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Abstract: We give a probabilistic interpretation for the weak Sobolev solution of obstacle
problem for semilinear parabolic partial integro-differential equations (PIDE). The results of
Léandre [29] about the homeomorphic property for the solution of SDE with jumps are used
to construct random test functions for the variational equation for such PIDE. This yields to
the natural connection with the associated Reflected Backward Stochastic Differential Equa-

tions with jumps (RBSDE), namely the Feynman Kac’s formula for the solution of the PIDE.
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1. Introduction

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

of parabolic type:

(0 + L)u(t,z) + f(t, x,u(t,x), c*Vu(t, ), u(t,x + 8(z,-)) —u(t,x)) =0 (1)

*Research partly supported by the Chair Financial Risks of the Risk Foundation sponsored by Société Générale,
the Chair Derivatives of the Future sponsored by the Fédération Bancaire Frangaise, and the Chair Finance and
Sustainable Development sponsored by EDF and Calyon
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over the time interval [0, 7], with a given final condition uy = ¢, f is a nonlinear function and
L = Ky 4+ K5 is the second order integro-differential operator associated with a jump diffusion

which is defined component by component with

d
1 g 0?
_ z _ ]

Kaple) = /E( (@ + Bz, ) Zﬁlw ) - e(@))Alde), o € CH(RY.

This class of PIDEs appears in the pricing and hedging contigent claims in financial
market including jumps. Matache, von Petersdorff and Schwab [30] 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 kind of PIDE, arisen from the pricing problem in Lévy market. They used an analytic method
in order to derive a numerical schema based on wavelet Galerkin method.

Our nonlinear PIDE includes the case of pricing of contingent claims with con-
straints in the wealth or portfolio processes. As an example, we may consider the
hedging claims with higher interest rate for borrowing in a financial market with
jumps. El Karoui, Peng and Quenez [16] have studied this example in a continu-
ous financial market where the non linear source function f is given by f(t,z,y,2) =
ry + 0100z — (Re — ) (y — Doy ZY).

In the classical literature, the obstacle problem is related to the variational inequali-
ties which were first studied by Mignot-Puel [36], and then by Michel Pierre [43, 44]
(see also Bensoussan-Lions [7]). More recently, the pricing and hedging of american
option in the markovian case and the related the obstacle problem for PDEs, was
studied by El Karoui et al [13], [?].

In the case where f do not depend of u and Vu, , the equation (1) becomes a linear parabolic
PIDE. If A : [0,T] x R? — R is a given function such that h(T,z) < g(z), we may roughly say
that the solution of the obstacle problem for (1) is a function u € L?([0, T]; H*(R%)) such that the

following conditions are satisfied in (0,7) x R? :

i) uzh, dit®dr-—a.e.,

(
1) Owu+ Lu

(i) dru+ Lu+ f < @)
(iii) (u—h)(Beu+ Lu+ f)=0.

(iv)

w) ur =g, dr— a.e.

The relation (i4) means that the distribution appearing in the LHS of the inequality is a non-positive
measure. The relation (7i7) is not rigourously stated. We may roughly say that one has d:u + Lu+ f =0
on the set {u > h}.

In the case of obstacle problem for PDE’s (when the non local term operator 2 =0), if one expresses the
obstacle problem in terms of variational inequalities one should also ask that the solution has a minimality

property (see Mignot-Puel [36] or Bensoussan-Lions [7] p.250). The work of El Karoui et al [13| treats
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the obstacle problem for (1) within the framework of backward stochastic differential equations (BSDE
in short). Namely the equation (1) is considered with f depending of v 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 {4 = h}. This
increasing process determines in fact the measure from the relation (i¢). Bally et al [3] (see also Matoussi
and Xu [32]) point out that the continuity of this process allows one to extend the classical notion of
strong variational solution (see Theorem 2.2 of [7] p.238) and express the solution to the obstacle as a pair
(u,v) where v equals the LHS of (i¢) and is supported by the set {u = h}. Barles, Buckdahn and Pardoux
[4] have provided a probabilistic interpretation for the viscosity solution of (1) by using a forward BSDE
with jumps. Situ [47] has studied the Sobolev solution of (1) via an appropriate BSDE with jump, whose
method is mainly based on Sobolev Embedding theorem.
More recently, Matoussi and Stoica [34] studied obstacle problem for parabolic quasilinear PDE’s and gave
a probabilistic interpretation of the reflected measure v in term of the associated increasing process a
component of solution of a reflected BSDE’s. They call such potentials and measures, regular potentials,
respectively regular measures or Revuz measure. Their method is based on probabilistic quasi-sure analysis.

Michel Pierre [43, 44] has studied a parabolic PDE with obstacle using the parabolic potential as a tool.
He proved that the solution uniquely exists and is quasi-continuous with respect to so called analytical
capacity. Moreover, he gave a representation of the reflected measure v in term of the associated regular
potential and the approach used is based on analytical quasi-sure analysis. More recently, Denis, Matoussi
and Zhang [12] have extended the approach of Michel Pierre [43, 44] for the obstacle problem of quasilinear
SPDE.

More precisely, let us consider the final condition to be a fixed function g € L2 (Rd) and the obstacle h
be a continuous function A : [0,T] x R* — R. Then the obstacle problem for the equation (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 :

(i)Y w>=h, dP®dt®dz— a.e.,

(ii") Opu(t,x) + Lu(t,z) + f(t, =, u(t,z), 0" Vu(t,z),u(t,z + B(x, ")) — u(t, z)) = —v(dt, dz),

(@i') v(u>h)=0, as.,

(') ur =g, dr—ae.

v represents the quantity which permits to pass from inequality (ii) to equality (ii').

In Section 4, we explain the rigorous sense of the relation (iii’) which is based on the probabilistic repre-
sentation of the measure v and plays the role of quasi-continuity of u in our context. The main result of
our paper is Theorem 2 which ensures the existence and uniqueness of the solution (u,v) of the obstacle
problem for (1) using probabilistic method based on reflected BSDE with jumps. The proof is based on
the penalization procedure. We note that the quasi-sure approaches for the PIDE (probabilistic [34] or
analytical one [12]) are unsuccessful. It’s not clear for us, until now, how to define the anlytical
potential associated to the operator L specially for the non local operator K,. Therefore, it’s
not obvious to define the associated analytical capacity. Thus, we use the stochastic flow method
developed by Bally and Matoussi in [2] for a class of parabolic semilinear SPDE’s.

As a preliminary work, we present first the existence and uniqueness of Sobolev solution of PIDE (1) (with-
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out obstacle) and provide a probabilistic interpretation by using solution of BSDEs driven by a Brownian
motion and an independent random measure. We are concerned with solving our problem by developing
a stochastic flow method based on the results of Léandre [29] about the homeomorphic property for the
solution of SDE with jumps. The key element in [2] is to use the inversion of stochastic flow which trans-
forms the variational formulation of the PDEs to the associated BSDEs. Thus it plays the same role as
Itd’s formula in the case of classical solution of PDEs. Note that more recently, in [23] 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 [37] and
[14], the inversion of stochastic flow technics are used for building a family of forward utilities for a given
optimal portfolio.

Our paper is organized as following: in section 2, we first present the basic assumptions and the defi-
nitions of the solutions for PIDEs. We provide useful results on stochastic flow associated to the forward
SDEs with jumps, then we introduce in this setting a class of random test functions and their semimartin-
gale decomposition. Finally, an equivalence norm result is given in the jump diffusion case. In section 3, we
prove the existence and uniqueness results of the solution of our PIDE and give the associated probabilistic
interpretation via the FBSDE with jumps. The uniqueness is a consequence of the variational formulation
of the PIDE written with a random test functions and the uniqueness of the solution of the FBSDE. The
existence of the solution is established by an approximation penalization procedure, a priori estimates and
the equivalence norm results. In section 4, we prove existence and uniqueness of the solution of the obstacle
problem for the PIDEs. In the Appendix, we first give the proof of the equivalence norm results, then we
prove a regularity result for the BSDE solution with respect to the time-state variable (¢, z), in order to
relate the solution of BSDE to the classical solution of our PIDE. 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 PIDE.

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}, .-, W&);

- a Poisson random measure pu = u(dt,de) on ([0,7T] x IE,B([0,T]) ® Br), where IE = R"\ {0} is
equipped with its Borel field Br, with compensator v(dt,de) = A(de)dt, such that {i([0,7] x A) =
(1 —v)([0,T] x A)}+ > 0 is a martingale for all A € B satisfying A(A) < co. \ is assumed to be a o— finite
measure on (IF, B) satisfying

/ (1A Je[2)A\(de) < 400
E

Denote P = P ® B where P is the predictable o-field on € x [0, 7.
Let (F¢)¢ » o 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;
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- L?(IE,Br, \;R") (noted as L3 for convenience) the set of measurable functions from (IE,Bmg, ) to

R™ endowed with the topology of convergence in measure and for v € L2(IE, B, A\; R™)

ol = /E lu(€) [2A(de) € R U {+o0}:

-L? (Fr) the space of n-dimensional Fr-measurable random variables & such that

I€117e == E(I€]7) < +o0;

_HP

nxd

([0,T]) the space of R™*%-valued P-measurable process Z = (Z;): < r such that
T
1218 = EI( | |2ide)"%) < oo
0
- 82(]0,T]) the space of n-dimensional F;-adapted cadlag processes Y = (Y;): < v such that
IY[[%p := E[sup [Y¢|"] < +o0;
t<T

- AP (t,T) the space of n-dimensional Fi-adapted non-decreasing cadlag processes K = (K¢): < T such
that
K% := E[lK7[] < +o0;

-L2([0,T]) the space of R"-valued P-measurable mappings V (w, t,¢) such that

VI, = E[( / IVall2dey"/] = E( / /E IVi(e) 2A(de)dt)"?] < +oo.

- Cl’fb (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 k are bounded.
- Lf, (]Rd) will be the basic Hilbert space of our framework. We employ the usual notation for its scalar

product and its norm,

1
2

(o), = [ u@v@ ployts, ul, = ([ o @ otz

where p is a continuous positive and integrable weight function. We assume additionally that % is locally
integrable.

In general, we shall use the notation

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 L} ([0, 7] x R?) will be denoted by

fulos = ( [ ' /, u(t,m)m(x)dmf .

We usually omit the subscript when n = 1. We assume the following hypotheses :
(A1) g belongs to L3 (R%);

(A2) f:[0,7] x RY x R™ x R™*¢ x L2(IE, B, A\;R™) — R™ is measurable in (¢, ,y, z,v) and satisfies
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f° e L2 ([0,T] x RY) where f° := f(-,-,0,0,0).

(A3) f satisfies Lipschitz condition in (y, z,v), i.e., there exists a constant C' such that for any (¢,z) €
[0,7] x R? and (y, z,v), (¢, 2, v') € R™ x R™*¢ x L2(IE, Bg, \;R™):

lf(t,2,y,2,0) = f(t,a, 9, 2", o) < Oly = y'| + 12 = 2| + [lo = o']);
(A4) b e C}L,(RGRY), 0 € CF(RERY™), B @ R? x IE — R? be measurable and for all e € IE, (-, ¢€) €
CP,(R%RY), and for some K > 0 and for all z € R, e € IE,

B(z,e)] < K(1Alel), |D"Blx,e)] < K(1Ale]) for 1 < |af <3,

where @ = (a1, a2, -+ ,aq) is a multi-index and |a| = a1 + a2 + -+ - + aq. D is the differential operator

Do glel
o (0%131)(0%213) - - - (O%dzy)

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
(1) is Dr = €*>([0,T]) ® € (R?), 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 CZ° (Rd) is the space of

infinite differentiable functions with compact support in R%. We denote the space of solutions by
Hr == {u € L3([0,T] x R?) | 0" Vu € L3([0,T] x R%)}
endowed with the norm

T 2 * 2 1/2
b = ([ [ lluts,a) 2+ [0 Vas,) Flasplarar)
rd Jo
where we denote the gradient by Vu(t,z) = (01u(t, z), - -, dqu(t, z)).

Definition 1. We say that uw € Hr is a Sobolev solution of PIDE (1) if the following relation holds, for
each ¢ € Dr,
T

/ (u(s, 2), Dsp(s, 2))ds + (u(t, 2), B(t, 2)) — (g(z), S(T, ) — / (u(s, 2), L7 p(s, ))ds

t

T (5)
= Z (f(S,I7 u(57 l‘), U*VU(S, 1‘), U(S, T+ B(l‘, )) - u(s,ac))7 ¢(S,$))d8

where L* is the adjoint operator of L. We denote by u :=U(g, f) such a solution.

2.2. Stochastic flow of diffeomorphism 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 [2] for

the study of semilinear PDE’s. Let (Xt s(x)): < s < 7 be the strong solution of the equation:

<

Xis(x) =2+ /ts b(Xy,r(z))dr + /ts o(Xe,r(x))dW, + /ts /EB(Xt,T_(:c),e)ﬁ(dr, de). (6)

The existence and uniqueness of this solution was proved in Fujiwara and Kunita [17]. Moreover, we have

the following properties (see Theorem 2.2 and Theorem 2.3 in [17]):
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Proposition 1. For each t > 0, there exists a version of { X4 s(z); x € R, s > t} such that X, s(-) is a
C?*(RY)-valued cadlag process. Moreover:

(i) X¢,s(-) and Xo,s—¢(-) have the same distribution, 0 < t < s;

(1) Xitg,t1y Xtq,tay---s Xt 1.t are independent, for alln € N, 0 <tg <1 < -+ < tn;

(111) Xir(x) = Xor 0 X s(2), 0 <t < s < 7.

Furthermore, for all p > 2, there exists My, such that for all 0 <t < s, z,z’ € R%, h, b’ € R\{0},

E( sup | Xir(z) —aff) < Mp(s — t)(1 + []"),

t<r<s

E( sup |Xir(z) = Xir(2') = (= 2")[7) < Mp(s = t)(Jz — |"),
t<r<s

E( sup [AL[Xir(2) —2]”) < Mp(s — ),
t<r<s

B( sup |ALXir(x) = Al Xer(2')[P) < Mp(s — t)(Jz — '[P + [h = B'[P),
t<r<s

where Aj,g(z) = £(g(z + hei) — g(x)), and (1, ,ea) is an orthonormal basis of R?.

It is also known that the stochastic flow solution of a continuous SDE satisfies the homeomorphic
property (see Bismut [8], Kunita [26], [27]). But this property fails for the solution of SDE with jumps
in general. P.-A. Meyer in [35] (Remark p.111), gave a counterexample with the following exponential
equation:

Xot(z) =2+ /t Xo,s—dZs
where Z is semimartingale, Zo = 0, such that Z has a jilmp of size —1 at some stopping time 7, 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:
Xo,t(x) = zexp (Ze — %[z, 215) 1] (1+Az)e 2%,
0<s <t
In the general setting of non-linear SDE, at the jump time 7, the solution jumps from Xo .—(z) to
Xo,7—(z) + B(Xo,-—(x)). Léandre [29] gave a necessary and sufficient condition under which the home-
omorphic property is preserved at the jump time, namely, for each e € IE, the maps He : x — z+ 3(z,€)
should be one to one and onto. One can read also Fujiwara and Kunita [17] and Protter [45] for more

details on the subject. Therefore, we assume additionally that, for each e € IF, the linkage operator:
(A5) H. :zw— z+ B(ze) is a C*-diffeomorphism.

We denote by H_' the inverse map of He, and set h(z,e) := x — H. ' (x). We have the following result
where the proof can be found in [28] (Theorem 3.13, p.359):

Proposition 2. Assume the assumptions (A4) and (A5) hold. Then { Xy s(x); x € R} is a C*-diffeomorphism

a.s. stochastic flow. Moreover the inverse of the flow satisfies the following backward SDE

Xty =y /b dr—/ts (X (y)aw, — //5 Vii(dr, de)
//ﬁ (drde)

Z af;ml i' and B(x,e) = B(z,e) — h(z,e). (8)

for any t < s, where
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The explicit form (7) will be used in the proof of the equivalence of norms (Proposition 3).

Remark 1. In (7), the three terms ft‘SU(X;SI(y))WT, N f]Eﬂ(X;Sl(y),e)ﬁ(m,de) and
I s B\(X:S1 (y), e)u(E,de) are backward Ité integrals. We refer the readers to literature [28] for the defi-
nition ([28] p. 858). For convenience, we give the definition of the backward It6 integral with respect to a
Brownian motion. Let f(r) be a right continuous backward adapted process, then the backward Ité integral
is defined by

B <_ .

fr)aw, = “%rgOZf(tm)(Ww - W),
t k

where Il = {t = to < t1 < --- < tn = s} are partitions of the interval [t,s]. The other two terms can

be defined similarly. Note that the inverse flow XT_; is backward adapted, so we may define the backward
H

integrals such as [’ o(X, 5 (y))dW, etc..

Remark 2. In the paper of Ouknine and Turpin [38], 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,.(z)) the determinant of the Jacobian matrix of X, (z), which is positive and

s

J(thtl(x)) =1. For ¢ € C°(RY), we define a process ¢: : Q x [t,T] x R* — R by
i (s, 2) = $(Xp 3 (2))J (Xi 4 (@) €)

We know that for v € L? (Rd), the composition of v with the stochastic flow is

(Vo Xi,s(-), @) = (v, duls, ).

In fact, by a change of variable, we have

(00 X)) = [ o(Xen(o)ota)dr = [ oo )T )y = (0,u(5.).

Since (¢+(s,))t < s is a process, we may not use it directly as a test function because
ftT (u(s,-), 0spe(s,-)) has no sense. However ¢¢(s, ) is a semimartingale and we have the following decom-

position of ¢+(s,x):

Lemma 1. For every function ¢ € C°(R%),

wisa) o)+ [ Cowai-Y [ (;

j=1

+ / ’ /E A u(r—, 2)fi(dr, de),

where Aeu(t, ©) = u(t, He(x)) — u(t, ), Asu(t,z) = u(t, H; ' (x))J(H; () — u(t,z) and L* is the adjoint
operator of L.

(et )
' (10)

Proof : Assume that v € CZ°

[, v@(en(s.3) = s(@)do

R?). Applying the change of variable y = X, (), we can get
0(@)($(Xia ()T (Xis (@) = o(X i/ (2)J(Xi (x))da
(v(Xe,s(y)o(y) — v(y)d(y))dy

o(y) (v(Xe.s(y) — v(y))dy.

—~

d

Il
T~

d
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As v is smooth enough, using 1t6’s formula for U(Xt s( )), we have
d

WXeslo) o) = [ LoXer @+ [ Z S (X1 () 3 o (X ()
T / || Ao it de).

[ p@n(s.2) - ota))da
[ o [ coxentonar+ [ Z 2 (X ) ia”(xt,T<y>>sz}dy

+ / o) / ’ /E Acv(X1,r— (y)i(dr, de)dy.

Since the first term has been dealt in [2], and the adjoint operator of £ exists thanks to [30], we focus only

Therefore,

on the second term. Using the stochastic Fubini theorem and the change of variable z = X4 ,(y) we obtain
Lo [ [ Avxe@ymtrdods = [ [ [ o) Acv(Xe - @)dvatar, de)
Rd t JE t JE JRrd
= / / e (r—, ) Acv(z)dzp(dr, de).
t JIE JRd
Finally, we use the change of variable y = H. !(z) in the right hand side of the previous expression
/ / o (r—, ) Aev(z)dzri(dr, de)
t JIE JRA
/ / i oe(r—, ) (U(HE(LB)) — v(a:)) dzu(dr, de)
R(

/ / /Rd Aloi(r—, a)dapi(dr, de).

Since v is an arbitrary function, the lemma is proved. a

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 [5] by using an analytic method. In [2], the authors
have proved the result with a probabilistic method. Note that Klimisiak [24] have extended this estimes
for Markov process associated to a non-homogenious divergence operator. The following result generalize
Proposition 5.1 in [2] (see also [5]) in the case of a diffusion process with jumps, and the proof will be given

in Appendix 5.1.

Proposition 3. There exists two constants ¢ > 0 and C' > 0 such that for everyt < s < T and ¢ €

L'(RY, dx),
o[ e@l@de < [ BleXe@hoadr<C [ ol (1

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

// U(s,2)|dsp(a //E\\Psxtx DNdsp(e c// (s, @) dsp(x)de.  (12)

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 (5) the random functions
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¢¢(+,-) defined by (9), as a test functions, then we obtain the associated BSDE. In fact, this result plays
the same role as It6’s formula used in [39] and [42] (see [39], Theorem 3.1, p. 20) to relate the solution of

some semilinear PDE’s with the associated BSDE:

Proposition 4. Assume that all the previous assumptions hold. Let u € Hr be a weak solution of PIDE(1),
then for s € [t,T] and ¢ € C(R?),

[, [ utr)aontra)de + (us2). 615, = (0(e). 6e(T)) = [ (o). £ (e

(13)
/]Rd/ f(r,z,u(r,z), 0" Vu(lr,z),u(r,z + B(z,-)) — u(r,z))¢:(r,z)drdz. a.s.

where [, fsT u(r, x)do:(r, x)dx is well defined thanks to the semimartingale decomposition result (Lemma
1).

Remark 3. Note that ¢+(r,z) is R-valued. We consider that in (13), the equality holds for each component
of u.

Remark 4. Under Brownian framework, this proposition is first proved by Bally and Matoussi in [2] for
linear case via the polygonal approzimation for Brownian motion (see Appendiz A in [2] for more details).
In fact, thanks especially to the fact that A is finite, we can make the similar approximation for Ité-Lévy

processes only by approrimating polygonally the Brownian motion, the proof of this proposition follows step

by step the proof of Proposition 2.3 in [2] (pp. 156), so we omit it.

3. Sobolev solutions for parabolic semilinear PIDEs

In this section, we consider the PIDE (1) under assumptions (A1)-(A5). Moreover, we consider the following

decoupled forward backward stochastic differential equation (FBSDE in short) :

Xis(z)=x+ /tS b(Xe,r(x))dr + /tS o(Xe,r(x)dW, + /S /Eﬁ(Xt,rf(x),e)ﬁ(dr, de);
}/st’z (Xt T( ))+/T f(’/}XtT thI th Vtz)d (14)

_/S ZLT AW, — //V”(e (dr, de).

According to Proposition 5.4 in [11] which deals with of reflected BSDE, we know that (14) has a unique

solution. Moreover, we have the following estimate of the solution.

Proposition 5. There exists a constant ¢ > 0 such that, for any s € [¢,T]:

T T T
sup B[V + B[ [ 12 s+ [ [ vieBadeds] <cllgli+ [ 121 ()
t t E t

s€(t,T]

Our main result in this section is the following where the proof will be given in Appendix 5.3:
Theorem 1. Assume that (A1)-(A5) hold. There ezxists a unique solution uw € Hr of the PIDE (1).
Moreover, we have the probabilistic representation of the solution: u(t,z) = Y, where (YO, ZL% VI7)
is the solution of BSDE (14) and, we have, ds ® dP ® p(z)dz — a.e.,

Yst’z = U(S,Xt,s(l')), Z?I = (U*vu)(S, X%S(x))v

(16)
VI () = uls, Xesm (2) + B(Xea—(2), ) = uls, Xe.o- ().
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Remark 5. Since u € Hr, u and v = (0*Vu) are elements in L2([0,T] x R?) and they are determined
p(x)dz a.e., but because of the equivalence of norms, there is no ambiguity in the definition of u(s, X s(x))

and the others terms of (16).

Remark 6. This stochastic flow method can be generalized to the study of Sobolev solution of stochas-
tic partial integro-differential equations (SPIDEs for short) without essential difficulties (see e.g. [2] for
Brownian framewrok). More precisely, as the authors have done in [2, 40], by introducing an appropriate
backward doubly stochastic differential equation (BDSDE for short) with jump, we can provide a probabilis-
tic interpretation for Sobolev solution of an SPIDE by the solution of the BDSDE with jump.

4. Obstacle problem for PIDEs

In this part, we will study the obstacle problem (4) 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 ¢, x > 0 such that |h(t,z)| < ¢(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 [19]:

YI' = g(Xer(z /er”()Y”Z,fI,V“”)dr+K” Kb®

—/ Z0E AW, — / /v“” fi(dr,de), P-a.s., Vs € [t,T] (17)
° T
Yhr > Lh®, / (Yo" — LY™YdKY™ =0, P-a.s.
t

The obstacle process Ly® = h(s, Xi,s(z)) is a cadlag process which has only inaccessible jumps since h is
continuous and (Xt s(x)): < s < 7 admits inaccessible jumps. Moreover, using assumption (A1) and (A2)

and equivalence of norm results (11) and (12), we get
9(Xer(z)) € L*(Fr), and f(s, X1,:(x),0,0,0) € Ha(t,T).

Therefore according to [19], there exists a unique quadruple (Y**, Z%® V% K"*) ¢ S*(t,T) x H3(t, T) x
L2(t,T) x A%(t,T) solution of the RBSDE with jumps (17).

More precisely, we consider the following definition of weak solutions for the obstacle problem (4):

Definition 2. We say that (u,v) is the weak solution of the PIDE with obstacle associated to (g, f, h), if
(i) ||“H7-t < oo, u = h, 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),
T
/R [ 606 X @G @)0(510) Lm0 (s, )
dJ
:/ /T¢(s,x)w(s,xt,s(x))ngdex, as.. (18)
RE Jt
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where (Y2©, ZL* VI* KY%), < s < T is the solution of RBSDE with jumps (17) and such that fOT fRd p(x)v(dt,dr) <
0,

(i) for every ¢ € Dr
/tT /]R (s, 2)ds (s, x)dwds + /Rd(u(t, 2)6(t,7) — g(2)d(T, 2))dz + /tT /}Rd(u, £* ¢)dads
= /tT /Rd f(s,z,u, 0" Vu,u(s,z + B(z,-)) — u(s, z))é(s, z)dxds

+/t /Rd ?(8, 7)1 {u=n} (s, x)v(ds, dx). o

First, we give a weak Itd’s formula similar to the one given in Proposition 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 4.

Proposition 6. Assume that conditions (A1)-(A6) hold and p(x) = (1 + |z|)7P with p > ~ where
vy=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 ¢ € C°(RY),

[, [ )it ade + (us ). 0u(s0) = @0 0e(T) = [l £0u(r,
= /Rd / flrz,ulr,x), 0" Vu(r, ), u(r,z + B(x, ) — u(r,z)) ¢ (r, )drdx (20)
+/Rd/ ¢t (r, )L pu=py (r, z)v(dr,dz). a.s.

where [4q fST u(r, x)de:(r, x)dx is well defined thanks to the semimartingale decomposition result (Lemma
1).
The main result of this section is the following

Theorem 2. Assume that conditions (A1)-(A6) hold and p(x) = (1 + |z|)™P with p > v where v =
k+d+1. There exists a weak solution (u,v) of the PIDE with obstacle (4) associated to (g, f, h) such that,
ds ® dP ® p(z)dx — a.e.,

YO" = u(s, Xs,5(x)), Z0° = (6" Vu) (s, Xt.s(z)),
VR () = uls, Xes—(2) + B(Xp,e— (2), ) — uls, Xt - (2)), as.. (21)

Moreover, the reflected measure v is a regular measure in the sense of the definition (ii) and satisfying the
probabilistic interpretation (18).

If (u,v) is another solution of the PIDE with obstacle(4) such that U satisfies (18) with some K instead
of K, where K is a continuous process in A*(t,T), then T =u and ¥ = v.

In other words, there is a unique Randon regular measure with support {u = h} which satisfies (18).

Remark 7. The expression (18) 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. [3] (see also [32]). Here we generalize their results to the case of PIDE’s.

From Lemma 3.1 in [11], 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



A. Matoussi, W. Sabbagh, C. Zhou/ 13

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) = asvUs(dz)ds .

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,T7,

T
Y = g(Xer(x / fr, Xer(x ))dT+n/ (Y5 = h(r, Xer (@)~ dr

T
_/ VA / / Vb (e)i(dr, de).

From Theorem (1) in section 3, we know that u,(t,x) := Y;**" is solution of the PIDE(g, f.), where
fa(t,z,y) = f(t,z) + n(y — h(t,x))”, i.e. for every ¢ € Dr

/t (W™ (s, ), 0s(s, ))ds + (u"(t, ), S(t,)) — (9(), ST, )) + / (™ (5, ), £ (s, ))ds
- / (F(5,), 6(s, ))ds + n / (u" = h)(5,), é(s,))ds. (22)
Moreover

yote — un(s,Xt,s(x)),Z?’t’gc = 0" Vun(s, Xt,s(x)),
V() = un (8, Xeam () + B(Xe e (), ) — un (5, Xe.oo (2)) (23)

Set K"t* = n/ (Y, —h(r, X; »(x))) " dr. Then by (23), we have that K7"® = n/ (un—h)" (r, X¢,r(z))dr.
t t
Following the estimates and convergence results for (Y% z™5H* y™mbe  Kmh) iy the step 3 and step

5 of the proof of Theorem 1.2. in [19], we get as m, n tend to infinity :

T
t to|2 t t,w|2
E sup |y0T—y™mbT +E/ |20 — 20| ds
t

t<s<T
—|—E/ /{Vn,t,z _ m,z,z )‘2 )\(de)ds +E sup ‘K:,z,z _ K;n,t,z 2 —0,
t<s<T
and
2 T 2
sup F [ sup |V +/ (|55 ds) +/ / [VaB2 (e)|” A(de)ds + (KhT)?
n t<s<T ¢

By the equivalence of norms (12), we get
/ / Y([tn (8, ) = tm (s, 2)]> 4 |0 Vn (s, 2) — 0" Vum (s, z)|*)dsda

E/ Yntac Ymtx| +|Zntx tha:! )d8d$—>0

<
= k2 le
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Thus (un )nen is a Cauchy sequence in Hr, and the limit u = lim,,— o0 u, belongs to Hr. Denote v, (dt, dz) =
n(un, — h)~(t,z)dtdz and m,(dt, dz) = p(z)v,(dt,dz), then by (12)

([0, T] x RY) = /]Rd/() p(z)vn(dt,dz) = /Rd/o p(x)n(un — h)~ (t, z)dtdx
/?12 2)E|Kp"" | de < C/Rd p(x) (1 +|z|™) dr < oco.

It follows that
sup ([0, 7] x RY) < oo. (25)

Moreover by Lemma 2 (see Appendix 5.4), the sequence of measures (7, )nen is tight. Therefore, there
exits a subsequence such that (7, )nen converges weakly to a positive measure . Define v = p~'7; v is a

positive measure such that fOT fRd p(z)v(dt,dx) < oo, and so we have for ¢ € Dy with compact support in

/Rd/ qbdz/n—/Rd/ d7rn_>/Rd/ ¢dﬁ_/w/ »

Now passing to the limit in the PIDE(g, f») (22), we get that that (u, v) satisfies the PIDE with obstacle

Z,

associated to (g, f, h), i.e. for every ¢ € Dr, we have
/t (u(s,~)783¢(s,-))ds+ (u(t7')7¢(t7 )) - (g()7¢(T7)) +/t (u(sv')7ﬁ*¢(57'))ds

= [ Geseist [ [ tsawas.da). (26)

The last point is to prove that v satisfies the probabilistic interpretation (18). Since K™"* converges
to K®® uniformly in ¢, the measure dK™"* — dK*® weakly in probability.
Fix two continuous functions ¢, 1 : [0, T] X R? — RT which have compact support in z and a continuous

function with compact support 6 : R* — R*, we have

[ [ ot X @) @)t )0@)(ds. da)

n—oo

— I / d / 05, Xi7d (@) T (Xi.H (@) (s, 2)0(@)n(un — h) ™ (s,)dsda

= lim /Rd/t o(s,2)U(s, Xt,s(2))0(Xt,s(z))n(un — h)~ (¢, X¢,s(x))dtdx

n—00

—  lim /R d /t (5, 2)0b(5, Xt (2))0(Xr.0 (2))dK ™ dao

n—o0o

/Rd/t B(s,2)(s, X1 o(2))0(X1.s(2))dKE" da.

We take 0 = Or 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 /tT S5, Xig () (Xp3 (2))9 (s, 2)v(ds, dx) /Rd/ o(s,2)Y(s, Xp,(2))dK L dz.  (27)

Since (Y/»0®, Zmbe ymbe Km0T) converges to (YI°, ZL®, VT K5®) as n — oo in S%(¢,T) xH3(t, T) x
L2(t,T) x A%(t,T), and (Y2*, Zb® VE® KE®) is the solution of RBSDE with jumps (g(X:.r(z)), f, h),
then we have
T T
/ (Ve — LE)dEKH® = / (1 — B)(s, Xo.o (2))dKD" = 0, 05,
t t



A. Matoussi, W. Sabbagh, C. Zhou/ 15

it follows that dK" = 1{,—ny (s, Xt,s(x))dKL". In (27), setting ¢ = 1{,—p} yields
T 1 1
[ oo Xek@) I @)L oy (5, 2)(ds, do)
R Jt

_ /R d /t ! (s, XM (1)) T (X1 (2))v(ds, dx), as.

Note that the family of functions A(w) = {(s,z) — ¢(s, X;.)(z)) : ¢ € C} is an algebra which
separates the points (because z — X;.(z) is a bijection). Given a compact set G, A(w) is dense in
C([0,T] x G). It follows that J(X, ) (%))1{uzn}(s,z)v(ds,dzx) = J(X; ) (z))v(ds,dz) for almost every w.
While J(X; ) (z)) > 0 for almost every w, we get v(ds,dz) = 1{,—n}(s,z)v(ds, dz), and (18) follows.

Then we get easily that Y = u(s, X¢s(z)), Z8" = 0*Vu(s, X¢.s(z)) and V() = u(s, X¢s—(z) +
B(Xt,s—(x),-)) —u(s, X¢,s—(x)), in view of the convergence results for (Y;*"* Zm5* V™5%) and the equiv-

alence of norms. So u(s, X¢,s(z)) = Y* > h(s, Xt s(x)). Specially for s = t, we have u(t,z) > h(t, ).

Step 2 : The nonlinear case where [ depends on y,z and w.
Let define F(s,z) £ f(s,z,Y", Z9", V"), By plugging into the facts that f© € L3([0, 7] x RY) and f is
Lipschitz with respect to (y, z,v), then thanks to Proposition 5 we have F(s,z) € Lg([O7 T] x R%). 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 ¢ € Dr, we have

[ (u(s,), Ds(s, ))ds + (u(t, ), 8(2,)) — (a(-), (T, ) + / (u(s, ), £6(s,-))ds
= /t (F(Sa ')7¢(51'))ds+/t w/]Rd ¢(s7x)1{u=h}(5a$)V(d57dx)' (28)

Then by the uniqueness of the solution to the RBSDE with jumps (g(X:r(x)), f, h(X¢s(x))), we
get easily that V2" = u(s, X1.5(2)), Z5% = 0" Vu(s, Xi,s(x)), VET() = uls, Xis—(x) + B(Xps— (), ) —
u(s, Xt,s—(2)), and v satisfies the probabilistic interpretation (18). So u(s, X1,s(x)) = Y2* > h(s, X¢.s(z)).
Specially for s = t, we have u(¢,x) > h(t,z), which is the desired result.

b) Uniqueness : Set (u,7) to be another weak solution of the PIDE with obstacle (19) associated to
(g, f, h); with T verifies (18) for a nondecreasing process K. We fix ¢ : R? — R, a smooth function in
C?(R%) with compact support and denote ¢ (s, z) = #(X; ) (2))J (X, (z)). From Proposition 6, one may

t,s
use ¢:(s,x) as a test function in the PIDE(g, f, h) with 0s¢(s, x)ds replaced by a stochastic integral with

respect to the semimartingale ¢+(s,z). Then we get, for t < s < T
T T
[, [ atraaorade + @), ou(s ) = @0 0u(T) = [, 700y
T
= [ [ #ratr0).o Vatro),ra + B, )~ r,2) 6, 2)drdo
s Rd
T
t\"> 1 u= ) v(d ad . 29
[ ] st ot do (29)
By (10) in Lemma 1, we have

/Rd /ST Udy gt (r, x)dr = /ST(/Rd (0" V) ()b (1 ) ) AW
! /ST /,E /R alry 2) Acn(r—, @)dafi(dr, de) + / @ £ )
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Substitute this equality in (29), we get
[ ws2)onts.00d0 = (00,00 — [ ([ 0 VR0 2161,
—|—/S /E g Act(r—, x) ¢ (r, z)dzp(dr, de)
+ /Rd /ST f(r,z,a(r,z), 0" Vu(r, ), u(r,z + B(z, ) — a(r,z))de(r, x)drdz
n / ’ /R 67, oy (1, )P, ).
Then by changing of variable y = X, !(z) and applying (18) for 7, we obtain
[t Xy = [ o(Xerm)otds
[ I X0, X 00V, X (), AT X 0y
[0 ] o Xk ay [ ([ oV X)),
+/ ’ / ( [ At Xt,,«,(y>)¢(y)dy> dr, de).

Since ¢ is arbitrary, we can prove that for p(y)dy almost every y, (u(s, X¢,s(y)),

(c*"Vu) (s, Xt,s(y)), uls, Xe,s—(y) + B(Xe,s—(y),+)) — E(S,Xt,s,(y)),l?g’y) solves the RBSDE with jumps
(9(Xt,7(y)), f, h). Here I?é’y:f: Lim=ny (7, Xt,r(y))dfi’y. Then by the uniqueness of the solution of the RB-
SDE with jumps, we know (s, X¢,s(y)) = Y&Y = u(s, X¢.5(y)), (V) (s, X¢,s(y)) = ZLY = (6*Vu) (s, Xt,s(v)),
(s, Xt,o— (y) + B(Xes-(y),7) —U(s, Xe o (y) = VSV () = uls, Xe oo (y) + B(Xes— (1)) — uls, Xe.om (1))

and K'Y = K'Y, Taking s = t we deduce that u(t,y) = u(t,y), p(y)dy-a.s. and by the probabilistic

interpretation (18), we obtain

T T
/ /@(r, )1 g=ny (r, x)V(dr, dx) :/ /d)t(r, )1 {y=py (r, z)v(dr, dx).

So Lig=ny(r, x)v(dr,dz) = lyy=p) (r, z)v(dr, dz). O

5. Appendix

5.1. Proof of Proposition 3

In order to prove (11), it is sufficient to prove that

In fact, making the change of variable y = X ;(z), we can get the following relation:

W)p(X: s (v)
p(y)

[, Bt @ods = [ ot lo(w)dy.
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We differentiate with respect to y in (7) in order to get:

VX ) = I- / V(X WX;: war - [ Vo (X ) VX ()W
st » ~t<_
/: e)VXf,&(y)u(dr,de)

= I+Fts

where Vb, Vo, VB and VB are the gradient of b, 0,8 and B, respectively and [ is the identity matrix.
Since J(X, [ (y)) = det VX, [(y) = infjgj=1 < VX, [ (y)¢, & >, we obtain

L= s ()l < J(X75 (1) < T+ [Tes (9)])-

Writing I't s (y) := Ct,s(y) + Di,s(y), where Dy s(y) denotes the integration with respect to the random

measure and Ct s(y) denotes the others.
According to Bally and Matoussi [2], we know that for any y, E[|Ct.s(y)|?] < K(s —t). Now we are going
to prove the similar relation for Dy s(y). We only deal with the first term of D, s(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

B / / VB(X (), &) VX ()i, de) ]

< [ | 195062 0,092 ) PAae)ar]
< ol / ] A VX ) A

= anl[ VXP [ Al

< K(s—1),

since E[|VX, 4 (y)?] < oo. Therefore, E[[T5Y|?] < 4K (s — t). Hence,
1-2K(s—t) < E[J(X; ()] <1+ 2K (s — t)

and the desired result follows.

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 (¢,z) 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) [9]. However, for convenience of the reader and for completeness of the paper, we give the whole

proofs. We first start by giving the LP-estimates for the solution of the following BSDE’s with jumps:

Ytzg—&—/tTf(s,Ys,Zs,Vs)ds—/t Z.dW, — / /V fi(ds, de). (31)

Theorem 3. Assume that [ is uniformly Lipschitz with respect to (y, z,v) and additionally that for some
p =2, ¢§ €Ly (Fr) and

T
E/ 1£(£,0,0,0)[Pdt < o. (32)
0
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Then E{Sltlplyt‘p+ </OT|Zt|2dt>p/2+ (/OT(/]EW(6)|2)\(de))dt>p/2] < oo.

Proof. We follow the idea of Buckdahn and Pardoux [9]. The proof is divided into 3 steps.
Step 1: From (31),

t ¢ t
Yt:YO—/ f(s,YS,ZS,VS)ds—&—/ ZSdWS—I—/ / Vi(e)u(ds, de).
0 0 o JE

then by It6’s formula,

Y22

t t
Yol? — 2 / (F(8, Yo, Zo, Vo), Yo)ds + / (2.2 + [V [[?)ds
0] 0

+ o2 [(@uzaw)+ [ [ (v Vi@ - v s, do

Let ¢np(z) = (x An)P +pnp71(x —n)t for all p > 1. Then ¢, € Cl(RJr), dn.p(@) = pla A n)p*1

bounded and absolutely continuous with

O (@) = p(p — 1) (x An)P 1o 0 (2).

Again by applying It6’s formula to ¢, ,(|Y:|?),
T
bnn(Vel?) = bup(Vi[?) — 2 / S (V) (F (5, Yo, Zo, Vi), Y )ds
t
T T
12 / S (Val) (Ve Zed W) + / oo (Va2 (Z.Z5Ys, Ya)ds
t t
T / 2 2 T ’ 2 2
+/ G ARIEA ds+/ RO ARINARE
t t
T 2 2
+ / /E Bnp (Yo + Va(©)?) = (1Yo [)]i(ds, de)
t

4 / / rp([Yar +Va(©)2) = (Yo [2)] = (IYou + Va(@)[? = [Yo_ [, ([Ys_ [)A(de)ds
t FE

Since (Y, Z,V) € B2, it follows from Burkholder-Davis-Gundy’s inequality,

E{ sup

0<t<T

t
/0 S (Y22 (Y, Zod W)

} < Cpn” [Vl g2 1 Z ]l -

that the dW integral above is uniformly integrable, hence it is a martingale with zero expectation. From

the boundedness of ¢y, ,, the integrand in the fi-integral can be written as follows
Snp([Yam + Va()]*) = dnp(|Yam|?) = ¥s(€)(2(Ya, Vi(e) + [Va(e) ),

where 1s(e) is a bounded and predictable process. By BDG’s inequality

</0T/]E st(e)(Ys,Vs(e))m(d&de))lm}

< e Y lg2 IV 2 s

B s |f t [ w@ viepitas,a)

0<t<T

}ch

and by the decomposition fi(ds, de) = u(ds, de) — dsA(de),

} < 2pnp_1E{/OT/E|V9(6)|2)\(de)ds}

= 20" V]2,

E | sup
0<t<T

/ot /E bs(e)|Vi(e)*Ti(ds, de)
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we have also )
E |;/0 /E(¢n,p(|Ys— + Vs(€)|2) _ ¢”’P(‘Y—|2))ﬁ(d8,de) _o

From Taylor’s expansion of ¢, , and the positivity of gbZ,p, we conclude
T 2 2 2 2 2
!
/ /E Bnp (Yoo + Va(©)2) = (Ve [2) = (Vo + Va(&)2 = [Ya_ [l p([Yo [P)]A(de)ds > 0
t
Using again ¢, , > 0 we conclude that:
2 T 2 2 2
/
Eénp(Vil®)  + E/ & (Yo (|Z6? + [Vl 2)ds
t
2 T 2
!
< Boup(lEl?) + 28 / S (YaP)(F (s, Yo, Ze, Vi), Ya)ds
t
2 T 2
< Bonp(lE?) + CE / (Y3 DYA1(1£(5,0,0,0) + [Ya] + 1 Zu] + [[Va])ds.
t
Hence we deduce that
2 1 T ’ 2 2 2
Bonp(ViP) + 5B [ 6, (¥P1Z +1Vl)ds
t
2 T 2 2 2
< BéuylEP) +CE / S n([Y22)(1£(5,0,0,0)[? + Y [*)ds
t
T
_p
< E¢nyp(€l) +O’E/ (1£(5,0,0,0)[7 4 @1, (1Y) 71 + 61, (|Ys]*)Ye]*)dss
t

T
< Eéuy(€) +€E/ (1£(5,0,0,0)% + g p([¥[2))ds.
t

Then it follows from Gronwall’s lemma that there exists a constant C'(p,T) independent of n such that

T
sup Ednp(Yil?) < Clp, TVE[E[* + / |£(£,0,0,0)[2%d],
0

0<t<T

hence from Fatou’s lemma

sup  E[|Y:]*] < oo, (33)
0<t<T
and also
T
E / VL2201 Z,2 4 |Va[2)ds < oo, (34)
0
T
E / / (Y + Va(@) — Yo [ — p([Ya_ + Va(e)® — Yo Y PP D\ (de)ds < 00 (35)
0 FE

and this holds for any p > 1.

Step 2: Now, again from It6’s formula,
T
Ve > -2 / Va0 (f(s,Ya, Z, Vi), Va)ds
t
T T
+ p/ |m|2“’—”<|zs\2+Hvs|\2>ds+2/ VL2 (Y,, Z,dW)
t t

+ /t /E(Ist + Va(e)|™” — |Ys | ") 1i(ds, de).
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It follows from (33) and (34) that the above dW-integral is a uniformly integral martingale, and from
(34) and (35) that the f-integral is a uniformly integrable martingale. It is then easy to conclude that

E[ sup |Vi|*’] < oo, p>1.
0<t<T

Step 3: Finally,

t t t
/ Z.dW, + / / Vo (e)ii(dr, de) = Y — Y, + / £ Yo, 20, Vi )dr,
s s E s

and from BDG inequality, (33) and (32), for any p > 2, there exists C), such that for all 0 < s < ¢ < T,
n>1ifr, =inf{lu > s, [*(|1Z:.]> + |Va|*)dr = n} AL,

B [( [Tz wpar| < o [1 (" az1+ ||v7~||>dr)f']

< Gus-eB (" 1z vy

Hence if Cp(t —s)?? <1, n>1, F (/s (1Z:* + ||V7‘H2)d7’)p/2:| < %' It clearly follows

that )

T p/2 T p/2
B (/ |Zt|2dt) + (/ ||m|2dt) ) <00, p32.
0 0

From now on, we denote by ¥ = (Y, Z, V) and B? the space of solutions, i.e.,

T p/2 T p/2
|\z|\%péE[supm|P+(/ \zﬁdt) +(/ ||W|\2dt) }
t 0 0

In the sequel, we will consider a specific class of BSDE where

§=g(Xer(z)) and f(s,y,2,v) = f(s, X¢.s(x), 9, 2,v)

and we assume

g € C3(RHR™),

(H){ Vs e[0,T)], (2,9, 2 v) — f(s,2,y,2,v) € C?

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 L2(IE, \;R¥).

Let (Y}, Zb® VI™), < s < 7 denote the unique solution of the following BSDE:

T T T
VI = g(Xor(z)) + / £ Xon(2), Y0, 257 VE)dr — / 75" AW, — / / VE® (e)fi(dr, de).
s s s E
(36)

It follows easily from the existence result in [4]:

Corollary 1. For eacht € [0,T], z € R¢, the BSDE(36) has a unique solution
Zt,z — (Yi,17 Zt,:v7vt,1) c 82,

and Y defines a deterministic mapping from [0, T] x R? into R™.
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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 7. 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 any 0 <t < T, x,2' € RY, h,h € R\ {0}, 1<i<d,
(i) IS5 = 55 ||%, < Cp(1+ |o| + |2/]) |z — /[P
(i) [ALES" = AL S5 |15y < Co(1+ [a] + [/ + Bl + [B])*(lx — 2P + |h = I |?)

where Ai LT = %(Yt wthei _ybe ghethei _ ghe ytether _ybey ond (eq,--- ,eq) is an orthonormal

basis of RY.

Proof. Note that after applying LP-estimation of the solution to the present situation, we can deduce that

p/2 T p/2
2ds) + (/ |\Vst’z|\2ds) } < Cp(1+ |z]9).
t

Vp = 2, there exist C)p, g such that

T
E{supm”m (/ 1zt
s t

For t < s < T,

Ytz Yta:
= 9(Xor(@) —g(Xer(z / (fr, Xep(@), Y07, ZE7 V") = f(r, Xoo(a), Y0, 207 V) dr
*/ (20" = 20" )dw, — // Vi (e) — ViR (e))fi(dr, de)
- /og/("Xt’T@+<1—9>Xt,T<w’>><Xt,T<x>—Xt,T<x’>>d9+ / [w,x,x/)(m(x)—xt,m/))

(2,2 ) (VT = Y0 ) 4 & (b, ) (Z8° — Z0%) + (e (b3, &), (V02 — VES)) | dr

T ’ T !
- / (2t — 28 yaw, — / / (V(e) — V' () ldr, de),
s s FE

where
©Or (t xZ, 33 8f ('—t o @ )d97 ¢r(t»$7$/) = g‘;( 'r,9 )de
o 9
8f = ac z’ ’ af —t,x,x’
t x, .13 / t nr(tvxﬂx ) = o %(:’:,0 )da,

:f;;vz = 9221 +(1-0)xL,
and (-,-) stands for the scalar product in L?(IE, \;R™).
Then given the boundedness of the derivatives, the previous proposition and

lor(t, ,2")] < C(1+ | X, (2)| + [ Xe,r (z)])7,

we know that (¢) holds true after applying the LP-estimates of the solution.
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Now we turn to (7). In fact, we have
i 1 )
Azyst,z _ E(yvst,z+hel _ )/St,a:)
1 .
= [ OXurla+ he) + (1= 0)Xer ()8 Xs r(2)d0
0
T . .
—|—/ {npr(t, z + hey, ©) AL X () + U (t, T + hes, ©) AL Y,D”
+& (@ + hei, ) ALZYT + (e (8 @ + hei, @), AL VO | dr
- / AL ZE AW, — / / AL VPR (e)(dr, de).
s s IE
Note that for each p > 2, there exists C, such that E[sup |A}X: s(2)|?] < Cp. Then same calculation as in
(7) implies that )
IALE" |l < Cp(l+ |2[* + [A]%).
Finally, we consider

iyt iyt

ALYDT — ALY

it 1o
= T""*(h,z;h',2")

T . . . . ’
—|—/ {tpr(t,a@ + hei, ) (AL Xt (1) — Afy Xi o (21) + (8, 2 + he“x)(AﬁLYTt’m — AL Yb® )
(b @+ hes, @) (ALZET — A Z0%) + (b, + hes, ), ALVET — Al VY | dr
T . . ’ T 1 i 4
—/ (AL ZE" — Ay Z8" )W, — / / (AL VP () — AL VEY (e)ii(dr, de),
s s E
where

Fi,t,s (h, z; h/, 1:/)
1
= / (g’(GXt,T(m + hei) + (1 —0) X r(x)ALXe 7 ()
0

—g (0Xs (' +he) + (1 — 9)Xt,T(m’))A;'L,Xt,T(x’)) do

T
[ el hes) 10+ e )} X (@)
"‘(d’r(ﬁ z + heiv (L‘) - wT(ta ' + h/eia $/)) ’fL’L’Yrt’z/
+(£T(t7 T+ hei7 LE) - gT(tv l‘/ + h/€i7 l’/))A;ﬁfom/
+{(ne(t, x4 hei, x) —ne(t, 2’ 4+ hes, 2), Aﬁl/\/f’x/)] dr.

Since f has bounded derivatives, we have

|1/’r(t7 T+ he’h $) - wT‘(t7 l'/ + hle’hml)' + ‘67(t7x + h’eivx) - éT‘(t7 l'/ + hlei7ml)|
0 (t, x4 heg, ) — ne(t, 2"+ Res, x)|

< O(EpTrhe - e sk - )
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and

‘Wr(tvw + heivm) - ‘p’f(tvml + hlehxl)'

q
< C(l I |Ef}z+hei| I |Z£azl+h/€i| n |ijm i’z,‘> <|Z£,z+hei _ 2372/+h,ei| + |E?T _ Ei7m/|),

it follows from the previous proposition that there exist a constant C), and some «,, such that

B[ sup [T""*(h,z;h',a)|") < Co(l+ Jz| + |2/ + |h| + [W')°7 (Ja — 2'[" + [h — B'").

t<s<<T

Then, statement (ii) follows from the same estimate, which ends the proof. O

Therefore, using Kolmogorov’s criterion, we can get that Y, Z, V are a.s. differentiable w.r.t. z. Iterating

the same argument, we get in fact:

Theorem 4. For all0 <t < T, there exists a version of X% = (Y"* Z% VY*) such that x — %" is a.e.
of class C* from R into D([t, T); R™) x L?([t, T]; R™*%) x L?([t, T] x IE, dsA(de); R™), where D([t, T]); R™)
denotes the set of R™-valued cadlag functions on [t,T]. Moreover, for any p > 2, there exist Cp and q such

that
olel

Zt:c
52

‘gp \Cp(1+‘$|q), Og ‘Oé| <27
2
[ -
8$i856j 81’18:173
Additionally, we have the following regularity in ¢:

ZtIH Cp(1+|z| + 2Nz — 2|7, 0<t<T.

Proposition 8. For allp > 2 and s >tV t', there exist Cp, and q such that
1257 = S 1By < Co(1+ [a] + |21t — ¢ + |2 — '|P),

alel . glel

| =" = G = I < Gl +lal + &) (1t = tP/* + o —2'"), 0< o] <2

Hence, we have

Corollary 2. The function (t,x) — Y,"* € Cp*([0,T] x R4 R™).

5.3. Proof of Theorem 1: existence and uniqueness of solution of PIDE (1)

(i) Uniqueness : Let u',u® € Hr be two weak solutions of (1), then Prop. 4 implies that for i = 1,2

[, [ v adorads + (' s.0).ou(s,2) = (gla).ou(To)) = [ (@), £7u(r, e

flr,z, ui(r, x), O'*VUi(T, x), ui(r, z+ B(z,-)) — ui(r7 z))@e(r, z)drdz.

Ra Js

By the decomposition of the semimartingale ¢:(s, x), we have

/Rd /T u'(r,x)dey (r, v)dz
/]Rd/ T$£¢t7”a:dr_2/ /;(;dlai(a”
" /Rd / /E u' (r, @) Az (r—, 2)fi(dr, de).

)ui (r, z)pe(r, 1:))) dw? (37)
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We substitute this in the above equation and get

/Rri ui(s7 x) (s, x)dx
_ /R 9(@)ou(T 2)dz / ’ /}R (") 5, ), ) dad W,

_/T/E/Rd u' (r, ) AL (r—, x)dxfi(dr, de)
T

+/5 /Rd f(ryz,u'(r,z), 0" Vu'(r,z),u" (r,x + B(z,-)) — u'(r,x))pe(r, x)drdz.

Then by the change of variable, we obtain

/Rd u' (8, Xp,s(2)) () da

= [ oXerta ))¢(azdw—//¢ )0 V) (r, X1 () dd Y,
-/, / / 6(@) (1 (5, X (@) + (X1 (@), €)) — uls, X (2)))ildr, de)da
/ / $(@)F(r, Xor (2), 1 (ry X (2)), 0"Vt (ry X (2)), Actt? (v X () )drd.

Since ¢ is arbitrary, we deduce that (Y.>"%, Zb5® V50%) solve the BSDE associated with
(9(Xe,r()), f), p(x)dz-a.e., where

Yib® = ui(s, Xi.s(x)), Z2" = (0" Vu')(s, X¢,s(x)) and
VIrT = ul(s, Xo,o— () + B(Xe,s-(2), ) — u' (s, Xp,s— ().

This means p(x)dz-a.e., we have

T T
Yt = g(Xyr(x / f(r, X (), Y00, Z00" V“t’z)drf/ Z:t'“”dwﬁ/ V,ob® (e)fi(dr, de).

E]

Then the uniqueness follows from the uniqueness of the BSDE.

(i) Existence : Let us set

F(s,x) & f(s,2, YOO, Z3%, VST,
Plugging into the facts that f° € L2([0,7] x R?) and f is Lipschitz with respect to (y, z,v), then thanks
to Prop. 5 we have F(s,z) € L2([0,T] x R?). Since g € L2(R%), we can approximate them by a sequence

of smooth functions with compact support (gn, F,) such that

gn — g in L2(RY),

(38)
Fo(s,z) = F(s,x) in L2([0,T] x RY).

Denote (Y00®, Z5 Ymbe) € 82 x H? x L2 the solution of the BSDE associated with (&, Fy,), where
€ = gu(Xur(2)), e,

Yrbt = g, (X r(z /F (r, Xs.r(z ))dr—/ ZMT AW, — //v”” 7i(dr, de). (39)

Since F, and g, are smooth enough, from the regularity result of the solution with respect to (¢,z) (see
the proof in Appendix), we know that u, (¢, z) := Y;""" € C12([0,T] x R?) is the classic solution for the
following PIDE:

(0r + L)u(t,z) + Fu(t,z) =0

40
u(T, ) = gn(x). (40)
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Moreover, we know that v, (t,z) := Z""* = 6"V, (t, ). Besides, from the flow property, we can deduce

that Yo"5® = u, (s, Xt,s(7)) and Z"9* = 0*Vu,(s, Xt,s()), as well as the representation of the jump part
VI = wn (s, Xt,s(2)) = un(s, Xe.s— () + B(Xp,s— (2), ) — un(s, Xt,5— (), a.s..
Applying the equivalence of norms result and the Proposition 5, we have
/ / (|tn (s, 2)]> + |0* Vun (s, 2)|*)dsp(x)dx
/L / E([un(s, Xos (@) + 0" Vatn (s, Xe,o(2)) ) dsp(2)dz
- ! / d / E(YI* + |20 ?) dsp(a)da
< ([ B @nfo@an+ [ [ B G X Pasan)
< S @ oaans [ [5G0 dsp(we) < oo

N

Therefore, we have shown that Vn, u, € Hr solves the PIDE associated with (gn, fn), and for every
¢ € C2([0,T) x RY),
T T
/ (u"( ) 5¢( ))d5+ (u”(t7 )>¢(t7)) - (gn()7¢(T7)) _/ (Eun(sv ')7¢(37'))d5
t t

" (41)
_ /t (Fu(s, ), 6(s,-))ds.

Now for m,n € N, applying Ito’s formula to |[Y7™5* — Y7»5® |2 we get for any s € [t,T],

E|Ysm,t,z _ n,t,t| +E/ |Zm,t,m _ n,t,z| d +E/ / |Vm,t,z _ n,t,z( )|2>\(d€)d7’
= Elgm(Xi7(2)) = gn(Xer (@)
b2 [ Y B, X @) — Bl Xur @)

Combining the properties of f,, and f, with the basic inequality 2ab < ea® + ¢~ 1b?, we have:

2dr

Blyb® _ymhe? g E/T Zmbe _ gmte
< Blgn(Xer (@) - gu(Xer(@)P +sE/ R

+= E/ (r, Xt () — Fu(r, Xe.r(z)) | dr.

It follows again from the equivalence of norms that
E|Y»h® —ymhe
Rd
< [ B @) - ouXere)Powite < [ B [t v g
f/RE/ (1, Xor(2)) — Fo(r, Xop () drp(z)dz
< eC RdE/ [y, Y b P drp(a )dx+C’/ lgm () — gn(z) ] p(z)da

+2 /R / — Fo(r,2)[*drp(z)da.

Choosing ¢ appropriately, by Gronwall’s inequality and the convergence of F;, and g,,, we get as m,n — oo,

?p(x)dx

s E|Y" 5 — Y8 P p(x)de — 0,
<s<TJR
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which implies immediately as m,n — oo,
T T
/ E/ [y, an’t’z|2drp(:r)dac+/ E/ |z b® — Zmt 2 drp(x)de — 0.
R4 s R4 s

Thanks again to the equivalence of norms (12), we get as m,n — oo:

/t / (|thm (8, ) — Un (5, 2)|* + |0 Vum (5, ) — 0 Vun (s, z)|*) p(x)dzds

%gd
/t . E(|(um — un)(s, Xe.4(2))|* + (0" Vm — 0" Vun)(s, X, ())[*) plx) dads

N

1
C

T
_ l/ EB([YIh® - YT 4 |2 2T ) () dads — 0,
CJ Ja

which means that u, is Cauchy sequence in Hp. Denote its limit as u, then u € Hr. Moreover, since

X s(z) has at most countable jumps, using again the equivalence of norms, we can deduce that

T
/ / [win (5, 2) — wn (s, )| p(x)dzds — 0,
t JRd

henceforth there exists at least a subsequence {un, }, such that dt ® dP ® p(z)dz-a.e.,

YIRNT = gy (s, Xy (7)) = uls, Xos(@) = YO,
ZINT = 0"V, (s, Xos(x)) = 0" Vau(s, Xe,s(x)) =: Z5°,
VI 2 (5, X (2)) = (s, X (@) £ B(Xeia— (@), ) — u(s, Xeo (2)) = VI,

Then we get the desired probabilistic representations (16). Passing limit in (41), we have for every ¢,

/ (u(s, ), Buth(s, ))ds + (ult, ), (2, ) — (9(), (T, ) — / (u(s, ), £ (s, -))ds
t oo t (42)
= l (f(57 '7u(87 ')v U*vu(sv ')’ u(sv T+ ﬁ(l‘, )) - u(s,m)), (;5(8, ~))ds,

which means that u € Hr is the weak solution of (1). O

5.4. Proof of the tightness of the sequence (7n)nen

Recall first that v, (dt, dz) = n(u, —h)~ (¢, z)dtdz and m, (dt, dz) = p(z)vy(dt, dz) where u, is the solution
of the PIDE’s (22).

Lemma 2. The sequence of measure (Tn)nen is tight.

Proof. Since here we need to deal with the additional jump part, we adapt the proof of Theorem 4 in [3].

We shall prove that for every e > 0 , there exists some constant K such that

T
/ /Rd 1{|I‘ > QK}Trn(dS,dCC) <e€ Vn € N. (43)
0

We first write

T
//1{\x|>2x}ﬂn(d87dw)
0 R4

T
- 10, (1 _ 1o ) ds,d
/0 /Rd tlel > 263 (1| x5 @)—a| < K} T x5 @)-a] > &} ) Tn(ds, d2)

=Ig+L%, P—a.s.
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Taking expectation yields

T
/ / 1{‘:,;‘221(}71'”(6[5,(11‘) =FEIg +FEL%.
0 JRrd

By (25) and for K > 2||b||T, we get

T
EL% < / /]P’( sup ‘X&%(m)—x! >K>ﬂ'n(d5,dw)
0 R4 o<rT

(01 exp(—C’zKQ) + Cs exp(—C’4K)) Tn ([O, T] x Rd>
< O exp(—=CoK?) 4 Cf exp(—CuK),

/N

so EL% < € for K sufficiently large.

On the other hand, if |z| > 2K and |X; . (z) — 2| < K then |X; }(z)| > K. Therefore

T
n < - ) d ,d
i E/o /Rd Li|xg 1) > k}P(@)vn(ds, dz)

T
= E/O /]Rd 1{‘X&i<z>| > K}p(m)n(un —h)™ (s, z)dsdx
which, by the change of variable y = X !(x), becomes
T
B[ [ Lt 00X ()T X))l = 1) (5 Xo,o ()
o Jr

<B [ o) (o) 105 10 300 P ()T (Ko, (0) ) K7

<r<T
5 1/2
< (2 [ 05 oo
Rd

9 1/2
(E /Rd (p(x)—lluz\ > Ky Sup Tp(XO,r(Ir))J(XO’T(IE))) p(qj)dz)
5 1/2
<C (E /Rd (p(x)—ll{\zl > K} Sup Tp(XO,T(x))J(XO,r(l'))> p(:z:)dx>

where the last inequality is a consequence of (24). It is now sufficient to prove that

/Rd plx)'E

2
( sup p(Xo,r(:c))J(Xo,T(x))> :| dz < oco.
o< rT
Note that

) [<0 ;BZ Tp(XD’T(x))J(XO,r(JC))) 2}
) (° & (X°w<w>)|>4] : [E < sup |J(Xo,,~<x))lﬂ

0<r<T
4
E ( sup |p<Xo,r<m>>|) ]
o<r<T

Therefore it is sufficient to prove that:

1/2
<

1/2

<C

[ (e o]

27
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Since p(x) < 1, we have

4 4
E| sup |p(Xir(z))] < E| sup |[p(Xer(2)"1 ,
t<r<T t<r<T sup | Xip(@)—a| < 12
t<r<T
_ lz|
1P swp [Xio(e)—al >
t<r<T 2

= . A(x)+ B(z).
If sup |Xer(z)—2z| < % then | X (z)] > % and so |p(X¢,r(z))] < (1 + ‘%l)ﬂ,. Thus we have that
t<r<<T
—4
A(z) € (1 + %) " and so Jpa (L +|z))P Az )2dz < 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 [3] for the It6 integral with respect to

the Brownian motion; and see e.g. Theorem 5.2.9 in [1] for the integral with respect to the compensated

| oo @)
(s | [ 5060w, ae

< C1 exp(—Ca|z[*) + O3 exp(—Calz])

Poisson random measure)

t<s<T

B(z) <P ( sup

and so [, (1 + |z])? B(z)"/?*dz < cc.
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