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Abstract

In this paper we establish a probabilistic representation for the spatial gradient of
the viscosity solution to a quasilinear parabolic stochastic partial differential equa-
tions (SPDE, for short) in the spirit of the Feynman-Kac formula, without using the
derivatives of the coefficients of the corresponding backward doubly stochastic dif-
ferential equations (FBDSDE, for short).
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1 Introduction

Linear backward stochastic differential equations (BSDESs, for short) have been con-
sidered by Bismut [1, 2] in the context of optimal stochastic control. However, nonlin-
ear BSDEs and their theory have been introduced by Pardoux and Peng [15]. They have
been enjoying a great interest in the last twenty year because of their connection with
applied fields. For stochastic control and stochastic games (see [10]) and mathemati-
cal finance (see [6]). BSDEs also provide a probabilistic interpretation for solutions to
elliptic or parabolic nonlinear partial differential equations generalizing the classical
Feynman-Kac formula [16, 18]. In 1994, Pardoux and Peng [17] introduced a new class
of BSDEs called backward doubly stochastic differential equations (BDSDEs, in short).
Coupled with the forward SDE, we have the following: for all s € [0, 77,

t t
X = x—i—/ b(r, X,) dr—l—/ o(r, X,.)dW,,
0 0
T T T
YS = l(XT) +/ f(TaXTW}/T‘aZT‘) dr+/ g(TvXTW}/'r‘) dB'r‘ 7\/ ZT‘dWT‘7 (11)

where the integral driven by the R?-valued process {B;}r>0 is a backward It6 inte-
gral and the integral driven by the R?valued process {W,}r>0 is the standard for-
ward It0 integral. The solution of such equation is the triple of measurable processes
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Representation theorem for SPDESs

(Xt® yhe Zt®), They showed among other that BDSDEs are suitable tool to give a
probabilistic representation for a solution of the following parabolic stochastic partial
differential equations (SPDESs):

du(t,z) = [Lu(t,x) + f(t,x,u(t,x), (Vuo)(t,x))] dt + g(t,z,u(t,x)) dBy, (t,z) € (0,T) x RY,
(1.2)
u(0,2) = l(x), z € RY,

with
n

n k
E — % Z Za’ilalj(t,l’)aﬁﬂj + ij(t’x)axj-

i,j=11=1 j=1

More precisely, assume that the functions f, ¢ and [ are smooth enough (e.g., f, g
and [ are both C? in their spatial variables), they provided an explicit expression of the
random field u, the classical solution to the quasilinear SPDEs (1.2) as follows:

T T
u(t,z) = Y, = E{Z(X;I) +/t fr, XEb® yhe Z0®) dr+/t g(r, XL Y1) dBT]-‘fT} (1.3)

They also proved that the process Z has continuous paths, and satisfies the following
identity:

Z3" = Vau(s, Xo")o(s, Xg%), s € [t,T]. (1.4)

The extension to the general case (f and [ are only Lipchitz) is much more deli-
cate because of difficulties to extend the notion of viscosity solutions to SPDEs. The
stochastic viscosity solution for semi-linear SPDEs has been introduced firstly by Lions
and Souganidis in [12]. They used the so-called "stochastic characteristic" to remove
the stochastic integral from SPDE. Buckdahn and Ma [3, 4] give another approach of
stochastic viscosity solution of SPDE in order to connect it to the following BDSDESs: for
eacht € [0,7]and 0 < s <1,

t t
Xte — g4 / b(r, X5 dr + / o (r, X1 )dW, (1.5)

Ystw l(X(t)z) + / f(ra Xﬁ’z7Yrtvzv Zﬁz) dr + / g(T, X'ﬁ’xa }/rt’x) dB7 - / Z'rt"ydeTa
0 0

0
which are in fact a time reversal of that considered by Pardoux and Peng [17]. In this
framework, the stochastic integral whith respect to dB is a forward It6 integral and the
stochastic integral driving by dW is a backward It integral. By Doss-Sussman trans-
formation, they proved that, thanks to the Blumenthal 0-1 law, u(.,.), defined by (1.3)
and seen as a random field, is a stochastic viscosity solution of the SPDE (1.2).

The aim of this paper is to face the representation of the spatial gradient under weak
conditions. To the best of our knowledge, whenever the coefficients f and [ are con-
tinuously differentiable, there has no discussion in the literature concerning the spatial
gradient of the viscosity solution u, whenever it exists. In our set-up, by using argu-
ments based on the corresponding BDSDEs (1.5), we obtain the desired result under
only continuous differentiability condition on coefficients [ and f. Roughly speaking, we
show that the viscosity solution v to SPDE (1.2) has a continuous spatial gradient V,u.
Moreover, the following probabilistic representation holds:

t t
Vau(t, ) E{I(Xé’z)NSwL/ FOr, X5 Y5, 27N d?”r/ Dy(r, X", Y,"7) dBT|‘7:tB}7(1~6)
0 JO
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where ”Dg” denotes the classical differential of the function g and N*? is some process
defined on [0,¢t], for each ¢t € [0,T], depending only on the forward diffusion and its
variational equation. Such a relation in a sense could be viewed as an extension of
the nonlinear Feynman-Kac formula to stochastic PDEs, which, to our best knowledge,
is new. The main significance of the formula, however, lies in that it does not depend
on the derivatives of the coefficients of the BSDE, a pleasant surprise in many ways.
Because of this special feature, and with the help of the identity (1.6), we hope to
derive a similar representation for the martingale integrand Z, under only a Lipschitz
condition on f and /. This latter representation then enables us to prove the path
regularity of the process Z.

For the rest of this paper, we give all the necessary preliminaries in section 2, our
main results are stated in section 3 while section 4 is devoted to its proof .

2 Preliminaries

Let T > 0 a fixed time horizon. Throughout this paper {WW;,0 < ¢ < T} and {B;,0 <
t < T} will denote two independent d-dimensional Brownian motions defined on the
complete probability spaces (2, F1,IP;) and (€9, F2,P2) respectively. For any process
{Us, 0 < s < T} defined on (Q;, F;, P;) (i = 1,2), we write FY; = o(U, — U, s <r < t)
and 7 = F{,. Unless otherwise specified we consider

Q:gleQQ, ]::]:1®]:2 and]P:IP1®IP2.
For each ¢ € [0,T], we define
Fr={F,=FPoF VN, 0<s<t}

where N is the collection of P-null sets. Note that the collection F? is neither increas-
ing nor decreasing, it does not constitute a filtration. Next, the random variables
&(wr), w1 € Q1 and ((ws), wa € Qo are considered as random variables on ) via the
following identification:

§(wi,w2) = E(w1);  C(wr,w2) = ((wa). (2.1)
Let E denote a generic Euclidean space (or Ey, Es, ..,, if different spaces are used si-
multaneously); regardless of its dimension we denote (;) the inner product and |.| the
norm in F. Furthermore, we use the notation 9; = %, Oy = (8—‘;’1,%,..,6—%) and

O = Ope = (03,4,)¢ -1, for (t,2) € [0,T] x R%. Note that if v = (¢*,..,9%) : R — R,
then 0,9 £ (aqujzi);{j:l is a matrix. The meaning of 9,,, 9y, - etc should be clear from
the context.

The following spaces will be used frequently in the sequel (X denote a generic Ba-

nach space):

1. L°%([0,T); X) is the space of all measurable functions ¢ : [0, 7] — X.

2. C([0,T7; X) is the space of all continuous functions ¢ : [0,T] — X; further, for any
p > 0 we denote |¢|y¥ = sup [|p(s)|5 when the context is clear.
T 0<s<T

3. For any k,n > 0, C*"([0,T] x E;E) is the space of all E;-valued functions
o(t,e), (t,e) € [0,T] x E, such that they are k-times continuously differentiable
in ¢t and n-times continuously differentiable in e.

4. Of’"([o, T] x E; Ey) is the space of those ¢ € C*"([0,T] x E; E;) such that all the
partial derivatives are uniformly bounded.
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5. For any k, n, m > 0, C*™™([0,T] x E x E'; Ey) is the space of all E;-valued func-
tions ¢(t,e,e’), (t,e,e’) € [0,T] x E x E’, such that they are k-times continuously
differentiable in ¢, n-times continuously differentiable in e and m-times continu-
ously differentiable in ¢’.

6. CF™™([0,T) x E; Ey) is the space of those ¢ € C*™™([0,T] x E x E'; E;) such that
all the partial derivatives are uniformly bounded.

7. Wt°(E, Ey) is the space of all measurable functions ¢) : E +— Fy, such that for
some constant K > 0 it holds that |(x) — ¥ (y)|g, < K|z —y|g,Vz,y € E.

8. For any sub-o-field G C FX and 0 < p < oo, LP(G;E) denote all E-valued G-
measurable random variable £ such that IE|{|? < co. Moreover, { € L>®(G; E)
means it is G-measurable and bounded.

9. For 0 < p < oo, LP(F,[0,T]; X) is the space of all X-valued, F-adapted processes
T
¢ satisfying [E / [&N%dt | < oo. Also, & € L>®(F,[0,T];IR?) means that the
0

process ¢ is uniformly essentially bounded in (¢, w).
10. C(F,[0,T] x E;Ey) is the space of F;-valued, continuous random field ¢ : © x

[0,T] x E, such that for fixed e € E, ¢(.,.,e) is an F-adapted process.
To simplify notation we often write C([0, 7] x E; E1) = C%9([0,T] x E; Ey); and if E; =
R, then we often suppress E; for simplicity (e.g., C*"([0,T] x E;R) = C**([0,T] x
E), C*™(F, [0,T] x E;R) = Ck™(F, [0,T] x E),..., etc.). Finally, unless otherwise
specified, all vectors in the paper will be regarded as column vectors.

Throughout this paper we shall make use of the following standing assumptions:

(A1) The functions o € C}"' ([0, 7] x R%; R¥*), b € Cp* ([0, T] x R%; R?); and all the par-
tial derivatives of b and ¢ (with respect to x) are uniformly bounded by a common
constant K > 0. Further, there exists constant ¢ > 0, such that

lo(t,z)o(t,z)Te > clé]?, Vo, £ e R, t€0,T). (2.2)

(A2) The function f € C}H(FP,[0,T] x R x R x RY) N Wh>([0,T] x R? x R x R?) and
I € WH**(R9). Furthermore, we denote the Lipschitz constants of f and [ by a
common one K > 0 as in (A1l); and we assume that

sup {[b(t,0) + [o(t,0)| + [f(¢,0,0,0)[ + [I(0)[} < K. (2.3)
0<t<T

(A3) The function g € C;"**([0, T] x R x R; R?).

The following results are either standard or slight variations of the well-know results
in SDE and backward doubly SDE literature; we give only the statement for ready
reference.

Lemma 2.1. Suppose thatb € C(F, [0,7] x R% R4) N LO(F, [0,T]; Wh>(R?; RY)),

o € C(F, [0,T] x R% R¥>4) N LOF, [0,T);WhH(R%; R¥9)), with a common Lip-
schitz constant K > 0. Suppose also that b(t,0) € L*(F, [0,T];R¢) and o(t,0) €
L2(F, [0,T); R?*4), Let X be the unique solution of the following forward SDE

t t
Xs==x —|—/ b(r, X,) dr +/ o(r, X)) dW,. (2.4)
S S

Then for any p > 2, there exists a constant C' > 0 depending only on p,T and K, such
that

E(IX]gi) <C {Ifﬂ|p + E/O [1b(s, 0)[P + |o(s, 0)[”] dS} (2.5)
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Lemma 2.2. Assume f € C(F, [0,T]xRxRY)NLO(F, [0,T]; WL (R x R?)), with a uni-
form Lipschitz constant K > 0, such that f(s,0,0) € L*(F, [0,7]) and g € C(F, [0,T] x
R xR RYNLO(F, [0,T]; Wh>(RxR¢ R?)) with a common uniform Lipschitz constant
K > 0 with respect the first variable and the Lipschitz constant 0 < o < 1 which respect
the second variable and such that g(s,0,0) € L*(F, [0,7]). For any ¢ € L?(Fo;R), let
(Y, Z) be the adapted solution to the BDSDE:

S S S
Y, :§+/ f(T‘,YT,ZT) d'f‘""/ g('rvY’er) dBr_/ Zy AW, (2.6)
0 0 0
Then there exists a constant C' > 0 depending only on T' and on the Lipschitz constants
K and «, such that

T T
E [ |ZPds < CE {m? + [0, 0.0P + (5,0.0)P ds} . @.7)
0 0
Moreover, for all p > 2, there exists a constant C, > 0, such that

T
E([Y]o7) < CpE{prﬂL/o [1£(5,0,0)[” + 1g(s,0,0)["] dS} (2.8)

To end this section, let us consider the following variational equation that will play
a important role in this paper: fori =1, ..,d,

t d t
V. Xbe e; + / Bxb(nX}f’I)ViXﬁ’Idr—i—E / Dp0? (r, XEO)WV, X dW
S j_l 5

V,Yhe Dl (XEWV X"

+/ (00 f (r, BN (1)) Vi X207 4+ 0y f (r, BN (1)) VY1 4+ (0. f(r, BV (r)), Vi Z2")dr

0

+/( [029(r, O (r))V,; X" + Oyg(r, 0" (r))V,;Y,"*dB, — / Vi Z5 dW,, (2.9)
0 0

where e; = (O,...,i,...,O)T € R, =% = (B4, ZH7), Ob* = (Xb* YH*) and o7(.) is the
j-th column of the matrix o(.). We recall again that the superscription “* indicates
the dependence of the solution on the initial date (¢,z), and will be omitted when the
context is clear. We also remark that under the above assumptions,

(VX" VY VZhT) e L2(F; [0, T]; R™Y) x C([0, T]; RY) x L*(F, [0, T|; R**?)).

Further the d x d-matrix-valued process VX"7 satisfies a linear SDE and VXf’”” =1, so0
that [VX1*]~! exists for s € [0,t],P-a.s. More detail, can be found in Nualart [14] and
Pardoux and Peng [16].

For a fixed t € [0, 7], let consider the process M' defined as follows
t
M} = / o r, XEOYWVXETAW,, 0<r <t <T, (2.10)

which will play a key role in our representation. Clearly, for fixe ¢ € [0, T], the process
M? is a martingale and using the Burkhélder-Davis- Gundy inequality, for any p > 1
there exist a generic constant depending only on constants K and ¢ appear in (Al), the
time duration 7" and p > 1, such that

t p
C, (/ lo~Y(r, Xi””)VXﬁ””FdT)
Cp(t — r)PE(|VX[52P) < Cplt —1)P. (2.11)

B(|M;[*)

IN

IA
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The following lemma gives the properties of the process M. The proof is almost similar
to the proof of Proposition 4.1 in [13].

Lemma 2.3. For any fixed t € [0,7] and any H € LP°(F',[0,T]; R), with py > 2,

(i) E < 4005

b
/ —HTMfdr
0 t—r

1

-Tr

t

(i4) the mapping t — {/ ;
0

on [0,T], P.a.e. w € §;

HTM,'fdr} (w) is Hélder-([po — 2]/[po(po +2)]) continuous
b1

(7i1) the mapping t — IE{/ tHTMfdr|]-"f} (w) is continuous on [0,T], IP.a.e. w €
0 -Tr

3 Main Results

We are now ready to state our main result which give the relation between the
strategy process Z and the derivative of the random field u, (solution of the SPDE (1.2))
when the coefficients [, f and g are only continuously differentiable.

Theorem 3.1. Assume (A1)-(A3). Let (X"*,Y4* Z1%) be the adapted solution to the
FBDSDE (1.5), and set u(t,z) = Y;"* the stochastic viscosity solution of SPDE (1.2).
Then,

(i) V,u(t,z) exists for all (t,z) € [0,T] x R?; and for each (t, ), the following represen-
tation holds:
t

t
Voult,a) = B {z<x5~z>zvz; s [ Xt v 2N
0 0

Dg(r, XL, Y2 dB,|FP }(3.1)
where

T

1
Nt = mMﬁ[VXt]*, 0<r<t<T.

Let us note that for t € [0,T], the process N' is well define. Indeed, for all s € [0,t],
V X, the solution of the forward variational equations in (2.9) is invertible, thanks to
the Doléans-Dade stochastic exponential formula (see, e.g.,[19]);

(i1) For Vu(t,z) is continuous on [0, T] x IR;
(iii) Z8" = Vyu(s, XL o (s, X07),V s € [0,], [P-a.s.
As a byproduct, we derive the following corollary.

Corollary 3.2. Assume that the same conditions as in Theorem 3.1 hold, and let (X"* Yt* 7Z4®)
be the solution of FBDSDE (1.5). Then, there exists a constant C > 0 depending only on
K, T, and for any p > 1, a positive LP(Q, (F!)o<s<t, P)-process I'""*, such that

\Veu(t,z)| < CTY®, ¥ (t,z) € [0,T] x R, IP—a.s.
Consequently, one has
1 Z0T| < CT"(L+ X)), Vsel0t], P—as. (3.2)

Furthermore, V p > 1, there exists a constant C}, > 0, depending on K, T, and p such
that

E {| X557 + [Y52[57 + 125757 ) < Cp(1 + |zfP). (3.3)
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4 Proofs

This section is devoted to prove all results appear in this paper. To simplify pre-
sentation, we shall assume that d = 1. The higher dimensional case can be treated in
the same way without substantial difficulty. Also, in what follows we use the simpler
notation by, 0, Iz, (fz, fy, f-) and (g, g,) for the partial derivatives of b, o, I, f and g.
Moreover, we recall:

0=(X,Y)= (X" Y") E2=(0,2)= (0" 2"), V== (VO,VZ)= (Ve * vzh*).
(i) Let (¢,2) € [0,T] x R be fixed. For h # 0 and s € [0, t], define:

Xt,:v+h _ Xt,z
Zs s . yYR:
h s h

Yt,:v+h _ Yt,a:
—— S

Zt,achh _ Zt’w
5 VZ: == 5

XM=
VX, 3

One can check that the processes VX" and (VY VZ") are respectively the unique
solution of the following SDEs:

VX o= 14 /t'l}g(r)vxfdr + /t Fh(r)\VXIdW,, 0 < s <t (4.1)
and
vY! = x4 /0 S[fg’;(r)vxf + fr )Yt + fhryvztar
+ /Os[gﬁ(r)vxf + g0 (r)VY,"B, — /0 VZhdW,, 0 < s <t, (4.2)
where
1
o) = /0 bo(r, X5% + 0V XM BO(r) = by(r, X57)
F(r) — /0 Lo X5 L ORTXMAD 5O(r) = ou(r, X1
o= /0 1 (X5 +0nvXD)do 10 = 1,(X5™),
Pu(r) = /0 1 @(r,Ep" +0hVE!NdO  P°(r) = o(r,ERT), ¢ = fu, fy, f-, respectively
zzg(r) = 1 o(r, 0L + QhV@f)dH 1;0(7“) = 1(r, OL"), o = 9z, gy, TESpectively.

0

Let us first state and prove this preparing lemma.

Lemma 4.1. Assume that conditions of Theorem 3.1 are fulfilled. Then,

(1)
EVX" - VX7 -0 as h—0.
(1)
t
E <|vyh — VY57 +/ |\vzh - vzs2d3> —~0ash— 0.
0
ECP 18 (2013), paper 64. ecp.ejpecp.org
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Proof. (i) Applying Lemma 2.1 to (4.1), there exist a constant C' > 0, independent of A,
such that, for all p > 2,

E (VX"

or) <C.
Next, according to the definition of VX h it’s holds that, for all p>2,
E (X5 th — XP75P) -0 as  h—0, (4.3)

which provides that as h — 0,

(/ b" (1) )|pdr> -0,

]E/ |7 (r) — &°(r)|[Pdr — 0, (4.4)
0

On the other hand, let us recall that the process AX! := VX! — VX satisfies the
following SDE:

AXP = / S[’B,T(T)Axf + o (r)]dr + / S[&z(rmxﬁ + B"(r)]dW,, (4.5)

where

a(r) = (B"(r) - Br)) VX,
ghry = (@) - I(r))VXr. (4.6)

Once again, applying Lemma 2.1 to (4.5) together with (4.4) and (4.6), (i) is complete.
(#i) Recalling (4.2) and applying Lemma 2.2, there exits a constant C' > 0, independent
of h, such that, for all p > 2,

(|VYh / |VZh2ds> <

Therefore, for all p > 2,

t
E (|thf+h b S +/ |Zbeth Z§’$|2ds> —~0ash—0, 4.7)
0

and
Eﬁh - z?'|p — Oa

/|<p (r)[Pdr — 0, (4.8)
/|1p (r)|Pdr — 0,

as h — 0. Hence, since (VY,VZ7) is the solution to the (doubly backward) variational
equation in (2.9), we get

t
E <|VYh — VY37 +/ \vzh — VZ5|2ds> —0ash — 0. (4.9)
0
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Indeed, denoting AY := VY — VY, and AZ! .= VZI — VZ,, it follows from (4.2) and
(2.9) that

AY! = LAXE+ (1 -1)VX,

+ [)axt + LAY + F)azh + ol
0

+ / 5 (G2 (r)AX ) + G, (r)AY," + €5 (r)]dB, (4.10)
0

—/ AZMW,,  s€]0,1],
0

)y = (Frr) = )X+ (f1(r) — fO))VYy + (i) = f2(r)V 2.,
hr) = @) - RV, + @) - §or)) VY (4.11)

Thanks to Lemma 2.2, we obtain
t
IE{|AYh o7 +/ |Azg|2ds}
0
t
< CE{IAXPE+ - BPIVXL + [(AXIE 40P +ler))ar}.
0

Thus, the result follows from (4.3), (4.8), (4.11) and the dominated convergence theo-
rem. -

4.1 Proof of Theorem 3.1

(i) Let consider the o-algebra F' = (F!) ., ., defined by F! = FF @ F. Then
yte ytrth  yYh and AY" are all F*-adapted processes. In particular, since W is
a Brownian motion on (Q9, 52, P3), applying the Blumenthal 0-1 law (see, e.g, [11]),

- 1
Vi = u(t,x), YO = u(t,x + k), VY] = E[u(t,x + h) — u(t,r)] and AY}" are all
independent of (or a constant with respect to) ws € 5. Therefore it follows from Lemma

4.1 that d,u exists, as the random field and is equal to VY;"*, for all (¢, z) € [0,T] x R
Finally, taking the conditional expectation on the both sides of (2.9) at s = ¢, we have

dpu(t,z) = E{l(X5")VXy®

t
[ 1000, 2 VXD 4 £ 0L 2LV o £ 00, 2T 20
0

t
+ / [92(r, OLF )YV XL + g, (r, OLF)VY,M]dB, | ff}. (4.12)
0

On the other hand, it follows from Proposition 2.3 in [17] and the notation of its proof
that (X,Y, Z), the solution of the FBSDEs (1.5) belong to D!2. Moreover, one can show,
forO0<r7<r<t,

fuo(r, @0 ZET)YW XY + fy(r, eL* ZLHYWYLT + f,(r, 0" ZLT)V ZET

= D,f(r,0b" Z") o (1, X7 )V X LT,

Since the left-hand side above is independent of 7; integrating both sides from 7 =r < ¢
to 7 =t and then dividing by ¢ — r, we obtain that

fu(r, 07, Z0T)VX0T + fy (1,007, Zp )Y + fo(r, O, Z07)V 20"

1
t—r

t
/ D, f(r,05% 78" o™ (1, XE )V X . dT. (4.13)
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Since o~ ! is bounded by (2.2), the process o~ !(., X)VX € L?(F?, [0, T]) and therefore it
belong to Dom(J) (see section 2 in [13] combined with proof of Proposition 2.3 in [17]).
Further, thanks to Lemma 2.1 and Lemma 2.2, it can be checked that

t
{|f(r, @i“)|2/ |0’_1(T,X7—)VX7—|QCZT} < 400, Vr € [0,t]. (4.14)
0
Thus, by Lemma 2.5 (i) in [13] and using integration by parts, we have

/D f(r,0L% Zb®) o= (7, Xb )V X dr (4.15)

= f(r @tf)/ o N1 X)) VX, dW,
/ f(r,0L% 7t o= (7, Xb\V X .dW,, (4.16)

where the second integral on the right-hand side should be understood as an anticipat-
ing stochastic integral such its conditional expectation E(.|F/) is zero. Next, plug (4.16)
into the right-hand side of (4.13) and then take the conditional expectation E(.|F?) on
both sides, we obtain that

E (fo(r, 077, Zp") VX" + fy (r, 007, Zp") VYT + fo(r, 077, Z727)

‘)

1
= ?E{f r, O, ZLYMEFP Y (4.17)
-T
Using similar arguments, we show that
E {l,(Xg")\VX;"|FP} = IE{l XoT MY FP} (4.18)

Moreover, since g belongs in C;"*?(0,7] x R? x R; R¢), we have
92 (r, O )VX T + gy (r, O07)VY,® = Dyg(r, O77), (4.19)

where Dg denotes the classical differential of g.

Finally, plugging (4.17), (4.18) and (4.19) into (4.12), and applying Lemma 2.3, the
representation (3.1) holds and (¢) is complete.

(ii) Since the variable d,u(t,z) = VY;"*, does not depend on w,, we can rewrite it as
follows:

dpu(t, z) = By (VY™), (4.20)

where s is the expectation with respect to IP; introduced at the beginning of Section
2. Let (t;,x;) € [0,T] x R, i = 1,2. We assume without losing generality that t; < ¢t and
in order to simplify the notation, write for i = 1,2, r € [0, t5]

o = ( ')_ Xtimi Yt,-,a:i)

= = (0 Z) (OF®i, Ztwi)

Ve = (V@Z VZ') = (Ve'® vztwf)

2 = Ouf(rE(), fy(r) =0y f(r,E'(r)), filr) = 0-f(r,E'(r)),
g.(r) = wg(r 0'(r)), g,(r) = dyg(r,©'(r)),

Iy = 0ul(Xg), by(r) = 0s b(?“ Xl( ), 04 (r) = Opo(r, X'(r)).

Further, we set AX, = VX! — VX2 AY, = VY}! — VY2, AZ, = VZ! — VZ2 and for
each functions ¢ we denote Aja[p] = ¢! — ¢?. Also, in the sequel C' > 0 denotes a
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generic constant depending only on the data and may vary line to line. Recalling (4.20)
and (3.1) we have, for IP;-almost all w; € 4,

|8 u(tl,xl) — 8 U(tz,x2)|2

< CE(|I} VX0—12vxg|2)
+Ea ((t2 - 1) [IAROPIVXE + RO + 1L 0PIVZEar)
+s ( / - (PIVXLE + by ()19 P
+Es ( / Bl VX)) + 1Bl aV¥I0F + Bl V2] )
(/ 1Bl VX + Bala, TY 10l ). (4.21)
< OB { AN+ [VXPIBalt] + 12— 1) [ VXU + 199+ V2Pl

/[|VX1|2+|VY1|2}dr+/ IAX, 2+ |AY,|? + |AZ,]*)dr

o ~ -
+ / Rl )VX2E + (Rl fy ) ()2 + [Rpalf2] (1) 22 dr

+ [ 1Bl w2 + |£12[gy]<r>w?|21dr} |

For the estimate of the right-hand side of (4.21), we note that the process (ﬁX , KY, AZ )
satisfies the following coupled FSDE-BDSDE (for s € [0, t]):

to R R
AX, = (VX,-1)+ / [bL(r)AX, 4+ Aia[b](r)VX2]dr
t2 ~ ) ~
+ / [cL(rAX, + Arz[o.](r)VXZE] dW,, (4.22)
AY, = I'AXg+ Apll,]VX2+ / [fLMAX, + [Lr)AY, + fHr)AZ, + e3(r))dr
0
—|—/ [gL(MAX, + 9 (r)AY, + 4(r)|dB, — / AZ, dW,,
0 0
where
e3(r) = Ap[fo](r)VX? + A f,](r)VY,? 4+ Ap[f.](r)VZ]
and

ea(r) = Apa[ge) (r) VX2 + Ara[g, ) (r) VY2,

Now let Gy, +,(.) denote a generic F"-adapted, continuous process that is uniformly
bounded and satisfies limy, 4+, G, +,(r) =0, V7 € [0, t2], P2-a.s. Again, we allow it to vary
from line to line (i.e all 312[90](.), where ¢ = by, 04, fz, fy, f: 92, gy can be denoted as
such). Applying Lemma 2.1 and recalling the assumption on b and o, we get,

t2 ~ ~
EAX(GE < CB{Ivxh— 1P+ [Tl +Bulne) VX P
0

IN

ta
E, {|VX,}2 —1? +/ th,tz(s)|VX§|2ds} . (4.23)
0
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Combining (4.23) with Lemma 2.2, it holds that:

~ t2 o~
I, {IAYIS:i +/ |AZS|2ds}
0

CE, {|AXo[2 + |Rralla] 2V X

IN

+ / TAX + 1 Bulf)6)E + Bulf)(5)P + 1Al f](s) 2] VE2(s) 2ds
+ / TAXP + |Ryalgal () + |ﬁu[gy1(s>|21|ve2<s>2ds}

12
< CE, {Vth — 112 + |AnllL] 2IVXE)? + th,t2(s)|va2(s)2ds}. (4.24)

0
Plugging (4.23) and (4.24) into (4.21), we obtain that:

12
|8ru(t1,x1) — 5‘ru(t2,x2)|4 S CEQ {VXgQ — 1|4 + |A12[l£]|4|VXg‘4 + (tl — tQ)S/ |V@1(s)|4d5

t1

(b — ) / 181 (s) s + 0 "G (5)(IVE2(s)[* + |V<91<s>|4>ds} .

t1
Now, for P;-almost all w; € Q;, and for a fixed (¢2,22), by dominated convergence
theorem we derive that
|Ozu(ty, z1) — 8$u(t2,.132)‘4 —0ast; 1ty and vy — a.
Similarly we can show that, for fixed (¢, 1),
|0pu(ty, 21) — Opu(ta, zo)|* — 0 asty Tt and xo — 2.

This proves (i7).

(iii) For a continuous function ¢, there exists {¢}.~¢ a family of C%> functions such
that ¢° converges to ¢ uniformly on . Since b, o, [, f are all uniformly Lipschitz
continuous, we may assume that the first order partial derivatives of 6%, ¢¢, [, f¢ are
all uniformly bounded, by the corresponding Lipschitz constants of b, 0,1, f uniformly
in e > 0. Let us consider (X%%(g),Y"*(¢), Z"*(¢)) the unique solution of the family of
FBDSDEs

¢ ¢
X5 (e) :x+/ bE(T,Xf,’w(E))dT+/ o (r, X1 (e)) dW,;

Yi® (e) = 1 (X47(e)) + / P X (0), Y (0), 257 () dr

+ [ gt xtr @Y @)aB, - [z aw,.
0 0

Applying Theorem 3.2 in [17], we derive that u® defined by u®(t,z) = Y,""(¢) is the
classical solution of SPDE

dus(t,z) = [Louf(t, @) + (¢, z,ul(t, x), (Vuso®)(t, x))] dt
+g(t,x,us(t,x)) dBy, (t,z) € (0,T) x R,

us(0,z) = I¢(x), r € RY.
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For any {z°} C IR™ such that 2° — z as ¢ — 0, define
(X=,Ye,Z8) = (X% (), Y4*" (¢), Z5% (¢)). Using once again [17], we have

Yi=u(s,X5); Z:=0,u(s,X5)o%(s,X;), Vse|0,t], P-as.

Moreover, since (VX¢, VY*¢ VZ¢) is a unique solution of forward-backward doubly SDE

t t
VXS =1+ / b (r, VXE)V X dr + / oS (r, VXE)VXE dW,,

VYS = (X5 VX + / 220 VXE + £ (r 2(r)°)VYE + ££(r, E(r)°)V 2] dr(4.25)
0

+ / (92 (r, O(r)°)VXE + g5 (r, E(r)°) VY]dB, — / ZEaw,,
0 0

Lemma 2.1 and Lemma 2.2 provide that, for all p > 2

t
E {|X8 " |y z;;f+/ |Z§|2ds} <c
0

IE {|VXE —VX[? + VY - VY

t
oy +/ |VZe — VZS|2ds} -0,
0

of HYe-Y

t
[E{|X€—X ;;f+/ |Z§—Zs|2ds} =0
0

and

t
E {|VX5 —VX[P 4+ VY - VY 5P + / vz — VZS|2ds} -0,
0

as € — 0. Furthermore, passing to the limit in (4.25) and using the dominated conver-
gence theorem one derives that

Opuf(t,2%) — Oyu(t,z), as e =0 P-as.,
for each (¢, x) € [0, T] x R. Consequently, possibly along a subsequence, we obtain

Z, = lim ZF = lim 0u®(s, XJ)o®(s, X°) = Ou(s, X5)o(s, Xs), ds® dP-a.e.
e—0 e—0

Since for P-a.e. w, d,u(.,.) and X are both continuous, the above equalities actually
holds for all s € [0, ], P-a.s. (ii7) is done and the proof is complete.

4.2 Proof of Corollary 3.2

We assume without lost of generality that p > 2. By Lemma 2.1 and Lemma 2.2, there
exists a constant C' > 0 such that

T p/2
E S VX257 + VY0P 4 (/ VZf:””|2dr> < C.
0
Then, from the identity (3.1), we deduce immediately that |9,u(t,z)| < CT}*, for all

(t,z) € [0,7] x R, where
+ [ 1vxe
0

/ [VXP® + VY,""|dB,
0

+ VY| + |V Z0*

ree = E(VXS"’” ldr

+

| .7-";) , Vs el0,t].
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Moreover, for s € [0,t], E(|]T%*|P) < C and hence (iii) of Theorem 3.1 implies that
|Zb7) < OTE" (1 +|XE"),  P-as.
Once again Lemma 2.1, 2.2 and (3.2) yields (3.3), for p > 2.

Remark 4.2. Originally, this paper is devoted to extend entirely the work of Ma and
Zhang [13]. More precisely, we want to establish the representation theorem for the
spatial gradient V u of u, the solution of SPDE and the strategy process Z of the solu-
tion to associated BDSDE respectively as follows: for all (t,x) € [0,T] xR¢, and 0 < s < ¢

t t
vxuu,x):E{l(Xé@)Nﬁ | s xim v 2N e+ [ Dyt xen v dBrlftB}
0 0
and
Z;@=E{Z<X5’”>Né+ | rexim ez ar s [ Dyt X0 ) dBr|f;}a<s7szf>,.
0 0

Unfortunately at this stage of our work, we are limited to the first representation so that
the second one becomes questionable. This is due to the real difficulty to establish the
analogue of Lemma 4.1 appear in [13] which is essential to prove this representation.
Indeed, since for all t € [0,T], the object F = {Fl = FE@ FlV, VN, t <s < T}is
not a filtration, the optional projection method used by Ma and Zhang does not apply in
our case. We hope that in our future discussion, we will find an alternative to solve this
problem.
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