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WEAK SOLUTIONS FOR FORWARD-BACKWARD
SDES—A MARTINGALE PROBLEM APPROACH
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In this paper, we propose a new notion of Forward—Backward Martingale
Problem (FBMP), and study its relationship with the weak solution to the
forward—backward stochastic differential equations (FBSDEs). The FBMP
extends the idea of the well-known (forward) martingale problem of Stroock
and Varadhan, but it is structured specifically to fit the nature of an FBSDE.
We first prove a general sufficient condition for the existence of the solution
to the FBMP. In the Markovian case with uniformly continuous coefficients,
we show that the weak solution to the FBSDE (or equivalently, the solution to
the FBMP) does exist. Moreover, we prove that the uniqueness of the FBMP
(whence the uniqueness of the weak solution) is determined by the unique-
ness of the viscosity solution of the corresponding quasilinear PDE.

1. Introduction. The theory of backward stochastic differential equations
(BSDEs for short) has matured tremendously since the seminal work of Pardoux
and Peng [24]. The fundamental well-posedness of BSDEs with various conditions
on the coefficients as well as terminal conditions have been studied extensively,
which can be found in a large amount of literature. A commonly used list of refer-
ence include the books of El Karoui and Mazliak [9] and Ma and Yong [18] for the
basic theory of BSDEs, and the survey paper of El Karoui, Peng and Quenez [10]
for the applications of BSDEs to mathematical finance. It is worth noting that al-
most all the existing works on BSDEs or its extension Forward—Backward SDEs
(FBSDEs) are exclusively considered in the realm of “strong solutions,” and a
missing piece of puzzle in the theory of BSDEs seems to have been the notion
of “weak-solution.” Such a notion, although extremely conceivable and tempting
from both theoretical and practical point of views, has not been fully explored.

In a recent paper, Antonelli and Ma [1] introduced the notion of weak solu-
tion to a class of FBSDEs. In that paper, it was shown that some standard results
regarding the relations among weak solution, strong solution and different types
of uniqueness still hold. However, the results in that paper were a far cry from
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a systematic study for weak solutions. In particular, the authors were not able to
address the core issue regarding the uniqueness. Similar topics were studied later
by Buckdahn, Engelbert and Rascanu [4], with a more general definition and more
extended investigation. But the issue of uniqueness remains. Independent of our
work, recently Delarue and Guatteri [8] established the existence and uniqueness
of weak solutions for a class of Markovian FBSDEs by using elegantly the decou-
pling strategy in the Four Step Scheme (cf. [16]). However, they require the coef-
ficients to be Lipschitz continuous in the backward components, and thus roughly
speaking their FBSDE is weak only in the forward component. To our best knowl-
edge, so far there has not been any work trying to address the issue of uniqueness
in law for a true BSDE/FBSDE; and it is our hope that this paper could be the first
step in that direction.

Our first goal of this paper is to find an appropriate definition of a “backward”
version of the martingale problem associated to the weak solution. We shall fol-
low naturally the idea of the forward martingale problem initiated by Stroock and
Varadhan (cf., e.g., [26]), and recast the FBSDE in terms of some fundamental
martingales, which then leads to the notion of the Forward—Backward Martingale
Problem (FBMP). Such a notion extends the usual martingale problem and it is
equivalent to the weak solution defined in [1]. Our objective then is to prove the
existence and uniqueness of the solution to FBMP, whence those of weak solution.
Given the large amount of recent studies on the existence of (strong) solutions to
BSDEs/FBSDEs with less-regular coefficients, notably the works of [3, 6, 14] and
[15], to mention a few, we are particularly interested in finding a unified method
that works for high dimensional FBSDEs with nonsmooth coefficients for which
a strong solution is less likely to exist. We shall first prove a general sufficient
condition for the existence of solution to FBMP, using mainly some weak con-
vergence arguments under Meyer—Zheng topology. A key element in the sufficient
condition could essentially be understood as a certain type of tightness criterion
for processes with paths in an L? space, which shall be further explored in our fu-
ture publications. We will then show that such sufficient condition can be verified
in a Markovian case assuming that all the coefficients are bounded and uniformly
continuous.

The last part of this paper deals with the main issue: the uniqueness of the so-
lution to the FBMP. We note that to date the main difficulties in the discussion
has always been the martingale integrand in the BSDE (the process Z), because
in general one does not have a workable canonical space for this process. In fact,
although in many cases the process Z is cadlag or even continuous (see, e.g., [20]),
such path regularity is by no means clear a priori. However, it is noted that if all
the coefficients are Holder continuous, one can show that the martingale integrand
can be treated as a function of the forward components of the solution, owing to
the idea of the Four Step Scheme of [16]. This fact, together with the procedure we
used to prove the existence, shows that at least one weak solution can be built us-
ing only the path spaces of the continuous components of the solution. This result
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becomes more significant when we establish the uniqueness, since it essentially
eliminated the subtlety caused by the canonical spaces. Our uniqueness proof is
originated from the idea of “method of optimal control” for solving an FBSDE
(see [17, 18]). Although it may not be intuitive due to the technicalities involved,
the basic idea is to investigate a variation of the notion of “nodal set” in [17], so
as to show that uniqueness of the viscosity solutions to the corresponding quasi-
linear PDE implies the uniqueness of the solution to the FBMP (whence the weak
solution). We should note that in this paper we are still not able to prove the unique-
ness in the most general sense, but we believe that our method has a potential to
be applied to more general FBSDEs, and the uniqueness should hold in a much
wider class of weak solutions. We hope to be able to address the issue in our future
publications.

The rest of the paper is organized as follows. In Section 2, we give the prelimi-
naries, recall the definition of weak solution and introduce the notion of an FBMP.
In Section 3, we prove the general sufficient condition for the existence of the solu-
tion to FBMP. In Section 4, we consider the Markovian case. Finally, in Section 5,
we prove the uniqueness of the solution to FBMP.

2. Preliminaries. In this section, we give the basic probabilistic set up, recall
the definition of weak solution of an FBSDE and introduce the notion of Forward—
Backward Martingale Problems (FBMPs).

For any Euclidean space R¥, regardless of its dimension, we denote its norm
by | - |. We denote C([0, T]; R¥) to be the space of all RK_valued continuous
functions endowed with the sup-norm; and D([0, T']; ]Rk) to be the space of all
[E-valued cadlag functions endowed with the Skorohod topology (see, e.g., [11]).
When k = 1, we may omit R in the notation.

For a given finite time horizon [0, T'], we say that a quintuple (2, &, P,F, W)

is a standard set-up if (2, ¥, P) is a complete probability space; F 2 {Ft}eero.1]
is a filtration satisfying the usual hypotheses (see, e.g., [25]); and W is an {F;}-
Brownian motion. In particular, if #; = ", the natural filtration generated by the
Brownian motion W, augmented by all the P-null sets of ¥ and satisfying the
usual hypotheses, then we say that the standard set-up is Brownian.

A. WEAK SOLUTION OF FBSDES. Let us consider the following forward—
backward SDE:

t t
Xt=x+f b(s,<X)s,Ys,zs>ds+/ o (s, (X)y, Yy, Z3) AWy,
(2.1) 0 0

T T
Y, = g(X)7) +/f h(s, (X)s, Yy, Zy)ds —[ Z, dW,.

Here, (X;, Y:, Z;, W;) e R” x R™ x R™*d % R4 and the functions b, h, o and g
are functions with appropriate dimensions. We note, in particular, that the coeffi-
cient b is a progressively measurable function defined on [0, T] x C([0, T'], R") x
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R™ x R™*4 with valued in R", and (X); denotes the path of X up to time ¢.
More precisely, for each ¢ € [0, T] and (y, z) € R™ x R"*4_ the mapping X
b(t, (x);, y, z) is measurable with respect to the o-field 8B, (C([0, T']; R")), where

B (C([0, T]; R™)) 2 o{x(t A-):x e C([0, T]; R")} (cf., e.g., [13]). The coeffi-
cients o, h and g should be understood in a similar way. It is known that (cf,,
e.g., [18]) an adapted (strong) solution to the FBSDE (2.1) is usually understood
as a triplet of processes (X, Y, Z) defined on any given Brownian set-up such that

(2.1) holds P-almost surely. The following definition of weak solution is proposed
in [1].

DEFINITION 2.1. A standard set-up (2, ¥, P, {¥:}, W) along with a triplet
of processes (X, Y, Z) defined on this set-up is called a weak solution of (2.1) if:

(i) the processes X,Y are continuous, and all processes X, Y, Z are
Fi-adapted;
(i1) denoting f; = f(t, (X):, Yz, Z;) for f = b, o, h, it holds that

T
P{/O(|bt| + oy P + el +1Zi*) ds + 1((X)7)| < OO} =1.
(ii1) (X,Y, Z) verifies (2.1) P-a.s.

We remark here that unlike a “strong solution,” a weak solution relaxed the most
fundamental requirement for a BSDE, that is, the set-up be Brownian. But instead,
it requires the flexibility of the set-up for each solution, similar to the forward SDE
case. We should point out that in [1] it is shown that the weak solution of FBSDE
(2.1) exists under very mild conditions, and that there does exist a weak solution
that is not “strong.”

REMARK 2.2. Although in the basic setting of FBSDE (2.1), the coefficients
are seemingly “deterministic,” it can be easily extended to the “random coeffi-
cients” case. For instance, if we add the canonical Brownian motion W into the
equation, and consider (W, X) as the forward component, then we can allow the
coefficients to have the form

(22) f(l’a)’ (X)I’Yl‘zl‘)éf(tv (W)[,(X)t,Yt,Zt), f:b,U,h,

and the FBSDE (2.1) has nonanticipating random coefficients. In fact, our general
existence result Theorem 3.1 holds true for general FBSDEs with coefficients of
the form (2.2). However, at this stage, we feel that it is more convenient to consider
(2.1) in the given form so as to avoid further complication in the proof of the
uniqueness. We should note that even in the standard (forward) martingale problem
(cf. [26]), the component W is not involved directly. [
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B. FORWARD-BACKWARD MARTINGALE PROBLEM. Before we define the
martingale problem, let us give a detailed description of a “canonical set-up” on
which our discussion will be carried out. Define

23) Q'2C@0, TERY);  QXE2C(0.TER™):; Q2! xo?

where Q! denotes the path space of the forward component X and 2 the path
space of the backward component Y of the FBSDE, respectively.

Next, we define the canonical filtration by ¥; £ fFll ® J‘ttz, 0<t<T, where
FiLo{w (rAf)ir>0},i=12 Wedenote F 2 Fr and F 2 (F}o</<7.

In what follows, we denote the generic element of Q2 by w = (", a)z), and
denote the canonical processes on (€2, &) by

X (@) 20 (t) and y,(@)2w?(r), >0

Finally, let & (€2) be all the probability measures defined on (€2, ), endowed with
the Prohorov metric.

To simplify presentation, we first assume that o = o (¢, (X);, ¥). Here, we abuse
the notation x by denoting elements of C([0, T'), R") instead of the canonical
process. [The case o = o (¢, (X)¢, v, z) is a little more complicated; we address
it in Remark 2.4 below.] Further, for f = b, h, we denote f t, X)), y,2) =
f@, X), y,zo(t, X)s,y)), and let a = ool . We give the following definition for
a forward-backward martingale problem.

DEFINITION 2.3. Let b, o, h and g be given. For any x € R", a solu-
tion to the forward—backward martingale problem with coefficients (b, o, h, g)
[FBMP, 7 (b, o, h, g) for short] is a pair (P, z), where P € £ (£2), and z is a R"™*"-
valued predictable process defined on the filtered canonical space (2, ¥, F), such
that following properties hold:

(i) the processes

t A
My(t) 2 x, — / b(r, X1, ¥y, 2,)dr and
0
2.4)

A LA
My() 2y, + [0 B, Ors Yo 2,) dr

are both (P, F)-martingales for t € [0, T];
Gi) (M1, M{1() = foaij(r, X),,y)dr,t €[0,T] i, j=1,...,n;
(iii) My(t) = [y z, dMx(r), t €10, T].
(iv) P{xo=x}=1and P{yr = g(x)1)} = 1.

We note that by (iii) we imply that the quadratic variation of My is absolutely
continuous with respect to the quadratic variation of My, thus in the definition we
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require implicitly
T
P{‘/ |Zta(t9 (X)l7y[)th|]2Rm><m dt<oo}:1
0

REMARK 2.4. The case when o = o (¢, (X);,y,z) can be treated along
the lines of the “Four Step Scheme” (see, e.g., [16]). That is, one should
first find a function ®:[0,T] x C([0, T],R") x R” x R™*" 5 R™*d gych
that ®(t, (x);,y,2) = zo(t, X)¢, y, (¢, X)¢, y,2)), and consider o (¢, (X);, y,
®(¢, (X)r, ¥, 2)). Then we define the forward—backward martingale problem the
same way as Definition 2.3 except that the functions b and h are replaced by

A

f@t, (X, y,2) = ft, X, y, P, (X),y,2)), f =b, h. We leave the details to
the interested reader.

We note that the Definition 2.3 looks slightly different from that of the tradi-
tional martingale problem. But one can check that they are essentially the same,
modulo an application of Itd’s formula. In fact, if (IP,z) is a solution to the
FBMP, 7 (b, 0, h, g), then by Definition 2.3(i) and (iii), we have

dx; =b(t, (X);,yr. 2:) dt +dMx (1),
(2.5) dy, = —h(t, (X);, ¥r, 2;) dt +dMy(t)
= —h(t, (X)[, Y:, Zt) dt + 7 dMX(t)

Applying Itd’s formula and using Definition 2.3(ii), for any ¢ € C?(R" x R") and
t € [0, T'], one has

do(x. y1) = {(Va@ (X1, ¥0). b(t, (X);,¥1. 7))
— (Vy@((X)r. Y1) 1 (2, (X1, Y1, 20))
+ 3t(D} L o(X. YDA, (X1, ¥1.2,)}} dt
+ (Ve@(X0, ¥1), dMx (1)) + (Vyo (X, y1). dMy (1)),

where

At (0r y.2) 2 [ﬂa(n ©rs W 2

2 2
D2 (p_[axx(p axy(p]
x,yr — 2 2 .
8xy(,0 8yy(,0

Now, if we define a differential operator

(2.6)

Lixy. = LA, %), y, D)
2.7) R ~
+ (b(tv (X)l" y’ Z)a vx) - <h(t’ (X)t’ y’ Z)v vy)a
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then the fact that the (IP, z) is a solution to the FBMP, 7(b, o, h, g) implies that

A t
2.8) cwunzwmm»—wumm—z}m@kkkmmmaw

is a P-martingale for all ¢ € C?(R" x R™). Conversely, if (2.8) is a P-martingale
for all ¢ € C2(R" x R™), then we can choose appropriate function ¢ so that Def-
inition 2.3 holds. In other words, Definition 2.3 actually reflects all the necessary
information for a “martingale problem.” But we prefer this particular form as it is
more symmetric and reflects the structure of our FBSDE more explicitly.

The following theorem exhibits the connection between the weak solution and
the solution to the forward—backward martingale problem.

THEOREM 2.5. Assume n =d. Assume also that o = o (¢, (X);, y) is nonde-
generate. Then FBSDE (2.1) has a weak solution if and only if FBMP, (b, o, h, g)
has a solution.

PROOF. First assume FBSDE (2.1) has a weak solution (X, Y, Z) defined on
a standard set-up (2, &, P, {¥;}, W). Note that

[X,Y], = /t o(s, (X)y, Y Z1 ds.
0

1 XY

Thus, since o~ exists, we see that Z is adapted to £ *-", the filtration generated
by (X, Y). Using the forward equation in (2.1), we can further conclude that W
is also F%Y-adapted. Therefore, without loss of generality, we may consider the
canonical space €2 defined by (2.3),and letP= Po (X, Y )~! be the distribution of

(X,7Y), so that (X, Y) is the canonical processes. Define z; 2 Z,o 7 (¢, (x);, Vo).
One can check straightforwardly that (P, z) is a solution to FBMP,. r(b, 0, k, g).
We next assume FBMP, 7 (b, o, h, g) has a solution (P, z). Define

t
(2.9) méﬁo*m@nhMMmy

Then W is a continuous local martingale and [W, W], = ¢ by definition. Therefore,
it follows from the Lévy characterization theorem (cf., e.g., [13]) we know that W

is a Brownian motion. Now define Z, 2 z,0(t, (X);,yr). One can easily check that
(x,y, z, W), together with the canonical space, is a weak solution to FBSDE (2.1).
O

REMARK 2.6. (i) From the proof of Theorem 2.5 we see that the process z
in Definition 2.3 is different from the martingale integrand Z in FBSDE (2.1). In
fact, one has the relation: Z; = z;0 (¢, (X);, y;). Note that in the Markovian strong
solution case the process z is actually associated directly to the gradient of the
solutions to a quasilinear parabolic PDE (see, e.g., [18]).
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(ii)) When o is nondegenerate, there is an obvious one-to-one correspon-
dence between Z and z. Thus, we shall often refer to (I, Z) as a solution to
FBMP, 7(b, 0, h, g) as well, when the context is clear. This is particularly im-
portant in Section 5.

To conclude this section, let us give the following standing assumptions which
will be used in different combinations throughout the paper:

(H1) The coefficients (b, o, h, g) are bounded, measurable functions, such that
the mappings (X,y,z) — f(, (X);,y,2), f =b, 0, h, g, and (x,y,2) €
C([0, TT; R") x R™ x R™*" are uniformly continuous, uniformly in ¢ €
[0,T];

(H2) There exists a constant K > 0, such that +[A]> < AToo” (1, (%), y,2)A <
KA, forall (r,x, y,z) € [0, T] x C([0, T]; R") x R™ x R"™*" and all A €
R™;

(H3) The mappings ¢ +— f(t, (X)¢, y,2), f =b, 0, h,and t € [0, T] are uniformly
continuous, uniformly in (x, y, z) € C([0, T]; R") x R™ x R™*",

3. Existence: a general result. In this section, we study FBSDE (2.1). We
note that in this section o may depend on Z. To simplify presentation in what
follows, we shall assume that dim(X) = dim(Y) = dim(W) = 1. But we note
that all processes here can be higher dimensional, and all the arguments can be
validated without substantial difficulties. Denoting || f'||oc = sup|f| to be the usual
sup-norm of a (generic) continuous function f, our main existence result is the
following.

THEOREM 3.1. Assume (H1), and assume that there exist a sequence of coef-
ficients (by, o, hy, gn), n=1,2,..., such that:

(1) fOI" f =b,O’,h, 8, ”fn - f”oo =< %;
(ii) all (by, oy, hy, gn)’s satisfy (H1), uniformly in n;
(iii) for all n, the FBSDE (2.1) with coefficients (b, 6,,, hy,,, gn) have strong so-
lutions (X", Y", Z™), defined on a common filtered probability space (2, ¥, P; F)
with a given F-Brownian motion W

(iv) denoting Z:’"S £ %f(t,_sﬁ Z!ds, it holds that
T
3.1 lim supE{/ |Z,"—Z,’”5|2dt}=0.
§—0 n 0

Then (2.1) admits a weak solution in the sense of Definition 2.1.

PROOF. We shall split the proof into several steps.
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A
Step 1. Denote ©F = ((X");, Y/', Z}') and

A (! s (! o [
B2 [ opas  mpE [Tmeepds a0 2 [z
0 0 0

t t
M;’é/O on(s, O dWy; N,”é/O Z" aw.

Consider the sequence of processes £" = (W, X", Y", B", H", A", M", N"),
n=1,2,..., and define the canonical space Q 2 D([0, T1)® with natural filtra-

tion F. Let P" 2 P[E"]"! € 2() be the induced probability. It is fairly easy to
show that all the components in the processes (W, X", Y", B" H" A", M" 6 N")
are quasimartingales with uniformly bounded conditional variation. For exam-
ple,let 0 =1 < --- < t,, =T be an arbitrary partition of [0, T']. Then denoting

E; 2 E{-|%:},t > 0, one has

m—1
E{ YOIELY! Y=Y+ |Y%|}
i=0

m=l ey
<ELY [ I )1 dt + g (XD f < C.
i=0 "1

Here and in what follows, C > 0 will denote a generic constant depending only
on the coefficients (b, o, h, g) and T, which is allowed to vary from line to line.
Thus, applying the Meyer—Zheng tightness criteria (Theorem 4 of [22]) we see that
possibly along a subsequence, P converges to P € £ () under the Meyer—Zheng
pseudo-path topology. Consequently, P converges to P weakly on ([0, T'])%, and
we denote the limit tobe (W, X,Y, B, H, A, M, N).

Step 2. In the following steps, we shall identify the limit obtained in the previous
step. By a slight abuse of notation, in what follows let (W, X,Y, B, H, A, M, N)
denote the coordinate process of Q. We first claim that P{W,X,Y,B,H,A) e
C([0, T1)®} = 1. Indeed, since by assumption (ii), all the coefficients are uniformly
bounded, one can easily check that the sequence {(W, X", B", H", A", M"")} is
tight in the space C[0, T] under uniform topology. [For example, if we denote
wym (8) 2 SUp|s_s)<s |Mg — M['| to be the modulus of continuity of M", then it
is readily seen that E|wyn (5)|2 < C4, uniformly in n. Hence, by the standard
tightness criteria on the space #(C[0, T']) (see, e.g., [2], Theorem 7.3), one can
easily conclude that {M,} is tight. Other components can be argued similarly.]
Consequently, the sequence {P"} restricted to the components (W, X, Y, B, H, A)
converges weakly to some Pe ?(C([O,I])G). Since C is a subspace of D, the
uniqueness of the limit then leads to that P = IP|(w x,v,B, #,4), proving the claim.

Next, by using the definition of weak convergence, it is fairly easy to check that

(32) X[ =X()+B[ +Mt9 Yt = Y() — Ht +N[ vVt e [0, T), P-a.s.
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Clearly, under probability P, W is a Brownian motion. Since X, B, H, M are
all continuous, noting that sup, E fOT |Z?|2dt < 00, it follows from [22], The-
orem 11, that M, N are both martingales. Further, applying [22], Theorem 10,
we conclude that A is absolutely continuous, P-a.s.; and A; = fé Z,ds with
EF [Tz, dt < 0.

Step 3. We show that B, = [ b(s, ©;)ds and H, = [} h(s, ©;)ds, Vt,P-as. To
this end, we note that the function b is uniformly continuous on z. Thus, for any
g > 0, there exists gy > 0 so that |b(¢, (X);, ¥, z1) — b(t, (X)s, ¥, 22)| < € whenever
|z1 — z2] < 9. Furthermore, (3.1), we can choose §g > 0 such that for any § < &g
it holds that

T
(3.3) supE{/ V4 —z;“3|2dr} <eeld.
n 0

Now let us denote Zf 2 %[A, — A;_s], where A; £ 0 for ¢ < 0. Then by as-
sumption (i) and the definition of {IP"}, one verifies easily that

ad !

t
B; —/ b(s, ®;)ds
0

t
= lim EP{ B, —/ b(s, (X)y, Y, Z%) ds }
§—0 0
n t
(3.4) =lim lim EP { B, —/ b(s, (X)s, Y5, Z0) ds }
§—0n—00 0

t t
= jim lim EH[ bn(s,®?>ds—f b(s, (X")s, Y{', Z4) ds
0 0

§—>0n—>00

|

T
=< lim lim E{/ |b(sv (Xn)SW Y;l’ Z?) - b(s9 (Xn)S’ st’ Z?’8)| ds}
0

§—>0n—>00

Furthermore, denote Ab?’5 2 b(s, (X", Y, Z7) — b(s, (X", Y, Zf"s), for

s €10, T], using (3.3) and the boundedness of b we deduce that
T
E / | AL ds
0
T n,8
=E/0 UADE Iz 700 e+ Lz -z ey 1451
T
(3.5) < Tg+CE{fO 1{|Zg_zg.5|>ao}ds}
c r n n,8,2
<Te+—E f 12" — 292 ds
0

€0
<(T + C)e.
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Since ¢ is arbitrary, we get E™{|B, — fé b(s, ®5)ds|} = 0. An almost identical
proof also shows that EV{| H, — fé h(s, ®;)ds|} = 0. This completes the claim.

Step 4. We now show that N; = f(; Z,dW;, ¥Vt < T, P-a.s. To see this, first note
that N is cadlag and fot Z, dW, is continuous, then it suffices to show that

JARN ) r
. I=F
(3.6) {/0

Again, we shall use the fact that P” — [P weakly. But in this case, we should
note that in (3.6) the stochastic integral is generally unbounded, therefore, an extra
truncation procedure is necessary. Indeed, applying the Monotone Convergence
Theorem, we see that to prove (3.6) it suffices to show that

JARNN ) r
. Ip =E
37 Ik {[/O

We now fix R > 0, and notice the following simple fact:

2
dt} =0.

t
N, — / Z, dW,
0

2
dt]/\R}zO VR > 0.

t
N, — / Zy dW,
0

(@a+b)AR<anR+b<a+b Va,b > 0.

By definition of Z® one checks that

T
(3.8) lim EP{/ |Zt—Zf|2dt}=0.
§—0 0
But this implies that
- T
Ig < lim EP{ [ f
§—0 0

Letm:0=1y <--- <t, =T be any partition of [0, T']. Then

m—1 tixl 2
155CEP{[Z/"+ dt]/\R}
j=0"4

C
+FET,

2 A
dt}/\R}: Tim 1°.
5—0

t
Nt—/ 73 dw;
0

j—1
N = > Z Wiy, — W]
i=0

3.9

where

j—1

14
3 /t T1(Ay = Ags) — (A — Ay_p)]dW,

Li+1

m—1
ey |
j=0""

2
dt.

t
+ [As _As—8]dWs

tj
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A similar calculation shows further that (changing IP to P* when necessary),

EE”{ [g /tjt’“ 2dti| A R}

m—1 titl
=H£H30E{[Z/t,
j=0"°Y

j—1
N =Y Z2 Wiy, — W]

t
/ Z" dw,
0

j—1 2
(3.10) — Nz (W, — Wy dt] A R}
i=0
- T| pt t 2
<C Tim E{/ / zgdWs—/ 7 AW, dt}
n—oo 0 0 0
_ EP" 17'[,3
4o im 2T
n—o00 82

Now, let us denote AA} =A; — Ay = f; Z,dr,0<s <t <T.We see that

m-l e [ phi
EP{I”"S}zEP{Z/J [Z/ |AAT — AATT) 2 ds
j=0""1 i=0""%

t
+ |AA:§_5|2ds} dt}

tj

m-l e [ p T
(3.11) <CE" Z/ Z[ (s—t,-)/ |Z, % drds
j=0"t  Li=o "t 0

t K
+3// |Z,|2drds}dt}
tj s—5
T
sanwﬂ/|LPM}sam.
0

Similarly, one shows that E™ {I™%} < C|r|. This, together with (3.10) and (3.11),
reduces (3.9) to the following:

- T
155cnmE{f
n 0

Since 7 is arbitrary, we have

L T
15§c1imE{/
n 0

Clr|

t t 2
fZ;’dWs—f Zm0 AW, dt}+
0 0

t t 2
/Z?dWs—[ 7 AW, dt}
0 0
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L T rt

:ClimE{f /|Z§’—Z§”3|2dt}
n 0o JO
_ T 5

§ClimE{/ \zr — 2z |2dt}.
n 0

Now, applying (3.1) we prove (3.7).

Step 5. We next show that Y7 = g(X7). We should note that in the last step
we actually proved that the process N, whence Y, is continuous on [0, T'). There-
fore, by defining N7 = Nr_, we can assume that Y is (left) continuous at T as
well. Thus, in what follows, we shall only check that Y7 _ =lim, % fTT_s Yods =
g(Xr), P-a.s. To this end, we note that for any € > 0, one has

P 1 T 2
EF!|= Y, dt — g(X71)
& JT—¢
A1 (T 2
= lim E” { - Y, dt — g(X71) }
n—oo & T—S
1 (T 2
= lim E{|- Y'dr — Yl }
n—oo & T—¢
1 T T T 2
— lim E —f [/ hn(s,(a;’)ds—/ Zfdws}dt‘ }
n—>00 & JT—¢elJt t
o T
< Tim E / |z;’|2dr}+08
n—oo T—¢

o T
< Tim ZE{/ Nz' -z’ + |Z;”5|2]dt} +Ce.
n— o0 T—c¢

We should point out that unlike step 4, in the above we do not need to ap-
ply the truncation technique, thanks to the boundedness of both process Y and
function g. Furthermore, following the arguments of step 4, we fix § > 0 and let
m:T —e=ty<--- <ty =T be any partition of [T — ¢, T]. Again, we denote for
any process &, A§’ =& —&;,0<s <t <T. Then by definition of 7™ we have

T s
E{/ V4 |2dt}
T—c¢
]
m—1

_ E{
fit1 L . L
> [ A AL - ALY aw,
=0 tj

:E{,

T 1
/ —~[A} — AT _s1dW,
T—¢ 1)

|

(3.12)
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m—1 2
SCE{ > AT AW
j=0

" nqli 2 nqli—8 2
+ Zf [IA[A"T | + |A[A"]) S %] dt
j=0""1

2} Clr|
+_

Lyl

]Pf’l

P S
Y AALTAW
j=0

where the last inequality is due to a similar argument for (3.11). By the weak
convergence of P" and by using the above arguments in a reverse order, we see
that there exists N such that, for any n > N,

|

m—1
P tj—6 tj
E {ZAA,j. AW,
j=0

m—1 2
5EE”{ S AaAl T AW, }+e

=0

(3.13)

T Clm|
e[ tpa 4 S
< T_SI £l + 52 +e

r Clm
gng{/T [|zt|2+|zz—Z?|2]dz}+%+s.

—&

Combining (3.12) and (3.13), we obtain that
17 2
| [ var-gcxn }

E JT—¢
- T
§C[limE{/ |Zf—Zf"3|2dt}
n T—¢

T T
+EP{fT 12, + 12, —Zfﬁdz} +2 +s].
—&

First letting || — O, then letting § — 0, finally letting ¢ — 0, and applying Fa-
tou’s Lemma we derive EF{|Y7_ — g(X7)|*} =0.

Step 6. Finally, we note that X", Y"’s all have better regularity than Z"’s. Fol-
lowing the same arguments in step 4, we can show that

t
M; =/ o(s, O5)dW;s VvVt €[0,T], P-as.
0

The proof is now complete. [J
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4. The Markovian case. In this section, we further explore our main exis-
tence result Theorem 3.1. It is clear that the key condition in that theorem is the
assumption (3.1) on the martingale integrands {Z"}, which in a sense represents
the “path regularity” of the sequence {Z"} or as a certain “tightness” criterion in
the space L2. Without digging deep on this issue, in this section, we shall inves-
tigate some special cases where condition (3.1) is satisfied. To begin with, let us
consider the following Markovian FBSDE:

t
Xt=x+f o (5, Xy, Ye) dWy;
(4.1) o T
Y,=g<XT)+f h(s,Xs,Ys,zs)ds—/ Zy dWy;
t t

where all processes X, Y, Z and W are one-dimensional. We note that the assump-
tion that the drift of the forward equation b = 0, is merely for simplicity. In fact,
the case when b # 0 can be easily deduced to such a form via a standard Girsanov
transformation, especially in the case when o is nondegenerate and 4 is allowed to
have linear growth in Z. The assumption that all processes (especially X) is one
dimensional is more technical, since we are going to apply a result by Nash [23] in
Lemma 4.2 below. We believe that these restrictions can all be removed with more
technicalities, and we shall leave them to our future publications, as these are not
the main points of this paper.

The Markovian nature of the FBSDE now enables us to apply the idea of the
Four Step Scheme initiated in [16]. To be more precise, we shall look for solutions
to (4.1) for which the relation Y; = u(¢, X;) holds, where u is a viscosity solution
to the PDE

42) {ut—i—%oz(t,x,u)uxx+h(t,x,u,ux0)=0;
u(T,x)=gx).
In [21], we proved that if besides the standing assumptions (H1) and (H2), the
coefficients of (4.1) are uniformly Holder continuous and the comparison theo-
rem for the viscosity solution to PDE (4.2) holds true, then the weak solution to
FBSDE (4.1) exists and is unique in law, and that Y; = u(¢, X;) where u is the
unique viscosity to PDE (4.2). The proof there relied heavily on some a priori gra-
dient estimates of the solution u of the PDE (4.2). However, these estimates are no
longer valid under merely the assumptions (H1) and (H2), we shall therefore turn
to Theorem 3.1.
We first recall a result which is standard in the literature (see, e.g., [7]).

LEMMA 4.1. Assume (H1) and (H2). There exist a viscosity solution u to
PDE (4.2) and constants C and o > 0 such that for any x,y e R and any 0 < s <
t<T,

C
(4.3) lu(s. ) —ult ) < G aplly = y1* + 1 — 5]/,

t)a/z



WEAK SOLUTIONS FOR FORWARD-BACKWARD SDES 2107
We next establish an a priori estimate for the following linear PDE:

(4.4) {u, + %oz(t, Xy = 0;
u(T, x) =g(x).

LEMMA 4.2. Assume that o is smooth in x and (H2) holds, and that g € C?
with ||glloo + 1€’ lloc + 18" lloc < K. Then there exist constants C and a > 0, de-

pending only on K and T, and are independent of the derivatives of o, such that

4.5) luxlloo<C;  ux(s,x) — ux(t, )| < Clls — t|*/* + |x — y|*].

PROOF. Note that v = u x 1s the solution to the following PDE in divergence
form:

{ v+ %(Uzvx)x =0;
u(T,x) =g'(x).

The result follows from some well-known results of Nash [23]. [
Let us now consider the FBSDE corresponding to the simplified PDE (4.4):

t
Xt=x+/ o (s, Xs) dW;
(4.6) 0 t [0, T].

T
Y, = g(X7) —/ Zs dWy;
t

LEMMA 4.3. Assume that o satisfies (H1) and (H2), and assume that there
exists a sequence of functions {o,(t, x)} such that:

(i) each oy, is smooth in x and satisfy (H2), such that |0, |lcc < Cy, for all n;
(i) o, — o uniformly;
(iii) gn € C2, with ||galloo + 1&g, oo + g/ loc < C, for some generic constant
C >0.

For each n, let (X",Y", Z") be the strong solution to the FBSDE (4.6) with
coefficients o, and g,. Then denoting Z;' =0 for t <0, it holds that

T
(4.7) lim supE{/ |Z{’—Z,”_5|2dz}:0.
0

5*)0 n

PROOF. First, by the Four Step Scheme we have Z}' = u'lo, (¢, X}'), where u"
is the classical solution to the following PDE:

n 1.2 n .
4.8 ui + 50, (t, x)uy, =0;
(48) {u"mx) = 2,(x).
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We shall assume from now on that & = 0, ¢t < 0 for all processes & € Lz([O, T] x
Q). Applying Lemma 4.2, we see that u"’s satisfy (4.5) uniformly (in n). Thus,
denoting C > 0 to be all the generic constant, we have

T
EU |Zf—Zf_5|2dt}
0

T
< CE{/ (e, X7y — ul (= 8, X7_g) 2
0
Flon(t, X1 — ot — 5, X?_5>|2]dz}
T
< CE{/ [8% + X7 — X5 + |ow(t, X}') — 0 (t =, X:’_a)lz]dt}
0

T
<C8% + CE{/ 0w (t, X1 — 0, (t — 6, X¢5)|2dt}.
0
Therefore, it suffices to show that

T
(4.9) alin%)supE{/ 6 (, XI) — 0 (2 — 6, Xf_5)|2dt} —0.
-0 n 0

We should note that if o;, is uniformly continuous in ¢, then (4.9) is obviously true.
But under (H1), o may not even be continuous (!). Therefore, we shall use (ii)
instead.

To this end, first note that by approximation using processes with continuous
paths if necessary, one can show that, for any process £ € L2([0, T] x ),

T
(4.10) lim E{fo |§,—§,3|2dt}=0.

5§—0

Next, by assumption (ii), we see that for any ¢ > 0, there exists Ng > 0, such
that

lon(t, x) —o(t,x) <& V(t,x)e[0,T] x RY,

whenever n > Ny. Thus, for n > Ny, we have

T

E{f |on(t,X;’)—on(t—S,Xf_(;)Izdt}

0

(4.11)
T
< CE{/ lo(t, X! —o(t -6, Xf5)|2dt} +Cée?.
0
Furthermore, note that the distributions of the sequence { X"} are obviously tight

(see the previous section), and it is readily seen that X" must converge to X in
distribution, where X is the unique weak solution to the following SDE:

t
X;=x +/ o(s, Xs)dWs.
0
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By the Skorohod representation theorem, we can assume without loss of generality
that on a common probability space, still denote it by (22, ¥, P), X" converges to
X almost surely. Now applying the Bounded Convergence Theorem, and changing
Ny if necessary, we can modify (4.11) to the following:
T
0
4.12)

T
< CE{/ lo(t, X;) —o(t — 38, X,_5)|2dt} +Ce?  Vn>N.
0

Finally, denote
A T
I,(8) = E{/ lon (2, X7') — on(t — 6, Xf_5)|dt}, n=12...,
0

T
1) 2 E{/O lo(t, X;) — o (t — 6, Xt_5)|dt},

(4.12) then leads to

No
sup 1,(8) < sup 1,(8) + sup 1,(8) < Y I,(8) + CI () + Ce™.
n

n<~Ny n>Ny n=1

Consequently, we see that (4.9) follows by first letting § — 0 and applying (4.10)
in the above, and then letting ¢ — 0. The proof is complete. [

We note that in Lemma 4.3 the assumptions on g, are rather strong. The follow-
ing lemma is a weaker alternative.

LEMMA 4.4. Assume (H1), (H2) as well as (1) and (i1) in Lemma 4.3. As-
sume further that ||gnlleco < K, and for each n, there exists constant C,, > 0 such

that ||g) |loos 181 loo < Cn. Again, denote (X", Y", Z") be the strong solutions to

FBSDE (4.6) with coefficients oy, and g,. Then the following conclusions hold:
(1) If gn’s are uniformly continuous, uniformly on n, then (4.7) holds true.

(i1) In general, for any € > 0,

T—¢
(4.13) limsupE{/ |Z,"—Z;18|2dt}=0.
0

§—0 n

PROOF. (i) Since g, is uniformly continuous, for any ¢ > 0, we may find a
mollifier of g,, denoted by g,, such that ||g, — gx|lco < +/€; and that

gnllco = K, 187 lloo < Ce, 12 llco < Ce.

We should note that since the uniform continuity of g,’s is assumed to be uniform
in n, it follows from the standard mollification procedure that the constant C,
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can be chosen to be independent of n as well. In particular, we have ||g,(X7) —
gn(XPII7 (@ = & Now, let (Y", Z") be the solution to BSDE
- T _
7 = gu (X2 — / Zn aw,.
t

Then by the standard estimates for BSDEs we see that E{fOT |Z," - 77 |2dt} <e.
Applying Lemma 4.3, we have

T
li E Zr — 7" s*dty =0.
fimup | 172 = 7L} =0
Thus,
Tim r n n 2
Sh_%sng{/o |\Z; — Z] 5] dt}
— T —_— —_ —_— -_
scnmsupE{/ [|Z?—Z;’|2+|Z;‘—Z?_3|2+|Z?_5—Z:‘_s|2]dt}
§—0 n 0

<Ces.

Since ¢ is arbitrary, the result follows.

(i1) In this case, we let u, be the classical solution to the PDE (4.8). By
Lemma 4.1, we know that u, (T — ¢, -) is uniformly Holder-« continuous in x.
Note that the processes (X", Y", Z") also satisfy

t
X =x+ [ ouls, XD aWs
0

T—¢
Y? = un(T — &, XI_,) —/ Z" dw,.
t

Applying part (i) to the equation above, we obtain the result. [J
We are now ready to prove the main result of this section.

THEOREM 4.5. Assume (H1) and (H2). Then FBSDE (4.1) admits a weak so-
lution (2, F,P;F, W, X, Y, Z). Moreover, it holds that Y; = u(t, X;),t €10, T],
P-a.s., where u is a viscosity solution to PDE (4.2) satisfying (4.3).

PROOF. Let o0y, h,, g, be the standard molifiers of o, i, g, such that g, is
uniformly continuous and

1
lonlloo + 1hnlloo + lIgnlloc < K ?SUn<K-

Let (X", Y", Z™) be the strong solution to the following FBSDE:
t
X =x+ [ ouls, X0, ¥ aWs
0

4.14) T T
Y,":gn(x';)+/ h,,(s,xf:,x:,z;l)ds—/ 7" dW,,
t t
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and u” the classical solution to the following PDE:

up + %Gr%(f,xa””(t’x))”?cx
(4.15) +hy, (t, x,u"(t, x), ulo(t,x,u"(t,x))) =0;
u™(T, x) = gn(x).

Denote G, (1, x) = 0, (t, %, u"(t,x)) and 7y (t,x) 2 hu(t, x, u"(t, x), u"o (1, x,
u" (¢, x))). Note that the solutions u"’s are bounded and uniformly continuous in
(¢, x) (actually uniformly Holder continuous in (¢, x) if g,’s are uniformly Holder
continuous, cf. [7]). Thus, applying Arzela—Ascoli theorem, it follows that u" — u
uniformly on compact sets, where u is the unique viscosity solution to PDE (4.2)
and u is also uniformly continuous in (¢, x). Therefore, we have
(4.16) Gu(t,x) = 6(t,%) 2o (t, x, ult, x)),
and the limit is uniform as well. Note that

Ytn:l'tl’l(t9 X;l)’ Z?:M;(t’X?)Un(t9 Xna un(t’X;l))
We have

t
X' =x +/ G (5, XY d Wi
0

T . T
Y =gn(XT) —}—/ ha(s, X7)ds — / Z7 dWs.
t t
Let us decompose the FBSDE above into the following two BSDEs: for 0 < ¢ <
s<T,
T
Y = gn(X7) — / ZPdW,;
t
(4.17)
~ s
YIS (s, X7 — / 7 AW,
t
We should point out here that the family of processes {Z/*:0 <r <s < T} is
actually a random field defined on [0, T]?, restricted to the triangular domain
0 <r <s < T, such that for each s € [0, T] and r € [0, s], Z"* is F,-measurable.

(In fact, Z"° has the representation: Z"* = E{hy(s, XHvXy |$}}[VX;’]_1,
cf. [19].) Furthermore, a simple computation using Fubini’s theorem shows that

T T
Y=y +/ Y/ ds; Zl =7z +/ Z" ds, t€[0,T].
t t

Now, for any ¢ > 0 and s € [0, T'], we apply Lemma 4.4(i) and (ii), respectively,
to get

T
li E ZP° — 7P dr
Jmmsup {/0 |Z; s |
(4.18)

§—¢&
+/0 1z — Z:lfalzdt} =0.
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Moreover, denoting C > 0 to be a generic constant, depending only on the bounds
of the coefficients and T, and allowed to vary from line to line, we have

R R
E{/ |z — z;’;56|2dz} < CE{/ |z;“|2dt} <C,
0 0

thanks to (H1). Hence, for any t > 0, ¢ > 0, with t + ¢ < T, one has

T
E{/ |z — Z,”_8|2dt}
0

T T
sCE{/ [IZ?"’O—Z;”;?IJrf |Z;"* — Z[| ds
0 t+e
t+e n,s n,s d n,s 2
+/ | Z;" —Zt;alds—i—/ SIZt;aldS} dt}
t 11—
r n,o00 n,00,2 T n,s n,s |2
<CE |1Z, " —Z, 5|+ |Z," — Z,"5|"ds
0 t+e

t+e
+s/ |z — z;t;ﬁds} dt} +8C
t

and consequently, applying Fubini’s theorem and Fatou’s lemma, and using (4.18),
we obtain that

T
Tim sup E Zn — 7! g2 dt
| [ 12 =z
_ T
§ClimsupE{/ |Z§”°°—Z?;%°|2dt}
§—0 n 0

T _ s—¢&
+C/ gir%supE{/O |Z;”—Z:lf5|2dt}ds+C8=C8.

e 0—=>U n
Since ¢ is arbitrary, we get

. T
(4.19) lim supE{/ |Z,”—Zf_5|2dt}=0.

§—0 n 0
Now, note that

T s 1 T ot
Ef |Z" — 7% dr < —E/ / 12" — Z"*ds dt
0 5 Jo Ji-s

1 T
=E/ / 7" o — Z"2dtdr,
o Jo | t—4&r t|

we see that (4.19) implies (3.1), and the existence of the weak solution to (4.1)
follows from Theorem 3.1.

Finally, from the proof of Theorem 3.1, we see that (X", Y") — (X,Y) in
distribution. Thus, applying the Skorohod representation theorem again if neces-
sary, we can assume without loss of generality that the convergence is P-a.s. Note



WEAK SOLUTIONS FOR FORWARD-BACKWARD SDES 2113

that Y = u"(t, X}') and u" — u uniformly, it follows that Y; = u(¢, X;), for all
te[0,T], P-as. O

Finally, we prove a regularity of the weak solution above, which will be useful
in the next section.

COROLLARY 4.6. Assume (H1), (H2) and To < T. Let (2, F,P;F, W, X,
Y, Z) be the weak solution constructed in Theorem 4.5. Then for any t < Ty and
I'-T ;
any 0 < 4§ < ==, it holds that

20 E Y, - Y, + i Z ds — 4 P-a.s
4‘ F 2 2 < Ol’ -a.s.,
( ) t{| t+46 tI /t | s| }_(T T)“

A . .
where E;P = E]P{-|J‘7,} and « is the constant in Lemma 4.1.

PROOF. Again let us denote C > 0 to be a generic constant which is allowed
to vary from line to line. Applying Lemma 4.1 we have

Yigs — Yil = u(t + 68, Xi5) —u(t, X,)|
< ——— 8% 4+ | X115 — X%
Therefore, using the boundedness of o, we deduce

EX(Y, 45 — Y22

-
1]

P t+6
8“+E,{ / o(s, X, Yy)d Wy
t

el
<
(T =Ty
C o P
S(T—To)“[(s +E’{
C
<
(T =Ty

Moreover, note that

t+4
E}P’{/ |Zs|2ds}=E}P{
t

:E;P’{

<2EF{[Yigs — Y[} + C82.
This, together with (4.21), proves the (4.20). [

“4.21)

t+48
/ 0 (s, Xy, Yo) > ds
t

o

t+6
/ ZodW;
t

|

t+46
Yt+5—Yt+f h(s, Xs, Ys, Zs) ds
t

|

Extension to the cases of “discrete functionals.” The result of Theorem 4.5
can be easily extended to FBSDEs whose coefficients are discrete functionals.
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For example, let 7:0 =1y <t <--- <ty =T be a given partition, and denote
(X); 2 (Xt ats -y Xiyar) for t € [0, T]. Consider the following FBSDE:

t
Xt:x+/ o(s, (X)s, Yy)dWy;
0 T
(4.22) Y, :g((X)T)—i-/ h(s, (X)s, Ys, Zs) ds, t€[0,T],
t

T
—/ ZsdWs;
t

where h € C([0,T] x RY x R x R; R), gE€ C(RY;R), and both are uniformly
bounded.

THEOREM 4.7. Assume (H1) and (H2). Then (4.22) admits a weak solution.

PROOF. Let (o, hy, gn) be smooth mollifiers of (o, &, g). We define functions

uj, backwardly as follows. First, considering (x1, ..., xy) as parameters, we define
] T oA
uN+l(x17"'9xN7 vx)_gn(x19"'va)'
Fork=N, ..., 1, given (x1, ..., xx—1) as parameters, let u? (xq, ..., xx—1; 1, x) be
g p k
the classical solution to the following PDE over ¢ € [#;_1, #]:
1 2
81‘”Z + Eo—n (ta X1y oees xk—lv& ey Xy MZ)axqu
N—k
+hn(t,x1,---’-xk—laxa---»xauZaUnaqu)ZO;
——
N—k
UR(XTs ey Xp—15 Ty X) = U (X1, oo ey X—1, X5 T, X))

Now, we construct the solutions (X", Y", Z") recursively as follows. Define

X3 éx. Fork=1,...,Nandt € (t_1, ], we define
t

X?:Xn + G(s9(Xn)lk_l’X?aun((Xn)lk_l;svX?))dWY'

k-1
ti—1

For t € [t¢—1, ), let

A A
Yl‘n = MZ((Xn>tk_1; t, X?)’ Z? = aqu((Xn)tk_l; z, X;l)an(t’ (Xn)t, Y[n)
Then (X",Y",Z") is a strong solution to FBSDE (4.22) with coefficients
(On, hn,y 8n).

For t € [ty_1, ty], note that (X", Y™, Z™) satisfies
t
X{=X;  + on(s, (X" y_y» X5, Y dWs;
1

IN—1 s7°s
N-1

Y =un (X! T, X])

IN-1°

IN tn
[Tt X2z as - [ zraw,.
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Since u'y, (x1,...,xXy—1; tn, x) is uniformly continuous on x, following the same
arguments as in previous subsection, we get

N 50

limsupE{/ |z — Z°) dt}:O.
§—0 n IN—1

Moreover, by stability of the PDEs, we know u’l’vl (x1,...,XN—2;tN—1,X) 1S uni-

formly continuous on x, then we may prove

. -1 n,8,2
hmsupE{/ |Z) — Z;° dt}:O.
§—0 t

n N-2

Repeat the arguments, we get

Tk
(Sling)supE{/ \ZI — Z;”Blzdt} =0 Vi
- 1

n k—1

Thus,

T
lim supE{/ 1z — Z,"’5|2dt} =0.
0

5—)0 n

Now the result follows from Theorem 3.1 immediately. [

REMARK 4.8. We should point out that a decoupled version of (4.22) was
studied in Hu and Ma [12], in which the existence of strong solution was proved
under the assumption that o is Lipschitz. However, it is by no means clear if the
method there can be extended to the current case.

5. Uniqueness. We now turn our attention to the key issue of the paper: the
uniqueness of the solution to FBMP. Again, we shall consider only the special
case (4.1) and assume all processes are one-dimensional. We shall assume through-
out this section that (H1) and (H2) hold.

Recall from Section 2 the canonical space €2 2 C(0, T]; R) x C([0, T]; R).
Let F = {#:};>0 denote the filtration generated by the canonical processes, which
we shall denote by (x, y). In light of Remark 2.6(ii), from now on we call (P, Z)
a solution to the FBMP, 7(0, o, &, g). For simplicity, in what follows, we do not
distinguish the term “solution to the FBMP” from “weak solution,” and we often
simply write “FBMP (4.1)” instead of “FBMP, 7(0, 0, h, g)” when the context is
clear.

We first give the definition of the uniqueness for FBMP.

DEFINITION 5.1. We say that the forward—backward martingale problem
FBMP (4.1) has unique solution whenever (Pi, VA ), i = 1,2, are two solutions
to the FBMP such that P/(xo = x) = 1, i = 1, 2, then the processes (X, y, ZY and
x,y, Zz) have the same finite dimensional distributions, under P! and P2, respec-
tively. In particular, this means that P! = P2
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By the proof of Theorem 2.5, it is obvious that the uniqueness of solu-
tion to FBMP (4.1) is equivalent to the uniqueness in law of weak solution to
FBSDE (4.1).

By Theorem 4.5, we know that there exists at least one solution to the
FBMP (4.1). We denote this solution by (PY, Z°). We note that this special weak
solution has the following feature:

(5.1) yi=u(t,x))  Viel0,T], Pl-as.

where u is a viscosity solution to PDE (4.2) satisfying (4.3). Clearly, to prove the
uniqueness of solution to FBMP (4.1), it suffices to show that any solution to it
will be identical in law to (P?, ZY).

To begin with, we recall that for any given probability measure P € & (£2) and
any t < T, there exists a regular conditional probability distribution (r.c.p.d. for
short) of P given #;, denoted by P, w € €2, in the sequel (see, e.g., [26]). Further-
more, we can choose a version of P so that P’ € 2 (£2) for all w € Q. In what
follows, we will always take such a version without further specification.

We now introduce an auxiliary notion that will play an important role in our
discussion for uniqueness. Let k = k(¢, §, ) be a (deterministic) function defined
on [0,7T) x (0, T) x (0, 1) satisfying the following properties.

k(t,81,n) <k(t2,82,1), Vi1 <1, 81 <&
lim k(z, 68, n7) =0, V(t,n);
(5.2) §—0 s
k(t,6,n)> —————, Vi+6<T,
0.2 2 e o<

where C, @ > 0 are the constants same as those in Corollary 4.6.

DEFINITION 5.2. We say that a weak solution (P, Z) is a “k-weak solution”
at (¢, x, y) if the following hold:

1) Wi E fts o*_l(r, X, ¥r) dX, is a P-Brownian motion for s > ¢;
() P{x,=x, yr=y}=1, '
(i) ys =y — fzsh(ra Xr, Yrs Zp)dr + fzé Z,dW,,s €[t,T], P-as.;
(iv) Plyr =g(xp)}=1;
(v) forany s € [¢t,T),and § > 0, n > 0, P¥{|ys; — Ys+s)aT| =1} <k(s,8,n),
P-a.s. w € Q.

REMARK 5.3. (i) Note that in light of Corollary 4.6 one can easily show that

» Cs*
(53)  PYly — yiasl = ) <

_— PO-as. Q.
=T =i —on a.s.we€

Therefore, for a given function k satisfying (5.2), any weak solution con-
structed via solution to the PDE with initial time ¢ will be a k-weak solution
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at (t,x;,u(t,x;)). In particular, the solution (PY, Z%) is a k-weak solution at
0, x,u(0, x)).

(i1) Note that if there exists a function k such that lz(tl, 81) < lz(tz, &) fort) <1,
81 <& and lim3_>ol€(s, 8)=0fort < T, and that for any s € [t, T), and § > O,

po (s+8)AT ) -
(5.4) EF {/ 1Z,| dr} <k(s,8), Pas.weQ,
s

then it is easy to check, by the Burkholder—Davis—Gundy and Holder inequalities

that condition (v) in Definition 5.2 holds for an appropriately chosen function k.
(iii) Since h and g are bounded, by conditions (iii) and (iv), one can easily

show that EP{ftT |Zs|2ds) < oo. Z can be arbitrary over [0, ¢), as long as P and

Zs 2 Zoo (s, x;, ys) satisfy the conditions in Definition 2.3.

We shall prove that any k-weak solution is identical to (PY, Z°), by showing
that a k-weak solution can exist only at (¢, x, u(t, x)). To this end, let us denote
(5.5 o 2 {(t, x, y) : there exists a k-weak solution at (¢, x, )},
and let O denote the closure of @ (we note that @ is not necessarily Lebesgue
measurable!). Clearly, we have (¢, x, u(t, x)) € @ for any (¢, x) € [0, T] x R.

Now define two functions on (¢, x) € [0, T] x R:

(5.6) u(t.x)Zinfly:(t.x.y) €O} a(t.x) Zsuply:(t.x.y) € O).

We claim that for some constant Co,

(5.7) —Co=u(t,x) <u(t,x) <u(t,x) < Co; u(T,x)=u(T,x) =g(x).
First, for any (¢, x, y) € O, let (P, Z) be a k-weak solution at (¢, x, y). Then

T T
y=g<xT)—f h(s,xs,ys,zs)ds+/ ZodW,,  P-as.
t t
Thus,

T
(5.8) y=EPy=EP{g(xT>—ft h(s,xs,ys,zads}.

Since both g and & are bounded, there exists some Co > 0 such that
T
o = CEletxP + [ hts.x, v Z0Pds| = G5,
t

Second, for any (7,x,y) € O, assume (tw, Xn, yn) € O and (t,, x,, yn) —
(T,x,y). Let (P",Z") be a k-weak solution at (¢, x,, y,) and W" be the cor-
responding P"-Brownian motion. Then
T
Xr =X+ [ 0(s,Xs,ys) dW(;
In T T P"-a.s.
}’n:g(XT)_ h(S’XwYS,Zs)dS‘f‘ ZSdW;lv

In In
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Thus, applying the similar argument as (5.8) from the FBSDE above we have

1

2
}+cw—mﬁ

1w — g(xn)I?

" T
<2EP {|g<xT> eGP + ‘ [ h.xvs 20 ds
h

T
<CE" Hg(anr/ o(s,xs,ys)dW§‘> —g(xpn)
ty

Now note that by (H1) g is bounded and uniformly continuous, a standard argu-
ment using Chebyshev’s inequality and the boundedness of o, one shows easily
that lim;,— o0 |y — 2(x,)| = 0. To wit, y = g(x).

Moreover, since O is a closed set, we have (¢, x, u(f, x)) € @ and (¢, x, i(t, x)) €
0.

LEMMA 5.4. u is lower semi-continuous and u is upper semi-continuous.

PROOF.  We need only check for u. The argument for u is symmetric. Assume
(tn, xn) — (to, X0) and u(t,, x,) — yo._Since (ty, xn, u(ty, x,)) € O for each n and
O is closed, we see that (ty, xg, yo) € O, hence u(ty, xo) < yo. U

Our main result of this section is the following theorem.

THEOREM 5.5. Assume (H1), (H2) and (H3). Then, u and u are viscosity
supersolution and subsolution, respectively, of the quasilinear PDE

(5.9 {ut+%Uz(t,x,u)ux)c+h(t,x’u’uxor):O;
u(T,x)=g(x).

PROOF. Again, we check for u only. For any (g, xg) € [0,T) x R, let ¢ €

C12([0, T] x R) be such that yp = u(to, x0) = ¢(fo, xo) and u(t, x) > ¢(t, x), for
all (¢, x) € [0, T] x R. We shall prove that

(5.10) [Lo](t0, x0, ¢(t0, x0)) <0,
where
A
[LO(t, x, ) = @ (t, %) + 307, X, V) Pxx (£, X)
+h(t,x,y, o (t,x)0(t,x,)).

To do this, we first note that (¢, xg, yo) = (o, X0, u(t0, X0)) € O, so for each n
there exists a (¢, x,, yn) € O such that

1
(5.11) ltn = tol + X = X0l + |y — yol = .
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Now suppose that (P", Z") is a k-weak solution at (t,, x,, y,) and let W" de-
note the corresponding P”-Brownian motion. For ¢ € (#,, T), it is readily seen
that (P"“, Z) is a k-weak solution at (¢, X;,y;), P"-a.s. € Q. In other words,
we must have (¢, x;,y;) € O, P"-a.s., and consequently y; > u(t,x;) > @(t,X;),
Pt-as., Vit > t,.

Now let us denote

A A
AY; = o(t,X;) — Vs, AZ} =0 (t, X, y1) — Z}.

Also, for any € > 0, let h, be a mollifier of & such that ||h; — h|lcc < ¢ and
”8zhe||oo < Cg, and denote

A
atn’g - [h(l’,X[, Yt’ Z[n) _h(taxtaYIa(pr'(t»Xt’ Yt))]
- [h&‘(tyxt’ y:, Z;/l) _hE(t’xtaytaG(tvxlv YI)(/)X)],

1
,Btmg é/o Ozhe(t,Xs, ¥e, Z) +OAZ))dO.

Then it holds that
(5.12) lof"f| < 2, B¢ < Ce.

Furthermore, applying 1t6’s formula and using the definition of L¢, "¢ and g"-°
we have

dAY, =@ + 302 (t, X0, YO @xx +h(t, X0, yi, ZD ] dt + AZ dW]'
={[Lpl(t. X1, 1) + [h(t, Xt Y0, Z7) — h(t, X, Y:, ox0 (2, X, ¥1)) 1} dt
+ AZ'dW]
= [Lol(t,X;, yr) dt + o °dt — B EAZNdt + AZ!dW]'.

Now let us denote

t t
1";"8 éexp{ ,B;l’deS” — %/ |,3;l’8|2d5}, t e, Tl
In In

One easily checks that by denoting E” 2E L

ryf=1, >0, E"{I''*}=1 and
(5.13)
E"(ITM Py <Ce Vi>t,.

Moreover, applying 1td’s formula again we have, for 7 € [t,,, T'],

AT eAY) =T [Loldt + T a) - dt
(5.14)
+ T [AZ] — BPAY1dW].
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Now, for any § > %, choose t =1y + 8 > t, [see (5.11)], we deduce from (5.14)
that

to+5
0= EMys8en) = B[ A, + [ T Lol v + of ) di

Therefore, using (5.12) and (5.13), we get
to+5
el [T Loy at
tn

to+6
< —E”{AYtn +/ Ff’ea;”sdt}
th
(5.15)
n t0+8 n,e n,e
<E {|yn—yo|+|<p(zo,xo>—<p<tn,xn>|+/ [ g |dr}
In

A1 fo+s 1
<CE ——I—e/ Iyodty <Cle4+ ——|(to+6 —tn),
n tn né—1

where C may depend on ¢. Recall (5.7). To prove (5.10), without loss of general-
ity, we may assume that ¢(z, x) = —Co — 1 for x outside of a compact set. Then
@, ©r, ¢x and @y are all uniformly continuous. By (H1) and (H3), L¢ is uniformly
continuous in (¢, x, y). Let w, denote the modulus of continuity of £¢, and write

An[£§0](t, Xt, Yt) = °C(p(ta Xt Yt) - °C(p(tna Xn, yn)
We see that (5.15) yields
Lo(to, X0, Y0)

1
< Lo(tn, Xn, Yn) +wg0( )

n

En 1 mHanoC . |
- {M/, ¢ Lln, Xn, Yn) t}-l—w(p(;)
n 1 s
(516) =FE [m/ F[’ {[°C¢](t’x”yl)_An[cfgﬂ](t,xl,y,)}d[}
—in Jiy
+u;)
w —
¢ n
¢ 1
scrrgir el
- n
1 n to—‘,-B ne
e’ {/t T An[cﬁfp](t,xt,yﬂldt}.
n n
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To estimate the last term on the right-hand side above, we first apply the Cauchy—
Schwarz inequality and the estimate (5.13) to get

to+4
E" / T A Lol dt
n

o+ 172 to+8 1/2
(5.17) §{E”/ |F,’”8|2dt} {E”/ |An[£¢)]|2dt}
ta Iy
1/2
sce{ sup E"{|An[£w]<r,xt,yz>|2}} (1o + 5 — 1y).
tnStSt(H‘a

Note that, for any n > 0 and ¢ € [t,, o + 6], we apply the Chebyshev inequality to
get

E™{| AnlLo](t, %;, 1)1
< Cwj(to+8 —ta) + Cwj(n)
+ CP"(I% — x| = 1) + CP"(ly; — yul = 1)

618 =Cludo+s - +ufo

1 n ! 2 n
+E {/t 105, Xs, ¥5)| ds}+P (|yl—y,,,|zn>}

< C[wi,(to +8 — tn) + wy ()
1

thanks to Definition 5.2(v) and (5.2). Combining (5.17) and (5.18), we see that
(5.16) now becomes

:: ) (]O,'(’Oﬂ 50)
né — v n

+ C, [ww(to +38 —1;) +we(n)

<Ce+

(5.19)

1
+ ;[r0+5 —t 2+ K Py, 10+ 8 — 1, n)]-

Now fix ¢ and 7, choose § = ﬁ, and let n — oo. By (5.2), we get

L(t, x0, y0) < Ce + Cowy(n).
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Finally, letting n — 0 and then ¢ — 0, we obtain (5.10). That is, u is a viscosity
supersolution, proving the theorem. [

A direct consequence of Theorem 5.5 is the following uniqueness result.

THEOREM 5.6. Assume (H1), (H2) and (H3), and that the comparison theo-
rem holds for bounded viscosity solutions to the PDE (4.2). Then FBSDE (4.1)
admits a unique weak solution (P, Z) satisfying PP{ly: — ye+s)ar! = n} <
k(t,8,n),P-as. we Q, for any (t,5,n).

PROOF. It suffices to show that (P, Z) is identical to the “canonical” weak
solution (]P’O, Z 0) constructed in Section 4, in the sense of Definition 5.1. We shall
assume without loss of generality that P(yp = y) = 1 for some y (otherwise, we

apply the usual arguments by considering the conditional probabilities P {-} 2
P{-lyo = y}, for P-a.e. y € R, and the result will be the same). Then (PY, 29
and (P, Z) are k-weak solutions at (0, x, #(0, x)) and (0, x, y), respectively. Since
by (5.7) and Theorem 5.5, we know that «# is a bounded subsolution and u is a
bounded supersolution to (4.2), by our assumptions we must have u < u, thanks
to the comparison theorem. Thus, we must have ¥ = u = u. On the other hand,
following the arguments in Theorem 5.5, one shows that (¢, X;, y;) € O, P-as., for
any t. Therefore, it holds that u(¢, x;) <y; <u(t,x;). Thus, y; = u(t, x;), P-as.,
for all r € [0, T']. Finally, since X, y, u are continuous, we get y; = u(t, X;), for all
t €0, T], P-a.s.

Now define d W 2 oVt x;, u(t,x;)) dx;, we see that W is a P-Brownian mo-
tion, and (W, x) is a weak solution to a forward SDE. Since under our assumptions
the uniqueness in law holds for this forward SDE, noting the relation y, = u(¢, x;)
it is easily seen that P o (W, X, y)_1 =P%o (W, x, y)_l. In particular, since (X, y)
is the canonical process, we have P = PY. Consequently, the processes Z and Z°,
being the integrands of the quadratic variation processes [y, W] under P and P°,
respectively, must be identical in law as well. In other words, the weak solutions
(P, Z) and (P°, Z°) are identical by Definition 5.1, proving the theorem. [

REMARK 5.7. The assumption that the comparison theorem holds for the vis-
cosity solution to the PDE (4.2) actually imply that the coefficients o, g and & must
satisfy certain conditions. We refer to the ubiquitous reference [5] for general the-
ory of viscosity solutions. We should note that in general the sufficient conditions
for comparison should be checked case by case, and we feel that it is more con-
venient to assume comparison theorem directly in Theorem 5.6. We shall present
some simple cases in the concluding discussion below to make our point clearer.

We shall conclude our discussion on uniqueness by presenting some sufficient
conditions under which the comparison theorem holds. We note that these cases
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are consequences of [5], Theorem 8.2, and the discussion in Section 5.D there,
adjusted to the current situations. In light of the PDE (4.2), let us denote

A
F(t,x,y,p, A) = 30°(t,x, DA+ h(t,x,y, po(t, x, ).
Suppose that:

(i) F is decreasing in y;
(i1) there exists a continuous function w : [0, oo] — [0, o0], such that w(0) =0

and for all ¢, x1, x2, v, p, A, B, and Ax 2 x1 — x2; and all & > O satisfying
I O A 0 1 -1
el o)=[o Sl T
it holds that

5.20) |F(t,x1,y,aAx, A) — F(t,x2,y,a0Ax, B)| < w(ozle|2 + |Ax]).

Then it is known (cf. [5]) that the comparison theorem holds for viscosity subso-
lutions and supersolutions to PDE (4.2) that are of at most linear growth.

Now we assume that (H1)-(H3) hold. Since o is bounded, one sufficient condi-
tion for (ii) is 0 = o (¢, ¥) and h is uniformly continuous in x and z. Furthermore,
in the following two examples, the condition (i) is satisfied as well, and conse-
quently the comparison theorem holds.

EXAMPLE 1. o =o(t) and h is decreasing in y.

EXAMPLE 2. o =o(t, V), 0, h are uniformly Holder continuous in (x, y, z)
and g € C? with bounded derivatives. Then (4.2) has a classical solution u € C!2.
Assume |u,| < Cq, |uxx| < Cp for some constants Cy, C». Assume further that, for
any 7, x and y; < yo,

‘pi|nfc [A(z, x, y1, po(t, y1)) — h(t, x, y2, po(t, y2))] = Calo (t, y1) — o (t, y2)|.
=<Ci

Then one can check that the comparison theorem holds for all viscosity subsolu-
tions and supersolutions that have bounded first and second derivatives in x.
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