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Abstract: We consider the indefinite, linear-quadratic, mean-field-type stochastic zero-sum
differential game for jump-diffusion models (I-LQ-MF-SZSDG-]JD). Specifically, there are two players
in the I-LQ-MF-SZSDG-]D, where Player 1 minimizes the objective functional, while Player 2
maximizes the same objective functional. In the I-LQ-MF-SZSDG-]D, the jump-diffusion-type state
dynamics controlled by the two players and the objective functional include the mean-field variables,
i.e., the expected values of state and control variables, and the parameters of the objective functional
do not need to be (positive) definite matrices. These general settings of the I-LQ-MF-SZSDG-]D
make the problem challenging, compared with the existing literature. By considering the interaction
between two players and using the completion of the squares approach, we obtain the explicit
feedback Nash equilibrium, which is linear in state and its expected value, and expressed as the
coupled integro-Riccati differential equations (CIRDESs). Note that the interaction between the players
is analyzed via a class of nonanticipative strategies and the “ordered interchangeability” property
of multiple Nash equilibria in zero-sum games. We obtain explicit conditions to obtain the Nash
equilibrium in terms of the CIRDEs. We also discuss the different solvability conditions of the CIRDEs,
which lead to characterization of the Nash equilibrium for the I-LQ-MF-SZSDG-]D. Finally, our results
are applied to the mean-field-type stochastic mean-variance differential game, for which the explicit
Nash equilibrium is obtained and the simulation results are provided.

Keywords: mean-field stochastic differential equations with jump diffusions; stochastic zero-sum
differential games; Nash equilibrium; coupled integro-Riccati differential equations

1. Introduction

The mean-field-type stochastic differential equation (MF-SDE) is known as a class of stochastic
differential equations (SDEs), in which the expected values of state and control variables are included.
In fact, the theory of MF-SDEs can be traced back to studying of McKean—Vlasov SDEs for analyzing
interacting particle systems at the macroscopic level [1,2]. Since then, many researches have focused on
studying McKean—Vlasov SDEs and MF-SDEs, and their applications in science and economics [3-5].

We note that as stated in [6], the main purposes of studying control problems and games for
ME-SDEs are to reduce variations of random effects in the controlled state process and to analyze
large-scale mean-field-interacting particle systems. Recently, stochastic optimal control and differential
games for MF-SDEs with jump diffusions have been studied in [7-13]. Various stochastic maximum
principles for mean-field-type jump-diffusion models were established [7-9,12,13]. Moreover,
linear-quadratic (LQ) stochastic optimal control problems for (linear) mean-field-type jump-diffusion
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models were studied in [10,11]. We note that the references mentioned above considered only the
mean-field-type stochastic control problem and nonzero-sum game for jump-diffusion models. In the
optimal control case, this implies that there is only one player who minimizes (or maximizes) the
objective functional. Moreover, in the nonzero-sum game case, this means that the explicit interaction
of the players cannot be modeled. Hence, it is necessary to extend the earlier results mentioned
above to the framework of stochastic zero-sum games in order to analyze a more complex interaction
between the players through the dynamics and the objective functional in the mean-field sense using
the concept of strategies. This is addressed in our paper; the precise problem formulation and a
detailed comparison with the existing literature are given below.

In this paper, we consider the indefinite, linear-quadratic, mean-field-type stochastic zero-sum
differential game for jump-diffusion models (I-LQ-MF-SZSDG-]D). Specifically, there are two players
in the I-LQ-MF-5Z5SDG-]D; Player 1 minimizes the objective functional while Player 2 maximizes the
same objective functional. In the I-LQ-MF-SZSDG-]JD, the jump-diffusion state dynamics controlled
by the two players and the objective functional include the mean-field variables, i.e., the expected
value of state and control variables. Moreover, the parameters of the objective functional in the
I-LQ-MEF-5ZSDG-JD do not need to be (positive) definite matrices.

By considering the interaction between two players and using the completion of squares approach,
we obtain the explicit Nash feedback equilibrium, which is linear in state and its expected value,
and expressed as the coupled integro-Riccati differential equations (CIRDESs) (see Theorems 1 and 2).
Note that the interaction between the players is analyzed via a class of nonanticipative strategies and the
“ordered interchangeability” property of multiple Nash equilibria in zero-sum games (see Corollary 1).
We obtain explicit conditions to obtain the Nash equilibrium in terms of the CIRDEs. We also discuss the
different solvability conditions of the CIRDEs, which lead to characterization of the Nash equilibrium
for the I-LQ-MF-SZSDG-]D (see Proposition 1 and Theorem 3). As mentioned below, the approaches
developed in this paper, including the solvability of the CIRDEs, are new and have not been studied in
the existing literature.

Finally, we apply our results to the mean-field-type stochastic mean-variance differential game.
Specifically, we are able to obtain the explicit Nash equilibrium for the mean-variance problem and the
corresponding controlled wealth process by verifying the solvability of the CIRDEs. The simulation
results are also provided.

We note that the problem formulation and the main results of this paper can be viewed as
extensions of those in [6,14] to the LQ mean-field-type zero-sum game for jump-diffusion models.
In particular, our paper generalizes the results of [6,14] to the framework of two-player games with the
jump-diffusion models. Furthermore, unlike [11], we consider the situation of the two-player game,
where the players interact with each other through the dynamics and the objective functional using
nonanticipative strategies. The main differences between our paper and [6,11,14] are as follows:

(a) We extend [6] to the two-player game framework; unlike [6], our cost parameters do not need to
be definite matrices. We provide explicit conditions under which the Nash equilibrium can be
characterized. Moreover, we provide the numerical example and simulation results to support
our theoretical results.

(b) We generalize [14] to the case of jump-diffusion models, where, unlike [14], our paper considers
the case of multi-dimensional Brownian motion and Poisson process. Furthermore, the results of
this paper were applied to the modified mean-variance stochastic differential game, whereas [14]
provided only the simple simulation results.

(c) The problem formulation and the results of this paper are different from those of [11].
Note that [11] considered the LQ nonzero-sum differential game for mean-field-type
jump-diffusion models. However, due to the nonzero-sum game structure, reference [11] cannot
explain the interaction between two-players captured by a class of nonanticipative strategies and
the ordered interchangeability property of multiple Nash equilibria in zero-sum games. Moreover,
unlike [11], we consider the general vector-valued jump-diffusion model and the case when the
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cost parameters are indefinite matrices. In addition, [11] did not provide any theoretical results on
the solvability of the Riccati equation, whereas our paper provides an easy-to-check condition of
the solvability of the CIRDEs, which leads to the explicit characterization of the Nash equilibrium
for the I-LQ-MF-SZSDG-]D. Finally, we provide the extensive simulation results of the modified
mean-variance optimization problem, whereas [11] did not provide any simulation results.

The generalizations in (a)-(c) turn out to be not straightforward due of (i) the inclusion of
jump-diffusion processes, (ii) the interaction between the players modeled by nonanticipative strategies,
and (iii) indefiniteness of cost parameters in the objective functional. As mentioned above, our paper
addresses these challenges.

Before concluding this section, it should be mentioned that there are various applications of
MEF-SDEs. Specifically, MF-SDEs can be applied to mean-variance portfolio selection problems,
economics with a large number of firms, mean cooperative dynamic model, and air conditioning
control in building systems [7,8,15]. Moreover, MF-SDEs are closely related to mean-field games,
in which a large number of players consider the optimal complex decision-making problem for
interacting particle systems under stochastic uncertainty; see [16-19] and the references therein.

Our paper is organized as follows. The problem formulation is given in Section 2. The main
results of the paper are given in Section 3, where the explicit characterization of the feedback Nash
equilibria for the I-LQ-MF-SZSDG-JD is studied. The solvability of the CIRDEs is provided in Section 4.
In Section 5, we apply our main results obtained in Sections 3 and 4 to the mean-field-type stochastic
mean-variance differential game. Concluding remarks are provided in Section 6.

2. Problem Formulation

We first introduce the notation used in this paper. Let R" be the n-dimensional Euclidean space.
For x,y € R", xT denotes the transpose of x, (x,y) is the inner product, and |x| = (x,x)'/2. Let S"
be the set of n x n symmetric matrices. Let |x[3 = x"Sx forx € R" and S € S". Let (O, F,P)
be a complete probability space with the natural filtration F = {F;, 0 < s < t} generated by the
one-dimensional Brownian motion Wy, k = 1...,p, and the E-marked right-continuous Poisson
process N;, j = 1,...,1, which are mutually independent. (That is, Nj, j=1,...,1,is an E-marked right
continuous Poisson random measure (process) defined on E x [0, T], where E = E \ {0} with E C R
is a Borel subset of R equipped with its Borel o-field B(E)). Let Nj(de, ds) = Nj(de,ds) — A(de)dt be
the compensated Poisson process of N;, j = 1,...,1, where A is an o-finite Lévy measure on (E, B(E)),
which satisfies [-(1 A [e[*)A(de) < oo

Consider the following mean-field-type SDE (ME-SDE) with jump diffusions on [t, T]. (The SDE
with jump diffusions is usually referred to as a class of SDEs driven by both Brownian motion and
Poisson process; see ([20] page 383) and ([21], Chapter 1.3)):

dx(s) = [A1(s)x(s—) + Aa(s)E[x(s—)] + Br1 ()1 (s) + Bra(s)Efut (5)] + Bon (5)2(s)
+ Boo(5)E[un(s)] | ds + Tf_y [Coe($)x(s=) + Cop(s)El(s—)] + D1 e(s)uur (5)
+ Dok (s)E[ua (s )] + D1 k(s)uz(s) + Dapi(s)E[uz(s )ﬂde( s)

e))
+J Z [ (s—) + (s, e)E[x(s—)] + Gi1,j(s, e)u1(s) + Gu,j(s, ) E[u1(s)]
+ Gy (s, e)ua(s ) + GZz,J(S,e)E[uz(s)]] N;(de, ds),
x(t) =a,

where x € R" is the controlled state process, u; € R™ is the control of Player 1, and u; € R™
is the control of Player 2. In (1), fori =12k=1,...,pandj=1,...,1, A;,C; : [0,T] — R"™",
Bi1, Bio, Ditg, Ding = [0, T] — R™™i, F; : [0,T] — Gz(E B(E), A R"X") and Gi1;,Gppj = [0,T] —
GZ(E, B(E), A; R™ ™) are deterministlc, whlch are continuous and uniformly bounded in ¢ € [0, T|.
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LetU; = L2 p(t T;R™:), i = 1,2, be a set of admissible controls for Player i, where ﬁ% p(t T;R™) is

the space of Fi-predictable R"i-valued stochastic processes satisfying E[ ft |x(s) |2ds] 2 < oo.
The objective functional that is minimized by Player 1 and maximized by Player 2 is given by
(see also [14] for the MF-SZSDG without jumps, which is a special case of this paper)

Jasn, i) = 2B [ [y + BBy + a6y + BlaGl Ry

2

+ (12 ()[R, (5) + [E[2()] Ry ()]s + [x(T) 3y, + [E[x(T)] 3, |,

where fori =1,2,Q; : [0,T] — S" and Rj;, Rjp : [0, T| — S™:i are deterministic, which are continuous
and uniformly bounded in t € [0,T], and M,M € S", i = 1,2, are deterministic and bounded.
We rewrite the conditions of the coefficients in (1) and (2) as follows:

Assumption 1. In (1) and (2), fori = 1,2,k = 1,...,pand j = 1,...,1, A;,C; : [0,T] — R™",
Bi1, B, Dinj, Digx = [0,T] — R™™, F : [0,T] — G*(E,B(E),A R”X")/ G, Gij + [0, T] —
G2(E,B(E), ; R™™i), Q; : [0, T] — S™ and Ry, Rz : [0, T] — S™i, are deterministic, which are continuous

and uniformly bounded in t € [0,T]. (Note that G*(E, B(E), \;R"), where E = E\ {0} with E C R

and B(E) is the Borel o-field generated by E, denotes the space of square integrable functions such that for

g € G*(E,B(E),A;R™), g : E — R satisfies ([ |g(e) |2/\(de))% < oo, where A is an o-finite Lévy measure
n (E, B(E))). Additionally, M, M € S",i = 1,2, in (2) are deterministic and bounded.

Remark 1. Note that under Assumption 1, for any (uy,up) € Uy X Uy, (1) admits a unique solution
which holds E[sup,c(, 1) 1x(s)2]2 < oo and cadlag (right continuous with left limits) ([7], Lemma 4.1)
(see also [8,20,21]). Moreover, in Assumption 1, the cost parameters Q, Q, R;, R;, M, and M in (2) do not need
to be (positive) definite matrices.

The above problem can then be referred to as the indefinite, linear-quadratic (LQ) stochastic
zero-sum differential game for mean-field-type jump-diffusion systems (I-LQ-MF-SZSDG-]JD),
where the “indefinite” means that the cost parameters do not need to be (positive) definite matrices
(see Remark 1).

Our main objective of this paper is to find a (feedback-type) Nash equilibrium (uj, u3) € Uy x U,
ie, (uf,uy) € Uy x U satisfies

J(ui, u) < J(ui,uz) < J(uy,u3), V(uy,up) € Uy x Us. 3)

If (uj, u3) in (3) exists, we say that J(u], 13) is an optimal game value of the I-LQ-ME-SZSDG-JD.
Now, to achieve the main goal of the I-LQ-MF-SZSDG-]D in this paper, we introduce the notion
of nonanticipative strategies [22,23]:

Definition 1.

(i) An admissible nonanticipative strategy for Player 1, denoted by waq, is a mapping defined such that
ay : Uy — Uy (equivalently, aq [up] € Uy for uy € Up) and for any { F; }1>o-stopping time T : Q0 — [0, T
and any uy, 1y € Uy, with uy = u) on [0,7], it holds that aq[uz] = waq[ufy] on [0,T]. The space of
admissible nonanticipative strategies for Player 1 is defined by Z.

(ii)  An admissible nonanticipative strategy for Player 2, ay : Uy — Uy (equivalently, ap[uq] € Uy for uy € Uy)
is defined in a similar way. The space of admissible nonanticipative strategies for Player 2 is defined by Z.
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Note that the nonanticipative strategy of Player 1 (respectively, Player 2), a1, is a mapping,
which is generated based on Player 2’s control (respectively, Player 1’s control u;) [14,23,24]. We can
see that if Player 1 (respectively, Player 2) cannot distinguish between the values of u;, and u}, of Player
2 (respectively, uj and u) of Player 1), then Player 1 (respectively, Player 2) cannot respond differently
to those signals. Based on Definition 1 and [23], we may expand (3) as follows:

Definition 2.

(i)  The control-strategy pair (uj,a3) € Uy x Z; constitutes the Nash equilibrium of the I-LQ-MF-SZSDG-JD
if (3, a3) satisfies the following inequalities:

J(ui, aaluq]) < J(uy, a3{ug]) < J(ur,az(m]), V(u, a2) € Uy x 25, )

The optimal game value of the I'LQ-MF-SZSDG-]D under (uj, ay) is J(u7, a3 [ui]).
(ii)  The control-strategy pair (a3, u3) € 21 X Uy constitutes the Nash equilibrium of the I-LQ-MF-SZSDG-]D
if (a7, u3) satisfies the following inequalities:

J(@i[ua],uz) < J(aq[uz] uz) < J(aa[us),u3), V(g u2) € 21 x Ua. ®)
The optimal game value of the I'LQ-MF-SZSDG-]D under (&}, u3) is J (] [u3], u3).
Remark 2.

(i) Inwview of Definition 2, if (u},a3) € Uy x Z; (see (4)) and (a], u3) € 21 x Uy (see (5)) are Nash equilibria
for the I-LQ-MF-SZSDG-]D, then the pair (u3,u3) € Uy X Us also constitutes a Nash equilibrium of
the I-LQ-MF-SZSDG-]D satisfying (3). This follows from the the ordered interchangeability property of
multiple Nash equilibria (or saddle-points) in zero-sum games (see ([25], page 302) and ([26], Lemma 2.4)).

(ii) In this case, the optimal game value is given by J(uj, aj[uj]) = J(aj[u3], uy) = J(ui,u3). This fact
can be shown easily. In particular, suppose that (uj,ay) and (aj,u3) are Nash equilibria of the
I-LQ-MF-SZSDG-]D. This implies that J(uj,a3[uj]) = J(aj[u3], u3). Note also that by Definition 1,
the admissible strategy «; is an U;-valued mapping for i = 1,2. Then from (4) and (5) it follows
that J(ui,a3(ui]) > J(uj,u3) and J(ui,u3) > J(ag[u3],uy). This shows that J(uf,a;[ui]) =
J(ailuzl uz) = J(ui, u3).

3. Main Results
In this section, we solve the I-LQ-MF-SZSDG-JD formulated in Section 2.

3.1. Coupled Integro-Riccati Differential Equations

We first introduce the following notation:

Bi(s) = {Bhu By(s)] » Dix(s) = [Duia(s)  Daia(s)] s Gisls) = [Guij(s.e)  Gaigls,e)]
() = <>+Az<>ck<> Cux(s) + Cax(s), Fi(s,0) = Fuj(s,e) + Fyj(s,e),

(s) = Bu(s) + Ba(s), B(s) = [Bi(s) Ba(s)|,

ik(s) = llk<>+Dak<> Di(s) = [1,k<s> Das(s)]

S = o

Gl](sle> = zl](s e) + GlZ]( e), Gj(sre) = [Glj(s e) Gzlj(s,e)} ’
Ri(s) = dlag{Ru( ), Rai(s)}, Qs) = Qi(s) + Qals), M = My + My,
Ri(s) = Ria(s) + Ria(s), R(s) = diag{Ri(s), Ra(s) }-
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Consider the following coupled integro-Riccati differential equations (CIRDEs):

— 9B — Ay(s)TP(s—) + < >A1<s>+Ql<s>+zk1c1k<> P(s—)Cyx(s)
+ Jp X Fuj(s, ) TP(s=)Fuj(s,e)M(de) — [ (P(s=)Bu(s) + L}y Cu(s)TP(s—)Di(s)
+ fp Ty Fuj(s,€) TP(s—)Gij(s,e)A(de))
x (Ry(s) + Xf_; Dij(s) "P(s—)Dyi(s) + [ Zjy Gujs,e) P(s—)GL]-(s,e)/\(de))*l (©)

x (P(s—)Bi(s) + Ty 1C1k() P(s—)Dyx(s)
+ Je T Fii(s,0) TP(s=)Gij(s,e)A(de) '],
P(T) = M,

and

—2) = A(5)TZ(s—) + Z(s)A(s) + Q(s) + X, Ce(s) TP(s—)Cy(s)

+ [ iy Fi(s,e) TP(s—)Fy(s,e)A(de) — | (Z(s—)B(s) + Ly Cils) " P(s—) Dy (s)

+ o Xy Fi(s,e) TP(s—)Gy(s, ><de>>

% (R(s) + f_y De(s)TP(s—)Di(s) + [ X'y Gj(s,€) TP(s—)Gj(s,e) A(de)) " @)
><(z<s )B(s) + X, Ce(s) T P(s—) Dy (s)

+ Je X1 Bs,0) TP(s=)G(s,e)A(de)) |,

Z(T) M = M; + M,.

Notice that the solutions to (6) and (7) are S"-valued (symmetric) deterministic backward processes
(due to terminal conditions).
Fori =1,2, we define

{Ai<s>(Bﬂ<s>TP<s>+z,i’1Dn,k<s> P(s=)Ci(5) + [ Thoy Ginj(s,€) TP(s—)Fis, ewcp) .
Oi(s) = (Bi(s)"Z(s=) + Ly Dix(s) "P(s=)Cils) + [ iy Gijls,) T P(s=)Fy(s,e)A(de))
and
o0~ gt o2f0) o= g 2.
where
®11(s) = Ru1(s) + Lh_y Dr1k(s) "P(s—)D11(s) + [ Kimy Gurjs,e) "P(s—)Guyj(s,e)A(de),

(s) (

(s) = X0_, D11x(s) "P(s—) Do e ( 5)+fEZ] 1Gi1,j(s,e) " P(s )Gzz (s,e)A(de),
D2(s) = Ro1(s) + Xp_q Dorje(s) " P(s—) Doy k(s) +fEZ] 1Go,j(s,e) T P(s—)Gyy (s, e)A(de),
(s) = Ru(s) + Xf_ 1D1k(S)TP( =)Dy (s +fEZ] 1Gu,i(s,€) T P(s—)Gy (s, e)A(de),

(s) = X4y Dij(s) "P(s—)Do(s) + [ Z] 1G1j(s,) T P(s—)Gai(s,e)A(de),
(s) = Ra(s) + Xf_; Dag(s) " ( —)Dox(s) + [¢ Z] 1Ga,i(s,€) T P(s—)Go, (s, e)A(de).
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For the RDE in (6), we introduce

dP(s)

4 - Aq(s) " P(s—) + P(s—) A1 (s) + Qi(s) + Z Cii(s) P(s—)Cix(s)
1
n /E Y Fj(s,e) T P(s—)Fyi(s,e)A(de) (10)
Je
_ [Az(s)cbn(s)_l/\z(s)—r + (Al(s) — Az(S)q)zz(S)_lcplz(S)T)
X (®11(5) — P12 (s)Poa(s) ' P1a(s) ") (A1 (s) — A2(s)q>22(s)*1q>12(5)T)T}
~ ) — 6P+ Plem)As(e)+ Q1)+ 1 ) P-)Cual)
1
n /E Y Fj(s,e)TP(s—)Fyi(s,e)A(de) (11)
Jes
_ [Al(s)cbn(s)_l/\l(s)T + (Az(s) — Al(S)CDH(S)_lq)lz(S))
x (Poa(s) — P1a(s) T @11 (s) ' @1a(s)) " H(Ax(s) — Al(s)q’n(s)*lq)lz(s)f]-
Similarly, for (7),
_diis) = A(s)"Z(s—) + Z(s—)A(s) + Q(s) +k£; Ci(s) TP(s—)Cy(s)
=1
¥ /E iﬁj(s,e)TP(sf)Fj(s,e)A(de) (12)
i=1
— |©2(5)¥2(5) 'O2(s) " + (O1(s) — O2(5)¥xa(s) M H1als) ")
X (¥11(5) = ¥1a(s) ¥22(5) " ¥12(5) ") 7 (O1(5) — ©a(s)¥aa(s) " ¥a(s) )|
—diis) = A(s)"Z(s—) + Z(s—)A(s) + O(s) + i Ce(s) "P(s—)Ci(s)
k=1
/Zl:F s,e) P(s —)Ej(s,e)A(de) (13)
[ $)¥11(5) 'O@1(s) " + (Ox(s) — @1 (s)¥11(s) "' ¥1a(s))

X (¥22(5) = ¥12(s) "¥11(5) " ¥12(5)) T (O(5) = ©1(s)¥1a(5) M ¥a(s)) -
We now state the equivalence between (6) and (10) and (11):

Lemma 1.

(i) Assume that ®x(s) and ®11(s) — D12(s) Py (s) "1 D15(s) " are invertible for all s € [0, T]. Then d(s)
in (9) is invertible for all s € [0, T|. Moreover, the CIRDE in (6) can be written as the CIRDE in (10).

(i) Assume that ®q1(s) and Doy (s) — D1p(s) ' 11 (s) " P1y(s) are invertible for all s € [0, T]. Then ®(s)
in (9) is invertible for all s € [0, T]. Moreover, the CIRDE in (6) can be written as the CIRDE in (11).

Proof. We prove (i) only, since the proof for (ii) is similar to that for (i). Based on (8) and (9), the CIRDE
in (6) can be rewritten as follows:
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Note that due to the invertibility of ®, in (i), we have

O(s) = I ®pp(s)@oa(s) 1| [11(s) — Pra(s)Poa(s) 'Pra(s)” 0O I 0
0 I 0 DP(s)| |Pa(s) ' @ra(s) " I

By the invertibility of ®1q(s) — ®15(s)P0(s) " ®15(s) " in (i) and the block matrix inversion
lemma ([27], Equation (0.7.3.1)) ([27], Equation (0.7.3.1)) is applied to obtain the inverse of

[é q)u(S)qIDZZ(S)il and & (s)—fcp (5)7 ﬂ ), ®(s)~!, the inverse of ®, exists for all s € [0, T],
22 12
which can be written as (note that for & = ®;P,®3, we have ®~1 = D 1<I>2_ 1<I>1_ D)
-1 _ I O] [(P11(s) — P1a(s)Poa(s) ' Pra(s) ")~ 0
®E) = — D (s) ' Pra(s) " 11 [ 0 Dpo(s) ! (15
[ —®p(s)Ppa(s) ™"
0 I '
From (15), {Al(s) Az(s)} d(s)! [ﬁlgziil in (14) can be rewritten as follows
2
Cp [ A(s) T
[Al (s) AZ(S)} D(s)~! [Az(S)Tl
= Aa(5)Dn(s) " Aa(s) " + (A1(s) — Ag(s)Poa(s) ' P1a(s) ") (16)

x (@11(s) — Pra(s)P22(s) ' @12(s) ") (A1 (s) — Aa(5)Poa(s) 1 Pip(s) ')

By substituting (16) into (14), we can see that the CIRDE in (14) (equivalently (6)) becomes
equivalent to (10). This completes the proof for (i) of the lemma. Part (ii) of the lemma can be shown in
a similar way with ® given by

I 0
() = D1p(s) T D1y (s)"t I

0 I

Dy (s) 0
0 Do (s) — Pra(s) ' P11(s) ' Pra(s)

I <D11(5)_1<D12(5)] .

Then by using the invertibility conditions of (ii), the rest of the proof is identical to that for (i).
This completes the proof. O

Similarly to Lemma 1, the following lemma holds:

Lemma 2.

(i) Assume that Wop(s) and ¥11(s) — Y12(s)¥a2(s) "1¥12(s) " are invertible for all s € [0, T]. Then ¥(s)
in (9) is invertible for all s € [0, T]. Moreover, the CIRDE in (7) can be written as the CIRDE in (12).

(i) Assume that ¥11(s) and ¥ (s) — ¥12(s) " ¥11(s) W12 (s) are invertible for all s € [0, T]. Then ¥ (s)
in (9) is invertible for all s € [0, T]. Moreovet, the CIRDE in (7) can be written as the CIRDE in (13).
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Proof. Using (8) and (9), the CIRDE in (7) can be written as

— L2 — A(s)TZ(s=) + Z(s)A(s) + Q(s) + Lf_y Ck(s) T P(s—)Ci(s)

-
+ [r 25‘:1 Fj(S,E)TP(S—) i(s,e)A(de) — [@1(5) @2(5)} ¥(s)~! [212%] ’

Then the proof of the lemma is similar to that for Lemma 1. This completes the proof. O

3.2. Characterization of Nash Equilibria

Let us define

Ki1(s) = [@11(5) = Pra(s)Pa(s) 1 @12(s)T| [ A1(s) T = Pra(s)@2a(s) 1A (5) 7]
Kia(s) = [¥11(s) = ¥12(5)¥a(s) 1¥1a(s) 7| |@1(6) T — ¥12(s) ¥(5) 1@2(5) |,
Kia(s) = @(s) ' A2(5) T, Kia(s) = ¥22(s) '@2(s) T,

Ki5(s) = ®a2(s) " '@12(s) T, Kie(s) = ¥aa(s) ' ¥12(s) -

ui(s) = =K1 (s)(x(s—) — Elx(s—)]) — Kiz(s)E[x(s—)],
a3 [ur)(s) = —Kaz(s) (x(s—) — E[x(s—)]) — Kua(s)E[x(s )] (17)
— Kis(s) (11(s) — E[ua(s)]) — Koo (s)E[u1(s)].

Note that a3 in (17) depends on the control of Player 1. We can easily see that
(ul,a3) € Uy X 2y, (18)

and (18) corresponds to the control-strategy pair. We will consider the case of (17) when Player 1
selects uj and Player 2 observes uj, i.e., (1], a;3[ui]) € Uy x Up. Suppose that (u],a3[u;]) is applied to
the MF-SDE with jump diffusions in (1):

dx(s) = [Al(s)x(s—) +A2(S)E[x(s—)]}ds
+ X [Crls)x(s=) + Coxls)Elx(s—)]| dWi(s)

z _ (19)
+ EXim [Fl,j(S,E)X(S—) + Fz,j(s,e)E[x(s—)]} Nj(de, ds),

x(t) =a,
where
Aq(s) = A1(s) — B11(s)Ku1(s) — Ba1(s) (Kys(s) — Kis5(s)Kq1(s)),
A (s) = A(s) — B1(s)Kia(s) — Ba(s) (Kia(s) — Kig(s)Kpa(s)) — Aq(s),
Cix(8) = Crr(s) — D11x(8)K11(8) — Darr(s)(Kiz(s) — Kis(s)Kia(s)),
Cox(s) = Ci(s) — D1x(s)Kia(s) — Dai(s)(Kia(s) — Kig(s)Kia(s)) — Cyi(s),
F1(s,e) = F1,i(s,e) — Gu1,j(s,)Ki1(s) — Gay j(s,€) (Kiz(s) — Kis(s)Ki1(s)),
IFp,i(s,e) = Fi(s,e) — Gyj(s,e)Kia(s) — Gy (s, €) (Kia(s) — Kig(s)Kia(s)) — Fy(s, e).
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We state the following lemma:

Lemma 3. Assume that the CIRDEs in (6) and (7) admit unique symmetric (bounded) solutions on [0, T|.
Then the MF-SDE with jump diffusions in (19) admits a unique solution that satisfies ]E[supse[t’T] |x(s) |2]% <
oo and cadlag (vight continuous with left limits).

Proof. The lemma follows from ([7], Lemma 4.1) (see also [8,20,21]) and the fact that the coefficients
of (19) are bounded on [0, T] (see also Remark 1). O

The following theorem is the first main result of this paper:

Theorem 1. Assume that the CIRDEs in (6) and (7) admit unique symmetric (bounded) solutions on [0, T.
Suppose that

(i) Poa(s) and Yoo (s) are (uniformly) negative definite for all s € [0, T);
(ii) P11(s) — P1a(s)Poa(s) ' Pra(s) " and Fru(s) — Yua(s)¥aa(s) " ¥aa(s) " are (uniformly) positive
definite for all s € [0, T).

Then the control-strategy pair in (18) constitutes the Nash equilibrium of the I-LQ-MF-SZSDG-]D in
the sense of (4). Moreover, the optimal game value of the I-LQ-MF-SZSDG-]D is given by J(uj, a3[uj]) =

Ya, Z(t)a).

Proof. Lete(s) = x(s) — E[x(s)] and #;(s) = u;(s) — E[u;(s)], i = 1,2. Note that e(t) = 0. Then

dE[x(s)] = [A()E[x(s)] + B1(s)E[u1(5)] + Ba(s)Efua(s)] |,
de(s) = [A(s)e(s—) + Bur ()71 (s) + Bt (5)7a(s) | ds
+ 20y [Cra(s)e(s—) + Culs)ELx(s—)] + Dt x(s)itr (5) + Dy () E[ur (5)]
+ D1 (512 (5) + Da(s)Elua(5)] | AW s) (20)
+ Je Dot [Fuj(s,e)e(s—) + (s, e)Elx(s—)] + Gua (s, €)1t (s)
+ G (s, €)Elu1(5)] + Gan,j(5,€)a(s) + Go (5, €)Elua(s)) | Nj(de, ds),
e(t) =0, E[x(t)] =a,

and
J(a;uy,u2) = Ji(a;uy, u2) + Jo(a;uq, uz), (21)

where

1 T _ _
il ) = 58| [ e o + 101 5) )+ 0206) R, 1 ds + e(T) Ry

1
Jo(a; ug, up) = EE

[ IEL(6) ) + (Bl ()13 )+ Elua (51 s + |E[x<T>J|i-4].
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From (i) of Lemmas 1 and 2, note that the CIRDEs in (6) and (7) are equivalent to (10) and (12),
respectively, under (i) and (ii) of the theorem. Then using (20) and applying Itd’s formula for general
Lévy-type stochastic integrals (see ([20], Theorems 4.4.7 and 4.4.13)) yield

Sd{e(s), P(s)e(s))

= 3 (e(s=), (AT ()P(s—) + Pls=)Ar(s) + Quls +zc1k S=)C14(s)

l
+ [ by Fyj(s,e)TP(s—)Fy (s, e)A(de)

_ {l\z(s)q)zz(s)_1/\2(:3)—r + (Al (S) — Az(S)q)zz(S)_lq)lz(S)T)

X (@11(5) = Pra($)Pna(5) " P1a(s) 1) (A (5) = Aa($)Pa(s) " b1a(s) )T | Je(s—) Ydbs

+ ([Ar(s)e(s=) + Bu ()i (s) + Bar (8)7ia(s) |, P(s—)e(s—) )ds

+(P(s— {cm Je(s=) + Ci(s)E[x(s—)] + Dr1 x(s)1ir (5)

+ Di(s )E[u1<s>1 + Da1(s)ia(s >+Dz,k<s>E[uz<s>J]dwk<s>> 22)
+(P(s— / 2 Fyj(s,€)e(s—) + Fi(s, e)E[x(s—)] + Gy (5,¢) 11 (5)

N

Gr,1(5,©)E[1(5)] + Gan (s, €)ia(s) + Co (5, e)E[ua(s)] | Nj(de, dis) )
P

(|Cra(s)e(s=) + Cr(s)E[x(s=)] + Drn (s)1t1(5) + D (5)Elun (s)]

N| —

+
k=1

+ Doy (5)f2(s) + Da(s)Efua(5)] |, P(s—) | Cri(s)e(s—) + Cr(s)E[x(s—)]
+ Di1(s)1t1(5) + D1 4(5)E[2(5)] + D1 x(s)ta(5) + Da(s)Elua(5)) ] )ds
2 / Z F1] s,e)e(s—) + Fi(s,e)E[x(s—)] 4 Gi1,i(s, €)1 (s) + Gy,j(s, €)E[uy ()]
+ Gan j(s,€)1ia(s) + cz,j<s,e>E[uz<s>1],P<sf> [Fuj(s,e)e(s—) + Fi(s, e)Elx(s )]

+ Guy,j(s, €)1 (s) + Glrj(s,e)E[ul (s)] + Gau,j(s, e)iiz(s) + Gzrj(s,e)E[uz(s)]] >)\(de)ds,
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Since the stochastic integrals with respect to the Brownian motion and the Poisson process in (22)
are martingales (due to their bounded coefficients, see ([20], Chapter 4.3.2)), by noting the terminal
condition of (6) and (7), we have

Ji(a; uq,up)
= *]E/ $)Po (1) 1 A2 (s) "+ (A1(s) — Ao (s)Poa(s) ' P12(s) )
X (P (s )—<I>12( )@ (s) " @12(s) ") T (A (s) —Az(S)%z(S)_lq’lz(S)T)T}6(5—)015
28 [ [0 (9) R () + (o), Rar ()7a(s))] s

*E./t B11(5)”1(5)+321(5)172(5)}rP(S*)e(S*)>d5
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and
J2(a, uy,uz)
1 1 T P -
= *E[x(t)]TZ(f)E[x(f)] - §E/t (E[x(s—)}fk_zl Ci(s) " P(s—)Ci(s)E[x(s—)])ds
- fIE/ / ZF(S e)TP(s—)Fi(s,e)A(de)E[x(s—)])ds
+ E/ ]E (s)¥22(s) 1(92(5)—r + (01(s) — O(s)¥22(s) ‘Plz(s)—r)
X (¥11(s) — ¥o(s )m( ) ¥12(5) 1) H(@1(5) — ©a(s)¥ma(s) ¥a(s) ) | Elx(s )] )dls
VE [ [(Bln(5))Bu(s) 25— )Blx(s)]) + (Elua(5) Bo(s), Z(5-Elx(s-)] s
+3E / Efu1(5)]) + (Eluz(5)), Ra(5)E[ua(s)]) | ds
Recall the definition in (21). Then
J(a; u1,u2) 2/ 5)@o2(t) T A2(5) T+ (Aq(s) — Ax(s)Ppa(s) ' P1a(s) ")

X (P11(5) = D1a(s)Paa(s) ' P1a(s) 1) (Ax(5) = Aals)2a(s) ' Pa(s) ) [e(s—)ds
+ [ el (5)¥22(5) 1@s(s) "+ (©1(5) — @a(5)¥2a(s) ¥ als) ")
x (¥11(s) - ‘I’u( J¥22(5) " ¥12(5) ) TH(O1(5) — @a(5)¥a(5) " H1a(s) ) T Elx(s )]s
+ i), [A1(9)T = Bra(s)Paals) " Aals) Jels—)
+ (1 (s)], [®1< $)T = ¥12(s)¥22(s) '@2(s) | Elx(s—)]) | ds
4 [ @0, [on(s) ~ @u(s)@n(s) @) T+ @nls)@n(s) o) @ ()

+ (E[u1(s)], [‘Yu( 8) — ¥12(5)¥a2(s) '¥12(s) +le(S)T22(S)_1‘Y12(S)T]E[ul (S)Mds

+ is), ra(s) Te(s=) + D12() 1 () + (Bla(s)], 0a(s) Efx(s—)] +‘nz<s>T<s>E[u1<s>1>}ds].

By completing the integrands of the above expression with respect to #;(s) and E[u;(s)],i = 1,2,
and noting the coefficients in (18), we have

J(a;uy,u2) = %]E (a,Z(t)a)

T 2

+ [ 00(6) - Bl ) + Ku@) o) ~BleoD [, s

T 2
+ ; ]E[ul(s)] —|—K12(S)E[x(5—)] ‘I’ll(s)—‘I’lz(s)‘f’zz(s)flwlz(s)T
+ tT (12(s) — Efua(s)]) + Kua(s) (x(s—) — E[x(s—)]) + Kus(s) (1 (5) — Eluy (5)]) ;@ds

(23)

+ [ |Efua(s)] + Kua(s)E[x(s—)] + Kig(s)E[uq(s)] izz(s)dS] -

t
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We note the invertibility conditions in (i) and (ii) of the theorem. Assume that the players are with
the control-strategy pair given in (18). Then (23) becomes

(a,Z(t)a). (24)

N —

J(a;u, a5 [ui]) =

Moreover, since @y and ¥y, are (uniformly) negative definite for all s € [0, T| (see (i) of the
theorem), using (23), we can observe that

J{aiuf, azfuf]) = %E (w,2()a)
4 [ [(a(s) ~ Blua(s)) + Kas(s) x(5-) ~ Blx(s-)]) + Kis(s) i (5) — Bl 5)) s @
o \E[w(s)} + Kig ($)E[(5-)] + Ko s)Eluf (5) ;(S)ds].
< J(aut, a3(u5)) = 5(a, Z(0)a)
Similarly, under (ii) of the theorem, using (23), it follows that
Ja 1, a3lu]) = %E (w,2(t)a)
+/ ’ (s 1) + K (8) (x(s=) ~Elx(s=)) <21>11(S)<I>1z(5)‘1>zz(5)1‘1>1z(5)TdS 26)

2

ds

+ / E + Ky (s)E[x(s—
t ’ 1(s)] 12(s)Elx(s—)] Y11(s)—¥12(5)¥22(s) "1 ¥12(s) T

1
> J(a;},03[u7]) = 5(a,Z(0)a).
Then (24)—(26) imply that

J(@;u1, a2(ur]) < J(a;uq,a3(u1]) = 5{a, Z(t)a) < J(a;u1, a3[m]). (27)

N~

Hence, (27) and Lemma 3 show that under (i) and (ii) of the theorem, the control-strategy pair
given in (18) constitutes the Nash equilibrium in the sense of (4), and ] (a; u}, a3 [u}]) = 3(a, Z(t)a) is
the optimal game value of the I-LQ-MF-SZSDG-]D. This completes the proof. [J

We now define

(5) = [@n(s) = P1a(s) T P11 (5) 1 Pra(s)] [ T = @1(s) @i () T A() T,
Hia(s) = [‘Yzz(s) Yia(s) T¥11(s) 1‘I’12(S)} { )T —¥ia(s )T‘Yn(s)_l@)ﬂs)w,
His(s) = P11(s) "1A1(s) T, Hya(s) = ¥1a(s) 101 (1) T,
(s) = @11(s) "1 ®1a(s), Higls) = ¥11(s) " 1¥12(s).

By symmetry, consider,

ajluz](s) = —His(s)(x(s—) — Elx(s—)]) — Hia(s)E[x(s )]
— His(s) (u1(s) — Eur(s)]) — Hag(s)E[u(s)], (28)
uz(s) = —Hi (s)(x(s—) — E[x(s—)]) — Hua(s -l

D
\_/
=
=

—
(I)

\_/
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It can be easily seen that a] in (28) depends on the control of Player 2. Similarly to (18), we have
(a7, u5) € Z1 X Up. (29)

Analogously, we will consider the case when Player 2 selects u; and Player 1 observes u3, i.e.,
arlus],uy) € Uy x Uy. Suppose that (af[u5], u;) is applied to the MF-SDE with jump diffusions in (1):
1H2), 1 pp 12l t PP jump

dx(s) = [A1(s)x(s=) + Aa(s)E[x(s )] |ds
+Y 1[cclk< )ax(s—) +(Czk( JE[x(s—)]| dWi(s) a0
+ J Ky [Fr (s €)x(s—) + B (s, €) Bl (s— )] Nj(de, ds),
x(t) =a,
where
Ai(s) = A1(s) — Byy(s) (Hia(s) — His(s)Hy1 (s)) — By (s)Hys (s),
Ay(s) = A(s) — Ba(s) (Hua(s) — Hyg(s)Hrz(s)) — Ba(s)Hiz(s) — As(s),
Ci(s) = Ci(s) — Diyi(s) (Hys(s) — Hys(s)Hi1(s)) — Do k(s)Hus (s),
Cox(s) = Cr(s) — Dy(s)(Hya(s) — Hig(s)Hy (s)) — Dog(s)Hia(s) — Cy(s),
F1j(s,€) = F1j(s,e) — iy j(s, €) (His(s) — His(s)Hi1(s)) — Gop (s, €)Hi1 (s),
Fax(s,e) = Ce(s) — Gy (s, e) (Hia(s) — Hig(s)Hii (s)) — Go(s, ) Hin(s) — Fy k(s e).

Similarly to Lemma 3, we state the following lemma:

Lemma 4. Assume that the CIRDEs in (6) and (7) admit unique symmetric (bounded) solutions on [0, T].
Then the MF-SDE with jump diffusions in (30) admits a unique solution that holds E[sup, €[] |x(s) |2]% < oo
and cadlag (right continuous with left limits).

The following theorem is the second main result of this paper and is a counterpart of Theorem 1,
which states that under suitable definiteness conditions of the coefficients (which is different from
those for Theorem 1), the control-strategy pair given in (29) is the Nash equilibrium in the sense of (5).

Theorem 2. Assume that the CIRDEs in (6) and (7) admit unique symmetric (bounded) solutions on [0, T].
Suppose that

(i) DP11(s) and ¥11(s) are (uniformly) positive definite for all s € [0, T);
(i) ®y(s) — ®1a(s) " D1y (s) "1 D1p(s) and ¥ (s) — Y1a(s) " ¥11(s) "1 ¥1a(s) are (uniformly) negative
definite for all s € [0, T).

Then the control-strategy pair in (29) constitutes the Nash equilibrium of the I-LQ-MF-SZSDG-]D in
the sense of (5). Moreover, the optimal game value of the I-LLQ-MF-SZSDG-]D is given by J(aj[u3], u}) =

3(a, Z(t)a).

Proof. The proof of Theorem 2 is identical to that for Theorem 1. Specifically, in view of (ii) of Lemmas
1 and 2, under (i) and (ii) of the theorem, the CIRDEs in (6) and (7) are equivalent to (11) and (13),
respectively. Then the rest of the proof is similar to that for Theorem 1. Note that in this proof, we need
Lemma 4 instead of Lemma 3. We complete the proof. [

Based on Theorems 1 and 2 and Remark 2, the main result of this section can be stated as follows:

Corollary 1. Assume that the CIRDEs in (6) and (7) admit unique symmetric (bounded) solutions on [0, T|.
Suppose that
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(i) P11(s) and ¥11(s) are (uniformly) positive definite for all s € [0, T);
(i) ®oa(s) and Yo (s) are (uniformly) negative definite for all s € [0, T).

Then the control-control pair (u3, uy) € Uy x Up given in (18) and (29) constitutes the Nash equilibrium
of the I-LQ-MF-SZSDG-]D in the sense of (3). Moreover, the optimal game value of the I-LLQ-MF-SZSDG-]D is

given by J(uf,u3) = %(a, Z(t)a).
Proof. First, note that under (i) and (ii) of the corollary, the following holds:

(i) P11(5) — P12(5)Pon(s) 1 P1o(s) T and ¥i1(s) — Y12(s)¥a2(s) "1¥12(s) T are (uniformly) positive
definite for all s € [0, T];

(i) Da(s) — D1a(s) " D11(s) "1 P1p(s) and Yoo (s) — Y12(s) " ¥11(s) "' ¥12(s) are (uniformly) negative
definite for all s € [0, T].

That is, under the condition of the corollary, (ii) of Theorems 1 and 2 holds. This implies that (18)
and (29) are Nash equilibria of the I-LQ-MF-SZSDG-JD, where the optimal game value is given by
J(ui, e [uf]) = J(af[u3],u3) = L(a, Z(t)a). Then from Remark 2, the corollary follows. We complete
the proof. O

Remark 3. From Corollary 1, we are able to obtain the (feedback-type) Nash equilibrium of the
I-LQ-MF-SZSDG-]D in the sense of (3). In particular, the steps are as follows:

(S.1) Given the parameters of the MF-SDE with jump diffusions in (1) and the objective functional in (2),
check the solvability (existence and uniqueness of the solutions) of the CIRDEs in (6) and (7);

(5.2) If the conditions of (i) and (ii) in Corollary 1 hold, then obtain the Nash equilibrium in (uj,u3) € Uy X Uy
given in (18) and (29) by using the parameters in (S.1).

Note that the solvability of the CIRDEs in (S.1) is discussed in Section 4. Moreover, in Section 5,
we apply (5.1) and (S.2) to the modified mean-field-type stochastic mean-variance differential game to find the
corresponding Nash equilibrium.

4. Coupled Integro-Riccati Differential Equations: Solvability

In Theorems 1 and 2 and Corollary 1, it is assumed that the CIRDEs in (6) and (7) have unique
symmetric bounded solutions. Then Theorems 1 and 2 and Corollary 1 lead to the characterization
of the Nash equilibria for the I-LQ-MF-SZSDG-JD under suitable definiteness conditions. Hence,
the solvability of the CIRDEs in (6) and (7) is crucial. In this section, we provide different conditions
under which CIRDEs in (6) and (7) are uniquely solvable.

It should be noted that the general solvability of the CIRDEs in (6) and (7) is an open problem,
which has not been studied in the existing literature. This is because of (i) the local integral term
of the Lévy integral due to the jump process, (ii) the indefiniteness of the cost parameters in the
objective functional, and (iii) the presence of the conjugate point (the finite-escape time) of the CIRDEs.
Regarding (iii), even in the case of a process without jumps, there exists a conjugate point in RDEs in a
class of zero-sum differential games, in which case its solution diverges in finite time (([28], Chapter 9)
and [29]).

We mention that in [30], the solvability of the IRDE in (6) was discussed when R1y, Rp1, Q1, and
M; were (uniformly) positive definite for all s € [0, T]. However, this condition cannot be satisfied
in the I-LQ-MF-SZSDG-]D. Specifically, assume that Rq; and Ry are (uniformly) positive definite for
all s € [0, T] (equivalently R; is (uniformly) positive definite), in which case both ®;; and &y, are
(uniformly) positive definite for all s € [0, T]. Hence, we can easily see that (ii) of Corollary 1 does
not hold. This implies that we cannot simply impose the definiteness condition of Ry; and Ry; for the
LQ-MEF-SZSDG-]D. A similar argument can be applied to the IRDE in (7).

We first state the general existence result for the CIRDEs (6) and (7), which follows from ([31],
Corollary 6.7.35)
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Proposition 1. Let us denote the CIRDEs in (6) and (7) as follows:

—4P) — pIp)(s), — L) = z[p, Z](s),
P(T) = My, Z(T) = M.

Suppose that — dp’( ) < PP (s) and — dP”( ) > P[Py](s) hold for all s € [0, T). Then P;(T) < M; <
P, (T) implies that there exzsts a symmetric bounded solution of the CIRDE in (6) on [0, T). Furthermore, assume
that the CIRDE in (6) admits a unique (symmetric) bounded solution on [0, T]. If — dZ’ < Z[P, Zj](s)
and — dz“( ) > Z[P,Z,)(s) hold forall s € [0, T) and Z;(T) < M < Z,(T), then there exzsts a symmetric
bounded solutzorl of the CIRDE in (7) on [0, T].

Although Proposition 1 provides the general existence result, it is hard to check the conditions
in Proposition 1. Below, we provide an easy-to-check condition characterized by the linear matrix
inequality (LMI).

Theorem 3.

(i) Suppose that C1j = D1y = Fij = G1j =0fork=1...,pandj=1,...,1. Let Ky beann xn
symmetric positive definite matrix, and Ky € S". Assume that there exist K € R™*" and K € R"™*"
such that MKy, = K"K and Ky = KTK. Let

_ | Buls)  Aia(s)
o= [0 3]

where

A1y (s) = K1A1(s) — K2Qa(s),
A1a(s) = —KC1Bi(s)R1(s) " 'Ba(s) T + Ax(s) Ty — Ka A1 (s) T — Qi(s)Ka,
Ay (s) = —B1(s)R1(s) ' B1(s) Ko — A1(s)KCa.

If A(s) + A(s)T < 0 (equivalently, A(s) + A(s) " is uniformly negative definite for all s € [0,T]),
then there exists a unique symmetric bounded solution of the CIRDE in (6) on [0, T].
(i) Suppose that Cx = F; = 0 fork = 1...,pand j = 1,...,1. Assume that the IRDE in (6)

admits a unique symmetric bounded solution on [0, T| such that R(s) + XF_, Di(s) "P(s—)Dyx(s) +
JE Zﬁ‘:l Gj(s,e) " P(s—)Gj(s,e)A(de) is invertible for all s € [0,T]. Let Hy be an n x n symmetric
positive definite matrix, and Hy € S". Assume that there exist H € R"™" and H € R™*" such that
MHy = H Hand Hy = HTH. Let

As) = [A%(S) iiiﬁiﬂ

If A(s) + A(s)T < 0 (equivalently, A(s) + A(s) " is uniformly negative definite for all s € [0,T]),
then there exists a unique symmetric bounded solution of the CIRDE in (7) on [0, T|.
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Proof. We prove (ii) only, since the proof for (i) is similar to that of (ii). From ([31], Theorem 3.1.1 and
Remark 3.1.1), we can write Z(s) = Z(s)Z(s)~! for s € [0, T], where

d F(S) _ [Wn(s) Wis(s) F(S)
ds Z(S) W21(S) sz(s) Z(S) ! 31)
Z(T) =1, Z(T) = M,

{Wn(s) = A(s), Wai(s) = —Q(s), Wa(s) = —A(s) T,
Wia(s) = —B(s)(R(s) + Xb_, Di(s) "P(s—)Dy(s) + [ Ti—q Gj(s,e) " P(s—)Gj(s,e)A(de)) ~1B(s) .

Note that since (31) is a linear differential equation, there exists a unique solution of (31) on
[0, T] ([32], Theorem 3.2). Below, it is shown that under the condition that A(s) + A(s) " is uniformly
negative definite for all s € [0, T], Z is invertible for all s € [0, T].

For any b € R", we define

V(s,b) = b [Z(S)Tﬂlz(s) + 2(s) TH2Z(s) + Z(s) T HaZ(s) + Z(S)THZZ(S)] b.

=T(s)

We can check that 7(s) = 7 (s) " and V(s, b) is quadratic in b. Note that

V(T,b) =b" [Hl + MHy + Ho M+ MT'HZM} b
=b" [7—(1 +H H+H H+ MTﬁTﬁM] b>0,

i.e, T(T) is positive definite, since MH,, HoM and MTH, M are positive semidefinite in view of ([27],
Theorem 7.2.7).
Then it follows that

%V(s,b) - [bTZ(s)T bTZ(S)T] [3(5)—1—3(5)—1 lZ(S)b

- [z(s) + Z(S)T]’E <0,

which is equivalent to saying that %V(s,b) is uniformly negative for all s € [0, T]. This follows
from the fact that A(s) + A(s) " is uniformly negative definite for all s € [0, T]. Hence, V(s,b) is a
monotonically decreasing function on (—co, T], and since V(T,z) > 0, we must have V(s,z) > 0 for
all s € [0, T]. From the definition of V, this preceding analysis implies that 7 (s) is uniformly positive
definite for all s € [0, T|. Therefore, 7 (s) is invertible for all s € [0, T|, and by the definition of 7 (s),
Z(s) is invertible for all s € [0, T]. This shows that there exists a unique symmetric bounded solution
of the CIRDE in (6) on [0, T], thereby completing the proof. [I

Remark 4.

(i) Note that in Theorem 3, K; and H;, i = 1,2, are design parameters, which have to be selected to satisfy the
conditions of Theorem 3. In particular, we can easily see that A is linear in Ky and Ky, and A is linear in
‘H1 and Hy. This implies that A+ A < 0 and A+ A < 0 in Theorem 3 can be viewed as LMIs. Hence,
the conditions in Theorem 3 become equivalent to identifying the feasibility condition of LMIs via various
semidefinite programming algorithms [33].

(ii)  If the assumptions of Theorem 3 and Corollary 1 hold, then the control-control pair (u3, u%) € Uy x Uy
given in (18) and (29) constitutes the Nash equilibrium of the I-LQ-MF-SZSDG-]D in the sense of (3).
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5. Application: Mean-Field-Type Stochastic Mean-Variance Differential Game

This section considers the mean-field-type stochastic mean-variance differential game, for which
we apply the main results in Sections 3 and 4. The market consists of one non-risky and N risky asset
stock processes. Specifically, we have the following non-risky asset (deterministic) process:

(0) (5) = ~(0) (5)50)
{dSO(S) 70 (s)8\9 (s)ds, (32)

SO () =1,

where 70 (s) > 0 for all s € [0, T] is the (deterministic) interest rate at time s € [0, T]. The gth,
1 < g < N, risky asset stock process with jump diffusions can be written as follows:

ds@(s) = @( > @ (s—)ds + 1, o1 (5)S@) (s—)dWi(s)
+ [y Xy 1 (s,)S0) (s—)Nj(de, ds), (33)
S@(t) =s@,

where (%) is the (deterministic) interest rate of the gth stock process at s € [0, T], which is positive on
[0, T]. Then {S@), 0 < g < N}, describes the dynamics of the complete financial market [34-36].

Let ng), g=1...,N, withu; = {ugl) e ugN)} ! be the amount of the Player 1’s wealth,
which is invested in the gth stock process in (33). Then according to [34-36] (see ([35], Chapter 2.4)),
under the assumptions that (i) the N stock processes are continuously traded over [0, T], (ii) there are
no other expenses such as taxes and transaction costs, and (iii) the market satisfies the self-financing
condition, the wealth process x controlled by Player 1 can be written as follows:

dx(s) = [1Ox(s=) + T) (1 (s) = 7O () (s) | ds
+ XN T 1a,ﬂ><> ) (s)dWi(s)
+ e TN Ty 1™ (s, €)ul” (5) Ny (de, ds),

x(t) =a,

(34)

where we assume that the risk premium process holds () (s) — y(?)(s) > 0 forallg =1,..., N and
s € [0, T]. Then the mean-variance optimization problem (for Player 1) is minimizing

J(a;u1) = ~E /tTRnul(s)zds+M1x(T)2MZ]E[x(T)F], (35)

subject to (34). Note that (35) is the one-player single optimization problem.

We consider the modified wealth process of (34), where nature (Player 2), denoted by u(q)

1 < g < N, is introduced:

dx(s) = [71®x(s—) + T} 1< ()(s) = 7O ()i (5) + Ty ul? (s) | ds
+ T T [ ()17 (5) + 1l (5) | dWi(s)
+ e XL )] <,e>u§‘7 (5) + 5" (s) | Nj(de, ds),

x(t) = a.

(36)
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The modified mean-variance problem of (35) now becomes the two-player zero-sum game for
jump diffusions:

1
J(a;uq,up) = ZE

5 /tT [R11u1(5)2 + RZluz(s)z} ds + Myx(T)? — MpE[x(T)]?], (37)

subject to (36). From Player 1’s perspective, the modified mean-variance problem in (37) corresponds
to the worst-case situation by controlled by nature (Player 2), since Player 1 has to compete with nature
(Player 2) in order to minimize the mean-variance objective functional. In particular, note that nature
(Player 2) maximizes (37). Then Player 1 tries to minimize the worst-case mean-variance objective
functional of (37) determined by nature (Player 2).

Let

Then (36) is equivalent to

dx(s) = [A1()x(s=) + Bua(s)1u1 (5) + Bar(s)ua(s) | ds
+ L0y [ Duas(s)un (s) + Darels)ua(s) | dWi(s)

+ Je X1 [ Gr (s, )un ) + G (s, e)ua(s) N (e, ds),
x(t) =a,

(38)

which shows that the problem in (37) subject to (38) (equivalently (36)) can viewed as a special case of
the I-LQ-SZSDG-]JD studied in this paper. Hence, we may apply Theorems 1 and 2 and Corollary 1
to characterize explicit Nash equilibria for the mean-field-type stochastic mean-variance differential
game of this section.

Let us assume that E = {1}, i.e., the Poisson process has unit jumps, where the jump rate is
A=05.Lett=0,T=50,k=1=1and N = 1. Suppose thata =1, A; =0.2, B;; =2,Dy;; =12,
G111 = 0.8, Ry =1, Ry = —10, My = 1, and My = 0.5, where Gy;;; = 0.8 implies that the jump
size of the Poisson process is of 0.8. Note that the parameters satisfy the conditions of Theorem 3.
Now, we use the LMI toolbox in MATLAB, by which it is computed by

o _ |10936 0 2 _ | 1640100 0
=1 o  10988]" "™ 0 1640400

],IQ:Hz:O.

We can easily see that K; and H; are symmetric and positive definite. Hence, from Theorem 3,
there exist unique bounded solutions of the CIRDEs in (6) and (7) on [0, T| (note that the CIRDEs
in our example are scalar and therefore are symmetric). The evolution of the CIRDEs is shown in
Figure 1, which is obtained by the Euler’s method [37]. In Figure 1, we can see that the values
of the CIRDEs converge to the steady-state values. This is closely related to the infinite-horizon
problem of the I-LQ-MF-SZSDG-]D, which we will study in the near future. From Figure 1 and
Theorem 3, we observe that the solutions of the CIRDEs for the modified mean-variance problem of
this section are well defined. Hence, (S.1) holds and we are able to characterize the Nash equilibrium
in Corollary 1. Specifically, note that (i) and (ii) of Corollary 1 hold, where ®11(0) = ¥11(0) = 1.7194
and @ (0) = ¥ (0) = —9.8202. Therefore, (S.2) holds and by Corollary 1, the control-control pair
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(u7,u}) € Uy x Up given in (18) and (29) constitutes the Nash equilibrium (in the sense of (3)) for the
example of the mean-field-type stochastic mean-variance differential game studied in this section.
Finally, the two different controlled same paths of the modified wealth process in (38) (equivalently (36))
under the Nash equilibrium (uj, u3) € U; x Uy characterized from Corollary 1 are shown in Figure 2.
The simulation results are obtained based on the (stochastic) Euler’s method [38]. From Player
1’s perspective, Figure 2 shows the optimal wealth process controlled by Player 1, where Player 1
is completing with nature (Player 2) in order to minimize the worst-case modified mean-variance
objective functional in (37).

0.8 -

CIRDEs

0.4

Time

Figure 1. The evolution of the coupled integro-Riccati differential equations (CIRDEs) in (6) and (7) for
the example of the mean-field-type mean-variance differential game.

0 0.‘5 1‘ 115 2 0 0.‘5 ‘; 115 2

Time Time
Figure 2. The two different controlled sample paths of the modified wealth process in (38)
(equivalently (36)) under the Nash equilibrium (uj,u;) € U; x Uy for the example of the
mean-field-type stochastic mean-variance differential game.

6. Conclusions

We have considered the indefinite, linear-quadratic, mean-field-type stochastic zero-sum
differential game for jump-diffusion models (I-LQ-MF-SZSDG-]D), in which the cost parameters do not
need to be definite matrices. As mentioned in Section 1, the major challenges of the I-LQ-MF-SZSDG-JD
are (i) the inclusion of jump-diffusion processes in the SDE, (ii) the interaction between the players
captured by nonanticipative strategies, and (iii) indefiniteness of cost parameters in the objective
functional. We have addressed these challenges and characterized the explicit (feedback-type)
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Nash equilibrium of the LQ-MF-SZSDG-]D by using the completion of squares method and the
“ordered interchangeability” property of multiple Nash equilibria in zero-sum games. Note that
the Nash equilibrium of the I-LQ-MF-SZSDG-]D is linear in state and characterized by the coupled
integro-Riccati differential equations (CIRDEs). We have also provided different solvability conditions
of the CIRDESs, by which the Nash equilibrium of the I-LQ-MF-SZSDG-]D can be obtained. We have
applied the main results of this paper to the modified mean-field-type stochastic mean-variance
optimization problem.

One interesting future research problem is to consider a more general SDE of (1) including
the Markov regime-switching jump-diffusion model, which can be viewed as an extension of [12].
Another future research problem would be the case of mean-field-type nonzero-sum differential games
for jump-diffusion models including the solvability of the corresponding Riccati equation. This can be
viewed as an extension of the results in [11].
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