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Abstract

This paper deals with a class of time inconsistent stochastic linear quadratic optimal
control problems in Markovian framework. Three notions, i.e., closed-loop equilib-
rium strategies, open-loop equilibrium controls and open-loop equilibrium strategies,
are characterized in uni fied manners. These results indicate clearer and deeper dis-
tinctions among these notions. For example, in particular time consistent setting, the
open-loop equilibrium controls are fully characterized by first-order,second-order
necessary optimality conditions, and are not optimal in general, while the closed-
loop equilibrium controls naturally reduce into closed-loop optimal controls.
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1 Introduction
Through out this paper, (2, F, P, IF) is a complete filtered probability space, on which

one-dimensional standard Brownian motion W (-) is defined. Here ' = {F;};>0 is the
natural filtration of W (-) augmented by P-null sets.

1.1 Formulation of Time Inconsistent Optimal Control Problems

For any t € [0, T'), we consider the following stochastic differential equation (SDE):
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dX(s) = [A(S)X(S) + B(s)u(s) + b(s)]ds

+[C()X(s) + D(s)u(s) + a()|dW(s), s e[t Tl (I.1)
X(1) =&,

and the cost functional defined by

1 T
J(t, & u() = EEz{/ [( Q@)X (), X(5)) +2 (S()X(5), u(s))
t

(1.2)
+(R(s)u(s), u(s)) |ds + (GX(T), X(T)) }

Here A, B,C, D, Q, S, R, G are suitable matrix-valued (deterministic) functions,
b, o are proper stochastic processes, and [E;(-) := [E[-|F;] stands for conditional
expectation operator. In the above, X (-), valued in R”, is called the state process, u(-),
valued in R™, is called the control process, and (t, &) € 2 is called the initial pair
where

9 = {(t, &) | t € [0, T, & is F;-measurable, E|£|> < oo].
We denote the set of all control processes by

U, T] = [u 6, Tl x Q - R™ | u is F-progressively measurable,
T
]E/ u(s)|Pds < oo}.
t

Under some mild conditions on the coefficients, for any initial pair (¢,£) and a
control u(-) € Z|[t, T], the state equation (1.1) admits a unique solution X(-) =
X(-;t,x,u(-)), and the cost functional J (¢, &; u(-)) is well-defined. We pose the fol-
lowing stochastic linear quadratic (SLQ) optimal control problem.

Problem (SLQ) For any given (¢, &), find a iu(-) € % [¢, T] such that

JE () = inf  J@EuC) 2V, E). (1.3)

u(:)e[t,T]

Any u(-) € % [t, T] satisfying (1.3) is called an optimal control for the given initial
pair (¢, £), the corresponding state process X (-) is called an optimal state process for
(1, &), (X (), ii(+)) is called an optimal pair for (¢, £), and V (-, -) is called the value
function of Problem (SLQ).

For above optimal control problem, it is reasonable to keep the state process stable
with respect to possible variation of random factors. To this end, one effective way is
to add the variation of X (-), i.e.

Var [X] = B [X(T) — E,X(D)]” = E,X(D) - [EX(T)]*
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into the cost functional (e.g., [2,3,11-14,21,25], etc).Therefore, it is natural to propose
the following general modified cost functional

1 T
s = 3B | [ [(00X0). X6) 12(S6)X (). u6))
t

+(OE[X(5)]. E[X(s)])+2¢ SOEAX ()], Effu(s)]) (1.4)
+(R($)u(s), u(s)) + (RSE[u(s)], B [u(s)]) |ds
+(GX(T), X(T)) + (GE[X(T)], E,[X(T)]) }

Here § R , 5 é are deterministic matrices-valued functions and g is a vector.

In this scenario, the optimal controls become time-inconsistent, i.e., the “optimal”
control based on this moment may not keep optimality in future. We refer to [25] for
some explicit examples.

1.2 Related Literature

The study on time inconsistency by economists actually dates back to Strotz [17] in the
1950s. One possible way to treat time inconsistency is to discuss the pre-committed
controls for which the solutions are verified to be optimal only at the initial time.

In this paper, we shall discuss above optimal control problem from another view-
point. More precisely, we investigate the time inconsistency within a game-theoretic
framework and analyze the time-consistent equilibrium solution (e.g., [10,15]).
Recently, people began to treat the equilibrium controls using the ideas of stochastic
control theories, and developed several different approaches in the existing papers.
These methods range from dynamic programming principles and verification proce-
dures to maximum principles and variational techniques.

e In Bjork-Murgoci [1], Bjork et al [2], the authors examined a general class of time
inconsistent problems under Markovian framework by equilibrium value func-
tions. In the continuous case, they formally derived the extended HJB equations,
and then rigorously proved the verification theorem by the conclusions of dis-
crete time case, see Theorem 5.2 in [2]. They also present some special cases
including a linear quadratic control problem in which equilibrium solutions are
constructed. This method was also used to treat investment-reinsurance problems
with mean-variance criterion, see e.g., [14,27].

e In Yong [23,25], the author discussed a class of time inconsistent optimal control
problems by multi-person differential games approach, where a new kind of equi-
librium HIB equations/sytems of Riccati equations were introduced. Unlike [1,2],
they started the investigations in continuous time setting, made partition on time
intervals and used tricks of forward-backward stochastic differential equations
(FBSDES). Further study along this can be found in [19,22], and so on.

e In Ekeland and Lazrak [8,9], they considered some financial problems such as
investment and consumption model with time-inconsistency feature. They used the
variational ideas to introduce certain feedback/closed-loop equilibrium controls,
and spread out discussions via equilibrium value functions. Compared with the
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general situation in [1,2], the particular form of equilibrium value functions were
proposed according to the given cost functional, while the complex convergence
arguments were avoided.

e Inspired by the ideas of stochastic maximum principles in optimal control theo-
ries, Hu et al. [11] studied a class of time inconsistent SLQ problems in Markovian
setting, introduced open-loop equilibrium controls and their closed-loop represen-
tations, derived general sufficient conditions through a flow of FBSDEs or systems
of backward ordinary differential equations (ODEs). Justrecently, the same authors
continued to discuss the uniqueness of open-loop equilibrium controls in [12].
More related details can also be found in [7,20,21].

1.3 Unified Approach and Contributions

As to Problem (SLQ), in this article we propose a unified method to characterize the
open-loop equilibrium controls, open-loop equilibrium strategies, closed-loop equilib-
rium strategies. We combines the ideas from variational analysis, forward-backward
stochastic differential equations and forward-backward decoupling procedures. In the
following, we provide a brief outline of our approach.

For any (©1, ©2, ¢) € L*(0, T; R™") x L*(0, T; R™ ") x LZ(0, T; R™), we
start with control processes

u:=0;+0)X+¢, u®! =X +X+¢+ vt rye]- (1.5)

They can reduce into the required equilibrium controls and perturbed controls in
various settings (see Sect. 4.4).

In view of the definitions for equilibrium controls, we proceed to consider the dif-
ference of the cost functional at u, u®. To do so, given X and X¢, we introduce,
respectively, backward stochastic differential equations (BSDEs) with conditional
expectations. We point out that the one associated with X¢ appears for the first time
in the literature. As a result, we obtain two forward-backward systems in which the
terminal parts and generators of backward systems rely respectively on X, X¢.

To tackle the limit part in the definitions of both open-loop and closed-loop equilib-
rium controls (i.e., Definitions 2.1, 2.3 next), we continue to decouple the above two
forward-backward systems. More precisely, we make conjectures on the solutions of
backward systems, formally obtain a class of systems of BSDEs merely depending on
given coefficients, and then verify our arguments rigorously. At last we establish our
characterizations with proper convergence procedures.

At this very moment, it is worth mentioning that the previous proposed approach
demonstrates several new advantages on the treatment of both open-loop equilibrium
controls, closed-loop equilibrium controls/strategies. Unlike [1,2,23,25], our proce-
dures on closed-loop equilibrium strategy in continuous time drop the reliance on
complex convergence arguments from discrete time to continuous case. Comparing
with [11,12], our methodology on open-loop equilibrium controls neither requires any
non-definite assumptions on the involved coefficients, nor directly uses the conclu-
sions of stochastic maximum principles. Moreover, it can be adjusted into the random
coefficients case, see [21].
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Even though both open-loop equilibrium controls and closed-loop equilibrium
controls are widely investigated in the literature, there is no paper discussing their
differences to our best. In this paper, we give a clear picture by the obtained character-
izations. For example, in the classical SLQ setting, open-loop equilibrium controls are
fully characterized by first-order, second-order necessary conditions. In other words,
they are weaker than optimal controls (Remark 3.1). However, in the same situa-
tion, the closed-loop equilibrium controls happen to reduce exactly into closed-loop
optimal controls (Remark 3.3). Eventually, we point out that the characterizations
on open-loop, closed-loop equilibrium strategies, respectively, include two different
second-order equilibrium conditions, which are absent in nearly all the relevant
articles.

1.4 Outline of the Article

The remainder of this article of structured as follows. In Sect. 2, an overview of
assumptions, notation used in the sequel is provided. In Sect. 3, the main conclusions
of this article are gathered and some important remarks are demonstrated. In Sect. 4,
the proofs of the main results in Sect. 3 are given. Section 5 concludes this article.

2 Preliminary Notations
Given H := R", R §" etc,0 <s <t < T, we define some spaces as follows.

L2 (Q H)=1X:Q— H, ‘Xls}"[ measurable, IE|X|2 < oo]
L]F(s, t; H)y:=1X :[s,t] xQ—> H ‘ X (+) is F-adapted, measurable,

/ X () 2dr < oo}

L®(s,t; H) := [X [s,t] > H ‘ X is deterministic, measurable, sup |X(r)| < oo]
rels,t]

LF(Q; L! (s,t; H)) = {X s, ] xQ— H | X (+) is F-adapted, measurable,

E[fst |X(r)|dr]2 < oo},

L]%-(Q; C([s,t]; H)) := {X s, ] xQ—> H ‘ X (-) is F-adapted, measurable

continuous E sup IX(")|2 < OO}
rels,t]

We also need the following hypotheses on coefficients of (1.1), (1.4).

(H1)SupposeA B, C, D, R, R, o, Q S, SeL°°(0 T;H),G, G, gE€EH,
be L L0, T; H)), o € L3(0, T; H).

To begin with, we look at Problem (SLQ) from an open-loop equilibrium control
viewpoint. The following definition is adapted from [11,12].

Definition 2.1 Given X*(0) = x¢ € R", a state-control pair

(X*, u*) € L? #(€2; C([0, TT; R™)) xLF(O T;R™)
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is called an open-loop equilibrium pair if forany t € [0,T),e > 0,v € L%-', (2; R™),

J ,X* 7 V,E€ (. _ J ,X* ’ *(,
fi OO ; (X0 Ol ) >0, @.1)
e—0

where u"® = u™ + v} ;4. Here u* and X* are called open-loop equilibrium control
and open-loop equilibrium state process.

Roughly speaking, the definition shows the dynamic local optimality in some
sense. In this paper we will explore deeper properties of such equilibrium controls via
their characterizations.

Due to our particular linear quadratic structure, we also introduce the notion of
open-loop equilibrium strategy, which is independent of initial state x.

Definition 2.2 (©*, ¢*) € L2(0, T; R™*") x L2(0, T; R™) is called an open-loop
equilibrium strategy of Problem (SLQ), if for any X*(0) = xo € R", u* :=
O*X* + ¢*, with X™* being the associated state process, is an open-loop equilibrium
control.

The open-loop equilibrium strategy enable us to capture the explicit feedback repre-
sentation of open-loop equilibrium control. However, it is different from the following
one.

Definition 2.3 (©*,¢*) € L%*(0, T;R™ ™) x L(0, T;R™) is called a closed-
loop equilibrium strategy, if for any initial state xo € R", ¢t € [0,T), ¢ > 0,
ve qu (€ R™),

J , X* ’ . _ .] , X* ’ *(.
fi 2 OO 8(t 0" Oly.r) > 0, 2.2)
e—0

where
u* =0 X +¢*, u® =0 X + vl 46 + 97,
X*, X¢ are the state process on [0, T'] associated with u*, u®, respectively.
We emphasize that both open-loop equilibrium strategy and closed-loop equilibrium
strategy are independent of initial state xo. However, the perturbed control #"¢ in
Definition 2.1 is actually different from ©® in Definition 2.3. In this paper, we will

demonstrate further connections between these two kinds of strategies.
In the following, let K be a generic constant which varies in different context and

Z=R+R, 2:=04+0, 9:=G+G, ./ =S5+8. (2.3)
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3 Characterizations of Equilibrium Controls/Strategies

In this part, we state the main results of this article. To begin with, recall the notation
in (1.5), we introduce the following system which is useful next,

dy, = —[Yl(A + BO| + BOy) + (C + DO Y1(C + DOy + DOy)
+(A+BONTY) +[0+0]5+6] R©; + )+ (@) +6)]]ds,

dy, = —[YZ(A + BO| + BOY) + (A+ BOY) Y2+ [0+ 6] 5+0] RO +0))
+57 @1 +0)]}ds,

dY3=—|(A+BO1) Y3+ Ya(Bo+b) + (5T + @Iﬁ)w]ds + Z3dW(s),

dYs = —{(A+BO) Y4+ (C + DO Zy + (C+ DO Y| (Dg + o)

+Y1(Bo+b)+ (ST + ®1TR)<p]ds + Z4dW(s),
YI(T) =G, Yo(T) =G, Y3(T) =0, Y4(T) =0.

@3.1)

It is easy to check that [18]

Yy, Y2 € C([0, T; R*™™), (Y3, Z3), (Ys, Z4)
€ LA(Q; C([0, T1; R™) x LE(0, T; R").

We start with the case of open-loop equilibrium controls. Recall (1.5), we choose
®; = 0, ®; = 0, which indicates that u = ¢ € L%(O, T; R™). Moreover, (3.1)
reduces to

dP, = —|PA+ATP +CTPC+ Q]ds,
AP =—[PA+ATP + Q}ds,
dPy = —|ATPy+ Pob+ (PsB + §T)u]ds + LydW(s), 42
dPy=—1ATP4+CTLy+C"Pio + Pib+ (C"P\D
Y PB4 ST)uLds + LydW(s),
Pi(T) =G, Po(T) = G, Py(T) =0, Py(T) =0.

For later clarification, we replace (¥, Z) by (P, L), and omit the reference to the time
variable for simplicity.
Above P;, P> do not rely on u while P3, P4 do. As to (3.2), it is easy to see

P, P, e C([0, T]; RV, (P3, A3), (P4, As)
€ L3(Q; C([0, T1; R™) x L0, T; R™).

Considering X in (1.1), we define

{ M(s,t) ;= Pi(s)X(s) + Py()E X (s) + E; P3(s) + Ps(s), s e[t,T], 3.3)

N(s) :== Pi(s)(C()X(s) + D(s)u(s) + o (s)) + La(s), s €[0,T].
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Theorem 3.1 Suppose (H1) holds, P, satisfies (3.2). Then i is an open-loop equilib-
rium control for Problem (SLQ) associated with initial state X (0) = xo € R" if and

only if
(1) the following inequality holds,

R(s)+ D) Pi(s)D(s) >0, sel[0,T], ae. (3.4)
(i) given (M, N) in (3.3) associated with i,

R($)i(s) + L ()X (s) + B(s) M(s,s) + D(s) N(s) =0, s €[0,T]. a.e.
(3.5)

Above (3.4), (3.5) are named as first-order, second-order equilibrium
conditions of open-loop equilibrium controls for Problem (SLQ).

Remark 3.1 As to Theorem 3.1, let us make the following comments,

(1) Above P; is indeed the unique solution of classical second-order adjoint equation
in control theories of mean-field SDEs. That is to say, (3.4) coincides with the
corresponding second-order necessary optimality condition [4]. To our best
knowledge, (3.4) has not been discussed seriously in [11,12], and other related
papers on open-loop equilibrium controls.

(2) If we denote D(-, t) the (time inconsistent) optimal control of Problem (SLQ),
then the first-order adjoint equation [24] is

dY(s,t) = —[A(s)T?(s, 1+ C) Z(s, 1)+ O(s)X(s, 1) + S(s) 0(s, 1)
+ O)E,X(s, 1) + S(s) "B D, t)]ds + 76, 0)dW(s), (3.0
Y(T,t) = GX(T, 1) + GE,X(T, 1),

and the first-order necessary optimality condition is

R(s)0(s, 1) + R()E (s, 1) + S($)X (s, 1) + S()E, X (s, 1)

—B(s) ' Y(s,t) — D(s) Z(s, ) =0, selt,T]. a.e. a.s. 3.7

Let us return back to our framework. Given (X, i) in (1.1), we see that (M, N)
satisfies

M(s, 1) = —[A(S)TM(S, D+ Cs)TN() + 0)X(s) + Ss) Tia(s)
+ O()EX(s) + §(s)TIE,L_t(s)]dr + N(s)dW (s), (3-8)
(T,t) = GX(T) + GE, X(T).

Obviously, above (3.6), (3.7) are in general different from our (3.8), (3.5). But if

there is no time-inconsistency, i.e., R = Q = S = G = 0, then they coincide
with each other.
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3 If R=S=S5=0,R, 0, G are positive definite matrices, then (3.4) is obvious to
see. In this scenario, a characterization of open-loop equilibrium control, which
is different yet equivalent with (3.5), was given in Theorem 3.5 of [12] without
involving systems (3.2).

(4) We compare our equilibrium controls with optimal controls when R=0="S=
G =0.

Recall that the characterization of open-loop optimal controls includes first-order
necessary condition and the following convexity condition [5,6,26]

T
IE,/ u'[Ru+SX°+BTY'+ D" 2%dr >0, VueLit T;R™),
t
(3.9)

where X0 satisfies (1.1) with & = 0, (Y°, Z°) solves (3.8) with G=3S é =0
and X = X°.

In contrast, Theorem 3.1 indicates that the open-loop equilibrium controls are
fully characterized by first-order, second-order necessary optimality conditions.
Therefore, when there is no time inconsistency in Problem (SLQ), the exact dif-
ference between open-loop equilibrium controls and open-loop optimal controls

lies in (3.4) and (3.9).

Next we characterize the open-loop equilibrium strategy. Recall (1.5), we choose
®1 = 0, which implies that u = ®, X + ¢. Moreover, (3.1) reduces to

Py =—[P1A+ATP1+CTP1C+(P13+CTP1D+ST)®2+Q]ds,
dP2:—{P2A+ATP2+§+(P2B+§T)®2]}ds,

dPs =—[AT733+(7728+§T)<p+732b]ds+£3dW(s), (3.10)
d734=—[AT734+CT£4+CT73]J+(CTP1 D+P1B+S ) +P b]ds+£4dW(s),
Pi(T) =G, Po(T) =G, P3(T) =0, Py(T) =0,

We suppress the time variable for simplicity. We also define processes (M, N) as
follows,

)

M(s, 1) := Pr()X(s) + Pa()E X (s) + E,P3(s) + Pals), s =1, 311
N(s) 1= Pi(s)(C(s) + D(s)O2(s)) X (5) + P1(s)(D(s)g(s) + o () + La(s).

Theorem 3.2 Suppose (HI) holds, Py satisfies (3.2). Then (®*, ¢*) is a pair of open-
loop equilibrium strategy if and only if

(1) condition (3.4) holds true,
(i) there exist P}, ﬁ}f satisfying BSDEs (3.10) with (07, ¢) = (0*, ¢*) and

F + D' P{D]O* + BT [Pf +P;]+ D'P{C+ 7 =0, as. ae. G2

X+ DTPTD}P* + DT[PTU + /JZ] + BT[P;k +PI] =0. a.s. a.e.
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Above (3.4), (3.12) are named as first-order, second-order equilibrium
conditions of open-loop equilibrium strategy for Problem (SLQ). Different from
(3.5), the conclusion (3.12) focuses on the coefficients and there are no state process
or control variable involved.

Remark 3.2 As to Theorem 3.2, we point out two useful facts.

(1) Given (©*, ¢*),itis easy to check that (M*, N**) solves (3.8) with u* := @* X*+
@*. Since u* is an open-loop equilibrium control, and one can define (M*, N*) as
in (3.3). By the uniqueness of BSDEs, we end up with (M*, N*) = (M*, N*).
In other words, the unique solution of (3.8) has two different forms of represen-
tations.

(2) From (3.12), there exists 8’ € L2(0, T; R"™™), ¢’ € LIzF(O, T;R™)s.t.

0* = —[#+ D PD|'[BT(P; +P}) + DTP;C +.7]
+{1=[#+DTPiD] [%+ DTPD]}e,

. 3.13
¢* = —[%+ D" P;D]'[B[P} + P;1+ D'[Pfo + L}]] G139
+{1=[#+D"PD] 7+ DTPD] |y
Moreover,
R(BT(P} + P+ DTPIC+.7) CR(%+DTPID), ac.
[BT[PZ +Pi1+ D' [Pfo + EZ]] € R(%’ + DT’PTD>, a.e.a.s.
(3.14)

[% + DTP;D]'[BT(Pf + P;) + DT P;C + 7] € L20, T; R"™™),

[+ DTP{D][BTIP; + P31+ D[P + £i]] € LEO. T: R™).

In the above, R(A), AT are the range, pseudo-inverse of matrix A, respectively.
As a result, we obtain the explicit forms of (©*, ¢*), as well as some intrinsic
relations among coefficients.

At last, we give the characterizations of closed-loop equilibrium strategies. Recall
(1.5), we choose ®, = 0 which implies that u = ®1X 4+ ¢. Moreover, (3.1) reduces
to

4P| = -[21(A+BO+(A+BONT 21 +(C+ DO 21(C + DOY)
+[e+0]s+0[ R0 +5Te]ds,

47y = —{22(A+ BOD + (4 + B0 2, +[0+ 0[5+ 0] Roy +5T0y]}ds,

APy = —[(A +BO) D5+ Pob+ (PB+5 | + @Tie’)w]ds + Ldw(s), (315

42y =—[(A+ BONT 24+ (C+ DO Z +(C + DONT 21Dy +0)
+P1(By+b)+ (ST + @TR)w]ds + L4dW (s),

PUT) =G, PyT) =G, P3(T) =0, P4(T) =0.
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We also define two processes .#, .4 as follows,

N(s) := P1($)(C(s)+D(s)O1(5) X () + L1 (s)(D(s)p(s)+0(5)+Z4(s).
(3.16)

{///(S, 1) = 21X () + P2 OEX(s) + E P3(s) + Puls), s =1,

Theorem 3.3 A pair of (0%, ¢*) € L2(O, T; R™>mMy x L%(O, T; R™) is a closed-loop
equilibrium strategy if and only if there exists &7} satisfies (3.15) with (®1, ¢) =
(®*, ¢™) such that

+D" D >0,
(#+ DT P;D)O* + BT (P} + 25+ D' P{C+ 7 =0, (3.17)
(% + D" PD)* + B (P;+ P})+ D' Pio + D% =0.
For the closed-loop equilibrium strategy (©*, ¢*), the first inequality in (3.17) is

referred as the second-order equilibrium condition, while the other two conditions
are named as first-order equilibrium condition.

Remark3.3 If G = S = é —R= 0, above (3.17) reduces to

R+D'2{D>0, (R+D'Z;D)®*+B' P+ D" Z{C+S5=0,

3.18
(R+D"PiD)yp* + B Z; + D' Pfo + DT L =0, (5-18)

where (2}, 2f, Z)) are described as,

47} = - Z}(A+ BOY) + (A + BO") 2} + (C + DO" Z}(C + DOY)
+[o+10"17s + 10T RO* + 5T 0] Jds,

475 = ~{(A+BONT 25 +(C+ DONT L} + (C + DO F{(Dg* +op-19)
+ ZF(Be* +b) + (ST + 10717 Ryg* |ds + Z7dW (),

PHT) =G, Py(T) =0,

Accordingto [17,18], (3.18) is equivalent to the optimality of strategy pair (®*, ¢™*).
Therefore, we find the following two useful aspects.

(1) Our defined closed-loop equilibrium controls/strategies are natural extension of
closed-loop optimal controls/strategies.

(2) From the optimality viewpoint, closed-loop equilibrium controls/strategies are
essentially different and stronger than open-loop equilibrium controls/strategies.

To conclude this section, we clarify the relations among above three characteriza-
tions in the following three manners.

Firstly, we make comparisons among (3.2), (3.10), (3.15). On the one hand, they
are basically the same in the sense that all of them are particular cases of system (3.1).
On the other hand, they also differ from each other in the following three ways. In
the first place, the solutions of the first two equations in (3.2), (3.15) are symmetric,
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while the analogue of (3.10) are non-symmetric [25]. In the second place, the first
two equations in (3.2) merely depends on given coefficients, while the counterparts in
(3.10) and (3.15) are determined by ®; or ®,. In the third place, the last two equations
in (3.2) rely on control process u, while the analogue equations in (3.10) and (3.15)
are determined by ¢.

Secondly, we make the following comments on the second-order equilibrium condi-
tions. For both open-loop equilibrium controls and open-loop equilibrium strategies,
we use Z + DTP;D > 0, where P; satisfies the second-order adjoint equation
in LQ optimal control problems of mean-field SDEs. This condition was missing in
[11,12,20,21]. Asto closed-loop equilibrium strategies, we introduce %+ DT L@l* D >
0 where &7} satisfies one backward ordinary differential equation that contains Ric-
cati equation as special case. Notice that this condition has not been discussed in
[1,2,23,25].

Thirdly, let us give three examples.

First we consider the relations between open-loop equilibrium controls and open-
loop equilibrium strategies. Given open-loop equilibrium strategy (®*, ¢*), for any
initial state xo € R”", Problem (SLQ) admits an open-loop equilibrium control
u* = ©*X* 4+ ¢*. Conversely, the conclusion is not true, even when there is no time
consistency feature in Problem (SLQ). To see it, we look at the following example.

-1

Example 3.1 Suppose m = n = 1, function B is continuous, B~" exists and is

bounded, and

~

D=0, R=R=0, 0=0=0, S=5S=0, G=0, G>0, b=0 =0.

By introducing

do(t) = At)P(t)dt + C(t)D()dW(t), t € [0, T],
o0) =1,

we can represent X (-) by
t
X(@t) = ®()xo + P(1) / B(s)u(s)® ' (s)ds, t €[0,T].
0

Since G > 0, for any xo € R, we see that & is an optimal control as along as the
corresponding X (7') = 0. To this end, we set

_@()B'()

%0 € L2(0, T; R).

u-) ==

Moreover, u is also an open-loop equilibrium control satisfying (3.4), (3.5).

Next we claim that the open-loop equilibrium strategy does not exists. Actually, if
there exists (®*, ¢*), it then follows from (3.12) that BP} = 0. a.s. a.e. On the other
hand, P{(T) = G > 0, by the continuity of P} and B, as well as the existence of B,
there exists 71 < T such that for any ¢ € [T1, T], B(t)P;(¢) # 0. A contradiction
arises.
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Now let us turn to the connections between open-loop equilibrium strategies and
closed-loop equilibrium strategy. The following example shows that open-loop equi-
librium strategy equals to closed-loop equilibrium strategy.

Example 3.2 Supposem =n=1,G > 0, Q(-) > 0,

C=0, B=D=1, §

0()+0()=0, G+ G (3.20)

0, b

From Theorem 3.2, we have P} ®* 4 P} 4 P; = 0 where

dP;(s)=—|(2A(s) + O*(s)) P (s) +Q(s) |ds, s €0, T,
dP;(s)=—{QA(s) +O*()Pi(s) +0(s) tds, sef0,T], (32D
PHT) =G, Pi(T)=G.

It is easy to see that (P, Py) := (P, — P) satisfies (3.21) with ® = 0, where
dP(s)==[246)P(5) +0(s) |ds, 5 € [0.T1, 3.22)
Pi(T) =G.

Suppose there is another ®" and (P}, P;) € C([0,T1; R?) such that (3.21) is
satisfied and

PO +P =07 =P+ P

Notice that

P(T) =0. (3.23)

{cg?’(s) =—(QA(s) + O ()P (5)ds, s €[0, T,
By uniqueness, P’ = 0. By (3.20), % exists and is bounded. Hence ®" = 0.
1

Due to b = o = 0, it is easy to check there exists a unique ¢* = 0. Moreover,
condition (3.4) holds.

To sum up, Problem (SLQ) admits a unique pair of open-loop equilibrium strategy
(®*, ¢*) = (0, 0) under condition (3.20).

Now we look at the closed-loop equilibrium strategies (E*, ¢*). Here we change the
notation for later comparisons. From Theorem 3.3, one has & 8% + (| + %5) = 0,
where

4P () = ~[227 ) AG) + B () + B O 21 6) + 0 |ds,
dPi(s) = — 225 (5)(AGs) + E*(5)) + Q(s)}ds, (3.24)
PET) =G, P3(T)=0G.
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For P in (3.22), we see that (&}, &75) = (P, —P) satisfies (3.24) with E* =
Moreover, &{ > 0. Suppose there is another &' and (7|, &}) such that (3.24) is
satisfied and

PE+ P =0, 7 =P+ P

[1]

Notice that

Y (3.25)
P(T) = 0.

{d@(s) :—[(ZA(s) +E )P () + |8 )2 (s)]ds, s €0, T],
By (3.20), % exists and is bounded. Hence B’ = —% and (3.25) can be rewritten
=gl <1
as,

S 5y Lz
A7) ==[240 7 ~ 1+ 50T o) Jas (3.26)

P(T) =0.

By uniqueness, 7 = 0, which yields &' = 0.

Due to b = o = 0, it is easy to check there exists a unique ¢* = 0.

To sum up, Problem (SLQ) admits a unique pair of closed-loop equilibrium strategy
(8%, ™) = (0, 0) under condition (3.20), which is the same as open-loop equilibrium
strategy.

The following example shows that open-loop equilibrium strategy are also distinc-
tive from closed-loop equilibrium strategy in some cases.

Example 3.3 Suppose m =n = 1,

C=0, B=D=1, §=5=0,
00)=0()=0, G>G=>0, b

=R
o =

0’

[

(3.27)

=3

As to open-loop equilibrium strategy (8%, ¢*), from Theorem 3.2, P{O* + Pf +
P35 = 0, where (P}, P5) satisfies (3.21) with 0 = Q = 0. As to closed-loop equi-
librium strategies (E, ¢*), from Theorem 3.3, one has ZTE* + (#| + £5) = 0,
where (7}, &75) satisfies (3.24) with @ = Q = 0. We illustrate out point by three
steps.

Step I Under (3.27), we look at the solvability of system (3.21).
Consider an ODE of

dP(s) = —(2A(s) — 1 — g)P(s)ds, s e[0,T],
P(T) = 1.

It is easy to see that (P} (), P5(-)) = (GP(-), 5P(~)) is a solution of (3.27).
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Step 2 Under (3.27), we claim that system (3.24) is solvable with &} > &7
By a simplification, it is suffice to consider the regularity of the following

system
T 2
Pi(t) = G exp [/ [24(s) — 1+ %]ds], t €0, T],
t | P1(s)] (3.28)
P> (s) '

T
Pz(t)zéexp[/ 2{A(s) =1 — }ds], tel0,T].
t

Pi(s)
For later usefulness, we make the following conventions,

Pl 001 := sup |p®], 71, 2 €0, T],
r€[t1, 1]
Ly = Ge 2TUAN0N+D) | 1, .= Ge2TUANINAD) - g = [,e2 A0+ DT

Cr,,,(0,T]; R?) := {(xl,xz)eC([O, TLER?), Ly < X ()<L, X1(~)2x2(-)}~
Fori =1, 2, we choose (p?), pg)) €Cr,.1,(0,T]; RZ), and define

pé” (s)
P (s)
1ps ()7
1p\7 ()12

' ~ T
PO ::Gexp[/ 2{A(s) — 1 Jds]. 1e10.71,
t

_ T
PO ) :=Gexp[/ [24(s) — 1+ ]ds], t €0, T].
t

Under (3.27), it is easy to see that (P\”, P\") € Cp, 1,(I0, T]; R%). We
denote by

ki) =k (s) = kP (s), Tals) := k" (5) =k (s), s €[0,T1, k:=P, p.
After some calculation, one has

222(r-n LaUIpillir—. 1y + 1P2llir . 7))
L2
1
L% ~ ~
230 L3P llir—e.11 + 1 P2lli7—1.7)
L3
1

|Py(1)| < 4Kje (T —1),

|PL(1)] < 2Ke

(T —1).

We can choose Tj such that for § :=T — 17,

2K

L2

L Ly 23T [ 1

1—3[2e2L1T+e i —2] —.
Ly L 2

By contraction, one has the existence and uniqueness of (P, P>) satisfying

(3.28)on [T, T].
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Now let us look at the case of [T} — 8, T1], where

Py (s)

Pl(s)}ds], 1 € [0, Th],
| Py (s)]?
| Pi(s)]?

T
Po(t) = P2(T1)exp[/ 2{A(s) — 1 -
t

T
P (1) =P1(T1)exp[/ [24(s) — 1+ Jds|. 1 e10.711
13

Given (p}i)7p§i)) e Cr,.1,(0, Ti1: R2), we see that (P(i),Pz(i)) c
Cr,.1,([0, T1]; R?), and

. ~ ~
272(T—n) L — + —
> (Ti=1) 2Py z,Tliz 2217, z,Tl])(T1 L. reo.Ty).
1

L3 2015 =
23 =0 L3P + 172 1)
Ly

[Pay(0)] < 4Kie

|P1(1)| < 2K1e (Ty —1), t€[0,Tq].

By the choice of §, we obtain the solvability in [T — 2§, T1]. By induction,
one has the conclusion in [0, T'].

Step 3 We claim that ®@* £ E*. .
To prove this result, we first recall that Pt o= Py + Py, P* = P] + P5
satisfy

dP*(5)=—[(2A(s) + ©*(s))P*(s)]ds, s €0, T,
dF*(s5) = [ @AW + B )P 0 ]ds, s€l0,T1,  (3.29)
PXT)=(G+G), ZT)=G +G.

If ®* = E*, then by the uniqueness, P = 7+, According to above two
steps, 7%, g},* exist. Therefore, due to the definitions of ®*, E*, one has
1 1

¢ = P which implies that

O*P} = B* P} = 2P} B* + |E* > ;.

Hence E* [ (E* 4+ 1) = 0, which leads to E* = —1 or E* = 0. This
indicates that #* = 0 or &5 = 0.
Since Z*(T) = G + G > 0, by the continuity of &* and the fact of

* = —%, we see that E* = 0 does not hold.
<1

[x]

Similarly, since G # 0, by the continuity of &7, we see that &7 = 0 does
not hold as well. We finish Step 3 by contradiction.

4 Proofs of the Main Results
In this section, we prove Theorems 3.1-3.3.
For (81, ®, ¢) € L*(0, T; R™*™) x L*(0, T; R™*™) x L%(0, T; R™), we con-

sider
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dX = [AX + B(©| + ©2)X + By + b|ds
+[CX+DO1+0)X +Dp+0]dW(s), s€[0.T],  (41)
X(0) = xo.

Fort € [0,T), e > 0,v € L%_-[(Q; R™), let X¢ solve the following perturbed
system:

dX® =[(A+ BO)X® + BOX + Bvlj; 4¢) + By + bds

+[(C+ DONX® + DOX + Dvljy 1461 + Do + 0 ]dW(s), (“42)
X?(0) = xo,

with s € [0, T']. Hence we see that X{j := X® — X satisfies

dX§ = [(A+ BONX§+ Buljy 4e1]ds
+[(C 4+ DO )X + Dl 1461 |dW (s), (4.3)
X5(0) = 0.

By Proposition 2.1 in [18], we have the following estimate of X

E, sup |X5(r)|*> < Ke, as., t€[0,T).
relt,t+e]

We also define
u=01+0)X+¢, u® :=01X"+02X+ ¢+ v ite 4.4)

Lemma 4.1 Suppose (HI) holds, (®1, ©,, @) are given as above, u, u® are defined in
(4.4). Then we have

J(@, x,ut() — J(t, x,u(-))

i+e
= Ji(t,x) + Jo(t,x) + E; / (" + @I%)v, Xg)ds, 4.5)
t
where Z, . are defined in (2.3),

T ~
J1(1) = E,/ [(F1. X§) +(F2. vl 4e)) |ds + B (GX(T) + GE,X(T), X((T)),
t

Jo(1) = %Ez /T( F, X)) ds + %Ez (GX{(T) + GEX§(T), X§(T) ).

F=[0+ @fs +O RO +02)+ 5" (O +0)]X + (ST +0] Ry
+[0+0]S+0] RO +62) +5T(© +0)]|EX + (ST + 0] REg,

F = %%v +[S+ R(©1 +©)]X + Ry + [S + R(©1 + ©2)]E; X + RE;¢,

Ff=[0+5701+0]S+0]RO1]X;+[0+570, +0] 5+ 0] Ro,|E X5

Proof By above definitions of X, X¢ and X, we deal with the terms in the cost
functional one by one. First let us treat the term associated with Q,
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(OX*,X°)—(0X,X)=2(0X, Xq)+(0Xp Xq) -
Then we look at the one with S. From the definitions of # and u¢, we have

(SX°,u®)—(SX,u) = (ST®1X8, Xo) + (X5, ST[(®1 +O)X + vl 14 + <p] )
+ (X5, 0] SX )+ (SX, vl te]) -

We also have

<RM£,M£>_(RI/[5M>
= (O] ROIX{, X§) +2 (Ruljs rep, ©1X5) + (R, Vi s1e) )
+2(RO1X[, (O1 + O)X +¢) +2 (Rl 461, (O1 + O)X + ¢) .

Similarly one can obtain the terms involving @, §, R as,

(OF,X® B, X*)— (OEX.EX) =2(OF X, EX§) +( OF, X, E: X)),
<S]E[XE, Etua ) - (S]E[X, E;u)

= (3TOIE X5, B X5 ) + (B, X5, ST[(©1 + OB X + vl r4e) + Erg])
(B XE, O SE X)) + (SE X, vl g4e1),
(RE:u®, Eru®) — ( RE;u, Eu)
= (O] ROIE X5, ErX§) +2 (Rolly o). 01 XG) + (Rv. vijy 1101)
+2 (ROIEX(, (O] + O)E X + Er¢) +2 (Rvlj; 145, (O1 + O)E X + Erg) .

At last we have the follows results on the terms associated with G and 5,

(GX(T), X(T)) = (GX(T), X(T))
=2(GX(T), X5(T)) + (GX(T), Xo(T)),
(GE,X*(T), B, X*(T)) — (GE,X(T), E, X(T))
=2(GE,X(T), E. X((T) ) + { GE X((T), E X((T) ) -

To sum up, we deduce above (4.5). O

Next we carry out further study on Ji(¢) and J>(#) by making some equivalent
transformations. In fact, from the definitions of equilibrium controls it is unavoidable
to take certain convergence arguments. Fortunately, in above we derive the important
and useful structure of E; f;ﬂ ( Fa(r), v)dr. Consequently, we will derive similar
expressions for other terms in Ji(¢), J>(¢). This is the starting point for our later
investigations.

4.1 A New Decoupling Result
Inspired by the decoupling techniques in the literature (e.g., [11,24], etc), we present
one conclusion which serves our purpose of this paper. It is interesting in its own right

and may be potentially useful for (among others) various problems.
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Given t € [0, T], we consider

dX = [A1X + Ay]dr + [B1X + B2|dW(r), ret,T],
dYy = —[cly + C2Z + C3X + C4E, X + Cs + Etcﬁ]dr + ZdW(r), (4.6)
X(0)=x, Y(T,1) =D\ X(T)+ DE,X(T) + Ds.

(H1) For H := R™, R", R"*" etc, suppose

A1, By, C; € L*(0,T; H), Ay, Cse L*(Q; L'(0,T; H)),
By € L3(0,T; H), Dy, Dy, D3, x € H.

Fort € [0, T] and s € [¢, T], suppose that
Y(s,1) = Pi(s)X(s) + P2(s)E X () + E; P3(s) + Pa(s), (CN))
where P, P, are deterministic, P3, P4 are stochastic processes satisfying

dP;(s) = ;(s)ds, i =1,2, P(T)= Dy, P»T)= Dy,
dPj(s) =T1;(s)ds + L;j(s)dW(s), j=3,4, PyT)=0, PyT)=D;.

Here I1; are to be determined. It is easy to see
dEtX = [Al]EtX + ]E,Az]dr.

Using It6’s formula, we derive that

d[P1X] = [nlx + PU(AX + Az)]ds + P1(BIX + B2)dW(s),
d[P2E,X] = [LE, X + Pa[A\E X +E 2] ds.

As a result, we have

dY = {[nl + PLA]X + (T + Py ADE X
HE T3 + PyAy] + Ty + PlAz}ds n [Plle +PBy+ L4]dW(s).

Consequently, it is necessary to have
Z = P1B1X + P1By + Ly. 4.8)
In this case, from (4.7), (4.8), we see that

E,Y = (P1 + P)EX +E,[P5 + P4],
E/Z = PiB\EX +E,[P1 By + Ly].
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On the other hand,

—[ClY + CyZ + C3X + C4E, X + Cs + E, Ce

== C[PIX + PIEX +E Py + Py = Co| PUBIX + PiBy + Ly
—C3X — C4E; X — C5 — E;Cg.
At this moment, we can choose I1; (+) in the following ways,
0=1II, + P1A + C{ Py + C, P1B1 + C3,
0=TI2 + PbA1 + C1 P, + Cy4,
0=TI4+ PiAs + Ci P4+ C2[ P\ By + L4 + Cs,
0=1T13+ P,Ay + C1 P3 + Cs.

Next we make above arguments rigorous. Given the notations in (2.3), fors € [0, T'],
we consider the following systems of equations

dP = —[PIAI + C1P1 +C3P1 By +C3]ds,
dpP, = —[P2A1 +C P+ C4}ds1
dPs = ~[CiPs + PrAs + Cods + LsaWis), (4.9)

dPy = —{Cl Py + CoLs+ CoP1By + P1Ay + Cs}ds + Lad W (s),
Pi(T) = Dy, P,(T) =Dy, P3(T) =0, P4«T) = Ds.

From Proposition 2.1 in [18], under (H1) we see the following regularities,

Py, P, € C([0, T]; R™™), (P3, L3), (P4, Lg)
€ L4(Q; C([0, T1; R™) x L(0, T; R").

At this moment, for s € [0, 7], and ¢ € [0, s], we define a pair of processes
M =P X+ PEX+EP+ Py, N:=P B X+ PB+Ls (4.10)
By the results of P;, we can conclude that
(Mg, N) € LE(€; C(10, TI; R") x L§(0, T; R")

where M;(s) = M (s, s) with s € [0, T]. We present the following result.
Lemma 4.2 Given (©,¢) € L*(0, T; R™*") x L2(0, T; R™), suppose (X, Y, Z) is

the unique solution of (4.6) and (M, N) is defined in (4.10). Then for any t € [0, T],
Plo e Q: Y(s,1) = M(s, 1), Vs elt, T]] =1,
Plwe Q; Z(s,t) = N(s)} =1, se[t,T]. a.e.
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Proof Given (4.10), it is easy to see that
E:M = (P + P)E X +E;[P; + P4], E;N = PiB1E; X 4 P\E;By + E;Ly.

Using It6’s formula, we know that

d[PiX] =] = (1P + CoP B+ C3)X + PlAz]ds + P(BIX + By)dW(s),
d[PoEX] = | = [C1Py + C4|EiX + PoE, 42 ds.

Consequently, after some calculations one has
dM = —[CM + CoN + C3X + C4E X + Cs + E,Cg |dr + NdW (1),

Considering P;(T) in (4.9), we see that for any t € [0,T], (M,N) €
L2(Q; C(It, TI; RY) x L%(0, T; R") satisfies the backward equation in (4.6). The
conclusion is followed by the uniqueness of BSDEs. O

4.2 A New Expression of J

In this part, we deal with J; (¢) in Lemma 4.1. For convenience, we rewrite the equation
of X§ := X* — X as

dX8 = [AgXS + Bvl[t,tﬂ]]ds + [CQXS + DvI[t,t+8]]dW(s)’
A 4.11)
Xy(0) =0,
where s € [0, T'], and
Ag :=A+ BB, Cy:=C+ DO;.
We introduce
dY = =[AJY +CJZ+ Fi|dr + ZdW (), r 1, T, @12
Y(T.,1) = GX(T) + GE,X(T), '

where X satisfies (4.1), Fj is in Lemma 4.1. From Proposition 2.1 in [18], (4.12) is
solvable with

@ Springer



612 Applied Mathematics & Optimization (2020) 81:591-619

(Y, Z) € LA(Q; C([t, TI; R") x Li(t, T; R"), 1 €[0,T).
By It6’s formula on [¢, T'], we have

d{Y,X§)=—(AJY +Cj Z+ Fi,X5)dr +(Z,X5)dW(r)
+ (Y, AgX§ + Bulige)) dr + (Y, CoX§ + Dl i) dW (r)
+(Z,CoX(+ Dvlys4e)) dr.

From (4.12) we then arrive at

E, (GX(T) + GE.X(T) + g, X5(T)) +E, [ (Fi, X5)dr
the - (4.13)
:IE,/ (B'Y+D Z,v)dr.
t

Inspired by Lemma 4.2, we introduce

APy = —[731 (A+ BO| + BOy) + (C + DO "P(C + DOy + DO)
+(A+BO) P +[0+0]S+O] RO +60y) +5T (O + @2)]]ds,
dP; = —{Pz(A +BO| + BOy) + (A+BO)) P +[0+6]5
+0] R(®) +02) + 5T (0 + @2)]}ds,
APy = | (A+ BO)TP; + Pr(Bo +b) + ST + @fﬁ)q)]ds + L3d W (s),
dPy = —{(A+ BO) P4+ (C+ DO L4+ (C+ DO P(Dp+0)

+P1(Bo+b)+ (ST + @IR)q)}ds + LadW (s),
PI(T) =G, Po(T) =G, P3(T) =0, Py(T) =0.

(4.14)

Moreover, the following equalities hold on [7, T'],

Y =P1X 4+ PE X+ E,/P;+ Pa,
Z=P1(C+ DO+ DO)X +P1(Dp +0)+ Ly.

Consequently,

B'Y+D'Z=[B"Pi+D"Pi(C+ DOy + DO»)]X + B'PE, X
+B'E,P34+ B P4+ D "P(Dp+0)+ D" Ly.

This shows that
t+e
IElt/ (B'Y+D"Z, v)dr
t

t+e¢
=, f ([BT(P1 +P2) + DPi(C + DO + DO,)|X
t

+ BT (Py+Pa) + D PI(Dg +0) + DT Ly, v)dr.
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By the definition of J;(¢) and above (4.13), we see that

t+e
5w =5 [ ([#+2@1+ 02 +[BT P+ P + DTPIC + DO1 + D] X
t

1
+3 %+ Ag + BT (Ps + Pa) + D Pi(Dp +0) + D' L, v>dr.
(4.15)

Lemma 4.3 Suppose (HI) holds, X solves (4.1) associated with (®1, ®2, @), and J (t)
is defined in Lemma 4.1. Then (4.15) is true, where P; satisfies (4.14).

4.3 A New Expression of J,

In the following, we turn to treating J,. To this end, we introduce

dY§ = =|AJY§ +C Z5 + Fi Jar + Z5dW (), r e (1,71,
YE(T, 1) = GX5(T) + GE, X§(T),

where F} is defined in Lemma 4.1. From Proposition 2.1 in [18], we see that
(Y§, Z§) € LE(Q: C(It, T R™) x LE(t, T; R™), 1 €0, T).
Recall X§ in (4.11), we obtain the following by Itd’s formula,

d(YE, X5) = —(AJYE+CJ Zo + FE, X§)dr + (Z§, X5) dW (r)
+(Y§, AgXE 4 Buljy 1oy ) dr 4 (YE, CoX§ + Dvljs 14e1) AW (r)
+ < ZS, CGXS + DUI[;J+5] )dr

As a result, we then have

T
IE,(GXS(T)+GE;X8(T),X8(T)>+E/ (Ff, X&) dr
t+e t (4.16)
:IE,/ (BTYE+ DTz, v)dr.
t

By the decoupling tricks in Lemma 4.2, we introduce

dP; = —[751 (A+ BO) + (A +BO) P+ (C+ DO P(C + DOY)
+[e+5To1+0] s+ 6] Roy]ds,

dPy = —{752(A +BO)+(A+BO) P +[0+570 +0]5+ @Tﬁ@l]}ds,

APy = —[(A +BO) P + ﬁszl[t,,Jrs]]ds 4 L3dW(s),

AP, = _[(A +BON T Py+[(C+ DO TPID + Py Bvly e
+(C+ D(—)l)TZ4}ds + L4dW(s),
PI(T) =G, Pr(T) =G, P3(T) =0, Ps(T) =0.
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Moreover, from Lemma 4.2, the following holds on [¢, T,

Y§ = PiX§ + PoE X + E,Ps + Pa,
Z& = P1(C + DONXE + PiDulyy 146 + La.

At this moment, we take a closer look at (753, E_g), (754, L4). By the uniqueness of
BSDE:s in Proposition 2.1 of [18], we have the following equalities

P3(s) = Ps(s)v, L3(s) =0, Pals) = Pals)v, La(s) =0, se[t,T],
where
dPs = ~[(A+ BONPs + PaBliyrieds, s €1, T,
dPy = —[(A +BO) TP+ [(C+DO)TPID + 7513]1[,,,+8]}ds, s et T,
P3(T) = P4(T) = 0.
Consequently, on [¢, T'] we conclude that

B'Y§+D"Z5=[B"Py + D'PI(C+DON]X;+ B PE X
+BTE;7D3 + BT'P4 + DT’P]DUI[I,,+81.

As a result,
t+e¢
IE,/ (BTYE+ D"z, v)dr
t
t+e _ _ _ o - _
=, / (BT[P1+P2+D P (C+DO)|Xi+B [P3+Psl+D P Dv, v) dr.
t
By the estimate of X§, for almost # € [0, T),
t+e¢ _ _ _
E, / <BT[7?1 + P2+ D'Pi(C + DO X, v) dr = o(e).
t

From the equations of (ﬁg, 734),

sup  [IPs(D% + 1Ps(0)*] = o(e).

telt,t+¢]

To sum up, by the definition of J, and (4.16), for almost ¢ € [0, T') we deduce that
& -
bt =3 (D) "P1(t)D(t)v, v) +o(e). (4.17)

Lemma 4.4 Suppose (HI) holds, X{ is in (4.11) associated with (®1, ©2, ¢), and
Jo(t) is defined in Lemma 4.1. Then (4.17) is true.
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4.4 Proofs of the Main Results

We are in the position to give the proofs of the main results in Sect. 3.
To begin with, we give the proof of Theorem 3.1.

Proof In Lemmas 4.1, 4.3, and 4.4, we take ®1 = ®, = 0. Hence for the notations in
(4.4), u = ¢ and

t+e¢ 1
() = E, / <[<7 +[BT(Pi+ P + DT PIC|X + 5900
t
+%u+B (P3+Py)+D"'Pi(Du+o)+ DLy, v>a’r,

L(t) = = (D) " Pi(t) D(t)v, v) +o(e),

3
2
where P;,i = 1,2, (P;, Lj), j = 3,4, satisfies (3.2). Moreover, for any 7 € [0, T),
by the estimate of X,

t+e
Et/ (Z(s) v, X5(s) ) ds = o(e).
t

We set out to define X the state process associated with u, u™® 1= it + Vi 14¢],
and forany ¢t € [0, T)

t+¢e
Pp(t) = lim i/ [%(s) + D(s)" P(s)D(s)]ds,
e—02¢ J; (418)

1 t+¢ _ a _
Ay(t) = lim gH«:t/ [y(s)X(s) + R(s)ii(s) + B(s) T M(s, s) + D(s)TN(s)]ds
£— '

u = ¢ is an equilibrium
v e L]_-r (2; R™),

with (M, N) in (3.3) corresponding to #. To sum up, u =
control associated with x if and only if for any ¢ € [0, T),

0 < lim J(t, X (1); u™ <.>>8— J(t. X (@0); u())

= (Zo(H)v, v) + (A1), v).

Given t € [0, T), this holds if and only if both 7Zj(¢t) = 0 and Zy(t) > 0. Since
both % and P; are bounded and deterministic, we thus know that

0<Z(t)+ D) Pit)D(1), t €[0,T]. a.e.

If 54 (t) = 0, then by Lemma 3.4 in [12], above (3.5) holds. Conversely, if (3.5) is
true, we immediately obtain 7 (¢) = 0. O

Next we present the proof of Theorem 3.2.
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Proof In Lemmas 4.1, 4.3, and 4.4, we take ®; = 0. Hence for the notations in (4.4),
we have u = ©,X 4 ¢ and

t+e 1
I = E / <[7’ + %0+ [BT(PL+P2) + DTPI(C+ D®2)]]X + 5%
t
+%¢ + BT (P3+Py)+ D' P{(Dp+0)+ D' Ly, v)dr,
D) = g (D) PLt)D(t)v, v) +ole),

where P;,i = 1,2, (P;, L}), j = 3,4, satisfies (3.10). Moreover, by the estimate of
XE
09

t+e
E,/ () v, X5(s))ds = o(e), t€[0,T).
t

For open-loop equilibrium strategy pair (®*, ¢*) and associated equilibrium control
u*, we define X* the corresponding state process as,

{dX* = [(A+ BO")X* + Bg* + blds + [(C + DO")X* + Dg* + o |dW(s),
X*(0) = xo.

and perturbed control u¥¢ := @*X* 4+ ¢* + v}, 14.]. Moreover, for (M*, N'*) in
(3.11) corresponding to u*, let

) 1 t+e ) T T
Hi(0) = lim EE,/ [Y(S)X*(s) + B(s)u*(s) + BT M*(s,5) + D N*(s)]ds.
- t

To sum up, u* = @*X* + ¢™* is an equilibrium control associated with xo € R” if
and only if forany t € [0, T'], v € L%_-t (2; R™),

0 < (Zo®v,v)+ (A1), v), (4.19)

where % is in (4.18). Given ¢ € [0, T), this holds if and only if both .77 (t) = 0 and
Pp(t) > 0. Since both % and P; are bounded and deterministic,

0<Zt)+ D) Pi(t)D(1), 1 €[0,T]. a.e.
— If 4 (t) = 0, then by Lemma 3.4 in [12], for almost s € [0, T], we have
0=.X"+%u*+B' M*+ D' N*
= [Y +%60% +[BT(PF +P5)+ D'PH(C + DOM]|X*  (4.20)
+Z¢* + BT (P +P})+ D' P{(D¢* +0)+ D' Lj.
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Notice that (4.20) holds for any xp € R". We choose xo = 0, and denote the state
process by X. As a result,

[[#+ DTP{D]O* + BT[P} +Pi] + DTP{C +.7] (X" - X§) = 0.
Atthis moment, given I € R"*" the unit matrix, we consider the following equation

{d%'=(A+B®*)3&”ds~|—(C+D®*)3&”dW(s), s €[0,T], @21

Z0) =1,

the solvability of which is easy to see. Moreover, 2" ~! also exists. By the standard
theory of SDEs,

Plow € 2 21, w)x = X*(1,w) — X§(1,w), V1 € [0, T1} = 1.

Using the existence of 2 1 itis easy to see above (3.12).
< In this case, it is easy to see (4.20) with u* := ©*X* 4 ¢*. Consequently, the
conclusion is followed by (4.19), (3.4) and the fact of 77 () = 0. m|

At last, we show the proof of Theorem 3.3.

Proof In Lemmas 4.1, 4.3, and 4.4, we take ®, = 0. Hence for the notations in (4.4),
u=0;X+¢and

t+¢ 1
J1(t) = E / <[,¢ + %O +[BT (P + P + DT 2 (C + D@l)]]X + R
t
+ %9+ BT (P34 Py + DT 2Dy +0)+ D' %, u)dr,

(1) = 2 (D) P1(1)D(t)v, v) +o(e),

e
2

where &, i = 1,2, (¥, %), j = 3,4, satisfies (3.15). Moreover, in view of the
estimate of X 8, it is straightforward to see

t+e
]E,f (L) +016) " Z(s))v, X5(s))ds = o(e), 1 €[0,T).
t

For closed-loop equilibrium strategy pair (©*, ¢*) in the sense of Definition 2.3 and
associated equilibrium control u* := @*X™* + ¢*, we define X* the corresponding
state process as,

{dX* = [(A+ BO")X* + Bg* + blds + [(C + DO")X* + Dg* + o |dW (s),
X*(0) = xo,
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and perturbed control variable u"? = ®*XY® + ¢* + vl 14¢. In addition, for
(A*, ") in (3.16) corresponding to u*, we denote by

) 1 t+e T T
H3(1) = lim EE,/ [y(s)x*(s) + B(s)u*(s)+ BT M*(s,5) + D e/V*(s)]ds,
- t

t+e
21(t) == lim i/ [%(s) + D(s) T 25 (s)D(s)]ds.
e—02¢ J;

To sum up, u* = @*X* + ¢* is a closed-loop equilibrium control associated with
xo € R" if and only if forany ¢ € [0, T], v € L;t (S R™),

0<(Z1(Dv,v)+ (A1), v). (4.22)

Given t € [0, T), this holds if and only if both 4 (t) = 0 and Z,(¢) > 0.
= Given equilibrium strategy pair (®*, ¢*), we conclude that &} is bounded
and deterministic. Recall the requirement on %, it is clear that

0<Zt)+ D) P}(t)D(), t€[0,T]. ae. (4.23)
If 54 (t) = 0, then by Lemma 3.4 in [12], for almost s € [0, T], we have

0=SX*"+%u*+B .M*+D".N*
- [5/ + 20" + [BT (P} + P35+ DT 2} (C + D@*)]]X* (4.24)
+R9* + B (D5 + 7))+ D' P (De* +0)+ D' ..

Notice that (4.24) holds for any xg € R”. We choose xo = 0, and denote the state
process by Xj. As a result,

[[92 + DT P{D]|0* + BT [ 2} + 25|+ DT {C + y](X* - Xy =0.

As in Theorem 3.2, we introduce 2~ satisfying (4.21), and therefore obtain (3.17)
by following the same spirit of that in Theorem 3.2.

< In this case, it is easy to see (4.20) with u™ := @*X* 4 ¢*. Consequently, the
conclusion is followed by (4.22), (4.23) and the fact of J7{ () = 0. O

5 Concluding Remarks

In the Markovian setting, a unified approach by variational technique is devel-
oped to build the characterizations for three notions, i.e., closed-loop equilibrium
controls/strategies, open-loop equilibrium controls, as well as the closed-loop repre-
sentations of open-loop equilibrium controls. The intrinsic differences among different
equilibrium controls are also revealed clearly and deeply. Related studies with ran-
dom coefficients or in mean-field setting are under consideration. We hope to do some
relevant research in future.
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