12.791(0.903) 12.948(0.051)

In the previous tables, we test our algorithm for different examples of the function g (g1 and g9 are
dependent in z, g3 is independent of z).

We see on Figure 5.1 and 5.2 the impact of the function g on the solution; we variate N, M and §
as in [84], by taking these quantities as follows: First we fix d; = 40 and do = 180 (which means
that = € [d1, ds] = [40,180] and in this case our continuous lipschitz assumptions are satisfied). Let
jeN, wetake ayy =3, =1, N =2(+v2)V"1, M = 2(+/2)*»0=1 and § = 50/(/2)0~DE+D/2,
Then, we draw the map of each solution at ¢ = 0 with respect to j. We remark from the figures
that numerical values of the BDSDE wit random terminal time coincide with that of the clasical
BDSDE after just few variation of the parameters. This allow us to think about performing the
rate of convergence of our algorithm by getting weaker estimates for the BDSDE (as Bouchard and
Menozzi for the classical BSDEs [21]).
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Figure 5.1: Comparisom of the BSDE’s solution, the BDSDE’s one and the solution of BDSDE
with random time for g,(x,y, z) = In(z) + 0.5y 4+ 0.1z. Confidence intervals are with dotted
lines.
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Figure 5.2: Comparisom of the BSDE’s solution, the BDSDE’s one and the solution of BDSDE
with random time for go(z,y, z) = 0.5y + 0.1z. Confidence intervals are with dotted lines.
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Résumé

Llobjectif de cette these est 1[étude de la representation
probabiliste des différentes classes d[EDPSs non-linéaires
(semi-linéaires, complétement non-linéaires, réfléchies dans un
domaine) en utilisant les équationns différentielles doublement
stochastiques rétrogrades (EDDSRs). Cette theése contient
quatre parties différentes. Nous traitons dans la premiére partie
les EDDSRs du second ordre (2EDDSRs). Nous montrons
1lexistence et 1Mnicité des solutions des 2EDDSRs en utilisant
des techniques de contréle stochastique quasi- sure. La
motivation principale de cette étude est la représentation
probabiliste des EDPSs complétement non-linéaires. Dans la
deuxiéme partie, nous étudions les solutions faibles de type
Sobolev du probleme dlobstacle pour les équations a dérivées
partielles inteégro-différentielles (EDPIDs). Plus précisément,
nous montrons la formule de Feynman-Kac pour 1IEDPIDs par
Ilintermédiaire des équations différentielles stochastiques
rétrogrades réfléchies avec sauts (EDSRRs). Plus précisément,
nous établissons lléxistence et 1unicité de la solution du
probléme dlobstacle, qui est considérée comme un couple
constitué de la solution et de la mesure de réflexion. Lapproche
utilisée est basée sur les techniques de flots stochastiques
développées dans Bally et Matoussi (2001) mais les preuves
sont beaucoup plus techniques. Dans la troisieéme partie, nous
traitons l(éxistence et | (unicité pour les EDDSRRs dans un
domaine convexe D sans aucune condition de régularité sur la
frontiére. De plus, en utilisant 1lapproche basée sur les
techniques du flot stochastiques nous démontrons
Ilinterprétation probabiliste de la solution faible de type
Sobolev dune classe dlEDPSs réfléchies dans un domaine
convexe via les EDDSRRSs. Enfin, nous nous intéressons a la
résolution numérique des EDDSRs a temps terminal aléatoire.
La motivation principale est de donner une représentation
probabiliste des solutions de Sobolev d[EDPSs semi-linéaires
avec condition de Dirichlet nul au bord. Dans cette partie, nous
étudions l[approximation forte de cette classe d'EEDDSRs quand
le temps terminal aléatoire est le premier temps de sortie diine
EDS dun domaine cylindrique. Ainsi, nous donnons les bornes
pour llerreur dlapproximation en temps discret. Cette partie se
conclut par des tests numériques qui démontrent que cette
approche est effective.

Mots clés: Equations différentielles doublement
stochastiques rétrogrades, Equations aux dérivées partielles
stochastiques non-linéaires, Probléme d(obstacle, Domaine
convexe, Simulations de Monte-Carlo.

Abstract

The objective of this thesis is to study the probabilistic
representation (Feynman-Kac for- mula) of different classes of
Stochastic Nonlinear PDEs (semilinear, fully nonlinear, reflected
in a domain) by means of backward doubly stochastic differential
equations (BDSDESs). This thesis contains four different parts. We
deal in the first part with the second order BDS- DEs (2BDSDEs).
We show the existence and uniqueness of solutions of 2BDSDEs
using quasi sure stochastic control technics. The main motivation
of this study is the probabilistic representation for solution of fully
nonlinear SPDEs. First, under regularity assumptions on the
coefficients, we give a Feynman-Kac formula for classical solution
of fully nonlinear SPDEs and we generalize the work of Soner,
Touzi and Zhang (2010-2012) for deterministic fully nonlinear
PDE. Then, under weaker assumptions on the coefficients, we
prove the probabilistic representation for stochastic viscosity
solution of fully nonlinear SPDEs. In the second part, we study the
Sobolev solution of obstacle problem for partial integro-differential
equations (PIDEs). Specifically, we show the Feynman-Kac
formula for PIDEs via reflected backward stochastic differential
equations with jumps (BSDEs). Specifically, we establish the
existence and uniqueness of the solution of the obstacle problem,
which is regarded as a pair consisting of the solution and the
measure of reflection. The approach is based on stochastic flow
technics developed in Bally and Matoussi (2001) but the proofs are
more technical. In the third part, we discuss the existence and
uniqueness for RBDSDEs in a convex domain D without any
regularity condition on the boundary. In addition, using the
approach based on the technics of stochastic flow we provide the
probabilistic interpretation of Sobolev solution of a class of
reflected SPDEs in a convex domain via RBDSDESs. Finally, we
are interested in the numerical solution of BDSDEs with random
terminal time. The main motivation is to give a probabilistic
representation of Sobolev solution of semilinear SPDEs with
Dirichlet null condition. In this part, we study the strong
approximation of this class of BDSDEs when the random terminal
time is the first exit time of an SDE from a cylindrical domain.
Thus, we give bounds for the discrete-time approximation error.
We conclude this part with numerical tests showing that this
approach is effective.

Key Words: Backward Doubly Stochastic Differential
Equations, Second order Backward Doubly Stochastic
Differential Equations, quasi-sure stochastic analysis,
Nonlinear SPDEs, Obstacle problem, Stochastic flow,
Skorohod problem, convex domains, Monte Carlo method.



