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Summary. The notion of bridge is introduced for systems of coupled forward—
backward stochastic differential equations (FBSDEs, for short). This notion
helps us to unify the method of continuation in finding adapted solutions
to such FBSDEs over any finite time durations. It is proved that if two
FBSDEs are linked by a bridge, then they have the same unique solvability.
Consequently, by constructing appropriate bridges, we obtain several classes
of uniquely solvable FBSDE:s.
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1. Introduction

In this paper, we consider the following system of coupled forward—backward
stochastic differential equations (FBSDEs for short):

dX(t) =b(t,X(t),Y(t),Z(t))dt + a(t,X(t),Y(t),Z(t))dW (t),
dY(t) = h(t,X (1), Y(¢),Z(t))dt + Z(t)dW (¢t), (1.1)

XO0)=x,  Y(T)=gX(T)).
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Here, W(t) is a d-dimensional Brownian motion defined on some complete
probability space (2, % {Z; }:=0, P), satisfying the usual conditions (see Sect. 2
or 8 for details). Processes X (¢),Y(¢) and Z(t) are taking values in IR”, IR”
and R"™*?_ respectively. These are processes that we are looking for and they
are required to be {% };>¢-adapted. Functions b, s,/ and g are given and they
are all allowed to depend on w € 2; for the notational simplicity, we have sup-
pressed @ and we will do so below. The vector x €IR” is given as the initial
value of X ().

It is seen that (1.1) is actually a system of stochastic differential equations
for the processes X(¢) and Y(¢). The process Z(¢) seems extra. However,
we point out that it is the presence of this process that makes it possi-
ble for us to find adapted processes X(¢) and Y(¢) to satisfy (1.1). This
is an essential feature that the FBSDEs have. See, e.g., 13,10,9 for more
details.

There are several methods in studying the solvability of above FBSDEs
(1.1). Here, by solvability, we mean to find adapted processes (X(-),Y(-),
Z(-)) satisfying (1.1) (see Definition 2.2 for details). In 1,15, a Picard type
iteration was used. In that approach, since the contraction mapping theo-
rem was applied, the time duration 7 was assumed to be sufficiently small
in order to enforce certain map to be contractive. It was pointed out in 1
that for some cases, if 7 is large, the system might have no adapted solu-
tions. For the problem in any finite time duration, Ma and Yong 10 firstly
used the stochastic optimal control theory reducing the solvability of FBS-
DEs to the existence of nonempty nodal set for the viscosity solutions to cer-
tain Hamilton—Jacobi—Bellman equations; and in some cases, such nodal sets
were proved to be nonempty. This gives a positive answer to the solvability
for some classes of FBSDEs in any finite time duration. In 9, inspired
by 10, Ma, Protter and Yong introduced a method called the Four-Step-
Scheme to attack the problem. In this approach, the solvability problem has
been reduced to the solvability of some system of parabolic partial differ-
ential equations. As a matter of fact, this is the reverse procedure of the
classical Feynman—Kac Formula (which transforms the solvability of PDEs
to that of SDEs). It is interesting that by the Four-Step-Scheme, some rela-
tions among the processes X(-), Y(:) and Z(-) can be established. In 4, some
special case of FBSDEs with 7' = oo was discussed by using the similar ap-
proach of 9. See 3 for some other related aspects. However, In 10,9,4,3,
the co-efficients have to be deterministic and the diffusion coefficient ¢ in the
forward equation (see (1.1)) has to be nondegenerate (in 3, a very special
degenerate case was treated) and independent of Z(#). Recently, some fur-
ther work is undergoing along this direction, in which, the coefficients are
now allowed to be random and ¢ can be degenerate. However, the equations
have to be linear and some other conditions are imposed for certain technical
reasons 11,12. On the other hand, Hu and Peng 7 and Peng and Wu 16 dis-
cussed the problem by another approach. They introduced certain monotonicity
conditions under which, the solvability was established in any time duration.
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Unfortunately, the monotonicity conditions that imposed in 7,16 are not satis-
fied by many readily solvable decoupled FBSDEs (see an example in Sect. 5).

By observing the approaches of 7,16, we find that the main idea is to
use the method of continuation. This method has been widely used in prov-
ing the existence of solutions to elliptic partial differential equations (see
5, for example). In this paper, we are going to make this approach for
FBSDEs more systematic. The key fact is that by using the method of con-
tinuation, you may start with a known solvable FBSDE to “reach” another
class of FBSDEs, which are not known if it is solvable and now one can
prove that it is solvable. The way of “reach” is to apply It6’s formula to-
gether with some sort of “monotonicity” or “coercivity” conditions to get cer-
tain a priori estimates. More precisely, we will apply It6’s formula to the

function R R
pol)b (). o

with some suitable C! symmetric matrix valued function ®(-), and X(-) and
Y(-) are the differences of the first two components of the two possible adapted
solutions to (1.1). Here, instead of just considering the cross term between
X(t) and Y(¢) (like in 7,16), we consider (X(¢),Y(¢)) as a whole. Further,
the #z-dependence of the function ®(-) will give us some additional advan-
tage. In this paper, we call such a ®(-) (with certain properties) a bridge.
This notion plays a central role in our approach. It turns out that if two
FBSDEs are linked by a bridge, then, they have the same unique solv-
ability. By constructing suitable bridges, we will obtain several interesting
classes of uniquely solvable FBSDEs. Relevant results of 13,1,15,7,16 are
recovered.

We would like to mention that the study of backward SDEs can be traced
back to Bismut 2. A systematic treatment concerning this matter was carried
out in 13. The readers are referred to the survey paper 6 for more details
and references concerning BSDEs. For a different approach for (linear) FBS-
DEs, see 17.

The rest of this paper is organized as follows. In Section 2, we make some
preliminaries and state the main result. A class of nonsolvable FBSDEs are
presented. Section 3 is devoted to the proof of the main result. The method
of continuation is carried out there. Some properties of the bridge are dis-
cussed in Sect.4. In Sects.5 and 6, we construct some bridges for certain
classes of FBSDEs, which gives the unique solvability for these equations by
our main result.

After this paper has been completed, we have received the preprint 14 of
Pardoux and Tang, in which, under some structural conditions, they proved the
existence and uniqueness of adapted solutions to FBSDEs, among some other
things. Essentially, their results say that if the coupling of the forward and
backward parts are not very “strong” (one way or another), then the FBSDEs
are solvable. We do not have such restrictions. Our approach is different from
theirs.
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2. Preliminaries and the main result

We let IR” be the n-dimensional Euclidean space with the usual Euclidean
norm |-| and the usual Euclidean inner product (-,-). Also, let R”*“ be the
Hilbert space consists of all (m x d)-matrices with the inner product

(4,B) 2 tt{4B"}, VA, BEeR™, (2.1)

Thus, the norm |4| of 4 induced by inner product (2.1) is given by |4| =
Vtr{4AT}. We see that if ||4|| denotes the usual norm of the matrix A4
(regarding it as a linear operator), then |-| and ||-|| are equivalent since IR"*¢
is a finite dimensional space. More precisely, we have the estimates:

|4]| £ /max 6(4AT) < \/tr{dAT} = |4] £ Vm Ad|A|, V4eR™,
(2.2)

where a(A447) is the set of all eigenvalues of 447 and m A d = min{m,d}.
We will see that in our discussion, the norm |-| in R”*¢ induced by (2.1) is
more convenient. Next, let S” be the set of all (» X n) symmetric matrices. In
what follows, whenever 4 is a square matrix, (with /1 being a scalar), by 4 + 4,
we mean 4 + Al. For any 4€S", by 4 = 6, we mean that 4 — ¢ is positive
semidefinite. The meaning of 4 < —¢ is similar. For simplicity of notation,
we will denote M = IR” x IR” x R”*?; a generic point in M is denoted by
0 = (x,y,z) with x€IR”, y € R” and z€ IR”*?_ The norm in M is defined by
(note (2.2) for the norm |z|)

101 = {1 + [y + [2P}2, V0= (x,p,2)€M . 2.3)

Similarly, we will use © = (X, Y,Z), and so on.

Now, we let 7 >0 be fixed and (€2, #,P) be a fixed complete proba-
bility space on which is defined a d-dimensional standard Brownian motion
W = {W(): t €[0,T]}. We further assume that the filtration {},>¢ is gen-
erated by W, augmented by all the P-null sets in & so that t — % is contin-
uous. For any sub-o-field 4 of #, we denote L2(2;IR™) to be the set of all
%-measurable R"-valued square-integrable random variables. Let L% (0, T; R")
be the set of all {%},>(-progressively measurable processes X(-) valued in
RR” such that

T

[EIX(t)dt <.

0
Also, we let L}(Q; C([0,TT; R™)) be the set of all {};>o-progressively mea-
surable continuous processes X (-) valued in R”, such that

E sup [X(t)* <o0.
te[0,7]

Further, we define
A10,T] = L2(9; C([0, T R™)) x L2(2; C([0, TT; R™)) x L2(0, T; R™*) .
(2.4)
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The norm of this space is defined by

r 1/2
||<X(~>,Y(->,Z(-))|={E sup |X(O)P +E sup [YO) +E [ Z(t)|2dz} :
te[0,7] te[0,7] 0

Y(X(),Y(-),Z(-))e.#[0,T]. (2.5)

According to the notation of the space M, we will also use O(¢) = (X(¢), Y (¢),
Z(t)), and so on. It is easy to see that .#[0,T] is a Banach space under the
norm (2.5).

Next, we let L2-(0, T; Wh°(M; R" x R™? x R™)) be the set of all func-
tions f:[0,7] x M x  — R" x R4 x R”, such that for any fixed 0€ M,
(tw)— f(t,0;0) is {F}iso-progressively measurable, f(-,0;-)€L%
(0, T; R" x R"*4 x R™) and there exists a constant L > 0, such that

|f(1,0;0) — f(t;0;0)| < LIO— 0|, V0, 0eM, t€[0,T], as.
We may similarly define L;T(Q; W1>°(R”; IR™)). Denote
HI[0,T] = L%(0,T; Wh°(M; R” x R"™? x R™)) x L% (€ W">°(R"; R™)).

(2.6)
Any generic element in H[0, 7] is denoted by I' = (b, 0,4, ¢g). Thus,

beL%(0,T; Wh>°(M;R")),
o €L%(0,T; Whoo(M;R"™*)),
I'=(b,0,h,g)€H[0,T] & : 2.7)
he L% (0,T; Whoo(M; R™)),
gELéT(Q; W (R"; R™)),
where the space L%(0, T; W!>°(M;R")), etc. are defined in an obvious way.
Finally, we denote

HL0,T] = L%(0, T;R") x L(0, T; R"™¥) x LZ(0, T; R™) x L5 (5 R™).
(2.8)
An element in #°[0, T] is denoted by y = (by, 69, ho,go) With by € L%(0, T; R"),
) EL}(O, T;R™ ), hy GL}(O, T;R™) and g €L}T(Q; R™). We note that the
range of the elements in H[0,T] and #[0,T] are all in R” x R"*? x R™ x
R™. Hence, for any I' = (b,0,h,g)€ H[0,T] and y = (by, 60, ko, go) € #[0, T],
we can define

I'+y=(b+bo,0+ 00, h+ho,g+ go)cH[0,T]. (2.9)

Now, for any I' = (b,0,h,g)cH[0,T], y= (bg,00,h0,g90)€ A#[0,T] and
x€R”, we associate them with the following FBSDEs on [0, T]:

dX (1) = {b(t,0(t)) + bo(t) } dt + {a(t,0(2)) + o0(t)} AW (2),
dY(t) = {h(t,0(t)) + ho(t)} dt + Z(¢) dW (¢), (2.10)r,y,

XO0)=x,  Y(T)=gX(T))+do>
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with O(t) = (X(t),Y(¢),Z(t)). In what follows, sometimes, we will simply
identify the FBSDEs (2.10)r,, » with (I',7,x) or even with I' (since y and x
are not essential). Let us now introduce the following definition.

Definition 2.1. 4 process O(-) = (X(-),Y(:),Z(-))€#[0,T] is called an
adapted solution of (2.10)r,, , if the following holds for any t€[0,T],
almost surely.

X(t) =x+ [{b(t,0(s)) + bo(s)} ds + ft {a(t,0(s)) + oo(s)} dW (),
0 0

T T
Y(t) = g(X(T)) + g0 — [{h(t,©(s)) + ho(s)} ds — [ Z(s) dW (s).

t t
(2.11)r,, «

When (2.10)r,, x admits a unique adapted solution, we say that (2.10)r,, . is
uniquely solvable.

We see that (2.11)r,,, , is the integral form of (2.10)r, .. In what follows,
we will not distinguish (2.10)r, . and (2.11)r,,, ..
Definition 2.2. Let T>0. A I'€H[0,T] is said to be solvable if for any
xeR” and ye #[0,T], Eq. (2.10)r,,  admits a unique adapted solution O(-)€
AN0,T]. The set of all '€ H[0, T'] that is solvable is denoted by &[0, T]. Any
TeH[0,T]\ &[0,T] is said to be nonsolvable.

We recall that there are several examples of nonsolvable FBSDEs presented
in 1 and 16. Also, in 10, it was proved that if in (1.1), the term Z(¢) dW (¢t)
in the backward part is replaced by &(X(¢),Y(¢),Z(t))dW (¢t), and ¢ has a
“small” range, then, (1.1) could be nonsolvable. Here, we are going to present
another type of result, which gives a big class of nonsolvable FBSDEs with
an extremely simple proof.

Proposition 2.3. Let the following two-point boundary value problem for a
system of linear ordinary differential equations admit no solutions:

(16)=(:6)
Y(1) SA\Y0) ) (2.12)
X(0)=x, Y(T)=GX(T),

where </ and G are certain matrices. Then, for any o€L%(0,T; W'
(M; R"™*4Y), the following FBSDEs:

X0\ (X o(,0(1))
d (m)> = (Y(r)) di+ ( (1) ) aw ). 2.13)
X0)=x, Y(T)=GX(T),

admits no adapted solutions.

Proof. Suppose (2.13) admits an adapted solution O(:) = (X(-),Y(:),Z(-)).
Then, (EX(-),EY(-)) is a solution of (2.12), a contradiction. This proves the
assertion.



Forward-backward stochastic differential equations 543

There are many examples of systems like (2.12) which does not admit a
solution. Here is a very simple one: (n =m = 1)
X=v,
Y =—-X, (2.14)
X(0) =x, Y(T)y=-X(T).
We can easily show that for 7 = kn + in (k, nonnegative integer), the
above two-point boundary value problem does not admit a solution for any

x € R\{0} and it admits infinitely many solutions for x = 0. A consequence
of Proposition 2.3 and the above example (2.14) is the following conclusion.

Corollary 2.4. For any T >0, H[0, T+ %[0, T]; that is, nonsolvable FBSDEs
exist over any time durations.

Proof. From (2.14) and time scaling, we can construct a nonsolvable two-point
boundary value problem for a system of linear ordinary differential equations
of (2.12) type with the unknowns X and Y taking values in R” and R™,
respectively. Then, Proposition 2.3 applies.

Some more interesting comments related to the above example will be
given later. Also, in Sect. 6, we will say something more about (2.12) and
(2.13).

Now, let us introduce the following notions, which will play the central
role in this paper.

Definition 2.5. Let T >0 and I' = (b,0,h,g) € H[0,T]. A C' function

— A BT . n+m
q):(B c ).[0,T]—>S ,

with A:[0,T] — S”, B:[0,T] — IR™" and C:[0,T] — S™, is called a bridge
extending from I' (defined on [0,7]) if there exist some constants K, 6 > 0,

such that
Cc(T) £0, A(t) z 0, Vrel0,T],

(1 o) (2.15)
P(0) =K ,
0 0

and either (2.16) and (2.17) or (2.16)" and (2.17)" hold:

oy *F rod > o)x — 7%, Vx, € R”
g(x) —g(x) )"\ g(x)—9(2) )] ~ B ’

(2.16)

<<i>(r) <x x) ("‘ ">> 2 <<I>(t) (" x) <b<n0>b(r,q>>>
y=Jy y-Jr y—j h(t,0) — h(t,0)
. <®(t) <a(t,0) — ot é))) (a(t,@) - (_;(;,9))>
z—z z—z

< —dx— #%V0,0 € M, ae. t €[0,T], as. (2.17)
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oy *F rod >0, Vi icR"
5 _ = U, X, X .
g(x) — g(x) g(x) — g(x)

(2.16)

. x— X x— % x— X b(1,0) — b(t,0)
0] . Y +2(@(@) 1, _
< (y—y> (y—y>> < (y—y> <h(t,9)—h(t,9)>>

. <¢(t) (a(t,f))—a_(t,@)),<a(t,9)—a(t,0)>> < 5{ly - 5Pl — 27

z—z z—z

V0, 0 € M, ae. t €[0,T], as. (2.17Y

If (2.15)—(2.17) (resp. (2.15), (2.16) and (2.17)") hold, we call ® a type
(I) (resp. type (I1)) bridge extending from I' (defined on [0, 77]). The set of
all type (/) and type (/I) bridges extending from I' (defined on [0,7]) are
denoted by %;(I';[0,T]) and Z;(T;[0,T]), respectively. Finally, we let

A(1;5[0,T]) = (1[0, T U B (10, T])

, (2.18)
#*(15[0,T]) = 2,/(1;[0,T]) N Bu(I5[0,T]) .

Any element & € #%(I;[0,7]) is called a strong bridge extending from
I" (defined on [0, T]).

Definition 2.6. Let T >0 and T, T € H[0,T]. We say that they are linked by
a direct bridge if

{21510, 1) N B(L5[0, TD} U {#u(T5 [0, T1) N B (L5 [0, THY*D 5 (2.19)

and we say that they are linked by a bridge, if there are I, ..., I}, € H[0,T],
such that with Iy =T" and T, = T, it holds

{%;(L;[0,T]) N B (L5 [0, T}
U By [0, 7)) N By (Tigr; [0, TDID, 0 =i < k. (220)

We may similarly define the notion that I and T are linked by a (direct)
strong bridge. Our main result can be stated as follows:

Theorem 2.7. Let T >0 and T, 15 € H[0,T] be linked by a bridge. Then,
I € 2[0,T] if and only if T; € ¥[0,T].

The above theorem tells us that if the FBSDEs associated with I is solv-
able, so is the one associated with I, provided I} and I, are linked by
a bridge. In applications, one of the FBSDEs is known to be solvable and
the other is to be solved. Then, the problem is reduced to construct appropri-
ate bridges. We will see this later.

To conclude this section, let us give the following result, which enables us
to enlarge the class of solvable FBSDEs in a simple way. This result will be
useful in Sect. 6.
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Proposition 2.8. Let T >0 and (1.1) be solvable on [0,T]. Then, for any
B € R, the following FBSDE is also solvable on [0,T]:

dX (t) = {BX(t) + eP'b(t,e P O(1))} dt + ePla(t,eP'O(t)) dW (1),
dY(t) = {pY(t) + eP'h(t,e P1O(t))} dt + Z(t) dW (1), (2.21)
X(0)=x, Y(T) = efTg(e PTX(T)).

Proof. Let O(t) = (X(¢),Y(t),Z(t)) € #[0,T] be a solution of (1.1). Then,
we can check that (:)(t) 2 eP9(t) is a solution of (2.21).

3. Method of continuation

In this section, we are going to prove Theorem 2.7.

Let I; = (b;,04,hi,9:) € H[0,T](i = 1,2). Clearly, by induction, it suffices
to prove our theorem for the case that I and I, are linked by a direct bridge.
We now assume this. For any y = (bo(-), ao(-), ho(-),go) € #[0,T],x € R" and
o € [0, 1], we consider the following system of FBSDEs:

dX () = {(1 — )b (2,0(2)) + aba(2,0(2)) + bo(2)} dt
+{(1 — 2)o1(t,0(2)) + 002(2,0(2)) + ao(2)} dW (1) ,

dY(t) = {(1 — )i (,0(8)) + ahy(t,0(t)) + ho(t) } dt (3.1)7,
+Z()dW(t),

X(0) =x, Y(T) = (1 —a)gi(X(T)) + ag2(X(T)) + 9o -

We may give the definition of the (adapted) solutions to above system (3.1)] ,
similar to Definition 2.1. It is clear that (3'1)8,x and (3.1);,]6 coincide with
(2.10)r,,,,» and (2.10)r,,, x, respectively. Let us assume that (3.1)8’)( is uniquely
solvable for any y € #°[0,T] and x € IR”. We want to prove the unique solv-
ability of (3.1)%,)‘ for all y € #°[0,T] and x € R".

Now, let us explain our main idea. We start to solve (3.1 )8,):: ie.,
(2.10)p,,,x, Which is possible by our assumption. We show that there exists a
fixed step-length ¢y >0, such that if for some « € [0,1), (3.1)], is uniquely
solvable for any y € #[0,7] and x € R”, then the same conclusion holds for
o being replaced by o+ ¢ =< 1 with ¢ € [0, ¢&]. Once this has been proved, we
can increase the parameter o step by step and finally reach o = 1, which gives
the unique solvability of system (2.10)r, . . This idea is adopted from [7,16].
For solving partial differential equations, such a method, called the method of
continuation, is standard and has been frequently used (see [5], for example).

We now establish some a priori estimates for the solutions of (3.1)] ,,
which will be crucial below.

Lemma 3.1. Let o€ [0,1]. Let O(-) = (X(-),Y(-),Z()) and O(-) = (X(),
Y(:),Z(+)) be adapted solutions of (3.1);, and (3.1)% ;, respectively, with
7 = (b0, 60, h0,90), 7 = ( bo.Go. ho,gy) € #[0,T] and x, 5 € R". Then, the
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following estimate holds:

le¢) - é(')”%zz[o,r]

- - T -
=E sup | X(t) - X +E sup |Y(t) = Y(@O))* +E [|Z(t) — Z(t)|* dt
te[0,7] te[0,7] 0

[IA

c{|x _ 5+ Elgo - gol?

T _ -
+E [{|bo(t) — bo(t)]* + |oo(t) — Go()* + |ho(t) — ho(r>|2}dt}.
0

Proof. We denote (3.2)

X()y=X()-X(@), Y)=Y@t)—-T(),
) =2Z(t)—Z(t), ©(1)=06()— 6(1),
bi(t) = bi(t,0(1)) — bi(t, O(1)),
6i(t) = 0i(t,0(1))—0ai(t, O(1)), .
(1) = hi(£0(0)) — hilt, O(0)). =12, 69
94(T) = gi(X(T)_)—gf()?(T)) ,
bo(1) = bo(t) — bo(1),  Go(t) = ao(t) — Go(1) ,
ho(t) = ho(t) — ho(t), Jo=¢go—gp» X=x—X.
Note that I; € H[0, T] implies that all the functions b;,a;, h;, g; are uniformly

Lipschitz continuous. Suppose the common Lipschitz constant is L > 0. Now,
applying 1to6’s formula to |X(¢)>, we obtain that

R(OP = P +20f<)2(s>,<1 ) bi(s) + 2 bas) + bo(s)) ds

+f [(1 = a)d1(s) + ada(s) + 60(s)|2 ds
0

+2 [ (X(5),[(1 — 2)61(5) + ab2(s) + Go(s)]dW (s))
0

< [ + Cg‘ XX+ [T()] + |Z2()] + | bo(s)|} ds
+Cof{\)?(s)| +1Y(s)| + |Z(s)| + |Go(s)|}* ds

+2 [ (X (9),[(1 — a)61(s) + ab2(s) + Go(s)1dW(s)),  (3.4)
0

with some constant C > 0. Hereafter, C will be some generic constant, which

can be different from line to line. By taking the expectation and using
Gronwall’s inequality, we obtain

T
EX()P < CE {| L TLPOR + 1Z0P + 1o + 6o} dz} ,
0

(3.5)
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with some constant C = C(L,T). Next, applying Burkholder—Davis—Gundy’s
inequality [8] to (3.4) (note (3.5)), one has that

E sup RO < c{|f|2+EfT (PP + 1207 + Bo<r>|2+|6o(r>|2}dr} .
tel0,T] 0
(3.6)

On the other hand, by applying 1t6’s formula to |f(t)|2, we have
T
Y (O] + [|Z(s) ds
t

= |Y(T))* - 2fT (Y(s), (1 — ) h(s) + o ha(s) + ho(s)) ds
T

=2 [(Y(s),Z(s) dW (s))

t

A T A A A
C {|X<T>|2 +1Gol> + [{IX O + [Y()* + [ ho(s)[*} ds}

lIA

17 r . X
- J1Z(s)|Pds —2 [ (Y(s), Z(s)dW(s)) . (3.7)
t t
Similar to the procedure of getting (3.6), we obtain
T
E sup [Y(OP +E [|Z(t)dt
t€[0,T] 0

T ~
< CE{P?(T)F +4o/* +0f {IX@P + ho(t)|2}df}~ (3.8)

We emphasize that the constants C appeared in (3.6) and (3.8) only depend on
L and T. Also, in deriving these two estimates, only the condition I; € H[0, T]
has been used. Now, we apply It6’s formula to

X(@)\ (X(@)
<(I’(’) ( ?m) ’ (?(r>>> |
It follows that

X\ (X x ¥
‘ <¢(T) (%) <m>)> ~£ 00 (00 (7))
(. )?(t)) ()3(1)>>
=£] {<(I)(t)<)7(t) "\ 70
X'(t) (1—o) El(t)+a272(t)+ i?o(f)
+2<q)(t)<Y"(t)>’((la)ill(t)+oci12(t)+ ilO(t)>>

. <¢(t) <(1 — ) o) + 5o(l)>’

(1 —a)G1(2) + a62(t) + Go(2)
(=m0 Yy
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Let us separate two cases.
Case 1. Suppse ® € %,(I;;[0,7T]) (i = 1,2). In this case, we have

A X(T) X(T)
Fo) 2 (a(7) i ) i i
< ((1 — 0)gy(T) + fxgz(T)> <<1 —0)gy(T) + agz(T)>>

= (A(T)X(T), X (T)) + 2(B(T)X(T),(1 — 0)§(T) + 0d,(T))
HCTH{(1 = 0)Gy(T) + 2go(T)}, (1 = )G, (T) + 2g(T))

= o2 (C(T){Go(T) — §i(T)} {G(T) — Gi(T)})
oY+ {-} = XM Vael0,1], (3.10)

where {---} are terms that do not depend on «. The above holds because
C(T) = 0 implies that F(a) is concave in o, whereas (2.16) tells us that
(recall ® € %,(13;[0,7]),i = 1,2)

F(0),F(1) 2 8IX(T) . (3.11)
Then, (3.10) follows easily. Similarly, we have

s/ X))\ (X
o (o0 (30). (1)
2 (e X(1) (1 = o) by(t) + o (1)
Y(6) )7\ (1= a) () + o ha(2)
- (1 = a)61(1) + a62(2) (1 = a)61(1) + a62(2)
) Z(1) ’ Z(1)

= H{AN{62(1) = 61(D)}, 62(1) — 61(1)
ol }+{} £ =8 XOP, Vael0,1], (3.12)
since now A(¢) = 0 which implies f(a) is convex in a. Then, we have
Left-hand side of (3.9)
= E{{A(T)X(T),X(T))
+2(B(T)X(T).(1 = 0)§(T) + ago(T) + do)
+(C(T{(1 = )G \(T) + g (T) + go}, (1 — )Gy (T) + 2go(T) + go) }

E (®(0 * *
O 500 )\ 10

> SE|X(T)* = 2|B(T)|E(JX(T)||gol) — 2LIC(T)E(X(T)||go])
—|C(T)|E|Go|* — K|%|?
YSEIX(T)|* — C{R* + Elgol*} . (3.13)

v
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Here, the constant C > 0 only depends on K, L,d,|B(T)| and |C(T)|. Similarly,
we have the following estimate for the right-hand side of (3.9).

Right-hand side of (3.9)
< EOfT {5|)2(t)|2 dt +2 <<I>(t) (ig;) ( l;l‘;((?)>>
. <<1>(;) ((1 - a)&lz((tt); oc&z(t)>’ (&oéz)>>
(o () (07«
<~ B [IROP e+ GE [ (1o + 600 + o)

T
+eE [{|[Y(OF + |Z(0))} dr (3.14)
0

with the constant C; >0 only depending on the bounds of |®(¢)|, as well as
0,L and the undetermined small positive number ¢ > 0. Combining (3.13) and
(3.14) and noting (3.8), we have

EX(T)?+E fT X (1)) at
0
T A ~
<c {| T Elgol? + EJ (o0 + 1600 + |h0(f)|2}df}
0
26 T 2 5012
S ELPOP + 1200 i

T ~ ~
<c {| T Elgol2 + E [ {Ibo(O) + 1600 + |ho(t)|2}dt}
0

+¢CE {lX(T)P + 9ol + fT {IX@] + |/%o(t)|2}dr}, (3.15)
0

with the constant C independent of ¢ > 0, and C, might be different from that
appeared in (3.14). Thus, we may choose suitable ¢ > 0, such that

EIX(T)? +E f X (1)) dt
0

T A ~
< €8 {5+ a0l + [ (0P + O + ()P} 3.16)
0
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Then, return to (3.8), we obtain

T
E sup |Y(O +E[|Z(t)dt
te[0,T] 0

T ~ ~
< CE{|)%|2 +1dol* + [{1bo()] + |60(0) + |ho(f)|2}df}- (3.17)
0
Finally, by (3.6), we have

T A ~
E sup [X(1)] < CE{|)%|2+ Gol* + [ {|bo(t)* + [Go(2)* + |ho(t)|2}dt}-
0

1€[0,7]
(3.18)
Hence, (3.2) follows from (3.17) and (3.18).

Case 2. Let ® € Z;(1};[0,T]) (i = 1,2) now. In this case, we still have
(3.6), (3.8) and (3.9). Further, we have inequalities similar to (3.10) and (3.12)
with [X(T))* and |X(¢)]* replaced by 0 and |Y(¢)]> + |Z(¢)?, respectively.
Thus, it follows that

Left-hand side of (3.9) = —¢E|X(T)*> — C.{|%]*> + E|d,*} (3.19)

with the constant C, > 0 depending on K, L,d,|B(T)|,|C(T)|, and the undeter-
mined constant ¢ > 0. Whereas,

Right-hand side of (3.9)

s T ,
< — E[{IT@F + 120} dr
0
T T
+eE [ |X(0)F di + CE [ {[bo(t) + |6o(0)]* + lho(t)|*} dt . (3.20)
0 0

Now, combining (3.19) and (3.20) and using (3.6), we obtain (for suitable
choice of ¢ > 0)

T
Eof (PP + |20))*} de

T A ~
< CE{W +[Gol* + [ {bo(0)* + |Go(0)* + |ho(f)|2}df}- (3.21)
0

Finally, by (3.6) and (3.8) again, we obtain the estimate (3.2).
An easy and interesting consequence of Lemma 3.1 is the following.

Corollary 3.2. Let T' € H[0,T] with #A(L;[0,T])*¢. Then, for any 7y €
H[0,T] and x € R", (2.10)r,, » admits at most one adapted solution.

Proof. We take I =T, =T in Lemma 3.1. Then, (3.2) gives the unique-
ness.
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From Corollary 3.2, we see that for the I' associated with (2.14), Z(T;
[0,T]) = ¢ for T =kn+ 3m, k = 0.
Now, we prove the following continuation lemma.

Lemma 3.3. Let I',T';, € H[0,T] be linked by a direct bridge. Then, there
exists an absolute constant & >0, such that if for some o € [0,1], (3.1)] is
uniquely solvable for any y € #[0,T] and x € R", then the same is true for
B.1D)* e with e € [0,8], a +¢ < 1.

7>X

Proof. Let ¢ >0 be undetermined. Let ¢ € [0,&]. For £k = 0, we success-

ively solve the following systems for ©k(r) 2 (X*(¢), Y*(¢), Z*(¢)): (compare
(3 1 )aJrs

75X

00(1) £ (X°(1), YO(1),2%(1)) = 0.,
ka+1(t) = {(1 — )by (4, G)k“(t)) + ab,(t, @k+1(t))
— &b1(1,08(1)) + eba(1,0%(1)) + bo(1)} dt
+{(1 = 2)a1 (1, 041 (1)) + 0aa(2, 051 (1))
—e01(t, 0F(1)) + e02(1, (1)) + ao(t) } dW (1),
dY*(1) = {(1 — o) (e, OFt1(8)) + ahy(t, O (2))
—¢eh(t, @k(t)) + ehy(t, @"(t)) + ho(t)} dt + Zk“(t)dW(t) ,
Xk+1(0) —
YT = (1 — o)gi (XFH(T)) + aga(X*H(T))
—eg1(XM(T)) + eg2(X(T)) + g0 -

(3.22)5%°

By our assumption, the above systems are uniquely solvable. We now apply
Lemma 3.1 to ©F*!(-) and ©F(-). It follows that

E sup |[X*"'(t) = X" +E sup [YFH() — YH(o)]?
te[0,7] tel0,7]

T
+E [|ZM @) — 28| ar
0

lIA

C {32E|Xk(T) — XN + 82EfT |0 (1) — (1) dt}
0

lIA

82C0{E sup |XE(t) = X MO +E sup |YE() - YET(0))?
te[0,77] t€[0,T]

+EfT|zk(z) — Zk_l(t)|2dt} . (3.23)
0

We note that the constant Cy > 0 appearing in (3.23) is independent of « and .
Hence, if we choose & > 0 so that 8%C0 < i, then for any ¢ € [0, ], we have
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the following estimate:
10K () = O O)lluto.ry £ 31105C) = O ' Ollaory, VE = 1. (3.24)

This implies that the sequence {©*(-)} is Cauchy in the Banach space .#[0, T].
Hence, it admits a limit. Clearly, this limit is an adapted solution to (3.1 7,?
Uniqueness follows from Corollary 3.2 immediately.

Now, we are ready to give a proof of our main result.

Proof of Theorem 2.7. We know that it suffices to consider the case that I’
and I', are linked by a direct bridge. Let us assume that (2.10)r, , . is uniquely
solvable for any y € #°[0,T] and x € R”. This means that (3'1)8,x is uniquely
solvable. By Lemma 3.3, we can then solve (3.1)7 , uniquely for any o € [0, 1].

In particular, (3.1)$’x, which is (2.10)r, . «, is uniquely solvable. This proves

Theorem 2.7.

Actually, we have proved something more than Theorem 2.7. From
Lemma 3.1, we see that if I' € #[0,T] and #(I';[0,T]) =+ ¢, then the corres-
ponding stability estimate (3.2) holds for the FBSDEs associated with I

4. Properties of the bridges

In this section, we are going to explore some interesting properties of the
bridges.

Proposition 4.1. Let T > 0.
(i) For any T € H[0,T], the set %,;(I';[0,T]) is convex whenever it is
nonempty. Moreover,

21(L5[0,T]) = 2L +;[0,T]), ¥y e A[0,T]. (4.1)
(i1) For any 1,1, € H[0,T], it holds

AL [0, T]) N #1210, T]) © Ql]%(flf] + (I =o)I%;[0,7]).  (4.2)
aecl0,

Proof. (i) The convexity of %,;(I';[0,7]) is clear from (2.15)—(2.17). Con-
clusion (4.1) also follows easily from the definition of the bridge.

(ii) The proof follows from (3.10), (3.12) and the fact that %,(I";[0,T])
is convex.

It is clear that the same conclusions as Proposition 4.1 hold for %;(I";[0,T1)
and #*(1; [0, T]).
As a consequence of (4.2), we see that if I|,I5 € H[0,T], then

Bi(al'y + p1;[0,T]) = ¢, for some o, f >0,
= #1(T; [0, T N #(1;[0,T]) = ¢ . (4.3)
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This means that for such a case, I} and I’ are not linked by a direct bridge (of
type (1)). Let us look at a concrete example. Let I; = (b;, 04, hi,9;) € H[O, T],
i=1,2,3, with

()= D6 ()-G )06
()-(2 () emement nememe

(4.4)
with 4,v € IR. Clearly, it holds

Iy=T+0. (4.5)

By the remark right after Corollary 3.2, we know that %4(I's; [0, T]) = ¢. Thus,
it follows from (4.5) and (4.3) that I} and I’ are not linked by a direct bridge.
However, we see that the FBSDEs associated with I is decoupled and thus
it is uniquely solvable (see Sect.5, or [13]). In Sect. 6, we will show that
for suitable choice of A and v, I € #[0,T]. Hence, we find two elements in
[0, T] that are not linked by a direct bridge. This means I'; and I} are not
very “close”.
Next, for any by,by € L%(0,T; W' (M, R")), we define

|61y — bao()
|b1(t,0; ) — by (t,0; ) — b(t, 0; ) + ba(t, 0; )]
= esssup sup _ .
w€Q ¢ feMm |9 - 9|

(4.6)
We define || — /s|[o(7) and [|oy — a2]|o(7) similarly. For g1,g, € L% (€ W'
(R";R™)), we define
g1 — gallo = esssup sup lg1(x; ) — g1(%; ) — (_Jz(x; ) + g2(%; )]
weN x, XER” R
Thena fOr any E = (bl', Jiahi’ gl) € H[O> T] (l = 1’2): set
1Ty — Daflo(t) = |61 — ballo(t) + [lo1 — a2llo(?) + (|71 — hallo(?) + [[g1 — g2llo -
(4.8)

. (4.7)

Note that ||-||o(#) is just a family of semi-norms (parameterized by ¢ € [0, T]).
As a matter of fact, |T} — I3||o(¢) = 0 for all ¢ € [0, T] if and only if

Fz = F] —|— ’)/' 5 (49)
for some y € #[0,T].

Theorem 4.2. Let T >0 and I' € H[0,T]. Let ® € #*(1';[0,T]). Then, there
exists an ¢ >0, such that for any T" € H[0,T] with

IT —T"|lo(t) <& Vte[0,T], (4.10)
we have ® € #°(1”;[0,T]).
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Proof. Let T = (b,0,h,g) and TV = (b',0', ', ¢’). Suppose ® € %°(T;[0,T]).
Then, for some K,d >0, (2.15)—(2.17) and (2.16)'—(2.17)" hold. Now, we
denote (for any 0,0 € M)

X — X, 0=0-0.

b(1,0) — b(t,0), 6 =0a(1,0)— o(1,0),
h=nt0)—h0), §=gx)—gQ&), (4.11)
b =Db'(t,0) - b'(¢,0), 6 =d'(t,0)—d'(1,0),

W =H60)-Kw0), § =g —gF.

=
I

SO
Il

Then, one has

1§ =4l =19'()— g'®) — g(x) + g(®)| < |lg’ — gllo]3] - (4.12)
Similarly, we have
B = b < |6 = bllo(1)][0] .
16" = 6] < |lo" = allo(1)[0], (4.13)

i = b < 0 = hlo(n)]0].

Hence, it follows that

(o (7)-(7)
(on (3)-(3))
#2000 () (525)) + (20 (%) (4%4))

= 0% + 2(B(T)%, ' — §) + (C(T)G + §).4' — §)

2 {0-2IB(D)|llg" = gllo = IC(D)I[lg" + gllollg” — gllo} 5 = ;01
(4.14)

provided ||g’ — gl|o is small enough. Similarly, we have the following:

(50 ()0 =(o (- (0)) (o0 () (2)
c-aieosfan (£)-(48) 2 (o0 (). (3))
(oo (*59)(757)
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< —0|0P + 2(A()% + B(t) $,b — bY + 2(B(1)% + C(1) 9, i’ — h)
+2(B(1)72,6" — &) + (A(t)(6' + 6),6' — &)
< {=0+2(J4@)] + [BODIY = bllo(2) + 2(|B()| + [C@)D|A" — hllo(r)

+2|B()|[l6" = allo(t) + 46" + sllo()llo” — allo(t)} O], (4.15)
Then, our assertion follows.

The above result tells us that if the equation associated with I' is solvable
and I' admits a strong bridge, then all the equations “nearby” are solvable.
This is a kind of stability result.

Remark 4.3. We see from (4.14) and (4.15) that the condition (4.10) can be
replaced by

2(|B(D)[ +|C(D)llg" + gllollg" — gllo < o,
Sup {2314 + [B@ODIIB" = bllo(2) + 2(1B(1)| + [C@ODIIA" — Rllo(t) (4.16)
+[2|B@®)] + [AD)][|6" + allo()]llo” — allo(1)} <6,

where 6 >0 is the one appeared in the definition of the bridge (see
Definition 2.5). Actually, (4.16) can further be replaced by the following even
weaker conditions:

2B(T)%." = g) +(C(T)G +9).d' —g) > —0)]>, Vx, TeR",

sup {2(4()% + B(t)! $,b" — b) + 2(B(1)x + C(1)3, i’ — h)
e (4.17)
+2(B(1)T2,6" — &) + (A(t)(6' + 6),6" — 6)}

<02, VvO,0eM.

The above means that if the perturbation is made not necessarily small but in
the right direction, the solvability will be kept. This observation will be useful
later.

To conclude this section, we present the following simple proposition.

Proposition 4.4. Let T >0, I' = (b,0,h,g) € H[0,T] and ® € %,(T;[0,T]).
Let f € R and
O(1) = (1), te0,T],
. (4.18)
I'=(®b-px,0,h—Py,g) € H[O,T] .

Then, & € %,(I;[0,T]).

The proof is immediate. Clearly, the similar conclusion holds if we replace
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5. Solvability of FBSDEs

In this section, we are going to prove the unique solvability of some
FBSDEs by constructing appropriate bridges. In what follows, we denote
Ty =(0,0,0,0) € H[0,T]. Clearly, the FBSDEs associated with I is trivially
solvable. Thus, hereafter, we will refer to the FBSDEs associated with I} as
the trivial FBSDEs. Now, let us present the following result.

Proposition 5.1. Let T >0 and Ty = (0,0,0,0) € H[0,T]. Then,

P2 (g ’f) € B (Ty;[0,T))

if and only if C0) <0, AT)>0, o)
(1) <0, Vielo,T]. :
Proof. By Definition 2.5, we know that ® € %#°(1;[0,7]) if and only if
(2.15)—(2.17) and (2.16)" and (2.17) hold. These are equivalent to the fol-
lowing:
{C(O)é—& AT) =z 9,

d(r) < —0, Vtel0,T], (5.2)

for some 6 > 0. We note that under condition C(0) < 0, the second inequal-
ity in (2.15) is always true for sufficiently large K > 0. Then, we see easily
that ® € #°(1%;[0,7]) is characterized by (5.1) since é > 0 can be arbitrarily
small.

From the above, we also have the following characterization:

%WRWJD{QIWﬂﬂ
0

. . T
0< ()= (\I‘If‘z(()) %3((?) > € C([0,T];8™™),

Q(Ql Qg)GSner 0;<0 foT\Il(s)ds>0
O 0O P E .

(5.3)
A useful consequence of Proposition 5.1 is the following.

Corollary 5.2. Let I' = (b,0,h,g) € H[0, T] admits a bridge ® € #(I';[0,T])
satisfying (5.1). Then, I'€ ¥[0,T].

Proof. In this case, we see that ® € %(Iy;[0,7]) N %A(T;[0,T]). Since T} €
10, T], Theorem 2.7 applies.

Next, we would like to discuss several concrete cases.
1. Decoupled case. Let I' = (b,0,h,g) € H[0,T] such that

b(t,xﬁ y’Z) E b(t’x)7
Y(t,x,y,z) € [0,T] x M . (54)
o(t,x, y,z) = a(t,x),
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We see that the associated FBSDE is decoupled, which is known to be solvable
by [13]. The following result recovers this conclusion.

Proposition 5.3. Let T >0, I, =(0,0,0,0) € H[0,T] and T = (b,0,h,g9) €
H[0,T] satisfying (5.4). Then,

A Lo; [0, TH N A (L5 [0, TH+¢ (5.5)
Consequently, I' € &[0,T].
Proof. We take

_ (a®)] 0
(I)(t)_< 0 C(f)1>’ (5.6)

a(t) = Age™"=1, (1) = —Coe, te[0,7],

where Ay, Cy > 0 are undetermined constants. We first check that this ® €
#*(1o;[0,T]). In fact,

c(0)=-Cy <0, a(T)=A4y>0,
(1) = —A2eMT-D < 0, 1€[0,T], (5.7)
é(t) = —C2e%' <0, te€[0,7].

Thus, by Proposition 5.1, we see that & € #°(Ip;[0,T]). Next, we show that
® € %°(I';[0,T]) for suitable choice of 4y and Cy. To this end, we let L be
the common Lipschitz constant for b,0,h and g. We note that (5.7) implies
(2.15). Thus, it is enough to have

a(T) + L2«(T) = 6, (5.8)
and
a(t)x — X + ¢y — 71> + c(0)|z — 2> 4 2a(t)(x — X, b(t,x) — b(1,%))
+a(t)|o(t,x) — a(t,)'c)|2 + 2¢(t)(y — P, h(t,x, ,2) — h(t,X, 7,2))
< —{lk—xP+y -+ 12 -2},

Vte[0,T], x, ¥ € R", y, 7 € R", z,Z € R™ as. (5.9)
Let us first look at (5.9). We note that
Left-hand side of (5.9)

< a0l — i + @)y — 5P + ez — 2
+2a(t)L|x — x> + a(t)L*|x — %
+2leILly — y{lx = %[+ [y = ¥[ + |z = Z[}

< {a(t) + 2a(t)L + a(t)L* + |c(t)|L}|x — x|?

+{e(t) + 3le(t)|L + 2L |e()[}Hy — FI* + Je(®)z —Z[* . (5.10)
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Hence, to have (5.9), it suffices to have the following:

a(t) + QL + L)a(t) + Llc(t)| £ -6,
é(t) + (BL +2L%)|c(t)| £ -0, vt €[0,T]. (5.11)
c(t) = =20,

Now, we take a(¢) and ¢(¢) as in (5.6) and we require

é(t) + (BL + 2L%)|c(t)| = —Co(Cy — 3L — 2L%) ™",

lIA

—Co(Cy— 3L —2L%) < =5, Vte]0,T],
(5.12)

and
c(t) = —Cpe®' < —Cy £ =26, Vte[0,T]. (5.13)

These two are possible if Cy > 0 is large enough. Next, for this fixed Cy > 0,
we choose 4y > 0 as follows. We want

a(T) + c(T)L* = Age™T=D — CoL?e®! = 4y — CoL2eST = 5,  (5.14)
and
a(t) + QL 4 L*)a(t) + Llc(t)| = —Ao(4g — 2L — L*) e 1 LChe "
< —Ay(dg — 2L — L*)+LCpe®T < =5 .
(5.15)

These are also possible by choosing 4y, > 0 large enough. Hence, (5.8) and
(5.11) hold and ® € %*(T;[0, T]).

From the above, we obtain that any decoupled FBSDEs are solvable. In
particular, any BSDEs are solvable. This recovers the result of [13]. From
Lemma 3.1, we see that the adapted solutions to such equations have the
continuous dependence on the data.

2. Monotone case. Let I = (b,0,h,g) € H[0, T] satisfying one of the following
monotonicity conditions.

(M) Let m = n. There exists a matrix B € IR”*" such that for some > 0,
it holds that

(B(x — X),9(x) — g(%)) = Blx — %, Vxr,x € R", as. (5.16)

(B"[A(t,0) — h(t,0)),.x — %) + (B[b(1,0) — b(t,0)], y — 7)
+ (Blo(t,0) — o(1,0)],z —2) < —Blx — %7,
Vi €[0,T], 0,0 € M, as . (5.17)
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(M) Let m < n. There exists a matrix B € IR”*" such that for some f > 0,
it holds that

(B(x —x),g(x) —g(X)) =20, V¥x,xcR" as. (5.16)
(BT[h(t,0) — h(t,0)),x — %) + (B[b(1,0) — b(t,0)], y — 7)
+(Blo(t,0) — a(1,0)],z = 2) < —p(|ly = 7> + |z = 2%,
Vi €[0,T], 0,0 € M, ass . (5.17)

We know that (5.16) means that the function B” g(x) is uniformly monotone
on R”, and (5.17) implies that the function —(B”h(t,0),Bb(t,0),Bo(t,0)) is
monotone on the space M. We may similarly explain the meaning of (5.16)
and (5.17)'. Here, we should point out that (5.16) (or (5.17)) implies m = n
and (5.17) implies m < n. Hence, these two are different situations.

We now prove the following.

Proposition 5.4. Let T >0 and T' = (b,0,h,9) € H[0,T] satisfy (M) (resp.
(M)'). Then, (5.5) holds. Consequently, T € #[0,T].

Proof. First, we assume (M) holds. Take

(4@) B@Y
‘””‘(B(r) C(t))

A(t) = a()l = deT 1T,

te[o,7], (5.18)
B(t)=8B,
C(t) = c(t)] = —26Cpe“'T ,
with 4, Cy > 0 being undetermined. Since
C(0) = —20Col < 0,
A(T)y=0l>0, (5.19)
(1) = (56“1 0 ) <0,
0 —26C3e%!

by Proposition 5.1, we see that ® € #°(I;[0,7T]). Next, we prove & &
A°(I";]0,T]) for suitable choice of d and Cy. Again, we let L be the common
Lipschitz constant for b,a,h and g. We will choose ¢ and Cj so that

a(T)+ 2B+ c(THL* =26, (5.20)
and
a(O)|x | + O]y + ez + 2La(0)|x|(|x] + | y] + |z])
+ 2L y[(x] + [yl + [2]) + L2a@)(|x] + [y] + [2])?
< QB—= 0P =3y + 2[5, WO)€[0,T]x M. (521)

It is not hard to see that under (5.16) and (5.17), (5.20) implies (2.16), and
(5.21) implies (2.15) and (2.17)" (Note (2.16) implies (2.16)"). We see that
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the left-hand side of (5.21) can be controlled by the following:
{a(6) + Ka(t) + Ke()[} x[* + {€(t) + Kle(D)] + Ka(t)} |y
+ {Jc(t) +Ka(t)} |z, (5.22)

for some constant K >0. Then, for this fixed K >0, we now choose ¢ and C.
First of all, we require

1e(t) + Ka(t) = —6Coe™ + Kde' ' < —5Cy + Kde" < -5, (5.23)
and
é(t) + K|e(t)| + Ka(t) = —26CEe®" 4+ 2KCyde " + Koe
< —20C)(Co — K) +Kde” < —5.  (5.24)

These two can be achieved by choosing Cy > 0 large enough (independent of
0 > 0). Next, we require

a(t) + Ka(t) + K|c(t)] = —de’ " + KdeT =" 4 20K Cpe™’

< —0+Kdel +20KCoe®T <28 -0, (5.25)
and
a(T) +2p 4+ c(T)L* = 6 + 2B — 26Coe™TL? = 6. (5.26)

Since >0, (5.25) and (5.26) can be achieved by letting 6 >0 be small
enough (note again that the choice of Cy is independent of 6 > 0). Hence, we
have (5.20) and (5.21), which proves ® € #°(T';[0,T]).

Now, we assume (M)’ holds. Take (compare (5.18))

_ (A@) B
*) = (B(r) c(r) > :
A(t) = a(t)] = 6Age T,
' vVt e[0,T], (5:27)
B(t)=B,

C(t)=c(t)] = —oe'l ,
with 0, Ag > 0 being undetermined. Note that

C0)=—8I<0,
A(T) = Aol >0, (5.28)

(=542 T-D1
<I>(t)—( 0 ey ) <0

Thus, by Proposition 5.1, we have ® € #°(1;[0,7]). We now choose the
constants 0 and 4. In the present case, we will still require (5.20) and the
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following instead of (5.21):
aOx? + ey + ez + 2La(@)|x|(1x] + | ] + [2])
+ 2L | y[(x] + [y] + |21 + L2a(@)(|x] + [y] + |2])?
< <Ol + 2B = Oy + 2P}, W(5.0) € [0.T]x M .
(5.29)

These two will imply the conclusion ® € #°(I';[0,T]). Again the left-hand
side of (5.29) can be controlled by (5.22) for some constant K > 0. Now, we
require

a(t) + Ka(t) + K|c(t)] = —043e™T=0 4 5KApe® T~ 1 Koe!
< —64op(Ay — K) + 6KeT < 9, (5.30)
and
a(T) + o(T)L? = ddge™ T — 512¢!
> 0(dg — LTy >0 (5.31)

We can choose 4y >0 large enough (independent of & > 0) to achieve the
above two. Next, we require

Ae(t) + Ka(t) < Ka(t) < 6KAge™" <28 -0, (5.32)
and

é(t) + K|e(t)| + Ka(t) = —de' + Kde' + Kdgded T

< §(Ke! + KAge™T)y < 2p—6. (5.33)

These two can be achieved by choosing 6 > 0 small enough. Hence, we obtain
(5.20) and (5.29), which gives ® € %°(T';[0, T]).

We note that Proposition 5.4 recovers the results of 7,16. It should be
pointed out that the above monotone cases do not cover the decoupled case.
Here is a simple example.

Let n =m = 1. We consider the following decoupled FBSDEs:

dX(t)=X@t)dt+dW(e),
dY(t)=X@)dt+Z()dW(z), (5.34)
X(0) =x, Y(T)=X(T).

We can easily check that neither (M) nor (M)’ holds. But, (5.34) is uniquely

solvable over any finite time duration [0, T'].

Remark 5.5. From the above, we see that decoupled and monotone FBSDEs
are two different classes of solvable FBSDEs. None of them includes the other.
Under our framework, however, these two classes are proved to be linked by
direct bridges to the trivial FBSDEs (the one associated with Iy = (0,0,0,0)).
Thus, in some sense, these classes of FBSDEs are still very “near” to the



562 J. Yong

trivial FBSDEs. At the present stage, we don’t know any classes of solvable
FBSDEs that are “far away” from the trivial one.

6. Solvability of FBSDEs (continued)

6.1. A general consideration

In the previous section, we have recovered the unique solvability of two
(known) classes of FBSDEs by constructing proper bridges. In this section,
we are going to present some results for new classes of FBSDE:s.

Let us start with the following linear ordinary differential equation: (com-

pare (2.12))
X0\ _ (X bo(1)
(Y(t))ﬂ(m)%(ho(r))’ elol, ©.1)

X0)=x,  Y(T)=GX(T)+go.

Here, .o/ € RU#Mx0+m) G ¢ Rm™¥", (Zogg) € L*(0,T;R™™), x € R", gy €
0
R”. We have the following result.

Lemma 6.1. Let Ty > 0. Then, the two-point boundary value problem (6.1)
is uniquely solvable for all T € (0,Ty] and all (by, ho,go,x) if and only if

detW(z) >0, Vte]l0,To], (6.2)
where

W(T) 2 (=G, 1)e”T (?) . (6.3)

This result should not be new. Since we are not able to find a proper
reference, for reader’s convenience, we present a proof here.

Proof. We know that (6.1) is equivalent to the following:

X(t) — 7! X t A (t—s b (S)
(Y(z)> = e (Y(O)) + [ 7= (hg(s)) ds, te€l[0,7], (6.4)

0

together with the following condition (which will be used to determine the
unknown Y(0))

w=c6n(y0)

= (=G, De”T (‘I)) Y(0)

—‘r(—G,I) {e&/T <)OC> + ‘j‘wey/(]‘—s) <zg£i§> dS} . (65)
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Thus, by (6.3), we see that

T
W(T)Y(0) = go — {(—G,I) [e"’” <’(;) + g’eW*” <228§> ds] }
(6.6

This implies that for a given 7 >0, (6.1) is solvable for all (b, Ao, go,x) if
and only if det U(7)=0. Hence, noting det ¥(0) = 1, we obtain that (6.2) is
a necessary and sufficient condition for (6.1) to be uniquely solvable for all
T € (0,To] and all (b, Ao, go,x)-

Now, we consider the following FBSDEs:

X()\ X(1) bo(?)
(o) =17 (30) + (ko) f
n (‘?g;) AW (), t€0,T], (6.7)

x(0) =x, Y(T)=GX(T)+go -

where, .o/, G and x are the same as those in (6.1) and now y = (by, a9, 19, go) €
A[0,T] (see (2.8)). This is a class of linear FBSDEs. Clearly, it is not neces-
sarily decoupled nor monotone. Thus, it is a new class of FBSDEs (although
it is not very complicated).

We now study the unique solvability of this class of FBSDEs. First of all,
similar to Proposition 2.3, we see that if (6.1) does not admit a solution, then,
(6.7) does not admit an adapted solution. We now give some further results.

Theorem 6.2. Let Ty > 0. Then, FBSDEs (6.7) is uniquely solvable for all
T € (0,Ty] and all x € R" and y = (by,00,h0,90) € H[0,T] if and only if
(6.2) holds.

Proof- By Lemma 6.1, we have the necessity. Let us now prove the suf-
ficiency. To this end, let us first make the following observation. For any
y = (bo, 60, ho,90) € #[0,T] and x € R”, suppose (X,Y,Z) € .#[0,T] is an
adapted solution of (6.7). Then, we have

X(t) ot X ! oA (t—s b(s)
(F0) =< (st0y) # e (i) )

o t—s) [ 00(s)
+Ofe‘/< >(Z°(S))dW(s), te[0,7T]. (6.8)

Here, Y(0) is undetermined. We want the following to be satisfied:

w =6 () =y an ;)

i A (T —s b (S) ’ A (T—s g (S)
+(G,I){Ofe A(T=s) (U‘;(s)> ds+0fe A1) <Z°(S) > dW(s)}.
(6.9)
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Taking expectation in both sides of the above, we have
T
_ B a7 (X A(T—s) | Ebo(s)
Ego=U(T)Y(0)+( G,I){e (0>+bfe (Eho(s) ds . (6.10)

By (6.2), we must have

_ _ X L Jr—s [ Ebo(s)
Y(0) = ¥(T)"! {Ego —(=G,I) {e&” (0> + OjeW ) (EhE(s)) ds] }
(6.11)

Based on the above observation, we can now prove the solvability of (6.7)
(under condition (6.2)). We define

R T sy { bo(s) — Ebo(s)
¢ =90 = Ego—(=G.D) {‘({e " (hg(S) - Ehz(s)) “
4 oo <o—0(§s)> dW(S)}. (6.12)
0

It is clear that ¢ is Zr-measurable, square-integrable and EE = 0. Thus, by
the Martingale Representation Theorem, there exists a Z(-) € L2-(0, T; R"*4),
such that

&= fTZ(s)dW(s) ) (6.13)
0

By (6.2), we may set
Z(t)=W(T —1)"'Z(t), te]0,T]. (6.14)

Obviously, Z(-) € L%(0,T; R™*¢). At the same time, we define Y(0) by
(6.11). Then, we see that (6.10) holds and combining (6.10), (6.12) and (6.13),
we see that (6.9) holds. Thus, by defining (X(-), Y(:)) through (6.8), we ob-
tain that (X,Y,Z) € .#[0,T] is an adapted solution of (6.7). The uniqueness
follows easily from condition (6.2).

The above theorem tells us that the solvability of (6.1) and (6.7) are equiv-
alent in a proper sense. The condition to check is (6.2).

From Theorem 2.7, we know that if I'} and I, are linked by a bridge, then
I'} and T, have the same solvability. On the other hand, for a given I' at hand,
Corollary 3.2 tells us that if I" admits a bridge, then, the FBSDEs associated
with T' admits at most one adapted solution. The existence, however, is not
known. The following result tells us something concerning the existence. This
result will be useful below.

Proposition 6.3. Let Ty >0 and T' = (b,0,h,g) with

(Zﬁgi)w(i) g(x)=Gx,  Y(t,0)e€[0,To] x M. (6.15)

Then, T' € ¥[0,T] for all T € (0,Ty] if B(;[0,T])=*¢, for all T € (0,Tp]
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Proof. Since #(I';[0,T])=+ ¢, for all T € (0,Tp], by Corollary 3.2, (6.7) ad-
mits at most one solution. By taking y = (b, 09, 49, go) = 0 and x = 0, we see
that the resulting homogeneous equation only admits the zero solution. This
is equivalent to that (6.1) with the nonhomogeneous terms being zero only
admits the zero solution. Hence, it is necessary that (6.2) holds. Then, by
Theorem 6.2, we have I" € &[0, T], for all T € (0, To].

Let us now look at some new class of nonlinear FBSDEs. Recall the semi-
norms || - [[o(¢) defined by (4.5).

Theorem 6.4. Let Ty >0 and of € RU"MX0+m) be given such that (6.2)
holds. Let T € (0,Ty). Let ' = (b,0,h,9) be defined by (6.15). Further, sup-
pose that B*(L;[0,T])*¢. Then, there exists an &> 0, such that for all
peR and T'=(b,6, h, g) € H[O,T] with

[ Tlo(t) <& t€[0,T], (6.16)

the following FBSDEs:
X0\ _ X(1) b(1,0(1))
d( Y(t)) = {("2{“”) ( Y(t)) + ( ﬁ(t,@(x)))}d’

a(2,0(1))
+( 2(t) )dW(t), tel0,7], (6.17)

X(©0)=x,  Y(T)=GX(T)+ §X(T)),
admits a unique adapted solution © = (X,Y,Z) € .#[0,T].
Proof. We note that if

b(t,0) = " b(1,e"0), Y(1,0) € [0,T] x M , (6.18)

then, i i
[ bllo() = IIbllo(t), Vvt e€[0,T]. (6.19)

Thus, by applying Proposition 2.8 and Theorems 4.2, 2.7 and 6.2, we obtain
our conclusion immediately.

We note that FBSDEs (6.17) is nonlinear and the Lipschitz constants of
the coeflicients could be large. Also, (6.17) is not necessarily decoupled nor
monotone. Thus, Theorem 6.4 gives a new class of nonlinear FBSDEs which
are uniquely solvable. On the other hand, by Remark 4.3, we see that condition
(6.16) can be replaced by something like (4.16), or even (4.17). This further
enlarges the class of FBSDEs covered by (6.17). However, the major problem
left is whether we can construct the (strong) bridge for I" defined by (6.15).
In the rest of this section, we will concentrate on this issue.

We now consider the construction of the bridges for (6.7). Let I' =
(b,0,h,9) be given by (6.15). Then, ® € #°(I';[0,7]) if it is the solution
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of the following differential equation for some K,K,d,& > 0,
D(1)+ AT(t) + D(1)of = =01, t€[0,T],

(6.20)
(0) = (’g _°K> ,

and the following additional conditions are satisfied:

(1,0)q>(z)<(1)) > 0, (0,1)@(0(?) < —¢l, Vte[0,T],
(6.21)

(I, GTY®(T) <(I;> =el.
This can be proved directly.
We can check that the solution to (6.20) is given by

!
@(r)eﬂ”<[§ _Ok)e@/fa [e e *ds, te[0,T]. (622)
0

Thus, in principle, if we can find constants K, K, 5, & > 0, such that (6.21) holds,
then, we obtain a strong bridge ®(-) and Theorem 6.4 applies.

6.2. Acase of n=m=d =1
We now, present a concrete case to illustrate the procedure of finding a strong

bridge ®(-) and the corresponding class of solvable FBSDE:s.
We consider the case m =n=d =1 and I' = (b,0,h,g) is given by

b(t,x,y,z)\ _ x\ _ (-1 u X
EED 0 D6

for all (£,x, y,z) € [0,00) x IR3, with 4, 11,9 € IR being constants satisfying the

following:
¢ I 3gn
Aty g >0, 2+ 2 —-g 0. (6.24)

We point out that conditions (6.24) for the constants /,u,g are not neces-
sarily the best. We prefer not to get into the most generality to avoid some
complicated computation. Let us now carry out some calculations. First of all

—t n —At
At e (1 —e™)
e _< 0 | ) (6.25)

Thus, we easily see that (6.2) holds for all 7; > 0. Hence, Theorem 6.4 applies.
We now compute

—" (K 0 — ./t
e ( O —IZ) e

B elt 0 K 0 elt il(l _ e—/lt)
T \AQ =) 1 0 —K 0 1

< KeZ/lt K}H (e/ﬁt _ eZAt) )
b

, _ 2
Iiﬂ(elt _ e2AZ‘) R+ K)l; (1— eZt)Z

(6.26)
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and
¢ ¢ e2is H e)s _ e2).s
feiylrseidsds =/ (u s _ 20 A(uz ,1~) 2> ds
0 0 i(eé_evb) 1+,12(1_e§)
_ ( Zl;h(eZ/lt_l) 2 —2!;2(6}“[—21)22 2 )
_ziz(eh—l)z 2’13(6“—2)24-1;” t_ZHP ’
(6.27)
We let K > 0 be undetermined and choose
3
K= o=1. 6.28
" (6.28)
Then, we define (note (6.22))
_ (A@) B(1)
b= (B(r) c()
with
1) 0 0
_ 2At 2t _ . 22t
A(t) = Ke 2&(6 1) <K 22)6 +2/1
1
= (e +2),
_Ku oy, 201 On . 4 2
B(t) = /l(e e )+2;V2(e 1)
__H 0N\ e K O\ i, On
= z(K 21)6 JW(K z)e g
u Y )
== (e 4+ e —2). (6.29)
% K.“2 it 2 5:“2 it 2 5(;“2 + ﬂz) 5,“2
=-K 1) — -2) —
C(t) + 2 (e ) 23 (e ) 2 t+ 23
2 2 2
iz 0 e 21 o\ i M 30
= K — _ K — _ _
a2 ( 2z)e 2 < 2)¢ T e 2)
_ (AP + )
—K — 2 t
2 ) _o2g2
:ﬁ3(e2“+2e“+3)—K— i2ﬂt'
From (6.21), we need the following: (¢ > 0 is undetermined)
> < —

A(T) —2gB(T) + g*C(T) = ¢.

Let us now look at these requirements separately.
First of all, it is clearly true that A(¢) = 0 for all # € [0, T]. Next, C(¢) < —¢
for all # € [0, 77, if and only if

_ 2 )2 2
K58+£3(62“+2e;"+3)— ;;“ t2f(t), te[0,T]. (631)
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Since f”'(¢) =0 for all ¢ € [0,00), the function f(¢) is convex. Thus, (6.31)
holds if and only if

K=z f(0)v(T). (6.32)
Finally, we need

¢ £ A(T) —2¢B(T) +¢*C(T)

Lo gHr . 21 T gz.“z 2T AT
:4/1(e +2)+2/12(e +e =2)+ 43 (e” +2e" +3)
2092 2
re AR+ pP)
—g°K — 2 T
_ 1 (1 N gu)zeer gn (1 N gu) A e P
4 A 272 A A2
L ogn 37w -
+, =+ - ¢°K . (6.33)

22 )2 43
Thus, we need (note (6.32))

Al gN? 27 | Gl guN r 9RO+ )
F(T) 2 A(1 ) : (1 ) T _ T
()=, I+ ) e Tty )e 2
1 gu 3¢
Tos T2 o4 TF
> K 2 F(f(0)V £(T)). (6.34)

We now separate two cases (with f(7) and f(0), respectively). First of all,
for f(T), we want

0 < F(T) - g*f(T)
1 291\ o 9K r 1 gn 2 A A
= 1 g & — —&(1 =F(T).
41( t )e T o€ Ty T T =)
(6.35)
We see that 7 +— F(T) is monotone increasing. Thus, to have the above, it

suffices to have 3

ogF(O):“—s(ng). (6.36)
Hence, in what follows, we take

3
e= .
41+ g%)

Then, (6.35) holds. Next, we claim that under (6.24) and (6.37), the following
holds.

(6.37)

F(T)~ ¢*f(0)20. (6.38)
In fact, by the choice of ¢ and by (6.36),

F(0)—g¢*f(0)=F(0)=0. (6.39)
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On the other hand,

1 2 ; 2}_24_2
F’(T):2(1+gf) e””i’j (1+gf)ev7—g( » ) (6.40)

Thus, by (6.24), it follows that

2 22

Then, by F"(T) =0, together with (6.39) and (6.41), we must have (6.38).
Hence, we obtain (6.34). This shows that a strong bridge ®(¢) has been con-
structed with K,d and ¢ being given by (6.28) and (6.37), respectively, and
we may take

F'(0) = (1 4 39m —gz) >0. (6.41)

K= f(0)V f(T). (6.42)

It is interesting that the ®(-) constructed in the above is not in #(I'y;[0,T])

for any 7 > 0 since A(1) > 0. On the other hand, we note that both 4(¢) and

B(t) are independent of 7. However, due to the fact that K depending on 7,

C(t) depends on T. But, we claim that there exists a constant ¢y > 0, only
depending on 4, i, g (independent of 7'), such that

3
—o- S =CW==- 07 2y 10T (6.43)

M+’
where f(¢) is defined by (6.31). In fact, by (6.29), (6.31), (6.37) and (6.42),
we have

—c=C(T) =

CO=FO= FOV ST = ) o (6.44)
Clearly, C(t) is convex. Thus,
3
C(t)gC(O)\/C(T):—4)¥(1+q2), vt €[0,7T]. (6.45)

On the other hand, by the fact that f(¢) is strictly convex and lim,_,, f(¢) =
0o, we see that there exists a unique 7y > 0, only depending on A and p, such
that

3
421+ g%’
This proves the first relation in (6.43). Next, we see easily that there exists a
unique 7T > Ty, such that f(77) = f(0), and

()= f0), Viel0,T],
f(@)>f(0), Vie(T,0).

CO) = f(To) = f(O)V S(T) - t<[0,T]. (6.46)

(6.47)

Hence, we obtain

C(T) z f(To) — f(0) - (6.48)

401+ g% "

This proves the second relation in (6.43).
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Now, from Remark 4.3 and Theorem 6.4, we know that the following
FBSDE:s is solvable on [0, T].

dX(t) = {(f — )X () + uY(t) +b(t,X (1), Y(1), Z(t))} dt
+6(L,X (1), Y (1), Z(t))dW (),

dY(t) = {BY(t) +h(t, X (1), Y(¢), Z(¢))} dt + Z(t) dW (1) ,

X(0) =x, Y(T)=—gX(T)+ g(X(T)),

where A, 1, g > 0 satisfying (6.24), f € R, and T = (b,6,h,§) € H[0, T] satis-
fying

(6.49)

2[B(T)[|gllo + [C(THII|gllg <en T,
Sup. {214 + [BOD[Bllo(2) + 2(|B)] + [C@ODIAllo(2)  (6.50)

+2|B0)|[13]lo(0) + 4D [15l0(1)*} <e AT,

with A(+),B(-) and C(-) being given by (6.29) and ¢ > 0 being given by (6.37).
If we use (4.17), then, (6.50) can be relaxed to the following:

2B(T)E g+ C(T)G —29%)g > —(e ANDE], Vr, FeR,
sup {2(A(1)% + B(t)T )b + 2(B(1)% + C(1)9)h (6.51)
te[0,7]

+2B(t)25 + A(1)5*} < (e AD|0]?, V0,0 € M .

If b,5,h and § are differentiable, then, we see that (6.51) is equivalent to the
following:

2B(T)g,(x) + C(T)(G,(x) = 29)g,(x) > =(e A 1), Vxe R,

A(t) Blt) 0 i i
{(B(t) cit) 0 )(Vb(t,@),Vh(t,@),V&(t,H))

0 0 B(®)
A(t) B(t) 0 T (6.52)
+{<B(t) cit) 0 )(vz(t,9),viz(t,0),v&(t,0))}
0 0 B(1)

+A(t)V6(t,0){V&(t,0)}T} <eANl, Y(t0)€[0,T]xM,

where Vh(1,0) = (l_yx(t,9),1_7y(t,0),1_72(t,0))r, and so on. Some direct computa-
tion shows that the first relation in (6.52) is equivalent to the following:

_ent (B(T) B )2_B(T)
|C(T)| a(T) a(T)

enl B(T) ' B(T)
o) * (C<T> _g) et

—HT) 2 +9<5.(x)

+g, VxelR.

(6.53)
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By (6.43), we know that C(T) is bounded uniformly in 7, while, B(T) — —oco
as T — oo (see (6.29)). Thus, by some calculation, we see that

N \/|Z(AT1) > (T)] —oo, as T — oo, (6.54)

and g need only to satisfy the following:
—-r(T)=g.(x)=0, VI eR. (6.55)

Clearly, the larger the 7, the weaker the restriction of (6.55). The second
condition in (6.52) is also checkable (although it is a little more complicated
than the first one). It is not hard to see that the choice of functions » and &
are independent of 7 as A(¢) and B(¢) do not depend on 7. However, since
C(¢) depends on T, by some direct calculation, we see that in order FBSDEs
(6.49) is solvable for all 7 > 0, we have to restrict ourselves to the case that
h(1,0) = h(t, y). Clearly, even with such a restriction, (6.49) is still a very big
class of FBSDEs, which are not necessarily decoupled, nor monotone. Also,
G is allowed to be degenerate. We omit the exact statement of the explicit
conditions on b,& and / under which (6.49) is solvable to avoid some lengthy
computation. Instead, to conclude our discussion, let us finally look at the
following FBSDEs:

dX(t) = {(B — DX (t) + uY(t) +b(t, X (1), Y (¢), Z(t))} dt
+a0(t,X(t),Y(),Z(t))dW(t),

dY () ={pY(@t)+ ho(t)} dt + Z(¢)dW (¢),

X(0) =x Y(T)=—9X(T)+go,

(6.56)

with 4, u, g > 0 satisfying (6.24) and

sup ){2(|A(t)| + [BODIBllo(@) + 2[B@)|[|G[lo(2) + |A(D)][|3]lo(t)*} <e A 1.

te[0,00
(6.57)
This is a special case of (6.49) in which h=ho and § = go. Then, by the
above analysis, we know that (6.56) is uniquely solvable over any finite time
duration [0, 7]. Condition (6.57) can be carried out explicitly as follows:

12

2
2 +2)+ 7

g ‘i
(&4 = DBt + 7 @+ = D)ot

3

+(€**" 4+ 2)[|5]jo(¢)* < min {42, Lt g

}, t €0,00) . (6.58)

It is clear that although (6.56) is a special case of (6.49), it is still very
general and in particular, it is not necessarily decoupled nor monotone. Also, if
we regard (6.56) as a nonlinear perturbation of (6.1) (with m =n=d =1 and
(6.23) holds), then the perturbation is not necessarily small (for ¢ not large).
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