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1 Introduction

Our approach is based on Backward Stochastic Differential Equations (in short BSDE’s) which
were first introduced by Bismut [5] in 1973 as equation for the adjoint process in the stochastic
version of Pontryagin maximum principle. Pardoux and Peng [14] generalized the notion in
1990 and were the first to consider general BSDE’s and to solve the question of existence and
uniqueness in the non-linear case. Since then BSDE’s have been widely used in stochastic control
and especially in mathematical finance, as any pricing problem by replication can be written in
terms of linear BSDESs, or non-linear BSDEs when portfolios constraints are taken into account
as in El Karoui, Peng and Quenez [6].

The main motivation to introduce the non-linear BSDE’s was to give a probabilistic interpreta-
tion (Feynman-Kac’s formula) for the solutions of semilinear parabolic PDE’s. This result was
first obtained by Peng in [16], see also Pardoux and Peng [15] by considering the viscosity and
classical solutions of such PDE’s. Later, Barles and Lesigne [2] studied the relation between
BSDE’s and solutions of semi-linear PDE’s in Soblev spaces. More recently Bally and Matoussi
[3] studied semilinear stochastic PDEs and backward doubly SDE in Sobolev space and their
probabilistic method is based on stochastic flow.

The reflected BSDE’s was introduced by the five authors El Karoui, Kapoudjian, Pardoux, Peng
and Quenez in [7], the setting of those equations is the following: let us consider moreover an
adapted stochastic process L := (L;); < 7 which stands for a barrier. A solution for the reflected
BSDE associated with (£, g, L) is a triple of adapted stochastic processes (Y, Z, K¢)¢ < 7 such
that

T T
Yt=5+/ g(s,w,n,zs>ds+KT—Kt—/ Z,dB,, Vit € [0,T),
t t

T
Y;g 2 Lt and / (th - Lt)th = 0.
0

The process K is continuous, increasing and its role is to push upward Y in order to keep it
above the barrier L. The requirement fOT (Y, — L;)dK; = 0 means that the action of K is made
with a minimal energy.

The development of reflected BSDE’s (see for example [7], [10], [9]) has been especially moti-
vated by pricing American contingent claim by replication, especially in constrained markets.
Actually it has been shown by El Karoui, Pardoux and Quenez [8] that the price of an American
contingent claim (S¢); < 7 whose strike is v in a standard complete financial market is Yy where
(Y3, mi, Ky)¢ < 7 is the solution of the following reflected BSDE

{ —ClY% = b(t,}/t, Ft)dt + th - Wtth, YT = (ST - ")/)Jr,
Vi (Si—y)F and [ (Vi (S, —7)*)dK, =0

for an appropriate choice of the function b. The process m allows to construct a replication
strategy and K is a consumption process that could have the buyer of the option. In a standard
financial market the function b(¢,w,y,2) = ry + 260; where 6, is the risk premium and r; the
spot rate to invest or borrow. Now when the market is constrained :.e. the interest rates are
not the same whether we borrow or invest money then the function b(t,w,y,z) = ry + 26, —
(Ry —7¢)(y — (2.0, 1.1))~ where Ry (resp. r;) is the spot rate to borrow (resp. invest) and o the
volatility.
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Partial Differential Equations with obstacles and their connections with optimal control problems
have been studied by Bensoussan and Lions [4]. They study such equations in the point of view
of variational inequalities. In a recent paper, Bally, Caballero, El Karoui and Fernandez [1]
studied the the following semilinear PDE with obstacle

O+ L)u+ f(t,z,u,0"Vu)+v =0, u>h, upr =g,

where h is the obstacle. The solution of such equation is a pair (u,r) where u is a function in
L2([0,T],H) and v is a positive measure concentrated on the set {u = h}. The authors proved
the uniqueness and existence for the solution to this PDE when the coefficient f is Lipschitz and
linear increasing on (y, z), and gave the probabilistic interpretation (Feynman-Kac formula) for
u and Vu by the solution (Y, Z) of the reflected BSDE (in short RBSDE). They prove also the
natural relation between Reflected BSDE’s and variational inequalities and prove uniqueness of
the solution for such variational problem by using the relation between the increasing process
K and the measure v. This is also a point of view in this paper.

On the other hand, Pardoux [13] studied the solution of a BSDE with a coefficient f(¢,w,y, 2),
which satisfies only monotonicity, continuous and general increasing conditions on ¥y, and a

Lipschitz condition on z, i.e. for some continuous, increasing function ¢ : Ry — R, and real
numbers € R, k > 0, V¢t € [0,T], Yy, v € R", Vz, 2/ € R"*4,

[F(t 0 < |f(£0,0)] + ¢(ly]), as; (1)
<y_y/af(tayvz)_f(tay/72)> < M‘y_yllza a.8.;
|ty 2) = flty, )| < k|z—7

In the same paper, he also considered the PDE whose coefficient f satisfies the monotonicity
condition (1), proved the existence of a viscosity solution u to this PDE and gave its probabilistic
interpretation via the solution of the corresponding BSDE. More recently, Lepeltier, Matoussi
and Xu [12] proved the existence and uniqueness of the solution for the reflected BSDE under
the monotonicity condition.

, a.S..

In our paper, we study the Sobolev solutions of the PDE and also the PDE with continuous ob-
stacle under the monotonicity condition (1). Using penalization method, we prove the existence
of the solution and give the probabilistic interpretation of the solution v and Vu (resp.(u, Vu, v))
by the solution (Y, Z) of backward SDE (resp. the solution (Y, Z, K) of reflected backward SDE).
Furthermore we use equivalence norm results and a stochastic test function to pass from the
solution of PDE’s to the one of BSDE’s in order to get the uniqueness of the solution.

Our paper is organized as following: in section 2, we present the basic assumptions and the
definitions of the solutions for PDE and PDE with obstacle, then in section 3, we recall some
useful results from [3]. We will prove the main results for PDE and PDE with continuous barrier
under monotonicity condition in section 4 and 5 respectively. Finally, we prove an analogue result
to Proposition 2.3 in [3] under the monotonicity condition, and we also give a priori estimates
for the solution of the reflected BSDE’s.

2 Notations and preliminaries

Let (92, F, P) be a complete probability space, and B = (By, B2, -, Bg)* be a d-dimensional
Brownian motion defined on a finite interval [0,7], 0 < T' < +o00. Denote by {F.;t < s < T}
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the natural filtration generated by the Brownian motion B :
Ft=0{B, — B;;t <r < s}UF,

where Fy contains all P—null sets of F.

We will need the following spaces for studying BSDE or reflected BSDE. For any given n € N:
e L2(F!) : the set of n-dimensional F’-measurable random variable ¢, such that E(|£]?) <
+00.

e H2 , (t,T) : the set of R™*"-valued F!-predictable process ¢ on the interval [t,T], such

that E [, ¢ (s)|* ds < +oc.

e S2(t,T) : the set of n-dimensional F!-progressively measurable process ¢ on the interval
[t,T], such that E(sup; ¢ s <7 (s)]]) < +oc.

o A%(t,T):={K : Q x [t,T] — R, Fl-progressively measurable increasing RCLL processes
with K; = 0, E[(K7)?] < o0 }.

Finally, we shall denote by P the o-algebra of predictable sets on [0,7] x €. In the real-
valued case, i.e., n = 1, these spaces will be simply denoted by L2(F?), H2(t,T) and S%(¢,T),
respectively.

For the sake of the Sobolev solution of the PDE, the following notations are needed:

o OV (R4, R™) : the set of C™-functions f : R? — R™, whose partial derivatives of order less
that or equal to m, are bounded. (The functions themselves need not to be bounded)

o C2™([0,T] x R%,R™) : the set of continuous functions f : [0, 7] x RY — R™ with compact
support, whose first partial derivative with respect to ¢t and partial derivatives of order less
or equal to m with respect to = exist.

e p:R? — R, the weight, is a continuous positive function which satisfies Jga p(x)dz < co.

e L%(R? p(x)dx) : the weighted L2-space with weight function p(z), endowed with the norm
e,y = [ lu(e)? oo
R4

We assume:
Assumption 2.1. g(-) € L3R, p(z)dz).

Assumption 2.2. f:[0,7] x R? x R*xR"*? — R"™ is measurable in (t,z,y,z) and

T
/ / |f(t,,0,0)? p(x)dzdt < .
0 JRd
Assumption 2.3. f satisfies increasing and monotonicity condition on y, for some continuous
increasing function ¢ : Ry — Ry, real numbers k > 0, p € R such that ¥(t,z,y,y,2,2') €
[0, 7] x R% x R® x R x R"*4 x Rnxd
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(1) |f(t, @y, 2)] < [f(t,2,0,2)[ + o(ly]).
(“’) |f(t,x,y,z)—f(t,x,y,z’)| <k‘Z_Z/’;
(Z”) <y - y’,f(t,x,y, Z) - f(tvxaylvz» < 1% |y - y,|2;

(iv) y — f(t,x,y,2) is continuous.

For the PDE with obstacle, we consider that f satisfies assumptions 2.2 and 2.3, for n = 1.

Assumption 2.4. The obstacle function h € C([0,T] x R4 R) satisfies the following conditions:
there exists k € R, 3 > 0, such that ¥(t,x) € [0,T] x R?

(i) p(e"h* (¢, x)) € L*(RY; p(x)dz),

(i) 1h(t,2)| < K(1+ |2)?),
here h* is the positive part of h.

Assumption 2.5. b:[0,7] x R — R? and o : [0,T] x R — R4 satisfy
be CZRLERY) and o € CP(RERIXY),

We first study the following PDE

(O +L)u + F(t,z,u,Vu) =0, V(t,z) € [0,T] x R?
u(z, T) =g(zx), Vo e R?
where F : [0,T] x R? x R x R™*? — R, such that

F(t7 x’ u7p) = f(t7 x’ u? O-*p)
and . J
o 1 9?
L=S"b0-Z >N a2
Z Zaxi + 2 Z i 89028%
=1 1,7=1
a = oo*. Here o* is the transposed matrix of o.

In order to study the weak solution of the PDE, we introduce the following space
H = {u e L([0,T] x RY, ds ® p(x)dx) | o*Vu € L2(([0,T] x R%, ds @ p(z)dzr)}

endowed with the norm

T
= [ | [ uts.0) + (" Vu)(s,2) Plo(a)dsda.

Definition 2.1. We say that u € H is the weak solution of the PDE associated to (g, f), if
(i) |ull* < oo,
(ii) for every ¢ € Co ([0, T] x RY)
T T T
/ (u878t¢)d8+(u(ta)7¢(t7))_(g()7¢(7T))+/ 5<US,¢s)dS = / (f(37'7u870—*vus)7¢s)d3-
t t t
(2)
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where (¢,1) = [pa ¢(x)h(z)dz denotes the scalar product in L*(R?, dz) and

£.0) = [ ((0"V0)(0"V) + 6V (50" Vo + D))o

1s the energy of the system of our PDE which corresponds to the Dirichlet form associated to the
operator L when it is symmetric. Indeed E(¢, ) = —(p, L1).

The probabilistic interpretation of the solution of PDE associated with g, f, which satisfy As-
sumption [2.112.3] was firstly studied by (Pardoux [13]), where the author proved the existence
of a viscosity solution to this PDE, and gave its probabilistic interpretation. In section 4, we
consider the weak solution to PDE (2) in Sobolev space, and give the proof of the existence and
uniqueness of the solution as well as the probabilistic interpretation.

In the second part of this article, we will consider the obstacle problem associated to the PDE
(2) with obstacle function h, where we restrict our study in the one dimensional case (n = 1).
Formulaly, The solution « is dominated by h, and verifies the equation in the following sense :
V(t,z) € [0,T] x R4

(i) Or+ Lyu+ F(t,x,u,Vu) <0, on u(t,xz) > h(t, x),
(i) (O + L)u+ F(t,x,u,Vu) =0, on wu(t,z)> h(t,z),
(ili) u(z, T) = g(x).

where £ =) fle bi% + % > ?jzl ai,j%;x.a a = ooc”. In fact, we give the following formulation
[3 g 3 J
of the PDE with obstacle.

Definition 2.2. We say that (u,v) is the weak solution of the PDE with obstacle associated to
(9, f, 1), if

(i) |[ul® < 00, u > h, and u(T,z) = g(z).

(i) v is a positive Radon measure such that fOT Jga p(x)dv(t, z) < oo,

(iii) for every ¢ € Co™([0,T] x RY)

T T
/t (e, Ded)ds + (u(t, ), B(t,)) — (9(), (. T)) + / (g, 65)ds (3)

T T
- / (F (5 1, 0* V), 62)dls + / [ #lsa)pmnd(a.s).

3 Stochastic flow and random test functions

Let (X0"), < s <1 be the solution of

{ngx = b(s, X1%)ds + o (s, X®)dBs,

t,x
X" ==z,

where b : [0,7] x R — R% and o : [0, T] x R? — R?*? gatisfy Assumption
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So {XY", x € R4t < s < T} is the stochastic flow associated to the diffuse {X4*} and denote
by {)?é’z,t < s < T} the inverse flow. It is known that x — )?ﬁ’x is differentiable (Ikeda and
Watanabe [? ]). We denote by J(X5") the determinant of the Jacobian matrix of X2”, which
is positive, and J(X}") = 1.

For ¢ € C°(R%) we define a process ¢; : Q x [0,T] x R? — R by
Ge(s,x) := S(XLT)T(XL).

Following Kunita (See [11]), we know that for v € L2(R?), the composition of v with the
stochastic flow is

(U © X?.v ¢) = (’U, ¢t(87 ))
Indeed, by a change of variable, we have

o Xir.6) = [ wl)o(RNIEy = [ o(XE)o(a)da.

R4

The main idea in Bally and Matoussi [3] and Bally et al. [1], is to use ¢; as a test function in

(2) and (3). The problem is that s — ¢.(s,x) is not differentiable so that ftT(uS,asng)ds has
no sense. However ¢.(s,x) is a semimartingale and they proved the following semimartingale
decomposition of ¢ (s,z):

Lemma 3.1. For every function ¢ € C2(R?),

d s d 9 ' s
¢t(37 x) - ¢($) - < a.. (Ul](x)(bt(ram))) dB7]" —+ £*¢ (7’, .%')d?", (4)
j;/t ; O /t '

where L* is the adjoint operator of L. So
d

doy(r,z) = — Z

=1

J

d
(Z 2 (@t x>>> AB] + L7¢4(r, 2)dr, (5)
i=1 7t

Then in we may replace ds¢ds by the Ito stochastic integral with respect to dey(s,z), and
have the following proposition which allows us to use ¢; as a test function. The proof will be
given in the appendix.

Proposition 3.1. Assume that assumptions[2.1, and[2.3 hold. Let u € 'H be a weak solution
of PDE (2), then for s € [t,T] and ¢ € C2(R?),

T T
L [ treondontriands = @0 0T + (s ouls) = [ EGutr.ontr)ie

T
= /Rd/ flr,z,u(r,z),0*Vu(r,x))gi(r, x)drdz. a.s. (6)

Remark 3.1. Here ¢(r,x) is R-valued. We consider that in (6), the equality holds for each
component of u.
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We need the result of equivalence of norms, which play important roles in existence proof for
PDE under monotonic conditions. The equivalence of functional norm and stochastic norm is
first proved by Barles and Lesigne [2] for p = 1. In Bally and Matoussi [3] proved the same result
for weighted integrable function by using probabilistic method. Let p be a weighted function,
we take p(z) := exp(F(z)), where F' : R? — R is a continuous function. Moreover, we assume
that there exists a constant R > 0, such that for |z| > R, F € C2(R% R). For instant, we can
take p(z) = (14 |z])"? or p(z) = expa|z|, with ¢ > d+ 1, a € R.

Proposition 3.2. Suppose that assumption|2.5 hold, then there exists two constants kq, ko > 0,
such that for every t < s <T and ¢ € L (R?, p(z)dx), we have

e [ 6@ pla)ds < [ (X olade <h [ jola)] ol (”

Moreover, for every ¢ € LY([0,T] x R, dt ® p(x)dx

kg/R/ (s, 2)| p(x)dsdz /R/ (s, X)) pla)dsda (8)
< [ [ Wl

where the constants ki, ko depend only on T, p and the bounds of the first (resp. first and
second) derivatives of b (resp. o).

This proposition is easy to get from the follwing Lemma, see Lemma 5.1 in Bally and Matoussi
[3).
Lemma 3.2. There exist two constants ¢c1 > 0 and co > 0 such that Vz € Rd, 0<tT

0,z 0,z
p(x)

4 Sobolev’s Solutions for PDE’s under monotonicity condition

In this section we shall study the solution of the PDE whose coefficient f satisfies the mono-
tonicity condition. For this sake, we introduce the BSDE associated with (g, f): for t < s < T,

T T
vie— o)+ [ Xy 2 - [ 2, o)
S S
Thanks to the equivalence of the norms result (3.2), we know that g(X7:%) and f(s, X%, 0,0)
make sense in the BSDE (9). Moreover we have
9(X7%) € LL(Fr) and f(., X" 0,0) € H2(0,7).

It follows from the results from Pardoux [13] that for each (t,z), there exists a unique pair
(Yhe, Zt%) e S2(t,T) x H2, ,(t,T) of {F!} progressively measurable processes, which solves
this BSDE(g, f).

The main result of this section is

1042



Theorem 4.1. Suppose that assumptions|2.142.3 and|2.4 hold. Then there exists a unique weak
solution uw € H of the PDE (2). Moreover we have the probabilistic interpretation of the solution:

u(t,z) =Y", (o*Vu)(t,z) = 2", dt @ de — a.e. (10)
and moreover YI¥ = (s, X0"), Zb" = (0*Vu)(s, X2), dt ® dP ® dz-a.e. Vs € [t,T).

Proof: We start to prove the existence result.
a) Existence : We prove the existence in three steps. By integration by parts formula, we
know that u solves (2) if and only if

u(t, ) = e'u(t, x)

~

is a solution of the PDE(g, f), where

§(x) = e"Tg(x) and f(t,2,y,2) = e f(t,x,e "y, e M z) — py. (11)

Then the coefficient ]?satisﬁes the assumption[2.3|as f, except that 2.3-(iii) is replaced by

(y - yl)(f(ta LY, Z) - f(t,$,y/, Z)) < 0. (12)

In the first two steps, we consider the case where f does not depend on Vu, and write f(¢,x,y)
for f(t,x,y,v(t,z)), where v is in L2([0,T] x R?, dt ® p(x)dzx).

We assume first that f(t, z, ) satisfies the following assumption [2.3%: V(t,z,y,y') € [0,T] x R x
R"™ x R,

(i) [f(t 2, 9)] < |FE2,0)] + @(ly)),
(11) (y—y’,f(t,x,y) - f(tvxay/» < 07

(iii) y — f(t,z,y) is continuous, V(¢,z) € [0,T] x R%.

Step 1 : Suppose that g(z), f(t,z,0) are uniformly bounded, i.e. there exists a constant C,
such that
lg(x)[+ sup [f(t,2,0)] <C (13)
0<t<T
where C' as a constant which can be changed line by line.

Define f,(t,y) := (0n * f(t,-))(y) where 6,, : R" — R, is a sequence of smooth functions with
compact support, which approximate the Dirac distribution at 0, and satisfy [ 6,(z)dz = 1. Let
{(Y{0" Z80"), + < s < T} be the solution of BSDE associated to (g(erp’x), fn), namely,

T T
ybT = g(X5") + / flr, X5® Ymbe) dp — / ZM 4B, P-as.. (14)

S

Then for each n € N, we have
‘Y:gn,t@‘ < GTC,
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and
| (s, X57, Y002 < 2| s, X5%,0)° + 202 (€2 VO)

where 1(r) := sup,, supjy| <, Jpn ([Y))0n(y — 2)dz. So there exists a constant C' > 0, s.t.

T
Sup/ E/ (Y] 4 | fu(s, X270 [P 4 | 2007 () dsda < C. (15)
n JRI t
Then let n — oo on the both sides of (14), we get that the limit (Y&*, ZL®) of (Yi5*, Zb"),
satisfies

T
vhe = g(X5T) / fr, X5, Y5 dr —/ ZM"dB,, P-as.. (16)
S

Moreover we obtain from the estimate (15) that

/ / |Y”| —I-‘th‘ x)dsdx < oo. (17)
]Rd

Notice that (Y;"*, Z}"") are F} measurable, which implies they are deterministic. Define u(t, z) :=
Y}, and v(t,x) := Z'". By the flow property of X3 and by the uniqueness of the solution of
the BSDE (16), we have that Y&" = u(s, X&) and Z5* = v(s, X2%).

The terminal condition g and f(., ., 0,0) are not continuous in ¢ and z, and assumed to belong in a
suitable weighted L? space, so the solution v and for instance v are not in general continuous, and
are only defined a.e. in [0, 7] x R%. So in order to give meaning to the expression u(s, X&) (resp.
v(s,Xﬁ’x)), and following Bally and Matoussi [3], we apply a regularization procedure on the
final condition g and the coefficient f. Actually, according to Pardoux and Peng ([15], Theorem
3.2), if the coefficient (g, f) are smooth, then the PDE (2) admits a unique classical solution
u e CY2([0,T] x RY). Therefore the approximated expression u(s, X&) (resp. v(s, X2™)) has a
meaning and then pass to the limit in L? spaces like us in Bally and Matoussi [3].

Now, the equivalence of norm result and estimate follow that u,v € L2([0,T] x R?, dt ®
p(x)dz). Finally, let F(r,z) = f(r, X0",Y,'""), we know that F(s,z) € L2([0,T] x R, dt ®
p(z)dz), in view of

1 T
/ / (s,2)|? p(x)dsdz < / / E‘F(S,Xg’“)fp(x)dsdx
Rd k? R4 Jt
1 r 2
= / / E|f(s, X", Y| plz)dsdr < occ.
ka2 Jra Ji

So that from theorem 2.1 in [3], we get that v = 0*Vu and that u € H solves the PDE associated
o (g, f) under the bounded assumption.

Step 2 : We assume g € L2(R?, p(x)dzx), f satisfies the assumption (2.3’ and f(t,x,0) €
L2([0,T] x R4, dt @ p(x)dx). We approximate g and f by bounded functions as follows :

gn(x) = Hn(g(x))7 (18)

fn(taway) - f<t7x7y)_f(t7x70>+Hn(f(t7xa0))7
where in(n, ly)
_ min(n, y]) -
I (y) - T
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Clearly, the pair (g, fn) satisfies the assumption (13) of step 1, and
gn — ¢ in L*(R? p(z)dz), (19)
falt,,0) —  f(t,2,0) in L2([0,T] x R, dt @ p(z)dz).

Denote (Yi""*, ZM") € S2(t,T) x H?

s .q(t,T) the solution of the BSDE(&,, fn), where &, =
gn(XE7), ie.

T T
VRt = g () + [ gt X v~ [ zpteas,
S

S
Then from the results in step 1, u,(t,z) = Ytn’t’z and uy(t,z) € H, is the weak solution of the
PDE(gn, fn), with

Ytsmtw = Un(sa X?m)’ Zg7t7x = (U*vun)(s7 X§7x)7 a.s. (20)

2
For m,n € N, applying Ito’s formula to |Yy™ " — YJ""*| | we get

T 2
Byt -y B [ |20t - 200 dr < B ln(X0) - gal X))
S

T T
+E / ymbe — Yt dr + B / [ fon(r, XE7,0) = fu(r, X152, 0 dr.
S S
(21)
From the equivalence of the norms (7) and (8), it follows

[ B = vzt s < [ B lon(65) - ga(X57)
R4 R4

T
E Ym,t,x . Yn,t,a:
+Adllr ;

T
< [ [ e v arpwi sk [ Bl - @) e
R4 s R4

2
p(x)dz

T
%mwM+/E/!mmX%m—hmﬁﬁw%mmm
R4 s

T
[ lr0,0) = £u(r,0) plo)drda,
Rd Ji
and by Gronwall’s inequality and (19), we get as m,n — oo
sup / E ‘Y;m,t,w _ }/;nﬂf,x‘? p(l‘)d.’ﬂ = 0.
t<s<TJRd

It follows immediately as m,n — oo

T T
/ E/ ’Yr‘mi,:l? _ Kﬂ,t,mf p(l’)d’l“d.’E + / E/ ’Z’;f‘nyt,ill _ Z;%t,l“Q p(.’.E)de.l? 0.
Rd s R4 s

Using again the equivalence of the norms (8), we get:
T
/ / |t (5, 2) — tn(s,2)]2 + |0* Vum (s, ) — 0*Vu, (s, 2)|* p(x)dzds
t R4

1 T
i [ B X0 = a5, XE) [Vt (5, XE7) = 0" D 5,0 Pl s
2 Jt R4

N

1 T
= k72/t /Rd E(‘}gm,t,a: _ st,t,zf + ’Z;n,t,:c _ Z;l’t@‘Z)p(x)dsdx 0
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as m,n — 0o, i.e. {u,} is Cauchy sequence in H. Denote its limit as u, so u € H, and satisfies
for every ¢ € C>°([0,T] x R%),
T T T
[ di)ds & (e, 000) = 00006 + [ Eunidds = [ (Fsnu). s, (22
t t t
On the other hand, (Y""*, Z™"*) converges to (Y."*, Z"") in 82(0,T) x H2, ,(0,T), which is
the solution of the BSDE with parameters (g(X%x), f); by the equivalence of the norms, we
deduce that
VI = (s, X07), Z5" = 0*Vu(s, X57), a.s. Vs € [t, T],
specially Y,** = u(t,z), Zt'" = o*Vu(t, z).
Now, it’s easy to the generalize the result to the case when [ satisfies assumption [2.2].

Step 3: In this step, we consider the case where [ depends on Vu. Assume that g, f satisfy
the assumptions - 2.3, with assumption [2.3-(iii) replaced by (12). From the result in step
2, for any given n x d-matrix-valued function v € L2([0,T] x R?, dt @ p(x)dx), f(t,z,u,v(t,z))
satisfies the assumptions in step 2. So the PDE(g, f(t,z,u,v(t,z))) admits a unique solution
u € H satisfying (i) and (ii) in the definition (2.1l

Set VI = U(S,Xé’x), then VI* € H2 (0,T) in view of the equivalence of the norms. We

nxd

consider the following BSDE with solution (Y."*, Z"")

T T
Vi =gy 4 [ (e Xt ViR - [ zinab,
S S
then Y& = u(s, Xi"), ZL" = 0*Vu(s, Xi"), a.s. Vs € [t,T).
Now we can construct a mapping ¥ from H into itself. For any @ € H, u = ¥(u) is the weak

solution of the PDE with parameters g(x) and f(¢,z,u,oc*Vu).

Symmetrically we introduce a mapping ® from H2(¢,T) x H2_,(t,T) into itself. For any
(Ut Vo) € H2(4, T)xH2_ (. T), (Y%, Z5%) = &(U*, V) is the solution of the BSDE with
parameters g(X;’z) and f(s, X0¥ VI VET). Set VI* = o*Va(s, X0), then Y& = u(s, X07),
Zb" = 0*Vu(s, XI"), a.s.a.e..

Let wy, ug € H, and uy3 = ¥(uy), ug = ¥(uz), we consider the difference Au = wu; — uq,
AU = Ty — Up. Set VITL .= J*Vﬂl(s,Xﬁ’x), yie? . U*Vﬂg(S,X?z). We denote by
(Yol Zzt@ ) (resp. (Y52, Z5%2)) the solution of the BSDE with parameters g(X5") and
Fls, X5 Y5 VESLY (vesp. f(s, XE", V", VES?)): then for a.e. Vs € [t,T],

tx,l t,x tx,l % t,x
Y] = w(s, X1%), 21 = 6*Vuy (s, X19),
t,x,2 t,x tx,2 % t,x
Y] = uo(s, X1%), 212 = 6*Vuo(s, X1%),
1 2 1 2 1 2 N
Denote AY™ = Y™l — yh@2 aAzbw .= gzbwl — z0%2 AT = ybot _ ybT? By Ito's

2
formula applied to e E ‘AYst’x , for some o and v € R, we have

'E|AYH" 2)d7‘,

T T 2
B [ |av s sz < B [ avief v alavts
S S
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Using the equivalence of the norms, we deduce that

T
/Rd/t (v |Au(s, ) > + |o*V(Au)(s, 2)[}) p(z)dsda

N

1 T
/ / e E(y ‘AYTm’Q + ‘AZﬁ’mf)p(a:)drdx
ko Jra Ji
1 T s k2 tx|2 tx|2
< — eV E(—‘AYT { +a|AV)E | )p(x)drdx
R4 Js
< / / ]Au 5, 2)2 + a|o*V(AT) (5, 2) ) p(x) dsda.
R4 Js

Set o = T =1+ 2k1 k2, then we get

T
/ / e (|Au(s, 2))? + |o*V(Au) (s, )|} p(x)dsdx
Re J¢
1 T S|k — 2
< 5 e’ 0"V (Au)(s, x)|” p(x)dsdz,
2 Jra Jy
1 T S/ A— 2 * — 2
< 3 ¥ (|Au(s, z)|” + [o"V(Au) (s, x)|7)p(x)dsdz.
Re J¢
Consequently, ¥ is a strict contraction on H equipped with the norm
T
ull = [ [ e uls,o)f + 1" Vats, ) Pia)ass
t

So ¥ has fixed point v € H which is the solution of the PDE (2) associated to (g, f). Moreover,
fort <s<T,
Y = (s, X0®), Z0" = 0*Vu(s, X0Y), .a.e.

and specially Y"* = u(t, z), Z'" = 0*Vu(t, z), a.e.
b) Uniqueness : Let u! and u? € H be two solutions of the PDE(g, f). From Proposition
3.1, for ¢ € C2(RY) and i = 1,2
T . . T .
L wiraaontra)de + (s ), buls) = (00hbn ) = [ i)
T
/ / oe(ryx) f(ryx,u'(r, x), 0" Vu' (r, z))drdz. (23)
s Rd
By (4), we get

/Rd /sTuidqﬁt(r, 2)de = /ST(/Rd(U*vui)(r’x)qMT’ 2)dx)dB,

+ /ST /Rd <(U*Vui)(a*v¢r) + (;SV((%G*VU + b)uj;)> dxdr.
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We substitute this in (23), and get
[ asassade = @Oat) - [ [ @V a)dds,
R s R
T . .
—i—/ / oi(ryx) f(ryx,u' (r,x), 0" Vu (r, x))drdz.
s R4
Then by the change of variable y = )?ﬁx, we obtain
[ xmotdy = [ ooty + [ [ o)l X0 (s, XE0), 0"Vl (5, X2)dyds
R4 R4 s Jrd

[ e ximsias,

Since ¢ is arbitrary, we can prove this result for p(y)dy almost every . So
(u(s, X2Y), (0*Vul) (s, X5¥)) solves the BSDE(g(X2Y), f), i.e. p(y)dy a.s., we have

T T
ui(s, X10) = g(X5¥) + / F(s, X0Y ui(s, X1), 0"Vl (s, X1¥))ds — / (") (r, X1V)d B,

Then by the uniqueness of the BSDE, we know u! (s, X&¥) = u?(s, X&) and (6*Vu!)(s, X1Y)
(0*Vu?)(s, X1Y). Taking s = ¢t we deduce that u!(t,y) = u2(t,y), dt @ dy-a.s.

o

5 Sobolev’s solution for PDE with obstacle under monotonicity
condition

In this section we study the PDE with obstacle associated with (g, f,h), which satisfy the
assumptions[2.1/2.4 for n = 1. We will prove the existence and uniqueness of a weak solution to
the obstacle problem. We will restrict our study to the case when ¢ is polynomial increasing in

y, l.e.

Assumption 5.1. We assume that for some k1 € R, 81 > 0,Vy € R,
()] < mi(1+[y™).

For the sake of PDE with obstacle, we introduce the reflected BSDE associated with (g, f, h),
like in El Karoui et al. [7]:

T T
YOr = g(X5") + / Fr, Xp2 Y50, 200 dr + Kp' — K" — / Z:*dBs, P-a.sVs € [t,T]
S S

Yi* > Lb*) P-a.s

T
/ (YA — LYY dK™ =0, P-a.s.
t
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where L5* = h(s, Xﬁz) is a continuous process. Moreover following Lepeltier et al [12], we shall
need to estimate

B[ sup @*("(Ly")7)] = E[ sup @*(e"h(s, X))
t<s<T t<s<T
< Ce2ﬁ1,uTE[ sup (1+ ‘X;’x 2515)]
t<s<T

< O+ [a?),

where C' is a constant which can be changed line by line. By assumption [2.4+(ii), with same
t.x

techniques we get for z € R, E[sup; ¢ ; < 7 ¢*((Ls")")] < 400. Thanks to the assumption [2.1]
and [2.2, by the equivalence of norms[7 and[8, we have

g(X5*) € L2(Fr) and f(s, X47,0,0) € H(0,T).

By the existence and uniqueness theorem for the RBSDE in [12], for each (t,x), there exists a
unique triple (Y%, Z4% K%%) € S%(¢,T) x H3(t,T) x A%(t,T) of {F!} progressively measurable
processes, which is the solution of the reflected BSDE with parameters (g(X%z), f(s, X5y, z),
h(s,Xﬁ’m))We shall give the probabilistic interpretation for the solution of PDE with obstacle

3).

The main result of this section is

Theorem 5.1. Assume that assumptions 2.112.5 hold and p(x) = (1 + |z|)~P with p > v where
v =P+ B+ d+ 1. There exists a pair (u,v), which is the solution of the PDE with obstacle
(3) associated to (g, f,h) i.e. (u,v) satisfies Definition [2.2-(i) -(iii). Moreover the solution is
given by: u(t,z) = Yf’gg, a.e. where (Y;t’gg, zb K§$)t < s < T s the solution of RBSDE (24), and

Y;t@ _ U(S,Xﬁ’z), Z;,x _ (U*VU)(S,X;’:B)' (25)

Moreover, we have for every measurable bounded and positive functions ¢ and i,

T T
[ ot 2@t oo (aldvis) = [ [ os.0)0ts, XKL, .
Rd J¢ Rd J¢
(26)
If (w, V) is another solution of the PDE (3) such that U satisfies (26) with some K instead of K,

where K s a continuous process in AQf(t, T), thenu=wu and v = v.

Remark 5.1. The expression (26) gives us the probabilistic interpretation (Feymamn-Kac’s
formula) for the measure v via the increasing process K4 of the RBSDE. This formula was
first introduced in Bally et al. [1], where the authors prove (26) when f is Lipschitz on y and
z uniformly in (t,w). Here we generalize their result to the case when f is monotonic in y and
Lipschitz in z.

Proof. As in the proof of theorem [4.1/in section 4, we first notice that (u,v) solves (3) if and
only if
(A(t,x),dv(t,x)) = (eMu(t, ), e dv(t, x))

is the solution of the PDE with obstacle (g, f,ﬁ), where g, f are defined as in with

h(t,z) = e’ h(t, z).
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Then the coefficient f satisfies the same assumptions in assumption 2.3/ with (iii) replaced by
(12), which means that f is decreasing on y in the 1-dimensional case. The obstacle h still
satisfies assumption 2.4, for © = 0. In the following we will use (g, f, h) instead of (g, f,h), and
suppose that (g, f, h) satisfies assumption 2.1} 2.2,(2.4, and [2.3 with (iii) replaced by (12).

a) Existence : The existence of a solution will be proved in 4 steps. From step 1 to step 3,
we suppose that f does not depend on Vu, satisfies assumption 2.3’ forn =1, and f(t,z,0) €
L2([0,T] x R, dt ® p(x)dx). In the step 4, we study the case when f depend on Vu.

Step 1 : Suppose g(z), f(t,x,0), h™(t,x) uniformly bounded i.e. that there exists a constant
C such that

lg(z)|+ sup |f(t,z,0)]+ sup h*(t,z)<C.
0<t<T 0<t<T

We will use the penalization method. For n € N, we consider for all s € [t,T],
T T T
Y = g(Xp°) + / flr, XP5, Y0 dr +n / (Y,0% — h(r, X2%)) " dr — / Z A B,.
S S S

From Theorem [4.1 in section 3, we know that w,(t,z) := ¥;""", is solution of the PDE(g, f,),
where f,(t,z,y,x) = f(t,x,y,z) +n(y — h(t,z))", i.e. for every ¢ € Ccl’oo([O,T] x R%)

T T
/t (u, 0u8)ds + (W (£, ), &t 7)) — (9(-), B(-. T)) + / Eu, du)ds
T T
- / (f(s,-ul), 6o)ds + 1 / (" — B (5. ), 6s)ds.

Moreover
Y;n,t,:v — un(S,Xg’x), Z;z,t,a: = U*V’Lbn(SaX;’x), (27)

Set Kih* = n/ (Y5 — h(r, X5®))"dr. Then by (27), we have that Ki"" = n/ (up —
¢ t
R)™ (r, XL dr.

Following the estimates and convergence results for (Y™4% Z™4%) in the step 1 of the proof of
Theorem 2.2 in [12], for m, n € N, we have,as m,n — oo

T T
2 2 2
E / Y — Y T ds + B / | Zphe — Z0 | ds + B sup |[KPPT — K0T — 0,
t t t<s<T

and
supE/ ’Yn,t,m‘ + |Znt:s| + nt:p)Q) < C.
n 0

By the equivalence of the norms (8]), we get
/ / )([tn (8, 2) — (s, 2)|* + |0* Vi (s, ) — 0"V (s, )|*)dsdz
Rd
E/ ‘Yn,t,:c Ymtw‘ +|Zntx Zm,t,z‘ )deiL’—>0
k'g Rd
Thus (uy,) is a Cauchy sequence in H, and the limit v = lim,,_~ u, belongs to H.
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Denote v, (dt,dz) = n(u, — h)~ (¢, x)dtdx and m,(dt,dz) = p(x)v,(dt,dx), then by (7)

([0, T] x RY) = /Rd/ &) v (dt, dx) /Rd/ Uy — )~ (t, z)dtdz

‘Knox de < C [ p(x)dr < 0.
Rd

N

k‘2
It follows that
sup 7, ([0, 7] x R?) < oc. (28)

In the same way like in the existence proof step 2 of theorem 14 in [1], we can prove that

7,([0,T] x RY) is bounded and then =, is tight. So we may pass to a subsequence and get

7rn — 7 where 7 is a positive measure. Define v = p~lm; v is a positive measure such that

fo Jga p(x)dv(t, x) < co, and so we have for ¢ € C’1 ([0, T] x R?) with compact support in z,

Jul o= L] L] o o

Now passing to the limit in the PDE(g, f,,), we check that (u, v) satisfies the PDE with obstacle
(g, f,h), i.e. for every ¢ € Co™([0,T] x RY), we have

T T
/ (us,83¢)ds+ (U(t,'),(ﬁ(t, )) - (g()7¢(7T)) + / 8(u87¢8)d3
tT . t
- / (F(5,1us), d)ds + / &5, 2)Lueny (5, 2)dv(x, ). (20)
t t R4

The last is to prove that v satisfies the probabilistic interpretation (26). Since K™"* converges
to K% uniformly in ¢, the measure dK™"* — dK%* weakly in probability.

Fix two continuous functions ¢, ¥ : [0,7] x R? — R* which have compact support in = and a
continuous function with compact support 6 : R* — R*, we have

T ~ ~
L[ o6 R0 (R8i(s, )0 @)av(s. )

4 vt.x vt.x W) (t X
= lim /Rd/t d(s, XU J(X")(s, z)0(x)n(u, — h)™ (t, z)dtd

T
= Jim [ [ o)l XENOCE (s — 1) (0, X0 drd
R2 J¢t

n—o0

T
= Jin [ [ ol XEMpX AR s
n—00 Jrd J¢

T
- //¢(S’m)w(&Xé’x)e(Xﬁ’m)dK?xdm_
R Jt

We take 8 = 6 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

T T
vt vt.x _ t.x t,x
L[ ot Xmi@mpeaas = [ [ oot Xtz @0
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Since (Yi""*, 2" KM converges to (Y&, Z4" KY™) as n — oo in S2(t, T)xH2(t,T) x
A2(t,T), and (Y&, Z6", KLY is the solution of RBSDE(g(X%x), f,h), then we have

T T
/ (VI — L5 dKL® = / (w— h)(t, XL")dKL" = 0, a.
t t

it follows that dKs® = 1g,—py (s, Xs*)dK ", In (30), setting v = 1;,, yields

T T
L] ot R @ sa)dvisa) = [ [ ot X052 av(s.2), s

Note that the family of functions A( ) = {(s,x) — ¢(s,XL") : ¢ € C>} is an algebra which
separates the points (because x — X is a bijection). Given a compact set G, A(w) is dense in
C([0,T] x G). It follows that J(X! Nyu=ny(s,2)dv(s,z) = J(X5™)dv (s, z) for almost every w.
While J(X5") > 0 for almost every w, we get dv(s,z) = Liu=ny(s,7)dv(s, x), and (26) follows.

Then we get easily that Y = u(s, X0¥) and Z0" = 0*Vu(s, X1), in view of the convergence
results for (Y7"%*, Z""") and the equivalence of the norms. So u(s, X¢*) = Y&* > h(t,x).
Specially for s = ¢, we have u(t,z) > h(t,z)

Step 2 : As in the proof of the RBSDE in Theorem 2.2 in [12], step 2, we relax the bounded
condition on the barrier h in step 1, and prove the existence of the solution under assumption

2.4,

Similarly to step 2 in the proof of theorem 2.2 in [12], after some transformation, we know that
it is sufficient to prove the existence of the solution for the PDE with obstacle (g, f, h), where
(g, f, h) satisfies

g(z), f(t,2,0) <0,
Let h(t,z) satisfy assumption 2.4/for 1 =0, i.e. ¥(t,z) € [0, T]x, R
p(h(t,2)") € LA(RY; p(z)dz),
and
h(t, )| < r(1+ |2|”).

Set
hn(t,z) = h(t,x) An,

then the function &, (t, ) are continuous, supy < ; < 7 hyi (£, ) < n, and hy(s, Xg™) — h(s, Xo7)
in S%(¢,T), in view of Dini’s theorem and dominated convergence theorem.

We consider the PDE with obstacle associated with (g, f, hy,). By the results of step 1, there
exists (up, ), which is the solution of the PDE with obstacle associated to (g, f, hy), where
un € H and v, is a positive measure such that fOT fRd p(x)dvy,(t,x) < co. Moreover

Yntx_un( Xta:) Zntw_o_ Vun( Xta:)
/ / o(s X“" th)z/)(s )y, =h, 3 (8, 2)dvn (s, ) / / B(s, 2)p(s, X0 )dK™ " du,
Rd Rd

(31)

1052



Here (Y™0% Zmbe K42 is the solution of the RBSDE(g(X;lx), f,hyn). Thanks to proposition
[6.1 in Appendix, and the bounded assumption of g and f, we know that
r 2 2 0,22
B[ (] + 220 s + (0]

<COA+E[Q* sup hHE X))+ sup (hH(t X)) (32)
0<t<T 0<t<T

SO+ |27 + |2).

By the Lemma 2.3 in [12], ;""" — V&% in S§%(0,T), 285" — Z6% in H3(0,T) and K§"* — Kb°
in A%(0,T), as n — oo. Moreover (Yy*, Z¢" K¢) is the solution of RBSDE(g(X%"), f, k).

By the convergence result of (Y2""*, Z#**) and the equivalence of the norms (8), we get

T
/d p(x)/ (Jtn(t, 2) — wm (t, 2)|* + |0*Vun (s, 2) — 0* Vi (s, 2)|*)dsdz
R ¢
1 T 2 2
< o | p@E / (|yebr — ybe|® 4 | Z0be — 72707 dsdz — 0.
2 JRY t

So {uy} is a Cauchy sequence in H, and admits a limit « € H. Moreover " = u(s, X0*), ZL% =
o*Vu(s, Xo"). In particular u(t, z) = V" > h(t, z).

Set T, = puy, like in step 1, we first need to prove that 7, ([0, 7] x RY) is uniformly bounded.
In (31), let ¢ = p, ¥ = 1, then we have

T T
/ / /0()(2»95)J()(g:f’«“)dl/n(s7 x) = / / p(a:)dK;“Ovl“dx_
R2 JO rd Jo

Recall Lemma [3.2: there exist two constants ¢; > 0 and ¢z > 0 such that Va €e R, 0 <t < T

0,z v 0,z
o1 < E p(t, Xy ) J(X) < c.
p(z)
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Applying Holder’s inequality and Schwartz’s inequality, we have

([0, T] x R%)
_ /R d / ) (dt, dz)
-/ /0 P al f;)% @A R TR )
< E[(/Rd /OT p(t,)?figg()??@) (2)vp(dt dm) (/Rd/ (t, XDT) T (X0 Y (d, dx)) ]
< (E L[ o )A(toiff}( Xto,m)mx)un(dt,dx)) 5 N Tp(t,)??’%Jo??@)un(dt,dx))%

- </]Rd/ ( XO xf}(f(?x) p(x)vy(dt, dac))é (/Rd E/OT dKf’O’zp(:r)dx>é
< (01 /Rd/ z)vnldt dx)>2 ( /R . p(x)E[K;vax]dx)‘l’

So by (32) and (7), we get
supm (07 x B < C [ ool e (33)
< 0/ )1+ |2 + |2)%)dz < oo.

Using the same arguments as in step 1, we deduce that m, is tight. So we may pass to a
subsequence and get m, — 7 where 7 is a positive measure.

Define v = p~!m, then v is a positive measure such that fOT Jga p(x)dv(t,z) < co. Then for

¢ € C([0,T] x R?) with compact support in z, we have as n — oo,

[ foone [ [ [ [ [ [

Now passing to the limit in the PDE(g, f, h,), we check that (u,v) satisfies the PDE with
obstacle associated to (g, f, h), i.e. for every ¢ € Ca™([0,T] x R%)

T T
/ (s, Be)ds + (ut, ), 6(2, ) — (9(-), (- T)) + / £ (g, 65)ds
tT T
- / (5,1 us), d)ds + / O(5,2) Ly oz, 5). (34)
t t R4

Then we will check if the probabilistic interpretation still holds. Fix two continuous func-
tions ¢, 1 : [0,T] x R* — RT which have compact support in 2. With the convergence result of
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K™4% which implies dK™"* — dK"* weakly in probability, in the same way as step 1, passing
to the limit in (31) we have

T T
vtz vt,x _ t,x t,x
/R d / o(s, R0 T (RE7)p(s, 2)du(s, z) /R d / o5, ), X1) K o

Since (Yst’x, Zﬁ’x,Kﬁ’z) is the solution of RBSDE(g(X?m), fyh), then by the integral condition,
we deduce the dK* = Liu=ny (s, XU")dKY®. In , setting 1 = 1g,—py yields

T T
L[ ot Rena @ s avisn) = [ [ os, IR au(s. ),
Re Jt R% Jt
With the same arguments, we get that dv(s,z) = 1g,—p)(s,z)dv(s,x), and (26)holds for v and
K.
Step 3 : Now we will relax the bounded condition on g(x) and f(t,z,0). Then for m,n € N, let

gman(x) = (g(x) An)V (=m),
fm,n(taxay) = f(t,x,y)—f(t,x,0)+(f(t,x,0)/\n)\/(—m).

S0 gmn(x) and fp, n(t, x,0) are bounded and for fixed m € N, as n — oo, we have

Ima(@) = gm(x) in LX(R?, p(z)dz),
fmn(t,z,0) —  f(t,z,0) in LQ([O,T]de,dt ® p(z)dr),

where

gm(x) = g(x) Vv (=m),
fmtz,y) = ftz,y) = f(t2,0)+ f(E,2,0)V (=m).

Then as m — oo, we have

gm(z) — g(z) in LA(R?, p(z)dz),
fm(t,2,0) —  f(t,2,0) in L2([0, T]|xR%, dt @ p(z)dz),

in view of assumption 2.1l and f(t,z,0) € L2([0,T] x R?, dt ® p(x)dz).

Now we consider the PDE with obstacle associated to (gmn, fmn,h). By step 2,
there exists a (Umn,Vm,n) which is the solution of the PDE with obstacle associated to
(9mon, fmn, h). In particular the representation formulas and are satisfied. Denote
by (Yt zmnte gmnbr) the solution of the RBSDE (gmm(Xép’x), fnsh).

Recall the convergence results in step 3 of theorem 2.2 in [12], we know that for fixed m € N, as
n — oo, (Ya™he, Z b KT s (YN Z8T KTV5T) in S2(0, T) x H2(0, T) x A%(0,T),
and that (Yi™"", Z8""* K{5") is the solution of RBSDE(gy (X %), fm, h).

By It6’s formula, we have for n,p € N,

T
E/ (‘Ysmynzt’z _ Ysmapzt»z 2 _|_ ‘Z;n7n»t7x _ Zgn’yp’t:x‘Q)dS
t

< CBgma(X5") = gmp(XE)

2 T
L CE / [ Fnin (5, X5%0) — fon (s, X%, 0)| s,
t
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so by the equivalence of the norms (7) and (8), it follows that as n — oo,

/ / )([umn(t, ) — um7p<t7$)‘2 + 0"V n(s,z) — O'*V’u,mm(s?x”z)dgdx
Rd
Ck Ck
< lwl/de(a:) |9mn (%) = gmp(@)|* dz + 1/ / ) foun(5,2,0) — Fonn (5,2, 0) dsda — 0.

i.e. for each fixed m € N, {uy,} is a Cauchy sequence in H, and admits a limit u,, €
H. Moreover Y{™"" = w,,(s, Xe"), Z8"" = 0"V, (s, Xe"), a.s., in particular w,(t,z) =
YN > h(t, ).

Then we find the measure vy, by the sequence {vp, ,,}. Set T, n = pm.n, by proposition 6.1 in
Appendix, we have for each m,n e N, 0 <t < T

2 T
B el) < CEIgR () + [ Fas X005+ G s (W(5,XE7)

t<s<T

+ sup (hT(s, X7))% + 1+ ¢*(27)]

t<s<T
T
< Eg(Xfr’x)er/ f2(s,X57,0,0)ds +o*( sup (hT(s, X1")))
0 0<s<T
+ sup  (BT(s, XD"))2+ 1+ @*(27)]
0<s<T
< CO+ 2?58 + |2]%). (35)

By the same way as in step 2, we deduce that for each fixed m € N, 7, ,, is tight, we may pass to a
subsequence and get 7, , — T, where m,, is a positive measure. If we define v, = p~ ', then

Vi 18 a positive measure such that fOT Jga p(@)dvm (t, ) < 0o. So we have for all ¢ € C([0, T]xR?)
with compact support in x,

[ fstam | St [ S [ [

Now for each fixed m € N, let n — oo, in the PDE(gpm n, fr,n, h), we check that (um,vm)
satisfies the PDE with obstacle associated to (g, fm,h), and by the weak convergence result of
dK™™b% we have easily that the probabilistic interpretation holds for v, and K™.

Then let m — oo, by the convergence results in step 4 of theorem 2.2 in [12], we apply the
same method as before. We deduce that limy, ooty = u is in H and Y&* = u(s, X07), Z4* =
o*Vu(s, Xb"), a.s., where (Y%, Zb% K') is the solution of the RBSDE(g, f, h), in particular,
setting s = t, ut,z) = Y;"* > h(t, z).

From (35), it follows that
E[(K7™"")%) < C(L+ [« + J2]*7).

By the same arguments, we can find the measure v by the sequence {v,,}, which satisfies that
for all ¢ and 1 with compact support,

r ot ot ! t ¢
L[ o Xt atpmnsadvisa) = [ [ olsajots, Xinarieda,

1056



Finally we find a solution (u, ) to the PDE with obstacle (g, f,h), when f does not depend on
Vu. So for every ¢ € Co>°([0,T] x R%)

T T
/ (U5,85¢)d8+ (U(t,'),¢(t, )) - (g()a(b(aT)) + / g(usv¢s)ds
tT . t
- / (F(5,111s), ba)ds + / &(5,2) L punydi(, 5). (36)
t t R4

Step 4 : Finally we study the case when f depends on Vu, and satisfies a Lipschitz condition
on Vu. We construct a mapping ¥ from H into itself. For some u € H, define

u= (),

where (u, v) is a weak solution of the PDE with obstacle (g, f(t, z,u,ocV@), h). Then by this map-
ping, we denote a sequence {u,} in H, beginning with a function v* € L2([0, T]|xR?, dt®p(x)dz).
Since f(t,z,u,v°(t,r)) satisfies the assumptions of step 3, the PDE(g, f (¢, z,u,v%(¢,2)), h) ad-
mits a solution (uj,v1) € H. For n € N, set up,(t, ) = ¥(up—1(t, x)).

Symmetrically we introduce a mapping ® from H?(t,7) x H3(¢,T) into itself. For V/®0 =
v0(s, Xb")), then V&* € H2(t,T) in view of the equivalence of the norms. Set

(Yt,z,n’ Zt,m,n) — (I)(}/t,r,n—l7 Zt,x,n—l)’

where (Yh®n zbon Kb®M)is the solution of the RBSDE with parameters g(Xy"),
Fls, XE7 ", ZE"" 1) and (s, X57). Then YA = u, (s, X57), ZV"" = 0*Vu, (s, XE7) as.

and
! Xt ot T t t
/Rd/t B(s, Xg*) J(Xg)(s, ) Ly—py (s, 2)dvyn (s, 7) = /Rd/t B(s,2)(s, X0P)dKE5 " da.

Set Un(t,r) 1= unp(t,r) — up—1(t,r). To deal with the difference u,, we need the difference
of the corresponding BSDE, denote yhon = yben _ yben-l o gten . ghon - gtensl
Kb = g0 — KG9 T follows from It6’s formula, for some «, v € R,

~ 2 T - 2 . 9
e E ’Y;t,a:,n + E/ el (’7 ‘Yrt,z’m + ‘Z;E,a:,n )d?“
S

T k2~ 2 . 2
< E/ e’yr(f ‘Y-Tt,x,n Lo Z;}x,n—l‘ )dT’,
s «Q

since
/T vt -t
e'erT ,:v,ndKr,x,n
s
T T
— / e’y'r(y;t,:c,n _ h(?“, Xﬁ,w))th,:v,n +/ evr(yvst,x,n—l _ h(’l", Xﬁ,a:))th,x,n—l
s s

T T
_/ e’yr(y;t,xm o h(’l“, X:,x))th,x,n—l + / e’yr(y;t,z,n—l _ h(?", Xﬁ,z))th,x,n
s s

< 0.
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then by the equivalence of the norms, for v =1 + 1 k‘2 we have
T
/ |t + 1079 ) .20 ol
Rd

-1 /R d / ([T (s, 0) | + |0"V (@) (5, ) 2) p(er) sl

< (2) (s, )15 + lluz(s, 2)13).

where ||u|]3 = Jpa ftT e (|u(s, 2)|* + |0*Vu(s, z)|*)p(2)dsdz, which is equivalent to the norm
Il of H. So {uy} is a Cauchy sequence in H, it admits a limit « in H, which is the solution to
the PDE with obstacle (2). Then consider o*Vu as a known function by the result of step 3, we
know that there exists a positive measure v such that fOT Jga p(x)dv(t,z) < oo, and for every

¢ € C2([0,T] x RY),
T T
/t (s, Ou)ds + (u(t, ), 3(2, ) — (9(), (- T)) + / € (g, 65)ds

T T
= [ oV odds+ [ [ s undv(z.s), (37)
t t Jr
Moreover, for t < s < T,
VI = (s, XE®), Z5* = 0*Vu(s, X17), as.a.e.,

and

T
/ / o5, 07) T (KUY (5,2) Ly (5, 2) (s, )
Rd J¢

/Rd /t ! (s, )b(s, XETVAKE

b) Uniqueness : Set (u,7) to be another solution of the PDE with obstacle (3) associated to
(g, f, h); with T verifies (26) for an increasing process K. We fix ¢ : R — R, a smooth function in
C2(R?) with compact support and denote ¢y (s, z) = ¢(X5%)J(X5"). From proposition 3.1, one
may use ¢(s,x) as a test function in the PDE(g, f, h) with 0s¢(s, z)ds replaced by a stochastic
integral with respect to the semimartingale ¢;(s,z). Then we get, for t < s < T

T
/R [ oo + (@), 61(5.) = (al0) / £y, b )dr (38)
T T
/s y f(r, @, a(r, z), o*Va(r, z)) by (r, -)dr+/s /Rd ¢1(r, ) Lg=pydv (2, ).

By in Lemma (3.1} we have

/Rd /STUdr¢t(T,m)d:c _ /ST( /Rd(a*w)(m) 4405, 2)di5)dB,

+ /ST /IR{d ((U*Vu)(a*v¢r) + QStV((%U*VU + b)u)> dxdr.
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Substitute this equality in (38), we get

T
| asaatois = 6006 - [ (] @V,

S

T T
+/ flr,z,u(r,x), o*Vu(r, x))é (s, - )dr —I—/ / ¢e(r, ) Lgg—pydv(, 7).
Rd Js s JRA
Then by changing of variable y = X5 and applying (26) for 7, we obtain
[ ats. Xt 6()dy
R4

= / g(X)e( dy+/ o(y) f(s, XLV q(s, XbY), o*Vau(s, X1V)ds

T
" / L ot X8 ay = [ ([ "V Xi)o)anaB,

Since ¢ is arbitrary, we can prove that for p(y)dy almost every y,
(u(s, XY, (0* V) (s, XLY), Ktx) solves the RBSDE(g(Xf,’,y),f, h). Here KY* =
fts Lig=ny (1, Xr’y)dKiy. Then by the uniqueness of the solution of the reflected BSDE,
we know (s, Xi¥) = YV = u(s, X0"), (0*Va)(s,XLY) = ZY = (6*Vu)(s, XY) and
K'Y = K'Y, Taking s = ¢ we deduce that u(t,y) = u(t,y), p(y)dy-a.s. and by the probabilistic
interpretation (26), we obtain

/ /¢t 7, %)L gopy (r, @)dv(z, r) / /fﬁt 7, 2) Ly (r, 2)dv (2, 7).
So 1g—py(r, 2)dv(x, 1) = 11y—py (r, 2)dv (2, 7). -

6 Appendix

6.1 Proof of proposition

First we consider the case when f does not depend on z and satisfies assumption|2.3”. As in step
2 of the proof of theorem 4.1, we approximate g and f as in (18), then g, — ¢ in L2(R?, p(z)dx)
and f,(t,x,0) — f(t,z,0) in L2([0,T] x RY, dt ® p(z)dz), as n — oo.

Since for each n € N, |g,| < n and |f,(t,2,0)| < n, by the result of the step 1 of theorem 4.1,
the PDE(gn, fn) admits the weak solution u,, € H and supy ¢ ; < 1 [un(t, )| < Cy. So we know

| fult, zoun(t,2))* < |fult,2,0)> + o sup Jun(t @) < G

XU

Set Fy,(t,7) := fult,z, uy(t,z)), then F,(t,z) € L2([0,T] x R", dt ® p(x)dx).
From proposition 2.3 in Bally and Matoussi [3], for ¢ € C2(R9), we get, for t < s < T

T
[ [ et )i+ s, 6105, = n 60T + [ Sl D
/]Rd i f(ryx,un(r, ) ée(r, x drdx—i—/ /S (fu(r,z,0) — f(r,z,0))¢(r, x)drdz.
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By step 2, we know that as n — oo, u, — u in H, where u is a weak solution of the PDE(g, f),
i.e.

u, — uinL2([0,T] x RY, dt ® p(x)dz),
o*Vu, — Vuin L2([0,7] x R, dt @ p(x)dz).

Then there exists a function u* in L2([0,7] x R dt ® p(z)dx), such that for a subsequence
of {un}, |un,| < |u*| and u,, — u, dt ® dz-a.e. Thanks to assumption 2.3"-(iii), we have
that f(r,x,uy(r,z)) — f(r,z,u(r,z)), dt ® dr-a.e. Now, for all compact support function
¢ € C2(RY), the second term in the right hand side of (39) converge to 0 as n — oc and it is not
hard to prove by using the dominated convergence theorem the term in the left hand side of (39)
converges. Thus, we conclude that lim, .o [a fST f(ryx un(r, z))é(r, x)drdx exists. Moreover
by the monotonocity condition of f and the same arguments as in step 2 of the proof of theorem
4.1, we get for all compact support function ¢ € C2(R?)

T T

/R/ u(r,2)den(r, 2)dz + (uls, ), (s, ) = (9(), 6o, T) + / E(u(r, ), éu(r, ))dr
T

/ fryz,u(r, )¢y (r, x)drdz .

R4 Js

Now we consider the case when f depends on Vu and satisfies the assumption 2.3 with (iii)
replaced by (12). Like in the step 3 of the proof of theorem 4.1} we construct a mapping ¥
from H into itself. Then by this mapping, we define a sequence {u,} in H, beginning with
a matrix-valued function v° € L2([0,T] x R™ 4 dt ® p(x)dx). Since f(t,z,u,v"(t,z)) satisfies
the assumptions of step 2, the PDE(g, f(t, z,u,v%(t,2))) admits a unique solution u; € H. For
n € N, denote

un(t7 1‘) - \Ij(un—l(ta 1‘)),

i.e. uy is the weak solution of the PDE(g, f(¢,z,u, 0*Vup_1(t,x))). Set Uy, (t,x) := up(t,z) —
Up—1(t,x). In order to estimate the difference, we introduce the corresponding BSDE(g, f,)
for n = 1, where fu(t,z,u) = f(t,x,u, Vun_1(t, ). So we have YI"'" = w, (s, X1, Z00" =
oVn(s, X5%). Then we apply the Itd’s formula to [Y™%|2) where Y0 .= yub — yrmbbe,

With the equivalence of the norms, similarly as in step 3, for v =1+ le k2, we have

T
/R s ) + 1oV ) o) Pt s
- 1/Rd/ $(|a(s, )| + |0V (@) (s, 2)|?) p(a)dsda

< (2) (s, )15 + Iluz(s, 2)113).

where ||u||3 = Jpa ftT e (lu(s, z)|* + |0*Vu(s, z)|?)p(z)dsdz, which is equivalent to the norm
I|I]| of H. So {uy} is a Cauchy sequence in H, it admits a limit u in H, and by the fixed point
theorem, w is a solution of the PDE(g, f).
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Then for each n € N, we have for ¢ € C2(R9)
T T
[ [ wnlrcoddontr)ds + (s, 61(5.9) = (0Chn( ) + [ Elunlrs ), on(r
Re Js s
T
= / f(ryz,un(r,x), 0" Vun_1(r,x)) o (r, x)drdx
Rd Js
= / ! f(ryz,un(r,z), o*Vu(r,x))é(r, z)drdz
R4 Js

T
—l—/ / [f(ryx,up(r,x), 0" Vup_1(r,x)) — f(r,z,un(r,x),c"Vu(r, z))|¢(r, x)drdz.
Rd Js
Noticing that f is Lipschitz in z, we get
lf(r,z,un(r,z), 0" Vup_1(r,z)) — f(r,z,up(r,x),c"Vu(r,z))| <klo*Vuy_1(r,x) — c*Vu(r,z)|.

So the last term of the right side converges to 0, since {o*Vu, } converges to o*Vu in L2([0,T] x
R, dt @ p(z)dz). Now we are in the same situation as in the first part of proof, and in the same
way, we deduce that the following holds: for ¢ € CZ(R?)

’ T
/Rd/ u(r, z)dey(r, x)dz + (u(s, ), de(s, ) — (9(-), (-, T)) +/ E(ur, ), d(r, ))dr
T
= /]Rd/ foryz,u(r,x), o™ Vu(r, z)) oy (r, x)drde, dt @ dx, a.s..

Now if f satisfies assumption 2.3, we know that u is solution of the PDE(g, f) if and only if
@ = ety is solution of the PDE(g, f), where

g(a) = e Tg(a), ft,z,y,x) = e f(t,z, ey, e 2) — py,

and [ satisfies assumption 2.3-(iii) replaced by (12). So we know now: for ¢ € C2(R%),
T T
L, [ ot + s, inls ) = GO0 T + [ £l ontrar
T ~
= / flryz,a(r, ), Vu(r,z)) g (r, x)drdz, dt @ dz, a.s..
Rd Js

Notice that d(e* u(r,z)) = pet" u(r, z)dr + e*"d(u(r, z)), so by the integration by parts formula
(for stochastic process), we get

T
/Rd/s u(r, x)do(r, x)dx
T
= /Rd/s e M u(r,x)doy(r, x)dxdr
T
= TGO AT s ) s )+ [ [ ) adedr
T ~
—/ /Rd e Moy (r,z) [ Lu(r,x) + f(r,z, u(r,x), Vu(r, z))|drdx.
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Using (11), we get that for ¢ € C?(R%),
T T
L[ utraasirands = @061 ~ (s onts) = [ [ ontrn)Lutrwpdrds
Rd Js s Rd
T
—|—/ /]Rd or(ryx) f(r,z,u(r,x), Vu(r, z))drde
T
= (9(),0¢(.T)) — (u(s, ')7¢t(87'))—/ Eu(r,-), d(r,-))dr

+/ST /Rd b1(r, ) F(r, 2, u(r, 7), Vu(r, ))drdz,

and finally, the result follows. O

6.2 Some a priori estimates

In this subsection, we consider the non-markovian Reflected BSDE associated to (&, f, L) :

T T
}/;fzé‘i‘/ f(t7}/S7ZS)d8+KT_Kt_/ st-887
t t

Y;€>Lta
T
/(n—Lgﬂgzo
0

under the following assumptions :

(H1) a final condition ¢ € L2(Fr),
(H2) a coefficient f : Qx [0, T] x R x R? — R, which is such that for some continuous increasing
function ¢ : Ry — R, a real numbers g and C' > 0:

(i) f(-,y,2) is progressively measurable, ¥(y, z) € R x R%;

(i) [f(&y,0)] < [f(£0,0)[+@(yl), V(t,y) € [0, T] xR, as.;

(iii) E [ [£(t,0,0)|*dt < oo;
(v) |f(t,y,2) — f(t,y,2)| < Clz— 2|, V(t,y) €[0,T] xR, 2,2/ € R?, aus.

(V) (y - y,)(f(tvyv Z) - f(t7y,’ Z)) < :U’(y - y/)Qa \V/(t, Z) € [0’ T] X Rd’ Y, y/ € ]R7 a.s.

(vi) y — f(t,y,2) is continuous, V(¢,2) € [0,7] x R?, a.s.
(H3) a barrier (L) <+ < 7, which is a continuous progressively measurable real-valued process,
satisfying

E[p*( sup (ML) < oo,
0<t<T
and (Lz_)g <t<TE SQ(O,T), Ly <&, as.

We shall give an a priori estimate of the solution (Y, Z, K') with respect to the terminal condition
&, the coefficient f and the barrier L. Unlike the Lipshitz case, we have in addition the term
E*(supg < ¢ < 7(L{)) and a constant, which only depends on ¢, y, k and T :
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Proposition 6.1. There exists a constant C, which only depends on T, u and k, such that

T T
B sw [P+ [ 12+ ke | <CE[@+ [ P00+ s ()]
0<t<T 0 0 0<t<T

+CE[ sup (L)? +1+%27)).
0Lt T

Proof. Applying It6’s formula to |Y;]?, and taking expectation, then

T T T
E[\Yt\%r/ 1Z,2ds] = E[§\2+2/ st(s,Ys,Zs)ds+2/ LodK,
t t t

T T T
Ellef + 2 / Y, f(s,0,0)ds + 2 / (WY + k|Ya] | Zu))ds + 2 / LK),
t t t

N

It follows that
o 1 (T 2 T 2 o [T r
BV +5 [ |2 ds) < B +2 [ f(5,0,00ds + 2ut1+28) [ VP ds+2 [ LK.
t t t t

Then by Gronwall’s inequality, we have

T T
EVi? < CE[¢f + / £2(s,0,0)ds + / LydKy), (40)
0 0

then - - .
E / Z.*ds < CEi¢[* + / £2(5,0,0)ds + / LK) (41)
0 0 0

where C' is a constant only depends on u, k and T, in the following this constant can be changed
line by line.

Now we estimate K by approximation. By the existence of the solution, theorem 2.2 in Lepeltier
et al. [12], we take the process Z as a known process. Without losing generality we write f(t,y)
for f(t,y, Z;), here f(t,0) = f(t,0, Z;) is a process in H2(0,T). Set

&Mt = (v (=n)) Am,
fmry) = flty) = F(80) + (F(0) V (=n)) Am.

For m, n € N, &™" and supy ;< f™"(t0) are uniformly bounded. Consider the
RBSDE(™™, fmn L),

T T
ymn = gm:"+/ fm’"(t,Ysm’")derK?’"—Ktm’”—/ Z{""dBs,
¢ t
T
Y s L [ LK <o,
0

if we recall the transform in step 2 of the proof of theorem 2.2 in Lepeltier et al. [12], since ™",
fmm(t,0) < m, we know that (V" Z™" K;™") is the solution of this RBSDE, if and only if
(Yt D zmanl ey g the solution of RBSDE(E™™ ) f™™ L), where

v,z K = (" (= 2TV 1), 2 K
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and

gm,n/ — fm’n+2mT—m(T\/1),
frty) = fMMEy - m(t = 2(T V1)) —m,
L, = Li+m(t—2(TV1)).

Without losing generality we set T > 1. Then & < 0 and f™™(t,0) < 0. Since
(ym:m zmn KM s the solution of RBSDE(E™™ ) f™™ L), then we have

T T
K;v_ll,n/ — me,n/ o é-m,n/ _ / fm,nl(s’ Y;m,n/’ Zs)ds + / Z;n’mdBS,
0 0

which follows
2 2 T T 2
B < 4B e P ([ s ymmase + [ zme a2
0 0
Applying It6’s formula to [Y™"[?, like (40) and (41), we have
) T T T
B P4 B [ 1200 ds < CEm P+ [ (o (s,0)ds+ [ Lk
t t t

So

T T
Y5+ / |z Pds = 2|V 4 8m T + B / |2 ds
0 0

N

CE[lg™™

T T
24 / (f™n(s,0)ds)? + / LodEK™] + 8m?T?.
0 0

For the third term on the right side of (42), from Lemma 2.3 in Lepeltier et al. [12], we remember
that

T T ~ T -
( / 7 (s, Y ds)? < max{( / 7 (s, T ds)?, / fr (s T ds)2), (43)

0 0 0

where (Y™™ Z™") is the solution the following BSDE

T _ T _
0 0

and
V" =ess sup B[(L) rary + (™) 1 opy | Fi) = ess sup E[(L,)"|F].

T€Ty,T T€T, T

From (44), and proposition 2.2 in Pardoux [13], we have

T B ) T
B( /0 Frs, Vmmds? < CEle™) + ( /0 £ (5, 0)ds)?]

T
< CE[jemn? +/0 (f™"(s,0))%ds] + C*(2mT) + C'm?.
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For the other term in (43), with supg <, < Y = supy <t <r(Ly)T, we get
T N T
E(/ frr(s, Y ds)? < E[/ 2(f™"(5,0))%ds +2T¢*( sup (Ly)7]
0 0 0<t<T

T
< E[4/ F™(s,0)2ds + 2T@*( sup  (Lg)™)] + 2m2T + 4T (2mT).
0 0<tLT

Consequently, we deduce that

E[(K7"™? = E(KP™))
T T
S CEU&’”’”+/ (fm’”(s,O))st+/ LedK" + @*( sup (Ly)™) +m? + ¢*(2mT)]
0 t 0<t<T
T
< OB+ [ (5.0, Z)Pds + 2 sp (L)F) 4 swp (L)) + JEIREY
0 0<t<T 0<t<T

+C(m? + ¢*(2mT)).

Moreover using and the fact that f is Lipschitz on z, it follows that

(f(5.0,0)%ds +¢*( sup (Le)*)+ sup ((Le)*)? (45)

T
0 0<t<T 0<t<T

BURP™Y) < cElek+ [
T
+ / LsdK,) + C(m?* + ©*(2mT)).
0
Let m — oo, then
2 g 2
Bl =€) = 0.8 [ 1m0 (6.0 = (0 =0,
where §" = &V (—n) and f"(t,y) = f(t,y) = f(t,0) + f(£,0) V (=n).
Thanks to the convergence result of step 3 of the proof for theorem 2.2 in [12], we know that
(ymn, zmn KMy — (Y™, Z" K") in S2(0,T) x H2(0,T) x A%(0,T), where (Y",Z", K") is

the soultion of the RBSDE(£™, f™, L). Moreover K7™ N\, K7: in L*(Fr), so we have K7 < Kilp’",
which implies for each n € N,

E[(K})*] < E[(Kz")’] (46)
Then, letting n — oo, by the convergence result in step 4, since
2 T 2
Bl =1 = 0.8 [ 177(.0) = F10) =0,

the sequence (Y, Z", K") — (Y, Z,K) in S*(0,T) x H3(0,T) x A%(0,T), where (Y, Z, K) is the
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solution of the RBSDE(E, f, L). From (46), and (45) for m = 1, we get

T
E[(Kr)?] < CE[¢) +/0 (f(s,0,0))%ds + <p2(0 sup T(Lt)+) +_suwp T((LO*)Q

T
+/ LydK,] + C(1 4 ¢*(2T))
0
T
< CE[¢?+ / (£(5,0,0)2ds + &2 sup (L)) + sup ((L)H)?)
0 o<t T 0ot T

+%E[(KT)2} + O+ p2(27)).

Then it follows that for each ¢ € [0,T],

T T
BV + [ 1Z.Fds+ (K] < CEER+ [ (460,05 + 6 sup (L))
0 0 0<t<T
+ sup ((Lo)") + C(1+ ¢*(2T)).
0<t<T
Finally we get the result, by applying BDG inequality. O
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