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STOCHASTIC LINEAR-QUADRATIC OPTIMAL CONTROL
PROBLEMS WITH RANDOM COEFFICIENTS AND MARKOVIAN
REGIME SWITCHING SYSTEM"
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Abstract. This paper thoroughly investigates stochastic linear-quadratic optimal control prob-
lems with the Markovian regime switching system, where the coefficients of the state equation and
the weighting matrices of the cost functional are random. We prove the solvability of the stochastic
Riccati equation under the uniform convexity condition and obtain the closed-loop representation
of the open-loop optimal control using the unique solvability of the corresponding stochastic Riccati
equation. Moreover, by applying It6’s formula with jumps, we get a representation of the cost func-
tional on a Hilbert space, characterized as the adapted solutions of some forward-backward stochastic
differential equations. We show that the necessary condition of the open-loop optimal control is the
convexity of the cost functional, and the sufficient condition of the open-loop optimal control is the
uniform convexity of the cost functional. In addition, we study the properties of the stochastic value
flow of the stochastic linear-quadratic optimal control problem. Finally, as an application, we present
a continuous-time mean-variance portfolio selection problem and prove its unique solvability.
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1. Introduction. The stochastic linear-quadratic (SLQ) optimal control prob-
lem plays an important role in control theory, which has developed rapidly in recent
decades due to its wide range of applications. In the classical setting, the SLQ opti-
mal control problem can be solved elegantly via the Riccati equation under some mild
conditions on the weighting coefficients (see Yong and Zhou [23, Chapter 6]). Chen,
Li, and Zhou [3] investigated SLQ optimal control problems with indefinite weighting
control matrix and their applications in solving continuous-time mean-variance port-
folio selection problems in the 1990s. From then on, there has been increasing interest
in the so-called indefinite SLQ optimal control problems as well as in addressing their
applications (see Ait Rami, Moore, and Zhou [1], Li, Zhou, and Lim [13], and Zhang
and Yin [25]).
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To tackle SLQ optimal control problems with random coefficients, Bismut [2]
initially derived the existence and uniqueness of the solution of the stochastic Riccati
equation (SRE) using techniques of functional analysis. Kohlmann and Tang [11]
studied the multidimensional backward SREs and gave an application to the stochastic
optimal control problem. Tang [19] studied general SLQ optimal control problems
with random coefficients and proved the existence and uniqueness of related backward
SREs. Sun, Xiong, and Yong [17] studied the SLQ optimal control problems with
random coefficients, proved the solvability of the corresponding SRE, and obtained
the closed-loop representation of the open-loop optimal control. Li, Wu, and Yu
[12] analyzed a special type of indefinite SLQ problem with random coefficients and
studied related SREs. For more details about the efforts devoted to the SRE and
its connection with SLQ optimal control problems, we refer interested readers to
Kohlmann and Tang [10], Tang [20], etc.

Recently, there has been dramatically increasing interest in the SLQ optimal con-
trol problems with random jumps, such as Poisson jumps or the regime switching
jumps, which are of practical importance in various fields, such as economics, finan-
cial management, science, and engineering. In the past few years, researchers have
focused on models of financial markets whose key parameters are described by Markov
processes, such as stock returns, interest rates, and volatility. In particular, one could
face two market regimes in financial markets, one of which stands for a bull market
with price rises, while the other for a bear market with price drops. We call such
a formulation the regime switching model, where the market parameters depend on
market modes that switch among a finite number of regimes. More recently, appli-
cations of SLQ optimal control problems with regime switching models or Poisson
jumps have been extensively developed. For instance, Ji and Chizeck [9] formulated
a class of continuous-time linear-quadratic optimal control problems with Markov-
ian jumps. Zhou and Yin [28] studied a mean-variance portfolio selection with regime
switching. Liu, Yin, and Zhou [14] studied the near-optimal controls of regime switch-
ing linear-quadratic control problems. Hu and Oksendal [7] discussed SLQ optimal
control problems with Poisson jumps and partial information using the technique
of completing squares. Zhang, Elliott, and Siu [26] studied a stochastic maximum
principle for a Markov regime switching model and gave applications to finance. Yu
[24] studied a kind of backward SLQ optimal control problem with the infinite hori-
zon jump-diffusion. Song, Tang, and Wu [16] established the maximum principle
for progressive stochastic optimal control problems with random jumps. Zhang, Li,
and Xiong [27] investigated open-loop and closed-loop solvabilities for SLQ optimal
control problems with a Markovian regime switching system. Hu, Shi, and Xu [8] ap-
plied the constrained SLQ control with regime switching to a portfolio problem. For
some other important works, we refer the readers to [4, 6, 15, 21], and the references
therein.

In a real market, besides the Markov chain, it is more reasonable to allow the
market parameters to depend on the Brownian motion, due to the fact that the inter-
est rates, stock rates, and volatilities are affected by the uncertainties caused by the
Brownian motion. However, up to now, few results have been obtained on this topic.
In this paper, inspired by the continuous-time mean-variance portfolio selection prob-
lems, we are interested in studying this topic, i.e., the SLQ optimal control problems
with the Markovian regime switching system and random coefficients. Further, by
developing some ideas of Sun, Xiong, and Yong [17] and Li, Zhou, and Lim [13], we
establish the existence of an open-loop optimal control, prove the unique solvability
of the associated SRE, and apply the theoretical results shown in this paper to treat
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a continuous-time mean-variance portfolio selection problem. Next, we present our
main results and difficulties in detail.

(i)

(iii)

We first introduce the associated SRE of Problem (M-SLQ) (see (2)) and
prove that the optimal state process of Problem (M-SLQ) is invertible un-
der the uniform convexity condition (7). Then, we show that a bounded
process P(-,a(-)), together with two square-integrable processes A(-) and
¢(+), uniquely satisfies the associated SRE (5), thus establishing the unique
solvability of the associated SRE (see Theorem 3.1). Moreover, we derive
a closed-loop representation for the open-loop optimal control of Problem
(M-SLQ) using the unique solvability of the SRE (see Theorem 3.2).

In order to prove the above theoretical results, we prove some auxiliary re-
sults. We establish the equivalence between Problem (M-SLQ) and Problem
(M-SLQ),, i.e., a control u*(-) € U[t,T] is optimal for Problem (M-SLQ)o
if and only if it is optimal for Problem (M-SLQ) (see Proposition 3.6), and
based on the equivalence, we analyze the time-consistency of the optimal con-
trol (see Corollary 3.8). Then, we obtain a quadratic representation of the
stochastic value flow in terms of a bounded, left continuous, and S™-valued
process (see Theorems 3.11 and 3.12). In addition, by the technique of 1t6’s
formula with jumps, we represent the cost functional of Problem (M-SLQ) as
a bilinear form, in terms of the adapted solutions of some forward-backward
stochastic differential equations (FBSDEs) in a suitable Hilbert space (see
Proposition 5.4).

As a financial application, we present an example of the continuous-time
mean-variance portfolio selection problem and prove the unique solvability of
the related mean-variance problem. Also, we derive the representation of the
unique optimal investment strategy (see Theorem 6.1), which further develops
the work of Li, Zhou, and Lim [13] to the Markovian regime switching system
with random coefficients.

Compared with Sun, Xiong, and Yong [17], the difficulties of this paper mainly come
from the solvability of the associated SRE, due to the presence of the Markovian
regime switching jumps.

(iv)

(vi)

First, due to the presence of random coefficients, the Riccati equation associ-
ated with Problem (M-SLQ) becomes a nonlinear BSDE, usually referred to
as the backward SRE. Furthermore, the backward SRE is driven by both the
Brownian motion and the martingales (Ny;(+))k,1es generated by the Markov
chain thanks to the occurrence of Markovian regime switching jumps in the
model. Thus, the solvability of this BSDE is more complicated than that of
the model with deterministic coefficients and without the Markovian regime
switching jumps.

Second, let (X;(s),Y;(s),Z;(s),I7(s)) be the solution of the FBSDE com-
posed by the open-loop optimal state process and adjoint equation corre-
sponding to initial state (¢,e;,9). It is worth mentioning that the con-
struction of the fourth component I'(s) for the solution of a matrix-valued
FBSDE (14) does not directly extend the dimensional by combining I'/(s) as
(TY(s),...,I™(s)). Furthermore, the I-term of the solution to (10) associated
with the initial state (¢,&,1) is represented as I'(s) o0&, which is different from
that of (Y (s),Z(s)) = (Y(s)&,Z(s)§). See more details in Proposition 3.10.
Third, the existence of process P(t) that appeared in (42) of Sun, Xiong,
and Yong [17] for the representation of the value function follows directly
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by its definition E[M(T) + ft (s)ds|F:]. In our case, we have a similar
representation for the Value function but with M(7T) and N(s) replaced by
functions that depend on the Markov chain a(-) and .%; replaced by the o-field
generated by the Brownian motion and the Markov chain «(-). To solve our
problem, we need to prove that there exists a process P:[0,T] x S x Q@ — S"
such that

P(t,a(t)) =E [M(T, a(T)) + /tT N(s, a(s))ds’g‘}] .

This cannot be obtained directly from the definition of conditional expec-
tation and we give proof for this (see the proof of Theorem 3.11). In our
model, although the evolution of X(s) and Y (s) depends on the Markov chain
a(+), Y(5)X(s)~! may not equal P(s,a(s)). We further prove the equality
of P(s,a(s)) = Y(s)X(s)™! (see the proof of Theorem 3.1), which plays an
important role in solving our problem.

The paper is organized as follows. In section 2, we present some preliminaries
and formulate Problem (M-SLQ) with random coefficients and regime switching. In
section 3, we state our main results, i.e., the solvability of the corresponding SRE,
the closed-loop representation of the open-loop optimal control, and some auxiliary
results. In section 4, we prove the invertibility of the optimal state process, the solv-
ability of the corresponding SRE, and the closed-loop representation of the open-loop
optimal control. In section 5, we strictly prove some auxiliary results in detail. In
section 6, we present an example of the continuous-time mean-variance portfolio selec-
tion problem under the Markovian regime switching system with random coefficients.
In section 7, we conclude the results.

2. Preliminaries. Let (Q, % ,F,P) be a complete filtered probability space on
which a standard one-dimensional Brownian motion {W (¢)};>0 and a continuous-time
and finite-state Markov chain {«(t)};>0 are defined, where the processes W (-) and a(+)
are independent and F = {.%, },> is the natural filtration of them with .%; containing
all P-null sets of #. Let FW = {#/},5¢ be the filtration generated by W (-) and

={F}i>0 be the filtration generated by a(-). We identify the state space of the
Markov chain «a(-) with a finite set S = {1,2..., D}, where D € N. Furthermore, the
generator of the Markov chain «(-) under P is denoted by A(t) = [Mki(t)]k.1es, where
A1 (t) is the constant transition intensity of the Markov chain from state & to state I at
time t. For each fixed k,l € S, we let Nkl( ) be the number of jumps from state k into

state [ up to time ¢ and set Ay (¢ fo Akt (8) I {a(s—)=kyds. Let N(t)= £ (N (t)ktes
and N( ) = (Nkl( ))k,lESa where Nkk( ) =0 and Nkl( ) = Nkl( ) — )\kl(t) when
kAL

Let T > 0 be a fixed terminal time. The trace of a square matrix M is denoted
by tr[M], the set of all n x n symmetric matrices is denoted by S™, the set of all
D x D matrices M £ (My,) with My, € S™ is denoted by Mp(S™), and the set of
all D x D matrices M £ (My,) with My, € R"*™ is denoted by Mp(R"*™). For
H = R", R"™*™, or S", denote by L% (;H) (resp., LE(S;H)) the set of all .-
measurable, H-valued, and square integrable (resp., bounded) random variables. De-
note by L2(¢,T;H) (resp., L (¢, T;H)) the set of all H-valued, F-progressive measur-
able stochastic processes ¢(s) with IEftT |¢(5)]*ds < oo (resp., esssup e 7p|d(s)| < 00),
and denote by LZ(%;C([t,T];H)) the set of all H-valued, F-adapted, and continu-
ous processes ¢(s) with E[supc(, 7 [¢(s)[?] < co. Moreover, for G = Mp(R™*™) or
Mp(S™), we denote by Li(t,T;G) the set of all G-valued F-progressively measurable
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processes ¢(s) = (¢r1(s)) € G with EftT Z,lel | Pt (5)[2 Akt (8) I fa(s—)=k}ds < co. For
n(s) 2 (nri(s)) € Mp(R™*™), we further define

D
)2 Y ma(s)dN(s)

k=1
We now introduce the following state equation, which is the controlled Markov-
ian regime switching linear stochastic differential equation (SDE) over a finite time
horizon [t,T):
dX(s)= [ (s,a(s))X(s)+ B(s,a(s ))u(s)]ds
(1) +[C(s,a (s)) (s) 4+ D(s,a(s))u(s)|dW(s), selt,T],
X(t)=¢ aft)=1,

where A(t,w,i), B(t,w,i), C(t,w,i), and D(t,w,i) are given .,V -measurable processes
for each i € S. We call (¢,£,9) an initial triple, which comes from the following set:

D:{(tagaﬁ) ‘ te [O7T]7 geLg?t(Qan)7 196[,2 ,,"‘(Qas)}

In the state equation (1), the process u(-) comes from the control space U[t,T] =
L2(t, T;R™), called the control process, and the solution X () of (1) is called the state
process with (¢,£,49) and u(-). Let us state our SLQ optimal control problem.

Problem (M-SLQ). For any given initial triple (¢,£,9) € D, find a control
u*(-) € U[t,T] such that

(2) J(t, & 9;u*(")) =u(gsé§;%fT]J(t L& 05u(-) £ V(8,€,9),

where the cost functional is given as the following quadratic form:

J(t,6.9:u()) £ E, [<G<a<T)>X<T>,X(T>>

) o (oot Sty (X (XY, ]
¢ S(s,als))  R(s,a(s)) (s) )7\ u(s)

Note that E;[] = E[-|.%;] represents the conditional expectation with respect to (w.r.t.)
Fy. For the initial triple (¢,£,9), we call the control process u*(-) an open-loop opti-
mal control of Problem (M-SLQ) if it satisfies (2), call the corresponding state process
X*()=X(t,£,9,u*(+)) an open-loop optimal state process, and call the state-control
pair (X*(-),u*(-)) an open-loop optimal pair. We call (t,£,9) — V(¢,£,9) the stochas-
tic value flow of Problem (M-SLQ), because the space L% (€;R™) becomes larger
when ¢ increases.

Remark 2.1. In the cost functional (3), when the conditional expectation E[]
degenerates to the expectation E, we denote the related problem, cost functional, and
value function by Problem (M-SLQ)o, Jo(t,&,9;u(:)), and Vy(¢,€,9), respectively.
Clearly, Vy(t,&,9) =E[V(t,£,9)].

DEFINITION 2.2. Problem (M-SLQ) is said to be (uniquely) open-loop solvable
for the initial triple (t,€,9) € D if there exists a (unique) u*(-) =u*(- ;t,£,9) € U[t, T
(depending on (t,£,9)) such that J(t,&,;u*(+)) < J(t, & 5 u(v)), a.s., Yu(-) eU[t, T,
and is said to be (uniquely) open-loop solvable if it is (uniquely) open-loop solvable for
any (t,£,9) €D.
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(H) For any choice of i € S, A(t,w,i), C(t,w,i) € Lg(0,T;R"*"),
B(t,w,i), D(t,w,i) € Lg% (0,T;R™™), G(w,i) € Ly w(Q:8™), Q(t,w,i) €
L% (0,T5S™), S(t,w,i) € Lgsy (0,75 R™*™), and R(t,w z) € L (0,T;8™).
Under the condition (H), for any initial triple (¢,£,9) € D and any control u(-) €
U[t, T, the classical theory of SDEs (see Sun and Yong [18, Proposition 2.1]) implies
that the state equation (1) has a unique solution X (-) = X (¢,&,9,u(+)), which is
square-integrable and whose path is continuous. Moreover, to simplify our further
analysis, we introduce the following BSDE:

dM(s) = — [M(S)A( a(s)) + A(s, a(s)) " M(s)
C(s,a(s)) " M(s)C(s,a(s)) ‘P(S)C(ﬁa(é‘))+C(S,0¢(S))T‘I>(8)
+Q(s,a(s))]ds + @(s)dW (s) + 1

4
(4) (s)edN(s), selt,T),
M(T)= G(a(T)), a(t)="9.

+
+

The solution of the above BSDE is denoted by the triple (M(-),®(-),n(-)), where
n() = (i ())k1es € Mp(R™ ™). Note that the terminal value G(-) is bounded, so
the theory of BSDEs combining Itd’s formula with jumps deduces the following result,
i.e., M(-) is bounded too.

PROPOSITION 2.3. Under (H), the process M(-) is bounded, where (M(-),®(-),
n(-)) is the adapted solution of BSDE (4).

3. The main results. In this section, we state our main results, such as the
solvability of the corresponding SRE, the closed-loop representation of the open-loop
optimal control, and some auxiliary results.

3.1. Solvability of stochastic Riccati equation. As shown in Sun, Xiong,
and Yong [17], the solvability of the corresponding SRE deduces the closed-loop rep-
resentation of the open-loop optimal control, which is important to deal with the SLQ
problem. Therefore, the SRE plays a crucial role in studying our Problem (M-SLQ),
and our core goal is to establish the solvability of the corresponding SRE. For this,
we introduce the following SRE: for s € [0,7],

) ) . A ) B
{ P(s,a(s)) = —[Q(s,a(s)) + S(s,a(s)) "O(s, a(s)) | ds + A(s)dW () +((s) ¢ AN (s),
P(T,a(T)) = G(AT)), (0) =,

where i € S is the initial state of a(-), and for any (s,w,i) €[0,T] x Q2 x S,

Q(s,1) 2 P(s,i)A(s,i) + A(s,i) " P(s,i) + C(s,i) " P(s,4)C(s,1)
+A(s C(s,i) + C(s,7) "A(s) + Q(s,1),

TP(s 1)+ D(s,1) 15( i)C(s,1) + D(s,z’)Tf\(s) + S(s,1),

+ D(s,i) " P(s,i)D(s,i), ©O(s,i) 2 —R(s,i)"18(s,i).

Suppose that the cost functional J(0,0,ip;u(-)) is uniformly convex in wu(-), i.e., for
any choice of ig € S, there is a positive constant e such that

T
(7) J(o,o,io;u(.))>5E/0 lu(s)|?ds Vu(-) €U[0,T).
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THEOREM 3.1. Under conditions (H) and (7), SRE (5) admits a unique adapted
solution (P(-,a(+)),A(-),((+)) € Lg2(0,T;S™) x L2(0,T;S™) x L2(0,T;Mp(S™)). In
addition,

(8
R(s,a(s)) = R(s,a(s)) + D(s,a(s)) P(s,a(s))D(s,a(s)) = el,, a.e.on[0,T], a.s.

Nubg

The above theorem shows the solvability of SRE (5), based on which the following
closed-loop representation of the open-loop optimal control can be derived.

THEOREM 3.2. Under conditions (H) and (7), Problem (M-SLQ) is uniquely
open-loop solvable and the unique open-loop optimal control {u*(s)}sef, ) w.r.t. the
initial triple (t,€,9) € D has the following linear state feedback:

(9) u'(s) =O(s,a(s)) X(s), selt,T],

where O(-) is defined in (6) and {X*(s)}sep,1) is the solution of the following closed-
loop system:

dX*(s) =[A(s,a(s)) + B(s,a(s))O(s,a(s))| X *(s)ds
() + D(s,a(s))O(s,(s))| X*(s)dW (s), s€[t,T],

Remark 3.3. Sun, Xiong, and Yong [17] studied SLQ optimal control problems
with random coefficients, proved the solvability of the corresponding SRE, and ob-
tained the closed-loop representation of the open-loop optimal control. Compared
with [17], on one hand, the above theorems further extend the results in [17] to the
framework within the Markovian regime switching, which is important in continuous-
time mean-variance portfolio selection problems (see section 6). On the other hand,
due to the presence of the Markovian regime switching jump in SRE (5), it is difficult
to directly prove the solvability of SRE (5). To overcome it, we derive some auxiliary
results first.

3.2. Some auxiliary results. To simplify the notation, from now on, for any
(s,4) €[0,T] xS, x,y,z € R™, and u € R™, let

F(s,i,2,y,2,u) 2 B(s,i) "y 4 D(s,i) " 2+ S(s,i)x + R(s,i)u,
F(s,iy,y,2,u) & A(s,i) 'y + C(s,0) Tz + Q(s,i)a + S(s,1) "u,
FO(S,?:,:E, y7 Z) é F(S7i7z7y7 Z? 0)’ ﬁ0(37i7z7y7 Z) é ﬁ(57i7z’ y7 Z? 0).

The following BSDE is called the associated adjoint equation of the state equation
(1):

dY(s) =—F(s,a(s),X(s),Y(s),Z(s),u(s))ds+ Z(s)dW (s)
(10) +T(s)@dN(s), s€t,T),
Y(T) =GD)X(T), aft)=1,

where (X (-),u(-)) comes from (1). In order to prove the solvability of SRE (5), we
present an alternative characterization of Problem (M-SLQ), in terms of the state
equation (1) and the adjoint equation (10), and then show that Problems (M-SLQ)
and (M-SLQ) are equivalent.
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THEOREM 3.4. Let (H) hold and let the initial triple (¢,£,9) € D be given. A
process u*(-) € U[t,T] is an open-loop optimal control of Problem (M-SLQ)o w.r.t.
(t,£,9) if and only if the following two conditions hold:

(i) The mapping u(-)— Jo(t,0,9;u(-)) is conver, i.e., Jo(t,0,%;u(-)) =0 Vu(-) €

Ult, T).
(ii) The following stationarity condition holds:

(11) F(s,a(s), X*(s),Y*(s),Z"(s),u"(s)) =0, a.e. s€[t,T] a.s.,
where the quadruple (X*(-),Y*(:), Z*(-),T*(-)) is the solution of SDE (1) and
BSDE (10) with u(-) replaced by uw*(-).

Remark 3.5. In the assertion (ii) of Theorem 3.4, the quadruple (X*(-),Y™*(-),
Z*(-),I*(-)) is essentially the solution of the following decoupled FBSDE:

dX*(s) = [A(s, a(s)) (s )+B(8 a(s))u*(s)]ds
+[C(s,0(5)) X*(5) + D(s, o(s))u* (s)] dW (s),
(12) dY*(S)* F(s,a(s), X*(s),Y ( )2 (8), “(s))ds

Z(s)dW (s) + " (s) @ dN(s), [t, 71,
X(t) = E, a(t)=v, YT )— (()) “(T).

PROPOSITION 3.6. Under (H), for any given initial triple (t,£,9) € D, a control
u* () €U[t, T] is optimal for Problem (M-SLQ)q if and only if it is optimal for Problem
(M-SLQ).

Based on Theorem 3.4 and Proposition 3.6, we have the following results, which
are useful to prove Theorem 3.1 later. For this, denote by 7 an F-stopping time with
values in [0,7] and denote by T[a,b] the set of all F-stopping times valued in the
interval [a,b] with a,b€ [0,T].

COROLLARY 3.7. Let (H) hold and suppose that u*(-) € U[t,T) is an open-loop
optimal control w.r.t. the initial triple (t,£,9) € D; then V(t,£,9) = J(t,&,%;u*(+)) =
(Y*(t),&), where the quadruple (X*(-),Y*(-),Z*(-),T*(-)) is the adapted solution of
FBSDE (12) w.r.t. u*(-).

COROLLARY 3.8. Let (H) hold and suppose u*(-) € U[t, T] is an open-loop optimal
control w.r.t. the initial triple (t,£,9) € D; then for any stopping time T € T[t, T,
the restriction u*(-)| () = {u*(s); s € [1,T]} remains optimal w.r.t. (1,X*(7),a(r)),
where X*(+) is the solution of the forward equation of (12).

PROPOSITION 3.9. Let (H) and (7) hold; then for any T € T[0,T),
T
Jo(7,0, a(7);u(-)) >5E/ lu(s)|*ds  Yu(-) eU[r,T).

As a direct consequence, Problem (M-SLQ) is uniquely solvable.

Next, we state some properties for the stochastic value flow V(¢,&,1), which are
important to prove Theorem 3.1 later. Recall that {ej 1 is the standard basis of R™.

PROPOSITION 3.10. Let (H) hold. Suppose that Problem (M-SLQ) is solvable
at the initial triple (t,e;,9) with 1 < j < n. Let the state-control pair {(X;(s),
u;j(s))}sepr.r) of SDE (1) be an open-loop optimal pair w.r.t. (¢,e;,9), and let {(Y;(s),

Zj(s),F](s))}se[t 1] be the solution of the associated adjoint equation (10). Denote

Tri(s) = (Dgy(s),...,Ty(s)) and
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X(s
Y (s)

(X1(5),-. s Xn(8)), U(s) 2 (ur(s),...,un(s)), sel[t,T],
(Y1(5),...,Yn(s)), Z(s)Z(Z1(s),...,Zn(s)), F(S)é(rkl(s))k,les

Then the quintuple (X (-),U(-),Y (-), Z(-),T(-)) satisfies the following FBSDE:
(

(13)

\_/
> 1>

dX(s) = [A(s,a(s))X(s) + B(s,a(s))U(s

+

(14) dY (s)=—F(s,a(s),X(s),Y
+T'(s)edN(s), selt,T],

X(t) =1l aot)=9, Y(T)=G(aT)X(T),

and
(15) F(s,a(s),X(s),Y(s),Z(s),U(s)) =0, a.e. se€t,T], a.s

In addition, for every £ € LR (;R™), the state-control pair (X&,UE) = {(X(s)¢,
U(s)€) }sep,r) 8 optimal wrt (t,£,9) and the triple (YE,ZE, T o &) = {(Y(s)E,

Z(s5)€,T(s) 0 &) }sepe,r) with T(s) 0 & £ (Tpi(s)E)kues solves the adjoint BSDE (10)
associated with the pair (X&,UE).

Based on the above results, we have the following theorems, which present a
quadratic form of the stochastic value flow into a bounded and left-continuous process.

THEOREM 3.11. Let (H) hold. For any given t € [0,T] and ¥ € L> « (€ 8), if
Problem (M-SLQ) is solvable at the initial time t, then there is a process P :[0,T] x
S x Q—S™ such that

(16) V(t,6,9) = (P(t,9)§,€) VEE€LZ (KR™).
THEOREM 3.12. Let conditions (H) and (7) hold. Then the process P ={P(t,1);
(t,1) €]0,T] x S} that appears in (16) is bounded and left-continuous.

Finally, based on Theorems 3.11 and 3.12, we introduce a stopped SLQ problem
and present some results for it, which is useful to the proof of Theorem 3.1 too. Recall
that 7 € T7(0,T] is an F-stopping time, and set

D™ 2 {(0,6,9) | 0 €TI0,7), £€ L% (LR, Y€ L% (4:S)}.

Problem (M-SLQ)". For any given (0,£,9) € D7, find a control u*(-) € U[o, 7]
such that
JT(Gvfaﬁ;U*(')) = (ejs%r[lf ] ']T(0-3§719; U()) = VT(U,§719)7
u(-)e|o, T

where the cost functional

I (0,6 05u() 2 E, [<P<T,a<f>>x<f>,x<f>>

o [ (Gt Strelny (XY (X))
o \\S(sa(s))  R(s,a(s)) (s) ) 7\ uls)
with X () being the solution of (1) w.r.t. (0,&,9) over [o,7]. Similar to Remark 2.1,
when the above conditional expectation E,[-] degenerates to E, we denote the related

problem, cost functional, and value function by Problem (M-SLQ)7, J§ (¢,&,9;u(+)),
and Vi (¢,€,7), respectively.
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PROPOSITION 3.13. Let conditions (H) and (7) hold. Then

(i) Problem (M-SLQ)™ is uniquely solvable at every o € T[0,7);

(ii) if u*(-) €eU|o,T] is an optimal control of Problem (M-SLQ) w.r.t. (¢,£,9) €
T10,7) x L (R™) x L(Qg,g (8 8), then the restriction u*(-)|s,- of u*(-) on
the interval [o,7T] is also an optimal control of Problem (M-SLQ)™ w.r.t. the
same initial triple (0,&,9);

(iii) the stochastic walue flow V7(-) of Problem (M-SLQ)™ has the form
V7 (0,6,9) = (P(0,9)§,6) ¥(0,£,9) € T[0,7)xLE (4 R")x L% (2 S), where
P(-,a(+)) is the process that appears in (16). ’

4. Proof of the solvability of SRE. In this section, based on the auxiliary
results of subsection 3.2, we prove the solvability of SRE (5). First, we prove that SRE
(5) is uniquely solvable, and then we prove that the first component P(-,a(-)) of SRE
(5) is exactly the process P(-,a(-)) that appears in (16). Finally, as a by-product,
the open-loop optimal control is represented as linear feedback of the state. Next, we
use several lemmas to prove Theorem 3.1. Recall that SDE (1) is the state equation,
BSDE (10) is the associated adjoint equation, and {e;}7_, is the standard basis of R".

LEMMA 4.1. Suppose the conditions (H) and (7 ) hold. Denote by {X;(s)}sejo,1]
the (unique) open-loop optimal state process corresponding to the initial triple
(t,£,9) = (0,ej,i0). Then the R™"-valued process {X(s)}scjo,r) with X (s) £
(X1(8),...,Xn(8)) is invertible.

Proof. Let u;(-) € U[0,T] be the unique optimal control w.r.t. (0,e;,4o) so that
for s €[0,T7,

dX(s) = [A(s, a(s)) X;(s) + B(s, a(s))u;(s)] ds
+[C(s, ()X (s) + D(s, a(s))u; (s)| dW (s),
X(O):ej, Q(O):ZO
Then, with U(s) = (u1(s),...,us(s)), one has for s €[0,T],
dX(s) = [A(s,a(s))X(s) + B(s,a(s))U(s)]ds
(17) +[C(s,0(5))X(s) + D(s, o(5))U(s) | dW (),
X(0)=1,, «a(0)=7io.
We define the stopping time (at which, for the first time, X() is not invertible):
0(w) =inf {s € [0,T];det(X =0},

where we use the convention that the infimum of the empty set is infinity. It should
be pointed out that if we prove that P(§ = cc0) =1, i.e., the set O £ {w € Q: §(w) < T}
has probability zero, then we can get that X (-) is invertible.

Suppose the contrary and set 7 = § A T. Then 7 is in 7(0,7] too. When
7 =6 on O, we know that X (7) is not invertible on O by the definition of 6. Thus,
we can choose an .%,-measurable, S"-valued, positive semidefinite random matrix H
with |H| = 1 on O such that H(w)X (7(w),w) = 0 for any w € . Note that P =
{P(t,1);(t,i) €[0,T] x S} is bounded, is left-continuous, and satisfies (16) according
to Theorems 3.11 and 3.12. For ¢ € T[0,7] with s € [, 7], we consider the equation

dX (s) = [A(s,a(s)) X (s) + B(s,(s))u(s)|ds
(18) +[C(s,a(s)) X (s) + D(s,u(s))u(s) | dW (s),
X(o)=¢, afo)=1,
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and the following auxiliary cost functional:
(19) JH(0,€,95u(-)) 2 J7(0,€,9;u(")) + Eq [(HX (1), X (1))].

Consider the problem of minimizing the cost functional (19) subject to the state
equation (18), called Problem (M-SLQ)g. Moreover, denote by Vg (+) the associated
stochastic value flow. Then the following two assertions hold:

(i) For any choice of o € T[0,7) and ¥ € L2 (€ 8) with a(o) =1,
E[J7(0,0,9;u("))] ZE[J7(0,0,9;u(-))] > sE[/T u(s)2ds] Yu(-) €U[o, 7).

(ii) The restriction u(-) = .u;(-)[j0,-) over the time inverval [0,7] is optimal for
both Problem (M-SLQ)” and Problem (M-SLQ)y w.r.t. the same initial
triple (0, e;,10).
For the above assertion (i), in fact, the first inequality is true since H is positive semi-
definite, and the second inequality comes from the proof of assertion (i) of Proposition
3.13. Then, by Proposition 3.9, both Problems (M-SLQ)" and (M-SLQ) g are uniquely
solvable at any o € 7[0,7).

For the above assertion (ii), on one hand, by assertion (ii) of Proposition 3.13, we
see that u7(-) is optimal for Problem (M-SLQ)™ w.r.t. the initial triple (0,e;,ip). On
the other hand, according to Theorem 3.4, in order to show that u;() is an optimal
control for Problem (M-SLQ)y w.r.t. (0,e;,40), it suffices to prove that the solution
(XT(), Y[ (), ZJT(-),FJ'VTC)) of the FBSDE

dX7 (s) = [A(s,a(s))X] (s) + B(s, a(s))uj (s)]ds
+[C(s, () X] (5) + D(s, a(s))u] (s)|dW (s),
(20) dY[ (s) = —F(s,a(s), X] (), Y] (5). Z7 (5),u} (5))ds
+Z]T(s)dW(s)+FJT( s)edN(s), s€[0,7],
X70)=ej, a(0)=io, Yj(r)=[P(r,a(r))+ H]X](7),

satisfies the following stationarity condition:

(21) F(s,a(s), X (s),Y] (s),Z] (s),uj(s)) =0, ae. s€l0,7], as.
Note that X7 (s) = X (s)e; for 0<s < 7. Thus, by the choice of H, we have
(22) HX](1)=HX(7)e; =0.

It follows that the terminal value Y (7) = P(7,a(r))X] (), which implies that
FBSDE (20) is exactly the FBSDE associated with Problem (M-SLQ)". Then from
Theorem 3.4 again, the stationarity condition (21) follows from the fact that u(-) is
an open-loop optimal control of Problem (M-SLQ)™ w.r.t. (0,e;,%o).

Now, for Problem (M-SLQ), by Theorem 3.11 and the above assertion (i), there
is a bounded, left-continuous, and S™-valued process Pg (-,%) such that

(23) VH(Uﬂfvﬁ) = <PH(07 19)§7§> V(U7€719) € T[07T) X Lofzoa (Q§Rn) X L2 3(978)

Next, we prove that P(-,a(-)) appearing in (16) equals to Py (-, «(-)) appearing in
(23), i.e

(24) P(t,a(t)) = Pu(t,a(t)), tel0,7).

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/31/23 to 158.132.161.180 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

960 JIAQIANG WEN, XUN LI, JIE XIONG, AND XIN ZHANG

By the above assertion (ii), we see that {(X7(s),u}(s))}sc[0,-] is the optimal

state-control pair for both Problem (M-SLQ)" and Problem (M-SLQ)gy w.r.t. the
initial triple (0,e;,40). Let

X7(s) 2 (XT (). X7(5)), U (s) = (u(s),...,un(s)), s€0,7],

and take an arbitrary z € R™. From Proposition 3.10, we have that the pair
(X"x,U"z) is the optimal state-control for both Problem (M-SLQ)” and Problem
(M-SLQ)pg w.r.t. the initial triple (0,z,49). Moreover, by Corollary 3.8, the pair
(X7 (s)x,U" (s)x) with s € [t,7] remains optimal w.r.t. (¢, X7 (¢)x,a(t)) for every
t €[0,7). Thus, note that HX7 (1) =0 by (22),
Vir (6, X7 (8)2,a(t)) = it (£, X (02, (), U7 (£)2)
=J(t, X7 ()z,a(t); U7 (t)z) + E(HX"(1)z, X7 (7)x)
=J(t, X )z, a(); U (t)z) =V (t, X" (t)z,a(t)).

Noting that X7 (t) = X (¢) when t € [0,7), we deduce from the above that

(Pr (8, a(t)) X (t)z, X (t)x) = Vi (8, X7 (t)z, a(t))
=V (t, X7 (t)z,a(t) = (P(t,a(t) X (t)z, X (t)z).

Since z € R™ is arbitrary, it follows that
X(t)"P(t,at)X(t)=X(t) Py(t,a(t)X(t), te[0,7).

From the definition of 7, we see that X is invertible on [0,7), which implies that the
relation (24) holds. Thus, for some choice of i € S, one has

(25) P(t,i) = Pg(t,1), te€]0,7).

However, on the other hand, Py(7,i) = P(7,i) + H, and both P(-,i) and Pg(-,i)
are left-continuous. Finally, in (25), letting ¢ 1 7 yields a contradiction, P(7,i) =
P(r,i) + H, since |[H| =1 on Q. O

Note that under the conditions of Theorem 3.1, Problem (M-SLQ) is uniquely
solvable by Proposition 3.9. Let {(X;(s),u;(s))}sejo,r) be the optimal pair and
{(Yj(s),Z;j(s),17(s)) }sept, 1) be the adapted solution of the adjoint BSDE correspond-
ing to the initial triple (0,e;,49) for each j = 1,2,...,n, respectively. Now, with
Ti(s) = (Th(s),..., Ty (s)), Proposition 3.10 implies that the matrix-valued processes
(X(),U(-),Y(-),Z(-),T()) defined by (13) satisfy FBSDE (14) with the initial triple
(0,I,,i0) over [0,T]. Moreover, the following stationarity holds:

(26) F(s,a(s),X(s),Y(s),Z(s),U(s))=0, ae. s€0,7T], a.s

In addition, on one hand, from Lemma 4.1 we see that X(-) is invertible. On the
other hand, from Theorems 3.11 and 3.12, there is a process P:[0,T] x § x Q — S™,
which is left-continuous and bounded, that satisfies (16).

LEMMA 4.2. Suppose (H) and (7) hold. Then,
(27) P(s,a(s) =Y (s)X(s)"', s€[0,T],

where P(-,a(-)) is the process appearing in (16) and the pair (X (-),Y () is defined
n (13).
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Proof. For arbitrary € R™ and s € [0, 7], set that

X*(s)=X(s)z, u*(s)=U(s)x,
Y*(s)=Y(s)x, Z*(s)=Z(s)x, T'"(s)=T(s)oux.
Then, on one hand, Proposition 3.10 implies that the pair (X*(-),u*(+)) is an open-loop
optimal pair w.r.t. the initial triple (0,x,49) and that the triple (Y*(-),Z*(:),I'*(-))
is the adapted solution to the adjoint BSDE associated with (X*(-),u*(-)). On
the other hand, for every s € [0,7], Corollary 3.8 implies that the restric-
tion (X*(-)|s,77,u*()|is,7) of (X*(-),u*(-)) over the interval [s,T] remains opti-
mal w.r.t. (s,X*(s),a(s)). Thus, from Corollary 3.7, we have V (s, X*(s),a(s)) =
(Y*(s), X*(s)). Now, owing to (16), the above equation implies that
2" X (5)" P(s,a(s)) X (s)z = (P(s,a(s)) X (s)z, X (5)2) = (P(s,0(s)) X" (), X" (5))
=V (5, X*(s),a(s)) = (Y*(5), X*(5)) = (Y (s)x, X (s)x) =2 X (5) Y (s)z.
Since z € R™ is arbitrary, we deduce that X (s)" P(s,a(s)) X (s) = X(s)" Y (s). Then
the desired result follows from the fact that X (-) is invertible. |

In the following, please keep in mind that P(-,«(-)) represents the process that
appears in (16) and (X (-),U(-),Y (:),Z(:),I'()) defined by (13) satisfies FBSDE (14)
with (0,1,,49) over [0,T].

LEMMA 4.3. Suppose (H) and (7) hold. Then, with the relation (27) and the
notation

(28)
O(s,a(s)) =U(5)X (s) ™", As) =II(s,a(s)) — P(s,(s))[C(s) + D(s)O(s, a(s))],

(s, a(s)) = Z(s)X ()", ((s) = (Cu(s))nes with
Ckl(s) éI‘kl(s)X_l(s), CES [O,T],
we have that the triple (P (-, a(-)), A(+),C(+)) satisfies the following BSDE: for s € [0,T],
(29) ~
dP(s,a(s)) = — [Q(s,a(s)) + S(s,(s)) TO(s,(s))] ds + A(s)dW (s) + ((s) @ AN (s),
P(T,a(T)) =G(a(T)),  a(0) =i,
where Q(-) and S(-) are defined in (6). Moreover, A(-) is symmetric, and
(30) S(s,a(s)) + R(s,a(s))O(s,a(s)) =0, ae. s€0,T], as.
Proof. First, by the relation (16), we have

(G(a(T))E,6) =V(T,&,a(T)) = (P(T,(T))E,6)  VE€ Lz, (hR"),

which leads to that P(T,a(T)) = G(a(T)). Note that X (-) satisfies SDE (17) and
is invertible, so its invertibility (denoted by X ~!(-)) exists and satisfies the following
SDE:

AX(5)"" =Z(s,a(s))ds + Als, a(s))dW(s), s [0,7),
where
H(s,a(s)) = Xﬁl(s){ [C(s,a(s)) + D(s,a(s))O(s, a(s))]2 — A(s,a(s))

—B(s,a(s))@(&a(s))},
A(s,a(s)) = —Xﬁl(s) [C’(s, a(s)) + D(s,a(s))O(s, a(s))]
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Applying Itd’s formula to the right-hand side of (27), we have

dP(s,a(s))
— —F(s,a(s), X(5), Y (), Z(5), U()) X~ (s)ds -+ Z(s)A(s)ds

+Z(5)X M (s)dAW (s) + > Tha(s)X ' (5)dNw(s)

= [~ A(s,a(5)) " P(s,a(s)) = C(s,a(s)) "TI(s,a(s))
—Q(s,a(s)) = S(s,0a(s)) " O(s, a(s))
+P(s,0(3)) [(C(s,0(s)) + D(s,0(s))O(s,(s)))
— A(s,a(s)) — B(s,a(s))O(s, a(s))]
D
—II(s,a(s))(C(s,c(s)) + D(s,a(s))O(s,c(s)) ] ds + Z Cri(s)d Ny (s)
k=1

+ [I(s, () = P(s, a(s))[C(s,a(s)) + D(s, a(s))O(s, a(s)]|dW (s)
=—[Q(s,a(s)) + S(s,a(s)) TO(s,a(s))]ds + A(s)dW (5) + ((s) ® AN (s).
Note that P(s,a(s)) is symmetric, i.e., P(s,a(s)) = P(s,a(s))" for s € [0,7].
Comparing the diffusion coefficients of the above BSDEs satisfied by P(-,«(:)) and
PT(-,a()), we obtain A(s) = A(s)" for s € [0,T]. Further combining (26) and (28),
we get

S(s,a(s)) + R(s,a(s))O(s,a(s)) = F(s,a(s),X(s), Y (s),Z(s), U(s)) X L (s) = 0.
This completes the proof. 0
LEMMA 4.4. Suppose (H) holds, and there exists a constant € > 0 such that (7)
holds. Then

(31)
R(s,a(s)) = R(s,a(s)) + D(s,a(s)) " P(s,a(s))D(s,a(s)) = €l,,, ae. on[0,T], a.s

Proof. The procedure of the proof can be divided into three steps.
Step 1. Let us temporarily assume that processes O(-) = {O(s,a(s))}sep0,r) and
A(-) = {A(s)}sepo,m defined by (28) satisfy the following condition:

’ 2 2
(32) eisggp/o [10(s,w, a(s))]* + |A(s,w)[*]ds < oo.

Choosing an arbitrary control v(-) € U[0,T], we consider the following SDE: for s €
[t, 7],
(33)
dX"(s)={[A(s,a(s)) + B(s,a(s))O(s,a(s))| X"(s) + B(s,a(s))v(s) }ds
+{[C(s,a(s)) + D(s,a(s))O(s,a(s)]| X" (s) + D(s a(s))v(s) }dW (s)
XU(0)=0, a(0)=ip.
By the standard SDE theory, we see that XV (-), the solution of SDE (33), belongs to
space LZ(€;C([0,T]; R™)). Hence,

(34) u(s) = 0(s,a(s)) X" (s) +v(s) €U[0,T].
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According to u(-) defined in (34) and the uniqueness of SDEs, X (+), the solution of (1)
w.r.t. the initial triple (0,0,49) over [0,7] coincides with X"(-), the solution of (33),
ie., XV(s) = X(s) for any s € [0,T]. Note that P(s,a(s)) satisfies BSDE (29). By
applying Ito6’s formula to (P(s,a(s))X?(s), XV (s)) first and then taking expectations
on both sides, we can get

E(G(a(T))X"(T), X" (T))
T

B [ { -~ ([Qs.a(s) + 5(5.a(5)TO(s,a()] X (3), X" (5))
0

—|—2<[S(s,a(s)) - a(s)) ]Tu (s),X"(s,a(s)))
+ <D(s7 a(s))TP(s, a(s))D(s, a(s))u(s),u(s))}ds.

Substituting (35) into (3) with the initial triple (0,0,49), we have

(35)

T0.0.u()) =% | (85,006 T O (5,0 X (6), X°(5)
+2(S(s,a(s)) Tu(s), X" (5)) + (R(s,als))u(s), u(s)) }ds.
Combining (30) and (34), we further deduce that
J(0,0,i0u(-))

T

= IE/ <]%(s, a(s))[u(s) — O(s,a(s) X (s)],u(s) — O(s,a(s)) X" (s) )ds
o A

:E/O (R(s,(s))v(s),v(s))ds.

Finally, the condition (7) implies that J(0,0,4p;u(-)) = 0 Vu(-) € U[0,T]. Therefore,

(36)
R(s,a(s)) = R(s,a(s)) + D(s,a(s)) " P(s,a(s))D(s,a(s)) =0, a.e. on [0,T], a.s
Step 2. Now we prove that without the additional condition (32), the above
result (36) still holds. The key method is to apply a localization technique so that the

preceding argument can be applied to a certain stopped SLQ problem. In detail, for
each k > 1, we define the following stopping time (with the convention inf & = c0):

r=nf {te [o,:r];/o [©(s, () + ()] ds > K} AT

Take an arbitrary control v(-) € U[0,T] and consider the state equation (33) over the
interval [0,7%]. By the definition of 73, we have

Tk
| 186 ale)P + AP ds <k,
0
which implies that XV(-), the solution of (33) over [0,7%], belongs to

LA(Q;C([0,7]); R™)). Hence u(s) £ O(s,a(s))X(s) + v(s) € U[0,7;]. Then we can
proceed as in Step 1 to get that

J(0,0,i0:u(-)) = E /Om ([R(s,a(s)) + D(s,0(s)) T P(s,a(s))D(s, a(s))] v(s), v(s) )ds.
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By the proof of assertion (i) of Proposition 3.13, we have that for any choice ig € S,
J(0,0,i0;u(-)) =0 for every u(-) € U[0, 7], and note that v(-) € U[0,T] is arbitrary, so

(37)

R(s,a(s)) = R(s,a(s)) + D(s,a(s)) " P(s,a(s))D(s,a(s)) =0, a.e. on [0,7], a.s.

Because the process X ~'(-) is continuous, U(-) and Z(-) are square-integrable, and
the processes P(-,a(-)), C(-), and D(-) are bounded, from (28) we have

T
| eGP +a@ P ds <ox. as

This implies that limg_, 7% = T almost surely. Hence (36) still holds by letting
k — oo in (37).

Step 3. In order to obtain the stronger property (31), we take an arbitrary but
fixed € € (0,2) and consider the following stochastic LQ problem of minimizing:

Je(t7 67 797 U’())
_E, [<G<a<T>X<T>, X(1))

e (G e YR () )]
where X (-) is the solution of state equation (1). Clearly, with e replaced by & — €, the

conditions of Theorem 3.1 still hold for J.(¢,&,9;u(-)). Thus, there is a process Pe()
such that
‘/€t7 ’ﬁé inf Jta 7197 ! :Pety'lg )
(LEDE W (6 Du0) = (D6
V(t,€,9) € [0,T) x L, (% R™) x L (45).

Then, by the previous discussion, we have

R(s,a(s)) — €I, + D(s,a(s)) " P.(s,a(s))D(s,a(s)) =0, a.e. on [0,T], a.s.
Now, by the definition of J.(t,£,7;u(+)), we deduce that
V(,&9)= inf  J(tE& 9 ul(-
.80 = b o JEE ()

= inf Je ta 719; '
. (t,& 5u(-))

=Ve(t,6,9) V(t,€0) €0, T x LF, (UR") x L5, (4S),
from which we see that P(t,9) > P.(t,9) for any t € [0,T] and ¥ € L> 2 (;8), and

therefore

R(s,a(s)) = R(s,a(s)) + D(s,a(s)) " P.(s,a(s))D(s,a(s)) > €l,,, a.e. on [0,T], a.s.

Finally, note that e € (0,¢) is arbitrary, so property (31) holds. This completes the
proof. O
Based on the above preparations, we now can prove Theorems 3.1 and 3.2.

Proof of Theorem 3.1. On one hand, from Lemma 4.3, we see that the bounded
process P(-,a(+)) in (16) and the processes A(-) and {(-) defined by (28) satisfy BSDE
(29) and relation (30). On the other hand, Lemma 4.4 implies that
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R(s,a(s)) = R(s,a(s)) + D(s,a(s)) " P(s,a(s))D(s,a(s)) = el,n, a.e. on [0,T], a.s.,
which, together with relation (30), deduces that

(38) O(s,a(s)) = —R(s,a(s))"15(s,a(s)), a.e. on[0,T], as.
Substituting (38) into BSDE (29) yields that
(39)

dP(s,a(s)) = [¥(s,a(s)) — Q(s,a(s))|ds + A(s)dW (s) + ((s) ¢ AN (s), s€[0,T],
P(T704(T)) G(O‘(T))ﬂ O‘(O) = 1o,

where Q(-) is defined by (6), and
U(s,a(s)) 2 8(s,a(s)) " R(s,a(s)) " 8(s,a(s)), se[0,T].

Then SRE (5) follows easily from (39), and (P(-,(-)),A(:),¢(+)), the solution of SRE
(5), coincides with (P(-,«(+)),A(-),<(+)), the solution of BSDE (39), i.e.,

P(s,a(s)) = P(s,als), A(s)=A(s), {(s)=((s), s€[0,T].

In the following, we still adopt (P(-,a(+)),A(:),¢(:)) in order to keep the consistency
of symbols.

It remains to prove that the processes A(-) and ((-) are square-integrable. Note
that in BSDE (39), the matrix-valued processes A(-), C(-), Q(-), and P(-,(-)) are
all bounded and the process \i/() is positive semidefinite, so we can choose a positive
constant K such that

(40)

tr[P(s,a(s))] + | P(s,a(s)P <K, 01[Q(s,a(5))] < K[1+[A(s)]],
tr[P(Sva(S))Q(As, a(s)] < |P(s,a(s))] - 1Q s, ()| K[+

tr[=P(s, ()W (s, (s))] < Amax[=P (s, a(s))] tr[¥ (s, a(s))] < K tr[W (s, a(s))],

for Lebesgue almost every s,P-a.s. In the last inequality, we adopt Theorem 7.4.1.1
of Horn and Johnson [5]. In the following, we denote by the same letter K a generic
positive constant whose value may be different from line to line. Define for each m > 1
the stopping time (with the convention inf & = co)

t D
(41) A, =inf {te [O’T];/o [|A(s)]* + Z |Ckl(5)|2)\kl(3)l{a(57):k}}dS2777«}7

k=1

which implies that lim,, ., A = 00 almost surely. Then we have

tAAm R
Pt AAm,a(tAAy))= P(0,i0) + / [(W(s,a(s)) — Q(s,a(s))]ds
(42) 0

tAAm, tANm, -
+ /0 A(s)dW (s) + /o ((s) @ dN(s).

From the definition of \,,, it is easy to see that the processes

{ [ A(s)dW(s>} -{/ tA<s>1{s<Am}dW<s>}t€[O,T] |

te[0,T]
{ / M s)e dms)} - { / (e ® dms)}tem

t€[0,T)
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are matrices of square-integrable martingales w.r.t. the filtration F = {.%;;0 <t < 0o}
and F* = {.7;0 <t < 0o}, respectively. Therefore, taking expectations on both sides
of (42), we have

tAAm .
E[P (EA Ay (A /\m))] = P(0,i9) + E/o [\Il(s,a(s)) — Q(s, oz(s))]ds.

Thus, combining with (40), we see that
tAAm R
(43) ]E/ tr[U(s, a(s))]ds
’ A A
=Etr [P (tAXm,a(t AAp)) — P(0,40)] + E/ tr[Q(s, a(s))]ds
0

tAAm
<k[1 —HE/O A(s)]ds]-
On the other hand, for BSDE (39), applying It6’s formula to P(s,a(s))? and denoting
C%(s) 2 (Cui(s)?), we have
d[P(s,a(s))]?
{P( a(s)) [¥(s,a(s)) = Qs as))] + [¥(s. a(s)) = Qls, a(s))] P(s, a(s))

D
2—|— Z Cl )\kl I{a(s )= k}}ds
k=

176 o())A(s) + A(s)P(s, a(s))] AW (1)
+ Z P(s=)Cu(s)dNp(s) + ¢2(s) @ AN (s).

k=1

—

Now, note (41), a similar argument shows that

E[P(s,o(s))]* = P(0,i0) + E/O i {P(S, a(s)[¥(s,a(s)) — Q(s, a(s))]

+ [‘i’( a(s)) = Q(s,a(s))| P(s,a(s)) + A(s)?
+ Z Crt(8)* Akt (8) sy = }dS

k,l=1

Combining with (40)—(43) and recalling the Frobenius norm, we have

tANm tAAm D
E/ |A( )2dS+E/ Z ‘Ckl | )\kl( )I{a(s )= k}ds
0 k=1
tANm, tAAm D
=tr |:E/ [A(s)]2d5+E/ Z [Ckl(5)}2>\kl(5)1{(¥(8—)=k}d8
0 0 k=1

tAAm R
=E|P (t A, (t AA)))? = |P(0,i0)|? + QIE/O tr[P(s, a(s))Q(s,a(s))]ds

AN R
4R /0 tr[— P(s, a(s)) ¥ (s, a(s))|ds
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tAXm tAAm
<K+m{a/ [+ |A(s)|}ds+KIE/ e[ B (s, als))]ds
0 0

tAAm, 1 tAAm
<K+K]E/ |A(s)|ds < K +2K? + 5IE/ |A(s)|%ds,
0 0

where in the last inequality we employ the Cauchy—Schwarz inequality. Hence, we
obtain that

1 tAAm, tAAm D

Q]E/O [A(s)[*ds + ]E/o Z 1t ()P Akt (8) I (s—y=kyds < K + 2K

k=1

Because lim,, oo Ay, = 00 almost surely and K does not depend on m and ¢, we
conclude that the processes A(+) and {(-) are square-integrable by letting m — oo first
and then ¢t 17 ]

Proof of Theorem 3.2. Note that Propositions 3.9 and 3.10 imply that Problem
(M-SLQ) is uniquely open-loop solvable at any initial time ¢ < T, and the open-loop
optimal control u*(:) w.r.t. (¢,&,9) is given by

u(s) = (u1(s),...,un(s))€&, selt,T).

Therefore, for the sake of the optimal control w.r.t. any initial triple (¢,&,9) € D,
it is sufficient to determine the open-loop optimal control u;(-) = {u;(s);s € [0,T]}

w.r.t. (0,ej,4) for each j = 1,...,n. From Lemma 4.1, we see that the process
X () ={X(s);0<s<T} is invertible. On the other hand, Lemma 4.3 tells us that
finding the open-loop optimal controls uy,...,u, is equivalent to finding

O(s,a(s))=U(s)X(s)"', s€]0,T].

The latter can be accomplished by solving SRE (5), whose solvability is obtained by
Theorem 3.1. In fact, from the proof of Theorem 3.1, we see that ©(-) is actually
determined by (38). Summarizing these observations, we conclude the closed-loop
representation (9). 0

5. Proof of some auxiliary results. In this section, we give the proofs to some

auxiliary results listed in subsection 3.2. For this, we let (X(-),Y(-),Z(-),T'(-)) and

(X(-),Y(-),Z(-),T(:)) be the adapted solutions of the following decoupled FBSDEs,
respectively:

dX(s)= [A(s,oz(s))f((s) + B(s,a(s))u(s)]ds
+[C(s, a(s)) X (s) + D(s, a(s))u(s)]|dW (s),
(44) dY (s) = —F(s,a(s), (s))ds
[

(45) dY (s) = —Fy(s

set,T],
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(46) 3 - y - R - }

X(s)=X(s)+X(s), Y(s)=Y(s)+Y(s), Z(s)=Z(s)+Z(s), T(s)=T(s)+I(s).
(-

In what follows, for any w(-),v(-) € U[t, T], we set

[[u,v]]tzEt/t (u(s),v(s))ds, Hu,v]]:E/t (u(s),v(s))ds.

Now, for any u(-) € U[t,T] and & € X; = L% (€R™), we define two linear operators
N; and L; as follows: for s € [t,T],
(47) Wiul(s, a(s)) = F(s,a(s), X (5), Y (s), Z(s), u(s)),
[L:&](s,a(s)) = Fo(s,a(s), X(s),Y(s), Z(s)).
First, we present a representation of the cost functional, which is characterized as

a bilinear form on a Hilbert space in terms of the adapted solutions of some FBSDEs.
Let us present the following two lemmas first, whose proofs can be found in [22].

LEMMA 5.1. Under (H), for any initial triple (t,€,9) € D and a control u(-) €
Ult, T, we have

J(t, & 05u(-) = (Y (1),6) + E

T
/t (F(s,a(s), X(s),Y(s), Z(s),u(s)), u(s)>ds‘3§] ;

where the quadruple (X (-),Y (-), Z(-),T'(:)) is the solution of SDE (1) and BSDE (10).

LEMMA 5.2. Let (H) hold; then the linear operator Ny defined in (47) is a bounded
self-adjoint operator and the linear operator Ly defined in (47) is a bounded operator.
Moreover, there exists a positive constant K, independent of (t,€,9), such that

(48) [[£:£,LE]] < KE|E)* V€€ X,
Remark 5.3. Denote by (X(-),V(-), Z(-),I'(-)) the adapted solution of the follow-
ing FBSDE:
dX(s) = A(s,a(s))X(s)ds + C(s,a(s))X(s)dW (s),

dY(s) = —Fo(s, a(s),vX(s),yﬁs), Z(s))ds
+Z(s)dW(s)+T'(s)edN(s), s€l0,T],
xX0)=1,, «a(0)=iy, YVT)=G(a(D))X ().

It is easy to check that the process X(-) is invertible (denote by X' ~1(-)) with X~1(-)
satisfying the following equation:

{ dX=1(s) =X71(s)[C(s,a(s))? — A(s,a(s))] ds

For every & € L, (Q;R™) and 1(s) £ (11a(s)) € Mp(R™*™), we set n(s)o& £ (nx(s)€).
Now, on the other hand, the processes

X()XTHE, V()X Z(s)XTH)E, T(s)o XN (1)¢

are all square-integrable and satisfy FBSDE (45). Therefore, by the uniqueness of the
adapted solutions, one has that for s € [t,T],
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Z(s)=Z(s)X 7 ()¢, T(s)=T(s)o X7 ()¢

the operator £;& could be represented in terms of

Hence, for every £ € L% (9 R"),
I'()) as follows:

the quadruple (X(-),Y(:), Z ’(

(49) [Le€](s,als)) = Fo(s, a(s), X(s), Y(s), Z(s)) X' (1)¢, s €[t,T).

;R"
);

This relation is useful in proving Theorem 3.12.

Now, we are ready to show the representation to the cost functional Jy(t, &, ;u(-)).
Note that Jo(t,&,7;u(-)) and J(¢,&,9;u(-)) have the relation Jo(t,€,9;u(-)) =
EJ(t,&,9;u(-)), and from Proposition 2.3, the first component M(-) of BSDE (4)
is bounded.

PROPOSITION 5.4. Let Ny and Ly be defined in (47) and M(-) be the first compo-
nent of the solution of BSDE (4). Then, under (H), the cost functional J(t,&,9;u(-))
has the following representation:

(50)  J(t.€05u(-) = [[NMuu]], +2[[Le& u]], + (M()E,€) V(t,€,9)€D.

Furthermore, the cost functional Jo(t,&,9;u(+)) has the following representation:

Proof. Fix any (t,£,9) € D and u(-) € U[t,T]. Let (X(-),Y(-),Z("),T(+)),
(X(),Y(),Z(),L(-), and (X(-),Y(-), Z(-),T(-)) be the adapted solutions of FBSDE
(44), FBSDE (45), and SDE (1) and BSDE (10), respectively. Then the relation (46)
holds between them. By Lemma 5.1 and the definitions of A; and £;, we have

(52) J(t,fﬁ;U(')):(Y(t),O+<Y(t)7€>+ﬂ*3t/t (Weul(s) + [£:€](5), u(s) ) ds.

On one hand, applying It’s formula to (Y (s), X(s)) on [t, T] implies that

E(G(a(T))X (T), X(T)) = (Y (t),£)
Z—Et/t [(Q(s, a(5)) X (5), X (5)) + (S(5,()) X (5), u(s))] ds.

On the other hand, applying It6’s formula to (Y (s), X (s)) on [t,T] gives that

E¢(G(a(T))X(T),X(T))

:Et/t [(B(s,a(s))—ri_/(s) + D(s,a(s)) " Z(s),u(s)) — (Q(s,a(s))X(s),X(s))]dS.

So we have
T

~ T — — —
(V(1).6) =E, / [(Fo(s, a(s), X (), ¥ (5), Z(5)), u(s))]ds = E, / (£4€)(5), u(s))ds.

Moreover, applying Ito’s formula to M (s)X (s), we have

(53)  d[M(s)X(s)]
=—[A(s,a(5)) " M(s)X(s) + C(s,a(s)) T (M(5)C(s,a(s))
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+ () X(5) +Qs,a(s) X ()] ds i
+ (M(5)C(5.0() + 9(3) X ()W (5) + (n(s) 0 X (5)) ¢ AN ).

Since M(T)X(T) =Y(T), we 7ee that the triple (M X, (MC + ®)X,n o0 X) satisfies
the same BSDE as (Y (-), Z(+),T(:)). Thus, by comparing (45) and (53), we have

()
Y(s)=M(s)X(s), Z(s)= (M(S)C(s,a(s)) + @(s))X(s),
L(s)=n(s)o X(s), selt,T).

It follows that (Y (t),&) = (M (t)&,£). Substituting this relation into (52) implies result
(50). By taking expectation to (50), we can easily obtain (51). |

COROLLARY 5.5. Under the condition (H), a control u*(-) e U[t,T] is optimal for
Problem (M-SLQ)o w.r.t. (¢,£,9) € D if and only if

(54) N; >0, and Nu*+L£=0.

Moreover, if N is invertible and satisfies the positivity condition Ny > 0, then Prob-
lem (M-SLQ)o is uniquely solvable at t, and the unique optimal control u*(-) w.r.t.
(t,&,0) € D is given by

(55) u*(s) = —[Ng Ligl(s), e[t T].

Proof. By Definition 2.2, we see that u*(-) € U[t,T] is optimal for Problem
(M-SLQ)o w.r.t. the initial triple (¢,&,9) if and only if

(56)  Jo(t,&, 050 ()) + M) — Jo(t, & 0u* (1) =0 Vo(-) €U, T], NeR.
According to the representation (51), one has
Jo(t, &,9;u™(-) + M) — Jo(t, &, 0;u* () = A [ [N, v]] 4 2A[[Mew®, v] ] + 2X[[ L&, 0] ].
Hence, (56) is equivalent to
N[N, o] ] + 22X [N + Li&,0]] 20 Vo(-) eUt, T, VAER.
Therefore, we must have
[[Miv,v]] 20 and  [[NMew* + L& 0] =0 Yo el[t,T],

which implies that (54) holds. The converse assertion is obvious. Finally, the repre-
sentation (55) is a direct consequence of (54). This completes the proof. |

Remark 5.6. Tt is noteworthy that in Corollary 5.5, the assumptions that N; >0
and N is invertible are equivalent to that A; is uniformly positive, i.e., there is a
constant € > 0 such that

(57) [N, u]] = e[[u,ul]  Vu() eUt, T).

From Corollary 5.5, we see that the condition N; > 0 (or equivalently, [[N;yu,u]] > 0 for
every u(-) € U[t,T]) is necessary for the existence of an open-loop optimal control of
Problem (M-SLQ)o, and the condition (57), slightly stronger than N; > 0, is sufficient
for the existence of an open-loop optimal control of Problem (M-SLQ)o. Moreover,
by (51), we have [Ny, u]] = Jo(¢,0,9;u(-)).
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Based on the above discussions, we are in a position to prove some auxiliary
results presented in subsection 3.2.

Proof of Theorem 3.4. By Corollary 5.5, we see that u*(-) € U[t,T] is an open-loop
optimal control of Problem (M-SLQ)o w.r.t. (¢,£,9) if and only if AV} > 0 and Nyu* +
L:£ =0 hold. According to (51), we see that A > 0 is equivalent to Jo(¢,0,9;u(-)) =
[[Niw,u]] = 0 for any u(-) € U[t, T], which is exactly the condition of the assertion (i)
of Theorem 3.4. From the definitions of N; and £;, one has

NViu* + L&) (s,a(s)) = F(s,a(s), X*(s),Y*(s), Z*(s),u*(s)), se€lt,T],
where (X*(-),Y*(), Z*(-),T*(-)) is the solution of FBSDE (12). Therefore, Myu* +
L:£ =0 is equivalent to stationarity condition (11). O

Proof of Proposition 3.6. The sufficiency is obvious. Next we prove the ne-
cessity. Suppose that u*(-) € U[t,T] is optimal for Problem (M-SLQ)o, and let
(X*(1),Y*(-),Z*(-),T*(-)) be the adapted solution of FBSDE (12). In order to prove
that u*(-) is also optimal for Problem (M-SLQ), it suffices to show that for any set
Ae jt,

(58) E[L(t,&,9;u"(-)1a] S E[L(t, &, J;u(-))1a]  Vu(-) €U[t,T],
where for any (¢,£,9) € D and u(-) €U[t, T,
L(t,&,93u(-)) 2 (G(a(T)) X (T), X(T))

) e[ (Gt R ) G- () e

Note that in (59), X (-) is the solution of the state equation (1) w.r.t. u(-). For this,
we would like to fix an arbitrary control u(-) € U[t,T] and an arbitrary set A € .%;.
Define

Ew) =€), D(w)=D(W)1y(w), a(s)=u(s)la(w), @ (s)=u"(s)1a(w),
and consider the following FBSDE: for s € [¢,T],

~

+[C(s,a(s))X*(s) + D(s,a(s)
dY*(s)=—F(s,a(s), X* (s),?*(s),%*(s

+ Z*(s)dW (s)
X*(t)=& a(t)=1,

dX*(s) =[A(s,a(s)X*(s) + B(s,a(s))a* (s)]ds

Then the solution ()A(*(), Y*(-),Z*(-),T*(-)) of the above FBSDE is given by
X*()=X"()aw), V() =Y ()1a(w), Z7°()=Z"()1a(w), T*()=T"()1a(w).

Now, by Theorem 3.4, (X*(),Y*(-), Z*(-),I'"()) satisfies (11). Hence multlplying on
both sides of (11) by 1, one has that F(&a(s),)?*( ), Y* Z*g\s u*(s)) =0 for
any s € [t,T]. Again, applying Theorem 3.4 to the initial tr1ple (t,€, 19), we conclude
that u*() is an open-loop optimal control of Problem (M-SLQ)o w.r.t. the initial
triple (¢,&,9). Therefore, E[L(t,&,9;u*(-))] < E[L(t,&,9;u(-))].

Note that the state process X*(-) = X*(;t,§,9,u"(-)) and the state process
X*() = X*(+t,&,9,0%()) are related by X*(-:¢,&,0,u*(-)1x = X*(+t,&,9,0*(-)). It
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follows that L(t,&,0;u*(-))1a = L(t,€,9;3*(-)). Similarly, we have L(t,&, 9;u(-))1y =
L(t,&,9;u(+)). Thus,

E[L(t,&,9;u" (-)1a] = E[L(t, €, 0; 0" ()] < E[L(t, €, 9;0(-))] = E[L(t, €, 95 u(-))14),
from which we see that (58) holds. This completes the proof. 0

Based on Theorem 3.4 and Proposition 3.6, we have Corollaries 3.7 and 3.8, whose
proofs can be found in [22].

Proof of Proposition 3.9. For any u(-) € U[r,T], we define u.(s) =0 when s € [t,T)
and u.(s) = u(s) when s € [, T]. Using the same argument as in the proof of Corollary
3.8 with ¢ =0, one has

T T
Jo(7,0, a(7);u(-)) = Jo (0,0,70; ue(+)) >5E/ |ue(s)|2ds:sIE/ lu(s)|*ds.
0 T
Hence, by setting 7 =t and from Remark 5.6, Corollary 5.5, and Proposition 3.6, we
obtain that Problem (M-SLQ) is uniquely solvable. d

Proof of Proposition 3.10. By Theorem 3.4, it is easy to see that the first assertion
holds. Now, we consider the second assertion. Note that £ € L (€2;R™) is bounded, so
the pair (X(s),U(s)) = (X (s)&,U(s)€) is square-integrable and satisfies the following
state equation: for s € [t,T],

dX(s) = [A(s,a(s)X(s) + B(s,a(s))U(s)|ds
(60) +[C(s,a()X(s) + D(s,a(s))U(s) | dW (s),
X(t)=¢, aft)=9.

Similarly, we see that the triple (Y(s),Z(s),T'(s)) 2 (Y (s)€,Z(s)€,T(s) o £) is the
adapted solution to the following adjoint BSDE associated with (X(-),U(+)):

dY(s) = —F(s,a(s),X(s), Y(s), Z(s), U(s))ds
Z(s)dW (s) +T'(s) e dN(s), sel[t,T],
Y(T)=G(a(T)X(T), aft)=97.
Furthermore, (15) deduces that
F(s,a(s),X(s),Y(s), Z(s),U(s))
=F(s,a(s),X(s),Y(s),Z(s),U(s))( =0, ae. selt,T], as

Thus, combining Theorem 3.4, the pair (X(-),U(-)) is optimal w.r.t. the initial triple
(t.€,9). 0

Proof of Theorem 3.11. Let {(X;(s),u;(s))}se,r] and {(X(s),U(s))}seft,m be
as in Theorem 3.10; then the pair {(X (s)§,U(5)§)}seft, ) is optimal w.r.t. the initial
triple (¢,&,9). For simplicity of presentation, we denote

M(T,a(T)) £ X(T) " G((T)) X (T),
o X\ [ Qs,als)) S(s,a(s)T ) [ X(s)
N(S’“(S”(Ws)) (s<s,a<s>> R(s,0(s)) )<U<s>)’
and then we could rewrite

T
(61) L(t,§,9;U€) = (M(T, «(T))§, §) +/t (N (s, (s))¢,&)ds,
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where L(-) is defined in (59). Now, on one hand, since the pair {(X ()&, U (5)§) }sept, 1]
is optimal w.r.t. (¢,&,4), from the definition (2) we have V (¢,&,9) =E[L(¢,£,9;U¢E) |
F4]. On the other hand, note that SDE (60) works over [t,T] where the initial value
¢ is F-measurable and a(t) = 9 is .Zf-measurable, hence there is a process P :

[0,T] x § x Q — S™ such that
T
—|—/ N (s,a(s))ds ft] .
t

In fact, for the special case of C =G =1and B=D =@ =5 = R =0, one can
calculate the solution of SDE (60) to obtain that

(62) P(t,a(t)) =E | M(T, (T

X(s)fexp{/: [A(r,a(r)) - %]dHW(s) W(t)}, selt, 7).

Note that X(s) = X(s)¢, and in this case M(T,a(T)) = X(T)"X(T) and
N(s,a(s)) =0, so

E[M(T, o(T))| ] =E {exp { /tT[2A(r, a(r)) — 1]dr} '9}] .

Thus (62) holds because «(-) is a Markov chain. Moreover, for the general situation,
one can still prove that (62) holds using a similar argument. Finally, by combining
(61)—(62) and noting that «a(t) =1, we have

V(tagﬂﬂ): [ (t§§U§)|'jt

:<E[ /Nsa ))ds| 2

This completes the proof. 0

Fi]6,6) = (P(0)¢,€):

Proof of Theorem 3.12. First, we prove the boundedness of the process P =
{P(t,4);(t,i) € [0,T] x S}. From Proposition 3.9, we have that for every ¢t € [0,T), the
operator N; defined in (47) satisfies

T
(63)  [[Mew,u]] = Jo(t,0,9;u(-) = EE/t lu(s)|?ds =¢e[[u,u]] Vu(-) eU[t,T],

which implies that the operator N is positive and invertible. Moreover, on one hand,
for any initial state £ € L% (2;R™), by Corollary 5.5, the related open-loop optimal
control is given by

upe(s) = =[N Li&)(s), set,T].
Then, by substituting u] (-) into (51), one has
(64) E(P(t,9)€,6) = Vo(t,€,9) = E(M(1)¢,€) — [Ny Le€, Lo£] ]
where N, and £, are defined in (47) and M(-) is the solution of BSDE (4). Therefore,
(65) E(P(t,9)¢,€) SE(M ()€, €).
On the other hand, combining (63) and (64) leads to
(66) E(P(t,0)¢,6) > E(M (t)¢, &) — e [[ Lo, Lek]].
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Thus, from Lemma 5.2, we have
(67) ]E<P(t719)€7£> P E<M(t)§7€> - 671K]E|§|2 =E < [M(t) - 571KI71] §7§> )

where K is a positive constant as in Lemma 5.2. Note that { € L%, (Q;R") is bounded
and arbitrary, which, together with (65) and (67), implies that

M(t) —e "KL, < P(t,0) < M(t), (t,9)€[0,T] x L%a(2S).

Therefore, the process P = {P(t,4);(t,7) € [0,T] x S} is bounded as follows from the
above inequality and the fact that M(-) is bounded (see Proposition 2.3).

In the following, we prove that it is left-continuous. For simplicity but without
loss of generality, we only study the left-continuity at ¢ = T, and the situation of
t € (0,T) could be proved similarly by considering the related Problem (M-SLQ). Note
that, owing to (65) and (66), for every initial triple (¢,&,7) € [0,T) x LS (Q;R") x
Liajta(Q;S), we have

(68) E(M(t)¢,€) — e [ Lo, Log]] SE(P(t,9)€,8) SE(M($)E,E).
Noting representation (49), we can rewrite [[£:£, £:£]] as follows:

T

T
126 £6]] = [ ([Folo.a(9). ¥(:). Y. 2 ()]
: [Fo(s,a(s),X(s),y(s),Z(s))X’l(t)]§,§>ds.

Again, note that £ € L% (€;R") is bounded and arbitrary, which, together with (68)
and (69), implies that for any (¢,9) € [0,T] x L2 « (§585),

(69)

M) —e X @)

x/t Fo(s,a(s), X(s),V(s), Z(s)) " Fo(s,a(s),X(s),V(s), Z(s))ds X7L(t)
< P(t,0) < M(1).

Note that X~1(¢) and M (-) are F-measurable, and P(-,a(-)) € Lg°(0,7;S™). Hence,
by taking the conditional expectations w.r.t. .%; on both sides of the above inequality,
one has

M(t) — -

_g[
x]E{

S P(ti) <

]’
T
Fo(s,a(s), X(s),V(s), Z(s)) " Fo(s,a(s),X(s),V(s), Z(S))ds‘ﬁt} X(t)
t
M(t).
Finally, letting ¢t 1T and using the dominated convergence theorem, we get that

lim P(t,1) = M(T) = G(i) = P(T.i).

Hence, the second purpose is obtained. 0

Proof of Proposition 3.13. First, we prove the assertion (i). For any fixed ini-
tial triple (0,€,9) € T10,7) x L% (4 R™) x L% (Q;S) and u(-) € U[o, 7], denote by
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{X1(8)}se[o,] the corresponding solution of state equation (1) w.r.t. (o,§,79) over
[o,7]. Consider Problem (M-SLQ) for the initial triple (7, X1(7),a(7)). By the
assumptions, there exists € > 0 such that (7) holds. Hence, from Proposition 3.9
and representation (16), Problem (M-SLQ) is solvable at 7 and V (7, X1(7), (7)) =
(P(r,a(r) X (7), X4 (1)).

Now for Problem (M-SLQ), let v*(-) € U[r,T] be an open-loop optimal control
w.r.t. the initial triple (7, X1(7), (7)) and let {X5(s)}se[r,r) be the corresponding
open-loop optimal state process. Define

o,7T), S, ) Xi(s), seloT),
T and X(S)_{X§(s), sern,T).

®
m
Q

4
—~

VA
~

m

[u®v*](s) = {

Then, it is easy to see that [u @ v*](-) € Ulo,T] and X(-) satisfies the following
equation:

dX (s) = [A(s,a(s)) X (s) + B(s,a(s))[u ® v*](s)]ds
+[C(s,0(5)) X () + D(s,a(s))[u @ v*] (s)| AW (s),
X(o)=¢&, alo)=9.

Furthermore, we have

(T0)  Jo(o,6,9; [ue v*](-)
=E[<G(a<T>)X§<T>,X5<T>>

A0SR e ) (CR)-(9 )
[ LS S ) O) ()]

where in the last equation we employ relation (16) and the definition of JJ. In
particular, when £ =0, from Proposition 3.9 we have

T
T2 (0,0,0:u(-)) = Jo (0, 0,9 [u & v*] () > dE/

| fu "] ()| ds > aIE/ lu(s)|2ds,
which combining Remark 5.6, Corollary 5.5, and Proposition 3.6 implies assertion (i)
holds.

Now, we consider assertions (ii) and (iii). Note that (70) still holds when
the expectation E replaced by the conditional expectation E,[-].  Therefore,
J7(0,&,%u(")) = (P(0,9)&,€). For Problem (M-SLQ), assume that v*(-) € U[o,T] is
an open-loop optimal control w.r.t. (0,&,9), and denote by X* ={X*(s);0 < s< T}
the related open-loop optimal state process, i.e., for s € [o,T],
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dX*(s) = [A(s,a(s)) X *(s) + B(s,a(s))u*(s)]ds
+ [C(s,a(s)X*(s) + D(s,a(s))u*(s)|dW (s),
X*(o)=¢, afo)=1.

Then from Corollary 3.8, we see that for Problem (M-SLQ), the restriction .u*(-)|(r 7
of u*(-) on the interval [7, T is optimal for the initial triple (7, X*(7), a(7)). Moreover,
n (70), using .u*(*)|[s,-] and .u*(-)|jz 7] to replace u(-) and v*(-), respectively, and
noting that u*(-)|(s,7] © w*(-)|r,7) = u*(-), we deduce

J7(0,6,9; u* () pp) = J (0,6, 0507 ()) = (P(o,9)§, ).
Therefore, the assertions (ii) and (iii) hold. d

6. Example. As presented in the introduction, in a realistic market, it is better
to allow the market parameters to depend on both the Markov chain and Brownian
motion, due to the interest rates, stock rates, and volatilities being affected by the
uncertainties caused by the Brownian motion. In this section, as an application of
our main results, we give an example of the continuous-time mean-variance portfolio
selection problem, which partially develops the work of Li, Zhou, and Lim [13] to
the Markovian regime switching system with random coefficients. For simplicity, we
would like to let m=n=1.

Suppose there is a market in which two assets are traded over a finite horizon
[0,T]. One of the assets is the bond whose asset price Sy(-) is subject to the following
ordinary differential equation:

{dSO(s) =r(s)So(s)ds, s€][0,T],
So(O) =50 > 0,

where r(-) is a positive and bounded function, which represents the bond’s interest
rate. The other one of the assets is stock whose asset price Sy (-) satisfies the following
SDE:

{dSl (s){b(s,a(s))dt + o(s,a(s))dW(s)}, se[0,T],
51( ) Sl >0 CU(O)—Z(),

where b(s,a(s)) is the appreciation rate and o (s, a(s)) is the volatility or the dispersion
of the stock. Assume that for any choice of ¢ € S, both b(-,4) and o(-,4) are in the
space Lg%, (0,T;R), and there is a positive constant § such that o(s, a(s))? = 6 for any
s €]0,T]. Assume that the trading of shares takes place continuously and transaction
costs and consumption are not considered. Then, a small investor’s self-financing
wealth process X (-) satisfies the following SDE:

(71)
(s)={r(s)X(s)+| ( (5)) —7(s)u(s) }ds + o (s,a(s))u(s)dW(s), se[0,T),
X(O) =z0>0, «a0)=

where u(-) € L(0,T;R) is a portfolio of the investor, which may change over time
s €[0,T]. Note that u(s) =0 implies that the investor invests his/her total wealth in
the bond at time s € [0,7].

As shown by Li, Zhou, and Lim [13], the mean-variance portfolio selection refers to
the problem of finding an allowable investment policy (i.e., a dynamic portfolio satis-
fying all the constraints) such that the expected terminal wealth satisfies E[X (T')] =d
while the risk measured by the variance of the terminal wealth is
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Var(X (1) = E[X(T) — E[X(D)]]” =E[(X(T) - d)°].
Then we consider the following dynamic stochastic optimization:
min E[(X(T) — d)?],
(72) s.t. E[X(T)]=d,
(X (+),u(-)) satisfies (7.2).

Since (72) is a convex optimization problem, the equality constraint E[X (T)] = d can
be dealt with by introducing a Lagrange multiplier ;4 € R. Therefore, we have

E[(X(T) - d)*] = 2u(E[X(T)] - d) =E[(X(T) — (d+ p))*] — p* =E[X(T) — )" — *,
where v =d + p. Now, if we set

_ T

X(s)=X(s) — ’yexp{ 7/ T(s)ds},

then (72) can be transferred into the following problem:

min E[X (T)?]
st dX(s) = {r(s))}(s) + [b(s,a(s)) — r(s)]u(s)}ds
(73) + o (s,a(s))u(s)dW(s), se[0,T],
T
X(0) =z — fyexp{ — /o r(s)ds}, a(0) =1ig.

It is easy to see that problem (73) is a special case of Problem (M-SLQ) with
G(a(T)) =1, A(s,a(s)) =r(s), B(s,a(s)) =b(s,a(s)) —r(s),
D(s,a(s)) =a(s,a(s)), s €[0,T],

and other coefficients are zero. Then the SRE associated to problem (73) is, for

s€0,17,

(74)
{ dP(s,a(s)) = —[Q(s,a(s)) + 5(s,a(s)) TO(s,a(s))] ds + A(s)dW (s) + {(s) e AN (s),
P(T,(T)) =1, a(0)=1o,
where ig € S and for s € [0,77,
Qs,a(s)) £ 2r(s) P(s,a(s)),
(75)  S(s,a(s)) £ [b(s, als)) —r(s)]P(s,a(s)) + o (s, a(s))A(s),
R(s,a(s)) 2 o(s,a(s))?P(s,a(s)), O(s,a(s)) 2 —R(s,a(s)) 1S (s, a(s)).
Now, we point out that conditions (H) and (7) hold for this case. In fact, it is trivial

to verify condition (H). As for condition (7), by solving the linear SDE of (73), it is
easy to verify that there is a positive constant ¢ such that

E[)N((T)Q]>5E/O lu(s)[2ds Vu(-) €U0, T].

Therefore, Theorems 3.1 and 3.2 deduce the following conclusion concerning the mean-
variance portfolio selection problem.
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THEOREM 6.1. SRE (74) admits a unique adapted solution (P(-,,a(-)),A(),
C(+)) € Lg°(0,T;R) x L2(0,T;R) x L2(0,T;R)) and the mean-variance problem (73)
is uniquely solvable. Moreover, the unique optimal investment strategy uw*(-) has the
representation

u*(s) =0(s,a(s))X*(s), s€][0,T],

where ©(-) is defined in (75) and X*(-) is the solution of the closed-loop system: for
s€0,T],

dX*(s)= {7"(5) + [b(s,a(s)) —r(s)]O(s, a(s))}X*(s)ds
+o(s,a(s))O(s,a(s))X*(s)dW(s),

T
X*(O):x(O)—’yeXp{—/O r(s)ds}, a(0) =1g.

Remark 6.2. The above result partially develops the mean-variance problems
of Li, Zhou, and Lim [13] to the Markovian regime switching system with random
coefficients, which is significantly different from that of Sun, Xiong, and Yong [17].
Note that we consider the one-dimensional state case of two assets (one bond and one
stock) to be just for simplicity, and the multidimensional case of m + 1 assets (one
bond and m stocks) can be proved using a similar argument.

7. Conclusion. This paper develops the work of Sun, Xiong, and Yong [17] to
the framework within the Markovian regime switching system, obtains the solvability
of SRE (5) with jumps and random coefficients, gets the closed-loop representation
of the open-loop optimal control, and gives a financial application of the continuous-
time mean-variance portfolio selection problem, which develops the work of Li, Zhou,
and Lim [13]. In addition, a new point of view for the uniform convexity of the cost
functional is presented, and the equivalence between Problem (M-SLQ)q and Problem
(M-SLQ) is obtained. Note that it remains open if someone could get the closed-loop
solvability in this model.
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