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A GLOBAL MAXIMUM PRINCIPLE FOR OPTIMAL CONTROL OF
GENERAL MEAN-FIELD FORWARD-BACKWARD STOCHASTIC
SYSTEMS WITH JUMPS*

TAa0 HAO! AND QINGXIN MENG?**

Abstract. In this paper we prove a maximum principle of optimal control problem for a class of
general mean-field forward-backward stochastic systems with jumps in the case where the diffusion
coefficients depend on control, the control set does not need to be convex, the coefficients of jump
terms are independent of control as well as the coefficients of mean-field backward stochastic differential
equations depend on the joint law of (X (¢),Y(¢)). Since the coefficients depend on measure, higher
mean-field terms could be involved. In order to analyse them, two new adjoint equations are brought in
and several new generic estimates of their solutions are investigated. Utilizing these subtle estimates,
the second-order expansion of the cost functional, which is the key point to analyse the necessary
condition, is obtained, and where after the stochastic maximum principle. An illustrative application
to mean-field game is considered.
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1. INTRODUCTION

For some given measurable mappings b, o, 3, f, ¢, we consider the general mean-field forward-backward
stochastic differential equation (FBSDE):

dX"(t) = b(t, X*(t), Pxe (), v(t))dt + o (t, XV(£), Pxo ), v(t))dW (t)

+ [ BUX (), Py ) Na(desd), + € [0.7)
7dYU(t) = f(t7Xv(t)7Yv(t)a Zv(t)a/ Kv(t’e)l(e)A(de)a P(X”(t),Y”(t))vv(t))dt (11)

— Z°(H)dW (1) / K°(t,e)Na(de, dt), t € [0,T],

X*(0) = w0, Y(T) = ¢(X*(T), Pxv(1));
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where P, :== Po n~! denotes the probability measure induced by the random variable n; [ : G — Rt is a Borel
function with growth condition 0 < I(e) < C(1Ale|), e € G. Our control problem is to minimize a cost functional
of the form J(v(-)) = Y¥(0). The purpose of this paper is to investigate the second-order necessary condition of
the above control problem in the case where ¢ depends on control and, moreover, the action space is a general
space, which means it is needlessly convex.

The motivation comes on the one hand from the rapid development of the theory of mean-field FBSDEs in
recent years, in particular, after the appearance of the notion of the derivative of a function with respect to a
measure, refer to Lions [24] or Cardaliaguet [8], on the other hand from the work of Hu [17], which solved the
Peng’s open problem [27] completely.

Stochastic maximum principle (SMP) is an important tool to study stochastic control problem. A lot of papers
on this subject have been published. The earliest works can be retrospected to Kushner [19] and Bismut [2]. We
refer the subsequent works for first-order SMP to Bensoussan [1], Haussmann [16], Peng [26], Yong and Zhou
[32], Framstad, Oksendal and Sulem [14]. In particular, by regarding Z(-) as a control process and taking the
terminal condition Y (T') = ®(X(T)) as a constraint, Yong [31] in 2010 applied the Ekeland variational principle
to obtain an optimality variational principle. Using the similar approach, Wu [30] in 2013 investigated the
recursive stochastic optimal control problem. However, their maximum principles contain unknown parameters.
Later, Hu [17] considered a special case of the model given by Yong [31], and got rid of the unknown parameters
in the optimality variational principle [31], [30]. Recently, the second-order SMP also got great attention, see
Zhang and Zhang [33, 34, 35], Lu et al. [25] and so on. All above works were investigated in classical setting,
not in a mean-field framework. As everyone knows, mean-field stochastic differential equations (SDEs) (also
named McKean-Vlasov equations) have been considered by Kac [18] as long ago as 1956. However, due to the
special structure, mean-field backward stochastic differential equations (BSDEs) were not obtained by Buckdahn,
Djehiche, Li and Peng [4] until 2009 with a purely probabilistic approach. From then on, further progresses on
mean-field BSDEs were provided by, for example, Buckdahn et al. [6], Buckdahn et al. BDL. Especially, recently
with the pioneer work of Lions [24] to introduce the derivative of a function defined on Py(R?) with respect to
a measure, the theory of general mean-field FBSDEs and related optimal control problems or potential games
stirred greatly the zeal of a large number of scholars. For instance, we refer Lasry and Lions [20] for the theory of
mean-field game, refer Buckdahn et al. [7], Hao and Li [15], Li [21], Chassagneux et al. [12] for the investigation
of the relationship of the solutions of mean-field FBSDEs and corresponding PDEs, and refer Carmona and
Delarue [9, 10], Carmona et al. [11] for the description of the approximate Nash equilibriums of symmetric games,
i.e., the probability interpretation of mean-field game. Note that in [9], the authors proved the existence of the
approximate Nash equilibriums by making use of the tailor-made form of SMP. However, the assumptions on
their SMP are heavy, such as the Hamiltonian being strictly convex in control. A natural question is whether the
necessary condition of the optimal control problem for general mean-field forward-backward stochastic systems
(1.1) holds still true under some slightly loose assumptions. In this paper, we confirm this declare.

Let us look at the structure of (1.1) and show three main obstacles encountered in investigating the above
mean-field optimal control problem systemly:

a) The equation (1.1) is a general mean-field FBSDE. In fact, most of the existing works in mean-field
framework can be summarized as two cases:

1) E[Q/}(ta €T, X(t)7 ’U)] |w:X(t),v:vt; 11) 1/’(’57 W, X(t)’ E[X(t)]a Ut)'

However, both of the above cases can be put into the general type (1.1) by the definition of expectation
and some simple transformations, for example, for i)

¢(tawaX(t)7PX(t)7vt) = E[w(ava(t)av)Hx:X(t),v:Ut = / w(t7x7yav)PX(t)(dy) X() .
Rn = RIETIN
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As we know, it is very difficult to analyse the second-order derivative of a function with respect to a
measure. Because a function, which is infinitely differentiable in usual sense, maybe not be twice Fréchet
differentiable. Buckdahn et al. [5] encountered the same difficulty when studying the SMP for general mean-
field systems without jump. By adopting reasonable second-order derivatives of a function with respect
to a measure (see [7] or [9]), and by proving two sharpen estimates (see Prop. 4.3 of [5]), the authors
solved this difficulty successfully. In this paper, we use the same definition of second-order derivative
as [5]. However, the important estimates proved by Buckdahn et al. [5] are not suitable for jump and
recursive case. Hence, the first obstacle is how to generalize their estimates to jump and recursive case
(see Lem. 3.9).
b) A closely related work is Buckdahn, Li and Ma [5], where the cost functional is of the form

T
J(v) = E[ /0 £t X7 (8), Pxogy v)dt + (X7 (T), Pyogr)|.

Compared with their work, in this paper we consider the recursive case, i.e. f depending on (y,z).
Following the scheme of [17], we need to treat the term Y'6o(t)1g_(t) because its order is O(e). By
constructing an auxiliary BSDE (4.2) we realize the second-order expansion of Y¢. Different from [17], the
equation (4.2) is a mean-field BSDE with jumps. It is difficult to obtain its explicit expression. Hence, the
second obstacle is how to prove the SMP via the equation (4.2).

¢) It should be pointed out that although the dynamics involves jump term, the coefficient 3 does not depend
on control. Indeed, Li and Wei [23] proved an useful estimate for the solution of fully coupled FBSDEs as
follows: For p > 2,0 <t < T, £ € LP(Q, F;, P;R™) there exists a dg > 0 depending on p and the Lipschitz
constant as well as the linear growth constant, such that

E| sup [X"(s) = ([P| < Cpo(14[¢P), P-as., 0< 8 <8 (1.2)
SE[t,t+46]

(see Prop. 3.2 of [23], p. 1591). According to Remark 3.4 [23], the order of § at the right hand can not be
£, otherwise the Kolmogorov’s Continuity Criterion would imply the continuity of the jump process X tC,
But this is impossible. The reader can also refer Remark 357 [28] for similar argument.

Similar to the proof of Proposition 3.2 [23], if 8 depends on control, for the solution of the first-order
variational equation we only have the estimate: for £ > 1,

]E[ sup |X1’E(t)|2é] < Lye, (1.3)
t€[0,7)
but not
]E[ sup |X1’€(t)|2é] < Lggt, (1.4)
te[0,T]

which is not sufficient to prove the SMP. This is the last obstacle we met.

There are two points, which should be lighten. Firstly, different from the classical case, not only the Taylor
expansion of X¢, X = X* 4+ X1 4 X2 4 9(¢), but also the second-order expansion of cost functional Y¢,
Y =Y*+P+Y!'4+Y2+0(e) are needed, where the convergence of both of them are in L2(£2, C[0, T)) sense. To
the best of our knowledge, such second-order expansion has not been seen in the existing literature. Secondly,
following the scheme of Proposition 4.3 of [5], we establish two new estimates (see (3.6)). But it should be
pointed out that the presence of the jump term makes our proof more technical.
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The main result of this paper can be stated roughly as follows: Consider Hamiltonian

H(t,xz,y,z k,v,u,vip,q,P)

1 2
= pb(t,l’, v, ’U) + qa(t7x, l/,’U) + §P<U(t,(b, V,U) - U(th*(t)a PX*(t)v“’*(t))) (15)

+f (t,x,y,erp(a(t,a:,V, v) a(t,X*(t),PX*(t),u*(t))),/Gk(e)l(e))\(de),u,v),

(t,z,y, 2, kv, 1,0, p,q, P) € [0,T] x R x L}(G, B(G),\) x P2(R) x Po(R?) x U x R3.

Let u* be the optimal control and (X*,Y*, Z*, K*) be the optimal trajectory. By (Y%, Z% K%), i = 1,2 we
denote the solutions of the first- and second-order adjoint equations, respectively. Under some usual assumptions
and the additional assumptions

Fun(t) = (af) (050,70, 2°0), [ B (0. l(eNe) P, v- T (05 X (0, Y°(0) 2 0,

t€10,T], P® P-as., and

fi(t) = g,’:(t,X*(t%Y*(t)aZ*(t%/GK*(t6)1(6)>\(d€),P<X*<t>,y*(t)),u*(t)) 20,

t € [0,T], P-a.s., we have

H(t, X*(t),Y* (), Z*(t), K*(t, ), Px-(t)s Pix- 1),y (1)), v; Y (1), Z1 (), Y?(t))
> H(th*(t)7Y*(t)7Z*(t)7K*(t7 ')7PX"(t)aP(X*(t),Y*(t))aU*(t);Yl(t)a Zl(t)7Y2(t))7 (16)
Yv € U, a.e., a.s.,

where f,, and f denote the partial derivatives of f with respect to the marginal law Py and the variable £
along the optimal sextuplet, respectively.

This paper is arranged as follows. Section 2 recalls the notion of the derivative of a function with respect to
a measure and some notations. The formulation of the optimal control problem is introduced in Section 3. The
variational equations, the adjoint equations and the estimates of their solutions are also given in this section.
Section 4 is devoted to the introduction of the first important conclusion of this paper — the second-order
expansion of cost functional. The second important conclusion — SMP is proved in Section 5. An illustrative
application to mean-field game is considered in Section 6. In the last section some necessary notations and the
proof of the auxiliary lemma are shown for closing our paper.

2. PRELIMINARIES

2.1. Derivative of function h : P(R%?) — R

Let P(RY) be the set of all Borel probability measures on RY. For 1 < p < +00, let P,(R?) be the subspace
of P(RY) of probability measures having a finite moment of order p over (R?, (R?)), and moreover, we endow
the space P,(R?) with the p-Warsserstein metric: for v1, 1o € Pp(R?),

W, (v1,va) = inf { U Nz —ylPo(dr,dy)| o€ Pp(R*?), o, RY) =11, o(R?,-) = V2} .
RQ
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We now recall the derivative of a function h defined on Py(R?) with respect to a measure, see Cardaliaguet
[8], or Buckdahn et al. [7] for more details. We call the function h : P2(RY) — R is differentiable in vy € Py(R?),
if there exists a 79 € L?(F;R?) with vy = P,,, such that the lifted function h : L?(F;R%) — R defined by
h(n) := h(P,) is differentiable at 7y in Fréchet sense. In other words, there exists a continuous linear functional
Dh(no) : L*(F;R%) — R, such that for n € L?(F;R%),

h(no + 1) — h(no) = Dh(no)(n) + o(||nl|z>), (2.1)

with ||n]|z2 — 0. From Riesz representation theorem and the argument of Cardaliaguet [8], it follows that there
exists a Borel measurable function g : R? — R? depending only the law of 79, but not the random variable 7
itself, such that (2.1) can read as

h(Pyotn) = 1(Pyy) =< g(n0),n > +o(|[n]|2), (2.2)

where < -, > denotes the “dual product” on L*(F;R%). From (2.2) we can define d,h(Py,;a) := g(a),a € RY,
which is called the derivative of h at P, . It should be pointed out that the function 9,h(P,,;a) is only P, (da)-
a.e. uniquely determined. In our case, for simplicity we just consider those functions h : Pg(Rd) — R being
differentiable in all elements of Py (R?).

The following spaces have been introduced in [7], [15], [21], [5]. Here we borrow them. We denote

. C; 1(Py(RY)) to be all continuously differentiable function h over Py(R?) with Lipschitz-continuous
bounded derivative, i.e., there exists a positive constant C' such that,
(i) |O,h(v;a)| < C, VYa e R?, v e Py(RY);
(ll) |auh(V1; al) — 6yh(l/2; CLQ)‘ < C(WQ(Vl, VQ) + |CL1 — a2|), Vi,V € PQ(Rd), ai,as € R4,
o O7(P2(RY)) to be all measurable function h € Cp' (P2(R?)) satisfying:
(i) for all a € R, (9,h)e(:1a) € Cy ' (P2(RY)), £=1,2,,-,-,d;
(ii) for each v € P2(RY), d,h(v;-) is differentiable;
(iii) the second-order derivatives 9,0,k : P2(RY) x R? — R4 ®@RY and 92h(P,,; a,b) := 0, (9, h(-;a))(P,,;b) :
Po(RY) x R? x RY — R? @ R? are bounded and Lipschitz continuous.
Finally, we use an example to give a more intuitive feeling of Lions’ derivative.

Example 2.1. Suppose ¢ : R — R and ¢ : R — R are two twice continuously differentiable functions with
bounded derivatives, and let h(§) := h(P) := Y (E[p(£)]), € € L3(F;R). For given & € L*(F;R), h is Fréchet
differentiable in &, and

o+ &) = (&) = U(Ele(n + &) — b(Ble(@)) = | To(Eletn+&)hax

1
- / ' (Elp (M + &) L (O + &)lda
= /(B

= (&) EL (o)l + o(lInllz2)
= B[/ (Elp(€))#’ (So)n] + o[lnl|2)-
According to Lions’ work, h,(Pesa) = ' (Ele(&)])¢’(a), a € R, and moreover, h,q(Pe;a) =
V' (Elp(&o)])¢” (a), a € R. Hence,
i) if p(z) = @, then h(&o) = h(Pe,) = P(E[&o]) and hy(Pe,;a) =9’ (E[éo]), & € L*(F; P);
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ii) if w(x) = x, then 77’(60) :fl(P&o) = E[(,D(fo)] and hH(PEM ) ¥ ( )7 a€R
iii) if (z) = ¢(z) = z, then h(&) = h(Pe,) = E[&o] and h,(Pe,;a) =1

2.2. Function spaces

Let T be a fixed strictly positive real number and (Q, %, {%# }o<i<1, P) be a complete filtrated probability
space on which a one-dimensional standard Brownian motion {W(t),0 < ¢ < T} is defined. Denote by & the
F-predictable o-field on [0, T] x © and by #(A) the Borel o-algebra of any topological space A. Let (G, B(G), A)
be a measurable space with A(G) < oo and [,(1 A |e[*)A(de) < 4o0. Let ¢ : Q x Dy — Z be an F;-adapted
stationary Poisson point process with characteristic measure A, where D, is a countable subset of (0, c0). Then
the counting measure induced by ¢ is

Ng((0,t] x A) :==#{s € Dy;s <t,q(s) € A}, for t>0,A¢€ B(G).
Let
Nag(de, dt) := Ny(de, dt) — A(de)dt (2.3)

be a compensated Poisson random martingale measure which is assumed to be independent of Brownian motion
{W(t),0 <t <T}. In what follows, when no confusion, we always omit the subscript ¢, and write (2.3) as

Ny (de, dt) = N(de, dt) — A(de)dt. (2.4)

Assume F = {.%, }o<i<7 is P-completed filtration generated by {W(t),0 <t < T} and {ff(o fgxa Va (de,dt),0 <
t<T,Ae€ HB(G)}, and moreover, augmented by a o-field .#° with the following property:

(i) the Brownian motion W and the Poisson random measure Ny are independent of .#
(ii) Z° is “rich enough”, i.e., Po(R?) = {P,, n € L*(F°;RY)};
(ili) .#° contains the family of all the P-null subsets Np.

The following several spaces are used frequently.

e By Lp(f R?) we denote the collection of R%-valued, .#-measurable random variables 7 with ||n||, :=

E[lnl"]F < +ox.
e By S2(0,T;R%) we denote the space of R?-valued, F-predictable process ¢ on [0,T] with
Elsupg<s<r l@(t)]?] < +o0.
e By ”HF(O T;R?) we denote the space of all R%-valued, F-adapted cadlag process ¢ on [0, 7], such that

fo lo(t)]2dt] < +oo.
e By K2(0,T;R?) we denote the space of all R%-valued, & x %(G)-measure process r on [0, T] x G satisfying

fo Jo Ir(t,e)]*A(de)dt] < +oc.
Note that we denote L%*(G,%(G),\;R),S2(0,T;R), HZ(0,T;R),K3(0,T;R) by L*G,%B(G),N\), S(0,T),
HE(0,T), K3(0,T), respectively, for short.

3. PROBLEM FORMULATION, VARIATIONAL EQUATIONS AND ADJOINT
EQUATIONS

3.1. Problem formulation

Let us first formulate the optimal control problem. Let U be a subset of R. v(-) : [0,T] x  — U is called an
admissible control if v(-) is F;-progressive measurable process with sup E[|v(t)|®] < co. By U,q we denote the
0<t<T
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set of all admissible controls. Let the mappings

b:[0, T xRxPy(R)yxU =R, 0:[0,T] x RxPa(R) xU — R,
B:[0,T]xRxPa(R) x G—=R, ¢:RxPa(R)—=R,
F:0,T]xRxRXxR xR xP(R?) x U - R,

satisfy:

Assumption 3.1. There exists a constant L > 0 such that, for z,y,2 € R, v € P2(R), p € Po(R?), u € U,

e € GG, and for h = b, o,
|h(t,z,v,u)| < L (1 + |z| + {/ a|21/(da)} + |u|> ,
R

702, 5, 0)] £ T (1 #lal b +1el +{ [ loPutaa)} + |u|> ,

o) < L (1 ol + {/ a|2u<da>}%> 7
|B(t, z,v,u,e)| < L(1Ale|) (1 + |z| + {/Rm?u(da)}é + |u|> ,

and b, 0, B, f, ¢ are continuous in (t,u);

Assumption 3.2. For ¢t € [0,T),u € U,e € G, (b,0)(t,-,",u) € C;’l(]R x Po(R)), B(t,-, -, e) € C’l}’l(R x Pa(R)),

(i) For (t,z,y,2 k,u,e) € [0,T] x R* x U x G, (b,0)(t,z,-,u) € CP (Pa(R)), B(t,x,-e) € Co'(Pa(R)),
F{t2, 5,2,k ) € CP(Po(R2)), 6la,-) € CL (Pa(R)):
(ii) For (t,v,p,u,e) € [0,T] x Pa(R) x P2(R?) x U x G, (b,0)(t,,v,u) € C}R), B(t, -, v,e) € CLR),
f(ta EREES ":uvu) € CI(R4)’ ¢( ’ ) € Obl(R);
(iii) All the first-order derivatives 9p), ¥ = b, 0, f, ¢, £ = x,y, z,v, u are bounded and Lipschitz continuous in
(z,y, z,v, u) with the constant independent of u € U, and continuous in u; for each e € G, 9,8, 9,0 are
bounded by C(1 A |e|) and Lipschitz continuous with the constant C' independent of u € U and e € G;

and, furthermore,

Assumption 3.3. Let b, 0, 3, f, ¢ satisfy Assumptions (3.1)—(3.2), and, meanwhile, for ¢ € [0,T],u € U,e € G,
(b7 U)(t? ) ',U) S 0571(R X PQ(R))7 B(ta %y ',6) S 0571(R X PQ(R))7 f(ta EEEECIS) 'au) € C(l?,l(IR4 X P2(R2))a ¢(7 ) S
Cg’l(R x P(R)), i.e., the derivatives of b, o, 3, f, ¢ enjoy the following properties:

(i) For (t,u,e) € [0,T] x U x G, (9xb,0,0)(t,-,-u) € Cp' (R x Pa(R)), 9uB(t,-,-e) € Co (R x Py(R)),

aef( Ty, U )6011(R4XP2(R2))7£*I y,Z,k 8T¢( )Ecll(RXP( ))
(ii) For (t,u,e) € [0,T] x U x G, (8,b,8,0)(t,, - u;-) € Cp'' (R x Po(R) x R), ,8(t,-,-,¢;-) € Cp' (R x
Po(R) X R), (B f);(ts ;) € Cp (R x Po(R?) x R?), j = 1,2, 8,6(-,;-) € Cp (R x P(R) x R);

(iii) All the second-order derivatives of b, o, f, ¢ are bounded and Lipschitz continuous with the Lipschitz
constants independent of u € U and continuous in u; for each e € GG, all the second-order derivatives of (3
are bounded by C(1 A |e]), and Lipschitz continuous with the constant C' independent of (e,u) € G x U.
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Remark 3.4. Let us explain Assumption (3.2) and Assumption (3.3) by a simple example. Consider a function
h(z,v) = ¢(x) + w(fR ap(w)y(dx)), x € R, v € P2(R), where ¢, p,9 : R — R are continuously differentiable

functions. As we know, in the classical case (without mean-field) (see [17], or [26]), the assumption that ¢ is
a twice continuously differentiable function with bounded derivative is required in order to study the SMP.
Similarly, in the mean-field case the second-order differentiability of h in (x,v) are also needed.

Since in our setting % is rich enough, i.e., P2(R) = {P,, n € L*(F°;R)}, for any v € P>(R), we can
find a random variable £ € L?(§, Fy, P) such that v = P¢. Consequently, h(z,v) can be written as h(z, P¢) =
o(z) + YE[p(§)]. Assumption (3.2) means that h is once continuously differentiable in (z, P¢) with bounded
derivatives. Recall Example 2.1, it is not difficult to see Assumption (3.2) can be satisfied if we assume ¢, ¢, 9
are once continuously differentiable functions with bounded derivative. Assumption (3.3) implies that h is a
twice continuously differentiable funtion in (x, Pr) with bounded derivatives. If the functions ¢, ¢, are twice
continuously differentiable with bounded derivative, one can check that Assumption (3.3) holds true.

For v(-) € Uyq, under the Assumptions (3.1)—(3.2), the equation (1.1) possesses a unique solution
(Xv, YV, Z" K").

The target of the optimal control problem consists in minimizing J(v(-)) = Y¥(0) over U,gq, i.e., find an
admissible control u*(-) € Uyq such that

J(u () = infyer,g I (v(0))- (3.1)

The main purpose of this paper is to study the SMP of optimal control problem (1.1) and (3.1).

Remark 3.5. Throughout this paper, we set p : (0, +00) — (0,400) is a function with the property p(¢) — 0,
as ¢ = 0, and C' is a positive constant, both of which maybe change from one appearance to another.

3.2. Variational equations

This subsection is devoted to the introduction of the first- and second-order variational equations, as well as
some estimates of their solutions.

Now let u*(-) € Uyq be an optimal control, and by (X*(-),Y*(-), Z*(:),K*(:)) = (X* (), Y (), 2% (-),
K" (), the solution of (1.1) with u*(-) instead of v(-), we denote the optimal state process. It is clear from
the definition of a function with respect to a measure, that when studying the first- and second-order deriva-
tives of coefficients with respect to a measure, some auxiliary probability spaces are needed. Hence we would
like to introduce first an intermediate probability space and the stochastic processes defined on it as a rep-
resentative. The other probability spaces and corresponding stochastic processes can be understood in the
same sense. For this end, let (©,.%, P) be an intermediate complete probability space, which is independent of
(9,.Z, P). The pair (W, Ny) defined on space (Q,.7, P) is an independent copy of (W, Ny), i.e., (W, Ny) under
P has the same law as (W, Ny) under P. By YU(-) we denote the corresponding state trajectory but driven
by (W, Ny) instead of (W, Ny) in (1.1). E[-] only acts on the random variables or/and the stochastic processes
with “bar”. (€,.7, P, X(t),E[]) and (ﬁ,fﬁ,)?(t),l@[]) can be understood in the same meaning. Note that
(Q,.7,P), (ﬁ,é‘\, P), (Q,.7,P) and (Q, Z,P) are also independent.

Let v(+) be any given admissible control. For ¢ = b, 0,b,,0, and ¥ = b, o, define

3¢(t) 1= ¢(t, X7 (1), Px+(1), v(t)) — ¢(t, X (1), Px= (), u" (1)),

oy 02
(s e 0) = (g, 550 (8, X (8), P ° (1),
oy 0% =

(W, Yua) (6 X*(t)) = (@a m)(ta X*(t), Px= ), u™(t); X*(t)),



A GLOBAL MAXIMUM PRINCIPLE FOR OPTIMAL CONTROL 9
-7 3¢ 8277/} ~x . *
(o)1) = (50 22030, K (1), P, (1) X (1),

=* 821/} * 3 v *
o (t; X (1)) = 5 o5 (8, X (), Pxs oy, u™(1); X™(t), X™(1)).

Let € > 0, and E. C [0,T] be a Borel set with Borel measure |E.| = e. For any v(:) € Uyq, we consider
the “spike variation” of the optimal control w*(-): u®(t) := u*(t)1(g.) +v(t)1lg,, and let (X°,Y*, Z° K*) :=
(X, Y*, 2% K*) be the solution of (1.1) under the control u(-). Inspired by Peng [26], when the control is
involved in the diffusion term and the control domain is not convex, for each € > 0, one can find two processes
X1€ and X2, such that X¢ — X* — X1 = O(e), and X¢ — X* — X1 — X?¢ = o(e), where the convergence are
both in L2(€), C[0,T]) sense. In our case it is easy to check that the first- and second-order variational equations
XU and X?° satisfy

AXE(t) = {Ih(t)Xl’s(t) L E[b, (; X7 (1) X1 (4)] + ob(t }dt

+ {ou ()X () + Eloy (1 X (1) X2 ()] + do(t) L () faw (1)

+ [ B (o)X (o) + Bl (e T 0) X (]} Maldendt), + € 0.7]
X1£(0) =0,

(3.2)

and

AX2< (1) {bm (X% (0) 4 Blb (6 X* (1) K2(0)] 4 5 (b (1) OX(0))2 + Efba(t: X (1)

(X12()%]) + (00 ()X () + Eldb, (¢ X* () X(1)]) 1, (t)}dt

+ {%@sz oy (5 X ()X (0] + 3 (0 (X (0)” + Blowalts (1)
~ N L (3.3)
(K12(1)2]) + (00a(0) X (1) + Eldor, (6 X (1) X#(1)] ) 1. <t>}dw<t>
+f {6; ()X (1=) + E[B; (¢, s X (1) X2 (1)
G

45 (Bt (X)) + Bl (6 X (>><5<176<t—>>2])}Nxde,dt), teo. 1),

X2£(0) = 0.

Here (85, B7,)(t,€) = (22, Z8)(t, X*(t—), Px-)s€), (B85, Bya)(tres X () = (22, 28 (1, X*(t=), Pxe (), € X*(t—

Obviously, under the Assumptions (3.1)—(3.3), the equation (3.2) and the equation (3.3) have unique solutions
{X12(t)}eepo,r) and {X24(t)}iejo,r). Moreover, their solutions satisfy the following estimates:

))-
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Proposition 3.6. Let the Assumptions (3.1)-(3.3) hold true. For £ > 1, there exists a constant Ly > 0
depending only on ¢ such that

i) E[ sup Xl"s(t)|2q < Lt IE[ sup X2’E(t)|%} < Lee?

te[0,T te[0,T]
i) E[ sup | X°() — X*(0)PY] < Lec; (3.4
t€[0,T]

iii) IE[ sup X‘S(t)—X*(t)—Xl’E(t)Fq < L.
t€(0,T)

The proof is similar to Proposition 4.2 in [5]. Hence, we omit it.
Remark 3.7. If 8 depends on control, we only have for £ > 1,

E[ sup |le€(t)|2‘*] < Le. (3.5)
te[0,T]

In fact, in this case we have to estimate, for £ > 1,

T l
E ( / /G (LA Jef2)|X14(0) 1E5<t>N<dt,de>>

Similar to the proof of Proposition 3.2 [22], we just have (3.5).
Besides, as we state in introduction, in our framework if the estimate

E[ sup |X1’€<t>|2f] < L',
t€[0,T]

holds true when 8 depends on control. Then the Kolmogorovs Continuity Criterion would imply the continuity
of the jump process X'¢. This is impossible!

An extra assumption is the need to prove the following lemma.
Assumption 3.8. Let 1+ 3,(t,e) > 4, (t,e) € [0,T] x G, where ¢ is some given positive constant.

Lemma 3.9. Let the Assumptions (3.1), (3.2) and (3.8) hold true and let (Q, F, P) be an intermediate proba-
bility space and independent of space (2, F, P), and let (3(t,€))t.e)c0,1)xa> (¥1(t))ieio, 1) be two progressively
measurable stochastic processes defined on the product space (X x Q, F x F, P® P) and (@2(15)),56[01] be a progres-

sively measurable stochastic process defined on the space (Q, F, P). Moreover, assume (Vi(t))eero), 1=1,2,3
satisfies the following properties:

a) fore € G, t€[0,T], [01(t)] <C, [Ps(t,e)] < C(1Ale]), P® P-as.,

b) for £>1, E| sup [¢y(t)|*| < Cp.
te[0,7]
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Then

e[ [ BB, 07.0% 0] ] < 00 -

[/ | [E@ste. X <de>dt]<€2p<s>.

Proof. Under the Assumptions (3.1), (3.2) and (3.8), the proof of i) follows that of Proposition 4.3 [5]. Hence,
we mainly estimate ii). The proof of ii) is an adaptation of that for Proposition 4.3 [5]. Let us state it in detail.
Denote

5= [ (=0 + a0 + [ (Balose) ~ (1 -+ (s, e)N@e) s

) ) (3.7)
- [Cr@awis = [ [ 11+ 5 (5. Ma(desds),
and consider m(t) = e5(). Obviously, (m(s))sejo,7] satisfies
e 2
dm(t) = m(t)(—bz(t) + o (t)? +/G%A(de))dtm(t)am(t)dW(t)
ey Bz Be) o (3.8)
/G () Nt di), £ 0.7,

m(0) = 1.

Let n(t) = m(t)™' = e75®. Due to B.(t,e) > 6 —1 > —1, (t,e) € [0,T] x G, the boundness of b,, 0, Bs
implies that, for £ > 1,

E[ swp (n@) + m(@)")] < C., (3.9)
t€[0,T)

where Cy is a positive constant only depending on £.
On the other hand, it follows from Itd’s formula for semi-martingale with jumps (see [28], Thm. 93) that

AX(mit) = <>( [ay<tx<>>xlf< )+ 80(t) 1. (1)) AW (1)

1 +5w 0 e)]E[IBV_(t,e;X*(t))Xl,e(t_)}NA(dt,de)

{ X (1) X4 (8)] + 8b(H) 1 (1)) (3.10)

(t)o (t) (E[au(t X*(£)) X4 ()] + 00 ()1, (1))
Bz(t,e)

D13 ar g B b e X )X L)\ (de) .

Hence,

X1E(t) = n(H)O5(t) + n(t)O5(t) + ©5(1), (3.11)
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where

o5 (1) 1= / (s)(ﬁ[@(s X4 (5) X14()] + B0 ()1 (5) ) AW (s),

- R®IB '~*5~1’687 s de
O5(t) = n(t)/o {m(S)(E[b (s; X* (s )))?1’5(5)] +5b(5)1E5(3)) (3.12)
— m(s)0,(5) (E[o, (s; X*(5)) X ()] + 60 (s) 1. (s))
— mSMN S€'~*5 ~1,€S e s
Jmt T3 o P (5s6s X () X (5)Ade) s,

We are now ready to calculate E[i5(¢, e’)@Q(t)Yl’E(t)] with the help of (3.11) and (3.12).
For each given ¢’ € G,

B[, (1. )0 (0K (0)] = Bl (1, (O(1)5 (1)) + Bt ¢!V (0)] o1
Rt (0O5(0)] = E (1) + Z5(t. ) + Z5(0.)
Since, for £ > 1,
E[ sup (B¢ ()] < OE[ sup. w2<t>n<t>f]
t€[0,T] t€[0,T] (3.14)

< o{u s [0} {5 sw w0} <0

te[0,T) t€[0,T]

where C; does not depends on €’ because of |[13(t,e’)] < C(1 Ale’|) < C, and observe that F = FW \/FV,
according to the martingale representation theorem for jump process (see [29]), we have, for each ¢ € [0,T]

G, there exists a unique pair (0.¢¢,7. ;) € H%(O,t) X Fi(O, t), such that P-a.s.,

To(t, ¢ (t)(t) = B[y (1, s (1) / By T (s / Toro(@Na(de,ds).  (3.15)

We argue that, for £ > 1 and for each ¢’ € G, there exists a constant Cy > 0 depending on £, but independent
of €', such that

< Cy. (3.16)

El( / t |od> T ( / t /G ws,t,e,<e>|2A<de>ols)g
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Indeed, for ¢ > 2, from Burkholder-Davis-Gundy, Doob’s maximal inequality and Hélder inequality, we have,
for ¢ € [0, T7,

E[( /wmw ds+//wm PN (de, ds)) ]
AR R e STy

sup
s€[0 t] (317)
SCg(gfléE /emldW //%te NAdeds)w
< Co{ B[ (t, Yo ()| + B[ (1 Do (DR} < C,
where Cy is independent of e’ because of (3.14).
Clearly, (3.17) implies, for each ¢’ € G,
o _ :
E[( [ [ Mue@PNde,ds)] <
0 JG
Recall Lemma 3.1 [23], it follows
£ £
t ; Coo | (1 = ?
([ [ Fec@praons) | < QE|([ [ FaofFaes) <o e
o Jo 7 2 0o Ja 7

Hence, for £ > 2, (3.16) holds true.

If 1 < ¢ <2, foreach ¢’ € G, the fact (0.4¢,7. ) € ’H%(O, t) Fi((), t) and Holder inequality allow to show
(3.16).

We now estimate =5(t,€’), Z5(¢, ¢’), Z5(t, ') one after another.

First, as for E5 (¢, ¢'), following (3.15) we have

i) = B[ | B (6B (51 X (5) K (0)] 4+ ()57 (5) 1, (5)) s

From this, the boundness of do and Holder inequality, it yields

[1]
=0
—~

H-

2
+2E

[( / oML, (5 X () X (9] ) ( / o em(5)05 (s >1E<>|ds)2]

2 {e [ es,t,ew?ds)ﬂ}é - {E E m<s>|12] }é L8[ B X )R}

25{]E SSEI,)T]W ]} { /|11E gte/|d5)]};.

IN
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Hence, thanks to (3.9), (3.16), there exists a constant C' > 0 independent of €’ such that
j— t ~ ~ ~
=it e)[* < CE[/O [E[7, (53 X*(5)) X" (s)]|*ds] + Ce®p7(e),

where p*(e) = E[(fot |15, (5)0s.1.e|%ds)?]. Obviously, the Dominated Convergence Theorem implies p*(g) — 0
as € — 0. Then it follows A(G) < oo and (3.6)-1) that

/ /E|:€ (t, &) [AA(de)dt < 0/ / [Elg, (s: X () X1<(s)][Jds )t + C2"(€) < 2p(e).  (3.19)
Second, we now pay attention to Z5(¢,¢€’). Due to
V=B [ [ Fure IR, (65 X () (6 = Aae)as]|

and from (3.9), (3.16) we get

=5t < ofE //lEB (5,6 X () X(5))A(de)ds]} -

[ [ Fare@Paa) 4} (B sw mer]}

=

Hence,

/OT/GE[Ei(t,e’)|4 t<C/ / / IB[B, (s, e X7 (5)) X1 (s)][*A(de)ds] dt. (3.20)

Third, as for Z5(¢, €’), since [3(t,€e’)| < C(1 A |€/]) < C, we have

E
< C{E[%(t)n(t)/ (M(5)E[by (5; X*(5)) X "(5)] + 7(5)b(s) L ())ds]]
0 (3.21)

SE[B(0n00) [ ()7 (5Bl (55 X (9) X (6)]  (s)7. ()57 (5) 1, ()]
B ) vile
/ [ mts B, (e X)X (s)]A(de)dsu}.

The boundness of b, 0,0, (3.9) and the assumption E[supte[oﬂ |15 (1)[%] < Cy, £ > 1 allow to show

E| 3, (0 / m(s) (03 + ()3 (5)) 1. (s)dsl | < Ce. (3.22)
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On the other hand, notice that

) E|[@(0m / (s X (oas|

< (B[ [ B T )56 >}|2ds]}%-{ﬂ<:[ sup [Ty} - 5] sup (o))}

te[0,T) te[0,T]

Bl

<C E / IE[B,(s; X s))Xl’E(s)Hst]}%;
)E J / 71(8)74 (8)E[F, (s; X*(5)) X (s )]ds@ <c / E[7, (5, X*(s)) X 1< (5)]] ds]}%;
iii) E [y ( / /m 1+ﬂ W (s,e; X* (S))Xl’s(s)])\(de)ds@

{ //\E seX le( | )\(de)ds]}%,

Combining (3.21), (3.22) and the above 1), ii), iii), we know that there exists a constant C' > 0 independent of
e’, such that

=t )| < Cet + O / BB, (5; X*(5)) X ()] ds] + O] /O 5, (s; X*(5)) X ()] ds]

(3.23)
+CE/ / IE[3, $))X12(5)]]* A (de)ds).

Hence, from (3.6)-1)
// E|Z5(t, ¢')|* A\ (de)dt
0 G ‘
< e%p(e) +C/7/E / / E[B, $)) X 1< (s )]|4)\(de)ds])\(de’)dt (3.24)
< 2p(e) + CA(G / //\EB (5.6 X* () X ()] [*A(de)ds]
Thanks to (3.13), (3.19), (3.20), (3.24), we have
B [ Bl X (ol A )]
< /OT/GEEi(s,e') +Z5(s,¢') + Z5(s,¢)[*\(de’)ds (3.25)
< 2p(e)+C /0 TIE{ /0 t /G |E[ﬁ,,(s,e;)?*(s)))~(1’5(s)]4)\(de)ds} dr.

Notice that (2, F, P) is an intermediate probability space. So if we take Jg(s, e) = Bu(s,e; )A(:*(s)), 7’/;2(5) =1,
the Gronwall inequality can show, for ¢ € [0, T,

B [ [ Bt X ()X A s] < o)
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which and (3.25) imply the desired result, i.e., ii) of (3.6). O

Corollary 3.10. In (3.6), if ¥a(t) = 1, 1(t) = b,(t; X*(1)),0,(t; X*(t)) and Us(t,e) = Bu(t, e; X*(t)),
separately, one has

) B| [ BT TGN 4B [ Bl 5 X )R (00| < (e
o 0 (3.26)
i) B[ [ [ Bl s T 6T N es] < o)
Proposition 3.11. Let the Assumptions (3.1-(3.3)), 3.8 hold true, then
B[ sup |X(6) = X*(1) — X14(8) — X240 < 2p(e). (3.27)

t€[0,T]
Proposition 3.12. Let us define

o 9%

~ 2 »
(¢za¢xz)(T) = <(9l" 83}2> (X*(T)aPX*(T)), (¢V}¢Va)(T;X*(T)) — (a¢ 0 ¢ )

5»% (X (T)»PX*(T)§X (T))’
and

7(9) := ¢(X(T), Pxe (1)) — ¢(X™(T), Px+(1)) = {%(T)(Xl’E(T) +X*5(T))

_ _ _ _ _ _ (3.28)
4 Blgy (T (1) (XV(T) 4 K22 (D)] + 5600 (T)(XH(T))? + -l (T3 X (D)1},

then

E[|AT(0)]%] < €2p(e)- (3.29)

The similar proofs of the above two propositions can be found in Buckdahn, Li and Ma [5].

3.3. Adjoint equations

In order to apply duality method to investigate our stochastic maximum principle, two adjoint equations are
brought in. Compared with the classical case, see Hu [17], a remarkable difference is that the first-order adjoint
equation is a mean-field BSDE with jumps. But the second-order adjoint equation is a classical linear BSDE
with jumps, but not mean-field type.
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Let us first introduce some notations, which are used time to time, for ¢ = z,y, 2z, k, 0 = x,y, 2, k,a;,1,5 = 1,2,

I () = (X°(9). (5, 2°(5), [ K (s.eMONe)), A%(s) = (X°(6). Y (5)
fe(s) = %(5 1% (s), Pr(s), u"(5)),
Gt E 60 = ((5) 55 () )) 6@ Pee @k @) g

B = () 35 ((5) ) 0 Preco (10,

X 0= (g ((50),)), 17O Preou (K6 K6,

With these concise notations in hand, the first-order adjoint equation can be read as

— 1S: S S— 186 e, as S
{dY() F(s)ds — Z*(s)dW (s) /R )Ny(de, ds), s € [0,T], 1)

YHT) = ¢.(T) +E[$(T)],

where

F<s>=Y1<s>(fu<s>+1E[fM( L0 + [ (B5. M) +1(5))
+E[71(s) / F((e)B(s.¢) <de>+by<s>)}
+2s )(fz( )+ aas >) +E[Z(5)5()] + fu(s) + Bl (5)]
[ (R (00 + Bl ) + B (00l )] Ao

Under the Assumptions (3.1)—(3.2) the unique solution of equation (3.31), (Y1, Z1, R!), satisfies, for £ > 2,

]ELg[lépT] it (/ Z1(8)] dt) + (/OT/C;Rl(t,e)F)\(de)dt)g} < ¢, (3.32)

(see Li [21], Prop. 4.1).

Once obtaining the solution (Y1, Z!, R!) of the equation (3.31), we can consider the following second-order
adjoint equation

— 2S: 88—2 286 e,as S
{dY() G(s)ds — Z%(s)dW (s) /R )Ny (de, ds), s € [0,T], -

Y*(T) = 60 (T) + Eloy (T)],
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where
Gl5) = Y*(3) (£5) + BLFa(0)] + 2£-(502(9) + | AloN€)(28(5.) + (Buls. )P A(de)
+20,(5) + (0 () + [ (Bulse)? <de>)
+ 72(s) (fz(s) + 201(5)) + / R2(s,¢) (fr()1(e) + 284 (s, ) + (Ba(s,€)* ) A(de)
V) (£)0ls) + [ H0Br (5. ONAE) + b)) +E [T (5) (£ (5070
/ Fe(8)1(€)Boals, e)A(de) +bm(s))] + ZY(8)00u(s) + E[Z'(5)Fva(s)]
+ (RI(& B (5,) + B[R (5,¢) Bua(s, )] ) N(de) + O(s) D* ()07 (s)
~G~ ~ o~
F E[furas (8)] + (Y(8))’E[fuzar ()],
and O(s) = (1,Y!(s),Y'(s)o.(s) + Z'(s), [, (e Bz(s,e) + R(s, e)))\(de)) 2f(s) denotes the Hessian
x(t) foy()  faz(t)  far(l)
matrix of f with respect to (z,vy, 2, k), i.e., D*f = fzzg ; }szgg f;g g }CZ:E g . Since we have known
Jra(t)  fry()  fr=(t)  frr(D)

(Y'Y, ZY RY), the equation (3.33) is a classical linear BSDE with jumps. From the well-known existence and
uniqueness theorem of BSDEs with jumps, under the Assumptions (3.1)—(3.3) the equation (3.33) admits a
unique solution (Y2, Z2, R?) and, moreover, for £ > 2,

E tes;%]w?(mu </OT|ZQ(t)|2dt)g + (/OT/G|R2(t,e)|2)\(de)dt>§

From Lemma 3.9, the following estimates hold true.

<Cy. (3.34)

Corollary 3.13. Let the Assumptions (3.1)-(3.8) hold true, and set for £ = x,y, z,

My(5) = (furs Fruas furts Fuae) (5587 (8)), Ma(8) = (fiss Frons) (5547 (5)),

ANk

MS(S) = (f#l#lvfu1uzaf#2u2)(5;K (5))

Moreover, let X*¢ and Y be the solutions of (3.2) and (3.51), respectively, then

T __ _ _ T - - .
i) E[/ |]E[M1(s)Yl(s)Xl’E(s)]|4ds+/ / |E[M2(5)Y1(s)X1’5(5)|4)\(de)ds} < e2p(e);
0 o Ja (3.35)

T _ = ~ ~
i) EE| /O B ()7 (5) X (5)]1*ds] < 20(c).

4. THE SECOND-ORDER EXPANSION OF COST FUNCTIONAL Y°©

The second-order expansion of cost functional Y¢ is stated in this section, which plays an important role
in proving our stochastic maximum principle. More precisely, we prove that there exists a stochastic process
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P = (P(t))seo.r) with P(T) = 0, such that, for all ¢ € [0, 77,
1 3
YE(t) = Y*(t) + YH()(XVe(t) + X24()) + 5Y2 )X e () + P(t) + o(e), (4.1)

where the convergence is in L?(, C[0,T]) sense.
For this purpose, let us first introduce the following linear mean-field BSDE with jumps:

~ab(t) = (£,0P0) + £.) /fk £ O(e) + Elf, (11 (1) B(0)
(A + AF(D) L ()) _ / (t,e)Na(de,db), te 0,7], (42
P(T) =0,

where
Ay (t) = YH)b(t) + Z1(t)da(t) + %YQ(t)(éo(t))Q,
Af(t) = f(t, X*(t),Y" (), Z"(t) + Yl(t)éo(t),/GK*(t,e)l(e))\(de),P(X*(t)wy*(t)),v(t))

LR X (), Y1), 27 (1), /G K*(t, e)(e)A(de), P67y, 0" (1)).

N RY

Obviously, under the Assumptions (3.1)—(3.2) the equation (4.2) possesses a unique solution (P,Q,K) €
S2(0,T) x H2(0,T) x K3(0,T) (see [21]). Moreover,

Proposition 4.1. Let the Assumptions (3.1)-(3.2) hold true, then for £ > 2,

B[ sup [P)]' + ( / T|@<t>|2dt)§+( / ' /G Kt Pa@e)) | << puto) (4.3)

t€(0,T
where py : (0, +00) — (0, +00) depending only on ¢ with pe(e) — as e — 0.

Proof. From the standard argument for the solutions of classical BSDEs with jumps, we have, for ¢ > 2,

E[tes[%%]|}5(t)|e+(/OT|Q(t)2dt)g / /\Kte | A(de)dt)g}

. (4.4)
<|([ 10+ Aol @

The reader can refer to [22], [23] for more details.
On the other hand, thanks to the boundness of b, o and the Lipschitz property of f, Holder inequality implies

that
T ?
E[ ( | a0+ a5, (t)dt) }

< cE|( /0 ([Y(5)8b(s) + Z*(s)0(s) + Y2( )(30(5))> + Y (s) + 1|1, (s ))ds)z]

< efpy(e),
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where py(e) = £ (Efsup,e 0.1 [V (8)|*+supye 0.1 [V2(5) ]+ 1)+ E[(f |22 () 2L, (s)ds) §]. Clearly, pe(e) — 0
as € — 0. The proof is completed. O

The following theorem shows the second-order expansion of cost functional Y=.

Theorem 4.2. Let the Assumptions (3.1)-(5.8) hold true, then there exists an adapted stochastic process over

v

[0,T], P = (P(t))ico,r) with P(T) =0, such that

E R V() = Y (8) = P(t) = YN () (X1(8) + X>9(1)) — %Yz(t)(Xl’E(t))z\2 <e’ple). (45)

Proof. Like investigating classical Pontryagin Maximum Principle, an important element of proving
Theorem 4.2 is to apply 1t6’s formula to

M(t) =Y ()X (t) + X25(1)) + %YQ(t)(Xl’s(t))z- (4.6)

For this, we have

YHOXE() + X29(1)) + %Yz(t)(Xl’E(t))2 = YHT)(XH(T) + X*4(T)) + %YQ(T)(XLE(T))2
T T
- /t (As) + Aa(s) 5. (5) + As(s) )ds — /t (B(s) + Ba(s)Lp.(s) + Bs(s) )W (s) (47)
—/ /(C‘(&e)—|—C4’(s7e))N,\(de,ds),
t G

where A, B,C, Ay, - - -, Cy are given in Appendix.
Let us first admit the following lemma for a moment. Lemma 4.3 argues the powers of fOT |A4(t) L, (t)|dt,

S As@)|dt, [ [Ba(t) e (8)|dt, [ [Bs(®)|dt, [ [ |Ca(t,e)|A(de)dt, as the clements of L%(), are all o(e).
Note that due to the structures of Ay, As, By, By, Cy involving the first- and second-order derivatives of the
coeflicients with respect to a measure, hence, the proof is not trivial and far from the classical case. In the proof
of Lemma 4.3 we mainly borrow the new estimates given in Corollary 3.10 and Corollary 3.13. We place the
proof of Lemma 4.3 in Appendix.

Lemma 4.3. We make the same Assumptions as in Theorem 4.2, then the following estimates hold true:

) B[( [ 1otso) e[ [ o) ] < 2

i B[([ s o) = [
iii) IE[(/OT/G|C4(t,e)|)\(de)dt)2] < e2p(e);
v B[ [ (MOP+1BOP + [ 1000PA @) 15 0] < cpte)

Bs(o)lar) | < (e):
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With the help of Lemma 4.3, (4.7) can be written as

Y (XT() + X>9(1)) + 1Y2( £)(X15(1))? = YH(T)(XH(T) + X*(T)) + %YQ(T)(XLE(T))2

(4.9)
/A ds—/B )dW (s //C (s,e)Nx(de,ds) + o(e).
For convenience, let us set
AX(t) = X5(t) — X*(t) — X1e(t) — X25(t), AY(t) = Yo(t) - Y*(t) — P(t) — M (1), (4.10)
AZ(t) = Z5(t) — Z*(t) — Q(t) — B(t), AK(t,e) = K*(t,e) — K*(t,e) — K(t,e) — C(t,e) '
By (4.2), (4.9), (4.10) and the definition of A(s), see Appendix, we have
ave - [ {f(s X¥(8), Y*(s), Z°(s / K (5, )L (e)A(de), Prx- (v (- 5(5))
— f(s, X*( / K*(s,e) A(de) P(X “(8),Y*(s))s U u*(s)) + Aa(s) + %AS(S)
~ (AP + 106 + [ fils Mde) + E{f, (s 8%(9) P(s)] + A ()1 (5)) Js
/tTAstWS f/t /GAKS,eN)\ ds,de) +o(e), te€][0,T]. .
4.11
We now analyse f(s,X%(s),Y(s),Z ,fG KE(S,e)l(e))\(de),P(Xs(s),YE(s)),UE(S)) — f(s,X*(s), Y*(s),
s), [o K l(e)A(de), Pix+(s),y*(s))> U ( )). To facilitate the presentation, let A(s) = (X¢(s),Y=(s)).
Flrst 1nsp1red by (3.27) and the definitions of AY, AZ, AK, we write
f(s,X%(s),Y(s), Z%(s /KE s,e)l(e)A(de), Py=(sy,u(s))
— s, X7( ), Z* (s / K*(s,e)l(e)A(de), Py (5), u*(s)) (4.12)

= Af(s)le.(s) + L(s) + Io(s

where

Ii(s) = f(s, X"(5), Y*(s), 25(8)7/ K= (s, e)l(e)A(de), Pac(s), u () — f(s, X (s) + X15(s) + X>(s),

Y*(s) + P(s) + M(s), Z*(s) + Q(s) + B(s), /( “(s,€) + K(s,€) + O(s, €))l(e)M(de),

Plxce (54 X108 (s)4 X2 (5,7 (5) 4 P(s)+ M (5)) U (5))s

Iy(s) = f(5, X" (s) + X15(5) + X>%(5), Y*(5) + P(s) + M(s), Z*(s) + Q(s) + B(s),

/G(K*(Sv e) + K(s,e) + C(s, €))l(e)A(de), (X*(s)+X1,s(s)+X2,s(s)7y*(S)+15(3)+M(s))a“6(5))

—f(s,X*(s),Y*(s),Z*(s)JrYl(s)(;U(s)]lEs(s),/GK*(s,e)l(e)/\(de),PA*(S),UE(S)).
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Thanks to the Lipschitz assumption on f and the definitions of AY, AZ, AK one can obtain

[1(s)| < C(IAX(S)I +IAY (s)| +|AZ(s) + /G |AK (s, e)ll(e)A(de) 213)

+ (EJAX(9))* + EIAY (9)1)*).
Now we focus on I5(s). Obviously, from the definition of B(s), see Appendix, I2(s) can be written as
Ia(s) = I3(s) + (1a(s) — I3(s))Le. (s),
where

I5(s) = (s, X* () X(3) + X2(3), Y*(5) + P(s) + M(s), Z°(5) + Q(s) + Bals) + 5 B(s),
027 50) 4 K (5.) + Ol eDHONA. Pty o+ o1+ oy 1000 (5)
— XY (9. 2°(9), [ K (5 elNe). Pao(5).
I4(s) = (s, X"(5) + X 4(5) + X2%(5),Y*(s) 4+ P(s) + M(s), Z*(s) + Qs) + Bs),
L0 (5.0) + K (5,) + Ol HEMA). Py sy x3 00+ £10y 100 1(5)

— f(5,X7(5),Y"(s5), Z"(s) + Y (5)d0(s), /G K*(s,e)l(e)A(de), Px-(s),y*(s)), v(8))-

According to Proposition 3.6, Proposition 4.1, Lemma 4.3-iv), the definition of M (s), Ba(s), Bs(s), C(s,e), see
Appendix, as well as the fact Wy (P, P,) < (E|é —n|?)=, &1 € L*(Q, Fr, P), we have

2|( (s - ()L (5)0s) }

< cgE[/O <|15(s) + M(s) + |O(s) + Ba(s) + %Bg(s)|2 + /G K (s,€) + C(s, ) 2A(de)

HIXE(s) + XP P + EIXS(0) 4 XS]+ BIPe) + M) )12, (5)0s] )

T
< Cer(s)JrCs]E[/O (|M(s)|2+|Bg(s)+;B3(s)|2+/G|C’(s,e)|2)\(de))]lE6(s)ds}

< Cep(e).
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So we now analyse I3(s). Applying the second-order expansion to I3(s), see Appendix for further details, we
get

B(s) = [P + 120 + | his N(de) + Elf (534" (5)) P(s)]
+(X15(8) + X2 (s ))(fx( )+ ()Y (5) + LY ($)ouls) + 2'(5)
+ [ RO (85,6 + R . DA + Y (EF, 55 K () (R (3) + K24(5)
+ [ s E[B (s, X () (X14(5) + K24 (9)A(de)
* Elf (5B OUT0) K0 + Bl K (VT4 + R0
SO (LY 0) 4 6) (Y (9000(0) + 22 (0)s(5) + 22(5)

/ Fi(8)l(e) (Y (5)Bra(s,€) + Y?(5)(2B:(s,€) + (B(s,€))?) +R2(S,e)))\(de)>
§(fz(8) (6 Blowass X (X)) + [ s Elfua(s, € X (5)) (X1(5) PJAcke)
+E[fu2(8;7\*(8))371(8)(X1E( ) 1)

+ 0D F)OT(5) (X () + 5[ (Fasas (53 K (D V) + F (53 8°(5)) ) ()7

+ 15(8)7
(4.15)
where E[( [ I(s)ds)?] < e2p(e).
Consequently, combing all the above analyses and recall the definitions of As(s), As(s), see Appendix, the
equation (4.11) can read as

T T
AY () = / (11(5)+(14(5)43(5))]1&(5)+15(5))de / AZ(s)dW (s)
! ¢ (4.16)

—/T/GAK(s,e)NA(de,ds) +o(e), t €0,T7.

It follows from (4.13), (4.14), (4.15) and Gronwall inequality that

E[ sup |AY(s)|? + / IAZ( )|2ds+/ /|AKs B (de)ds]

s€[0,T]

< CE|( / [(Ta(s) = Is(5) L. (5) + I (s)[ds)?] + 0(c?) < e2p(e).

The proof is completed. O
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Remark 4.4. If f does not depend on (y, z, k) and just depends on the law of X*(¢), not on that of Y*(¢), as
well as 8 =0, then (4.2) is of the form
9 1
—dP(t) = (Yl(t)éb(t) + Z'(t)do(t) + §Y2(t)(6a(t))2 + f(t, X*(t), Pxs), (1))

- f(taX*(t)’PX*(t)7U*(t)))dt - Q(t)dW(t), te [OvT]a (417)

which is just right the case investigated by Buckdahn et al. [5], and, accordingly, our stochastic maximum
principle is consistent with theirs.

5. STOCHASTIC MAXIMUM PRINCIPLE

In this section, the main result of this paper — SMP is proved.
5.1. Hamiltonian function
We define
H(t,z,y,2,k,v,p,v;p,q, P)
1 2
=pb(t,z,v,v) +qo(t,xz,v,v) + §P(O‘(t, z,v,v) — a(t,X*(t),PX*(t),u*(t))) (5.1)

+ f(t, 2,1y, 7 + p(o(t, 2,v,) — o (t, X* (1), Py, u*(t))) : /G k(e)l(e)A(de), 1, v),

(t,z,y, 2, k, v, 1,0, p, ¢, P) € [0, T] x R® x L2(G, B(G),\) x P2(R) x Po(R?) x U x R3.
We now state the SMP.

Theorem 5.1. Let the Assumptions (3.1)-(3.8) hold true, and, furthermore, let
rs af * * * *
f#Q(t) = -_— (t X ( Z K t 6 de) P(X “(t), y*(t)), ( ),X (t),Y (t)) Z 07
2

€ [0, T, 15®P—a.s., and

of

fu(t) = ok

(t X* ( Z* / K* t € de) P(X*(t) Y*(t )) *(t)) Z O,

t € [0,T), P-a.s. Suppose that u*(-) is the optimal control and (X*,Y™*,Z*, K*) is the corresponding solution
of (1.1). Then there exist two pairs of stochastic processes (Y*, Z1, RY) and (Y?,Z2, R?) satisfying (3.31) and
(8.33), respectively, such that

H(t, X*(t),Y*(t), Z*(t), K*(t, "), Px(t), Pix=(t),y+ 1)), v; Y (), Z' (t), Y?(t))
> H(t, X*(t),Y*(t), Z*(t), K* ("), Px=(t), Pix= i)y, w* (8); Y (), Z*(2), Y2(2)), (5.2)
Yo € U, a.e., a.s.
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Proof. According to J(v(+)) = Y?(0), (4.5) and X1¢(0) = X%#(0) = 0 we have

J(u () = J(u*(-)) = Y(0) — Y*(0) = P(0) + o(c) > 0. (5.3)
Recall that
—aP(0) = {1,0PO + 1020 + [ 1) A(de) + Bl (6 (6) P(0)]
(AL + AP L (¢ )}dt—@( )aw (1) / K(te)Nr(de,dt), tefo,7], (B4

which, however, inspires us to consider the dual mean-field SDE with jumps:

{dm) = (0700 + Bl T+ LOTOWE) + [ Sl TONs e, d), 10T,
T(0) = 1.
Applying It6’s formula to Y (t)P(t), ¢ € [0,T], it follows
PO) = B[ [ X(s)(A1(5) + A (5)) 1 (s)ds]. (56)
0
But, P-a.s.
T(s) >0, se€0,T). (5.7)
In fact, consider the auxiliary SDE with jumps
{dTl(t) = f,(OY B)dt + f.(t) / fr(t) (t)Nyx(de,dt), t € [0,T], 5:5)
TH0) = 1.
Denote AY(t) = T1(t) — T(t), then from It6’s formula we have
d((AY(1)")? = 2L ar >0y AT (t ){fv(t)A (t) = E[fu ()T (®)] + f2())AT(£)AW (1)
/ fr(?) (t)Na(de, dt)} + Liav =0y (f- ()2 (AY(¢))*dt (5.9)

[ Barima (0 AT N (e, i),

where f, (t) = 3L (s,11* (s—), Py-(s), u*(s)).
Thanks to [28] (see p. 87), the assumption fi(t) > 0, t € [0,7] and I(e) > 0, e € G allows to show T!(s) >
0, s € [0,T], P-a.s. Moreover, notice f,,(s) >0, s € [0,T], P® P-a.s., hence, for s € [0,7], E[f,,(s)T'(s)] > 0,
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and then

B(AT0)) < E[ [ 21(ar50 AT, (DAT(E) + B (AT ()]s

+ IL{mr s)>0}(fz( 5)) (AT(‘S))%S}

(5.10)
/ Lae(503 (i () (AT (5))?1(e) PA(de)ds]

BN

<CE

E[
+E|
)

O\Nc\

)2ds].

Then the Gronwall lemma implies AY(s) = YT1(s) — Y(s) <0, s € [0,7]. On the other hand, the assumption
fr(t) > 0,t € [0,T] can show Y!(s) > 0,s € [0,T], P-a.s. Hence, Y(s) > T!(s) > 0, s € [0,7], P-a.s. Combining
(5.3), (5.6) and (5.7) we have the desired result. O
Remark 5.2. If our model does not contain jump term, and the coefficient f just depends on the law Py (),

but not the joint law P x« () y= (), then ]?W (t) = fr(t) =0, t € [0,T]. In this case our SMP is consistent with
that of Buckdahn et al. [5].

6. APPLICATION TO MEAN-FIELD GAME

In this section we investigate an illustrative mean-field game without jumps to state our theoretical results.
Suppose there are two types of investment possibilities in a market:

i) a risk-free security (e.g. a bond): dso(t) = r(t)So(t)dt, Sp(0) >0
where r(t) is a bounded deterministic function;
ii) a risky security (e.g. a stock):

(6.1)

ds1(t) = 81 (O)u(t)dt + Sy (o (6)AW (2),
Sl (0) =851 > Oa

where u(t) # 0, o(t) #0, B(t,e) are bounded deterministic function. We assume u(t) > r(t), ¢t € [0, 7).

Let 0(t) = (00(t),01(t)) € R? be the number of units possessed at time ¢ the risk-free and the risky security.
If the portfolio is self-finance, the wealth dynamics can be described as

AX(t) = {r(O)X(0) + (u(t) = r(O)o(t) fat + o (u()dW (1),
X(O) =29 > 0.

(6.2)

where v(t) := 61(t)S1(t), see [30] for more details.

Next we introduce the corresponding mean-field game. Assume there exist N-individual agents in the market.
The own control of i-th agent v; has instantaneous and immediate effects on its own state. The controls of all
other agents v;, ¢ # j don’t yield an immediate effect on the i-th state, but in some averaged manners. Inspired
by Lions’ works, we can assume that the wealth dynamics of the i-th agent is

X (e) = {r O X (1) + (0 (1) = r () (1) + g (7N (1) fdt + o (D0 (AW (1),

. , (6.3)
X(0) = by > 0,
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M=

where vV (t) = % dxiwvi(s)s Oy denotes the Dirac measure in y; g : R = Ris a twice continuously differentiable

Il
-

1
function.

The i-th agent wants to minimize the utility Y% (0) resulting from v®:

Yi,m() E]-'t Xz'u / f s, Xt U»b o () 1(8))(118 , (64)

where 77 (s) = % Z:l(s(xi‘vi (s),Yii(s))- We suppose that the running cost function f* depends not only on the
1=

immediate wealth X% but also on the average value of all the joint pair (X®vi YHvi),
Thanks to [13], the recursive utility Y%V (¢) solves the following BSDE:

AY PV (t) = = f1(t, X P (), 0N (8), 0 (8)dE + Z50 () AW (1),
Yiﬂ)i (t) —_ Xi,vi (T)
Consequently, our system can be described as
ax () = {r (X (1) + (0 (1) = v (O)' () + ' (Y (1) fdt + o' (o' (AW (1), ¢ € [0, T,

dYPe(t) = — (¢, X0 (), 7Y (1), 0" (6))dE + Z0 () dW (1), ¢ € [0, T, (6.6)
X5i(0) =2, YHU(T) = X5V (T).

Now we suppose the game is symmetric, i.e., 7'(-) = 7(-), p'(-) = p(-),v'() = v(-),q'(") = g(-), Wi(:) =
W), fi(-) = f(-),2" = 2. As N — 00, the system (6.6) can be characterized as a mean-field system

AX(t) = {r(O)X" (1) + (u(t) = 7(D)0() + 9(Pxo() fdt + o (Ou(H)AW (1), t € [0,T],
dY"(t) = = f(t, X (£), Pixe (v (o)), 0(8)dt + Z°()dW (1), ¢ € [0, T), (6.7)
XU(0) =z, Y(T) = X"(T).

In order to give a more concise form of our SMP, we suppose g(Pxv@)) = ¢(E[p(X"(t))]) and
J(t X2 (8), Poco o> v() = al) X2 () + B(t)u(t) + ( EB(X°(6), Y*(1))]), where t, o : R + R, 6 : R? - R

are twice continuously differentiable functions with bounded derivatives; «(-), 3(+) are deterministic functions
and bounded. Note that our method is suitable for the general case of f and g.
From Example 2.1, we know

(Px-(:) = ¥/ (Blo(C @)/ ), a € R, o
gua(Px*(t sa) = V(Elp(X™(t))¢" (a), a €R. '
Define h(Px«),y=@) = w(E[(ﬁ(X*(t),Y*(t))]) Similar to Example 2.1 we also have
Py (Pixc(),y= (1)) a1, az) = ' (E[@(X™ (), Y (1))])pa, (a1, a2), a1,a2 € R,
M 1a1 (PX *(1),Y*(t); 01, @ 2) = w/(E[¢(X*(t)7Y*(t))])(balal (a’l,a’Q)v ai,az € R, (6 9)
hyus (P2, v+ ()3 a1, a2) = ¢ (BO(X7 (), Y (t))]) s (a1, a2), a1,a2 € R, '
Ppzaz (P(x= (1), v+ ()i a1, a2) = ' (E[(X™ (1), Y™ (1))]) Pazas (a1, a2), ar,a2 € R.
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Corollary 6.1. Let Assumption (3.1), Assumption (3.2) and Assumption (3.3) hold true, and let

V' (a)day(a1,a2) > 0 a,a1,a2 € R. By w*(-) and (X*,Y*,Z*) we denote the optimal control and optimal
trajectory. Then there exist two functions Y'' and Y? such that, for t € [0,T),

Y (ult) = () (v = u* (1) + %Yz(t)ffz(f)(v —u*(1)* 20, (6.10)

where Y1 and Y2 satisfy the following backward ordinary differential equations, separately,

a1 (0) =~ {1 0) [/ (BT (0. Y () Elows (X" (0, ()] + 1)

+ 1//(E[<P(X*(t))])E[<P/(X*(t))]} +af(t)

(6.11)
+ Y (Blo(X (1), Y™ (1)) El¢a, (X7 (1), Y*(ﬂ)]}dt, t € [0,7],
Y(T) =1.
dv?(t) = —{YQ(t) [w’(E [O(X™(1), Y™ (1)) Elday (X™(2), Y™(1)] + 2T(t)]
+ Y (1) [ (Blp(X* O ElR"(X* ()] + ' (Blo(X* (1), Y* () (6.12)

[Blusa, (X7 (2), Y ()] + (V2 (0)* Blbasas (X7 (8), Y (1))]] £ € 0.7,

Y3(T) = 0.

APPENDIX A.

A.1 Some notations

The aim of this subsection is to collect some notations used in this paper, in particular, in Section 4:

M(t) = Y (X () + X37(0) + 3V (X (1),
Av(t) = Y ()5b(t) + Z (t)d0 (1) + %Y2(t)(5o(t))2,
Aa(®) = (YH00(0) + 2 (00,0 + [ R (0Bt N de) = F(0) (X4(0) + X>4(0)
G
+E[(Y 00 (6 X () + 2 (o (5 X () + /G R(t,€)B,(t s X* (1) M(de) )

(X1e(t) + X2 (0))]
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Az(t) = (Xl’e(t))Q(bm(t)Yl(t) + 022 (1) 22 (1) / Bex(t, ) R (t, )N (de) + 2Y2(t)b, (1)
+Y23(t) / Y2(t)(Be(t, e))*A(de) + 22%( / R*(t,e)(2B:(s,¢€)
+ww@>nma—au)+EKW(mauf<»+Z%wmwx<»

Lt e o X* e vle 2
+ [ Bttt T ()M ) (R (0)?].

Au(t) = Xl’s(t){Yl(t)chx(t) + ZY(t)80,(t) + Y2(t) (5b(t) + 5J(t)az(t)) + ZQ(t)aa(t)}
+E [)zl’a(t){Yl(t)(Sb,,(t X*(8)) + ZH(t)d0, (t; X* (1)) + Y2(1)do ()0 (t: )?*(t))H :

As(t) = Y2 (OX OR[b (1 X () (0] + 3 V2(0) (Blo (15 X () X (1)))

+ V2 (0)0u ()X (OB, (15 X (1) X1 (1)] + 22(1) X (OBlon, (1 X (1) X(1)]
+§/( 2() (Bl (t, e X)X (0]) + Y208 (1, €)X (B[, (1, 5 X" (1))

T + [ (BB 0) + DX OBIB, (b X (0) (0] Ado),
G

Bi(t) = Y (t)da (1),
By(t) = (Y (t)ou(t) + 2" (1)) (X5 () + X>(1)) + Y () E[oy, (6 X* (1) (X V= (t) + X>°(1))],

) = (VH(8)owa(t) + 2Y2()on(8) + Z°(8)) (X 4(1))” + Y (DE[ova(t, X (0)(X = (£))?],
) = (Y ()00 (t) + Y ()00 (£)) X = (8) + E[Y ()00, (1 X* (£) X< (1)),

Bs(t) = Y2(£) X5 (O)E[o, (t, X *(£)) X = (1)],
) )+ XZE(8) + Y OR[B, (t e X (0)(X () + X2 (8))],
)

)
Colt,e :(YltﬁmteHRl o) ) (X et

(t) )
Ca(t,€) = (YL (O)Baalt, ) + V(1) (28 (t,€) + (Be(t,€))%) + R2(t,€) ) (X=(2)?
+Y%)[&AtaX()XX“(DL
cuua=Y%@quﬁwxnaf%mfwun+§r%x®mwaﬁwmi“um2
+Y2(1)B.(t, €)X S (E[B, (¢, e; X (1)) X = (8)],

and we denote
As) = Ar ()15 (s) + As(s) + %Ag(s), Cls,e) = Cals,e) + %cg(s, o),
B(s) = Bu(s)Lp (s) + Ba(s) + < By (s).

2

Here F'(t) and G(t) are given in (3.31) and (3.33), respectively, and C~ (s, e) denotes the time s for the stochastic
processes in C(s, e) instead by s—.
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A.2 Proof of Lemma 4.3

As for i) of (4.8), by observing the structures of A4(s) and As(s), we mainly work out the central ingredients,
i.e., those terms involving the derivatives of the coefficients with respect to the measure.
a1) From the boundness of g, (3.4) and Dominated Convergence Theorem, it follows

T 2 T
mrvle 1 o Ly 1 2 l,e 2
E[( / 1e, (VEIX 4 (1) 2 ()5 mxu»mﬂs&[ / Lo, ()12 () PE| X (1) e .

T
<<B| s [X0F[E| [ 1n012 0P <)
te[0,T] 0

where p1 () := E{fOT 1g. (t)(Zl(t))2dt] —0,as e —0.
az) According to Assumption (3.1), Holder inequality and the estimates (3.26), (3.34), we obtain

. K /OT 1, (DE[X L (0)Y2 ()00 (1) (1 X *(“”dt>2]

< CEELSBPT YRR sup (114X + EIXOF) + fut)] + w@)) (A2)

/ 1E5<t>|ﬁ[ﬁ?lv€<t>au<t;X*(tmZdt]

=

{]E{ sup |1+|X*(t)\8+E[\X*(t)|8]+\U(t)|8+|u*(t)\8}}z'

< cH{El s V(0)1} (B[ w
€10,

te[0,T]
1
2

(& [ B 0o X @) ar)

< Cefp(e).

az) Thanks to the boundness of o, (3.4) and (3.26), one can check

E{(/OT Yz(t)(ﬁ[au(t;X*(t)))?l’s(t)])Qde
T
< CE[(/O |Y2(t)|E[|X1’E(t)”|ﬁ[gl’(t;X*(t))il’e(t)”dt)ﬂ

T ~ ~ ~
SCeE[ sup |Y2(t)|* - / |E[U,,(t;X*(t))Xl’E(t)]\th} (A3)
t€[0,T] 0

< c={e[ sw 2o} (ol Bl (X () K 0] )

t€[0,T)
< Cep(e).
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a4) The Assumptions (3.1)—(3.2), (3.4) and (3.26)-ii) allow to show

E[( /OT /G Y2(t)ﬂm(t,e)Xl’E(t)E[ﬁy(t,e;)?*(t))?lﬁ(t))wde)ds)z}

<E[ sup [X™(0)? sup [Y2(1) / L an BB e @)% D)Ae)dt) |

te[0,T] te[0,T]
l,e 2 u 2 e; 1, e % (A4)
< CB[ s (X' s (Y20 ([ [ B RO @) ]
l,e 8 % su 2 8 % ™ e: vk vle 4 e)ds %
< c{El s 1X e @P} (B[ s VOP} {E / /G EIBy (£, e X (6) X (1) *A(de)ds}
Sszp(s).

as) Notice that for each e € G, |B,(t,e)| < C(1Ale]) < C and AMG) < +0o0, (3.4) and (3.26) imply

/ /R2 (t,e)(Ba(t,€) + D)XVt )]E[ﬁl,(t,e;)?*(t)))N(l’E(t)]/\(de)dt)j
< CB[ sup X)) / / IR2 (6, )BIB, 1, () X (0] Ade)ar) |

t€[0,T) (A.5)
gC{E{ sup | X1e(t) / /\]EB,, (t,e: X*(£) X V= (1)] 1A (de)dt”i
te[0,T]
< Ce?ple).
Combining the above estimates aj)-as), we have
T 2 T 2
E[(/ A0, (1))a2) ]+E[(/ As(B)at) ] < O2p(e). (A.6)
0 0

ii) of (4.8) can be calculated with the similar argument.

Let us now turn to Cy(s,e). Through analysing the definition of C4(s,e), in order to prove iii) in (4.8) we
just need to estimate the following terms.

b1) By (3.4), (3.26) and A(G) < 400, one knows

E{(/OT/GYQ(t)Xl’E(t)INE[ﬁu(t,e;)?*(t)))?l,s(t)“(de)dt)?

<ofe] o)) {2 s xor]) a2

o[ [ [ e S0 R @] )

1
2

< Cep(e).
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bs) On the other hand, from (3.4), (3.26) again, it also yields

E[( /oT /G Y2(1)8a(t, ) X (DE[B (s, e: X7 (1) X 1’E(t)])‘(de)dt)2}

- T ~ S S1e 2 (A.8)
<CE[ sw VOF sp (XOP( [ [ @A DEB (. X O)F (0)ae)) |

te[0,T] te[0,T]
< Ce?p(e).

According to the above estimates, iii) of (4.8) can be obtained.
We are now ready to investigate iv) of (4.8), i.e.,

5[ | LM + 1B + [ 106 A @15 (3] < Ceple).

Recall the definitions of M(s), B(s), C(s,e), it is feasible to consider some central estimates. Let us now show
them one by one.

To begin with, the following two estimates are the need for proving E [ fOT |B(s)]?1 5. (s)ds] < Cep(e). From

(3.26) and the boundness of 7,,, we have

B[ [ 1.0 (0l () X (0] ]

T - ~ ~
<E[ sup V(o) / L, (8)[Elon (# X (6) X1(2)) e

t€[0,T) . , . (A.9)
<{E[ su v} {E] | 15 @ X @)X 0] Pay?] )
< cet{E| / ' [Elon (1 X (1) X2 ()]t }% < Ce?ple),
and
E| / L O O Bt X (6)(X1=())?) ] o

gen«:[ sup |Y1(t)\2}1@[ sup |X1»8(t)|4} < Ce.
te[0,T) te[0,T7]

What’s more, let us show E{fOT Jo1C, e)P1E, (t))\(de)dt} < Cep(e). As in the preceding proof we are
primarily concerned with expectation terms. As for the expectation term in Cy(t, €), due to A(G) < +o00, (3.26)
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allows to show

/ / DY L OEB, (¢, e; X*(£)) X V][> A (de)dt
<E|

sup V(¢ |2/ /nE VB[S, (1, s X* (1) X ] PA(de) ]

t€[0,T)
le 3 (A.11)
< {E[tg[%pT e / / L, (8)[B[8, (1, e5 X7 (1) X)2A(de)dt)?] |
1 e X* v1,e74 e z
<ot {m [ /G Bl (1 e: X7 (1) X ]| A(d >dt>]}
< Ceip(e).
As regards the expectation term in Cs(t, e), the boundness of 3,, can imply
T ~ ~ ~
B[ [ [ 1m0y 0P BlBa (e es X (0)(F(0)2)PA )]
0 G A (A.12)

1
<e{B suwp [Y'OF} {EL sup (X))} < e
te[0,T] te[0,T]
Finally, the proof of E T |M(s 21k (s)ds| < ep(e) is analogous to that of E T1B(s)?
0 E 0

1g.(s)ds| < ep(e). So here we omit it. Combining all the above estimates, we can get iv) of (4.8). The proof is

completed.

A.3 The second order expansion of I3(s)

Making the first-order expansion of f and according to the definitions of M (s), Ba(s), Bs(s), C(s, e), we obtain

B(s) = HPE) + 1000 + | s A(de) + Bl fy (5547 (5)) P(5)]
(X)X (s >>(f¢< )+ Fy(S)YH(6) + 12(5) (VA 5)0u(s) + Z1(5))
+ [ s $)Bals,€) + R (5, e))Nde) ) + £ ()Y (5)Bfo (55 X7 () (X1(5) + X24(s))]

Bl (5K ()) (K15 (5) + K25(9)] + Bl (53 K ()7 (6) (X1 (5) + X25(5))
3<le€< )2 (fy( JY2(5) + £.(5) (V1 ()00 (s) + 2Y2(8)a,(s) + Z2(s)

/ Fi (M) (Y ()8 (5,€) + Y 2()(2Ba(5.€) + (B (5,))? + R*(s5,)))\(de))
- 2fz<s>Y1<s>1E[am<s X EE WP+ [ it Blfua (s, X () (X17(5)PIAde)
+ B (558 () V() (X1(9)%) + A(s)

(A.13)
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where

AGs) = [ (206) = LN () + X240+ [ (1505) = ) (P(s)+ M (s))0
#0206 - £:60@0) + Bato) + 3B+ [ [ (126) ~ B0

+C(s,€))A(de)dd + /0 E[(f7, (s: A" (9)) = fiur (5 A7 () (X5 (s) + X*%(5))]d0

+/0 E[(ff, (5:A7(5)) = fua (5 8%(9))) (P(s) + M(s))]ae,

and we define, for 0 < p < 1, and | = x,y, 2, k,

of
ol

Z7(s) + o(Q(s) + Ba(s) + %Bs(S)), / (K*(s,€) + o(K (s,¢) + C(s,€)))l(e)A(de),

G

FE(s) 2= = (5, X7 () + 0(X15(s) + X>%(5)), Y™ (s) + o(P(s) + M(s)),

Pxe (s)+o(X 1= ()4 X35 (5)),Y* (s) +o(B(s) 4 M (s)) U (5)):

Ih (s; A*(s)) and fh, (s; A*(s)) can be understood in the same sense.
Let us now focus on A(s). To start with, we argue that the first term on the right hand side can be written
as

./ (fi’(S)—fm(S))(Xl’E(S)+X2’E(S))d9=%(Xl’E(S))Q(fm(S)+fwy<8>Y1(8)
0 (A.15)

+ L) D+ [ L (5)8(5,0) + B (. )Ade) ) + (o),

where E[fOT |11 (s)|2ds] < e%p(e).
In fact, according to Taylor expansion one has

1
20 = £ (X5) 4 X5 (60)0 = {9 (X105) 4 X3 4 £y ()X (0)
+X7(3))(P(3) + M(3)) + Fus(5) (XM (5) + X22(3))(Q(5) + Bals) + 5 Bas)) (A.16)

2
[ X (6) X3 () (5.6) + Clss )N } + €1(5) + Oa(s).

where

O1() = El fu, (5587 (5)) (X1 (s) + X>(5)))(X(5) + X*%(5))

+ [ fayis (5 A7 () (P(s) + M(s)) (X (5) + X*(5));
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/ 0d0/ dp ( — faa(8)) (X5 (s) + X>%(s))?
+ (fL0(8) = fuy(s ))(X“( ) + X(s))(P(s) + M(s))
+ (F22(5) = fae(8))(X () + X25(5))(Q(s) + Ba(s) + %Bs(s))

+ [ (206) = Ll DX () + X (9) (K (5,€) + Cls, )A(de) .
G

For proving (A.15), we will show six auxiliary estimates:

T
E[/O | faa(8)(X15(5) + X*%(5))? = faa(8)(X2(s))*|*ds] < e?p(e);

T
]E/ | fay () (P(5) + M () (X1 (8) + X2%(5)) = fuy ()Y (s)(X 12 (9))Pds] < p(e);

) B 12:6)(@0) + Balo) + 3B (X4(5) + X26)
()M @)ou(s) + Z1(s)) (X1 (5))2Pds] < 22p(e); (A.17)
/ / o)) (K (5.€) + Cls, €))(X4(s) + X>%(s))
k(U (YN @) B (5. €) + BN (5, ) (X1 ()2 PA(de)ds] < e2p(e);
/ 101(s)[2ds] < e2p(e); / 182(s)[2ds] < e2p(e).

The proofs of i)-iii) are very analogous to that of iv). So it is now the main work to estimate iv)-vi) in
(A.17). As for iv), we are just concerned with the following expectation term because the other terms can be
dealt with similarly. Notice the boundness of f. and (3.26), we get

// ok ($)1(e) X1 ()Y M ()8, (5, e X7 (5)) X1 (8)][2A(de)ds

T
Le(g)? . su Lig)|? - eN|E s e: X*(s)) X 12 ()12 A (de)ds
<CE[ sup [X")F - sup V6P [ [ (A LDIES (e X () K5 A e

s€[0,T] s€[0,T)
1 1
< O] g, IXH< 0P|} {E] s ] (A19)

X {]E{/OT/GIIE[BV(&e;X*(S)))}l,E(s)”z;)\(de)ds}}%
<eple).
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Now observe ©1, the central work of proving v) is to estimate the following mean-field term,

B [ Bt P PO R (X ()]

T ~ o~ ~ ~
SCE[ sup IXl’E(S)IQ-/ \E[fzm(S;A*(S))YI(S)XI’g(S)HQdS}
s€[0,T] 0

<ofef s X} B[ Bl R OP O]}

s€[0,T]

(A.19)
< e2p(e).

The last step comes from (3.4) and (3.35).

For ©,, since the second-order derivatives of f is Lipschitz continuous, hence, it is easy to check that the
power of € for each term of ©, is not less than 2. So, vi) in (A.17) holds true.

Next, with the preceding argument, we also have

1
. / (9(5) — () (B(s) + M(s))d6 = -

5 (X5(5)2Y (s >(fw< )+ Fu ()Y (5)
L@ (9)a2(s) + 245 / For ()Y (5)Ba (5,) + B (s, €)A(de) ) + Ia(s),
o [ - L6 + Bats) + 3 Ba(o)as
= 1<X1’8< D (3)00(5) + Q' (3)) (Feal5) + Foy (S)YH(5) + Fon(8) (Y (9)00(5) + Z2'(5))
/ For ()Y (5)Bu (5 ) + B (5, )A(de)) + Iy (s),
. / L G20) = Rl s.) + Cls.e))Ade)ag
2(X“( )’ / e) (Y B, €)+Rl(3a€)))\(d€)(sz(3)+fky(3)yl(3)+sz(8)(Y1(8)0’z(S)

/ frr(s (5)Bx(s,€) + R (s, e)))\(de)) + I4(s),
(A.20)
where E|[ fo [I2(3)|? + |[I3(5)|? + |[14(s)]?ds] < €2p(e).
In addition, we now switch to analysing the mean-field term fol IE[(fz1 (s:A*(s)) — fua(s; A*(5)))
(X12(s) + X24(s))]d6. It follows Taylor expansion that

1 ~ ~ ~ ~ ~ ~ ~ ~
. /0 E[(f,], (55 0%(5)) = fuy (5; A7 () (X5 (5) + X*%(5))]d0 = %]E[fmal(S; A*(s))(X1(9))*] + Is(s),
(A.21)



A GLOBAL MAXIMUM PRINCIPLE FOR OPTIMAL CONTROL 37

where
Is(s) = I51(s) + I5 2(s) + 15 3(s),
T51(5) = 3B e (5K (9) (F2(5) + X22(9)” — (X(5))?)],
Ts(s) = 3 {B[(X2(s) +X%>mnAsF<MX“m+X%<»+nMswux<>+MU>
e K )QU) + Bals) + 58506 + [ fpualss K IR (s.) + Clo.e)) e

o+ Bl (54 ()NW%)+X”UH+Hhm@A(»((HJMDDH7
Il /m/wﬂwf + X24(5) ((F42 (51 85)) = Funa (53 () (X14(5) + X2(5))
+ (£12, (55 K(5)) = funy (53 () (P(s) + M(s))
05 R)  funs 5 K@) + Bals) + 3 Bs(s)
(7280068080 = (st R K 3.) + o))

TR (558 (8)) = fram (58 ())(R15(s) + R22(s))]
RIS, (55 A (5)) = (5 A ())(P(s) + M(5))

- (f100 (57 R()) = fuas (55 () (X15(5) + X25(5))) | }-

A~k

We now want to show E[( fo I5(s)ds)?] < €%p(e). Indeed, From the boundness of f,, 4, and (3.4), it is easy to get

fo I5.1(s)ds)?] < Ce3. Next let us prove E[(fOT I52(s)ds)?] < £2p(e). According to the structure of I5(s),
we know that it is enough to only handle the following jump term and expectation term:

2

B[ Bl RO, + Cls, )M @) | < 2900),

mﬂ(ﬁEP“U[nmwi<>?<mﬁ@+ﬁ@w@1sﬁma

For i), from Hélder inequality, (4.3), (3.4), (3.6)-ii) with ¢5(t) = fuak(s; A*(s)), ¥2(t) = 1 and the definition
of C(s,e), we have

2
/‘/ (5K (5) X2 ()]Ue) (K (5, €) + C(s, ) A(de)ds) |

IN

E| / / 11(€) 2IE L (5 A7 (5)) X2 (s)] 2A(de ds-/ / K (s, €) + C(s, )P A(de)ds

I A

([ [0l KR enraaaas?] ) (B[ [ 1.0+ c6opaaons?]}
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<ofe[ [ / st R0} (B[ [ 160+ 06 o]}

< ep(e) (ente / [ iet.eraaaas) ]}%)

< ep(e)(ep(e )+€) = &p(e).
Let us calculate ii). From (3.35)-ii), (4.3), (3.4) and the boundness of f,, ,,, it is easy to check

B[( [ B[R 0R (R >><?3< )+ 3] as) ]

< {&[ sup X} {EE] [ Blhsas X ()(P0) + I}

t€[0,T)

N|=

< e?p(e).

According to the Assumption (3.3), (3.4), (3.26), (3.35) and (4.3) and the above two estimates, applying
Hélder inequality again, it yields E[( fOT I52(s)ds)?] < &2p(e). Besides, thanks to the continuous property of
the second-order derivatives of f, one can check the validity of E[(fOT I5.3(s)ds)?] < e%p(e) easily. Hence, we

prove E[( fo I5(s)ds)?] < e%p(e).
Finally, following the above argument, it also yields that

. / BI(f, (51 K% () — i (53 A°(5))) (P(s) + D (5))]d0

1 (A.22)
= SE[furar (5547(5)) (Y (8)2 (X5 (5))?] + Lo (s),

here Ig(s) satisfying E[( f Is(s)ds)?] < &2p*(e).
Combining (A.13), (A.15), (A.20), (A.21), (A.22), we have (4.15).

Acknowledgements. The authors thank the associate editor and the referees for their helpful comments.
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