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Abstract

In this paper we study the solvability of a class of fully-coupled forward-backward stochastic
partial differential equations (FBSPDEs). Lipschitz conditions are usually required for the
well-posedness of such FBSPDEs. We showed that the Lipschitz conditions can actually be
removed by the Yosida Approximation Scheme.
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1. Introduction
In this paper we consider the following general quasilinear forward-backward stochastic partial differential
equations (FBSPDE for short) of parabolic type:

t

u(t,r) = ug(z) + /t {LF(S,I,X) + f(s,:c,Y)}ds+/ (o(s,2,Y),dW(s))

0 0 T
v(t,x):g(a:,u(T,x))Jr/t {LB(s,x,X)—h(s,:r,Y)}ds—/t (Z(s),dW (s)),
te[0,7], z € G.

(1)

A

In the above, T > 0 is a finite time duration; G C R? is a bounded domain; X = (u,v,Z); Y
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(u,v,Vu, Vv, Z); denoting R 2 R x R x R” x R" x R?,

Fh:[0,T] xGXxRXQ—R,
o:[0,T] x G xR x N — R,
g:GXRxQ—=R,

are random fields satisfying appropriate measurability and regularity conditions; ug € L3(G); and

Lr(t,z,X) 2V - (AVu + BVv + CZ); )
Lp(t,z, X) 2 V- (—®Vu+ UVv + T2),
where
VQO = (8301(10’8332()07 e 73:cn<P)T7 v(p € Ol(anR)a
Vw = (vwla V1/)2a T 7v¢k)7 V¢ S Cl(Rn;Rk)y
Vep=Y1, %8 Vpe C'RYRY,
Vot =(V-ipr,Vodhao - Voihy)T, Vi € CHR™R™F),
D? denotes the Hessian operator,
and

AU :[0,T] x G xQ— S™,
B,®:[0,T] x G x Q — R,
C,Y:[0,T] x Q — R4,

are random fields (S™ is the set of all n x n-symmetric matrices) satisfying appropriate measurability
and regularity conditions. Let W (t) be a standard d-dimensional Brownian motion. We note that if A, B,
®, and VU are differentiable in x, then the divergence form of the operators Lr and Lp would be equivalent
to the standard form:

{ Lp(t,2,X) = tr {AD?u + BD?v + CTV Z}; (3)

Lp(tz, X) 2 tr {~®D%u + UD%v + YTV Z},

with some corresponding changes in the functions f and h. Our goal is to find a triplet of progressively
measurable random fields (u,v, Z) : [0,T] x G x Q — R x R x R? that satisfies (2) in a certain sense.

Linear backward stochastic differential equations (BSDEs) were introduced by Bismut [1, 2] in 1973. A
systematic study of BSDEs was initiated by Pardoux-Peng [22] and several other authors. Ma-Yong [20] have
studied linear degenerate BSDEs motivated by stochastic control theory. Later, Hu-Ma-Yong [11] considered
the semi-linear equations as well. BSPDEs were shown to arise naturally in stochastic versions of the Black-
Scholes formula by Ma-Yong [19]. There are also tremendous interest and developments of BSDEs in infinite
dimensional settings. The readers may refer to Confortola [5] and Hu-Peng [12] for details, and Chow [4],
Da Prato-Zabezyk [8, 9], Kallianpur-Xiong [13] for systematic review of infinite dimensional SDEs.

The FBSPDEs (1) are clearly a natural extension of the (strongly coupled) forward-backward stochastic
differential equations (FBSDEs), which has been studied extensively in the past two decades, due to its
frequent occurrence in many applied fields such as stochastic control theory and mathematical finance.
Many seemingly irrelevant problems eventually come down to the solvability of a certain type of strongly
coupled FBSDEs. Some typical examples include, but are not limited to: stochastic Maximum Principle
in stochastic control theory (which covers all utility optimization problems in finance/insurance. See, e.g.,
[14]); Principle-agent problem (or contract theory in general. See, e.g., [7]); or more directly, many hedging
problems involving large investors ([6], [3]), to mention just a few. But on the other hand, in light of the
nonlinear Feynman-Kac formula, or the Four Step Scheme (cf. [15]), it is not hard to imagine that the
solution of a backward SPDE (or a decoupled form of (1)) could be a crucial device for solving an FBSDE
with random coefficients (cf. e.g., [19, 20]). In fact, in [18], it has been shown that the solvability of a
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large class of non-Markovian FBSDEs is almost equivalent to the solvability of the corresponding backward
stochastic partial differential equations (BSPDEs). Furthermore, in [24], under Lipschitz conditions, the
solvability of general strongly coupled FBSDEs with random coefficients has been studied using the method
of contraction mapping and the method of continuation.

To further relax the Lipschitz conditions and in light of Hu [10], we then turn to the Yosida Approximation
Scheme. By considering a slightly different set of non-degeneracy conditions and assuming monotonicity
conditions, we successfully removed the Lipschitz conditions. The rest of the paper is organized as follows.
We unify some of the notations and list some results from Yosida approximations in section 2. In section
3, we give a priori estimates and show the well-posedness of the FBSPDEs via the Yosida Approximation
Scheme.

2 Formulation of the Problem

Let G be an open bounded domain in R™ with smooth boundary conditions. For any k € N, let || - ||z be
the norm of L2(G;R¥) and || - ||, || - ||z be norms of Hg(G;R¥). They are given as follows:

:
e 2 ([ fuPde)”s 2 ([ [VuPde)” and a2 yal +
G G

Note that the norm | - | inside the integral signs is the standard norm on R*. Let H~'(G;R*) be the dual
space of Hi (G;R¥), and the normal of H~!(G;R¥) be denoted as ||-||zz-1. Denote (-, -) ;2 the inner product of
L3(G;RF), (-, )3 the inner product of H3(G;RF) with respect to the norm | - ||, and (-, ) r-1,my the duality
pairing between H~(G;R*) and H}(G;R¥). For any u € L?(G;R¥), there exists an v’ € H~Y(G;R¥),
such that (u', v) -1 ga=(a,v)r2 for all v € H}(G;RF). The mapping u — u’ is linear, injective, compact
and continuous, and we can identify u’ with u. In this sense, we identify (L2(G;RF))~! with L%(G;R¥).
Hence L?(G;R*) is a dense subset of H~1(G;R¥) and we have evolution triple H}(G;R*) c L*(G;R*) C
~1(G;R¥). Hence

[ullz— < Fiflullze and [jul[z2 < ksl (1)

for all u € H} (G;R¥) and some constants k; and ky. Because of this inequality, ||-|| and ||- || g1 are equivalent
norms of H}(G;R¥). We now define some spaces which will be used in the paper. For any k, we denote

e by C{(G;RF) the space Cx([0,T]; L?(Q2; L3(G; RF)));

e by CH"(G;R¥) the space Cx([0, T]; L2(2; HE (G; R¥)));

o by H{(G;R¥) the space L% (€ L2(0, T; HY (G; R¥)));

e by L£3(G;R¥) the space L%(Q; L2(0,T; L3(G; R¥)));

e by £L2(K;R") the space LF([0,T] x 2 x K;R¥), for any space K other than a Sobolev space.

For notational simplicity, we shall suppress R¥ in above notations when k = 1.
Let us first introduce the system and make some necessary assumptions. We begin by introducing some
operators. We set

S(t,r,u,v,2) =2 V- (AVu + BVv + Cz2) + f(t,z,u,v, Vu, Vv, 2);
T(t,z,u,v,2) 2 V- (®Vu — UVv — Y2) + h(t,z,u,v, Vu, Vv, 2);
g(w,u) £ p(x)u+ q(z).
We consider the following FBSPDEs:
u(t,x) =St x, X)dt + (o(t,x,Y),dW(t))

v(t,x) = T(t, 2, X)dt + (Z(t), dW (1)) (2)
u(0,2) = uo(z), v(T,2) = g(z,u(T,z)),
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where the initial condition ug(z) is uniformly bounded. We assume the following assumption for Section 3.

(A.1) (non-degeneracy) Assume the following regularity: A, ¥ € LE(0,T; Cy(R™;R"*™)), B, ® € LE(0,T; C}(R™; 5™)),
and C, T € L%(0,T;R"*?). Suppose that there exist positive constants cg, c1, c2 and c3, such that

B-ccT 0
( 0 @-TTT>ZCOI’

and

AAT 0 BBT 0 cocr oo
( 0 \II\I/T> sal, ( 0 <I><I>T> < el, ( o rrr)=cl
where [ is an identity matrix with appropriate dimension. Suppose that p € LF(; L*°(G)) and ¢
€ L% (% LE(G)), and there exist positive constants ¢4 and cs, such that ¢y < p < c¢5 and ¢4 < p < c5.

(A.2) (linear growth) Let y 2 (y1,%2,¥3,v4,ys5) and z 2 (21, 20,23, 24, 25). The functions f, h are in
LE(0,T; Cy(G x R)), and o is in LF(0,T; Cp(G x R; R?)), such that there exist positive constants 1,

[b(t, 2, y)| < [b(t, 2, 0)[ + Ly, b= f,ho,
forallt € [0,7], x € G and y € R.

. monotonicl ere exist positive constants 5 < (g, suc a
A.3 tonicity) Th ist positi tants 3 <1 h that

(Ft2y) = F(t.2.2)) (52 = ) + (Al 2,3) = h(t.,2) ) (51 — 1)
+<0’(t,.’£,y) - O'(t7l',Z)7y5 - ZS>
< —la(lyr — 21 + ly2 — 2* + |ys — 25[%),

forallt € [0,7], z € G, y, z € R
(A.4) (compatibility) The constants satisfies the inequality ¢3 > ¢1.
Definition 2.1. A triple (u,v,Z) of adapted processes is said to be a solution of (2) if it satisfies (2) P-a.s.
2
and it is in the space {Cé—“(G) N ’Hé(G)} x L2(G;RY).

The following form of Ité formula can be found in [21] and [23]. We are going to use this version of 1t6
formula throughout this paper.

Lemma 2.2. Suppose thatu € L%(Q; L*(0,T; HY(R™))), o € L%(Q; L*(0,T; H-Y(R™))) and 8 € L%($%; L*(0,T; L*(R™ :
R%))), such that du = ads + (3,dW), s € [0,T]. Then for s € [0,T] it holds that

lu(®)lIZz — lu0)]Z:

-/ t {2(0wmsm + 1913 fas 2 t | twsaz.aws). ®)

Now let us recall some well-known results on Yosida-approximations of monotone and continuous func-
tions. The proof of these results can be found in [16] and [17]. These results are key to the existence of an
adapted solution to system (2).

Lemma 2.3. Let F : R™ — R"™ be a continuous function satisfying
(F(x1) — F(z2),x1 —22) <0, V xq1,29 € R",

where (,) denotes the usual inner product in R™. Then

90



Hong, Y.

(i) for any a > 0 and any y € R™, there exists a unique x = J%(y), such that x — aF(z) =y,
(ii) for any x € R™, limy_y0 J*(z) = z.
We then define the Yosida approximations as follows.

Definition 2.4. Let F': R™ — R" be a continuous function. The Yosida approximations F*, a > 0, of F,
18 defined to be

F*(x) = é(JO‘(x) —z), VazeR"

Lemma 2.5. Let F' be continuous, and suppose there exists a constant ¢ > 0, such that (F(x1)— F(x2),z1 —
12) < —clzy — w2|%. Then

(i) (F¥(z1) — F*(z2), 71 — 22) < —clz1 — 22|?, V 21,72 € R",

(i) [F*(21) —
(iti) |F(x)| < |F(x)| +2cz|, VaxeR",

Fo(z)| < (2 +¢)|lw1 — x2|, V x1,22 €R",

(iv) For any a >0, 8 >0, and x1, x2 € R"™, we have
(Fo(21) — F(@3),21 — 22) < (@ + A)(F(@0)] + [F(w2)| + clan| + clazal)? — clay — zal?,

(v) For any {x®}as0 C R, x € R", if limy—0 2% = z, then lim,_,0 F*(z*) = F(z).

3 Main Result

When the Lipschitz condition is satisfied by the coefficients, the existence and uniqueness of a solution to
(2) has been shown. The following result can be found in [24].

Theorem 3.1. Lety = (y1,%2,Y3,Y4,Y5) and z = (21, 20, 23, 24, 25 ). Suppose there exists a positive constant
C, such that

\f(t,2,y) = f(t,2,2)* + [h(t, 2, y) = h(t, 2,2)]* + |o(t, 2,y) = o(t,2,2)]* < Cly — 2*,
forallt € [0,T], x € G, y, z € R. Then under the assumptions (A.1), (A.3) and (A.4), the system (2)
2
admits a unique adapted solution in the space {COL(G) N Hé(G)} x L2(G;RY).

Note that X = (u,v,Z) and ¥ = (u,v,Vu,Vv,Z). We denote X* = (u® v® Z%) and Y =
(u*, v, Vu®, Vv®, Z*). For simplicity, sometimes we suppress variables (¢, z). To utilize Yosida Approxi-
mation scheme, we consider the following FBSPDESs for any a > 0.

(1)

{ua(t,x) = up(x) + fot S*(s,x, X*)ds + fg(ga(s,x,Y“),dW(s»
v (t, ) = g(z,u(T, ) — [T T*(s,2, X*)ds — [/ (Z°(s), dW (s)).

Here

lI>

S*(t,x,u,v,2) £ V- (AVu + BVv + Cz) + f*(t, z,u,v, Vu, Vo, 2);
Tt z,u,v,2) =V - (PVu — Vv — Tz2) + h*(t, z,u,v, Vu, Vo, 2);

and f%, h® and o® are Yosida approximations of f, h and . We will also use the following notations for
the rest of the paper:

o X017 = s + Vs + 12117
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o X1 =l + IvlZ: + 1217
o [IXH & a3 + [IvelIE: + 1222 for any o> 0.
o [|[XF)2, 2 u® — P2 + v — VP23 +[|Z2% — ZP|2, for any a > 0,3 > 0.

One can easily check that the coefficients in system (1) satisfy the assumptions in Theorem 3.1. Hence

2
there exists a unique adapted solution (u®,v®, Z*) in {COL(G) NHS (G)} x L3(G;R?), and

T
sup Elluc|fs+ sup B3+ B [ 127 pads < o 2)
t€[0,T] t€[0,T] 0

Proposition 3.2. Under the standing assumptions of this section, and let (u®,v®, Z%) be an adapted solution
to system (1). Then for some positive constant k, we have the following uniform a priori estimate

T
Blut(T o)+ B [ 1X2 s
0
T
<& [ {1560l + 1T (52,0l + 0% (5.2.0)l s+ Bl +1)
0

Proof. Applying It6 formula to (u®,v®) 2, we get

E(u“(T,z),g(x,u*(T,x)))rz — E{up(x),v*(0,2)) 2

T
:E/ {(S("(s,m,X“),vo‘)Hlﬂl + (T (s, 2, X*),u%) y—1 g1 + (aa(s,x,Y("),Zo‘)Lz}ds
0

The above equation is equivalent to
E(u*(T,z),g(z,u*(T,x))) 12 — E{ug(z),v*(0,2)) 2

T
:E/ {(Sa(s,x,Xo‘) —S8%s,2,0), v g1 g + (T (s, 2, X%) = T*(s,2,0),u%) g1 g1
0
+ (o%(s,2,Y%) — 0%(s,2,0), Z%) 12 }ds
T
+ E/ {(Sa(s,x70),va>H_17H1 +(T*(s,2,0),u*) g1 g1 + <O’a(8,x,0)7ZQ>L2}d8
0
Notice the structure of g, and by Lemma 2.5 (i), one can show that for some constants k1 > 0 and € > 0,
1 [eY 2 T a2
(k1 + )BT, 2)llze +ep +(c—)F | [ XT|ds
0
1 T
<37 | {15 0l 1m0 + I 0,0 fas + Blun(o), v 0,0) 10
0

Here e comes from the inequality ab < Z—i + €b and can be choosing according to our propose.

On the other hand, by Lemma 2.5 (iii) and the linear growth assumption, one can easily deduce that
there exists a constant ko > 0, such that

T T
Elve(0,2)[2 < kz{Enva(T, D)2+ E / |7 (s, 2,0)|2ds + E / X220 ds + 1}
0 0
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Combining the above two inequalities and by choosing an appropriate e, it is clear that for some constant
ks >0

T
Ellu® (T, 2)[% + E / X220 ds

T
<hy (E | {15° G0 0l + 17 (5.2, 02 + 107 (5,,0)[ 3 Jas + Eljua(w)] + 1).
0

Now we are ready to present the main result of this paper.

Theorem 3.3. Under the assumptions (A.1)-(A.4), the system (2) admits a unique adapted solution in the
2
space {COL(G) N H(l)(G)} x L2(G;RY).

Proof. Let us first prove the existence. For any a > 0 and 8 > 0, applying It6 formula to (v® —v? u®—u?) -,
we get

E(u“(T,z) — uﬂ(T, x),g(z,u(T, z)) — g(x,uﬂ(T, x))) L2
T
:E/ {(Sa(s,x,Xo‘) — SP(s,2, XP),v* —vP) g1 i
0
+ (T (s, 2, X*) = TP (s,2, XP),u® —0?) -1 i

+ (0%(s,2,Y?) — 0P (s,2,Y7), 2% — Z’B>L2}d8.

By Lemma 2.5 (iv) and the standing assumptions of this paper, it is easy to show that there exists a constant
k1 > 0, such that

T
El[u®(T, z) — v (T, 2)| 2 +I<:1E/ 18|12, ds
0

T
<(a+ B)E/ {HS(&%X“)Iliz +115(s, 2, X7) |72 + T (s, 2, X |22 + | T(5,2, X7) ||
0
o, 2, X s + o, XO)Fa + a| X3 + ka| XP 300 s,
By Proposition 3.2, we deduce that there exists a constant ko > 0, such that
T
Blu®(T,0) ~ w'(Ta)[f + B [ |X27 s < kala + ).
0

Hence we know the {X a > 0} is a Cauchy sequence in £2(G;R%)%and let X = (u,v,Z) be the limit.
Again by the standing assumptions and applying Lemma 2.5 (iii), we see that there exists a constant k3 > 0,

[SY(s, 2, X)| < |S(s, 2, XY)| 4+ 2¢| X% < |S(s,z,0)| + k3| X“|.

Similar results apply to T% and o®. Thus there exists a constant k4 > 0, such that
T
B [ {150 X 17 00 X+ 0% (0 X s <
0

This lets to the weak limits of T%(s, z, X%), S*(s,z, X%) and 0% (s, z, X%) in L3(G;R?). Let the correspond-
ing limits be S, T and ¥. Consequently, taking the limit of system (1), we get

{u@, z) = wo(@) + fy S(s)ds + [5(£(s),dW (s)) )
v(t,z) = g(z,u(T,z)) — [ T(s)ds — [ (Z(s),dW(s)).
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Let X € {H(l)(G)}2 x L2(G;R?). Then by Lemma 2.5 (i),
T
E/ (S% (5,2, X°) — S(s,2, &), X* — X) 1 yads
0
T
:E/ <(sa(s,x, X) = 8%(s,z, X)) + (S%(s, 2, X) — S(s, 2, X)),X“ — X) g1 gpds
0
T T
<- CE/ X% — X[ 2ds + E/ (S% (5,2, &) — S(s,2, &), X* — X) 1 yads.
0 0
Thus

T
E/ (8 — S(s,2,X), X — X}y pds
0

T T
=1lim E (So‘(s,x,Xa)—S(s,x,XLXo‘—X)H_17H1ds§—CE/ X — X% ds.
0

a—0 0

Letting X' to be X — e(S(s) — S(s,z, X)) in the above inequality for some € > 0, and we get
T
E/ |S — S(s,z,X)||3:ds =0
0

when letting € go to 0. Hence § = S(s,z,X), P-a.s. for every s > 0. Similarly, one can show that
T =T(s,z,X) and ¥ = o(s,z,X), P-as. for every s > 0. Plugging these into system (3), we have
completed the existence of a solution to system (2). The regularity of the solution can be obtained by

2
applying the It6 formula to [lu|?. and [|v||%,, respectively and the fact that (u,v) is in {’H(l)(G)} .
Let us now turn to the uniqueness. Suppose (u,v, Z) and (u’,v’, Z’) are two solutions. Let & = u —u’,
v=v—v/,and Z =7 — Z'. Applying the It6 formula to (1, V)2 we get
E{4(T,x),v(T,x)) Lz

-5 / {4800 = S, %) + T OO = T 8w + (00) = 0(V"). 2} s
—E/ { (AV@ + BYY + CZ) — B4, 9) s

+ (V- (dVa — UVV —TZ) — &, 0) g1 }ds
+E/ { (W, Vu, v, Vv, Z) — f(u', VI, v, Vv, Z7),9) 51— lHl}d
&

+E/

+E/ { u,Vu,v, Vv, Z)—a(u’,Vu’,v',Vv’,Z’),Z}Lz}ds

u,Vu,v,Vv,Z) — h(u',Vu',v Vv, Z"), ) g1 1 }ds

T T
. N 1 N

<otV [ { i+ 1915 b+ 55 [ 12130

0 0

T A

~ 1B [ {100+ 1913 + 1213 fas

T 1 T R
<= o= v [l + 1903 bas - 2= B [ 1215505
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On the other hand, one has
E(T,2),v(T,z)) g2 = E((T, x),pa(T, x)) 2 > ca E||[a(T)|)32.
Therefore

T T
. . . 1 ;
caB|a(T)||72 < —(co — \/Cl)E/O {I|U|2 + ||V||2}d8 e Chy §)E/O 1Z][72ds.

Hence we have proved that (u,v,Z) = (v/,v/,Z’), P-a.s., for every ¢ > 0 and z € R™.
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