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Abstract
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1 Introduction

Since the first introduction by Pardoux and Peng [1] in 1990, the theory of nonlinear back-
ward stochastic differential equations (BSDEs) driven by a Brownian motion has been in-
tensively researched by many researchers and has achieved abundant theoretical results.
Now this theory is a powerful tool in stochastic analysis. It also has many important appli-
cations, namely in stochastic control, stochastic differential games, finance, and the theory
of partial differential equations (PDEs).

In the classic BSDE theory, we consider a Brownian motion as the driver, but a Brownian
motion is a kind of very idealized stochastic model, which limits greatly the applications
of the classic BSDEs. There are many results about BSDEs associated with jump process.
Tang and Li [2] first discussed BSDEs driven by a Brownian motion and Poisson process;
Nualart and Schoutens [3] considered BSDEs driven by a Brownian motion and Lévy pro-
cess. Furthermore, there are also results where the Brownian motion in the diffusion term
of the BSDE is replaced by another process. For example, Cohen and Elliott [4] studied
BSDEs driven by a continuous-time finite-state Markov chain. After that, many results,
such as a comparison theorem about this kind of BSDEs, nonlinear expected results [5, 6],
and so on, appeared.

Along with the rapid development of the BSDE theory, the theory of fully coupled
forward-backward stochastic differential equations (FBSDEs), closely related to BSDEs,
has been developed rapidly. Fully coupled FBSDEs with Brownian motion can be encoun-
tered in the optimization problem when applying stochastic maximum principle (see [7])
and in mathematical finance when considering a large investor in security market (see [8]).
Such FBSDE:s are also used in the potential theory (see [9]). As we know now, to get the
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existence and uniqueness results of fully coupled FBSDEs solutions, there are mainly three
methods: the method of contraction mappings [10, 11], the four-step scheme [12], and the
method of continuation [13, 14]. For more details on fully coupled FBSDEs, we refer to
Yong [15], Ma et al. [16], or Briand and Hu [17] and the references therein.

In this paper, we study fully coupled FBSDEs driven by a martingale generated by a
continuous-time finite-state Markov chain. Inspired by Peng and Wu [14], we introduce
an m X n full-rank matrix G to overcome the problem caused by the different dimensions
of SDE and BSDE. Using the method of continuation, the It6 product rule of semimartin-
gales, and the fixed point principle, based on the theory of BSDEs driven by a continuous-
time finite-state Markov chain, we obtain existence and uniqueness results of the FBSDEs
on a Markov chain. It is worth pointing out that due to the property of the martingale gen-
erated by a finite-state Markov chain, the form of the monotone assumptions we employed
here is different from that in Peng and Wu [14].

Recently, many works have been done on BSDEs with Markov chains. In fact, there are
two major formulations of the state space of the Markov chain in the literature. One is the
set of unit vectors in some Euclidean space [18]. The other one is the set of positive inte-
gers [19]. Each of the formulations was used by many researchers when they studied BS-
DEs driven by Markov chains. When a martingale representation was needed, the second
formulation was necessary. The first one facilitates the mathematics, that is, the symbol-
ism is nicer; the second one makes the mathematics more rigorous. Given a continuous-
time Markov chain, assuming its state space be the set of positive integers, there exists an
integer-valued random measure that counts the jumps of a Markov chain. Crepey and Ma-
toussi [19] and Crepey [20] considered BSDEs driven by both a Brownian motion and the
compensated martingale of a random measure. Tao et al. [21] discussed BSDEs with a sin-
gular perturbed Markov chain; Tao et al. [22, 23] considered the regime-switching system
modulated by a Markov chain based on Crepey and Matoussi [19] and Crepey [20]. When
the state space of a continuous-time Markov chain is described by the set of unit vectors
in R, Zhang et al. [18] considered a system of Markov regime-switching model with Pois-
son jumps. Different from the above works, based on Cohen and Elliott [4], we discussed
FBSDEs purely driven by a Markov chain rather than by a Brownian motion. Our model
depends only on the state space of a Markov chain and leads to a special structure.

In Section 2, we formulate our problem; in Section 3, the preliminaries are given; in Sec-
tion 4, we give our main result on the existence and uniqueness of the fully coupled FB-
SDE on a Markov chain and present the proofs; in Section 5, we discuss the existence and
uniqueness result of the FBSDE under other monotone assumptions; in the last section,
we give an application of these theoretical results to stochastic optimal control problem
through an example.

2 Formulation of the problem

Consider a continuous-time finite-state Markov chain m = {m, t € [0, T]}. Following the
convention of Elliott et al. [24], we assume that it takes values in unit vectors e; in R,
where d is the number of states of the chain.

We consider stochastic processes defined on the filtered probability space (2,.%, %, P),
where {%,} is the completed natural filtration generated by the o-fields .%#; = o ({m,
s<t},F e Fr:P(F)=0),and .# = .Z7. Note that if m is right-continuous, then this filtra-
tion is right-continuous. If 4; denotes the rate matrix for m at time ¢, then this chain has
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the following representation:
t
my =mg + f Asmg ds + My,
0

where M, is a martingale (see [24]).
We consider the following forward-backward stochastic differential equations:
Xe=x+ [y b(s,Xo Vs Z) ds + [y 06, X, Yooy Zo) dM, W
Y= o(Xp) + [ f(s, X5, Y, Zo)ds — [ Z,_dM,,

where X, Y, Z take values in R”, R”, R"*4 T > ( is an arbitrary fixed number, and b, o,

f, @ are functions of appropriate dimensions:

b:Qx[O,T]xR”xR”’x]R’“Xd—)R”,
0:Q2x[0,T] x R" x R" x R4 — R"™4,
f:Qx[O,T]xR"xR”’XR’”Xd—)R”’,

d:Q xR — R™,

We shall seek an .%;-adapted triple (X, Y, Z) that satisfies the forward-backward stochas-
tic differential equation (1) on [0, T] P-almost surely. That is, our aim is to find an .%;-
adapted solution of (1).

Noting that only the s-left limit o (w,s—, X;_, Y;_, Z;_) enters into FBSDE (1), without loss
of generality, we assume that o (s, X;, Y5, Z;) is left-continuous in s for all w and X, Y. Since
M is a semimartingale, X, Y is cadlag and adapted. We suppose the existence of the left
limits of Z. So Z must have at most a countable number of discontinuities, and then it
must be left-continuous at each ¢ except possibly on a dt-null set. Hence, if Z; satisfies
FBSDE (1), then so does Z;_:

Xe=x+ [y b(s, X, Yo, Zs ) ds + [y 05—, Xs_, Yoo, Z_) dM,
Y, = @(Xr) + [} f(s,Xe, Y, Zo)ds ~ [ Z,_dM.

Setting Z;* := Z,_, we have a left-continuous process Z**, which also satisfies the desired
equations. Therefore, writing the left limits Z,_ is unnecessary since we simply assume that
our solution is left-continuous.

Based on these arguments, we rewrite FBSDE (1) as

X, =x+ fot b(s,Xs, Y, Z) ds + fota(s,Xs_, Y., Zs) dMs,
Y= @(Xp) + [ f(s, X5, Yo, Z5)ds — [ Zod M.

Recall that FBSDE (1) is equivalent to

{X: =x+ [y b5, X, Yo Zo) ds + [y 0 (s, Xeo, Yoo, Z) dm, )

Y= @(Xp) + [ f*(s, X5, Yo, Z5) ds — [ Zodm,

where b*™ (s, X;, Ys, Zs) = b(s, X5, Y5, Zs) — 0 (8, X5, Ys, Zs) Asmg and f**(s, Xs, Y5, Zs) = f(s, Xs,
YS} ZS) + ZSASmS'
Obviously, FBSDE (2) is driven by the Markov chain m = {m,, ¢ € [0, T]}.
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3 Preliminaries
3.1 Preliminary notation
Elliott et al. [24] obtained the optional quadratic variation of M, as the matrix process

t
(M, M], =) " AM,AM,
s=0

where “’ means transpose.
Observing that A is the rate matrix of the Markov chain m, the predictable quadratic

variation is
t
(M, M), = / [diag(Amy) — diag(m,) AL — A, diag(my)] ds.
0

This can be seen through considering

t t
diag(m,)=diag(m0)+/ diag(.Asms)ds+/ diag(dM;)
0 0
and
diag(m,) = mym;

t t t
= momy + f mgm A5 ds + / mg_ dM + / Asmgm ds
0 0 0

t t
+ / AMm_ + Y " AMAME.
0 s=0

Equating these two, we get
t
M,M], =L, + / [diag(Amy) — diag(m,) A% — A, diag(my)] ds,
0
where L is some martingale. This in turn suggests that
t
(M, M); = / [diag(Asmy) — diag(m,) A} — A, diag(my)] ds.
0

We will use the following notation:

By (-, -) we denote the usual inner product in R” or R”; we use the usual Euclidean norm
in R” and R”; and for z € R"*%, we define |z| = {tr(zz*)}%.

For z! e R"*4, 722 ¢ R"*4,

((",2%) = u(Z'()),
and for u! = (x1,9,2") e R” x R” x R4, 2 = (x2,9%,2%) € R" x R x R"*4,

[ ] = (&%) + (015%) + ((21,2°))-
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We are given an m x # full-rank matrix G. For u = (x,y,z) € R” x R” x R"*%, Jet
F(t,u) = (—G*f(t, u), Gb(t,u), 0), H(t,u) = (0, 0,Go(t, u)),

where Go = (Goy - - - Goy).
Furthermore, we define

(C,D)y = tr(C[diag(Asv) — diag(v) A; — A, diag(v)]D*), IC|I% = (C,C),,
where v is a basis vector in R?.

3.2 BSDEs on Markov chains
We recall the existence and uniqueness results for a solution to the following BSDE on a
Markov chain:

T T
Y, = ®(Xy) - / Filw,s, Yo Z,)ds - / [Eals, Yo) + Z.] dM,
t t

for functions Fj : Q x [0, 7] x R” x R™4 and F, : Q@ x [0,T] x R”; these functions
are assumed to be progressively measurable, that is, Fi(-,s, Y;, Z;) and F(-,s,Y) are .%;-
measurable for all ¢ € [0, T].

Cohen and Elliott [4] gave the following result about martingale representation.

Lemma 1 Any R%-valued martingale L defined on (Q2,.%,,P) can be represented as a
stochastic (in this case, Stieltjes) integral with respect to the martingale process M up to
equality P-a.s. This representation is unique up to a d{M, M), x P-null set. That is,

¢
L,=L, +/ ZsdMs,
0

where Zy is a predictable R"*?-valued matrix process.

Cohen and Elliott [4] also obtained the existence and uniqueness of a solution to the
above BSDE.

Theorem 1 Assume the Lipschitz continuity on the generators Fy and F», that is, that there
exists ¢ € R such that, for all s € [0, T,
E|Fi(s,Y", Z})) - Fi(s, Y2, Z2)|* < PE|Y! - V2|* + CE| 2} - 22 ||j4;

E|Fa(s, Y1) - Fafs ¥2)

<cEy -2

I3

Under this Lipschitz condition, the above equation has at most one solution up to indistin-
guishability for Y and equality d{M, M), x P-a.s. for Y.

4 Existence and uniqueness for FBSDE (1)

We give two definitions.
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Definition 1 We denote by M?2(0, T; R") the set of all R”-valued .#;-adapted processes
such that

T
E/O \V(s)|2ds < +00.

Definition 2 A triple of processes (X,Y,Z): Q x [0, T] — R” x R” x R"*¢ is called an
adapted solution of the FBSDE (1) if (X, Y, Z) € M?(0, T; R” x R x R™*?) and it satisfies
FBSDE (1) P-almost surely.

The adaptedness of the solution enables us to rewrite FBSDE (1) in a differential form:

dXt = h(t,Xt, Yt’ Zt) dt + G(t,Xt_, Yt—th) th,
_dYt :f(t) Xt; Ytr Zt) dt — Zt th:
XO =X, YT = d)(XT)

Now we give the main assumptions of our paper.

Assumption 1 For each u = (x,9,2) € R" x R” x R"*4, F(-,u), H(-,u) € M?(0, T;R" x
R™ x R™*4) and for each x € R”, ®(x) € L%(2, Fr;R"). Moreover,
(i) F(t u) is uniformly Lipschitz with respect to u;
(i) H(¢, u) is uniformly Lipschitz with respect to u;
(iii) ®(x) is uniformly Lipschitz with respect to x.

Assumption 2 There exists constants ¢y, ¢j, ¢z such that

[E(tu) - F(t.4?), 4 - 1] < 0|G(x' - ) [ - &, (|G (' - )" + |G* (2 - 2)[),
[H(t,u') - H(t,u?),u' - u*] < —c5|G(x" - #7) |2 - (|G (! —y2)|2 +|G* (2" - z2)|2),
Vil = (2,91, 2"), u? = (2?57, 2%) e R” x R" x R™4, P-as, ae. t R,
and

2

(@(x') - 2(x*),G(x' —=x%)) = c3|G(x' —4%)|", Va' e R",Vx* €R",

where ¢y, ¢, and c3 are given positive constants.
Now we give the main result of our paper.

Theorem 2 Let Assumptions 1 and 2 hold. Then there exists a unique adapted solution
(X,Y,Z) of FBSDE (1).

Proof of uniqueness Let U' = (X}, Y1, Z!) and U? = (X2, Y?,Z?) be two adapted solutions
of FBSDE (1). We set

X, ¥,2)= (X' - X%, Y' - Y%, 7' - 72),

b(¢) = b(t, UY) - b(t, U?),
6@t)=0o(t,U})-o(t,U?),
FO =f&,Ul) - f(t, U?).
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Then we have

d)et = E(t’ Xt’ Yt»Zt) dt + 6(t1 Xt—r Yt—rzt) th)
_d},}[ :f(t,Xt, Yt!Zt) dt —ZAt th.

From Assumption 1 it follows that
E(suptE[O,T] |Xt|2) + E(Supte[O,T] | }A’t|2) < +00.

Using the It6 product rule of semimartingales, we have
d(GX,, ¥,) = Yo-d(GX)) + (GX,.) d¥, + d(GX,) dY,,

where d(G)%S) d f’s =d [G)es, )A’s]t, and hence, taking expectation and evaluating at ¢ = T, by

Assumption 2 we get

E(Yr,GXr) = E(®(X}) - ®(X2), G(X} - X2))

T T
= / [(-G*F.X,) +(Gb, ¥)]ds + EY_((G&,2,)) AM,AM
0 s=0

T
- / [E(s UY) - F(s, 1), U - 1] ds
0
T
+E/ [H(s, U") = H(s, U?), U" - U*] d(M, M),
0
T T o .
f—czE/ |GX|2ds—c’2E/ (|G*Y|" +|G*z|") ds
0 0
T T o .y
_CZE/ |GX|2d(M,M)s—c’2E/ (|G Y| +|G*Z|") d(M, M),
0 0
Then we deduce that
T R T R
02<Ef |GX|2ds+E/ |GX|2d(M,M)S)
0 0
T T
+c/2|:E/ (IG*}A’|2 + IG*ZIZ) ds+E/ (|G*}A’|2 + |G*Z|2) d(M’M>Si| +¢3|GX|?
0 0

<0.



Ji etal. Advances in Difference Equations (2016) 2016:133 Page 8 of 18

Since ¢y, ¢y, and ¢3 are given positive constants, we have IGX]?=0,|G*Y|>=0,|G*Z|?

oo

0.S0 X! =X2, V! =¥2, 7! =72, d(M,M), x P-as.
We now consider the following family of FBSDEs parameterized by / € [0, 1]:
dX! = [(1- 1), (-G*Y]) + Ib(t, U!) + ¢,] dt
+[(1 - Deh(-G*ZY) + o (&, U}) + Y ) dM,, @)

—dY} = [(1-D)eGX] +If (£, U}) + yildt - Z;dM,,
Xb=x = Yh=I10(X})+(1-)GX+E,

where ¢, ¥, and y are given processes in M>(0, T) with values in R”, R"*%, and R", re-
spectively. Clearly, when [ = 1, £ = 0, the existence of a solution of FBSDE (3) implies the
existence of that of FBSDE (1). When / = 0 in FBSDE (3), it is

dX? = [-c,G*YY + ¢l dt + [, G*ZY + Y ] dM,,
-dY) = [2GX? + v, ] dt - Z0 dM,, (4)
Xi=x  Y2=GX)+&.

For proving the existence part of the theorem, we first need the following two lemmas.

Lemma 2 The following equation has a unique solution:

dXt = [—CIZG* Yt + ¢t] dt + [_C/QG*Zt + 'l/ft] th,
~dY; = [c2GX; + v, dt - Z, dM,, (5)
Xo =2, Yr=AGXr +§&,

where X is a nonnegative constant.
Proof We note that the matrix G is of full rank. The proof of the existence for FBSDE (5)

can be divided into two cases, n < m and n > m.
For the first case, the matrix G*G is of full rank. Let

X' X
v |- oy Y\ (U, -G(GG)IGY)Y
2 - o ' z') \Un.-GG*G)6Mz)

Multiplying G* for (Y, Z) on both sides of the BSDE yields
dX, = [, Y] + ¢l dt + [~y Z, + Y] dM,,
—-dY] = [c,G*GX]| + G*y;] dt — Z, dM,, (6)
X, =%, Y, = AG*GX’ + G*§.

Similarly, multiplying (I,, — G(G*G)™'G*) on both sides of the same equation gives

-dY] = (I, - G(G*G)'G*)y, dt — Z, dM,,
Y7 =, - G(G*G)'G*)E.
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Obviously, the pair (Y”,Z") is uniquely determined (see Cohen and Elliott [4]). The
uniqueness of (X', Y’, Z’) follows from Theorem 2. In order to solve FBSDE (6), we intro-

duce the following # x n-symmetric matrix-valued ODE, which is known as the matrix-
Riccati equation:

—K(t) = -c,K* + ,G*G, te[0,T],
Kr = AG*G.

It is well known that this equation has a unique nonnegative solution K € C*([0, T); "),

where S” stands for the space of all # x n-symmetric matrices. We then study the solution
(v, q) € M*(0, T; R**"*4) of the following linear simple BSDE:

{—dpt = [~ K(O)p: + KO)pe + G*yil dt + [K(E) e = (I + cuK(2))q:) dM,, ¢ €[0,T],
pPr = G*r‘;—_

We now consider X; as the solution of the SDE

dX; = [=cy(K(O)X] + p2) + ¢] dt + [V, - cyq.] dM,,
X5 =x.

Then we can easily check that (X}, Y/, Z}) = (X, K(t)X] + p:,q;) is a solution of FBSDE

(6). Once (X', Y’,Z') and (Y”,Z") are resolved, we can obtain the triple (X, Y, Z) uniquely
by

X X’
y|=|6G6G Y +Y"
z

GGGz +Z"

For the second case, the matrix GG* is of full rank. We set

X' GX

Y | Y

zZ | z ’
X" (I, - G*(GG")G)X

where X” is the unique solution of the following linear SDE:

dxX, = (I, - G*(GG")'G)¢. dt + (I" - G*(GG*) G, dM,,
Xy = I, - G*(GG*)'G)«.

The triple (X', Y’, Z') solves the FBSDE
dX; = [-c,GG*Y, + G¢,l dt + [-c, GG*Z, + Gy, ] dM,

—dY] = [c2X] + ;] dt — Z,dM,,
X, =Gx,  Yp=AXj+E.
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In order to solve this equation, we introduce the following m x m-symmetric matrix-
valued matrix-Raccati equation:

—K(t) = ¢y, — ,bKGG*K, te[0,T],
K(T) = M.

It is well known that this equation has a unique nonnegative solution K € C*([0, T); S™),
where §” stands for the space of all m x m-symmetric matrices. We then look for the
solution (p,q) € M2(0, T; R™+"*4) of the following linear simple BSDE:

—dp; = [-c,K(£)GG*p, + K(t)Gy + vl dt + (K(£)GYry — (L, + ¢, K () GG*)qy) dM,,
te[0,T],
pr=5.

We now let X, be the solution of the following SDE:

dX, = [-c,GG*(K()X] + v;) + Go,l dt + [GY, — ¢,GG* g, ] dM,,
Xj, = Gx.

Then we can easily check that (X}, Y/, Z}) = (X}, K(£)X, + p;, q;) is a solution of FBSDE (7).
Once (X', X",Y’,Z') are resolved, then by the definition we can obtain the triple (X, Y, Z)
uniquely as

X G*(GG*) X' + X"

Y|-= Y’
Z z'
The proof is complete. d

Lemma 3 We assume Assumptions 1 and 2. If for an ly € [0,1), there exists a solution
(X%, Y, Zlo) of FBSDE (3), then there exists a positive constant 8y such that for each § €
[0, 80], there exists a solution (X'0+3, Y'+, Zlo+3) of FBSDE (3) for I = Iy + 6.

Proof Since for all ¢ € M?(0, T;R"), y € M?*(0, T;R™), ¥ € M*(0, T;R"™%), & € L*(Q,
Fr1,P), x € R", Iy € [0,1), there exists a unique solution of (3), for every Us = (X, Y;, Z;) €
M?(0, T; R*+m+mxd) there exists a unique triple u; = (x5, 5, 2;) € M?(0, T; R"7+xd) gatis-
fying the following FBSDE:

dxy = [(1 = lo)cy (=G*ye) + lob(t, ue) + 8b(t, Uy) + 8¢5 (G*Yy) + @] dt

+[A = 1lo)cy(=G*z) + oo (¢, u,) + 8o (¢, Uy) + 8¢5 (G*Zy) + Y] dM,,
—dy; = [(1 = lp)ca Gy + Lof (8, 1) + (=2 GXy) + 8f (¢, Uy) + ) dt — ze M,
X0 =X, yr =lo®xr) + (1 - 1ly)Gxr + 8(P(X7) — GX1) +&.

We want to prove that the mapping defined by

Lyss(U x X1) = u x xp : M?(0, T; R™7™74) 5 LX(Q, Fr, P)
— M*(0, T; R™™m<d) 5 [X(Q, Fr,P)

is a contraction.



Ji et al. Advances in Difference Equations (2016) 2016:133

Page 11 of 18

Let U' x X = (X,Y',Z') x X} € M2(0, T;Rrm+mxd)  [2(Q, Fr,P) and u' x &} =

Ijyss (U x X7). We set

A

U=Xx,Yv,2)=(x-x,y-v,z-2),
h=&52=@x-xy-y,z-7),
FefU)-f(sl),  b=bsU)-b(sU),  b=0(sU)-o(s ),

£ =f(s,us) —f(s, u;), by = b(s,u;) — b(s, u;), os=0(s,u) —o (s, u;)
Then

dis = (1= lo)cy(=G*9,) + lobs + b, + 8¢, G* Y] ds
+[(1 = lo)ch(=G*2Z,) + Loos + 805 + SC/ZG*ZAS] dM,
—dys = [(1 = Lo)cy Gas + lof; + 8(~c2GX;) + 5]?3] ds — z, dM,

%0=0,  yr=I0(Pxr) - 7)) + (1 -lo)Gxr + 3(P(x7) — P(x7) — Gxr).

Using the It6 product rule of semimartingales for the product (G&s, Js), taking expecta-

tions, and evaluating at t = T yield

LE(®(xr) — ®(x7), GRr) + (1 - l))E(Gr, Gir) + 8E(P(X1) — @ (X}) — GX7, GRY)

T T
=hE / [F(s, us) — F(s,u,), ik ] ds + IoE / [H (s, 15) — H(s, 1), ius| d(M, M),
0 0

T

T
CA-L)E / (2GR + ¢\ G54 ds - (1 - )E / [&,] G2 [*] (o, M),
0 0

T
+8E / [c2(Gy, GXy) + ¢y (G*35, G*Yy) + (&5, ~G*f) + (G*5, by) ] ds
0

T
+ SF / [6,(G* 20 G*2.) + (2, G6,)] (M, M)..
0
By Assumptions 1 and 2, since c; > 0 and ¢3 > 0, we obtain

T
(locs + (1 = 1)) E|Gar|* + czEf |Ga|? ds
0
r 2 T 2
+c’2E/ |G*As| ds+loc/2Ef |G*25| ds
0 0
T 9 T
+10c/2}5/ |G*3s] d(M,M)s+loczE/ |G&s|? d(M, M)
0 0
T 2
E / 1G4, de, m),
0

T T
sacus/ (11> + 5] ds+6c4Ef (1L + k] *) d (M, M),
0 0

+ 8caE|Xr|* + ScuE|xT |
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For the difference of the solutions (§,2) = (y — ¥,z — Z'), we apply the usual technique to
the BSDE and derive that

T T
E/ |9s|2ds+Ef |25 d{M, M),
0 0
T T
5c4515/ |UL|* ds + caSE| X1 |? +c4E/ 5|2 ds + c4E|x7|%,
0 0
T T
E / ol ds+ E / B, d(M, M),
0 0
T T
5c455/ \U | ds + caSE| X7 |? +c4E/ %52 ds + caE|X7 .
0 0

Similarly, for the difference of the solution & = x — &', we apply the usual technique to the
forward part:

T T
sup ]2 < o, / (5sl? + 12,2) ds + aF / 12 (0, M),
0=<s<T 0 0
T R T R
+c48E/ |Us|2ds+c48E/ |UL)2 d(M, M),,
0 0
T T T
E/ |5c5|2ds§c4TE/ (|5/S|2+|25|2)ds+c4TEf i > d (M, M)
0 0 0

T T
+ c46TE/ \UL|? ds + c48TEf |UL,|* d (M, M),.
0 0

Here the constant ¢4 depends on the Lipschitz constants, and so do G, c3, ¢3, and 7.
Combing the above estimates, we get

T T
E/ |£¢s|2ds+E/ |its|2 d(M, M) + E|Zr|?
0 0
T R T R R
5658{E/ |Us|2ds+E/ |L[S|2d(M,M)S+E|XT|2},
0 0

where the constant ¢5 depends on ¢4, G, ¢y, and c3. If we choose §; = ﬁ, then clearly for

each fixed § € [0, §¢], the mapping I, is a contraction in the sense that
T T
E/ |ﬁs|2ds+Ef 215> d(M, M) + E|Z7|?
0 0
1 roa 2 roa 2 &2
55 E |Us|* ds + E |U|* d{M,M)s + E|X1|" ¢
0 0

This indicates that this mapping has a unique fixed point (u/0*%) = (x/0*9, 50+ Zlo+d),
which is a solution of FBSDE (3) for [ = [y + §. The proof is complete. d

Proof of existence From Lemma 2 we immediately see that, when A =1 in FBSDE (5), FB-
SDEs (3) for [ = 0 (that is, FBSDE (4)) has a unique solution. It then follows from Lemma 3
that there exists a positive constant §; depending on Lipschitz constants, ¢, ¢, ¢3, and T
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such that, for each § € [0, 8y], FBSDEs (3) for [ = [y + § has a unique solution. We can repeat
this process for N times with 1 < N§y <1 + §y. It then follows that, in particular, FBSDE
(3) for [ =1 with & = 0 has a unique solution. The proof is complete. d

5 Another existence and uniqueness theorem
Next, we give another existence and uniqueness theorem. First, we give another assump-

tion.

Assumption 3
There exist constants cy, ¢, ¢3 such that

[F(t,u') - F(t,u?),u" - *] = c|G(' —x2)|2 +c (|G (y" —y2)|2 +|G* (2" - z2)|2),
[H(t,u") — H(t,12),u' — 1] = 02| G =) [* + &, (|G (7 = 9?) | + |G* (2 = 22) ),
vul = (6,91, 2"), u? = (%57, 2%) e R” x R™ x R™, P-as, ae. t eR",

and

(') - @(x*),G(x" - #%)) < —c3|G(x" - %%) > vxl e R, Va2 e R,

where ¢y, ¢, and ¢3 are given positive constants.

Theorem 3 Let Assumptions 1 and 3 hold. Then there exists a unique adapted solution
(X, Y,Z) for FBSDE (1).

Proof of uniqueness Using the same procedure as in the proof of uniqueness of Theorem 2,
by Assumption 3 we get

E(Yr,GXr)
= E(®(X7) - ®(X7), G(XT - X7))

T
= E/ [F(s,U") - F(s,u?),U" - U?]ds
0
T
+E/ [H(s, U") - H(s, U?), U" = U*| d(M, M),
0
T T o o
zczE/ |GX|2ds+c;E/ (|G*Y|" +|G*Z|") ds
0 0
T T 1o o
+c2E/ |GX|2d(M,M)S+c’2E/ (|G*Y|" +|G*Z]") d{M, M),
0 0

Thus, we deduce that

T T
02<Ef |G5(|2ds+15/ |GX|2d(M,M)S>
0 0
T T
+c/2|:E/ (IG*}A’|2 + IG*ZIZ) ds+E/ (|G*}A’|2 + |G*Z|2) d(M’M>Si| +¢3|GX|?
0 0

<0.
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Since ¢y, ¢y, and ¢3 are given positive constants, we have IGX]?=0,|G*Y|>=0,|G*Z|?

oo

0.So X! =X2, V! =12, 2 =72, d(M, M), x P-as.
We now consider the following family of FBSDEs parameterized by / € [0,1]:
dx! = [(1-Dcy(G*Y]) + Ib(t, UY) + ¢,] dt
+[lo(t, U)) + (1= ey (G*Z)) + ) dM, ®)

—dY! = [~(1 - Dy GX + If (8, Ul + y,] dt — ZLd M,
Xo=x  YL=1oXL)+(1-DGXL +¢,

where ¢, ¥, and y are given processes in M?(0, T') with values in R", R"*%, and R, respec-
tively. Clearly, when / = 1 and £ = 0, the existence of a solution of FBSDE (8) implies that
of FBSDE (1). When [ = 0 in FBSDEs (8), it is

dx? = [c,G*Y? + ¢l dt + [¢,G*Z2 + Y] dM,,
-dY? = [-c2GX? + y,] dt - Z0 dM,, )
Xo=x  Y2=GX)+E.

For proving the existence part of the theorem, we first need the following two lemmas.

Lemma 4 The following equation has a unique solution:

dXt = [C/zG* Y[ + ¢t] dt + [C/ZG*Zt + wt] th,
—-dY; = [-2GX; + vyl dt — Z, dM;, (10)
Xo =%, Yr=AGXr +&,

where X is a nonnegative constant.

Lemma 5 Let Assumptions 1 and 3 hold. If for an Iy € [0,1), there exists a solution
(X%, Y, Zlo) of FBSDE (8), then there exists a positive constant 8, such that for each
8 € [0,80], there exists a solution (X'+3, Y+ 7lo+3) of FBSDE (8) for I = Iy + §.

Remark 1 The proofs of Lemma 4 and Lemma 5 are similar to those of Lemma 2 and

Lemma 3.

Proof of existence From Lemma 4 we immediately see that when A =1 in FBSDE (10),
FBSDE (8) for / = 0 (that is, FBSDE (9)) has a unique solution. It then follows from Lemma 5
that there exists a positive constant §, depending on the Lipschitz constants, c;, ¢}, 3,
and T such that, for each § € [0, 8], FBSDE (8) for [ = [ + § has a unique solution. We can
repeat this process for N times with 1 < N§y < 1 + §y. It then follows that, in particular,
FBSDEs (8) for [ =1 with & = 0 has a unique solution.

The proof is complete. 0

6 Application to stochastic optimal control problems

In this section, we give an application of the theorem to the stochastic maximum principle
in optimal control problems through an example of the linear quadratic case. Consider a
continuous-time finite-state Markov chain m = {m,, t € [0, T']}. We identify the states of
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the process with the unit vectors e; in R¥, where k is the number of states of the chain. The
rate matrix of 1, is denoted by A;.

All the stochastic processes are defined on the filtered probability space (2,.%, %, P),
where {.%#,} is the completed natural filtration generated by the o -fields o ({m,,s < t},F €
Fr:P(F) =0), and .F = ZFr. As noted before, the martingale M; = m; — mg — fot Asmg ds
is used to drive the controlled state process X;. Next, we define the function A : [0, T] x
{eili=1,2,...,k} — S* by

A(s, e;) := diag(Aye;) — diag(e;) AF — A, diag(e;).
Note that
t
(M, M), = / [diag(Asms) — diag(m;) AT — A, diag(ms)] ds
0
t
= f A(s, my) ds.
0

Consider the one-dimensional linear quadratic optimal control problem

dXt = [AXt + But] dt + [CXt, + Dlx[t] th, (11)
X() =X,
and the cost function
L[ 2 2 1.,
J(u() =E 2 (QX} + Ruy) dt + EGxT , (12)
0

where the parameters A, B, Q, R, G are positive constant numbers, and C, D are R*k
vectors.

Denote U = {u: [0,T] x Q@ - R | uis {ﬂ}}—predictable,EfOT|u(s)|2 ds < +00}. The
stochastic control problem is to find an optimal control #* € i such that

J(u*) = inf J(u).

In order to solve the problem, we define the Hamiltonian H : [0, 7] x R x R x R x RIxk %
{e;li=1,2,...,k} - Rby

1 1
H(t,x,u,p,s,e;) = Esz + ERMZ + (Ax + Bu)p + (Cx + Du)A(t, e;)s™.
The adjoint equation is given by the following BSDE:
dpt = —Hx(t, Xt, Ut Pts Sts mt) dt + St th
= —(QX; + Ap: + C:A(t, my)s)) dt + s, dM,, 13)

pr=GXr.

Then the sufficient stochastic maximum principle is stated as follows.
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Theorem 4 Given the assumptions on the parameters above, the coupled FBSDE

dX; = [AX; — BR'Bp; — BR™'DA(t, m,)s}] dt,
+[CX,- = DR'Bp;_ — DR'DA(t, m;)s;] dM,,

dp: = —(QX; + Ap: + CtA(t, my)s}) dt + s, dM,,

X =x, pr =GXr,

(14)

exists a unique solution X, D1, 5¢). Moreover, the stochastic linear quadratic problem is
solvable with the optimal controlled state process X, and the optimal control defined by

ity = =R (Bp,- + DA(t, m,)s}). (15)
Proof First, it is easy to check that FBSDE (14) satisfies Assumptions 1 and 3. So, according
to Theorem 3, there exists a unique adapted solution ()A(t,fat,@) € M2(0, T;R x R x R*k),

So, according to (15), & € U, and X is the corresponding state process. Next, for any fixed
u € U with the corresponding state process X;, consider

1 T . .
J(w) —J(&) = E[E / (QX? + Ruj — QX} — Rit) dt + (GX2 GX%)].
0
Since G > 0, we have

E[%(GX% - Gf(%)}

> E[(Xr - XT)GXT]
E[(Xr

0<t<T

=E|: (Xt —Xr )dp: + /0 pr-d(X; Xt)"’ Z A(Xt—Xz)Apt]
-

/ (th Xt ( H (t Xt :”t:Pt ,St,n’lt) dt‘l’/ (th Xt )Sth

T
; / PefACG Xo0) + B )] dt + [ pe[COG - Xi0) + Dl = i)]
0 0

+ Z [C(Xt_ —)(At_) + D(Mt — I/Z[)]AM[S[AMtiI.
0<t<T

Notice that

Z [C(Xt_ —)(At_) + D(Mt - MAt)] AMtStAM[
0<t<T

T
- [ e - Xy + Dt - 2] dint, s
0
T A
~Low [ [C0G - Xir) + Dl - 0] (M, M)
0

T
=L, + / [C(Xt, - X))+ D(u; — b?,)]A(t,mt)sf dt
0
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for some local martingale L (see [5]). So
1 2 )
E|3 (GX7 - GX7)
T A A
ZE[/ (X[— _Xt—)(_Hx(t1Xt—) ﬂtrﬁt—t‘gt’ mt)) dt
0
T A~
+ / pt— [A(Xt_ — Xt—) + B(u, — Lit)] dt
0
T A~
+ / [C(Xt_ _Xt—) +D(Mt — Lit)]A(t, mt)S? dti|
0
By the definition of H we have

1 [(r .
5[5 / (QX} + Ru} — QX} - Riiy) dti|
0
I .
= [5 /0 (QXZ. + Ruj — QX7 - Riiy) dti|
T A
= E|:/ {H(t,X,;,, utr]}t—; gtw mt) - H(t: Xt—ﬁ I:tty}}t—ygtﬁ mt)
0
— [A(Xt_ - )A(t_) + B(Mt - l’/\lt)]ﬁt_ - [C(Xt_ — Xt—) + D(ut - i\lt)]A(t, mt)g':(} dt] .
Adding the two equations, we have
T A
](M) _](it) Z E|:f (H(t,Xt_, Mt!ﬁ[—)gtv mt) - H(tJX[—I ﬁt;ﬁt—rgtr mt)
0
- (Xt— - )A(t—)%x(t’ )A(t—) itt;ﬁt)gtr mt)) dt:l

T
= E{/ [H(t’Xt—: ut:ﬁt—;gt, mt) - H(t,Xt_, ilt,ﬁt_,gt, mt)
0

— (Xi- = X )(QXe- + APy + CA(t,m,)3,) ] dt}

Ty, 1 o, A
=E iQXt_ - iQXt‘ — (X = X)) QX
0
1, ~ %
+ ERut +Bup: + Duy A(t, m,)s;
Lo ons N ~k
- ERut - Bup,_ — Duty A(t, m,)s; | dt
> 0.

By the convexity of 3 Qx* and the fact that &, = —R™!(Bp,- + DA(t,m,)$}) we get the mini-
mum point of the function F(u) = %Ruf + Buyp,_ + Du, A(t, m,)S;. Therefore, we conclude
that

J(u) -] (@) = 0,

which proves that # is optimal. O
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Remark 2 Differently from the Brownian motion case, the optimal control and the Hamil-
tonian additionally depend on the state of the Markov chain. This is because Markov
chains are discontinuous stochastic processes with finite variation and the quadratic
processes of the martingales generated by Markov chains are quite different from the

continuous-time diffusions.
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