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1. Introduction

In this paper, we consider the Cauchy problem for backward stochastic partial different equa-
tions (BSPDEs) in divergence form

dp(t, x) = —{8x,' [aij(t, x)0,; p(t,x) + o™k, x)gk(, x)] +bi(r, x)0,i p(t, x)
—c(t,)p(t, x) + 5, x)g" (t, x) + F(t, x) }dt + ¢* (2, x)dW,

1.1
(t,x) € [0, T] x R, (1.1
p(T.x) =¢(), xeR%,
and in non-divergence form
dp(t,x) = =[a"l (1, )9% ; p(t, %) + b (1, )30 p(t, X) — (2, 1) (¢, %)
+ o1, )8, (¢, x) + V5 (1, x)g* (1, x) + F (2, x)]dr + g (t, x)dwk, 12

(t,x) €[0,T] x RY,
p(T,x) =¢(x), xeR’

where W £ {W,";t > 0} is a di-dimensional Wiener process generating a natural filtration
{Z:}:>0. The coefficients a, b, ¢, o, v and the free term F and the terminal condition ¢ are all
random functions. An adapted solution of Eq. (1.1) or (1.2) isa & x B(R9)-measurable function
pair (p, q) satisfying Eq. (1.1) or (1.2) under some appropriate sense, where 7 is the predictable
o -algebra generated by {%;},>0.

BSPDE:g, a natural extension of BSDEs (see e.g. [5,14]), originally arise in the optimal control
of processes with incomplete information, as adjoint equations (usually in the form of (1.1))
of Duncan—Mortensen—Zakai filtration equations (see e.g. [3,13,17,18,22]). In [11], an adapted
version of stochastic Feynman—Kac formula is derived involving BSPDEs (in the form of (1.2)),
which has been found useful in mathematical finance. A class of fully nonlinear BSPDEs, the
so-called backward stochastic Hamilton—Jacobi-Bellman equations, are also introduced in the
study of controlled non-Markovian processes by Peng [15]. For more aspects of BSPDEs, we
refer to e.g. [2,6,19-21].

In [23], a Wy -theory of the Cauchy problem for BSPDEs of type (1.1) was established by
the finite-dimensional approximation (Galerkin’s method) and a duality analysis on stochastic
PDEs. Those results are basically complete however not refined due to a strong requirement on
the coefficients. More specifically, the theory requires the boundedness of the derivatives of the
coefficients up to the order 7, to reach the regularity that p € H"*! and ¢ € H" with respect to
x. Comparing to the counterpart theory of PDEs, we believe that this requirement is not natural.

In this paper, we establish an improved W' -theory of the Cauchy problem for BSPDEs of
type (1.1) and (1.2). First we refine the existence and uniqueness result first given by Hu and
Peng [8] concerning backward stochastic evolution equations in Hilbert spaces. Then we use
it to prove the existence and uniqueness of the weak solution (see Definition 2.1) of Eq. (1.1).
Following this result, we obtain the existence, uniqueness and regularity of the strong solution
(see Definition 2.1) of Eq. (1.2), under much weaker assumptions on the coefficients than those
used by Zhou [23], by applying some classical techniques from the theory of PDEs instead
of duality analysis. Our improvements are natural and substantial. Our results require weaker
conditions—the boundedness of the derivatives of the coefficients up to the order n — 1, to reach
the regularity that p € H"*! and ¢ € H" with respect to x, which coincides with the classical
theory of PDEs. As an application of our results, we prove a comparison theorem for the strong
solution of Eq. (1.2), which, in some sense, improves the results obtained by Ma and Yong [12].
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In this work, we mainly focus on the linear BSPDE under the super-parabolicity condition
(Assumption 2.2). There are other results discussing BSPDEs under more general assumptions.
For instance, Ma and Yong [12] study the linear BSPDE under the parabolicity (or degenerate)
condition only. To compensate the degeneracy, their results require more assumptions on the co-
efficients, the free term and the terminal condition. Moreover, Hu et al. [7] and Tang [19] study
some semi-linear BSPDEs by various approaches.

This paper is organized as follows. In Section 2, we present our main results (Theorems 2.1—
2.3), and prove Theorem 2.3. In Section 3, we discuss backward stochastic evolution equations in
Hilbert spaces, and then prove Theorem 2.1. In Section 4, we complete the proof of Theorem 2.2.
Finally in Section 5, we prove a comparison theorem for the strong solution of Eq. (1.2).

2. Main results

Let (2, #,{Z:}i>0, P) be a complete filtered probability space on which is defined a d;-
dimensional Wiener process W = {W;; r > 0} such that {.%#;},>0 is the natural filtration gener-
ated by W, augmented by all the P-null sets in .%. Fix a positive number 7. Denote by &2 the
o -algebra of predictable sets on {2 x (0, T') associated with {.%;};>¢.

For the sake of convenience, we denote

D =d,, Dij=d% ;. ij=1....4d,

and for any multi-index o = (aq, ..., )
D% = (0,1)*1(3,2)% -+ (3, )™, || =01 + -+ q.
Moreover, denote by Du and D?u respectively the gradient and the Hessian matrix for the func-
tion u defined on R?. We will also use the summation convention.
Throughout the paper, by saying that a vector-valued or matrix-valued function belongs to a

function space (for instance, Du € L?(R?)), we mean all the components belong to that space.
Let n be an integer. Let H" = H" (R?) (n # 0) be the Sobolev space Wy (R?). We denote

H" = H*(RY) = L*(2 x (0, T), 2, H").

In addition, denote || - ||, = || - || g». Moreover, for a function u defined on {2 x (0, T') x RY, we
denote

T
llull?2 = E f llu(z, -)||>de.
0

The same notations will be used for vector-valued and matrix-valued functions, and in this case
we denote [u|*> = Y, |u'|*> and |u|?> = Zij |uil |2, respectively.
Let us now turn to the notions of solutions to Egs. (1.1) and (1.2).

Definition 2.1. A function pair (p, ¢) : {2 x [0, T] x RY - R x R¥ is called

(i) a weak solution of Eq. (1.1),if p e H! and ¢ € HO, such that for everyn € H' (or Cgo(Rd))
and almost every (w, t) € {2 x [0, T, it holds that

T ..
/ p(t, x)n(x)dx =/ ¢(x)n(X)dx+/ / {Di[a" (t, x)D;p(t, x)
RY R i JRa

+0™(t, x)g" (1, )] + b (1, x)D; p(t, x) — c(t, x) p(t, x)
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+ 08 (t, gk (1, %) + F(t, %) }n(x)dxdr

T
- f f g*(t, x)n(x)dxdWf; 2.1)
t JRA

(ii) a strong solution of Eq. (1.2), if p € H?, g € H! and p € C([0, T, L?(R%))(a.s.) such that
forallr € [0, T] and a.s. w € {2, it holds that

T
p(t,x) = ¢p(x) + / [a” (t, x)Dijp(t, x) + b (t, x) Di p(t, x) — c(t, x) p(t, x)
t

+o*(t, x)Dig" (r, x) + vF(t, x)g* (1, x) + F(z, x)]dt

T
- / g*(t, x)dw} 2.2)
t

forae. x € R4,

Now fix some constants K € (1, 00) and « € (0, 1).

Assumption 2.1. The given functions a, b, ¢, o, v and F are & X B(R" )-measurable with values
in the set of real symmetric d x d matrices, RY, R, RY*d1 R and R, respectively. The real
function ¢ is .Zr x B(R?)-measurable.

Assumption 2.2. We assume the super-parabolicity condition, i.e.,

Il + (™)™ <2(a)y < KI, VY(w,t,x)e 2 x][0,T] x R?.

Then we have the following result concerning the existence and uniqueness of the weak
solution of Eq. (1.1). The proof of this theorem will be given in Section 3.

Theorem 2.1. Let the functions a’, bt c, o and vk satisfy Assumptions 2.1 and 2.2, and be
bounded by K. Suppose

FeH™, ¢ e L>(2, Fr, LY.

Then Eq. (1.1) has a unique weak solution (p,q) in the space H' x H® such that p €
C(0,T], L} (a.s.), and

Pl + llgli§ + E sup [ p(t. )lIg < CIFIZ, + El813), (2.3)
t<T
where the constant C = C(K, k, T).
To investigate the (strong) solution of Eq. (1.2), we need, in addition, the following

Assumption 2.3. There exists a function y : [0, c0) — [0, 00) such that y is continuous and
increasing, y (r) = 0 if and only if r = 0, and for any (w, t) € 2 x [0, T] and any x, y € Rd,

la(w, 1, x) —a(w, 1, y)| +|o(@,1,x) —o(w, 1, y)| < y(x = y]). 2.4
Then we have the following theorem, whose proof will be given in Section 4.

Theorem 2.2. Let Assumptions 2.1-2.3 be satisfied. Assume that the functions b', ¢ and v* are
bounded by K. Suppose
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FeH’, ¢elL*Q Fr H.
Then Eq. (1.2) has a unique strong solution (p,q) in the space H?> x H' such that p e
c (o, 1], L2) NL>®([0, T, HYY(a.s.), and moreover,

N3 + gl + E sup | p(z, )13 < C(IIIFIII% + EII¢|I%), (2.5)
t<T

where the constant C depends only on K, k, T and the function y.

With the aid of Theorem 2.2, we can obtain the following.

Theorem 2.3. Let Assumptions 2.1 and 2.2 be satisfied. Let n be a positive integer. Assume that
for any multi-index o s.t. || < n,

esssup (|D%l|+ |D*b| + |D%c| + |D%| + |D*v|) < K,
2x[0,T1xR4 (2.6)
FeH' ¢elL*2, Fr, H'.

Then Eq. (1.2) has a unique strong solution (p, q) such that
p el qeH™, pec(o Tl H)NL*(0,T], H" )(a.s),
with the estimate

NP2, s + llgliZy + Esup | p(t, )z, < CNFIZ+ Elgl2, ), 2.7)
t<T

where the constant C depends only on K,k and T.

Proof. The first inequality of condition (2.6) implies Assumption 2.3. In view of Theorem 2.2,
Eq. (1.2) has a unique strong solution (p, ¢) in the space H? x H! such that p € C([0, T1, L*) N
L°°([0, T1, H")(a.s.), and estimate (2.5) holds true.

Now we apply induction to prove this theorem.

Assume that the assertion of Theorem 2.3 holds true forn =m — 1 (m > 1), that is

peH™!  geH", pecC(0,T],H Ya.s.),

and inequality (2.7) holds forn = m — 1.

Note that Eq. (1.2) can be rewritten into divergence form like (1.1) since Da and Do are
bounded. Therefore, by the integration by parts, it is not hard to show that for any multi-index «
s.t. || = m, the function pair (D%p, D%q) € H' x HO satisfies the following equation (in the
sense of Definition 2.1(i))

.. ik k = k k
{du = —(a" Djju+ " Div" + F)dr + v'dW;, (2.8)

u(T,x) = D% (x), xeR?,
with the unknown functions u and v. Here (|o| = m)
F=D"F+ Z [(Dﬂaij)(Dypx"x-’) + (Dﬂai)(qux")]
IBl+ly1=lal,|B1=1

+ D [(DPB)(DY py) = (DPe)(D p) + (DPv) (DY )],
B I7I=le
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From our assumption for n = m — 1 and condition (2.6), we see that F e HO. Moreover, from
estimate (2.7) forn = m — 1, we obtain that (Ja| = m)

~ 2 2
IFlly < Cle, K, TY(IDFI + Nlpll2 ., + llgli2,)
< Cle, K, D(IFNZ + 19112,).

Then applying Theorem 2.2 to Eq. (2.8), we obtain that (D* p, D%q) € H? x H!, and D%p €
C([0,T], L N L>®([0, T], H") (a.s.), and moreover (recall || = m)

ND%M+MU%M+EwwD%@Jﬁ§CMM@+EWﬁH)
1<
The proof is complete. [l

Remark 2.1. In contrast to Theorem 3.1 in [23], Theorems 2.2 and 2.3 in this paper require
less regularity of the coefficients to reach similar conclusions due to the different approach.
To be specific, Zhou [23] applies duality analysis directly to Eq. (1.1), actually requiring high
regularity of the coefficients (see p. 278 in [23]), while we start our discussion from simple
equations, and then borrow some classical ideas from the theory of PDEs, such as perturbation
and the continuation method, to study the general equations.

Remark 2.2. In the case of n — d/2 > 2, the function pair (p, q) satisfies Eq. (1.2) for all
(t,x) € [0, T] x R? and w € 2 s.t. P(£2’) = 1, which is a classical solution of Eq. (1.2) (see
e.g. [12, Def. 2.1]).

Remark 2.3. In this paper, all constants denoted by C are independent of d;, which allows us to
extend our results (Theorems 2.1-2.3) to the more general case of Eq. (1.2) which is driven by a
Hilbert-space-valued Wiener process.

3. Backward stochastic evolution equations in Hilbert spaces

In this section, we consider backward stochastic evolution equations in Hilbert spaces. The
basic form of the main result (Proposition 3.2) in this section is first obtained by Hu and Peng [8].
However, they did not give any rigorous proof. In order to be self-contained, we provide here a
proof of this result with details, and establish an estimate which did not appear in [8].

Let V and H be two separable (real) Hilbert spaces such that V is densely embedded in H.
We identify H with its dual space, and denote by V* the dual of V. Thenwe have V. C H C V*.
Denote by || - |lv, || - Il and || - ||y+ the norms of V, H and V* respectively, by (-, -) the inner
product in H, and by (-, -) the duality product between V and V*.

Consider three processes v, m and v* defined on {2 x [0, T'] with values in V, H and V*,
respectively. Let v(w, t) be measurable with respect to (w, 7) and be .%;-measurable with respect
to w for a.e. t; for any n € V the quantity (1, v*(w, t)) is .%;-measurable in w for a.e. ¢ and is
measurable with respect to (w, ). Assume that m(w, t) is strongly continuous in ¢ and is .%;-
measurable with respect to @ for any ¢, and is a local martingale. Let (m) be the increasing
process for ||m ||%1 in the Doob—Meyer Decomposition (see e.g. [9, p. 1240]).

Proceeding identically to the proof of Theorem 3.2 in Krylov and Rozovskii [9], we have the
following result concerning the 1t6’s formula, which is the backward version of [9, Thm. 3.2].

Lemma 3.1. Let ¢ € L*>(2, Zr, H). Suppose that for every n € V and almost every (»,1) €
2 x [0, T, it holds that
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T
(. v(@) = (. ¢) +/ (n, v*(s))ds + (n, m(T) — m(t)).
t

Then there exist a set 2’ C (2 s.t. P(£2') = 1 and a function h(t) with values in H such that

(a) h(t) is F-measurable for any t € [0, T and strongly continuous with respect to t for any w,
and h(t) = v(t) (in the space H) for a.s. (w,t) € 2 x[0, T, and h(T) = ¢ forany w € {2';
(b) for any w € 2" and any t € [0, T],

T T
1@z = lely + 2[ (v(s), v*(s))ds + 2/ (h(s), dm(s)) — (m)r + (m);.
t t

Denote H® = (v = (v, 0%, ..., v%) : vk € H,k = 1,2, ...,d;}. The norm in H®% is
defined by [[v]l yea, = (X4 I0*I17)">.
Assume that linear operators
L@, t): V-V M H—>V

and functions ¢(w), f(w, t) taking values in H and V*, respectively, are given for ¢ € [0, T],
w € . Denote M = (M!, M?, ..., M%), then we define a linear operator M : H® — y*
as follows:

My = ZM"U", Yo € H®
%

Consider the linear backward stochastic evolution equation (we use the summation conven-
tion)

T T
u(t) = ¢+/ [Lu(s) + Mu(s) + f(s)]ds —/ vk (s)dwk. (3.1)
t t

Definition 3.1. An .%;-adapted process (u, v) valued in V x H®® is called a solution of Eq.
Q.1),ifu € L>(2 x (0,T), Z,V)and v € L*(2 x (0,T), 2, H®%), such that for every
n € Vandae. (w,t) € 2 x [0, T], it holds that

T T
M, u(t)) =, ) + / (m, Lu(s) + Muv(s) + f(s))ds — / (1, v* (s))dW¥E.
t t

Remark 3.1. From Lemma 3.1, we know that a solution of Eq. (3.1), in the sense of Defini-
tion 3.1, always has a continuous version in H.

Remark 3.2. When £ is the infinitesimal generator of a Cp-semigroup (so independent of
(w, t)), another notion of the solution of Eq. (3.1), i.e. so-called the mild solution, is also studied
in many literature, see e.g. [8,10,21] for details.

Now we study the existence and uniqueness of the solution of Eq. (3.1). We need the following
Assumption 3.1. There exist two constants A, A > 0 such that for any (w, 1) € 2 x [0, T],

20, Lx) + IM*x11% 60, < —AlIxl3 + Allx]I%,

H®d =

(3.2)
ILxllv= < Allxllv, Vx eV,

where M* : V. — H®4 is the adjoint operator of M. The first inequality is called the coercivity
condition (see e.g. [16, p. 87]).
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The main result of this section is the following.

Proposition 3.2. Let Assumption 3.1 be satisfied. Suppose that

fel*2x0,T),2,V*,  ¢el*2,Fr, H). (3.3)
Then Eq. (3.1) has a unique solution (u, v) in the space LZ(Q x(0,T), 2,V x H®d‘) such that
u e C(0,T], H) (a.s.), and moreover,

T
E sup u(o) [}, + E/ (he@W + 0o, ) dr

t<T

<c (E/O 1f @) 3t + E||<o||%,) ,
where the constant C = C(\, A, T).

Proof. Step 1. Assume the existence of the solution of Eq. (3.1) in the sense of Definition 3.1. In
view of Lemma 3.1, we have u € C([0, T], H) (a.s.). Now we deduce estimate (3.3).

First we claim that E sup, - [|u(7) ||%1 < 00. Indeed, note that u(w, 0) € H is %p-measurable,
thus is deterministic. Define a sequence of stopping times as

Ty (w) = inf{z; sup |lu(w, s)||lg = n} AT.
s<t

It is clear that t, 1 T a.s. Then applying It6’s formula to ||u(¢) ||%1 and from Assumption 3.1, we
have

AT,
lu(e ATl = @)l — /0 [26(9), £u()) +2(Mu(s), v (5))
AT,
20u(s), £(5)) = 100, Jds + /O 2u(s). v (s))dWS
T
< (Ol + c<A>/0 (1@ + 10 sy + 1 @1 ) ds

INT,
+ 2/ (u(s), v (s))dwk.
0

On the other hand, from the Burkholder-Davis—Gundy (BDG) inequality, we have

12
sC[EfO )1 10011 00, & }

1
< E sup [ul} + CE / 101, G4

t<1,

t
E sup/ (u(s), v (s))dwk

=1, JO

Therefore, we have
T 2
E sup [lu(®)l|% < 2llu0)]13 + C(A)E/ (IIM(I)IIV + IIv(t)IIHMl + IIf(t)IIV*> ds.
t<t,

Note that the constant C is independent of n. Passing n to infinity, we obtain that E sup,
lu@)|3; < oo.
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Now using It&’s formula to [|u(z) ||%{ once more and from Assumption 3.1, we have
T
lu@)F = el + / (2600, L)) +2MH) u(s), V¥ (9)) + 2u(s), £6)
t
T
IO By, Ja = [ 20000, 0wt
t

T 1
< llolg + / [2<u(s>, Lu®) + A+ OIM U@ s + 775106000
t +eé

1 T
— 0B, + elu@Iy + 1@ ds / 2u(s), v (s)dW
t

T
< llgly +/ [—260u(s), Lu(e)) + (1 + &) (A uI + Allu) 3
t

1 T
T IO + el @I+ 1)1 s - / 2u(s). v* () dWf

T
< llely +[ [2ed =201+ o)+ ellu@ I + (1 + ) Au) I
t

) 1 r
— T O e + 1P fds / 2(u(s), v (s)AW.
Taking & small enough such that 2e A — A(1 4+ ¢) + ¢ < 0, we have

T
s+ [ (I + 10060 ) 8
t

T T
< C(k,/l)[H(pII%qu/ ()1 + IIf(s)Ilzv*)ds} 2 [ . Fenawt. 6s)
t t

Since E sup, -7 ||u(t)||%, < 00, repeating (3.4), we know that fd(u(s), vk(s))dWYk is a uniformly
integrable martingale. Then taking expectation on the both sides of (3.5) and from the Gronwall
inequality, we have

T
sup Elu(0)| + E/ (I} + 10010, ) dr
t<T 0

T
< CeCT (E”(P”%—[ + E/O ||f(t)||%,*dt) . (3.6)

Recalling (3.5) and from the BDG inequality, we get

T
Esup lu()|y < €. A, T)[Ilwllé +f0 (hu) 1% + IIf(s)IIzv*)dt}
=

1 T
+ S Esup lu()7 + CE/ lo()13,6a, 1,
2 0

t<T
and this along with (3.6) yields estimate (3.4).

Step 2. We use the Galerkin approximate to prove the existence.
Fix a standard complete orthogonal basis {¢; : i = 1,2, 3, ...} in the space H which is also
an orthogonal basis in the space V.
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Consider the following system of BSDEs in R"

T . .
ub(t) = (ej, ) + f [(er, L(s)ej)uh(s) + (e, ME(s)e )it (s) + (ei, f(s))]ds
t

T
- / ok (s)d Wk, 37
t

with the unknown processes ufl and vi, = (vfll, e, v,id‘) (i =1,...,n) taken values in R and
R4, respectively. It is clear that

T
E(ei,<p)2 < 00, E/ (ei, f(s))zds < 00.
0

Thus system (3.7) has a unique continuous solution (see e.g. [14]). Define

n

OESSACTRERIOES SEAGES
i=1

i=1

Applying It&’s formula to | u,, ||%1 and from similar arguments as in Step 1, we have

T
Esup u, ()| + E /0 (lun 1T + 103,60, )dt

t<T
T
<C@, 4) (E /0 I £ (O)1I3dt + E||¢||%,) - (3.8)

This inequality implies that there exists a subsequence {n’} of {n} and a pair (u, v) € L2(02 x
0,T), 2,V x H®) such that

uy — u  weakly in L*(2 x (0,T), 2, V),
vy — v weakly in L2(2 x (0, T), 22, H®).

Let & be an arbitrary bounded random variable on ({2, .%) and ¥ be an arbitrary bounded
measurable function on [0, T].
From Eq. (3.7), forn € N* and ¢; € {¢;}, where i < n, we have

T T T
E/O EY(t)(ei, y (1))dt = E/O Sw(t){(ei,go)—l—/ [(ei, Lit (5)) + (er, MFE,(5))
t

T
+ (ei, f(5))]ds —/ (e, vf,/(s))dWsk}dL
t
Evidently, we have

T T
E/o EY(t)(ei, uy (1))dr — E/o EY(t)(ei, u(t))de.

In view of the second condition of Assumption 3.1 and estimate (3.8), we get

E < C < o0,

T
/ Eler, Lity (5))ds
t

where the constant C is independent of n’. It is also clear that
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T T
E/ Ele;, Lu,y(s))ds — E/ Ele;, Lu(s))ds, Vtel0,T].
t 1

Hence from Fubini’s Theorem and Lebesgue’s Dominated Convergence Theorem, we have
T T T T
E / EY (1) / (ei, Luy (s))dsdr = / v(OE / &(ei, Luy (s))dsdt,
0 t 0 t

T T
- / Iﬂ(t)E/ &(ei, Lu(s))dsdr.
0 t
Similarly, we have
T T T T
E/ Ew(t)f (e, MV, (5))dsdr — E/ éllf(l)/ (er, MFVF (5))dsd.
0 t 0 '
From the second condition of Assumption 3.1 and estimate (3.8), we have

< C < o0,

T
E ‘s / (e, V() AW
t

where the constant C is independent of n’. Since
(ei, iy () = (i, v*(-))  weakly in L*(0, T),
from a known result (see [16, p. 63, Thm. 4]), we have that for every ¢ € [0, T],

T T
/ (e, vk (s))dWr — f (ei, V¥ (s))dWF  weakly in L2(12, Zr, R).
t t

Hence, using Lebesgue’s Dominated Convergence Theorem, we have

T T T T
E/ gw(t)/ (er, V8, (5))dWkdr — E/ sw(t)/ (ei, V¥ (s))dWkdr.
0 t 0 t

To sum up, we obtain that for a.e. (w, ) € 2 x [0, T],

T T
(ei, u(®)) = (i, ) + / (ei, Lu(s) + Mu(s) + f(s))ds — [ (er, v* ()W'.
t t
Thus the existence is proved and our proof is complete. [

Remark 3.3. As for Proposition 3.2, we mention two similar results in [21, Thm. 3.6] and
Al-Hussein [1, Thm. 4.2]. However, in the former reference, the critical technique is Yosida’s
approximation which requires that the operator £ is the infinitesimal generator of a C¢ semi-
group, i.e., the operator £ must be independent of (w, t), while in our situation the operator £
could be dependent on (w, t). The latter reference focuses on the problem of the semi-linear
BSPDEs driven by infinite-dimensional martingales, moreover, not like ours, the BSPDEs he
studies do not involve the unbounded operator M.

Proof of Theorem 2.1. In order to apply Proposition 3.2, we set
H=1L*RH=H’, Vv=H', Vv=H,

and for any u € H! v e HY, define
Lu = Di(aiiju) +b' Dju — cu,

) 3.9
MKy = Dj(0v) + vFv. G
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The inner product in H (and the duality product between V and V*) is defined by
(u,v) = / u(x)v(x)dx.
Rd

It is clear that (Mk)*(t)u = a”‘D,-u + vky for u € H'. From Assumption 2.2 and Green’s
formula, we have that for any u € H L

2u, Lu) + [|[M*ul = 2/ [~a" DiuDju + b'uDju — clu|*]dx
Rd

d
+,;/Rd
K

—/H;d(zaff — o* 6"y DiuDjudx + 2||u||% + Clie, K)|lull?

dx

. 2
o'*Diu —i—vku‘

IA

A

K
=5 lullf + C e, K)jull.
Moreover, for any u, v € H 1 we have
(Lu,v) = —a" DiuD;v + b'vDju — cuv)dx
J
Rd

= CK)llulltlivi,

which implies that || Lu||—; < C(K)|u|;. Then Theorem 2.1 follows from Proposition 3.2. The
proof is complete. [l

4. Proof of Theorem 2.2

First we study the equations with the coefficients ¢ and o independent of the variable x.

Proposition 4.1. Let Assumptions 2.1 and 2.2 be satisfied with the functions a, o independent of
x. Suppose F € HC, ¢ € L*(02, Fr, H"). Then Eq. (1.2) has a unique strong solution (p, q) in
the space HZ2 x H! such that p € C([0, T], Hl)(a.s.), and moreover,

Pl + llgll} + E sup I p(t, )13 < Ce, K, TY(IFIIZ + EllglI3). (4.1)
t<T

Proof. Step 1. In this step we assume, in addition, that b = 0, ¢ = 0, v = 0. Then Eq. (1.2) has
the following simple form

dp = —[a" () Dijp + o™* () Dig" + Fldt + ¢*dWF, plier = ¢. 4.2)
In order to apply Proposition 3.2, we set

H=H"' V = H?, V¥ =H",

L(t) = a" (1) Dy, ME@) = o™ (1) D;.

The inner product in H (and the duality product between V and V*) is defined by

d
(u,v) = / u(x)v(x)dx + Z/ Dju(x)Djv(x)dx.
R4 = JRd
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It is clear that M*(t) = o'(¢)D;. From Green’s formula and the super-parabolicity condition
(see Assumption 2.2), for any u € H 2 we have

2u, Lu) + [|M*ull3 —Z/da’.j(t)D,-u(x)D.,'u(x)dx
R

d
—2Zf aij(t)Dilu(x)Djlu(x)dx+/ lo (1) Du(x)|>dx
=1 Rd Rd
d
+ Z/ o (£) Du 1 (x)|>dx
=1 /R4

d
_K|:/Rd |Du(x)|2dx + ;/]Rd |Dux,(x)|2dxi|

2 2
< —«llully +«llully-

IA

Moreover, it is clear that |Lullg < C(K)|u|2. Thus condition (3.2) is satisfied. Then from
Proposition 3.2, there exists a unique function pair (p,g) € H> x H! s.t. p € C([0, T], H")
(a.s.), satisfying the equation

T T
Pt ) = () + / [£p(s. ) + Mq(s. )+ Fs. )]dr — /0 gk (s, AWk,
t

in the sense of Definition 3.1, which means that the above equation holds in the space L? for any
t € [0, T] and a.e. w € 2, and furthermore, the pair (p, ¢) is the strong solution of Eq. (4.2).

It is clear that a strong solution of Eq. (4.2) is actually a weak solution of Eq. (4.2) (in the
sense of Definition 2.1(i)). Therefore, the uniqueness of the strong solution is implied by the
uniqueness of the weak solution.

Step 2. Now we remove the additional assumption made in Step 1.

Since the functions a and o are independent of x, we can rewrite Eq. (1.2) into divergence
form like (1.1). In view of Theorem 2.1, Eq. (1.2) has a unique weak solution (p, ¢) in the space
H' x H°. Consider the following

du = —(aijDiju +o*Dv* + I:")dt + vkdwk,

where F = b' D; p — cp +vF¢¥ + F belongs to HC. From the result in Step 1, the above equation
has a unique solution (u, v) in the space H? x H' such that u € C([0, T], H")(a.s.) and u, v
satisfy estimate (4.1). By the uniqueness of the weak solution, we have that p = u and ¢ = v.
The proof is complete. [

Next, we prove a perturbation result.
Lemma 4.2. Let Assumptions 2.1 and 2.2 be satisfied with b = 0, c = 0, v = 0. Assume that for
a constant § > 0 and for any (w, t, x) we have
la(t, x) —aop(?)| <6, lo(t, x) —oo(H)] <8, (4.3)

where ao(t) and oy(t) are some functions of (t, w) satisfying Assumptions 2.1 and 2.2. Suppose
FeH’ ¢ e L2, Fr, HY).

Under the above assumptions, we assert that there exists a constant 6(k, K, T) > 0 such that
if 8 <8(k, K, T), then Eq. (1.2) has a unique strong solution (p, q) in the space H> x H' such
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that p € C([0, T1, H")(a.s.) and moreover,

pll3 + gl + E sup llp(t, )T < Ce, K. Y(IFIIG+ EllglIT).- (4.4)
t<T

Proof. In view of Proposition 4.1, we know that for any (u, v) € H? x H!, the equation
dp = —LaéjDijp + O'(ngiqk + (aij — a(i)j)Diju
+ (0'* — oMy Divk 4 Fldr + ¢*dWF, 4.5)
p(T,x)=¢(x), xeR

has a unique solution (p,q) € H? x H!' such that p € C([0,T], H') (as.). By denoting
(p,q) = T (u, v), we define a linear operator

T:H? xH' — H? x H.
Then from estimate (4.1), we can easily obtain that for any (u;, v;) € H?x H', i=1,2,
1T (1 — uz, w1 — )13 < C8ll @y — va, v — w213, 4.6)
where we denote
2 _ 2 2
G, 015, = lullz + llvily.

Taking 6 = 2C)~! = (2C(k, K, T))~!, we have that the operator T is a contraction in HZ x H!,
which implies the existence of the solution of Eq. (1.2) in the space H? x H'.
Next, applying estimate (4.1) to Eq. (4.5), we have

I I3, = CSIlp, D151 + CIFIIG g + ENSI] 5o )-
Taking 8 = (2C)~!, we obtain the required estimate, which also implies the uniqueness. [
Now we prove a priori estimate for the strong solution of equation (1.2).

Lemma 4.3. Let the conditions of Theorem 2.2 be satisfied. In addition, assume that the function
pair (p, q) € H? x H! is a strong solution of Eq. (1.2). Then there exists a constant C depends
onlyon K, k, T and the function y such that

lpll3 + gt + E sup [ p(e. )T < C(IFIG + ElIT).- 4.7
t<T

Proof. Step 1. In view of the definition of the strong solution (Definition 2.1), we know that the
process p(t, ) is an L%-valued semimartingale. Then applying Ito’s formula for Hilbert-valued
semimartingales (see e.g. [4, p. 105]), we have

T
Pl = 1815 +2 /R p[a Dijp + b Dip = cp + 0™ Dig* + v'g* + Fldxds
t

T T
~ [ tatonies =2 [ [ pataraws.
t t a

Taking expectations and from the Cauchy—Schwarz inequality, we have

A

T
g3 < Ell¢l3 + 2E/ /Rd p[a’ Dijp +b'Dip — cp + o™ Dig" +v " + Fldxds
0

IA

Ellgli3 +e(llpl3 + llgh?) + Ce, K)lIpIIT + NIFI3, (4.8)

where ¢ is a small positive number to be specified later.
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Step 2. In view of Assumption 2.3, we can take a small p such that for any (w, t) and x, y € R,
la(t, x) —a(t, y)| <4, o, x) —o(t,y)| <6 4.9)
if |x — y| < 4p, where 6 = 6(k, K, T) is taken from Lemma 4.2.

Denote B, (z) = {x € R : |x — z| < r}. Then take a nonnegative function { € Ccse (R?) such
that supp(¢) C B2,(0), ¢(x) =1 for |[x| < p. Forany z € R?, define
¢E(x) = ¢(x —2), pe(t,x) = p(t, x)¢*(x), g (t, x) = q(t, x)¢* (x). (4.10)

In addition, define n*(x) = ¢(=5°). It is not hard to check that the functions p*, g* satisfy the
equation (in the sense of Definition 2.1(ii))

dp® = —(@" Di; p* + 6% D™k + F)dr + ¢~Fdw}, (4.11)
where (observe that p* = 0, g* = 0 whenever n* # 1)
a'l(t, x) =a’ ¢, x)n*(x) +a"’ (¢, 2)(1 — n*(x)),
&%t x) = o™ (1, O (x) + o™ (1, (A — F (1)),
F(t,x) = (FE3)(t, x) + (b'¢¥ —2a" D% Dy plt, x)
—(cg¥ 4+ Dij e p(t, x) + (V¢F — o™ DicHgk, x).

The choice of p shows that a and ¢ satisfy condition (4.3) with ag(t) = a(¢, z) and og(t) =
o(t, 7). Since (p,q) € H? x H!, it is easy to see that F e HO. Therefore, from Lemma 4.2,
Eq. (4.11) has a unique solution (u, v) in the space H? x H'. From the uniqueness of the solution,
we know that p* = u and g* = v. Note that supp(p?), supp(¢g®) C B>, (z). From estimate (4.4),
we get

T
EA[wmoﬁ&@+Mmoﬁwﬂm+Ewwm»th>
t<

T
EC{MMMﬁMU+Eﬁ [1F @G gy, 00 + 120G T s, 00

+ g, -) ”(2),32/)(1)]dt}a

where we denote by || - ||, B,(;) the norm of H"(B,(z)). Integrating this inequality with respect
to all z € RY, we obtain that

Ipl3 + llgll? 4 E sup | p(r, )13 < C(IIIFIII(Z) + Ellgllf + llpli§ + ||I61|||§),
t<T

where the constant C depends only on K, k, T and y. Recalling inequality (4.8) and taking &
small enough (for instant, ¢ = (2C )~1), we have

I3 + ligll? + E sup I p(e, )13 < C(NFIE + ENSIT + lipliF). (4.12)
t<T

Observe that the above estimate also holds if we replace the initial time zero by any s € [0, T),
which means

T
mmmoﬁchw%+Ewﬁ+Ef|mmw%Q,

S
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and this along with the Gronwall inequality yields that

T
llpli =f0 EllpGs, I} < CeST(IFIR + ElgI3).
Recalling (4.12), the proof is complete. [

Proof of Theorem 2.2. The uniqueness of the strong solution of Eq. (1.2) is implied by estimate
(4.7). We shall use the continuation method to prove the existence.
Define

Lo =a"(t,0)D;; + b (t, x)D; — c(t, x), ME = o™ (1,0)D; + v (2, x),

Ly =a(t,x)D;j + b (t,x)D; —c(t,x), M =o*@t,x)D; + v, x).
For each A € [0, 1], set

Ly = (1 =ML+ ALy, ME = (1 = ) ME + MK

Consider the following equation

dp = —(Lap + MEGK + Fydr + g¥aw),  pli—r = 6. (4.13)

Observe that the coefficients of Eq. (4.13) satisfy the conditions of Theorem 2.2 with the same
K, k and y. Hence a priori estimate (4.7) holds for Eq. (4.13) for each A € [0, 1] with the same
constant C (i.e., independent of 1).

Assume that for a A = A9 € [0, 1], Eq. (4.13) is solvable, i.e., it has a unique solution
(p,q) € H? x H! for any F € HO and any ¢ € L2(Q, Fr, Hl). For other A € [0, 1], we can
rewrite (4.13) as

dp = —{Liyp + M5 q" + (L = 2)[(L1 = Lo)p + (M} — ME)g* ]| + Fldi + g*dw}.
Thus for any (u, v) € H? x H!, the equation

dp = —{Lsyp + M5 q" + (0 = 20)[(L1 = Loyu + (M} — MHV'] + Fldr + v*dWf
with the terminal condition p|,—7 = ¢ has a unique solution (p, g) € H? x H'. By denoting
T (u,v) = (p, q), we define a linear operator

T:H?> x H' - H? x H!.
Then from estimate (4.7), we can easily obtain that for any (u;, v;) € HZxH!, i=1,2,

IT (uy — uz, v — v2)II3; < ClA = Aolll(ur — v2, vi — V)34, (4.14)
where we denote

e 0151 = Mull + il

Recall that the constant C in (4.14) is independent of A. Set # = (2C)~!. Then the operator is
a contraction in H2 x H! as long as |A — Xp| < 6, which implies that Eq. (4.13) is solvable if
A — 2ol < 0.
The solvability of equation (4.13) for A = 0 has been given by Proposition 4.1. Starting from
A = 0, one can reach A = 1 in finite steps, and this finishes the proof of solvability of Eq. (1.2).
The assertion that p € C([0, T, LYHNL>®0,T], HY(a.s.) easily follows from Lemma 3.1
and estimate (4.7). The proof of Theorem 2.2 is complete. [
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5. An application: a comparison theorem

It is well known that the comparison theorem plays an important role in the theory of PDEs
and BSDEs. Thus a comparison theorem for BSPDEs is reasonably supposed to be equally
important in the research of BSPDEs. Ma and Yong [12] obtains some comparison theorems
for strong solutions of BSPDEs by It6’s formula, and discuss some potential applications. In this
section, we deduce a comparison theorem for the strong solution of Eq. (1.2) based on the results
in [12] under weaker conditions.

Our main result in this section is the following

Theorem 5.1. Let the conditions of Theorem 2.2 be satisfied. Suppose for any (w, t), F(t,-) >0
and ¢ > 0. Then p(t,-) > 0a.s., foreveryt € x[0, T].

The proof of the above theorem needs the following lemma. In what follows, we denote
a” =—(aN0)fora eR.

Lemma 5.2. Let the conditions of Theorem 2.2 be satisfied. In addition, assume that the
functions Da' and Do'* are bounded (by a constant L). Let (p, q) be the strong solutions
of Eq. (1.2). Then for some constant C,

T
E/ [p(t, x) Pdx geC(T’){E/ [¢(x)*]2dx+E/ / [F(s,x)]zdxds}. (5.1
R4 R4 t R4

Proof. Define a function 2(r) : R — [0, c0) as follows:

r2a r S _19
h(ry=1(6r3 +8*+3r°), —1<r<0, (5.2)
0, r>0.

One can directly check that / is C? and
h()=h'©0)=h"0)=0, h(-1)=1, h(=1)=-2, h'(-1)=2.
For any & > 0, let h.(r) = €2h(r/¢). The function & has the following properties:
SIE)I(I) he(r) = (r_)2, gi% h;(r) = —2r~, uniformly;

2, r<o0,

” i . 1" _
|hy(r)| <C, Ve>0,reR; ah_r)r%)hg(r)_{o, 0

Since Da'/ and Do'* are bounded, Eq. (1.2) can be written into divergence form. Then
applying It6’s formula for Hilbert-valued semimartingales (see e.g. [4, p. 105]) to h.(p(t, -)),
and from Green’s formula, we obtain that

E/ he (e (x))dx —E/ he (p(t, x))dx
R4 R4
T
- Ef A@d {_h;(")Df @ Djp+0*q") = h(p)[®' — Dja)Dip
t

, 1
—cp+ O = Dio™)gk + F]+ Ehg(p)|q;|2}c1xc1t
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= Ef [, { W()(2a7 DipD; p + 20" ¢* Dy p + 14I?)
—h,(p)[(" = D;aYDip — cp + (VF — Dic*)g* + F]}dxdt.
Let ¢ — 0 and from Lebesgue’s Dominated Convergence Theorem, we have
£ 6w Par—£ [ (.0 Pax
R4 R4
’ ij ik k 2
:E/ v/RdX{pq)}{(zaUDiijp-l-ZUlqD,'p+|q|)
t
—2p[(' = D;a"\Dip — cp + (V* — Dio™)g* + F]}dxdt.
Note that (for §, §; > 0)

24" DipD;p + 20" ¢* Di p + |q|?

v

&
2a" DipDjp — (1480’ szl + 1+8| ql

v

28K + (1 +8)x]|D —
[— + (1 + 8)«1|Dp|? +1+5Iq|

—p[®' = D;a"\Dip — cp + (V* — Dio™*)g*]
> —81(IDpl* + 1¢1*) — C(K, L)s7 ' pl?.

Then by taking & and §; small enough (such that §; = min{—28K + (1 + &)k, 125} > 0), we
have

E / [6() TPdx — E f [(p(t, ) Pdx

Rd Rd
T

> E/ / Xip<0)[—Ck, K, L)|p|* — 2pF]dxdt
t R4
T

> E/ f [—Cle, K, L)|p~ P — 2p~ F~ ]dxds
t R4
T

> E/ / [~Clc. K. L)lp~ > — |F~ P]dxdr,
t R4

and this along with the Gronwall inequality implies inequality (5.1). O

Proof of Theorem 5.1. Fix a nonnegative function ¢ € C§° (R%) such that suppz C B;(0),
f]Rd ¢ = 1. Define ¢, (x) = n?¢(nx). For ¢ = a7, o'*, we define

fn(@.1,3) = (9 % &)@, 1,3) = /Rd 0@, 1% — Y)en ()dy.

It is clear that @, (w, t, -) € C®(R?) for any (w, t, x). Moreover, we have that |¢,| < K and for
any (@, , x),

<Cn)K.

[Dpy(w, t,x)| = VR] p(w,t,x — )D& (y)dy
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It is not hard to check that a, and o, satisfy Assumption 2.3. Indeed, for any (w, t) and x,
y € RY, we have

|g0l’l(a)7tv-x) _(pn(wst’ y)' = /l%d |§0((,(),t,.x _Z) _ﬁa(w»t’y _Z)|{l’l(z)dz = J/(|x _Y|)

We also claim that as n — o0,
on(w,t,x) > ¢(w, t,x), uniformly w.rt. (o, ?, x). 5.3)

Indeed, for any (w, t, x) € 2 x [0, T] x RY, we have
lon(w, 1, x) — (o, 1, x)| = /Rd lp(w, t,x —y) — (o, t, x)|5u(y)dy

< /| L7 UDEOHY =71/ 0,
yI<1/n

as n — 0, and this proves our claim.
Therefore, in view Theorem 2.2, the following equation (for each n)

dpn = —(ay Dijpu + ' D; pu — cpu + 0¥ Digk + v¥ gk + F)dr + gfdwf,
Pnli=r = V¥
has a unique strong solution (p,, g,) € H? x H!, such that
lpall2 + gally + E sup llp(e. )17 < C(IF I + ENGIT), (5.4)
where the constant C depends only on K, «, T and the function y, but is independent of n. It is
easy to check that the function pair (p — p,, g — qn) satisfies the following equation
du = —(aijDiju + b Diu — cu + o™* Dk + vkok + Fn)dt + vde,k,
uli=r =0 (5.5)
with the unknown functions u and v, where
Fy =@/ = a])Dijpy+ (0" — o) Dig}.
In view of (5.3) and (5.4), we have
I Fnllo = 0, asn — oo,
and this along with estimate (2.5) implies that
pn — p, strongly in HP.
On the other hand, it follows from Lemma 5.2 that p, (¢, -) > 0 a.s. for every ¢ € [0, T']. Hence
we get p(t,-) > 0 a.s. for every ¢ € [0, T]. The proof is complete. [J
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