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Stochastic partial differential equations with singular terminal
condition

A. Matoussi * L. Piozin *  A. Popier *

May 18, 2015

Abstract. In this paper, we first prove existence and uniqueness of the solution of a backward doubly
stochastic differential equation (BDSDE) and of the related stochastic partial differential equation (SPDE)
under monotonicity assumption on the generator. Then we study the case where the terminal data is
singular, in the sense that it can be equal to +00 on a set of positive measure. In this setting we show
that there exists a minimal solution, both for the BDSDE and for the SPDE. Note that solution of the
SPDE means weak solution in the Sobolev sense.

Keywords: backward doubly stochastic differential equations, stochastic partial differential equations,
monotone condition, singular terminal data.

Introduction

Backward Doubly Stochastic Differential Equations (BDSDEs for short) have been intro-
duced by Pardoux and Peng [35] to provide a non-linear Feynman-Kac formula for classical
solutions of SPDE. The main idea is to introduce in the standard BSDE a second nonlinear
term driven by an external noise representing the random perturbation of the nonlinear SPDE.
Roughly speaking, the BSDE becomes:

T T - T
(1) Yt=£+/ f<r,n,zr>dr+/ GV 2) 4 r—/ ZodW,, 0<t<T,
t t t

<_
where B and W are two independent Brownian motions, and dB,. is the backward It6 integral.
And the related class of SPDE is as follows: for (¢,z) € [0,T] x R?

T
(2) u(t,z) = h(x) —i—/t [Lu(s,z) + f(s,z,u(s,x), (0" Vu)(s,x))] ds

T
- /t g(S,x,u(s,x),(Vua)(s,l“))(m-

L is a second-order differential operator:

L¢ = bV ¢ + Trace(oo™ D?).
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SPDE are PDE in which randomness is integrated to account for uncertainty. These equations
appear naturally in various applications as for instance, Zakai equation in filtering (26, 27]), in
pathwise stochastic control theory or stochastic control with partial observations [23]. Pardoux
and Peng [35] have proven existence and uniqueness for solutions of BDSDE (1) if f and g are
supposed to be Lipschitz continuous functions and with square integrability condition on the
terminal condition & and on the coefficients f(t,0,0) and g(¢,0,0). Moreover under smoothness
assumptions of the coefficients, Pardoux and Peng prove existence and uniqueness of a classical
solution for SPDE (2) and the connection with solutions of BDSDE (1).

Several generalizations to investigate the weak solution of SPDE (2) have been developed
following different approaches:

e the technique of stochastic flow (Bally and Matoussi [5], Matoussi et al. [30, 31], Kunita
[19], El Karoui and Mrad [15]);

e the approach based on Dirichlet forms and their associated Markov processes (Denis and
Stoica [13], Bally et al. [6], Stoica [39]);

e stochastic viscosity solution for SPDEs (Buckdahn and Ma [10, 11}, Lions and Souganidis
(24, 25]).
Above approaches have allowed the study of numerical schemes for the Sobolev solution of
semilinear SPDEs via Monte-Carlo methods (time discretization and regression schemes: [3, 4,
29]. For some general references on SPDE, see among others [12, 18, 37, 41].
Popier in [36] studied the behavior of solutions of BSDE when the terminal condition is
allowed to take infinite values on non-negligible set i.e.

P(¢{ =400 or £ = —00) > 0.

The generator f is given by: f(y) = —yly|?. A minimal solution is constructed by an non
decreasing approximation scheme. The main difficulty is the proof of continuity of the minimal
solution Y at time 7. In general Y is a “supersolution” and the converse property was proved
under stronger sufficient conditions. Then in [36] the author established a link with viscosity
solutions of the following PDE:

%u + Lu — uful? = 0.

L is a second order differential operator defined by (46). This PDE has been widely studied by
PDE arguments (see among others Baras and Pierre [7] and Marcus and Veron in [28]). It is
shown in [28] that every solution of this PDE can be characterized by a final trace which is a
couple (S, 1) where S is a closed subset of R? and 4 a non-negative Radon measure on R\S.
The final trace is attained in the following sense:

+00 if supp(¢) NS # 0,
}1—% R u(t, @)é(z)d = o(z)p(dx) if supp(¢) C RNS.
R4
Dynkin and Kuznetsov [14] and Le Gall [21] have proved same kind of results but in a proba-
bilistic framework by using the superprocesses theory.

Our main aim is to extend the results of [5] and of [36] for the following SPDE with singular
terminal condition h: for any 0 <t < T

T
u(t,x) = h(:ﬂ)—i—/t (Lu(s,z) — u(s,x)|u(s,z)|?)ds

T
(3) —|—/t g(S,U(S,CC),O'(S,CC)VU(S,x))(H
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where we will assume that S = {h = +o00} is a closed non empty set. Roughly speaking we
want to show that there is a (minimal) solution w in the sense that

e v belongs to some Sobolev space and is a weak solution of the SPDE on any interval
[0,T — 0], > 0,

e v satisfies the terminal condition: u(¢,x) goes to h(x) also in a weak sense as ¢ goes to T'.

There are here two main difficulties. First we have to prove existence and uniqueness of the
solution of a BDSDE with monotone generator f. To our best knowlegde the closest result on
this topic is in Aman [1]. Nevertheless we think that there is a lack in this paper (precisely
Proposition 4.2). Indeed for monotone BSDE (g = 0) the existence of a solution relies on the
solvability of the BSDE:

T T
n=£+/ f(r,mdr—/ Z.dW,. 0<t<T.
t t

See among other the proof of Theorem 2.2 and Proposition 2.4 in [34]. To obtain a solution
for this BSDE, the main trick is to truncate the coefficients with suitable truncation functions
in order to have a bounded solution Y (see Proposition 2.2 in [9]). This can not be done for a
general BDSDE. Indeed take for example ({ = f =0 and g = 1):

T T
<_
Yt:/ dBT—/ Z,dW, = By — B;, 0 <t <T,
t t

with Z = 0. Thus in order to prove existence of a solution for (1), one can not directly follow
the scheme of [34]. And thus Proposition 4.2 in [1] is not proved. The first part of this paper
is devoted to the existence of a solution for a monotone BDSDE (see Section 2) in the space &2
(see Definition 1). To realize this project we will restrict the class of functions f: they should
satisfy a polynomial growth condition (as in [9]). Until now we do not know how to extend this
to general growth condition as in [8] or [34]. Moreover under monotonicity assumption on f, we
also prove that the SPDE (2) has a unique weak solution (as in [5]).

The second goal of this work is to extend the results of [36] to the doubly stochastic frame-
work. We will consider the generator f(y) = —yly|? with ¢ € R and a real .FQW -measurable
and non negative random variable £ such that:

(4) P(£ = 400) > 0.

And we want to find a solution to the following BDSDE:

T T - T
(5) Y;f = 5 - / Yts‘ytslqu +/ g(S,Y;,ZS)dBS - / stWs-
t t t

The scheme to construct a solution is almost the same as in [36]. Let us emphasize one of main
technical difficulties. If g = 0, we can use the conditional expectation w.r.t. F; to withdraw the
martingale part. If g # 0, this trick is useless and we have to be very careful when we want
almost sure property of the solution.

Finally this BDSDE is connected with the stochastic PDE (3) with singular terminal condi-
tion h. From the first part of this paper, if h is in L2@tD(R4, p~1dz) or if £ = h(Xélm) belongs
to L2a+D (), then there exists a unique weak solution to (3). Our aim is to extend this when
(4) holds.



The paper is decomposed as follows. In the first section, we give the mathematical setting
and our main contributions. In the next section, we study the existence and uniqueness of
a class of monotone BDSDE and SPDE. In Section 3 we construct a (super)solution for the
BDSDE with singular terminal condition. In Section 4 we prove continuity at time 7' for this
solution under sufficient conditions. Finally in the last part, we connect BDSDE and SPDE
with a singularity at time 7.

1 Setting and main results

Let us now precise our notations. W and B are independent Brownian motions defined on
a probability space (Q, F,P) with values in R? and R™. Let A/ denote the class of P-null sets
of F. For each t € [0,T], we define
Fo=F"VvF

where for any process n, F., = o {nr ns; s <r <t} VN, F = Fg,. Asin [35] we define the
following filtration (G, ¢ € [ ,T]) by
G =F"VvFr

Eis a .FQW -measurable and R¥-valued random variable.
We define by HP(0,7;RY) the set of (classes of dP x dt a.e. equal) N-dimensional jointly
measurable randon processes (Xy, t > 0) which satisty:

T p/2
1. E (/ ]Xt]2dt> < 400
0

2. X; is Gy-measurable for a.e. ¢t € [0,T].

We denote similarly by SP(0,T;RY) the set of continuous N-dimensional random processes
which satisfy:

1. E{ sup |[XiP | < +o0
t€[0,T

2. X, is Gy-measurable for any t € [0, T].

Definition 1
e BP(0,7) is the product SP(0, T;RN) x HP(0, T; RN*4),
o (Y,Z)e€&P(0,T)if (Y,Z) €e BP(0,T) and Y and Z; are Fi-measurable.

Finally CP4([0,T] x R%R¥) denotes the space of RF-valued functions defined on [0,7] x R?
which are p-times continuously differentiable in ¢ € [0, 7] and g-times continuously differentiable
in 2z € R CPY([0, T] x RY; R¥) is the subspace of CP4([0, T] x R%; R¥) in which all functions have
uniformly bounded partial derivatives; and C2([0,7] x R% RF) the subspace of CP4([0,T] x
R Rk) in which the functions have a compact support w.r.t. z € R

Now we precise our assumptions on f and g. The functions f and g are defined on [0,7] x
Q x RN x RV*4 with values respectively in RY and RV*™. Moreover we consider the following
Assumptions (A).



e The function y — f(¢,y, z) is continuous and there exists a constant p such that for any
(ty.y',2) as.
(A1) ly =o', fty,2) = F(Ly,2) < uly =o'

There exists K such that for any (¢,y, z,2') a.s.

(A2) [ty 2) = [ty 2P < Kylz = 2.

There exists C'y > 0 and p > 1 such that
(A3) |f(ty,z) = f(t,0,2)] < Cp(1+[ylP).
e There exists a constant Ky, > 0 and 0 < ¢ < 1 such that for any (¢,v,v/,2,2’) a.s.

(A4) ’g(tayaz) - g(t7y,7z,)‘2 S Kg‘y - y/’2 + 8’2 — Z/’2.

Finally (f(¢,0,0), ¢ > 0) and (g(¢,0,0), t > 0) are F; measurable with for some p > 1

T
(A5) E/ (1£(£,0,0)[2 + |g(t,0,0)?) dt < +o0.
0

Remember that from [35] if f also satisfies: there exists f(f such that for any (¢,y,v', 2) a.s.

(6) fty,2) — fty,2)| < Krly — /|

and if ¢ € L%(Q), then there exists a unique solution (Y, Z) € £2(0,T) to the BDSDE (1). Note
that (6) implies that }
‘f(tayaz) - f(ta 07 Z)‘ < Kf‘y’7

thus the growth assumption (A3) on f is satisfied with p = 1.
In Section 2 we will prove the following result.

Theorem 1 Under assumptions (A) and if the terminal condition £ satisfies
(7) E(¢[?) < +oo,

the BDSDE (1) has a unique solution (Y,Z) € £2(0,T). Moreover if for some p > 1

(8) E < +o0,

T p
KW+<AGﬂuwW+ww&W”“>

then (Y, Z) € £%(0,T).
Using the paper of Aman [1], this result can be extended to the LP case: for p € (1,2), if

T
Ekw+é<umamw+mmamwmﬂ<+m,

there exists a unique solution in EP(0,7"). We also give (for completeness) a comparison result
on the solution of the BDSDE (1) and finally we extend Theorem 3.1 in [5] in the monotone



case. Let us precise here the setting. For all (¢,z) € [0,T] x R? we denote by X*® the solution
of the following SDE:

(9) Xb* = x4 / b(XE")dr + / o(XE)dW,., for s € [t, T,
t t

and X¢* =z for s € [0,]. We assume that b € CZ(R%:R?) and o € CF(R%; R¥*?). We consider
the following doubly stochastic BSDE for t < s < T

T T T
%
(10) YE* =X + [ f Xt Y 2+ [ gt Xt v 2i0 0B, - [z,
S S

S

where h is a function defined on R? with values in R. In order to define the space of solutions, we
choose a continuous positive weight function p : R? — R. We require only that the derivatives of
p are in C} (R4 R) on the set {|x| > R} for some R. For example p can be (1+|z|)*, k € R. We
assume that the functions f : [0, 7] x RE x RY x RV*4 & RN and ¢ : [0, T] x RE x RN x RVxd
RNV*™ are measurable in (t,z,y, z) and w.r.t. (y,2), f and g satisfy Assumptions (A1) to (A4).
The only difference with [5] is that we do not assume that f is Lipschitz continuous w.r.t. y.
We also assume that

T
(11) / {!h(m)ﬁp + / (It 2,0,0)1 +g(t,2,0,0)[*) dt | p~" (w)dx < +o0.
Rd 0
We define the space H(0,7T) as in [5].

Definition 2 H(0,T) is the set of the random fields {u(t,xz); 0 <t < T, x € R} such that
u(t,x) is };?T—measumble for each (t,x), u and o*Vu belong to L*((0,T) x Q x R%; ds @ dP ®
p~Y(z)dz). On H(0,T) we consider the following norm

T
[l =% [ [ (uls.2)? + 10" Ve s )) o7 (@)sda
We summarize our result in the next proposition.

Proposition 1 Under assumptions (A) and if Condition (11) holds, then the random field
defined by u(t,z) = Y;"" is in H(0,T) with

T
(12) E/Rd/o lu(s, z)|?Pp~t(z)dsdz.

Moreover u is the unique weak solution (see Definition 4) of the SPDE (2).

Note that Condition (11) is important to ensure that (12) holds and therefore the quantity
Fy = f(s,z,u(s,x), (0" Vu)(s,z)) is in Hy ,, which is crucial to prove the existence of a weak
solution.

The next sections are devoted to the singular case. The generator f will be supposed to be
deterministic and given by: f(y) = —yly|? for some g > 0. The aim is to prove existence of
a solution for BDSDE (5) when the non negative random variable ¢ satisfies (4). A possible
extension of the notion of solution for a BDSDE with singular terminal condition could be the
following (see Definition 1 in [36]).



Definition 3 (Solution of the BDSDE (5)) Let g > 0 and ¢ a ¥ -measurable non negative
random variable satisfying condition (4). We say that the process (Y, Z) is a solution of the
BDSDE (5) if (Y, Z) is such that (Yz, Z;) is Fi-measurable and:

t t - t
(D1) for all0 <s<t<T:Y;=Y, —/ Y, Y, |4dr —i—/ g(r,Y,, Z,.)dB, —/ ZndW,;
S S S
t
(D2) for allt € [0,T], E < sup |Ys|? —i—/ ||ZT||2d’I“> < +oo;
0<s<t 0
(D3) P-a.s. limY; = ¢&.
t—T
A solution is said non negative if a.s. for any t € [0,T], Y; > 0.

To obtain an a priori estimate of the solution we will assume that g(¢,y,0) = 0 for any (¢,y)
a.s. This condition will ensure that our solutions will be non negative and bounded on any time
interval [0,7 — 0] with § > 0. Without this hypothesis, integrability of the solution would be
more challenging. In Section 3, we will prove the following result.

Theorem 2 There exists a process (Y, Z) satisfying Conditions (D1) and (D2) of Definition 3
and such that Y has a limit at time T' with

lim Y; > €.

fmYiz ¢

Moreover this solution is minimal: if (17, Z) is a non negative solution of (5), then a.s. for any
t, Y > Y.

It means in particular that Y; has a left limit at time 7.

In general we are not able to prove that (D3) holds. As in [36], we give sufficient conditions
for continuity and we prove it in the Markovian framework. Hence the first hypothesis on £ is
the following:

(H1) § = h(X7),

where h is a function defined on R? with values in R+ such that the set of singularity S =
{h = 400} is closed; and where X7 is the value at ¢ = T of a diffusion process or more precisely
the solution of a stochastic differential equation (in short SDE):

t t
(13) Xi=x+ / b(r, X, )dr —i—/ o(r, X, )dW,, for t € [0,T].
0 0

We will always assume that b and o are defined on [0, 7] x R?, with values respectively in R?
and R?* are measurable w.r.t. the Borelian o-algebras, and that there exists a constant K > 0
s.t. for all t € [0, 7] and for all (x,y) € R? x R%:

1. Lipschitz condition:
(L) b(t,x) = b(t,y)| + |o(t,z) —o(t,y)| < K|z —yl;
2. Growth condition:

(G) [b(t, )| < K(1 + [z[) and |o(t, z)| < K(1 + |z]).



It is well known that under the previous assumptions, Equation (13) has a unique strong solution
X.

We denote R = R4\ S. The second hypothesis on ¢ is: for all compact set X C R =
R4\ {h = +oc}

(H2) h(X7)1x(XT) € L' (Q, Fr,P;R).

Unfortunately the above assumptions are not sufficient to prove continuity if ¢ < 2. Thus
we add the following conditions in order to use Malliavin calculus and to prove Equality (55).

1. The functions o and b are bounded: there exists a constant K s.t.
(B) V(t,z) € [0,T] xRY, |b(t, )| + |o(t,z)] < K.

2. The second derivatives of oo™ belongs to L>:
0%oo*

(D) S — € LX((0.T] RY).

3. oo* is uniformly elliptic, i.e. there exists A\ > 0 s.t. for all (t,z) € [0,7] x R%:
(E) Vy € R, oo*(t,z)y.y > Aly|*.

4. h is continuous from R? to R and:

(H3) VM >0, h is a Lipschitz function on the set Oy = {|h| < M} .

Theorem 3 Under assumptions (H1), (H2) and (L) and if
o cither ¢ > 2 and (G);
e or (B), (D), (E) and (H3);
the minimal non negative solution (Y, Z) of (5) satisfies (D3): a.s.
tlgr:ll“n =&

Finally in section 5, we show that this minimal solution (Y, Z) of (5) is connected to the
minimal weak solution u of the SPDE (3). More precisely X is the solution of the SDE (9)
with initial condition x at time ¢ and (Y%, Z%%) is the minimal solution of the BDSDE (5) with

. . sps t,x
singular terminal condition { = h(X;").

Theorem 4 The randon field u defined by u(t,z) = Yf’x belongs to H(0,T — &) for any 6 >
0 and is a weak solution of the SPDE (3) on [0,T — 6] x R%. At time T, u satisfies a.s.
liminf; ,pu(t,x) > h(z).

Moreover under the same assumptions of Theorem 3, for any function ¢ € C°(R?) with
support included in R, then

liny B ( /R d u(t,x)tb(x)dm) _ /R h(a)o(a)da.

Finally u is the minimal non negative solution of (3).

The almost sure continuity of u at time 7T is still an open question. In [36], this property
is proved using viscosity solution arguments (relaxation of the boundary condition). Here we
cannot do the same trick. This point will be investigated in further publications.

In the continuation, unimportant constants will be denoted by C'.



2 Monotone BDSDE and SPDE

As mentioned in the introduction and in the previous section, our first contribution is the
extension of the result of Pardoux and Peng [35] with monotone condition (Al). We begin with
the particular case where f does not depend on z and ¢ is a given random field.

2.1 Case with f(tayv Z) = f<t7 y) and g(t,y,Z) = 0t

In this special case assume that there exists a solution to the BDSDE:

T T, T

(14) Yt:§+/ f(r,Yr)dH/ grdBr—/ ZdW,, 0 <t <T.
t t t

Then we have

t T T T
Yt+/gT§_Br=§+/ gr§§r+/ f(nYr)dr—/ ZpdW,, 0 <t <T.
0 0 t t

Let us define: . .
— —
vi=Yi+ [ 9B =g+ [ 4B,
0 0

t

T T
(15) Ut:§+/ gzb(r,Ur)dr—/ Z,dW,, 0 <t <T.
t t

and

Then (U, Z) satisfies:

The terminal condition ¢ is Gp-measurable and the generator ¢ satisfies the following assump-
tions.

1. ¢ is continuous w.r.t. y and (Al) is true with the same constant p.

2. From (A3), there exists p > 1 such that
(16) |6t y)| < h(t) + Co(1 + |y[”).

where Cy = C f2p*1 and

P

t
h(t) = |£(,0)] + 201 /0 0 dB,

On the solution (U, Z) we impose the following measurability constraints:

(M1). The process (U, Z) is adapted to the filtration (G, t > 0).

(__
(M2). The random variable U; — fg grd B, is F;-measurable for any 0 <t < T.



Let us assume the boundedness hypothesis on &, g and f(¢,0): there exists a constant v > 0
such that a.s. for any t > 0,

(17) €1+ 1f (5 0)] + [ge] < -

Hence for any ¢ > 1
T
E [|§|‘1 + </ |h(t)|th>] < +o00.
0

From [9] or [34] there exists a unique solution (U, Z) € B2(0,T) to the BSDE (15) such that
(M1) holds and

T
E | sup |U* + (/ \ZT\er> < +o0.
t€[0,7] 0
Theorem 3.6 in [9] also gives that
T P
(18) E | sup |Uf]?P + (/ |Zr|2dr> < ~00.
t€[0,7] 0

<_
But we cannot derive directly from this result that (M2) is satisfied, that is Uy — fg grdB,. is
Fi-measurable for any 0 < ¢ < T'. Therefore we follow the proof of Proposition 3.5 in [9] to prove
the existence and uniqueness of the solution (U, Z) with the desired measurability conditions.

Proposition 2 Under Assumptions (A1), (A2), (A3) and (17), there exists a unique solution
(U, Z) € B2°(0,T) to the BSDE (15), such that (M1) and (M2) hold.

Proof. As written before, we sketch the proof of Proposition 3.5 in [9]. The details can be
found in [9] and we just emphasize the main differences. For any n > 1, we define the following

function:
#nltr) _{ w0t y) it h(t) > n.

This function is continuous w.r.t. y and (A1) still holds. Moreover
[Gn(t, )] < ([R(D)] An) + Co(1+[yP?).

Then as in [9], we define N
¢n(t7 ) = Pn * (@q(n)+1(¢n(t7 )))7

where
e g(n) = [e'/?(n +204)V/1+T?] + 1, where [r] stands for the integer part of r;

e O, is a smooth function with values in [0, 1] such that ©,(u) = 1if |u| <n, ©,(u) =0 if
lul >n+1;

e pn(u) = n¥p(nu) with p a C* non negative function with support equal to the unit ball
and such that [ p(u)du = 1.

Since ( is in L(Q) (for any ¢ > 2p) there exists a unique solution (U™, V") € B%(0,T) to the
BSDE (see Theorem 4.2 in [8] or Theorem 5.1 in [16]):

T T
(19) Ut":§+/ ¢n(r,Uﬁ)dr—/ VAW, 0 <t <T.
t t

10



Moreover for some constant K, independent of n

T p
sup |UJ'*P + (/ \Vr"r?dr> ] < K,E
t€[0,T 0

E

1 + (/OT(\h(r)] + 2C¢)dr>2p] .

We have a strong convergence of the sequence (U", V") to (U, Z):

T
sup U —Ug* + (/ |V,,"—Zr|2dr>] =0.
0

te[0,7)

Iim E

n—-+o0o

And (U, Z) is the solution of BSDE (15) satisfying condition (M1) and (U, Z) € B?(0,T).
Now let us come to the measurability condition (M2). Recall that

t
gb(t,y) = f<t’y_\/0 grm’>’
/t grcﬁ
0

and the process f(t,.) is Fi-measurable. Hence for any y and ¢

h(t) = |f(t,0)]+2°7" !

)

t _ t

oty + /0 Gi0By) = put (Ogmrst (Gults )y + /0 0 dB,)
~ t

= /pn(z)@q(n)Jrl <¢n <tay —Zz +/ grgB—r>> dz.
0

- bt n n
b (o o) = 00 = g )

Thus ¢, (t,y + f(f grcm) is measurable w.r.t. the o-algebra F; V o(h(t)1y4)>n). Let us denote

H" = O-(h(t)lh(t)Zn’ 0<t< T)

On(t,y + fot grgB—r) is measurable w.r.t. the o-algebra FJ* = F; V H".
If we define

t

e_

ve=ur- [ g,
0

then . . .
Yt"=s+/ 97E+/ ¢n<r,1¢"+/gs(§s>dr—/ VAdW,, 0 <t <T.
t t 0 t

We claim that Y;" is measurable w.r.t. F; V H". Indeed let us recall that (U™, V"), solution
of (19), is obtained via a fixed-point theorem. We define the map ¥ : B2(0,7) — B2(0,T) by:
(U, V) = ¥(u,v) with

T T
U=+ [ ontruar— [ viaw, 0<isT
t t
By classical arguments (see the details in [16], Theorem 2.1), ¥ is a contraction on B2(0,7)
(under suitable norms) and (U™, V") is the fixed point of ¥. Set (U™™,V™™) for any m €
N as follows: for any ¢, (U7, V") = (f¢g.50,0) and for any m > 1, (U, V) —

11



y(umm=t ymnm=1) " This sequence converges in B2(0,T) to (U™, V™). Therefore Y™ is the
limit in S2(0, 7)) of Y™™ defined by: ¥;"? = 0 and

vom —er [ aBi (o (e s [ g5 dr— [Fn
t _§+ gr 7’+ ¢n 7"7}/7* + gsDg dr_ ‘/;‘ dWr,OStST
t t 0 t

Now Y;*" is trivially F; measurable and

T T r
vy = E [£+/t 9B, Qt] +E [/t Pn (T,an’m“r/o gsE> dr
T
- E[§+/ 9B, Qt] +E[0|G] .
t

From [35] we know that the first term on the right hand side is F; measurable. Assume that
Ytn,rm1 is F¢ VH™ measurable. Since the same holds for ¢, (t, Y+ f(f gsgs), O depends only on

F¥ v FB.vH™ Thus there is no independence between FZ and F; V o(©), but ¥, depends

on FP only through H". Hence Y;"™ is F; V H™ measurable. Passing through the limit, we
obtain the desired measurability condition on Y™.
Now for any m € N, the sequence (Y;”, n > m) depends on the o-algebra

g

FVHn=F v |\ H

n>m

Passing through the limit, we obtain that the limit Y; depends only on F; VH™ = F VvV ﬂ Hon.

meN
The next lemma shows that H*> C Fy. We deduce that Y; is F;-measurable, which achieves the

proof. O

Lemma 1 The o-algebra H™ is trivial: for every A € H™>, A or A°=Q\ A is negligible.
Proof. Recall that f and g are supposed to be bounded by a constant + and

t o |P
/grdBr
0

h(t) = |f(t,0) + 27

Thus for any n

p

to
P sup h(t) >n| <P | sup / grdB,| >21"P(n—~)|.
t€[0,T] t€[0,77 10

The Burkholder-Davis-Gundy inequality shows that

to_|P
E| sup / grdB, < Cp'ypr/Z.
tefo,7] 1J0
And by Markov inequality for n > ~
toe—1P CyyPTP/?
P sup / grdB,| >21"P(n—7)| < 1_1277.
tefo,1] 1o 2177 (n — )

12



Note ¢ = sup;cpo) h(t). Now if A € H", then we have two cases: either the set {¢ < n} is
included either in A or in A°. And if n > m, then {{ < m} C {¢ < n}. Hence if A is in \/ H",

n>m
then {{ <m} C Aor AN{¢ <m}=10. And thus P(A) AP(A°) < C/(m — ) for any m > ~.
Finally if A € H>™ = ﬂ \/ H", then P(A) =0 or P(A) = 1. O
meNn>m
From the previous lemma, if we define

(__

Y;f = Ut - grdBr

S~

we obtain a solution (Y, Z) to the BDSDE:

T T
%
n=£+/ f<r,mdr+/ B,
t t

t

From the boundedness assumption on g and since (U, Z) € B*(0,T), we have:

T
sup |Yt|2p + (/ |Zr|2pdr>
t€[0,7] 0

From the previous proof Y; is Fi-measurable. Then using the same argument as in [35], the
process Z; is also Fy-measurable. In other words (Y, Z) € £2P(0,T).
Now we only assume that for some p > 1

€2 + ( / R |gt|2>dt)p

E < 4o00.

(20) E < +o0.

Lemma 2 Under Conditions (20), the BDSDE (14) has a unique solution (Y, Z) € E%(0,T).
Proof. For any n € N* define ©,, by

y iflyl<mn,
On(y) = n% if ly| > n,

and £" = 0,(8), 97" = On(g) and f"(t,y) = f(t,y) — f(t,0) + O,(f(¢,0)). Thus for a fixed n,
there exists a solution (Y, Z™) to the BDSDE (14) with £", f™ and ¢" instead of £, f and g:

T T T
e_
Y =¢" +/ (Y dr _|_/ grdB, —/ Zraw,, 0 <t <T.
t t t

Define for any n and m

and
AY, =YY" =Y, AZ=7"-27Z"
From the It6 formula with a = 2u + 1, we have:

T T
AV + / T |AZ, [2dr = T AL + 2 / €AY, (f7(s, YIM) — (s, YI"))ds
t t

T T T -
—/ aeas|AYs|2d5—2/ e AY,AZ,dW, —2/ e AY;AgydBg
¢ ¢ ¢
T
+/ €| Ags|*ds.
t

13



From assumption (A1) on f and 2|ab| < a® + b?, we obtain:

T T
e |AY;|? —i—/ eT|\AZ,2dr < T AL —|—/ ™| Af(s,0)|*ds
t t

T T - T
-2 / e AY,AZ dW, — 2 / e**AY,AgsdBg + / €| Ags|?ds.
t t t

Using BDG inequality (see the proof of Lemma 3.1 in [8] for the details) we deduce that there
exists a constant C' depending on p, p and T" such that

T P T T P
(/ |AZT|2dr> sup |AY;|? + </ |Af(s,0)|2ds—i—/ |Ags|2ds> ] .
0 0 0

t€[0,T)
Since p > 1 we can apply It6 formula with the C2-function 6(y) = |y|?" to the process AY.
Note that

21) E < CE

00 020

0 (0) = 2mil?7 % 5 0) = 20l + 20020 — Dl
i i0Yj

where §; ; is the Kronecker delta. Therefore for every 0 <t < T we have:
1 (7 T
(22) e |AY;* + 3 /t e*Trace (D?0(AY;)AZ,AZL) ds = T | AP — /t e |AY, | ds

T
+ / 2pe AV, | AYL[2P-2(f7(s, YI) — f7(s,Y7))ds
t

T

T
—2p / S AY,|AY,| P 2AZ,dW, — 2p / COSAY,|AY, |22 A g dB,
t t

1 (T
+§ / e“*Trace (DQH(AY;)AgSAg:) ds.
t

Remark that
Trace(D?6(y)zz*) > 2ply|*P~2|2|°.

Moreover from assumption (A1) on f and Young’s inequality we obtain:

T
/ 2pe™ AY| AYS|2P 2 (™ (s, Y) — f™(s,Y))ds
t

T T
< / 2ppe® | AY,[*Pds + / 2pe®* AY;|AY,[*PT2Af (s, 0)ds
t t

T T
< / 2pueas\AYs\2pds+/ 20| AY,|?P 7L Af(s,0)|ds.
t t

The following term
T
/ e Trace (D*0(AY;)AgsAgr) ds
t

can be controlled by:

T T
/ e*Trace (D*0(AY;)AgsAgt) ds < Cp/ €| AY,|?P 72| Ags|?ds
t t

14



Now let us come back to (22):
T
(23) AV 4 p / €S| AV, 2| AZ,[2ds < T | AJ
t
T T
+/ zpewmmzp—lmf(s,onds+cp/ €AY, 22| A g, [2ds
t t

T
+ (2pp — a)/ ™| AY;|*ds
¢

T T «
—2p / e AYS|AY P2 AZ AW — 2p / e AY;|AY, P2 Ag,d B,
t t

If we note

T T
X = eO‘T|A£|2p—|—/ 2pe°‘5|AYs|2p_1|Af(s,0)|ds—i—Cp/ 60‘5|AY5|2”_2|A93|2d5
0 0
t
M, = / e AY,|AY, P2 AZ AW,
0

T
N = [ e aviavprtagib.,
t

by Young’s inequality, M and N are true martingales. Hence if we choose o = 2pu + 1, taking
the expectation in (23) we obtain:

T T
(24) E/ eQS\AY;]zpds—i—pE/ e |AYL P2 |AZ?ds < E(X).
0 0

Then for any § > 0

T 1/2
E(M))* <R K sup eat/2|Ayt|p> (/O 603|Ay;|2p2|AZs|2ds> ]

te[0,7)

1 1 T p
< —6%E | sup e™|AY P | + -5 E </ eas|AYs|2p2|AZs|2d5> .
2 t€[0,7] 20 0

and

. 1/2
E<N>(1)/2 <E [( sup e(2p1)at/(2p)‘Ayt’2P1> </0 eo‘s/p\AgSPds) ]

te[0,7)

_ 2p T p
< Méﬁp/@p*l)lﬁl sup e™|AY;* | + 6—E </ eas/p\Ag8]2d8> .
2p te[0,T 2p 0

Coming back to (23) with o = 2pu + 1, and taking the supremum over ¢ € [0,7] and then the
expectation, with the BDG inequality we have:

E | sup e*|AY;[* | <E(X)
te[0,7)

1 1 T p
+§52E ( sup eat]AY}Pp) + ﬁE (/ eas]AE]2p2\AZS\2ds>
te[0,7) 0

— 2p T p
—i—ﬂédz’/@p*l)ﬁ. sup eM|AY[* | + 6—E (/ eas/p\Ag8]2d3> .
2p t€[0,T] 2p 0

15



We can choose 0 small enough such that with (24), finally

T P

(25) E ( sup e‘”\AYt!Q”> < CE(X)+CE (/ e“S/T’!AgsPds>
t€[0,T7 0

for some constant C' depending only on p and p. Now once again with Young’s inequality for
any € > 0

T
IE/ | AY,|*PTLAf(5,0)|ds < E
0

T
(sup eat(2p—1)/(2p)|An|2p—1)/ 6@8/(2p)|Af(8’0)|d5]
0

t€[0,T]
< 62p/(2p—1)£E ( sup eat|AY2|2p> + 52—E </ Bas/p|Af(S,0)|2d8>
p 0

2p t€[0,7)

and

T
E/ €93 AY, 22| Ag,|2ds < E
0

T
(sup eat(pl)/pmy;‘%?)/ eo‘s/p\Agslzds]
0

t€[0,7
T P
</ eas/p]Ags\2d3> .
0

1 -p
< et/ VP g [ qup t|AY)® | + S E
p t€[0,7) p

Using these two inequalities, (21) and (25):

T P
(/ eo‘s/p|AZs|2ds>
0

T T p
T | AP + </ eo‘s/p|Af(s,0)|2ds+/ eo‘s/p|Ags|2ds> ]
0 0

E | sup e®|AY|?’ | +E
t€[0,T]

<CE

Therefore with (21), (Y",Z") is a Cauchy sequence which converges to (Y, Z) and the limit
process (Y, Z) € £E%°(0,T) satisfies the BDSDE (14). O

Remark 1 Can we assume a weaker growth condition on f ? Suppose that there exists a non
decreasing function v : Rt — RT such that

&)l < 1F(0) + (ly])-

Using the same transformation, we have to control:

t

t
6(t,y)] = |f(t.y + / 0dB)| < |£(6,0)] + b(ly + / 0B, )).
0 0

If it is possible to find two functions 11 and 9 such that P(y + z) < ¥1(y) + ¥2(2) and if

%
Ya] fg grdB,|) belongs to L*(Y) for any bounded process g;, it may be possible to obtain a
solution with the desired properties to the BDSDE (1).
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2.2 General case

The general case can be deduced from the previous one by a fixed-point argument. We still
assume that Condition (20) holds. Let us construct the following sequence: (Y, Z%) = (0,0)
and forn e Nand any 0 <t <T

T T - T
o) e [ peyrtiyars [ oz B - [ zptaw,
t t t

Indeed if

E < 400

T p
sup v+ ([ 127 Par
t€[0,7] 0

then from (A4) and (A5), the process g = g (r,Y,", Z) satisfies

T p
E( / mm?w) < too.
0

Moreover the process f"(r,0) = f(r,0,Z)") verifies

T p T p T p
E (/ |f(r,0, Zf)]2d3> < CI,KJ%”E (/ yzm%) + C,E (/ \f(r,0,0)\er> < +00.
0 0 0

The previous section shows that (Y"1 Z"+1) exists and satisfies (26) with

T p
sup |Y;n+1|2p+ </ |Z;L+1|2d7’>
0

t€[0,T]

E < 4o00.

Hence the sequence of processes (Y, Z") is well defined.
Now as before define for any n and m

AY =Y Y AZP =20 -z, Agl =gt YT 20 — g(t, Y 2.

From the It6 formula with a > 0, we have:

T T
| AV + / T\ AZT2dr = 2 / AV (f (s, YT, Z) — f(s, Y, Z01))ds
t t

T T T -
—/ e | AY2ds — 2/ e AY]'AZYdW, — 2/ e AYAg" 1 dB,
t t t

T
—|—/ | Agn Y ?ds.
t
Using the Lipschitz assumption on g, we have
AgE < Ko AV 4 e Az

And
AY(f(s, Y Z0) = f(s,Y, Z07Y) < plAY P + /Ky | AY|AZTTY.

Thus
T T
(27) e | AY? +/ e |AZM*dr < (2u — a)/ e |AY 2 ds
t t
T T
+2 /Ky [ e*|AY|AZ ds — 2 / eSAYAZM AW,
t t
T

T - T
—2/ eO‘SAYS"Ag?_ldBS—l—Kg/ eas|AYS"_1|2ds+e/ e |AZ" 12 ds.
t t t

17



Using the inequality ab < na® + %bQ, we have

T T T
1
2\/Kf/t eas|AYS"||AZ?_1|d8 < an/t eO‘S|AYS"|2ds + E/t |AZ§L—1|d8.

Therefore taking the expectation in (27) we deduce that

T T
Eeat\A}Q"]Q—i—E/ e |AZMPdr < (2u + 1K —a)E/ eS| AY?ds
t t

1 T T
+ (— +g> E/ e |AZ" Y ds —i—KgE/ eS| AY 2 ds.
n t t

Take t =0, n = 1% and a =2y + 21K£ + ?fﬁ such that

T K T
28 E [ e|AZ™]? IR [ e*|AY"|ds
™ S
0 0

1 T 1 2K
< (= E/ | AZm N ds + [ 2 E/ 2B s Ayn-112gs.
2 0 2 0 1+€

Since (1+¢)/2 < 1, the sequence (Y™, Z") is a Cauchy sequence in L?((0,T) x ) and converges
to some process (Y, Z). Moreover by the BDG inequality we also obtain:

T T
/ e | < 4R </ 62a5|AY;"|2|AZQ|2ds>
t 0

1 T
< —E< sup eat\AK"P) +64E/ eS| AZ" 2 ds,
0

1/2

E sup
t€[0,T]

t€[0,T7
and
T 1/2
E sup / e AY'Agl~ 1st <4E </ 2°‘s|AYS"|2|Ag?1|2d5>
t€[0,T7
1
< -E| sup e®|AY)? | + 32E O‘S\Ag 2ds
4 te[0,T)
1 T
< JE( sup AV ) + 32K, E “S!Aié"‘l\st+3st / e |AZI P ds.
4 te[0,T) 0

Coming back to (27) and using (28) we have for some constant C'

T
E sup e“|AY}|? < C’IE/ m|AZf1|2dT+CE/ e | AY 2 ds.
t€[0,7] 0

We deduce also the convergence of Y™ to Y under this strong topology. Therefore (Y, Z) satisfies
the general BDSDE:

T T - T
Yt:§+/ f(r,Yr,Zr)dr—i—/ g(r,Yr,Zr)dBr—/ ZpdW,, 0 <t <T.
t t t

Hence we have proved Theorem 1. To obtain that (Y, Z) € £%(0,7) under Condition (8), we
can just apply Theorem 1.4 in [35] with straightforward modifications.
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2.3 Extension, comparison result

The extension of LP solutions, p € (1,2), is done in Aman [1]. We just want here to recall
the comparison principle for BDSDE (see [38], [22] or [17] on this topic). We will widely use the
result in the next sections.

Proposition 3 Assume that BDSDE (1) with data (f',g,&%) and (f?,g,€%) have solutions
(YL, ZY) and (Y?, Z?) in £2(0,T), respectively. The coefficient g satisfies (A4). If €' < &2, a.s.,
and fl satisfies Assumptions (A1) and (A2), for all t € [0,T), fL(t, Y2, Z2) < f2(t, Y2, Z7),
a.s. (resp. f? satisfies (A1) and (A2), for all t € [0,T), fL(t, Y1, Z}) < f2(t, Y.} Z}), as.),
then we have Y,;' < Y2, a.s., for all t € [0,T).

Proof. The proof is almost the same as Lemma 3.1 in [22]. We define
Vi Z) = (V' = Y22 - Z), €=¢-¢,

then (Y3, Z;) satisfies the following BDSDE: for all ¢ € [0, 77,

~ . T
- §+/ 7 (YD, ZY) — f2 (Y2, 22)] dr
t

T — T
[ o yh 2l - g (22D 3B, - [ Zaw,,
t t
We apply It6’s formula to (}A/fr)Q:
A T A ~ T A
B2+ [ g aalZiPir < @242 [ VI (020 - £ (Y222 ar
t t
T
A %
w2 [ o7 2}) o (2. 22) BB,
t
T T
_2/t }/7’+Z7"dW7’ +/t 1YT>0‘g(T7 Yr17Z7}) —g(T7Y;,27Z7?)‘2d7°.
Now from (A1) and (A2)
}A/TJF [fl (7", }/;"17 Z&) - f2 (Ta Yr27 ZTQ‘)]
=YV [ (Y20 L YR ) Y [ (Y2 2Y) - P (n Y 22
< (V) + KV 20|,
The rest of the proof is exactly the same as in [22]. Using Gronwall’s Lemma, we deduce that

E(Y;F)2 = 0 for any ¢ € [0,T]. O

2.4 SPDE with monotone generator

In this section we want to extend the results of Bally and Matoussi [5] (more precisely
Theorem 3.1) to the monotone case. We will use the same notations as in [5]. For all (t,z) €
[0,7] x RY, we denote by X% as the solution of the SDE (9) with b € C? and o € C}. We
assume that Conditions (A) and (11) hold. (Y%*, Z%®) is the unique solution of the BDSDE in
E%(0,T). We define

u(t, ) =Y, wt,z) = 2"

We recall the definition of a weak solution.
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Definition 4 w is a weak solution of the SPDE (2) if the following conditions are satisfied.

1. For some § >0

1446
(20) s B (s, 5 | < o0

2. For every test-function ¢ € C®(RY), dt @ dP a.e.

(30) lim u(s,x)(b(x)dx:/ u(t, z)p(x)dx.

sttt JRrd Rd

3. Finally u satisfies for every function ¥ € Co>(]0,T] x R%: R)

(31) /t ! /R (s, 2)0,W (s, x)drds + /R ult, )W, )~ / h(@) (T, 2)da

Rd

_% /t ! /R (0" Tu)(s,2)(0" V) (5, )drds

. /tT /Rd u(s,@)div (b~ A) W) (s, 2)deds

T
B /t /Rd W(S,x)f(ij,u(s,x% (U*VU)(S,x))dxds
T
+/t /]Rdql(s’x)g(‘s?x?u(s?x)a(U*VU)(S,x))dng—s_

Here

Al': 6(0'0'*)]'72“

1
2 =1 aCCj

To prove Proposition 1, we can directly sketch the proof of Theorem 3.1 in [5] step by step.
Using the equivalence of norms we have:

T T
/ / E\u(s,x)\sz_l(x)dxdsgC/ / E|u(s, X5%)?Pp~ Y (z)dxds
Rd Jo Re J0
T
:C/ / E|Y5%?P o~ (z)dxds
Rrd Jo
T
<c| (E|h<X;’”>|2P+E / (|f<s,X§vf,o,o>|2p+|g<s,X§’x,o,o>|2p)ds>,o1<x>dx
R4 0
T
<o [ @+ [ s 0.0f +0.0) a5 s
Rd 0

Then we define H = h(z)dz,
Fs = f(s,z,u(s,z),v(s,x)), Gs=g(s,z,u(s, x),v(s, x)).

From the Assumptions (A2), (A3), (A4), (11) and (12), H, Fs and G5 are in Hj , (see [5] for
a precise definition). Then we can use Theorem 2.1 in [5]: v = ¢*Vu and u solves the linear
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SPDE associated to H, Fs and G5 (see Equation (16) in [5]):

T T
[<%awwmw4mwﬂ»+mmm»—AX%LW@»@

H

T T
= [ (Bests. s+ [ (605, )

L* is the adjoint of £. Thus u is a weak solution of (2). Uniqueness can be proved exactly as
in [5].

3 Singular terminal condition, construction of a minimal solu-
tion

From now on we assume that the terminal condition ¢ satisfies the property (4):
P(>0)=1 and P(£=+oc0)>0.

For ¢ > 0, let us consider the function f : R — R, defined by f(y) = —y|y|?. f is continuous
and monotone, i.e. satisfies Condition (A1) with u = 0: for all (y,7') € R?:

(v =y)(fw) = f¥)) <0.
Condition (A3) is also satisfied with p = ¢+1. We also consider a function g : [0, T]x Qx RxR? —
R and we assume that Condition (A4) holds.
3.1 Approximation

For every n € N*, we introduce &, = £An. &, belongs to L? (Q, Fr, P;R). We apply Theorem
1 with &, as the final data, and we build a sequence of random processes (Y™, Z") € £2(0,7)
which satisfy (5).

From Proposition 3, if n < m, 0 < &, < &, < m, which implies for all ¢ in [0,7], a.s.,

(32) B <Y/ <Y/ <EP

Here ZF is the first component of the unique solution (Z¥,©%) in £2(0,T) of (5) with a deter-
ministic terminal condition k. In order to have explicit and useful bound on Y we will assume
that g(t,y,0) = 0 for any (¢,y) a.s. In this case for m > 1,

1
= =0 B = )
AT =t)+ 5z

We define the progressively measurable R-valued process Y, as the increasing limit of the
sequence (Y;"),>1:

(33) Vte[0,T), V= lim Y.

n—-+o00

Then we obtain

(34) VO<t<T, 0§Yt§<%>q.



In particular Y is finite on the interval [0, 7| and bounded on [0,7 — ¢] for all § > 0.

Here we will prove the first part of Theorem 2, that is (Y, Z) satisfies properties (D1) and
(D2) of the definition 3. Moreover we will obtain that there exists a constant x, depending on
g, s.t. for all t € [0, T,

(35) /yzm« = _t))i’

Proof. Let § >0 and s € [0,7 — ¢]. For all 0 <t < s, It0’s formula leads to the equality:
S S
Ve vrP e 120 - 2pPar = V2 - YPP -2 [ - vz - 2w,
t t

2 / P Y (FY) — FYM)) dr

S %
2 / (Y — Y (g(r, Y0 Z0) — g(r, Y™, Z7)dB,
t

S
+ [ latn ¥z = gle v, 20
t
S S
<P -vrRek [y - veparte [z - zepar
t t

2 [ -y - zpaw,
t

S <
b2 [0 =Y Y 2 - g Y 2B,
t

from the monotonicity of f (Inequality (A1l)) and the Lipschtiz property of g (Inequality (A4)).
From the properties (A4) and since (Y, Z) € £2, we have:

B ([0 -y - zmaw) <o

B ([0 = a2 - ¥ 2B, ) =
t

From the Burkholder-Davis-Gundy inequality, we deduce the existence of a universal constant
C with:

0<t<s

S
(36) B (sup -y [z - 2rPar) < CE (v VPP,
0
From the estimate (34), for s <T — 9, Y* < @ )1/q and Y; < @ )1/q Since Y," converges to Y
a.s., the dominated convergence theorem and the previous inequality (36) imply:

1. for all § > 0, (Z"),>1 is a Cauchy sequence in L2(Q x [0,7 — 6];R?), and converges to
Z € L2 x [0,T — §;RY),

2. (Y™)p>1 converges to Y uniformly in mean-square on the interval [0,7 — 4], in particular
Y is continuous on [0,7),

3. (Y, Z) satisfies Equation (5) on [0,7).
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Since Y; is smaller than 1/(q(T — t))"/49 by (34), and since Z € L*(Q x [0, T — 6];R?), applying
the Ito formula to |Y|?, with s < 7 and 0 < t < s, we obtain:

i / ZPdr = |V —2 / Y, ZudW, + 2 / Y, (Y, )dr
t t t

2 / Y,g(r, Y, 2,)dB, + / 9, Yy Z,)|2dr
;
(q(T —s))

—i—K/ Y| dr—l—a/ | Z,|*dr,

again thanks to Inequalities (A1) and (A4). From (34), since Z € L%(]0, s] x 2), we have:

—2/ Y. Z,dW, +2/ Yg(r, Yy, 7,)dB,

IN

S S
(__
E/ Y, Z,dW, = E/ Y,g(r,Y,, Z,)dB, = 0.
t t

Therefore, we deduce that there exists a constant x depending on T';, K and ¢ such that :
S
E/ |Z,|2dr < %
0 (T —s))q

Remark that if ¢ is equal to zero, & is equal to one. And in general

1
1—=¢

(1+ KT).

K =

We want to establish the following statement which completes Inequality (35).

Proposition 4 The next inequality is a sharper estimation on Z:

T 2/q
(37) E/ (T — 5)%9|Z,)?ds < 8+ AT <1> .
0 1—¢ \g¢

The constants K and € are given by the assumption (A4).

Proof. First suppose there exists a constant a > 0 such that P-a.s. £ > a. In this case, by
comparison, for all integer n and all ¢ € [0, 7T:

1 1/q
Y"> | ——— > 0.
b <QT+1/aq>

Let 0 >0and 6 : R — R, 6, : R — R defined by:

{9(1‘) = \/5 on [57+OO[7 and
flz) = 0 on]— 00,0,
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and such that 0 and 6, are non-negative, non-decreasing and in respectively C*(R) and C'(R).
We apply the Tto formula on [0, 7 — §] to the function 6,(T —t)0(Y;?), with § < (¢T 4 1/a%)~1/4:

1 T—6 1
0,(0)0(Y7_5) — 0,(T)0(Yy") = —/ T_sl/Qq}gnl/?(YS"q_i)ds
g(6)0(Y7_5) — 04(T)0(Yy") 3/, ( ) Y)Y 7T =)

1 T—6

vo5 [ @z,
0
T—95
-5 @y s v, 22) B
0
1 T—6 L ‘Zn’2 _g(s yn Zn)2
I _ /2q1%s s Lg ylg
FANGEE R
If we define ) )
o 12012 = g5, v 2
’ (Y)3/2 ’
we have
1 T-6 1 T—6
R DR N RSN RO
0 0
1 1/2 1/2 1
+= T —s)/“(Y]" <Y;"q—7>ds
5= () -
1 T—6 -
5 T ) (s 22,

and since Y < 1/(q(T — 5))/9 and TV < q~1/9, taking the expectation we obtain:

1 T-9
oE / (T — 5)"210ds < 0,(T)O(YS") < (1/q)"/,
0

that is for all n and all § > 0 :
T-6
E/ (T — s)Y/2997ds < 8(1/q)"/%.
0

Using the assumption (A4) on g, we have

s

(V)P

(1—-¢) <UL+ K'Y

which implies

=0 1/2g 1281 1/2q =0 1/2q (v ny1/2

- 1/(2q)
< 8(1/q)/* + KE /OT 6(T — )1/ (ﬁ) ds < (1/¢)"/*(8 + KT).

-5
Now, since 1/Y* > (q(T — s))'/4, letting § — 0 and with the Fatou lemma, we deduce that

8§+ KT
—€

T
E / (T — )92, %ds < (1/q)*".
0
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Now we come back to the case £ > 0. We can not apply the It6 formula because we do not
have any positive lower bound for Y. We will approach Y in the following way. We define for
n>1and m>1, £ by:

1
€0 = (€ Am) V =
m
This random variable is in L? and is greater or equal to 1/m a.s. The BSDE (5), with £"™
as terminal condition, has a unique solution (Y™™ Z™™) Tt is immediate that if m < m’ and
n < n' then:
?n,m/ < ?n/,m‘

As for the sequence Y™, we can define Y™ as the limit when n grows to +oo of Y™™ This limit
Y™ is greater than Y = lim,_, 1 Y. But for any m and n, for ¢t € [0,T:

et [ 07 oo o

2
dr

vy

T T
) /t {Y,,”’m - Y;L] [Zf’m - Zﬂ AW, — /t ‘Zf’m _zn

T . B B -

+2/t [Y;"mm - an] [g(r, Yrmm’ Z;L7m) - g(?“, Y;"n’ Zﬁ)] dBT
T ~ ~ 2
+ [ ot 3 Zpm — gl v, 2] ar
t
T ~ ~
<lgm—gp-z [ [Frmovr][Zom - 2] aw,
t

T vn,mo_ yn vnumooonamy n o] S

+2 . Y;’ Yvr g(T’Y;“ ’Zr ) g(’I“,Y;, ’Zr) dBT

T, . 2 T 2
(38) —(1—5)/ Zpm 2 dr+(1+K)/ vy |y
t t

and taking the expectation:

. 2 T - 2
E\Yt"””—Yt" gE!fS"’m—f"FHHK)/ E |V -y dr.
¢

Gronwall lemma shows that for any ¢ € [0, T7:

2 < (WHETR |gnm _ gnj2 < Jrr 1

(39) DA —

- 2
To conclude we fix § > 0 and we apply the It6 formula to the process (T — .)2/‘1 ‘Y"’m -Y"

This leads to the inequality:

2

T—6 N 2 92 T-6 ~
(1— e)IE/ (T —r)?/ (Z;%m —ZM dr < —E/ (T — s)@/D=1lyrm _yr| ds
0 0

q
H(8)9E ‘17;;’? —vE,

‘2
T—6 - 2
+KE / (T = )22 (Vyem —v;) r.
0
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Let & go to 0 in the previous inequality. We can do that because (T — .)2/9~1 is integrable on
the interval [0,7] and because of (39). Finally we have

T - 2 cU+K)T o T T
(1- E)E/ (T —r)%4 ‘Z:L,m — 7| dr . [_/ (T — 5)2/D1qs + K/ (T — S)(2/q)ds}
0 m q.Jo 0
T2/4o(1+K)T KT
B m? < 1 + 2/q>

Therefore, for all n > 0:
T T . 2
E/ (T — )| Z27Pdr < (1+ n)E/ (T — )| Zpm ] ar
0 0

1 T ~ 2
- (1+—)E/ (T—T)Q/q(z;m—zgf dr

n 0
1 T2/qe(1+K)T< KT )

/4 oy -
(1/ y +(1%_77) m?(1—¢) +1—|—2/q

8§+ KT

< (1+n)

We have applied the previous result to Zmm_ Now we let first m go to +oo and then 77 go to 0,
we have:

8+KT

—(1/q)*/1.

The result follows by letting finally n go to co and this achieves the proof of the proposition. [J

T
E/ (T — )9 27 dr <
0

3.2 Existence of a limit at time T

From now, the process Y is continuous on [0,7[ and we define Y7 = £. The main difficulty
will be to prove the continuity at time 7'. It is easy to show that:

40 < liminf Y;.
(40) 5_1&17{1 f

Indeed, for all n > 1 and all ¢t € [0,T], Y;* <Y}, therefore:

EANn = hmlan < liminf Y;.
t—=T
Thus, Y is lower semi-continuous on [0, 7] (this is clear since Y is the supremum of continuous
functions). But now we will show that Y has a limit on the left at time 7. We will distinguich
the case when £ is greater than a positive constant from the case £ non-negative. This will
complete the proof of Theorem 2.

3.2.1 The case ¢ bounded away from zero.

We can show that Y has a limit on the left at T by using It6’s formula applied to the process
1/(Y™)4. Suppose there exists a real o > 0 such that £ > a > 0, P-a.s. Then from Proposition
3 (and since g(t,y,0) = 0), for every n € N* and every 0 < ¢ < T

1 1/q 1 1/q
>Y"r > > — .
et = <Q(T—t)+1/@q> B (qT+ 1/06‘1) -0
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By the It6 formula

1 1 g(q +1) /T 1z /T 9z
- +q(T—t rdst | oS dWs
e~ TR ) T e
T S Yn Zn Cﬁ%— C](Q"'l) T (g(S,Y;n,Z:’)) ds
(Yr)lta —° 2 (Yr)2ta

T n
qZ
41 = T—t +/ ——=—dW,
(41) ( ) a1+ [
n n T
/ 90 Yo 23) o q(q;—l)/ W ds,
t

Yn 1+q

where )
o 1222 = (s v 7))
’ (YV)o+? '

Or for any t € [0,T1:

1

N 1 P (CE Iy e
o E((sm)q)*‘” 0 - [ wias

This shows that

(42) supE/T Uids < 400.
neN 0
From the assumption on g, we have
(43) 1o tBE <o (1—6)&_\11"%—[( L
(Yo () (Y)* (Ye)?

Form this inequality and Inequality (42) we deduce that

T Zn2 Yyn gzn 2
supE/ <(’ s’ + (9(37 s s)) >d8<—|—OO.
0

neN Yt (Ygr)zta

Hence the two sequences

]

T T
aZg 9(s,Y{", Z¢)
/t (st)q+1 dWy and /t (V7)ita dBs

converge weakly in L? to some stochastic integrals (the proof is classical and uses Mazur’s lemma,
(see [42], chapter V.1, Theorem 2, for example)):

T T
/ U.dW, and / V.iB..
t t

Now we decompose W" as follows
Y= (TY) " - ()7,

where zt (resp. ™) denotes the positive (resp. negative) part of z. Again from Inequality (43)
we deduce that

| s |2 1 n __ n n |Zn|2
(1 - E) (Y'sn)q+2 - K(Yn)q < \Ils - (\Ils) (\Ij ) (Yn)q+27

s
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and therefore

1
< (V) <K < K(qT + —
0<(¥9) < v S (@l +—)
Therefore for any t € [0, 77:
1 [T 1 1
(44) 0< %/ (U™~ ds < %K(qTJFJ)(T—t).
t

If we define .
1
T, — lim inf @Egt / (W)~ ds,
t

n——+0o00
we obtain that I' is a non negative bounded process. Since (V™)™ is non negative, it is straight-
forward that I' is a supermartingale. Moreover the dominated convergence theorem proves that

I" is a continuous process such that: hn% I'y=0.
t—

Coming back to(41) and taking the conditional expectation, we have
a(g+1) g / T G 1 1
——— ¥ Ulds = E¥ — T—1
9 . S S (5 A ’I’L)q (Y;n)q + q( )

T n n
G 9(37}/; 7Zs)<—
+q [ e

and the right hand side converges weakly in L?. Therefore if we define
1 T
©; = limsup @Egt/ (U™ *ds,
n—-+4o0o t

taking the weak limit, we obtain

1 1 T
O, -T :Egt<—>— +q(T —t)+ Egt/ V.dBs.
! ! 4 (Y;)4 al )+ t

We can remark that (0;)),.p is a non-negative supermartingale and for any ¢ € [0, 77:

1

(Y2)

O being a right-continuous non-negative supermartingale, the limit of ©; as ¢ goes to T exists

P-a.s. and this limit ©p- is finite P-a.s. The same holds for the backward It integral with

limit My = 0. The L'-bounded martingale E9 (giq) converges a.s. to 1/£9, as t goes to T', then
the limit of Y; as t — T exists and is equal to:

1 T
= q(T — 1) +EY <£—q> —@t—i—l“t—i—qut/ V,dB,.
t

1
li Y= ————.
te]l,Hg<T t (giq — @T_)l/q

If we were able to prove that ©p- is zero a.s., we would have shown that Y7 = &.
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3.2.2 The case £ non negative

Now we just assume that & > 0. We cannot apply the It6 formula to 1/(Y™)? because we
have no positive lower bound for Y". We define for n > 1 and m > 1, £™ by:

n,m __ i

This random variable is in L? and is greater or equal to 1 /m a.s. , with {™™ as terminal
condition, has a unique solution (Y™™, Z™"™) of our BSDE (5). Let us come back to (39). We
have already proved that

~ 2 1
B[ = Yp| < elHITE|gnm — gn < eHHOT —

Now using (38) with ¢ = 0 and taking the expectation we obtain first:

2
dr < <1 +(1+ K)Te(1+K)T) L

T
a-cp [ |z2m -2 —

from which we deduce that the two stochastic integrals in (38) are true martingales. Therefore
we can use Burckholder-Davis-Gundy inequality and once again from (38) there exists a constant

C such that:
2 C
< —.

From Fatou’s lemma the same inequality holds for YY" — Y. Since Y™ has a limit on the left at
T, so does Y.

E sup ‘in,m _ Y;n
t€[0,T]

3.3 Minimal solution

In this section we will achieve the proof of Theorem 2. Let (17, Z ) be another non negative
solution of BDSDE (5) in the sense of Definition 3. Note that we will only use that

lim inf V; >
it Y2 ¢
(and not the stronger condition (D3)). Then a.s. for any ¢ € [0,7], Y; < Y;.

Lemma 3 With the assumptions of Theorem 2, we prove:

vt e [0,T], YV, < (ﬁ)é

Proof. For every 0 < h < T, we define on [0,T — h|

w0 = (=)

Ay, is the solution of the ordinary differential equation:

Q|

AG() = (An (1)
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with final condition Ap(T' — h) = +oc. But on the interval [0,T — h], (Y, Z) is a solution of the
BDSDE (5) with final condition Y7_j. From the assumptions Y7_j, is in L?(€2), so is finite a.s.

Now we take the difference between Y and Ay, for all 0 <t <s<T — h:

YV, =Y, — Ap(t) = Y, — Ap(s) — /ts [(Y})Hq — Ah(r)1+q] dr
o [ o020 = a0 8000 8B, — [ Zoaw,
Recall that g(t,y,0) = 0. We apply Itd’s formula to (Y;‘L)Q between ¢ and s:
P < @2 [0 (anr (7))
+ o9 / Yt g Y, 2B, — 2 / Y Zaw,
t t

S

S o~ o~ ~
4 / 1 olo(r o Z) — g A (r), O)2dr — / 1|7 2dr
t t

The generator f of this BDSDE satisfies Condition (A1) with u = 0, and ¢ satisfies (A4). Thus
(B < (G024 k [0 - o) [ 15l Zi P

EI o~ — s
+ 2/ Yﬁg(r,Yr,Zr)dBr—Q/ Y, " Z,.dW,.
t t

We take the expectation of both sides. Since (}7, Z) is in £2(0, s), the martingale part disappears
and we deduce that:

E()? < E(VF)+K, / E(V)%dr.
t

By Gronwall’s inequality we obtain:

E(Y;JF)Q < ng(S_t)E(Y?—)Q,
Remark that for any 0 <t <T —h

0<Y,H< sup Yi=Er.
0<t<T—h

Since Y € S2(0,T;R,), Er_; € L*(Q). By dominated convergence theorem as s goes to T — h:

E(Y;F)? < foT=hDR(V,E )2 =o0.
Thus Y; < Ap(t) for all ¢ € [0, — h] and for all 0 < h < T. So it is clear that for every ¢ € [0, T):
) 1
el
9(T 1)
This achieves the proof of the Lemma. O

Let us prove now minimality of our solution. We will prove that Y is greater than Y for all
n € N, which implies that Y is the minimal solution. Let (Y™, Z") be the solution of the BSDE
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(5) with £ A n as terminal condition. By comparison with the solution of the same BSDE with
the deterministic terminal data n:

1 1/q
Y < <n.
q(T —t)+1/nd

Between the instants 0 <t < s < T

Y=Y -V,

S
+ / [Q(T,}/rn7zf)_g(’ray;',zr)
t

<Y8n B ?;) N /: ((?T)H—q _ (an)Hq) dr — /ts <Z]} —~ Z) AW,
7. 2] I,

Once again we apply Ito’s formula to (Y;7)2:

(¥;7)?

and we deduce that

IN

(2 =2 [0 (- @) ar
t
2 [ o2 2) - 9000, 20| 05, -2 [ ¥ 2a,
t t

s

S
/t 1y, olo(r Y, Z2) — g(r, Vi Z,) i — / Ly, |2 2dr

E(Y;")? < eMoCTIR(YF)%,

Since 0 < f/;r <Y < n, by dominated convergence theorem, we can take the limit as s goes to
T and we obtain that E(Y,")? = 0.

4 Limit at time T by localization technic

From now, the process Y is continuous on [0,7 and we define Y7 = {. The main difficulty
will be to prove the continuity at time 7. We have already proved that

liminf Y; = lim Y;
t—T t—T

and remarked that Y is lower semi-continuous on [0, 77):

< liminfY;.
§< im inf Y3

In this paragraph we prove that the inequality in (40) is in fact an equality, i.e.

& = liminf Y;.

t—T

Note that the only remaining problem is on the set R = {£ < +o00}.

From now on, the conditions of Theorem 3 hold. In particular the terminal condition &
is equal to h(Xr), where h is a function defined on R? with values in RF. We denote by
S = {h = +o0o} the closed set of singularity and R its complement. In order to prove continuity
at time T, we will show that for any function @ of class C?(R%; R*) with a compact support
strictly included in R = {h < +o0} and for any ¢ € [0, 7], we have

T T
@) EEHX) = BMOCX)E [ 00600+ B [ YiL(X,dr

T
+ IE/ Z, NO(X,)o(r, X, )dr
t
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with suitable integrability conditions on the last three terms in the right-hand side. Here L is
the operator:

2

_ 1 - 9 (a0 L . 2 .
(46) L= 5 Z(aa )ij (t’x)(?xiaxj + sz(t’x)&ri = 2Tra(:e (oo™ (t,2)D?) + b(t,x).V;

,J %

where in the rest of the paper, V and D? will always denote respectively the gradient and the
Hessian matrix w.r.t. the space variable. If we let ¢ go to 7" in Equality (45) and if we apply
Fatou’s lemma, we have:

(47) Ele0(6r)] = Jin EVio(xi)) > B | (Tinjnt ;) 00%r)|.

Note that we need the suitable estimates on the last three terms in (45). Now recall that we
already know (40). Hence, the inequality in (47) is in fact a equality, i.e.

E [h(X7)0(X7) =E [H(XT) <liminf Y;)} .
t—=T
And with (40) once again, we conclude that:

lim YV; = liminf Y; = h(X7), P —as. on {h(X7) < co}.
t—=T t—=T

In the next subsections we prove that (45) holds. As in [36] the proof depends on the value
of ¢ and we distinguish ¢ > 2 where no other assumption is needed (the non linearity is “strong
enough”) and ¢ < 2 where we have to add additional conditions. Moreover the arguments are
almost the same as in [36], thus technical details will be skip here.

Let ¢ be a function in the class C? (Rd) with a compact support. Let (Y, Z) be the solution
of the BDSDE (5) with the final condition ¢ € L*(Q). For any t € [0, T):

t
<_
Vi) = Yog(Xo)+ [ o) [Yo¥ilodr = g0, Y;. Z)0B; + Z,.aW,
0

+ /0 Yd(p(X,)) + /0 Zr-Vp(Xy)o (r, Xy )dr

t
Yoo(Xo) + / P(X,)Y, Y, |%dr + / 72, V(X )o(r, X, )dr
0 0

+ /t Y, Lo(X,)dr + /t (Y, Vo(X,)o(r, X;) + p(X,)Z,) .dW,
0 0

t
- / QD(XT)Q(T, Y., Zr)m
0

where L is the operator defined by (46). Taking the expectation:

(48) B(Yip(X) = E(op(X0) +E [ p(X)¥, ¥ ftdr

t t
—i—E/ Z, No(X,)o(r, X, )dr + IE/ Y, Lo(X,)dr.
0 0

Note that the generator g does not appear in this expression. Hence no extra assumption will
be added in the case ¢ > 2.
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Let U be a bounded open set with a regular boundary and such that the compact set U is
included in R. We denote by ® = ®p a function which is supposed to belong to C?(R%R,)
and such that ® is equal to zero on R \ U, is positive on U. Let a be a real number such that

a>2(1+1/q).

For n € N, let (Y™, Z") be the solution of the BSDE (5) with the final condition (h A n)(X7).
The equality (48) with ¢t = T' becomes:

T
E(Y7F®%(Xr)) = E(}/(]"q)a(Xo))+IE/O ZrN () (X, )o(r, X, )dr

T T
(49) + E / (X, ) (V") T dr + E / Y L(DY)(X,.)dr.
0 0
Lemma 4 Let p be such that
1 1
-t — =
p l+g

Then
&= | £(d) P e L>(][0,T] x RY).

Lemma 4 and Hélder inequality show that there exists a constant C' such that

T T 1/(14q
(50) Vn €N, E/ Y L(®Y)(X,)|dr < C [E/ (X, (Y, Har
0 0

We distinguish the case ¢ > 2 and ¢ < 2 in order to control the term containing Z in (49).
4.1 Proof of (45) if ¢ > 2
Proposition 4 and the Cauchy-Schwarz inequality prove immediatly the following result.

Lemma 5 (Case q > 2) If g > 2, then there exists a constant C = C(q, ®,«,0) such that for
all n € N:

T
(51) E/O |27 (09 (X, ) (r, X,)| dr < C.

Lemmata 4 and 5 and Equality (49) imply the next result.

Lemma 6 The sequence ®*(X)(Y™)*4 is a bounded sequence in L*(Q2 x [0,T]) and with the
Fatou lemma, Y 9®Y(X) belongs to L' (2 x [0,T)):

T
E/ Yo (X, )dr < 4oo0.
0

Proof. In (49), since the support of ® is in FS and from the previous lemma, the first three
terms are bounded w.r.t. n by some constant C. If the sequence is not bounded, from inequality
(50), there is a contradiction. O

Now we prove Equality (45). Let @ be a function of class C?(R?;R*) with a compact support
strictly included in R = {h < +oc}. There exists a open set U s.t. the support of # is included
in U and U C R. Let ® = &y be the previously used function. Let us recall that « is strictly
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greater than 2(1 4+ 1/¢q) > 2. Thanks to a result in the proof of the lemma 2.2 of [28], there
exists a constant C' = C(#, ) such that:

6] < CP*, |V < C®* ! and || D0 < CP*2.

Using Lemma 6 and the monotone convergence theorem, we have

T T
lim E / (Y)I9(X, )dr = E / (V)1 9(X,)dr,
t t

n—-+o00

with
T

(52) E / Y9(X,)dr < C.
0

We can do the same calculations using the previously given estimations on 6, V€ and D?@ in
terms of power of % and Holder’s inequality:

&= | £gP € L>([0,T] x RY).
Now we can write:

YLO(X,) = (y;lq)a/(lJrq)) <q>—a/(1+Q)£9(Xr)> — <ancpa/(1+q)> (q)—a(p—l)/pﬁg(Xr)> )

The sequence Y@/ (1+9) = ynda(1-1/P) i5 a bounded sequence in L*7(Q x [0,7]) (see Lemma,
6). Therefore using a weak convergence result and extracting a subsequence if necessary, we can
pass to the limit in the term:

T
IE/ Y LO(X,)dr,
t
with
T

(53) E/ Y- LO(X,)|dr < C.

0

Recall the estimation (37): there exists a constant C' such that for all n € N:

T 2
IE/ | Z™M*(T —r)adr < C.
0

Hence, there exists a subsequence, which we still denote Z"(T — 7")1/ 9 and which converges
weakly in the space L? (Q x (0,7),dP x dt;R?) to a limit, and the limit is Z(T — )14, because
we already know that Z™ converges to Z in L% (Q x (0,T — 6)) for all 6 > 0. VO(X)o (., X)(T —
.)*1/q is L2 (Q x (0,7T)), because 6 is compactly supported and ¢ > 2. Therefore,

T T
ll)rf IE/ Z;L.VH(XT)O'(T,XT)dT:E/ Z, NO(X,)o(r, X, )dr.
And Lemma 5 shows that

T
(54) IE/ |2, VO(X,)o(r, X,)|dr <C.

0

To conclude we write Equality (48) for (Y™, Z™) and 6 and we pass to the limit. This gives
Equality (45) with the three estimates (52), (53) and (54).
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4.2 Proof of (45) if ¢ <2

If we just assume ¢ > 0, Lemma 5 does not hold anymore. In other words our previous
control on the term containing Z in (45) fails. But if we are able to prove that there exists a
function v such that for 0 <t < T"

T T
(55) E /t 2" VO(X,)o(r, X, )dr = E /t Y™(r, X, )dr,

then we apply again the Holder inequality in order to control

T T
B [ v X by B [0 en()dr
t t

Note that we will add the following condition on g. From now on ¢ is a measurable func-
tion defined on [0,7] x R? x R x R* such that the Lipschitz property (A4) holds and for any
(t,z,2',y,2) € [0,T] x (RH)? x R x R™

(Aﬁ) ‘g(t7x7y7z)_g(t7x/ayaz)’ SKg‘x—I'I’

First we will prove the next result. In fact it is a quite straightforward modification of
Proposition 2.3 in [35] or Proposition 4.2 in [3]. Let us denote by B2(0,T;D%?) the set of
processes (Y, Z) such that Y € S?([0,T]), Z € H?(0,T) and Y; and Z; belong to D2 with

T T T
B| [+ 1zPs [ [ (DX + DR ds] < 4o,
0 o Jo
Lemma 7 Assume that (Y, Z) is solution of the BSDE (5) with terminal condition & = h(Xr):
T T - T
Vi () = [ vivauds+ [ gl XY 2)IB, - [z,
t t t

where h is a bounded Lipschitz function on RY, ¢ satisfies the previous Lipschitz condition and
X, € DY2 for every s € [0,T).

1. Then (Y,Z) € B*(0,T;D"?) and for all 1 < i < d, {D.Y;,0<s<T} is a version of
{(Zs)i,0 < s <T}. (Zs); denotes the i-th component of Zs. Here, D.Ys has the following
sense:

DY, = lim D'Ys.
r—S

r<s

2. There exist two random fields u and v such that:
Yi=u(t,X;) and Z;=v(t,Xy)
and for any (t,z) € [0,T] x R™, u(t,z) and v(t,x) are Fln-measurable.

Proof. We just sketch the proof. The technical arguments can be found in [3] or [16]. It is
known (see e.g. proof of Theorem 1.1 in [35]) that the solution (Y, Z) of the previous BSDE is
obtained by passing to the limit in the following iteration scheme:

(Y° 7% = (0,0)
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T

T T
(__
Y = h(X7) —/ Y'Y ds +/ 9(s, X, Y, Z")dBs —/ Zm L aw.
t t t

Our goal here is to show by induction that for all m € N (Y™, Z™) € B%(0,T;D"?) and that
(Y™ Z™) converges in L?([0,T],D%? x D2) to (Y, Z).

It is clear that this is true at step 0 since constants are Malliavin differentiable. Let us
suppose now that (Y™, Z™) € B2(0,T;D'?). By Proposition 1.2.4 in [32] we know that h(X7) €
D52 and g(s, Xs, Y™, Z™) € D2, since h and g are supposed Lipschitz continuous and X7,
Y™ and Z™ are in D%2. With Lemma 4.2 in [3] we obtain that ftT g(s,Xs,Ysm,Z;”)dES €

S
D2, Moreover, since h is bounded, Y™ is also bounded (see (32)) and x + z|z|? € C1(R).

Therefore Y;|Y;"|4 € D12, Then following the arguments of section 7.1 in [3], we obtain that
(ym+l zmtly ¢ B2(0,T;D%?) with DY;"™ = D,Z"™ = 0for 0 <t < s < T and for
0<s<t<T

T
DY = HE(D.Xr) - (q+1) [ [¥IIPDYdu
t
T T
+ / E%WQJ@+G%W%KT+GyW%Zﬂd§U—/ﬁDQZ”%W@
t t

where H%, resp. Gy, G and G are four bounded random variables with H® (resp. GZ,
GY and G2) is F)¥ (vesp. F,) measurable. The bound depends only on the Lipschitz constant of
h and g. Using the same arguments as in [3] we can prove that G*™, G¥"™ and G*™ converge to
bounded processes and (Y™, Z™) converges in L2([0,T],DY2 x DY) to (Y, Z). Now for 0 < s < t

t
DY = Zo+(¢+1) / Yal9D, Y

s

t t
- / (GEDy Xy + GYDYy + G2 Dy Zu] dB o + / Dy ZodW,,.

We then pass to the limit as s goes to t to obtain the desired result.
For the second part, we will show that there exists two random fields v and v™, such that
for any (t,z) € [0,T] x R™, u™(t,z) and v (t,x) are ffT—measurable and

Y/ =u"(t,Xy) and Z]" =0"(t, Xy).

It is clear that this is true at step 0 by taking u® = v = 0. Let us suppose now that there exists
two functions satisfying the measurability as stated in the proposition such that at step m our

processes verify:
/" =u"(t,Xy) and Z]" =0"(t, Xy).

We can write then:

T
vy = h(XT)_/ u™ (s, Xs)[u" (s, Xs)|"ds
t

T T
b [ gl X X0 s X)) B - [ zrtam,
t t
We take the expectation with respect to Gy, which leads to:

T
v = B ) - [ (e X s, X,
t
T
# [ ol X (s, X076, X B
t
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By Markov property, there exists a function ™+ with «™*1(¢,z) is ff—measurable and
Y;m—l—l — uerl(t,Xt).

We know that ¥;"*! is Fj-measurable and we deduce that (¢, z) is in fact FZ-measurable.
The convergence of u™ and v™ can be obtained by the same arguments as in [16], section 4. [J
The last assumption implies that 2 — h(z) An is a bounded Lipschitz function on R?. More-

over these conditions imply that X, € D%2. Therefore we can apply the previous proposition to
(Y™ Z™) to establish:

Proposition 5 There exists a function v such that for every s € [0,T]
E[Z{VO(Xs)o(s, Xs)] = E[Y (s, X)),
where 1 is given by:
d

1/1(’5’ 1‘) = = Z(V@(m)a(t, 1‘))2

i=1

div(po®)(t, x)
p(t, )
d
(56) —  Trace(D*6(z)oo*(t,z)) — Z VO(z).Vo'(t,z)o' (t,z).
i=1

Proof. We would like to apply here the integration by parts formula (Lemma 1.2.2 in [32])
which states:

E[G(DF,h)y] = E[-F(DG, h) g + FGW (h)],

where H := L2([0,7],R%) and F and G are two random variables in D"2. But in order to use
this we need to rewrite our expectation to make appear the scalar product in H. Actually we
have:

d
E[Z] V0(Xy)o(t, Xy)] = B [DY".VO(Xy)o(t, X;)] = > E[DjY(VOo)i(Xy)]
i=1
where (Vlo)(X;) = VO(Xy)o(t, Xy) and (VOo);(X;) denotes the i-th component of (Vfo)(X}).
As in the proof of Proposition 17 in [36] we can use the following approximation:

T
P—as. DyY," = lim (DY",vj)g = lim I 1 y(8)(DsY").eids
j—o0 Jj—oo Jo 3’
(€i)i=1,...d being the canonical basis of R4,
Let t € [0,T], by integrations by parts formula we get:
E[(DY;", y;>H(VHU)i(Xt)] = E [y}n(VHU)i(Xt)/ I/;(S)dWS]
0

- sl [ D vecaas).
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Let us consider the first term:
T
E [ytn(vaa)i(xt) / y;(s)dws] = JE [yt”(VHJ)i(Xt) (Wtz_wtzl>]
0 J

= 8 [ (e, X (Vo) (x0) (Wi - )]

J

= jE |E [u"(t,Xt)

}}W} (VOo)i(Xy) (W;‘ -W

5)l

= JjE :v"(t,Xt)(VHU)i(Xt) (Wti - Wf;)]

since u"(t,x) is FP--measurable and B and W are independent. Now

div(c'p) (u, X,) du]

E [v"(t,Xt)(VHU)i(Xt) (W;‘ - Wf_%ﬂ

=—-FE

v"(t,Xt)(VHJ)i(Xt)/t .\

1
J

p(u’ XU)

where p is the density of X and o’ is the i-th column of the matrix o. As in [36], we use
Lemmas 3.1 and 4.1 in [33] with the same arguments. For convenience let us just recall that
from Theorems 7 and 10 in [2], Theorem II.3.8 of [40] and Theorem III.12.1 in [20], the density
p(x;.,.) exists and satisfies:

o p(x;.,.) € L3(6,T; H?) for all § > 0;
e p is Holder continuous in x and satisfies the following inequality for s €]0,T7:

exp <—C%> Cexp (_Iyg_iF) '
Csm/2 ’

(57) <p(z;s,y) <
gm/2

e y+— Op/dy;(x;.,.) is Holder continuous in y.

In this proof we omit the variable x in p(x;.,.). The previous properties of p ensure that
div(po’)/p is well-defined and regular. Let j go to +o00, we have:

div(o'p)(t, Xt)}
p(ta Xt)
— EY"Dy(VO(Xp)o(t, Xt))] .

B DI (V00),(X] = B [¥7(V0)(x)

From the regularity assumptions on 6 and o we can compute directly the last term to obtain:
B2y VO(Xi)o(t, Xi)] = B[V (t, X1)]

with ¢ given by (56). O
As in the case ¢ > 2, we have to prove that Equality (45) holds with suitable integrability
conditions. Now Equation (49) becomes:

T
E(Y7®Y(X7)) = E(Y)' @ (Xo)) + E/ Z N () (X, )o(r, X, )dr
) o
HE/O (X, )(Y,") dr+E/0 Y,"L(PY) (X, )dr
T T
(58) = E(Y]'®%(Xp)) +IE/ <I>O‘(Xr)(Yr")1+qdr +E/ Y "W, (r, X, )dr
0 0
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with W, the following function: for ¢ €]0,7] and = € R?

U,(t,x) = V(q)a)(ﬂ:).b(t,x)—%Trace(DQ(Q)a)(x)aa*(t,:U))

d

> <(V<¢“><x>o<t,x>)@- diV(P(Wthﬂ)

— p(t, )
d

— 3 (V@) (@) [Vo' (t,x)o (1. 2)]) -

i=1

In [36] it is proved that for a fixed e >0 and p =1+ 1/¢:
e~V w [P e L%([e, T] x RY).

If it is true, then the last term in (59) satisfies:

1

T - .
E/ V"W, (r, X,)| dr < C (E/ <I>O‘(Xr)(YT")1+qdr>
t t

and the end of the proof will be the same as in the case ¢ > 2.

5 Link with SPDE’s

In the introduction, we have said that there is a connection between doubly stochastic
backward SDE whose terminal data is a function of the value at time T of a solution of a SDE
(or forward-backward system), and solutions of a large class of semilinear parabolic stochastic
PDE. Let us precise this connection in our case.

To begin with, we modify the equation (13). We denote by X% the solution of the SDE (9)
with b € C? and o € C. Therefore b and o satisfy the assumptions (L)-(G). We consider the
following doubly stochastic BSDE for t < s <T"

T T T
e_
69 Vi =n(x) - [ veedr s [ g Xt v 200, - [ 2w,
S S

S

where h is a function defined on R? with values in R. The two equations (9) and (59) are called a
forward-backward system. This system is connected with the stochastic PDE (3) with terminal
condition h.

More precisely for any n € N*, let (Y62 Z™b%) be the solution of the BDSDE (59) with
terminal condition h(X%x) A mn. We know that

Qe

0 <YM < -t il < n.
q(T —s) +

nd

And the generator y — —y|y|? is Lipschitz continuous on the interval [—n,n]. Moreover if we
assume Assumption (H3), then h A n is a Lipschitz and bounded function on R%. Hence h A n
belongs to L?(R%, p~!(z)dx) provided the function p~' € L'(R% dz). Since we have imposed
that g(t,z,y,0) = 0, now the all conditions in [5] are satisfied.
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Proposition 6 (Theorem 3.1 in [5]) There exists a unique weak solution u™ € H(0,T) of
the SPDE (3) with terminal function h A n. Moreover u"(t,z) = Y;""" and

VI = (s, XET), 200 = (0" V") (s, XE7).

The space H(0,T) is defined in Section 1, Definition 2 and the notion of weak solution is precised
in Section 2, Definition 4.

Remember that we have defined a process (Y%, Z5%) solution in the sense of the Definition
3 of the backward doubly stochastic differential equation (59) with singular terminal condition
h (see Theorem 2 and the beginning of the section 4 on continuity at time 7"). The process Y
is obtained as the increasing limit of the processes Y™:

Vi = lim Y™ as..
n—+4o00

Therefore we can define the following random field u as follows:

u(t,z) =Y " = lim Y""" = lim u"(t,z).

n—-+o00 n—-+o00

Our aim is to prove Theorem 4, that is, u is also a weak solution of (3) with the singular terminal
condition h. For any n we have a.s.

1 1

0<YyMhe < 1 q<< : >q
- T \d@ -8+ &) T \a(T -5

In particular for any (¢,x)

and hence u satisfies the same estimate. Thus u is bounded on [0,] x R? and in Lg(Rd). By
dominated convergence theorem, for any § > 0, u satisfies (29) and (30) for any 0 < s <t < T—4.

Moreover we have Z{""* = (0*Vu™)(s, X") and from the proof on Theorem 2 we know
that the sequence of processes (Z&""", s > t) converges in L2((0,7 — &) x Q) for any § > 0 to
Z4% Hence the sequence u™ converges in H(0,t) to u. From Proposition 4 we have the a priori

estimate (37):
T 2/q
8+ KT (1
B [0 opizptopas < S (1)
0 l—¢ \4q

n,t,x

(as usual Zg"" =0 if s < t). Therefore we deduce

T KT (1\*1
B[ (1 s /1)i0 Vur) s X0 s < B (—) .
0 - q

We multiply each side by p~!(x), we integrate w.r.t. z and we use Proposition 5.1 in [5] to have:

/ / )2 (c*Vu™) (s, 2) 2 p (z)dads < C
Rd

where the constant C' does not depend on n. With the Fatou lemma we have the same inequality
for wu.

t — $)¥(c*Vu) (s, z)>p Hz)dzds < co.
B[ [0 =T, P ) deds <
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Now for every function ¥ € C*°([0,T] x RY), u™ satisfies (31), therefore for every 0 < r <
t < T, u" satisfies also:

(60) / t /R (s, 2)0, (s, x)drds + /R )W, @) /R (1 2) ()
= / t /R (0" V) (5,0) (" VW) s, @)

_/: /Rd w(s,2)div (b= A) @) (s,2)dwds
__ / t /R (s, (5, ) (s, 7) O
+/: /Rdq/(s,x)g(s,m,un(s,x),a*w"(s,m))dx??l?s.

But using monotone convergence theorem or the convergence of u" to w in H(0,t), we can pass to
the limit as n goes to +o0c in (60) and we obtain that u is a weak solution of (3) on [0, 7 — 4] x RY
for any § > 0.

The only trouble concerns the behavior of u near 7T'. Since u" satisfies (31) for any n, and
by the integrability or regularity assumptions on u”, b and o, we have

lim u"(t, x)p(r)dr = / (h(z) An)(z)de

t—=T Jpd R4

for any function ¢ € C°(RY). Therefore by monotonicity

lim inf /Rd u(t, z)ip(x)dr > lim inf /Rd u"(t, x)p(r)de = /Rd(h(:c) An)p(z)dx

ST “T

for any n. Hence a.s.

(61) liminf/Rd u(t, z)p(x)dx 2/ h(z)y(x)dz.

T Rd

Our aim is to prove the converse inequality with the limsup. In the second section we have
proved Equation (45) with suitable integrability condition on all terms:

T
E(h(X7")8(X7") = E(U(t,x)H(éﬂ))JrE/t O(Xp")(Y,2") dr

T T
+ E / YIPLO(XE)dr + E / ZHE (X o (r, X2 )dr
t t

for any smooth functions € such that its compact support is strictly included in R = {h < +o0}.
If we integrate this w.r.t. dz (no weight function p is needed here since 6 is of compact support)
and we let ¢ go to T we obtain:

. t,x t,x o .
}Ln% RdE(h(XT )0(X77))dx = thﬁn% RdE(u(t,x)H(m))d:c.

By dominated convergence theorem this gives:

lim E < /R d u(t,x)@(m)dx) - /R h(2)b(z)da
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for any function § € C2(R%) with supp(f) NS = . Fatou’s lemma implies that

t—T

E <lim inf/ u(t,x)@(m)dm) < / h(z)0(x)dx.
Rd R4
With Inequality (61), we obtain that for any ¢ € C°(R?) a.s.

liminf/ u(t, z)p(x)de = / h(z)y(x)dz.
t—=T Jpd R4

Remark 2 If g does not depend of Z (or on Vu), and if g € 05’2’3([0,T] x R? x R;RY), then
from [10], u" is a stochastically bounded viscosity solution of the SPDE (3) on [0,T] x R% and
w is also a stochastically bounded viscosity solution of the SPDE (3) on [0,T — 6] x R? for any
6> 0.

Now let % be a non negative weak solution of (3) on [0,7 — §] x R? for any ¢ > 0. It means
that for any 6 > 0, uw € H(0,7 —§) and u satisfies (29) and (30) and (60) on [0,7 — ¢]. Moreover
we assume that liminf, 7 %(t, 2) > h(z) a.e. on Q x R% We follow the proof of uniqueness for
Theorem 3.1 in [5]. We define

Vi =a(s, X)), Zb = (o*Vu)(s, X1).

S

Then by the same arguments as in [5], (Y2, Zb*) solves the BDSDE (5) on any interval [0, 7 —0].
Moreover a.s. B
lim inf Y% > h(X5") = €.

s—T

By Lemma 3 and the proof of minimality of the solution of the BDSDE (Theorem 2), we deduce
that for every n, a.s.
~ 1 1/q
Y;t,x,n S Y;t,x S ( ) )
(T = s)

Thus u(t,z) < u(t,z) a.e. on Q x [0,7] x R%. And u is the minimal weak solution of the SPDE
(3) with singular terminal condition.
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