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Résumeé

Cette these de doctorat s’inscrit dans le cadre de I’analyse stochastique dont le theme central est: les
conditions nécessaires et suffisantes sous forme du maximum stochastique de type champ moyen
d’optimalité et de presque optimalité et ces applications. L’objectif de ce travail est d’étudier
des problemes d’optimisation stochastique. Il s’agira ensuite de faire le point sur les conditions
nécessaires et suffisantes d’optimalité et de presque optimalité pour un system gouverné par des
équations différentielles stochastiques de type champ moyen. Cette these s’articule autour de qua-
tre chapitres:

Le chapitre 1 est essentiellement un rappel. La candidate présente quelques concepts et résultats
qui lui permettent d’aborder son travail; tels que les processus stochastiques, I’espérance condition-
nelle, les martingales, les formules d’Ito, les classes de controle stochastique, ... etc.

Dans le deuxieme chapitre, on a établie et on a prouvé les conditions nécessaires et suffisantes de
presque optimalité d’order 3b5{ 3bb} vérifiées par un contrdle optimal stochastique, pour un system
différentiel gouverné par des équations différentielles stochastiques EDSs. Le domaine de controle
stochastique est supposé convexe. La méthode utilisée est basée sur le lemme d’Ekeland. Les résultats
obtenus dans le chapitre 2, sont tous nouveaux et font I’objet d’un premier article intitulé :

Boukaf Samira & Mokhtar Hafayed, & Ghebouli Messaoud: A study on optimal control problem with

eX-error bound for stochastic systems with application to linear quadratic problem, International

Journal of Dynamics and Control, Springer DOI: 10.1007/s40435-015-0178-x (2015).

Dans le troisieme chapitre, on a démontré le principe du maximum stochastique de presque optimalité,
ou le system est gouverné par des equations différentielles stochastiques progressive rétrogrades avec
saut (FBSDEs). Ces resultats ont été appliqués pour résoudre un probleme d’optimisation en finance.
Ces resultats généralisent le principe du maximum de Zhou (STAM. Control. Optim. (36)-3, 929-947
(1998)). Les résultats obtenus dans le chapitre 3 sont tous nouveaux et font I’objet d’'un deuxieme
article intitulé:

Mokhtar Hafayed, & Abdelmadjid Abba & Samira Boukaf: On Zhou’s maximum principle for near-
optimal control of mean-field forward-backward stochastic systems with jumps and its applications
International Journal of Modelling, Identification and Control . 25 (1), 1-16, (2016).

De plus, et dans le chapitre 4, on a prouvé un principe du maximum stochastique de type de Pontryagin
pour des systems gouvernés par FBSDEs avec saut. Ces resultats ont été établi avec M. Hafayed, et
M. Tabet, sous le titre :

Mokhtar Hafayed, & Moufida Tabet & Samira Boukaf: Mean-field maximum principle for optimal
control of forward-backward stochastic systems with jumps and its application to mean-variance

portfolio problem, Communication in Mathematics and Statistics, Springer, Doi: 10.1007/5s40304-
015-0054-1, Volume 3, Issue 2, pp 163-186 (2015) .
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Dans le chapitre 5, on a aborde un probléme de contrdle singulier, ou le probleme est d’établir des
conditions nécessaires et suffisantes d’optimalité pour un control singulier ou le system est gouverné
par des équations différentielles stochastiques progressive rétrograde de type McKean-Vlasov. Dans
ces cas, le domaine de contrdle admissible est supposé convexe. Les résultats obtenus dans le chapitre
5 sont tous nouveaux et font I’objet d’un article intitulé :

Mokhtar Hafayed, & Samira Boukaf & Yan Shi, & Shahlar Meherrem.: A McKean-Vlasov optimal
mixed regular-singular control problem, for nonlinear stochastic systems with Poisson jump pro-
cesses, Neurocomputing. Doi 10.1016/j.neucom.2015.11.082, Volume 182, 19, pages 133-144 (2016).

Abstract

This thesis is concerned with stochastic control of mean-field type. The central theme is the necessary
and sufficient conditions in the form of the Pontryagin’s stochastic maximum of the mean-field type
for optimality and for near-optimality with some applications. Recently, the main purpose of this
thesis is to derive a set of necessary as well as sufficient conditions of optimality and near optimality,
where the system is governed by stochastic differential equations of the mean field type. This thesis
is structured around four chapters:

Chapter 1 is essentially a reminder. we presents some concepts and results that allow us to prove
our results, such as stochastic processes, conditional expectation, martingales, Ito formulas, class of
stochastic control, etc. In the second chapter, we have proved the necessary and sufficient conditions
of near-optimality of order 3b5 { 3bb} satisfied by an optimal stochastic control, where the system is
governed by stochastic differential equations EDSs. The stochastic control domain is assumed to be
convex. The method used is based on the Ekeland lemma. The results obtained in Chapter 2 are all
new and are the subject of a first article entitled:

Boukaf Samira & Mokhtar Hafayed and Ghebouli Messaoud: A study on optimal control problem
with e*-error bound for stochastic systems with application to linear quadratic problem, International
Journal of Dynamics and Control, Springer DOI: 10.1007 / s40435-015-0178-x (2015).

In the third chapter, we have proved the stochastic maximum principle of near-optimality, where the
system is governed by forward backward stochastic differential equations (FBSDEs). These results
have been applied to solve an optimization problem in finance. These results generalize the Zhou’s
maximum principle (SIAM, Control, Optim (36) -3, 929-947 (1998)). The results obtained in Chapter
3 are all new and are the subject of a second article entitled:

Mokhtar Hafayed, & Abdelmadjid Abba & Samira Boukaf: On Zhou’s maximum principle for near-
optimal control of mean-field forward-backward stochastic systems with jumps and its applications.
25(1), 1-16, (2016).

Moreover, and in Chapter 4, we have proved a Pontryagin type stochastic maximum principle for
systems governed by FBSDEs with jumps. These results have been established with M. Hafayed, and
M. Tabet, under the title



Mokhtar Hafayed, & Moufida Tabet & Samira Boukaf: Mean-field maximal for optimal control of
forward-backward stochastic systems with jumps and its application to mean-variance portfolio prob-
lem, Communication in Mathematics and Statistics, Springer, Doi: 10.1007 / s40304- 015-0054-1,
Volume 3, Issue 2, pp 163-186 (2015).

In Chapter 5, we have addressed a singular control problem, where the problem is to establish a
set of necessary and sufficient conditions of optimality for a singular control for a system governed
by forward backward stochastic differential equations of McKean-Vlasov type. In these cases, the
control domain is assumed to be convex. An application to finance is given to ullistrated our new
results The results obtained in Chapter 5 are all new and are the subject of an article entitled:

Mokhtar Hafayed, & Samira Boukaf & Yan Shi, & Shahlar Meherrem: A McKean-Vlasov optimal
mixed regular-singular control problem for nonlinear stochastic systems with Poisson jump processes,
Neurocomputing. Doi 10.1016 / j.neucom.2015.11.082, Volume 182, 19, 133-144 (2016).



Symbols and Acronyms

e a.e. almost everywhere
e a.s. almost surely
e cadlag continu a droite, limite a gauche
e cf. compare (abbreviation of Latin confer )
e e.g. for example (abbreviation of Latin exempli gratia)
e i.e,. that is (abbreviation of Latin id est)
e HJB The Hamilton-Jacobi-Bellman equation
e SDE: Stochastic differential equations.
e BSDE: Backward stochastic differential equation.
e FBSDEs: Forward-backward stochastic differential equations.
e FBSDEJs: Forward-Backward stochastic differential equations with jumps.
e PDE: Partial differential equation.
e ODE: Ordinary differential equation.
e R: Real numbers.
e R, : Nonnegative real numbers.
e N: Natural numbers.
of

e — f, : The derivatives with respect to x.

Ox
e P®dt : The product measure of P with the Lebesgue measure dt on [0, 7] .

e E(-), E(-| G) Expectation; conditional expectation

e 0 (A) : o—algebra generated by A.

e [, : Indicator function of the set A.

e FX : The filtration generated by the process X.

e W(-), B(:) : Brownian motions

e F7 the natural filtration generated by the brownian motion B(-),

e Iy V F, denotes the o-field generated by F'; U Fs.



Part 1
Introduction

Optimal control theory can be described as the study of strategies to optimally influence a system x
with dynamics evolving over time according to a differential equation. The influence on the system
is modeled as a vector of parameters, u, called the control. It is allowed to take values in some
set U, which is known as the action space. For a control to be optimal, it should minimize a cost
functional (or maximize a reward functional), which depends on the whole trajectory of the system
x and the control u over some time interval [0, 7]. The infimum of the cost functional is known
as the value function (as a function of the initial time and state). This minimization problem is
infinite dimensional, since we are minimizing a functional over the space of functions u(t),t € [0, 7.
Optimal control theory essentially consists of different methods of reducing the problem to a less
transparent, but more manageable problem.

1. Formulations of stochastic optimal control problems

In this section, we present two mathematical formulations (strong and weak formulations) of stochas-
tic optimal control problems in the following two subsections, respectively.

1.1. Strong formulation

Let (Q,]—" , {}"t}te[o,T},IP’) be a given filtered probability space satisfying the usual condition, on
which an d-dimensional standard Brownian motion W () is defined, consider the following controlled
stochastic differential equation:

{ de(t) = f(t,z(t),u(t))dt + o(t,z(t), u(t))dW(t), 0
z(0) = z9€R"

where

f:]0,T] x R" x A — R",
o:[0,T] x R" x A — R™,

and x(-) is the variable of state.

The function wu(-) is called the control representing the action of the decision-makers (con-
troller). At any time instant the controller has some information (as specified by the information
field {F; }co,r)) of what has happened up to that moment, but not able to foretell what is going to
happen afterwards due to the uncertainty of the system (as a consequence, for any ¢ the controller
cannot exercise his/her decision u(t) before the time ¢ really comes), This nonanticipative restriction
in mathematical terms can be expressed as “u(-) is {F; }+cpo,r)—adapted”.
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The control « (+) is an element of the set
U0, T] ={u:[0,T] x Q@ — Asuchthat u(-) is {F;}cp,r — adapted}.
We introduce the cost functional as follows
Ju(-) = E[git ), ut)dt + g(=(T))], 2)

where

[:10,T] x R* x A — R,

g:R" — R.
Definition 1.1. Let (Q, 7, {F;}ico,r), P) be given satisfying the usual conditions and let W (¢) be
a given d-dimensional standard {F;};c[o,rj-Brownian motion. A control (-) is called an admissible
control, and (z(-), u(-)) an admissible pair, if

i) u(-) € U0, T];

ii) x(-) is the unique solution of equation (25);

i) 1(,2(), u(-) € L ([0, 7] R) and g(o(T)) € Lk, (% R).

The set of all admissible controls is denoted by U ([0, T]). Our stochastic optimal control problem

under strong formulation can be stated as follows:
Problem 1.1 Minimize (26) over U ([0,77) . The goal is to find u*(-) € U ([0, 77]), such that

Jw () = inf J(u(")). 3)

u(-)eU([0,T1)

For any u*(-) € U* ([0, T)) satisfying (27) is called an strong optimal control. The corresponding
state process z*(-) and the state control pair (z*(-),u*(+)) are called an strong optimal state process
and an strong optimal pair, respectively.

1.2. Weak formulation

In stochastic control problems, there exists for the optimal control problem another formulation of
a more mathematical aspect, it is the weak formulation of the stochastic optimal control problem.
Unlike in the strong formulation the filtered probability space (Q, F, {E}tG[QT],P) on which we
define the Brownian motion W (-) are all fixed, but it is not the case in the weak formulation, where
we consider them as a parts of the control.

Definition 1.2. A 6-tuple (Q, F, {F; }repor), P, W (+),u(-)) is called weak-admissible control and
(x(+),u(-)) an weak admissible pair, if

1. (Q, F AF i e ]P’) is a filtered probability space satisfying the usual conditions;

2. W (-) is an d-dimensional standard Brownian motion defined on (2, F, {F; }cjo.1), P) ;
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3. u(-) is an {F; }scp0,m—adapted process on (§2, F,P) taking values in U;
4. x(-) is the unique solution of equation (25),
5. 1(-,2(-), u()) € Lx ([0, T];R) and g(z(T)) € L (% R).

The set of all weak admissible controls is denoted by U* ([0, T]). Sometimes, might write u(-)) €
U™ ([0, 7)) instead of (Q, F, {F:}repor), P, W (-),u () € U ([0,T7).
Our stochastic optimal control problem under weak formulation can be formulated as follows:

Problem 1.2. The objective is to minimize the cost functional given by equation (26) over the of
admissible controls 2 ([0,71]) . Namely, one seeks 7*(-) = (Q, F, {F o, P,W (-),u(:)) €
U™ ([0, T]) such that

J(m () = inf _J((-)).

W(-)EU“’([O,T])

2. Methods to solving optimal control problem

Two major tools for studing optimal control are Bellman’s dynamic programming method and Pon-
tryagin’s maximum principle.

2.1. The Dynamic Programming Principle.

We present an approach to solving optimal control problems, namely, the method of dynamic pro-
gramming. Dynamic programming, originated by R. Bellman (Bellman, R.: Dynamic programming,
Princeton Univ. Press., (1957)) is a mathematical technique for making a sequence of interrelated de-
cisions, which can be applied to many optimization problems (including optimal control problems).
The basic idea of this method applied to optimal controls is to consider a family of optimal control
problems with different initial times and states, to establish relationships among these problems via
the so-called Hamilton-Jacobi-Bellman equation (HJB, for short), which is a nonlinear first-order (in
the deterministic case) or second-order (in the stochastic case) partial differential equation. If the HIB
equation is solvable (either analytically or numerically), then one can obtain an optimal feedback con-
trol by taking the maximize/minimize of the Hamiltonian or generalized Hamiltonian involved in the
HIJB equation. This is the so-called verification technique. Note that this approach actually gives
solutions to the whole family of problems (with different initial times and states).

The Bellman principle. Let (€2, F,IP) be a probability space with filtration {F; }+co,r), satisfying the
usual conditions, 7" > 0 a finite time, and W a d-dimensional Brownian motion defined on the filtered
probability space (€2, F, P, {Fi}eepo.r) -

We consider the state stochastic differential equation

dx(s) = f(s,z(s),u(s))ds+ o(s,z(s),u(s))dW(s), s € [0,T] %)

The control u = u(s)o<s<r is a progressively measurable process valued in the control set U, a subset
of R*, satisfies a square integrability condition. We denote by U ([t, T]) the set of control processes
u.

12



Conditions. To ensure the existence of the solution to SDE-(??), the Borelian functions

f + 0,T]xR"xU —R"
o [0,T]xR"xU — R™

satisfy the following conditions:
|f(t,x,u) - f(t7y7u)| + |0’(t,1},U) - O-(tvy7u)‘ < C ‘(L’ - y‘ )

[f(t, 2, u)l +]o(t,2,u)] < CTL+ |2,

for some constant C' > (. We define the gain function as follows:
St = B[ 1 2(5), u(s)ds + gz ()] 5)
where

[:0,T] xR" x U — R,
g:R" — R,

be given functions. We have to impose integrability conditions on f and g in order for the above
expectation to be well-defined, e.g. a lower boundedness or quadratic growth condition. The objective
is to maximize this gain function. We introduce the so-called value function:

Vit,z) = sup J(t,x,u),
(t.2) uGL[([ET]) ( ) (6)

where x(t) = x is the initial state given at time ¢. For an initial state (¢, z) , we say that u* € U ([¢,T))
is an optimal control if
V(t,x) = J(t, z,u").

Theorem 1.1. Let (¢, z) € [0, 7] x R™ be given. Then we have

t+h
V(t,z) = sup E {/ I(s,z(s),u(s))dt +V(t+h,x(t+h))|, fort <t+h<T. (7)
weld ([t,T]) t

Proof. The proof of the dynamic programming principle is technical and has been studied by different
methods, we refer the reader to Yong and Zhou [69].

The Hamilton-Jacobi-Bellman equation The HJB equation is the infinitesimal version of the
dynamic programming principle. It is formally derived by assuming that the value function is
CY? ([0, T] x R™), applying 1td’s formula to V (s, z""(s)) between s = ¢ and s = t + h, and then
sending h to zero into (6). The classical HIB equation associated to the stochastic control problem (6)

N —Vi(t,x) —sup [L*V (t,x) + I(t,z,u)] = 0, on[0,T] x R™ (8)

uelU
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where L£" is the second-order infinitesimal generator associated to the diffusion x with control «
LYV = f(z,u).D,V + %tr (o (z,u)oT (z,u) D*V).
This partial differential equation (PDE) is often written also as:
—Vi(t,x) — H(t,z, D,V (t,z), DV (t,z)) = 0, V(t,x) € [0,T] x R, )

where for (t,2,V, Q) € [0,T] x R" x R" x S, (S, is the set of symmetric n X n matrices) :

H(t,z,V,Q) = sup |f(t,z,u).¥ + %tr (oo (t,z,u) Q) + U(t,z,u)| . (10)

ucU

The function H is sometimes called Hamiltonian of the associated control problem, and the PDE (8)
or (9) is the dynamic programming or HJB equation.
There is also an a priori terminal condition:

V(T,z) = g(x), Yz € R",

which results from the very definition of the value function V.

The classical verification approach The classical verification approach consists in finding a smooth
solution to the HJB equation, and to check that this candidate, under suitable sufficient conditions,
coincides with the value function. This result is usually called a verification theorem and provides
as a byproduct an optimal control. It relies mainly on Itd’s formula. The assertions of a verification
theorem may slightly vary from problem to problem, depending on the required sufficient technical
conditions. These conditions should actually be adapted to the context of the considered problem. In
the above context, a verification theorem is roughly stated as follows:

Theorem 1.2. Let IV be a C? function on [0,7] x R™ and continuous in 7', with suitable growth
condition. Suppose that for all (¢, z) € [0, 7] x R™, there exists u* (¢, x) mesurable, valued in U such
that I/ solves the HIB equation:

0 = —Wy(t,z) —sup [L*W (t,x) + I(t, z,u)]
uclU

= —W(t,x) — LYW (t, 2) — I(t, z,u*(t,z)), on [0, T] x R™,
together with the terminal condition W (7', -) = g on R", and the stochastic differential equation:
dz(s) = f(s,z(s),u*(s,z(s)))ds + o(s,z(s),u*(s,x (s)))dW(t),
admits a unique solution x*, given an initial condition z(t) = x. Then, W = V and u* (s,z*) is an

optimal control for V (¢, z).
A proof of this verification theorem can be found in book, by Yong & Zhou [69].
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2.2. The Pontryagin’s maximum principle

The pioneering works on the stochastic maximum principle were written by Kushner [37, 38]. Since
then there have been a lot of works on this subject, among them, in particular, those by Bensoussan
[6], Peng [40], and so on. The stochastic maximum principle gives some necessary conditions for
optimality for a stochastic optimal control problem.

The original version of Pontryagin’s maximum principle was first introduced for deterministic control
problems in the 1960’s by Pontryagin et al. (Pontryagin,L.S., Boltyanski,V.G., Gamkrelidze, R.V.,
Mischenko, E.F. ) ! as in classical calculus of variation. The basic idea is to perturbe an optimal
control and to use some sort of Taylor expansion of the state trajectory around the optimal control, by
sending the perturbation to zero, one obtains some inequality, and by duality.

The maximum principle. As an illustration, we present here how the maximum principle for
a deterministic control problem is derived. In this setting, the state of the system is given by the
ordinary differential equation (ODE) of the form

{ de(t) = f(t,x(t),u(t))dt, t €|0,T],

z(0) = =z, (1D

where
f:0,T]xRx A—R,

and the action space A is some subset of R. The objective is to minimize some cost function of the
form:

Jw()) = [t z(t),ult) + gla (T)), (12)

where

[0, T] xRx A—R,
g:R— R.

That is, the function [ inflicts a running cost and the function g inflicts a terminal cost. We now assume
that there exists a control «*(¢) which is optimal, i.e.

T () = it ()

We denote by x*(t) the solution to (11) with the optimal control u*(t). We are going to derive neces-
sary conditions for optimality, for this we make small perturbation of the optimal control. Therefore
we introduce a so-called spike variation, i.e. a control which is equal to ©* except on some small time

interval:
v forr—e<t<r,

w(t) = { u*(t) otherwise. (13)

1

Pontryagin,L..S., Boltyanski, V.G., Gamkrelidze,R.V., Mischenko, E.F. Mathematical Theory of Optimal Pro-
cesses, Wiley, New York, 1962.
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We denote by 2¢(t) the solution to (11) with the control u°(t). We set that x*(¢) and 2°(¢) are equal
up to t = 7 — ¢ and that

vo(r) —a*(r) = (f(r,2°(7),v) = f(r,27(7),u" (7)))e + 0 (e) (14)
= (f(ra*(7),v) = f(r,27(r),u" (7)))e + 0 (e),

where the second equality holds since x°(7) — *(7) is of order . We look at the Taylor expansion of
the state with respect to €. Let

() = 2a(1) |omo,

i.e. the Taylor expansion of z°(¢) is

2°(t) = x*(t) + 2(t)e + o(e). (15)
Then, by (14)
2(1) = f(r,z*(1),v) — f(r,2*(7),u* (1)). (16)
Moreover, we can derive the following differential equation for z(¢).
0
dz(t) = %dx‘f(t) |le=0
0
= %f(t, x°(t), u(t))dt |-=o

= Falt, 2% (0), 0 (1) S (D)t o
— fo(t, 2 (1), 0 () 2(0)dt,

where f, denotes the derivative of f with respect to x. If we for the moment assume that [ = 0, the
optimality of u*(¢) leads to the inequality

0 . 0 .
0< %J(u ) B = % (x <T>) ‘5:0
= 4, (5(T)) La5(T) sy

We shall use duality to obtain a more explicit necessary condition from this. To this end we introduce
the adjoint equation:

{d\l/(t) = —fo(t, 2" (t),u*(t))¥(t)dt, t € [0,T],
U(T) = gu(a™(T)).

Then it follows that



i.e. U(t)z(t)) = constant. By the terminal condition for the adjoint equation we have
U(t)z(t) = g.(z*(T))2(T) >0, forall0 <t <T.
In particular, by (16)
U(r) (f(r,27(7),v) = f(7,2"(7),u" (7))) = 0.

Since 7 was chosen arbitrarily, this is equivalent to

() f(t,a*(t),u*(t)) = infU(t)f(t,a*(t),v), forall 0 <t < T.

veU

By repeating the calculations above for this two-dimensional system, one can derive the necessary
condition

H(t,x*(t),u*(t),V(t)) = infH(t,z*(t),v,¥(t)) forall 0 <t < T, (17)

where H is the so-called Hamiltonian (sometimes defined with a minus sign which turns the minimum
condition above into a maximum condition) :

H(z,u, V) = I(z,u)+ Vf(z,u),
and the adjoint equation is given by

{d‘I’(t) = —(l(t, 27 (), u (1)) + falt, (1), w" (1)) U (1))dL,

18
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The minimum condition (17) together with the adjoint equation (18) specifies the Hamiltonian system
for our control problem.

The stochastic maximum principle. Stochastic control is the extension of optimal control to prob-
lems where it is of importance to take into account some uncertainty in the system. One possibility is
then to replace the differential equation by an SDE:

de(t) = f(t,x(t),ult))dt + o(t,=(t))dW(t),t € [0,T], (19)

where f and o are deterministic functions and the last term is an It6 integral with respect to a Brownian
motion W defined on a probability space (Q, F, {E}te[o’T],IP’) .
More generally, the diffusion coefficient o may has an explicit dependence on the control: ¢ € [0, 7] .

de(t) = f(t,x(t),u(t))dt + o(t,z(t), u(t))dW(t), (20)

The cost function for the stochastic case is the expected value of the cost function (??), i.e. we want
to minimize

J@@%ﬂﬂﬁzwmmwm+mwﬂ>
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For the case (19) the adjoint equation is given by the following Backward SDE:

—d¥(t) = {fo(t,27(t),u” (1)) V(1) + o (t, 2" (1)) Q(t)
H(la(t, 27 (1), u™ (1)) ydt = Q)dW (1), 2D
U(T) = gala™(T)).
A solution to this backward SDE is a pair (V(¢), Q(¢)) which fulfills (21). The Hamiltonian is

Hiw,u, U(E), Q) = I(t,a,u) + V() F(tz,u) + Qt)olt, 7).
and the maximum principle reads forall 0 < ¢ < T,

H(t,*(6),u (1), W(0), Q1) = nfH(t,2*(1),w, W(1), Q(t) P —as. 22)

Noting that there is also third case: if the state is given by (20) but the action space .A is assumed
to be convex, it is possible to derive the maximum principle in a local form. This is accomplished by
using a convex perturbation of the control instead of a spike variation, see Bensoussan 1983 [6]. The
necessary condition for optimality is then given by the following: forall 0 <t < T

E/O Ho(t, 2 (1), u* (8), U (1), Q* (1)) (u — u* (1)) > .

3. Some classes of stochastic controls

Let (2, F, Fi>0, P) be a complete filtred probability space.

1. Admissible control An admissible control is F;-adapted process u(t) with values in a borelian
ACR"
U :={u(-): [0, T] x Q — A: u(t)is F-adapted} . (23)

2. Optimal control The optimal control problem consists to minimize a cost functional J(u) over the

set of admissible control /. We say that the control v*(-) is an optimal control if
J(u*(t)) < J(u(t)), forall u(-) € U.

3. Near-optimal control Let ¢ > 0, a control is a near-optimal control (or e-optimal) if for all control

u(-) € U we have

J(u(t)) < J(u(t) +e. (24)
See for some applications.
4. Singular control An admissible control is a pair (u(-),£(-)) of measurable A; x A,—valued,
J;—adapted processes, such that £(-) is of bounded variation, non-decreasing continuous on the left

with right limits and £(0_) = 0. Since d¢(¢) may be singular with respect to Lebesgue measure dt,
we call £(+) the singular part of the control and the process u(-) its absolutely continuous part.

18



5. Feedback control: We say that u (-) is a feedback control if u (-) depends on the state variable
X (+). If F/* the natural filtration generated by the process X, then u (-) is a feedback control if u ()
is F;X —adapted.

6. Impulsive control. Impulse control: Here one is allowed to reset the trajectory at stopping times
(1;) from X, (the value immediately before i) to a new (non-anticipative) value X, resp., with an
associated cost L (Xn, , Xﬂ,) . The aim of the controlled is to minimizes the cost functional:

E /0 " exp {— /0 t(](X(s),u(s))ds} K(X(#), ult))
+ 3 exp {— /O C(X(s),u(s))ds] 9(Xo, X )

+pr - [ et nex),

7. Ergodic control Some stochastic systems may exhibit over a long period a stationary behavior

characterized by an invariant measure. This measure, if it does exists, is obtained by the average of
the states over a long time. An ergodic control problem consists in optimizing over the long term
some criterion taking into account this invariant measure. (See Pham [47], Borkar [11]). The cost

functional is given by
1 T
lim sup —=F / flz(t),u(t))dt.
T—+o0 T 0

8. Robust control In the problems formulated above, the dynamics of the control system is assumed
to be known and fixed. Robust control theory is a method to measure the performance changes of a
control system with changing system parameters. This is of course important in engineering systems,
and it has recently been used in finance in relation with the theory of risk measure. Indeed, it is proved
that a coherent risk measure for an uncertain payoff x(7") at time T is represented by :

p(=X(#)) = sup EY(X(T)),
Qes

where S is a set of absolutly continuous probability measures with respect to the original probability
P.

9. Partial observation control problem It is assumed so far that the controller completely observes
the state system. In many real applications, he is only able to observe partially the state via other vari-
ables and there is noise in the observation system. For example in financial models, one may observe
the asset price but not completely its rate of return and/or its volatility, and the portfolio investment is
based only on the asset price information. We are facing a partial observation control problem. This
may be formulated in a general form as follows : we have a controlled signal (unobserved) process
governed by the following SDE:

do (t) = [ (82 (t),y (1), u(t) dt+ otz ),y ), ut)dV (),
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and
dy(t) =gtz (t),y),u))d+h(t,z(t),y),u(t))dB(t),

where B (t) is another Brownian motion, eventually correlated with W (¢). The control u(t) is
adapted with respect to the filtration generated by the observation £ and the functional to optimize
is:

Ju() = E [h @)y + [ gl ,y<t>,u<t>>dt] |

10. Random horizon In classicla problem, the time horizon is fixed until a deterministic terminal
time 7'. In some real applications, the time horizon may be random, the cost functional is given by
the following:

Ju() = E [h o)+ [t ,y<t>,u<t>>dt] |

where 7 s a finite random time.

11. Relaxed control The idea is then to compactify the space of controls U/ by extending the def-
inition of controls to include the space of probability measures on U. The set of relaxed controls
e (du) dt, where pi, is a probability measure, is the closure under weak* topology of the measures
Ou(t) (du)dt corresponding to usual, or strict, controls. This notion of relaxed control is introduced for
deterministic optimal control problems in Young (Young, L.C. Lectures on the calculus of variations
and optimal control theory, W.B. Saunders Co., 1969.) (See Borkar [11]).
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A study on optimal control problem with -»—error
bound for stochastic systems with applications to
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Part 11

A study on optimal control problem with

¢ —error bound for stochastic systems with
applications to linear quadratic problem

Abstract. In this part, we study near-optimal stochastic control problem with *—error bound for
systems governed by nonlinear controlled Itd stochastic differential equations (SDEs in short). The
control is allowed to enter into both drift and diffusion coefficients and the control domain need be
convex. The proof of our main result is based on Ekeland’s variational principle and some approxima-
tion arguments on the state variable and adjoint process with respect to the control variable. Finally,
as an example, the linear quadratic control problem is given to illustrate our theoretical results.

AMS Subject Classification: 93E20, 60H 0.

Keywords: Stochastic control with £*—error bound, Weak maximum principle, Necessary and suffi-
cient of conditions of near-optimality, Ekeland’s variational principle, Convex perturbation.

4. Introduction

Stochastic near-optimization is as sensible and important as optimization for both theory and applica-
tions. In this work, we consider stochastic control problem with *—error bound for systems driven
by non linear controlled SDEs of the form

{ dzx (t) = f(w,t,z(t),u(t))dt + o (w,t,z(t),u(t))dW (t), 25)

2(0) = ¢,
where (W (t))te[o,T} is a standard n—dimensional Brownian motion defined on the filtered probability
space (2, F, (Ft),co,71 - ). The filtration F; is a canonical filtration of W (¢) augmented by P-null

sets. The initial condition ¢ is an Fy-measurable random variable. We associate to this state equation
the following cost functional

J<u<->>—E[h<x<T>>+ | atwta @ un ). 6)



and the value function is defined as

V= inf {J(u(-)}. 27)

u(-)eUu

The maximum principle has been and remains an important tool in many situations in which
optimal control plays a role. Near-optimization is as sensible and important as optimization
for both theory and applications. The theory of stochastic near-optimization was introduced by
Zhou [71]. Various kinds of near-optimal stochastic control problems have been investigated in
[17, 18, 19, 20, 21, 28, 57, 70, 35]. The necessary and sufficient conditions of near-optimal mean-
field singular stochastic control have been studied in Hafayed and Abbas [17]. The necessary and
sufficient conditions for near-optimality for mean-field jump diffusions with applications have been
derived by Hafayed, Abba and Abbas [18]. Near-optimality necessary and sufficient conditions for
singular controls in jump diffusion processes have been investigated in Hafayed and Abbas [19]. In
Hafayed, Veverka and Abbas [20], the authors extended Zhou’s maximum principle of near-optimality
[71] to singular stochastic control. The near-optimal stochastic control problem for jump diffusions
has been investigated by Hafayed, Abbas and Veverka [21]. The near-optimality necessary and suffi-
cient conditions for classical controlled FBSDEJs with applications to finance have been investigated
in Hafayed, Veverka and Abbas [28]. Stochastic maximum principle of near-optimal control of fully
coupled forward-backward stochastic differential equation has been investigated in Tang [57]. Near-
optimal stochastic control problem for linear general controlled FBSDEs has been studied in Zhang,
Huang and Li [70]. The near-optimal control problem for recursive stochastic problem has been
studied in Hui, Huang, Li and Wang [35].

It is shown that the near-optimal controls in stochastic control problems, as the alternative to the
exact optimal ones, are of great importance for both the theoretical analysis and practical application
purposes due to its nice structure and broad-range availability as well as feasibility. The near-optimal
controls in stochastic control problems are more available than the exact optimal ones, in the sense
that the near-optimal controls always exist, while the exact optimal stochastic controls may not even
exist in many situations. Moreover, since there are many near-optimal controls, it is possible to select
among them appropriate ones that are easier for analysis and implementation. This justifies the use
of near-optimal stochastic controls, which exist under minimal hypothesis and are sufficient in most
practical cases.

Motivated by the arguments above and inspired by [71, 17, 18, 19, 21, 70], our purpose in this work
is to derive a first-order necessary and sufficient conditions for any near-optimal stochastic control
with e*—error bound, where the diffusion coefficient can contain a control variable, and the control
domain is necessarily convex. The proof of our main result is based on Ekeland’s variational principle
[14] and some approximation arguments on the state variable and adjoint process with respect to the
control variable. As an applications, a linear quadratic control problem is discussed.

The rest of the chapter is organized as follows. In the second section we present the assumptions
and the formulation of the problem. The necessary conditions for any near-optimal stochastic control
is given in the third section. The sufficient conditions are given in the fourth section. An application
to the linear quadratic control problem is given in the last section.
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5. Assumptions and Preliminaries

Let (Q, F, (Ft),c(o.r1 - ) be a fixed filtered probability space satisfying the usual conditions, in which
a n—dimentional Brownian motion W (t) is defined. We list some notations that will be used through-
out this work. Any element » € R¢ will be identified to a column vector with it component, and the
norm |x| = 25:1 |z;|. We denote A* the transpose of any vector or matrix .4. We denote sgn(-) the
sign function. For a function ¥, we denote by W, the gradient or Jacobian of a scalar function ¥ with
respect to the variable . We denote by L%-([0, 7], R™) the Hilbert space of F;,—adapted processes
(x (t)) such that Efo |z (t)]” dt < +o0.

Throughout this work we assume the following.

Leto: Qx[0,T] x R"xR"=R"Q@R"™, f : Qx[0,T] x R*"XR™—=R"™, g: Qx[0,T] x R""xR"— R,
h : QxR"— R, are Borel measurable functions such that V' (w, ¢, z, y, u) € Qx [0, T] x R" x R" x R™.
Assumption (H1) f, 0, g and h are continuously differentiable with respect to x, u, dominated by
C(1 + |z|), and their derivatives are bounded functions.

Assumption (H2) ]g—z (w,t,z,u) — g—z (w,t,y,v)] < C(|lz — y\ﬁ + |u — v|5), for p := f, o and
g€ (0,1).

Assumption (H3) The derivatives 9L 92 99 94

oz’ dx’ Bz’ Ou
Definition 1.2.1.. Let 7" > 0 be a fixed strictly positive real number and U be a nonempty compact
convex subset of R™. An admissible control is defined as a function u (+) : [0,7] x 2 — U which is
JFi-predictable, such that the SDE-(25) has a unique solution and write u () € U. The set U is called
the set of admissible controls.

From assumption (H1), the SDE-(25) has a unique strong solution given by

are Lipschitz in z, v and h, is Lipschitz in x.

:§+/0f<w,s,x<s>,u<s>>ds+/o o (w, 5, 2(s), u(s)) AW (s).

The criteria to be minimized over the set of admissible controls given in (26) is well defined.
We introduce the adjoint equation for our control problem (25)-(26) as follows

—dp (1) = [2L (w, t, 2 (1) ,u (£)) p (t) + 22 (w, b, 2 (£) ,u () ¢ (1)
+ 29 (w, t,x (), u (t))dt — g () AW (1), (28)

p(T) = he (x(T)),
and the Hamiltonian associated with our control problem (25)-(26) is given as
H(t,z,u,p(t),q) =p@) ftz,u)+q{t)o(t,z,u)+g(tzu). (29)

To simplify our notation, we suppress “w” in f (w,t,z (t),u(t)) and write f (¢,z (t),u(t)) for
f(w,t,z(t),u(t)). Similarly for the functions f, o, g, h.

We aim at using Ekeland’s variational principle [14] to establish necessary conditions of s-optimality
satisfied by a sequence of e-optimal controls.
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Lemma 1.2.1. (Ekeland’s Lemma [14]) Let (E, d) be a complete metric space and f : E — R be
a lower semi-continuous and bounded from below. If for each ¢ > 0, there exists u* € FE satisfies
f e () <inf,yep (f (w(:))) + e Then for any 6 > 0, there exists u® (-) € E such that

(1) f (u () < fu ().

2)d (u (). (1) <6,

)W) < fu)+ed W (),u(r), forallu(-) € E.

To apply Ekeland’s variational principle to our problem, we must define a distance d on the space of
admissible controls such that (U, d) becomes a complete metric space. For any u (-), v (-) € U we lay

1
2

()0 () = [E [t -eeral (30)

6. Stochastic maximum principle with ¢*—error bound

Our goal in this section is to derive necessary conditions with é*—error bound for SDEs with con-
trolled diffusion coefficient, where the control domain is necessarily convex. We give the definition
of e-optimal control as given in [71].

Definition 1.3.1. For a given € > 0 the admissible control u° (-) is e-optimal if

[ (u () =V <Q(e),

where Q is a function of ¢ satisfying lim._,o Q (¢) = 0. The estimater Q (¢) is called an error bound.
If Q (¢) = C¢° for some § > 0 independent of the constant C, then ¢ (-) is called e-optimal control
with order €°. If Q (¢) = ¢, the admissible control u# (-) called e—optimal.

Now we are able to state and prove the Pontryagin’s maximum principle of e-optimality for our
control problem, which is the main result in this section.

Theorem 1.3.1. Assume that (HI), (H2) and (H3) hold. For any \ € [0, %) , there exists a positive
constant C' = C (\) such that for each € > 0 and any e-optimal control uf(-) there exists a constant
C > 0 such that for all u € U

T
oH
B[S0 et ()0 (8).0° (8),6° (0) (wlt) = w (0)dt = ~C, dt —ae, (3D
o Ou
where z< () denotes the solution of the state equation (25) and the pair (p° () , ¢ (+)) is the solution
of the adjoint equation (28) associated with u°.
To prove the above Theorem, we need the following auxiliary results on the variation of the state and
adjoint processes with respect to the control variable.

Lemma 1.3.2. Let 2" (t) and xV (t) be the solution of the state equation (25) associated with u (-) and
v (+) respectively. Then there exists a positive constant C' such that, for o > 0 :

E | sup |2 (t) —a" ()" < Cd? (u(), v ().

0<t<T
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Proof.
First we assume o > 2. Using Holder’s and Burkholder-Davis-Gundy inequalities, we obtain

2" (s),u(s)) = f (s,2" (s),v (s)))ds
o (0 (5,2 () u(5)) = 0 (5,2° (5),0(s))) dW (s)]
< CE [y 1f (s.2" (s) u(s) = f (s,2" (s) 0 ()| ds

" d

)
+OE [5lo (s,a" (s),u(s) = o (s,2% (s),v(s))
s)), o (s,z" (s),u(s)) and applying the Lipschitz continuity

Eflz"(t) =z )" < E

)
by adding and subtracting f (s, 2" (s) , u(
of the coefficients f and o it holds that

Bl (1) — <OE/ 2 ( (s)|° ds+(JE/ lu (s) — v (5)|° ds
< CE/Ot]x“(s)—x”(s)PderC{E/O u(s) — v (s)|? ds] ,

using Gronwall’s inequality, we get the desired inequality.
Now, we assume 0 < o < 2. Since % > 1, then by using Holder’s inequality and the above result, we

have N
E[lz* (t) = 2" (1)) < [Bla" (t) —a® ()] < Cd (u(),v()).
This completes the proof of Lemma 1.3.2. U

Lemma 1.3.3. Ler (p“ (t),q" (t)) and (p" (t),q" (t)) be two adjoint processes corresponding to u
and v respectively. Then we have the following estimate: for any o > 1

E/O (" @) = p" (D" + lg" (1) — ¢" (1)")dt < Cd* (u(-),v ().

Proof. First we denote by p (t) = (p*(t) — p”(t)) and ¢ (t) = (¢" (t) — q" (t)), then (p(t),q (t))
satisfies the following backward stochastic differential equation:
—dp () = [ (62" (1), u (D)) 5 (1) + G (ta (1) u () G (1)
+ G ()]t — g (t)dW (t),
p(t) = he (2" (T)) = ha (2¥ (T)),
where the process G (t) is given by
G(t) = (5 (t.a" () u(t) — G (t,2¥ (1) 0 (1))p" (1)
+(F2 (8,2 (1) u (1) — G2 (8,2 (1), v (1)))g” (¢)
+( " (1)

oz
%9 (t,av (1), u(t)) — 22 (t, 2 () ,v (1))



Let 7 be the solution of the following linear SDE

dne = (2 (¢, 2% (t) ,u (b)) me + 5 ()| sgn(p (t))]dt
82 (¢, 2 (), w () e+ 13 (8)]* 7 sgn(q (¢))]dW (t) (32)
no = 0,

where sgn (y) = (sgn(y1), sgn(ys), ..., sgn(y,))* for any vector y = (y1,y2, .., yn)". It is worth
mentioning that since % and g—g are bounded and the fact that

T
~ e - 2 < ja— - 2
B [ {IBOr s GO + g som @) }ae < oc,
0
then the SDE (32) has a unique strong solution. Let v > 2 such that % + é = 1 then we get

B {supyer o} < CE [ {l5 (017 + g ()"} at

T (33)
=CE [y {Ip@®)|" + g (t)|"} at.

Now applying It6’s formula to p (t) 7, on [0, 7] and taking expectations, we obtain

B0 - 50m) = [ ~Gemas s [ (pOF +laor
using the fact that 75, = 0 we can easily show that
v IO +1a 01t = B / "G (0t + BG (T nr)
- £ "G (0t + B [(he (2 (1)) — by (2 () 1],

by applying Holder’s inequality to the right hand side, it holds that

E/OT(W = {E/0T|G(t)\"‘dtr {E/OTWMJ
+[Eha(@* (T)) = ha(z® (T))°]* [E Inr|"]>
using inequality (33), it holds that
2 [ @orcaorescle [Cwor - |a<t>|a>dtr { 5 [ G i

3

Q |~

+C B he (2" (T)) = oz (T)[7]
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which implies that

1—1
5

= [por+aone] <cls [Neora)
+C B |ho(2* (T)) = ho(a® ()],
thus
B[ poraera<cr [ eora
OB (e (T)) — ha(a® (T
Since h, is Lipschitz in 2 and due to Lemma 1.3.2, we have

E{[he (2" (T)) = ha(z” (T)[*} < Cd*(u(-), v(-)). (34)

We proceed to estimate the first term on the right hand side, then we have
T T af af
E H*dt < E — (t, 2" (¢ 1) — = (t, 2" (t t Yt
Clewras<e [ {[E e 0.00) - I w000 o)
2% 1), w ) — 22 (1), 0 (1) 0 0]+ | 2L 2 (1), t))
am 71' 7u ax 7'1‘ ’U q ax 7'1: 7u

- g—g(t,x” (t),v(t))' }adt

< or [ e wwen-F e oom] pord
+OB [ {3 (0. u@) - 5 (o (0,0 (0)] e O
+0E/0 %(t,x“(t),u(t})—g—i(t,x”(t),v(t)) dt

= I +1, +15.

Using the bounded of p” (¢) and Holder’s inequality with ;75— + 5~ = 1 we have

I, < C’[E/O g(t,x“(t),u(t)) - g—(t,xv(t),v(t))“dt]
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adding and subtracting 2 = L (t,2*,v), then by using the Lipschitz continuity on (t 2", v)in x and u
(Assumption (H3)) and Lemma 1.3.2, we have

I <Cd* (u(-),v () -

Using similar argument developed above, we can prove I, +13 < C'd® (u(-),v (+)) . Then we conclude

E/OT|G(t)\°‘dt < Cd (u(),v (). (35)

Finally, combining (34) and (35), the proof of Lemma 1.3.3 is complete U

Lemma 1.3.4 (Maximum principle for e-optimality). For each e > 0 there exists u (-) € U processes
7°(t) and G°(t) such that, Vu (-) € U

ToH

EO 0u<

67,0, 77 (1), T (1) (u(t) = (t)dt > —Ce*, dt — a.e. (36)

1/2

Proof. Applying Ekeland’s variational principle with 6 = £'/“ there exists an admissible control u*

such that
() d (uw () ,u (_))
i) J (@ () < J(u ()) foranyu()GLlwhere

T(u() = J (u() +e2d @ (), w (). 37

Notice that 7 (-) which is e-optimal for the initial cost .J is optimal for the new cost .J defined by
(37).

Let us denote u*? (+) a perturbed control given by u=%(t) = u(t) + 6 (v (t) — u® (t)) . By using the
fact that B

@) J (@ () < J(u (1)), (i) d(@ (), u™’ () < CO, we get

T () = J(@ () > —2d(uf ()00 () > —Ce2g. (38)

Dividing (38) by ¢ and sending 6 to zero we get

d 0 i A

— St > — > — . 3

S )| = —Cebz—ce (39)
Arguing as in [6] for the left hand side of inequality (39), the desired result follows ]

Proof of Theorem 1.3.1.
First, for each ¢ > 0 by using Lemma 1.3.4, there exists u° (-) and J;—adapted processes p°(t) and
G (t) such that, Vu(-) € U :

ToH

EO 8u(

67,0, 0° (1), (1) (u(t) —a (1) dt > —Ce*, dt — a.e.
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Now, to prove (31) it remains to estimate the following difference:

g Mgz wr.¢ 0w - o

. ou
B / O (1. (0. () (0 (0) — v ()

First, by adding and subtracting F fo (t,z5,u",p° (t),q° (1)) (u(t) — u® (t))dt, we have

IN

B / O 07 (0.7 (1)) 1)~ (1))
B [ G 0 0, () (00— ()

E / O (i 7 w1 () .7 (1)) (o () — 7 ()t

u
B [ (G T ) () = G (0 (). (1)

x (u (t) — ut (£))dt
I + I,

by using Schwarz inequality and the bounded of I in integral sense, we get

I

<o
0

IN

< Cd(

2

wi(-), @ () < Cet.

0H

Hu |(u® (8) —w;)| dt

ol [ o mral]

t,7°, 0,7 (1), 7 (1)

Let us turn to the second term, it holds that

I

of
E/O[i
]
wf

T T 0.7 (0) - G (60 (0.6 () (w0 - o ()

0L (1,7 0),7(1) — 17 () 22 (0,07 (), 0 ()] (u (1) — " (1)

T (097 (47 (1), (1) — ¢ (1) 9o (1,0 (1), ()] (w (1) — v (1))

(9917 (1), (1) — 02 (1,0 (1) " ()] (1) — " (1))

(?)

Ji1+ T2+ Js.
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We estimate the first term on the right hand side J; by adding and subtracting p® () % (t,7°(t),us(t))
then we have

I < E [y [P(t) = p* (O] |55 (6,7°(0), 7 (1)) (u (8) — e (1)) dt

+E [y |5 (1), 7 () — 5L (8,27 (8) ,w (£)p° (1) (u (t) — e (£))] dt.
First, by adding and subtractlng (t x° () ,u"(t)) it holds that

5 < B [T - 7 (0|2 (675 ) (u ) - (1)] de

B Jy |5 (70,7 (1) = G (a7 (1), T 0)] 7 (1) (u (1) — o (1) it

TE [y |5 (¢ (1) @ (8) = 5L (1 2% (1), w ()] Ip° (0) (u () = u (1))] dt
=+ 5+

Using Holder inequality, the bounded of %, Lemma 1.3.2 and integral properties of admissible con-
trols, we obtain, for % + é =1,

s [B {3 0. 0) i - @) )] [2 {4 0 - 0 a)]”

c(B{l 0 -y wra})”
< C(d* (@ (), w())” < Ceb.

To estimate the second term J? we use assumption (H2), then we have

B < CE/O [7°(t) — = ()| |p* (1) (u (1) = ()] dt,

using Holder inequality, where %y + é = 1 then a simple computations gets
T T 5
5 o< o[ wo-coror) (5[ - o)
0 0

< o(e [ Fo-a0rror)

applying Holder inequality for 75— /(2 5 T3 / = 1 it holds that
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Next by applying assumption (H2) and Holder inequality then we can proceed to estimate J3 as
follows

B o< o [0 - OF b Ol - o)l
o (& [ wo - wr iy ora) é (& [ 1wt - <t>>|”dt)i
< c((E/OT|af(t)—uf(t)|5“§dt)T <E/OT|p€(t) aidt) )

< O
Using similar arguments developed above for J, and J3, then a simple computations we can prove
that I; < Ce*. Applying similar method developed above for I, and I3 we conclude

E [y 9 (¢, 75w, 57 (1), ¢ (1)) (u(t) — @ (t))dt
—B 7 (¢ 25w, p7 (), ¢F (1) (u(t) — e (t)dt < O,

IN

Qv
Q=

(40)

Finally combining (36) and (40) the proof of Theorem 1.3.1 is complete. U

7. Sufficient conditions for c-optimality

In this section, we will prove that under an additional hypothesis, the e-maximum condition on the
Hamiltonian function is a sufficient condition for s-optimality.

Theorem 1.4.2. Assume that H (¢,-,-,p°(+),¢°(+)) is convex for a.e. t € [0,T], P — a.s, and h is
convex. Let (u®(-), 2°(+)) be a e-optimal solution of the control problem (25)-(26) and (p° (t) , ¢° (t))
be the solution of the adjoint equation associated with «°(-). If for some £ > 0 and for any u(-) € U :

B[ G (0007 (). (0) (0 (0) = (D)t = —C2 (4D

then u(-) is an e-optimal control of order £*, i.e.,

J () < inf J(v() + Ce*,

where C'is a positive constant independent from ¢.
Proof. Let u°(-) be an arbitrary element of U/ (candidate to be e—optimal) and x°(-) is the correspond-
ing trajectory. For any v(-) € U and its corresponding trajectory z*(-), we have

T () =T (0() = B Jy (g (t;2° (8) ,u (1)) = g (t,2" (1) , 0 (1)) dt
+E [ (2*(T)) = h (2" (T))].
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Since h is convex, we have

J (W () = J(v())
< Elhy (27 (1)) (2°(T) — 2 (T)] +E/0 (g (8, 2% (1), u” (8) — g (, 2" (t) v (1)) dt,

replacing h, (z°(T")) with its value, see (28) we have

J (e () = J (v(-) < E[p*(T) (+° (T) — 2" (T))] W)
+E fy (9(t,2% (£),uf (1)) = g (8,2 () 0 (1)) dt.
On the other hand, by applying It6’s formula to p° (T) (2° (T') — 2" (T")) , and by taking expectation,
we obtain

E[p (T) (+° (T) — 2" (T))]

then by combining (42) and (43) we have

T () = T (0() < B [y (H (8,05, 0% (£) . ¢ (1)) = H (.2",0,0° () . ¢° (1)) )dt (44)
—E fy 9 (6,05, w7 (1), ¢ (1) (@ (1) — 2 (1)) .

Since H is convex in (x, u) we obtain

H (t,x%,u,p (t) , ¢ () — H (t,x%,v,p° (t),, ¢° (t))
< O (¢, 2%, uf,p7 (), ¢ (1)) (2 (t) — 2 (1))

+ou (%, u, 7 (8) " (1) (uf (8) — v (1)),

then by using the necessary optimality conditions (41), it follows that

Cer > H (t,a%,us,p7 (1), q° (1) — H (t,2°,v,p° (1) , ¢ (1))
=G (t, 2%, p7 (1), ¢ (1)) (2 (1) — 2* (1))

Finally combining (44) and (45) the desired result follows. O

(45)
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8. Application: linear quadratic control problem

In this section, we consider a linear quadratic control problem as a particular case of our control
problem. First, we restrict ourselves to the one dimensional case. We assume that 77 = 1 and
the convex control domain be U = [0,1], f(t,z (t),u(t)) = —u(t), o(t,z(t),u(t)) = u(t),
gtz (t),u(t)) = su*(t) and h(z () = = ().

Consider the following stochastic control problem

dr (t) = —u(t)dt +u (t)dW (t),
(46)
z(0) = 3,
and the cost functional being
1
J (u(+)) = E{x(l) +/ Lu* (1) dt}. 47
0
The Hamiltonian function gets the form
1
H (t,,u,p (1), q (1)) = (q(6) =p (£)) u+ 0, (48)
and the corresponding adjoint equation is given as follows
—dp(t) =q)dW (t), p(1) = 1. (49)

It is clear that (p(t),q(t)) = (1,0) is the only unique adapted solution to (49). Moreover, the
Hamiltonian function has the form

H (6., 0,p(1) a(t) = —u-+ 5. (50)

If the admissible control u°(-) is e—optimal in the sense that .J (u° (-)) < inf,ye J (u (-)) + €, then
by applying Theorem 1.3.1, we obtain for any u € [0, 1] .

E/o (uf (t) — 1) (u(t) —us () dt > —Ce. (51)

For example, a simple computation shows that the admissible control u® () = 1—¢, satisfies the above
inequality, where £ > 0 is sufficiently small. Conversely, for the sufficient part, let u° (t) = 1 — ¢
which satisfy (51) candidate to be c-optimal. Since H is convex in w and by using Theorem 1.4.2
it follows that u° () satisfies inequality (51), which means that u°(-) is -optimal for our control
problem (46)-(47), and its corresponding trajectory is

xe(t)—%—(1—6)25+(1—£)W(t).
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9. Concluding remarks and future research

In this chapter, necessary and sufficient conditions for near-optimal control with £*—error bound for
SDEs have been established. Linear quadratic control problem has been studied to illustrate our
theoretical results. If we assume that ¢ = 0, our maximum principle (Theorem 1.3.1) reduces to
maximum principle of optimality developed in Benssoussan [6].

An open questions are to establish necessary and sufficient conditions for near-optimality with
e*—error bound for SDEs with impulse control, Linear quadratic stochastic control with £*—error
bound for SDEs with impulse and SDEs with random jumps. We will work for this interesting issue
in the future research.
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On Zhou’s maximum principle for near optimal

control of mean-field forward backward stochastic
systems with jumps and its applications
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Part 111

On Zhou’s maximum principle for near
optimal control of mean-field forward
backward stochastic systems with jumps and
its applications

Abstract. This chapter is concerned with stochastic maximum principle for near-optimal control of
nonlinear controlled mean-field forward-backward stochastic systems driven by Bownian motions and
random Poisson martingale measure (FBSDEJs in short) where the coefficients depend on the state of
the solution process as well as on its marginal law through its expected value. Necessary conditions
of near-optimality are derived where the control domain is non-convex. Under some additional hy-
potheses, we prove that the near-maximum condition on the Hamiltonian function in integral form is a
sufficient condition for e-optimality. Our result is derived by using spike variation method, Ekeland’s
variational principle and some estimates of the state and adjoint processes, along with Clarke’s gener-
alized gradient for nonsmooth data. This work extends the results obtained in (Zhou, X.Y.: SIAM J.
Control Optim. 36(3), 929-947, 1998) to a class of mean-field stochastic control problems involving
mean-field FBSDEJs. As an application, mean-variance portfolio selection mixed with a recursive
utility functional optimization problem is discussed to illustrate our theoretical results.

Keywords. Maximum principle. Stochastic near-optimal control. Mean-field forward-backward stochastic
differential equations with jumps. Necessary and sufficient conditions of near-optimality. Ekeland’s variational
principle.

10. Introduction

The mean-field stochastic systems have attracted much attention because of their practical applica-
tions in many areas such as physics, chemistry, economics, finance and other areas of science and
engineering. Discrete-time indefinite mean-field linear-quadratic optimal control problem has been
investigated in Ni, Zhang and Li [41]. In a recent work, mean-field games for large population mul-
tiagent systems with Markov jump parameters have been investigated in Wang and Zhang [56]. De-
centralized tracking-type games for large population multi-agent systems with mean-field coupling
have been studied in Li and Zhang [42]. Mean-field stochastic control problems have been investi-
gated by many authors, see for instance, [41, 62, 15, 17, 23, 24, 18, 25, 10, 5, 49, 26, 51, 52, 67, 66].
Mean-field type stochastic maximum principle for optimal control under partial information has been
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investigated in Wang, Zhang and Zhang [62]. Discrete time mean-field stochastic linear-quadratic
optimal control problems with applications have been investigated in Elliott, Li and Ni [15]. Sec-
ond order necessary and sufficient conditions of near-optimal singular control for mean-field SDE
were established in Hafayed and Abbas [17]. Mean-field type stochastic maximum principle for op-
timal singular control has been studied in Hafayed [23], where convex perturbation was used for
both absolutely continuous and singular components. The maximum principle for optimal control of
mean-field FBSDEJs has been studied in Hafayed [24]. The necessary and sufficient conditions for
near-optimality for mean-field jump diffusions with applications have been derived by Hafayed, Abba
and Abbas [18]. Singular optimal control for mean-field forward-backward stochastic systems driven
by Brownian motions has been investigated in Hafayed [25]. A general mean-field maximum princi-
ple was introduced in Buckdahn, Djehiche and Li [10]. Under the conditions that the control domains
are convex, a various local maximum principle have been studied in [5, 49]. Second-order maximum
principle for optimal stochastic control for mean-field jump diffusions was proved in Hafayed and
Abbas [26]. Necessary and sufficient conditions for controlled jump diffusion with recent application
in bicriteria mean-variance portfolio selection problem have been proved in Shen and Siu [51]. Re-
cently, maximum principle for mean-field jump-diffusions stochastic delay differential equations and
its applications to finance have been investigated in Yang, Meng and Shi [52]. A linear quadratic op-
timal control problem for mean-field stochastic differential equations has been studied in Yong [67].
Mean-field optimal control for backward stochastic evolution equations in Hilbert spaces have been
investigated in Xu and Wu [66]. In Buckdahn, Djehiche, Li and Peng [8] a general notion of mean-
field BSDE associated with a mean-field SDE is obtained in a natural way as a limit of some high
dimensional system of FBSDEs governed by a d—dimensional Brownian motion, and influenced by
positions of a large number of other particles.

Near-optimization is as sensible and important as optimization for both theory and applications.
The theory of stochastic near-optimization was introduced by Zhou [71]. Various kinds of near-
optimal stochastic control problems have been investigated in [17, 18, 19, 20, 21, 28, 57, 36, 70, 35].
The necessary and sufficient conditions of near-optimal mean-field singular stochastic control have
been studied in Hafayed and Abbas [17]. The necessary and sufficient conditions for near-optimality
for mean-field jump diffusions with applications have been derived by Hafayed, Abba and Abbas [18].
Near-optimality necessary and sufficient conditions for singular controls in jump diffusion processes
have been investigated in Hafayed and Abbas [19]. The near-optimal stochastic control problem
for jump diffusions has been investigated by Hafayed, Abbas and Veverka [21]. The near-optimality
necessary and sufficient conditions for classical controlled FBSDEJs with applications to finance have
been investigated in Hafayed, Veverka and Abbas [28]. Stochastic maximum principle of near-optimal
control of fully coupled forward-backward stochastic differential equation has been investigated in
Tang [57]. Near-optimal control problem for linear FBSDE have been studied in Huang, Li and Wang
[36]. Near-optimal stochastic control problem for linear general controlled FBSDEs has been studied
in Zhang, Huang and Li [70]. The near-optimal control problem for recursive stochastic problem has
been studied in Hui, Huang, Li and Wang [35].

It is shown that the near-optimal controls in mean-field stochastic control problems, as the alter-
native to the exact optimal ones, are of great importance for both the theoretical analysis and practical
application purposes due to its nice structure and broad-range availability as well as feasibility. The
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near-optimal controls in mean-field stochastic control problems are more available than the exact op-
timal ones, in the sense that the near-optimal controls always exist, while the exact optimal stochastic
controls may not even exist in many situations. Moreover, since there are many near-optimal controls,
it is possible to select among them appropriate ones that are easier for analysis and implementation.
This justifies the use of near-optimal stochastic controls, which exist under minimal hypothesis and
are sufficient in most practical cases.

Motivated by the arguments above and inspired by [71], our aim in this work is to establish a set
of necessary conditions for near-optimality for systems governed by nonlinear controlled mean-field
FBSDEJs. Moreover, we prove that under some additional assumptions and by applying Clarke’s
generalized gradient for nonsmooth functions, these necessary conditions are also sufficient for near-
optimality. As an illustration, mean-variance portfolio selection problem: time-inconsistent solution
is discussed.

The plan of the rest of the chaper is organized as follows. In Section 2, we present some typical
notations and formulate the mean-field stochastic control problem considered in this work. In Section
3 we prove our main results. As an illustration, Time-inconsistent mean-variance portfolio selection
problem is discussed in the last section.

11. Formulation of the problem and preliminaries

In the present work, we consider mean-field stochastic near-optimal control problem of the following
kind. Let 7" > 0 be a fixed time horizon and (2, F, (‘Ft)te[QT] , ) be a fixed filtered probability space
equipped with a P—completed right continuous filtration on which a d—dimensional Brownian motion
W = (W(t))epo.r is defined. Let n be a homogeneous (F;)-Poisson point process independent of

W. We denote by N (df, dt) the random counting measure induced by 7, defined on © x R, where
© is a fixed nonempty subset of R with its Borel o—field B (). Further, let x (df) be the local
characteristic measure of 7, i.e. u(df) is a o-finite measure on (O, B (0)) with 1 (0) < +oo. We
then define N(df,dt) = N(df,dt) — 1 (df)dt, where N (-,-) is Poisson martingale measure on
B (©) x B (R;) with local characteristics y (df) dt. We assume that (%), 7 is P—augmentation of

the natural filtration (}"t(W’N) )icpo,r) defined as follows:

FWHN) —a{W(s):Ogsgt}vU{/ /N(dﬁ,dr),()ﬁsgt, BGB(@)}\/Q%
0 B

where G, denotes the totality of P—null sets, and o; V 09 denotes the o-field generated by o U 0.

In the present work, we study stochastic near-optimal control problem for system described by mean-
field forward-backward stochastic differential equations with Poisson jumps processes (mean-field
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FBSDEJs) of the form:

((dx(t) = f(t,z(t), E(x(t)),u(t)) dt + o (t,x(t), E(z(t))) dW(t)
+ [gc(t,z(t-),0) N (df,dt).
dy(t) = — [ 9(t, x(t), E(x(t)%y(t),E(y(t>>,z(t),E(Z(t)),r(tﬁ),u<t)>u(d9> at  (52)
+ z2(t)dW (t) + [y r (t,0) N (df,dt) .
2(0) =¢ y(T)=h (1) E ( (1)),

where f,0,b, g, h, are given maps and the initial condition ( is an Jy-measurable random variable.
The mean-field FBSDEJs-(52), called McKean-Vlasov systems are obtained as a limit approach, by
the mean-square limit, when n — +o0 of a system of interacting particles of the form:

(daj(t) = f(t, 2 (t), £ S0y wh(t), u(t))dt + o(t, x)(t), £ S0 @i (1)) dW (1)
+ [o et 2l (t-),0)N (db, dt) .

dyh(t) = = Jo 9(t, (1), 5 200y 2 (1), wh (8), 3 220y wn(0), 20(8), 5 D20, 24 (1),
r(t,0), u(t)) p(do) dt + 2 (t)dW(t) + [ r (t,0) N7 (d6, dt),

where (W7(-) : j > 1) is a collection of independent Brownian motions and (N7(-,-) : j > 1)isa
collection of independent Poisson martingale measure. Noting that mean-field FBSDEJs-(52) occur
naturally in the probabilistic analysis of financial optimization problems and the optimal control of
dynamics of the McKean-Vlasov type. Moreover, the above mathematical mean-field approaches play
an important role in different fields of economics, finance, physics, chemistry and game theory.

The criteria to be minimized associated with the state equation (52) is defined by

J (G ul) = E{¢ (y(0), E (y(0)))} - (53)

It’s worth mentioning that since the cost functional .J is possibly a nonlinear function of the expected
value stands in contrast to the standard formulation of a control problem. This leads to a so-called
time-inconsistent control problem where the Bellman Dynamic programming does not hold. The
reason for this is that one cannot apply the law of iterated expectations on the cost functional.

This section sets out the notations and assumptions used in the sequel.

Notations. We use the following notations. In the sequel L3 ([0, T]; R™) denotes the Hilbert space
of F,—adapted processes (z(t)):cpo,r such that E fo |z(t)|* dt < 400. MZ% ([0,7];R) denotes the
Hilbert space of JF;,— predictable processes (¢ (-,t,0))¢cjo,r) defined on Q x [0, 7] x © such that
E fOT Jo [¥ (w,t,0)” u(0)dt < +oo. Any element z € R” will be identified to a column vector with
its 5 component z; and the norm |z| = > i1 [zj|. We denote A* the transpose of any vector or
matrix A. We denote by E the expectation with respect to P. For a function f € C! we denote
by f, its gradient or Jacobian with respect to the variable z. We denote by 1 4 the indicator func-
tion of A, conv (A) the closure convex hull of .4 and Sgn(-) be the sign function. We denote by

(z(t), (1), 2(t)) = (E(x(t)), E(y(t)), E(=(1))).
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Definition 2.1.1 Let 7' > 0 be a fixed strictly positive real number and U be a nonempty subset of R¥.
An admissible control is defined as a function u(-) : [0, 7] x © — U which is F;—predictable, such
that the mean—field FBSDEJs-(52) has a unique solution and write u(-) € U([0,T1).

The value function is defined as
V(Q) = inf {J (¢, u(-) : u(-) € U([0,T])}. (54)

Throughout this work, we also assume that the coefficients functions:

0.7)
o:[0,T] x R* x R® — L(R4,R").
g:[0,T] x R" x R" x R™ x R™ x L(RY,R™) x LR, R™) x U — R™.
c:[0,T] x R"xO — R".
h:R" x R"— R™ ¢:R™ x R™"— R,

satisfy the following standard assumptions:

Assumption (H1) The functions f, o, g, h, ¢, ¢ are continuous and continuously differentiable with
respectto (¢, 7, y, 4, 2, 2, 1), and there exists a constant C' > 0 such that | f (¢, z, 7, u)| + |o(t, z,T)| <
C( + |z| + |2]), supgee |c(t, z,0)] < C(1+ |z]).

Assumption (H2) The derivatives of f, o, ¢, h, ¢ with respect to (x,z,y,y, z, z,7) are bounded and
there is a constant C' > 0 such that supy.q |g,.(t,0)| < C for s = 2, 7,y,y, 2,2, .

Assumption (H3) There is a constant C' > 0 and 7y € [0, 1] such that

\fo(t,z,z,u) — fo (6,2, 2, u)| + | fz (6,2, 2,u) — fz (¢, 2,2, u)|
+ox (t, 2, %) — o (8,2, 7| + |0z (t,2,7) — oz (£, 2/,7)| < C(|lz — 2'|" + |7 = Z|").
|he (2,2) — by (2, 2")| + |hg (2,7) — hz (2/,2)] < C(Jo — 2’| + [2 = 2'[7)..

Further,

‘g% (twl.a f’y’ ﬂa 2 ga U, 0) — G (ta xl7§/7y/7g/7 2/7 E//?ua 6)‘
<SCe—2 "+ =2 +ly—yI"+ly- + 1z =" +[7-Z]),

where » = z,7,1,Y, 2, 2.

Under the Assumptions (H1) and (H2) the mean-field FBSDEJs-(52) has a unique solu-
ton ((t),y(t), 2(t),r(~)) € LE(0,T);RY) xLZ((0.T]:R™) xL% ((0,T]; LRLR™)) x
MZ ([0, T];R), (see Hafayed [24]).

Adjoint equations. For any u(-) € U([0,T]) with its corresponding state trajectories
(x(-),y(),z(-),r(-,)) we introduce the following adjoint equations, which differ from the classical
ones in the sense that here the adjoint equation turns out to be a linear mean-field forward-backward
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stochastic differential equations with jumps

(AU (t) = —{fa () V(1) + E[fz (1) ¥(1)] + 0. (1) Q(t) + E oz (t) Q1))
+ f@ 9:(t, 0) K (1) + ( (t O)K(t) + co (1,0) R(t,0)] pu (d)}dt
W(t) + Jo R (¢, 0) N (df, dt).
‘If( ) = _{hx (1) K(T ) [( # (1)) K(T)1}- (55)
= Jolgy (t.0) K(t) + E (g5 (t,6) K(1))] 1 (d0)
+ f@ l9: (£, 0) K (t) + E (g=(t, 0) K (1))] pu (dO) dW (1) — [ 9r(t, 0) K (£)N (d6), dt)
[ K(0) = =9, (4(0), E (y(0))) — E (65 (y(0), E (y(0)))),

where

Fe(t) = foo (6 x(t), 2(t), u(t)), 0, (t) = 0, (t,2(t),Z(t)), h, (t) = h, (x(t),z(t)), for ¢ := z, T.
¢ (1) = s (y(t), y(t)) , for 3 :=y, .

G(t,0) = g, (t,z(t),z(t), y(t),y(t), z(t), z(t), u(t),0) , for sc := x,2,y,y, 2, Z, .

Hamiltonian function. We define the Hamiltonian function

H:0,T]xR" xR* x R™ x R™ x LR, R™) x LR, R™) x Ux R" x R™ x £ (R, R™) — R",
associated with the mean-field stochastic control problem (52)-(53) as follows

H (t7x7§7y7@/727g7r('7 ')7“’7 \IJ7Q7K7 R(J ))

— W) f (2, T u) — Qo (t,2,7) — [o [K(D)g (2,59, 5,2, 57t 0),u)  (56)
—R(t,0)c(t,z,0))] u(df).

If we denote by
H () = H(t,2(t), 2(t), y(1), y(t), 2(1), 2(t), (£, 0), u(t), ¥(1), Q(¢), K (1), R(t, 0)),
the adjoint equation (55) can be rewritten as the following stochastic Hamiltonian system’s type

((dU(t) = {H, (t) + E [Hz (t)]} dt + Q(t)dW (t) + o R (t,0) N (db, dt) .
U(T) = = [ha (T) + E (ha (T))] K(T).
—dK(t) = [Hy (t) + E (Hy (t))] di + [H. (t) + E (Hz (t) (t) Jo Hr (1) N (df, dt)

( K(0) = —{ey (4(0), E(y(0))) + E [y (y(0), E (y(0)))]}-
(57)

It is a well known fact that under Assumptions (H1) and (H2), the adjoint equation (55) admits a
unique solution (W (¢), Q(t), K(t), R(t,)) such that

(W(1), Q1) K (), R(t,-)) € L&(0,T]5 R) x LA([0, T): R) x LE(0,T]: R) x ME([0,T]; R).
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Moreover, since the derivatives of f;, f3, 04,0z, ¢, 9z, 95, 9y» 955 9=, 9% Gr, ha, bz, @, and g are
bounded, we deduce from standard arguments that there exists a constant C' > 0 such that

T T
E { sup |U(t)|* + sup |K(t)]*dt + / Q)| dt + / / |R (t,0)]” 1 (d6) dt} <C. (58)
t€[0,7] t€[0,7] 0 0o Je

Let us recall the definition of near-optimal control as given in (Zhou [71] Definition 2.1, and Definition
2.2) and Ekeland’s variational principle which will be used in the sequel.
Definition 2.2.2. (Near-optimal control of order £°) For a given £ > 0 the admissible control u°(-) is
called near-optimal if

(¢ u(1) = V(O < O(e), (59)
where O(-) is a function of ¢ satisfying lim._,o O (¢) = 0. The estimator O (¢) is called an error
bound.
1. If O (¢) = C&° for 6 > 0, where C and 0 are independent of ¢, then u°(-) is called near-optimal
control of order £°.
2. If O (¢) = ¢, the admissible control u*(-) called e—optimal.
Lemma 2.2.1. (Ekeland’s Variational Principle) Let (F, p) be a complete metric space and f : F —
R be a lower semi-continuous function which is bounded from below. For a given ¢ > 0, suppose that
there is u® € F satisfying f (uf) < inf,cp f(u)+¢. Then for any A > 0 there exists u* € F such that
Lof (u?) < f (u);
2.p u)‘,ua) <A
3. f (w) < f(u)+ §p (u, ), forallu € F.
To apply Ekeland’s variational principle to our mean-field control problem, we must define a metric

p on the space of admissible controls such that (1/([0,77), p) becomes a complete metric space. For
any u(-), v(-) € U([0,T]) we define

p(u(-),v(:)) =Pdt {(w,t) € @ x [0,T] : u(w,t) #v(w,t)}, (60)
where P®dt is the product measure of P with the Lebesgue measure dt on [0, 7.

Lemma 2.2.1. (U([0,T]), p) is a complete metric space.

2) The cost function J (+) is continuous from ([0, 7']) into R.
See Yong and Zhou ([69], Lemma 6.4, pp. 146-147).

Proof. 1. See Yong and Zhou ([69], Lemma 6.4, pp. 146-147).
2. From (53), we have

[ (G ul) = (o) = [Elg(y*(0),5(0)] — Ele (y°(0),5"(0))]]
< Elo(y*(0),5(0) — ¢ (¥7(0),5°(0))] -
Since ¢(+, -) is continuously differentiable with respect to y, y with bounded derivatives, we get

T (G ul) = T (Gv(-)] < Cp(ul-),v()? .

Now, let (u,), -, be a sequace of controls convergs to u in (U([0, TT), p) ,.then we have

[J(C un(-)) = T (G u())] < Cp (un(), ul-))?

since p (un (), u(+)) — 0 as n — +oo, then J (¢, u,(-)) converges to J (¢, u(-)) as n — +oo. O

D=
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12. Main results

12.1. Maximum principle of near-optimality for mean-field FBSDEJs

Our purpose in this section is to derive a set necessary conditions of near-optimality in the form of
maximum principle for systems governed by nonlinear controlled mean—field FBSDE with Jumps.
The proof of our main result is based on Ekeland’s variational principle [14] and some estimates of
the state and adjoint processes with respect to the control variable.

Now we are able to derive necessary conditions for a control to be near-optimal for systems governed
by mean-field FBSDEJs, which is the main result of this work.

Let (2°(-),y°(+), 2°(-),°(+)) be the solution of state equation (52) and (V¢ (-),Q° (-), K= (-), R°("))
be the solution of the adjoint equation (55) corresponding to u*(+).

Theorem 2.3.1. (Necessary Conditions of Near-optimality for mean—field FBSDEJs in integral form)
Let the assumptions (H1), (H2) and (H3) hold. Then for any § &€ [O, %[, there exists a positive
constant C' = C'(,7") > 0 such that for any € > 0 and any near-optimal control u°(-), it holds that
VueU:

B [ [H(t, A%(t,0), B(A(1,0)), u, U=(t), Q°(t), K=(1), R*(¢,0))
—H(t,A%(t,0), E(A°(t,0)),us (t), Ue(t), Q5 (t), K=(t), RE(t, 0))]dt > —C&°.
where (A*(£,0), E(A*(t,0))) = (2°(t), E(2°(1)), y°(1), E(y*(1)), 2°(t), E(2°(1)), (¢, 0))-
Corollary 2.3.1. Under the hypotheses of Theorem 3.1, it holds that
H(t,A%(t,0), E(A°(t,0)),us(t), ¥=(t), Q°(t), K=(t), R°(t,0))
> sup  H(t,A°(,0), E(A*(t,0)),u(-), Ue(t), Q°(t), K*(t), R*(t,0)) — Ce°. (62)

u(-)eU([0,T]
P—a.s., a.e. t € [0,T7].

(61)

Remark 2.3.1 Note that Corollary 3.1 says that any e —optimal control nearly maximizes the Hamil-
tonian functional with an error bound of order of 3 we believe, although we are not able to prove
at this moment, that the error bound can be improved. To prove our mean-field maximum principle
(Theorem 3.1 and Corollary 3.1), we need the following auxiliary results on the stability of the state
and adjoint processes with respect to the control variable.

Our first Lemma below deals with the continuity of the state processes under distance p.

Lemma 2.3.1. (Continuity Lemma) If (z*(-),y"(:), 2*(:),r*(+,-)) and (z"(-),y"(+), 2°(-), (-, +)) be
the solution of the state equation (52) associated respectively with u(-) and v(-). For any o € ]0, 1]
and [ € )0, 2] satisfying a3 < 1, there exists a positive constants C' = C' (T, «, 3, 1 (©)) such that

NIES

E( sup |2"(t) —2"(t)]") < Cp (u(-), v(-)) (63)

sup E([y"(t) —y"(0)]") + B [ |2(s) — 2°(s)|" ds
==t (64)
S ol (s,0) = (5, 0)[7 u(d6) ds } < Cp(u(),v())

el
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Proof.

Proof of estimate (63).

Case 1. First, we assume that 5 € [1, 2]. We can compute, for any r > s, with the helps of (Proposition
A2, Appendix), we get

E [sup (1) — 2 (1))

s<t<r

IN

CE [ {15600 B @H0) u(t) = 1620 B a*(0) (o)
Flofta"(8), B (a(0) - o(t,°(t), E (")
[ 1elt,a(0,6) = c(0,0°0. 00 1 d8) | X Lotasyitany (0

+CE/ {1f (2" (1), E(2"(8) ,0() = f(t,2" (1), E (a°(t)) , v(1))|”
+lo(t 2"(1), B (2"(1))) - U(t,ﬂf”(t),E(x”(t)))lﬂ}dt-

Setting b = 042_6 > 1 and a > 1 such that % + % = 1. By arguing as in Zhou [71], Lemma 3.1) and from
Cauchy-Schwartz inequality, we get

B [ 1 (0. B ((0) cult) = £ (050, B (00) 0D Luonyioon (O
{E [ 10, @ 0) u(t) - £ a0, B 0) o) de}

1
r 0
X {E / L fu(w t)o(w.t)} () dt} :

by using definition of p and linear growth condition on f, we obtain

E/ [f (o (8), B ((8)) u(t)) = f (82" (0), B (2()) , v())]” Ljutenoony (8) dt

<C {E / A4 0 1 B <m“<t>>|”“>dt}“ p(u(-),0(-)%

s
8

< Cp(u(-),v(-)* .

Similarly, the same inequality holds if f above is replaced by ¢ and ¢ we get

B [ 1o (400, B (@) = o (20, B @ O Lstanr oy ()
< Cp(u <>>7"

//\cm ) — ¢ (£,2°(62),0)1° Latuarputony () 1 (d6) d

< Cp(ul-), <>>T‘7
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Therefore, by using Assumption (H1), we conclude that

NS

E(sup |2"(t) —2"(t)]") < CE/T sup [2"(t) — 2 ()| dr + p (u(-), v(-))

0<t<r 0<r<r

Hence (63) follows immediately from Definition 2.1 and Gronwall’s inequality.

Case 2. Now we assume [ € |0, 1[. By using the Cauchy-Schwartz inequality together with Case 1.,
we get

E(sup |z"(t) = 2"()]") < E( sup [a"(t) —2"(t)[*)

<[Cp(u(-),v(-)"]

This completes the proof of inequality (63) U
Proof of estimate (64). Setting

Case 1. First we assume 3 = 2. From the backward component (y(-), z(-)), we get

— (" () — v (1) = [, (z(s) — =" (s))d ft Jo (r* (s, 0)) N(db, ds)
= — [h(a*(T), E(x*(T))) = h(z"(T), E@x*(T))] + J, fe (s, A“ (s,0), E(A"(s,0)), u(s))
= g(5,A(s5,0), E(A"(s,0)),v(s))] 1 (dB) dS

By squaring both sides of the above equation (see Hafayed [24]) and the fact that

E{@ut =yt (0) [ () = () AW (s5) | = 0.
E{( &) -y @) [ fe u(s,0) — (s, 8)) N(db, ds)}:O.
E{ft (z"(s) — 2%(s)) ft Jo (r%(s,0) —1¥(s,0)) p (dG)ds} 0.

with the help of Proposition A2, we obtain
E{ly“t) =y ()} + B[] |24(s) — 2°(s) P ds + E [ [, |r*(s,0) — (5, 0)[” 1 (d6) ds
< E{|h(z*(T), E(z*(T))) — h(z*(T), E(z*(T)))|"}

+E {ftT Jolg (s, A%(5,0), B(N"(1.6)), uls)) — g (s, A°(s,60), E(A*(s,6)), v(s))]u (d6) ds}*

< I+ L.
(65)
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Let us estimate the first term /;. Using Assumption (H1) then from inequality (63), we get

= E{|h(z"(T), E(@"(T))) — h(z"(T) DI}
SCE{M’ (T) = &) + | E(@(T)) — B (T |}
SCE{\x“(T) x (T)| + |E [x"(T)) — «¥(T)] ]} (66)
< CE{|o(T) - x<T>| + Bla*(T)) - 2"(T)*}
< CE{|o"(T) — 2" (D)*} < Cp (u(-),o()"

Let us turn to estimate the second term /5. By adding and subtracting g (s, A¥(s, 0), E(A¥(s,0)),u(s))
from /5 with the help of Propositions A2, we get

12==E7{L?JgIg(srA“O%Q)rE(A“@,QN,U(SD — g (s,A(5,0), E(A(¢,0)),v(s))]

X Lufwns) o)) (3) 1 (d0) ds}’

<CE {ftT Jo 19 (s, A" (5,0), E(A"(t,0)),u(s)) — g(s,A"(s,0), E(A"(t,6)), u(s))| p1 (d6) ds}*
+CE {LT Jo lg (s, A% (s, 0), E(A*(s,0)),u(s)) — g (s,A"(s,0), E(A"(¢,0)), v(s))|”

X Luo.s)ow.0) () 1 (d6) ds}
=1+ 13
(67)
Using Assumption (HI), we get

= CE{J]" Jolg (5, A"(s,0), B(N“(£,0)),u(5)) = g (5, A°(s,0), B(N(1,0)), w(s))| o (d0) ds

< OB [ {|2(s) =2 ()] + | B (x(s)) = E (" (5))[* + |y (s) = 4" (s)]* ds + | E (y(5)) — E (y"(s)) "
+[2%(s) — 2°(s)]> + |E (2%(s)) — E (2°(s))|” + Jo Ir(s,0) — 2¥(s, 0)]2,u dh) }ds

< CE [T]a*(s) — 2°(s)[*ds + CE [ |y*(s) — y°(s)] ds + C(T [ft 12%(s) — 2°(s)[* ds

S ol (s,0) = (5, 0) " p (d0) ds|
(68)
Now, taking a = = > land b = - > 1 such that 2 + — =1, then from Hoélder’s inequality and the
fact that g is bounded by C(1 + \:U] + |Z| + |y|), (see Assumption (H2)) we can shows that

I;=E {ft Jo lg (s, A%(s,0), B(A*(s,0)), u(s)) — g (s,A"(s,0), E(A"(¢,0)), v(s))|”
X 1{u(w,s)7év(w,s)} (S) % (d@) dS}

< CE{JT [ 19 (5. A"(s.0), B(A"(s.,0)),u(s)) — g (5, A"(s.0), B(A"(1,6), v(s))| % p (d0) ds}
X {E ftT Lfu(w,5)£o(w,s)} (5) ds}a :
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which implies
2

13 < Cu(©) {1+ B [supycocr [27(5)| 75| + B |supecr | B (5))| 7

2 «
B [suprcacr [y ()77 F{ B [T Lswrputon () ds} (69)
< Cue)p (ul-), v(-)"
By combining (66)~(69) together with (65), we get

E |y*(t) ) +E/ |24 (s s)|? ds+E/ /|r (5,0) —1°(s,0)|" 1t (d6) ds
< Cp(©)p(ul-),v()" +Ou(®>/ Ely“(s) —y"(s)| ds

+Ou(@)(T—t)E/tT ll24(s /|7~ 5,0) —1(s,0)| ,u(d@)]d

For every 7 = T' — t we obtain by choosing 7 = we shows that

2Cu (©)

Bl (1) v () + 3B / |24(s) — 2°(s)[ ds

T—1

+ %E/TT/@ rt(s,0) — (s, 0)|* p (dO) ds
< Cu(©) p(u(), v())* + Cu () / Ely(s) — 5" ()| ds.

T—1

Using Gronwall’s inequality, t € [T — 1,T]
u v 2 1 r u v 2
Ely"(t) —y"OF + 58 [ [2%(s) = 2°(s)|" ds

+ E/ T/|'r $,0) —r(s,0)" 1 (d6) ds
< Cu(©)p(ul-),v(-)",

by similar argument, we obtain for t € [T — 27, T — 7],

E|y"(t)—y”(t)]2+E/t _T|z“(s)—z”(s)|2ds+E/t _T/9|7*“(3,0)—r”(s,9)|2,u(d8)ds
< Cpr(©)p(u(-),v(-)".

After a finite number of iterations, the desired result follows.
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Case 2. First we assume 0 < 8 < 2. Then by using Hdolder’s inequality and Case 1, we get

sup E(|y"(t) —y'(0)1°) + B [ [z(s) — 2°(s)"ds + E [ [ [r“(s,0) — r"(s,0)|" p1 (d6) ds

0<t<T

< n®){ swp Bl (0 -y OF + £ [ 1(6) = (6)ds

0<t<T

N1

B[] fo r(,0) = (s, 0) p(d0) ds }* < C {p(u(),v()"}

This completes the proof of (64) U
Since the adjoint equations corresponding to our mean-field control problem (52)-(53) are given by
forward-backward stochastic system of mean-type, the next result gives the 5~ moment continuity
of the solutions to adjoint equations with respect to the metric p, This Lemma may be considered as
an extension of Lemma 3.3.2 in [71], to mean-field FBSDEs with jumps.

Lemma 2.3.2. For any o € |0,1] and § € |0, 2] satisfying (1 + a) S < 2, there exist a positive
constant C' = C (u(0), a, B) such that for any u(-), v(-) € U([0,T]), along with the corresponding
trajectories (z*(-), y*(), 2*(+)), (z"(-),y"(), 2*(+)) and the solutions (V*(-), Q“(), K“(-), R*(-,"))
and (UV(-),Q"(-), K(-), R"(-,-)) of the corresponding adjoint equations (55), it holds that

E fy {jwe) - vl +1Q0) - @ )

(70)
+ Jo |R"(,6) = R(1.0)|" (d9)} dt < Cp(u(-),v() =,

and

aBy

E/ KU () — K* 0 dt < Cp (ul), ()5 an

Proof. For each t € [0, 7] we denote W(t) = W'(t) — W¥(t), R(t,0) = R*(t,0) — R*(t,0), K(t) =
K"(t) — K(t), and Q(t) = Q"(t) — Q" (?). First we proceed to prove inequality-(71).
Proof of estimate (71). Note that the process /K (t)te[O,T] satisfies the following mean-field SDE
K f@{gyte) () + Gy (,60) + Blg(t,0)K (1) + Gy (t,0)] } o (d6)
+f@ {g:(LO)R(0) + G- (1,0) + Elg2(t, 0)K (1) + G (1,6)]} u (d6) dWW (1)
+ Jo 06 0)E (1) + G (t,6)| N (a6, dt)

K(0) = = {(&y (4(0), E(y"(0)) — ¢y (3(0), E(y*(0))} — E {¢5 (4(0), E(y"(0))
— 95 (y"(0), E(y"(0))},

(72)

Gy (t,0) = [g, (t, A(£,), E(A"(2,0)),u(t)) — gy (£, A°(t,6), E(A"(¢,0)),v(t))] K (¢).
Gﬂ (tv 0) = [gﬂ (tv Au(t7 '9)7 E(Au<t> 8))? u(t>> — Gy <t7 Av(tv 9)7 E(Av(tv 8))? U<t))]Kv(t)'
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G. (,0) = [g (1, A“(,0), E(A"(2,0)), u(t)) — g= (8, A°(¢,0), E(A"(£,0)), v(t)) | K (1),
Gz (t,0) = [gz (¢, A*(¢, 0), E(A"(1,0)), u(t)) — gz (t, A" (2, 0), E(A(2, 0)), v(£)) K" (¢).
Gy (t,0) = [gr (¢, A" (2, 0), E(A"(£,0)), u(t)) — g, (¢, A°(£,0), E(A"(£,0)), v(t))| K (1)

Since the derivatives gy, g3, 9-, 9z, 9r, ¢y, ¢, are bounded, the mean-field SDE-(72) admits one and
only one F;—adapted solution given by: for each ¢ € [0, T

R (1) = {(9, (4 (0). B(y(0)) = &, (57(0), E(y*(0))} + E {65 (5(0), B(y"(0)) — 65 (4" (0), E(y(0))}
1y Jo {035, 00K () + Gy (5,60) + Elgy(s, 0)K(s) + Gy (5,0)]} u(d0) ds
+ Jy Jo {0:(5,0)K(5) + G- (5,0) + Blgi(s,0)K(s) + Gz (s,0)] | 1 (d0) AW (s)
+ Jy Jolgi (s, 0)K (s) + G, (s, )] (d6, ds)

)
)

(73)
Case 1. First, we assume that 5 = 2. By squaring both sides of equation-(73), taking expectation and
using the fact that g,, g3, 9., gz and g, are bounded, and Assumption (H3), we shows that

B[R] < Cu®) {B(y*0) — s O)F) + B f |[E(s)| ds + B [ J, 16, (5, 0)F + G- (5,0)
+| B35, 0K (5) + Gy (5,6) \ |E(g2(s, )R (5) + G (3,9))(2m(d9)ds}

< Cu(®) {E( 90—y OF) + B [} [R()| ds + B [ [5l1G, (5, 0)F + [G- (5, 0)F + [G, (5,0
+E |Gy (5,0)[ + E|G= (5,0)) ]« (d6) ds.

We estimate the right hand side of the above inequality. By applying Lemma 3.1 we can shows
immediately that

E(Jy*(0) = 5°(0)]*) < Cp(u(),v ()" (74)
By a simple computation, we shows that
E Jy Jo|Gy (t,0)[ 1 (d6) dt
< CuO)E [y folay (t,A"(1,0), BIN"(2,0)),u(t)) — gy (¢, A°(t,0), E(A"(t,0)), u(t))[* K" (¢)[* o (d6) dt
+CuO)E [y Jolgy (1A (1,0), B(A(£,0)), u(t)) — g, (t, A(£,0), B(A"(t,6)),0(t) " | K" (1) 1t (d6) dt.

Under Assumption (H3) and from definition of metric p, we get: for v € [0, 1]
T T u v U v u v
E [y Jo|Gy (t.0)]° p(dd)dt < CF [ [g [lz(t) = a @)1 +1y"(t) — y* ()17 + [2"(t) — 2*(8)]

HIE( () — y ()7 + [E(y (1) — y" () + [E(y"(t) — y"(0)[7] |K* (1) dt
+C:U’(@)E f()T l{u(w,t)yﬁv(w,t)}(t) ‘KU (t)|2 dt7
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by using Holder’s inequality we get
E [} Jo |Gy (t.0) p(ad) dt < {Cu(®) [E [ lz"(t) = 2" )] + [E J) 1)) =y ()]
B 1) - 2P+ [B LB e )]+ [B 1B -y )]
+ [E S (t) - zv(t))ﬂ”} [E ST Ko ()0 dt] 1=y

FOu@)E [ 1K Ot p(u ()0 ()

Using Lemma 3.1, and (58) we obtain

E/ /@k@y (t,6)[  (d6) dt < Cp (u () v ()™ (75)

Applying the same arguments developed above, we easily shows that vy € [0, 1]
(76)

Combining (74), (75) and (76) it follows that
~ 2
E(|R®]) < Col),v ()™

Case 2. Now assume that 8 € |1, 2[, then by using Hélder’s inequality we get the inequality (71). [J
Let us turn to prove inequality (70). B B

Proof of estimate (70). Noting that the processes V() = U*(t) — ¥¥(¢), Q(t) = Q*(t) — Q(¢) and
R(t,0) = R"(t,0) — R*(t, 6) satisfies the following mean-field BSDE with jumps processes

/ ~ ~ ~

—d¥(t) = {f;i (t, (1), E(z"(t)), u(t)) W(t) + o7 (¢, (1), B(z*(1))) Q(t)
+ Jo {90 (1 A2(1,0), B(A(2,0)), u(t) K(8) + c.(t, 0)R(t,0) } 1 (d0)

+E [f% (8, (), B("(8)), u(t)) U(t) + o3 (8,2 (1), E(2"(1)) Q(t)

+ Jo 97 (8, A"(t,0), E(A(t,6)), u(t)) K (D) (dﬁ)} M(t)} dt

—Q(t)dW (t) + [ R(t,0) N (df,dt).

W(T) = —h, (T ) E(z(T))) K(T) = hq (2°(T), E(z*(T))) K£°(T)
—E{hz («*(T), E(z*(T))) K*(T) = hz (°(T), E(2z"(T)) K*(T)]},

(77)
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where the process M (-) depend to marginal law of the state processes such that

M(t) = [f7 (& 2(8), E(z"(8)), u(t)) — f7 (¢, 2°(2), E(z" (1)), ()] " (#)

+o; (8, 2(t), E(2"(1)) — o3 (t, 2" (1), E(2"(1)))] Q" (#)

+ Jolga (8, A(¢,6), E(A"(t,0)), u(t))) — git, A"(t,0), E(A(¢,0)), v(t))] K (t)) . (d6)
HE{[fZ (82" (t), E(z" (1)), u(t)) — f7 (,2°(t), E(z"(2)),v(t))] @ ()}

+E{[of (t,2"(t), E(z"(t))) — of (t,2"(), E(z"(1)))] Q"(t)}

+ Jo Elgs (8, A"(£,0), E(A"(£,0)), u(t))) — g5 (t, A (¢, 0), E(A“(£,0)), v(t))) K°(t)] (d6) .
Let (U(?))¢[o.1 be the solution of the following linear mean-field SDE

((dU(t) = {fa (t, 2"(8), E(z"(1)), u(t)) U(t) + fz (, 2"(), E(z" (1)), u(t)) E(U(1))

+fao| Sgn@(t))} dt + {[o (t,2"(2), E(2"(t))) U (1)

o (0,0, B (0) EW() + Q0] San(@e f awo 79)

+ [, {cx(tﬁ) ‘E(t,&)‘ﬁl Sgn(é(t,@))} N(d, dt).

\ U(O) = 07

where Sgn (z) = (Sgn(z1), Sgn(za), ..., Sgn(x,))* for any vector x = (x1, za, .., x,)*.
Note that since f,, [z, 0, f#, g. gz are bounded with the helps of (Proposition A2, Appendix) and due

to the fact that
. B 2
Efo{ ol }

+L foT Jo

Sgn(@(t))

Sgn(

2

R 9)]‘3_1 Sn(R(t,0))| 11 (d8) dt < oo,

the SDE-(79) has a unique strong solution.
Let g > 2 such that ; + 5 = 1, 3 € (1, 2) then according to (58), we get

Ty ‘@@)‘5“ + /@ \E(t,e)(ﬁq_qu(dﬁ)} dt < oo,

By applying Integration by parts formula for jumps to W (¢)U (), (sce Lemma A1, Appendix) on [0, T]

E( sup |U®)]Y) < cE/OT{‘fff(t)

t€[0,T
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and taking expectation, we get

( +E/(/ ){gx (t, A“(t,0), E(A“(t,0)), u(t)) K(t)
+ ot 0)R(t,0)}p (d) dt

— & [ {ww[vo| s+ |ao] sm@

)}ﬁ—E/TM@U@ﬁ

) Sgn(Rt.0)| w(ds

Since
E/T{ (\Ir " Sgn(@()) + Ot ’Q  Sgn(@)
/ﬁne‘Rte Sgn(R t@)@@}ﬁ
:E/O [w + t +/@)R(t,0)‘ﬁu(d9)]dt,
we have

EO{ +p /pneﬁu }

AéMU tydt + ¥(T }
E

U(t)dt + [h, (z*(T), E(«"(T))) K*(T)

= ha (¢°(T), E(z"(T))) K(T)] U(T)
+ Elhz (z(T), E(2*(T))) K*(T) —hz (z*(T), E(«"(T)) K*(T)]U(T)} -

By a simple computation we get
~ B ~ B ~ B
Eﬁﬂ@@(+p@(+g@@m‘mwﬂm

< CE [ |M@)F dt + CE {hy (e (T), E(z*(T) K*(T) (80)
= B2 (T), B (M) K (T)) + | E {ha(a(T), B((T)) K*(T)

~ ha(w*(T), E@(T) K" (D)}
We proceed to estimate the right hand side of (80). From assumption (H3), Lemma 3.1 and (58), we
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easily see that

E{|hy(z"(T), E(z"(T)))K*"(T) — hy(2"(T), E(@"(T)))K*(T)|"

(
+E [{ha(a(T), E(x"(T)))K*(T) — ha(x"(T), E(ﬂﬁ“(T)))K”(T)}!B} (81)

afy

<Cpu(),v()) .

T
E/ IM@®))Pdt < Cp(u(),v(-)* . (82)

0
Finally, the desired result (70) follows immediately by combining (80), (81) and (82). This completes
the proof of Lemma 3.2. 0

Lemma 2.3.3. For any € > 0 there exists near-optimal control @*(-) € U([0,7T) and an F;—adapted
process (U° (-),Q (-),K (-),R (-,-)) such that for all u € U

E{IOT? ) [f (t,7°(t), E(@=(t)),u(t)) — f(,7°(t), E(x°(1)), u(t))]
+ Jo K- () [9(t. A(t,0), E(A"(,0)),u(t)) (83)
—g(t, A (,0), E(A"(t,0)),us(t))]p (d0) } dt > —'/?,

where (K1), E(A(1) = (), B@E®), 7, EG®), =), BE() and
(_( ), 7 (), Z°(). ),7‘"€ (-,-)) denotes the solution of mean-field FBSDEJs-(52) and
(@ (),Q (), K (-),R (-,-)) is the solution of the adjoint equation (55) corresponding to
s (+).

Proof. By applying Ekeland’s variational principle (Lemma 2.1) with A\ = £%/3, there exists an admis-
sible control @ (+) such that

p (@ (), u () < €%, (84)
and J¢ (¢,u(+)) < J°((,u(-)), for any u(-) € U([0, T]) where
JE(C () = T (Gul) + 730 (@ (), ul)) - (85)

Notice that @ (-) which is near-optimal for the initial cost .J is optimal for the new cost J¢ defined by
(85).
Next, we use the spike variation techniques for @(-) to derive the variational inequality as follows.
For 0 < h < T, we choose a Borel subset 3, C [0, 7] such that x(B;) = h, where 1(B;;) denote the
Lebesgue measure of the subset B3;, and we consider the control process which is the spike variation
of u*(-),i.e., t € [0, 7]

u:te Bh'

w(t) =

u(t):te[0,7]\ Bp.

By using the fact that J¢ (¢, %°(+)) < JE(¢,w"(+)) and p(us(-),u>"(-)) < h, we obtain

J(C () = J(( () = —ePp@ (), w () > —'/*h. (86)
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Arguing as in Hafayed ([24], Theorem 3.1), the left-hand side of inequality (86) is equal to

E [y {T O (1, 7°(1), B@ (1)), u) — f (6,7 (1), B@ (1)), 7(1))]
T @) [gft, R (1,0), B (4,60)), 0) — g(t, K (1,0), B (£,6)), (1))}t (d6) } L, (£t
+o(h).

Finally, dividing (86) by & and sending £ to zero, the desired result follows U
Proof of Theorem 2.3.1. To prove (61) it remains to estimate the following differences

1(e) = B J [0S (1.7°(1), B@ (1)), w) — f (4,7(1), @ (1)), w(1))}

’ &7)
—WEOLS (8 25(8), B(2=(2)), u) = f (¢, 2°(t), E(x=(t)), u*(£)}] dt

La(e) = B [y Jo {K(0)lg(t, A°(2,0), B(A"(2,0)),u) — g(t, A" (t,60), E(A"(¢,0)). 7 (1))
_Ke(t) [g(t’ As(tﬂ 9)7 E(Ag(ta 9))’ u) - g(t7 Ae(tv 0)7 E(Ae(t> 9))7 ue(t)]} K (d@) dt.

Estimate (88). First, by adding and subtracting E [ [, K°(t)g(t, A" (t,0), E(A"(t,0)), @ () (d6) dt
from I'y(e) we get

(88)

To(e) = B [ [o(B (t) — K=(t)[g(t, N (t,0), EAA"(£,0)), u(t)))
—g(t, N°(,0), B(K"(t,0)), 7 ()| (dO) dt + E [} [o K=(t)[g(t, A"

—g(t, A*(t,0), E(A*(t,0)), )| (d0) dt — E [} [o K=(t)]g(t, A"(t, ) ( “(t,0)),7 (1)
—g(t, A°(t,0), E(A°(t,0)), u ()] (dO) dt

=Ti(e) + Ix(e) + I3(e).

S

We estimate the first term on the right-hand side Iy (¢). For any § € [0, [, let ay = 36 € [0, 1[. Let 3
be a fixed real number such that 1 < 8 < 2 so that (1 + o) < 2. Taking ¢ > 2 such that % + % =1
then by using Holder’s inequality, Lemma 3.2 and note (84) and the fact that 1 (©) < oo, we obtain

I(e) < [E JERS () — Ke(t) Wt} ’ [E I T |96, (1, 0), ER(,0)),u)
— g(t,K°(t,0), E(K°(t,0)), 7 ()|t (d6) dt]

(@ (), ()" z”} B LA 0+ 1 B@E )+ O+ [ BGE©))dt]*

Let us turn to the second term I3 (¢). By applying Cauchy-Schwartz inequality, note (58), Assumption
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(HT), and Lemma 3.1, we get
Io(s) = E [y Jg K‘E(l g(t, (., 0), E(A"(t,0)),u) — g(t, A°(t,0), E(A*(t,6)), u)]p (d6) dt
< [Efo \K=(4)2 dt|’ [Efo Jo l9(t, K5 (1, 0), E(K (¢, 60)), u)
— g(t, A%(t,0), B(A°(t,0)), u)|” p (d6) dtP
<O {B fy [I7°(6) - (O + | B@ (1) — o°(6))
HTE(E) — = (O + E@ () — = ()] + [25(t) — 22 ()] + | E(Z(t) — za(t))\Q}%
< Cu(O)) [p(w (), us()*1]? < O(e3)™13 = Ce% = Ce,

Now, let us estimate the third term I3(¢). By adding and subtracting g(t, A" (¢,6), E(A"(t,0)), u(t))
from I3(¢), we have

Hg(
__E / / K0 g(t, K (1 0), B (£, 0)), 75 (1)) — g(t. K= (1, 6), B(R" (¢, 0)), u (1)) (d6) dit

— E/O /@Kff(t)[g(t,ﬂf(t,@),E(Kf(t,e)),m(t)) — g(t’AE(t)’E(A:?(t’ 9))’,&5@))]“ (d@) dt,

then by using Cauchy-Schwatrz inequality, we have

Iy () [Efo K= (¢ |dt] {EfOTfeg(t,Ke(t,0),E(K€(t,0)),ﬂf(t))

—g (8, (8,0), E(R(1,0)), 0 (0)] L tyur ey () pe () dt}
FE [ Jo | K=(0)] l9(6. K7 (.6). E(X(£,0)), u?(1)) — g (£, A(+.60), E(A%(£.0)), u(0))]] o (d6) dt.

We proceed as in [ to estimate the second term in the right of above inequality, then by applying
Cauchy-Schwartz inequality, Assumption (H1), Lemma 3.1 and note (58) we get

Ty (e) [Efo K< (¢ |dt} {[EfOT\ng(t,Ks(t,e),E(Ke(t,e)),ua(t))

[NIES

- —-—€ 4 3 2
— g(t, A (t, (9), E(A (t, 9)), us(t))u (d0)| dt:| [E fOT ]_{ﬂe(w’t);éus(w’t)} (t) dt] } + 066

< C [p(@ (), w( ))%} + 08 < 0,

this implies that

Ta(e) =Ii(e) + Ia(e) + Is(e) < Ce’. (89)
Estimate (87). Using similar arguments developed above, we can prove that
Iy(e) < C&. (90)
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By combining (89), (90) and Lemma 2.3.3, we get

B { S0 (1) [F (12 (0, B (0).w) — ] (0.25(1), B (0) 0% (1)]
+ Jo K= (1) [g (¢, A°(2,0), E(A(t,0)),u) —g (£, A°(t,0), E(A(t,0)),u(t))]u (dO) } dt
> —(C¢ed.

Finally, the desired result (61) follows immediately from the fact that

We () [f (8, 25(8), E(a=(t),u) — f (8, 25(8), E(2%(t), u(t))]
- fo B (8) [9(t, A%(8,0), E(A®(t,0)), ) — g(t, A°(t,0), E(A%(t,0)), w(¢)) ] (d0)
= H(t,A°(t,0), E(A(t,0)),u, U=(t), Q°(1), K=(t), R*(t,0))
—H(t, A°(1,0), E(A(2,0)), us(t), W=(1), Q°(t), K=(1), B° (¢, 6)).
This completes the proof of Theorem 3.1. U

Proof of Corollary 2.3.1. Let u € U be a deterministic element and G be an arbitrary element of
o—algebra F;, and by setting

U(t) = ulg + Ue(t)]_g_g.
It is obvious that v(-) € U ([0, T]) is an admissible control. Applying (61) with v(-), we get
E[IQH(tv Ag(t’ 0)7 E(Ag(t7 6))7 ug(t)v \Ilf(t)7 Qe(wa Ka(t)v Re(t’ 9))]
> E[1gH((t,\°(t,0), E(A%(t,0)),u, U=(t), Q°(t), K=(t), RE(t,0))] — C<°,
VuelU, G e F,

which implies that Vu € U.

EIH(t,A°(t,0), E(A°(t,0)),u"(t), V(t), Q°(t), K=(t), R°(t,0)) | F]
> E[H(t,A°(t,0), E(A®(t,0)),u, U5(t), Q°(t), K°(t), R°(t,0)) | F] — Ce°

Noting that the above quantity inside the conditional expectation is J;—measurable, then we get
Vue U:
H(t,A%(t,0), E(A®(t,0)),us(t), ¥=(t), Q°(t), K=(t), R°(t,0))
> H(t,A°(t,0), E(A°(t,0)),u, Ve(t), Q°(t), Ke(t), R°(t,0)) 91)
—Ce P—a.s., a.e. t €[0,T].

Moreover, in the spike variations technique for the perturbed control 7" (+) the point v € U may be
replaced by any admissible control u(-) € U ([0, 7]) and the subsequent argument still goes through.
So the inequality in the estimate (91) holds for any u(-) € U ([0,7]). This completes the proof of
(62). U
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12.2. Sufficient conditions for near-optimality of mean-field FBSDE]Js

The sufficient condition of near-optimality is of significant importance in the stochastic maximum
principle for computing optimal controls. It says that if an admissible control satisfies the near-
maximum condition on the Hamiltonian then the control is indeed near-optimal for the stochastic
control problem. In this section, we will prove that under an additional hypotheses with non negative
derivatives with respect to ¥, vy, z, the near-maximality condition on the Hamiltonian function is a
sufficient condition for near-optimality. This is the second main result of this work.

Assumption (H4). We assume

|f @, 2 u) = ft 2, T0) + | fult, 2, %,u) — fult, 2, 7,0)] < Clu—o]. (92)

|g(t7 x’ §7 y’ g? Z? g’ u) - g(t7x7 %-/7 y7 g? Z7 57 U)l + |97L<t’ I? f’ y? g’ Z7 fz\-/7 u) - gu(t7 :I;7 E? y7 @-; Z? g(9$b
< Clu—vl.

H(t, ey WE(E), Q°(t), K&(t), R°(t,0)) is concave with respect to (z,7,y, Y, 2,2, T, u)
a.et €[0,7], P—a.s.
94)
h(-,-) concave, ¢ (-,-) convex with respectto (z,7). 95)

Duality relations. Our Lemma below deals with the duality relations between V&(7"), 2*(T) — 2°(T))
and K¢(T'), y*(T') — y°(T"). This Lemma is very important for the proof of Theorem 3.2.1

Lemma 2.4.1 Let (z*(-), y*(-), 2*(:),7*(+, -)) be the solution of state equation (52) corresponding to
any admissible control u*(-). We have

E[U(T) (@*(T) —*(T)] = E J, U=() [f(¢,2*(¢), Ba* (), u* (1))
— f(t,25(t), E(2®(t), u(t))] dt
+E [y Ho(t) (2*(t) — 2°(t)) dt + E [} E[HZ(1)] (E(a*(t) — E(2°(1)))dt (96)
+E [} Q(t) [o(t, (1), E(2*(t)) — o(t, @ < ), E(x°(1)) dt
+E [ [ BE(t.0) [elt, 27 (1), 0) — c(t, 2°(),0)] p
similarly
E[K(T) (y*(T) — y*(T))] = —E (¢, (4(0), E (y(0))) (¥°(0) — y7(0)))
—E (65 (4(0), E (y(0)))) (E (4(0)) — E (y*(0)))
+Ef0 Jo K=(t) {g(t, A°(t,0), E(A°(t,0)),us (1)) o
— g(t, A*(t,0), E(A*(£,0)), u* (t))} p (d0) dt + B [} He(t) (y*(t) — y° (1)) dt
+E [ BUHE()) (B(y*(t) — E(y*(1)dt + E [, H2 () (2*(t
+E [ B(H:()) (E (=

( — 25(t)) dt
: 2() = E(=(1) dt+ B [y [y H (1) [r*

( )
( [r*(t,0) — r=(t,0)] u (dO) dt,
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and

EW(T) (2(T) — 25(T))] + E [K(T) (y*(T) — y*(T))]

+E (¢ (y(0), £ (y(0))) (¥°(0) — y*(0))) + El¢g (y(0), E (y(0))] (E (y°(0)) — E (y*(0)))

—Efo we(t (f( (8), E(*(t),u(t) — f(t,2°(t), E(2°(t), u*(t)))dt

+E [ Q (Dot 2*(t), E(*(t) — o(t, 2°(t), E(2(t))]dt

+Efo f@Ka(t)[gtAs( 0), E(A°(t,0)), u*(t)) — g(t, A*(t,6), E(A*(,0)),u"(1)))] (dO) dt
t,a*(t),0) — c(t, (), 0)] u (dO) dt + E [, HE(t) (a*(t) — 2=(t)) dt

(

(
(t,z

(t,

) = B(a(t)dt + B [} Hi(1) (y* (1) — (1)) dt
) — E(y*(t)dt + E [, H(t) (2*(t) — 2°(t)) dt
) — B(=

) dt + E [ [ HE(t) [ (t,0) — r<(t,60)] 12 (d6) dit.
(98)

(
(

(1), B2 (1), us (t))]dt

v 99
B (1)) dW (D) o

dy (1) - m>
— Jolot A*(1,0), BN (1,0)), w (1)) — g(t, A%(1,0), B(A®(1,0)), w*(D))]u (d0) db (100)
+ (2*(t) — ( ))dW )+ Jo [r*(t,0) — (¢, 0)] N(d6, dt).
By applying integration by parts formula for jumps to W&(T") (x*(T") — 2°(T")), and since z°(0) —
x*(0) = 0, (see Lemma Al, Appendix) we get
B {W4(T) (" (T) — #(T))}
= B [ 0 (t)d (27 (t) — 2°(t)) + B [} (a*(t) — 2°(t)) d=(¢)
+E Jy Q()o(t, 2" (1), B () — o(t, 2°(1), B(a"(1)))]dt (10D
FE [ o RE(4,0) [e(t, (1), 0) — e(t, z°(t),0)] pu (df) dt
= Ii(e) + Iz(e) + Is(e) + Lu(e).

(
[

From (99), we obtain
h(e) = B [ w(t)d (°(t) — 2°(1))
= Efo UE@)Lf (2 (1), Bz (), w (1) — f(t, 2°(2), E(x°(1)), v ())]dt,
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similarly, by applying (57), we get
L()=F fo —2°(t)) dPe(t)
=E fo —x < ) [HE(t) + E(HE(t)]dt (103)
=Efy H;<t> (2"(t) — 2°(t)) dt + [y E(HE(1)) (E(x*(1)) — B(2*(t)))dt.

By standard arguments, we obtain

= E/O Q*(t)[o(t,z*(t), B(x*(t)) — o(t,a°(t), E(2°(t))]dt, (104)

and
_E /0 /@ RE(E,0) [oft, 2 (£), 8) — cft, °(£), 6)] ju (d6) dt. (105)

The duality relation (96) follows from combining (102)~(105) together with (101).
Let us turn to the second duality relation (97). By applying integration by parts formula to

Ke(t) [y (t) — y*(t)], we get
E (K*(T) (y*(T) — y*(T)) = E{K(0) (4°(0) — 5(0))}
+E [y Ko(O)d (y*(1) — v (1) + B [ (" (1) — 7 (1)) dE= (1)
+E [y (2*(8) = 25(0) [HE(t) + B(HEW)]dt + E [ [ HE(2) [r(£,0) — v°(t,0)] 1 (d) dt
= 1(e) + LIr(e) + I3(e) + I4(e) + I5(¢).

)
(t))

£

(106)
Let us turn to the first term /5(¢). From (100) we get

I(e) = E [ K=(t)d (y*(t) — v (1))
= Efo Ko (t)[g(t, A°(t,0), B(A*(t,0)), u*(t)) — g(t, A*(t,0), E(A*(t,0)), u*(t))]dt,

107)

from (57), we obtain
I3(e Efo (y*(t) — y°(¢)) dK™(t)
= Efo —y°(t) (Hy(t) + E(H(t)))dt (108)
=E[, H; (y (t) — y5 () dt + E [ E(H(1) (E(y*(t) — E(y*(t))))dt

and
L) = B [y (2%(t) — 2°(t)) [HE(t) + E(H(t))] dt 109)
= Efo HE(t) (2 *<t> Z(0)dt+ B [ B(HE(L) (B(=(t) — B((t))) dt.
and
/ / HE(t vE(t,0)] 1 (d) . (110)
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From (55) and since
I(e) = E{K*(0) (y°(0) —y7(0))}
= —E{ [y (y(0), E (y(0))) + E(¢3(y(0), £ (y(0))] (¥°(0) — y*(0))}
= —E[¢, (y(0), E (y(0))) (y°(0) = y7(0))] — E(¢5 (y(0), E (y(0))))[E (y*(0)) — E(y*(0))],

(111)
the duality relation (97) follows immediately by combining (107)~(111) together with (106). Finally
inequality (98) follows from combining (96) and (97) ]

Now we are able to state and prove the sufficient conditions for near-optimality for our mean-field
control problem, which is the second main result of this work.

Theorem 2.4.1 (Sufficient Near-optimality Maximum Principle) Let Assumptions (H4) hold. Let u®(-)
be some admissible control, (z°(-),y°(-), 2°(-),r* (-,-)) and (¥°(-),Q°(-),K*(-),R°(-,-)) be the
solution to (52) and (55) respectively associated with u(-). If some ¢ > 0 and for any u(-) € U ([0, T])
the following near-maximality relation holds

E [ H(t, A5(t,0), E(AS(£,0)), u (£), U=(¢), Q(t), K=(£), RE(t,0))dt

112
> B (A0, BOA(0)), (), W0, Q) K50, R0t —e
u(-)e A
then u5(-) is a near-optimal control of order £2, i.e,
JCu ()< inf T (Gul() +Ce, (113)

u(-)eU([0,17)

where C' is a positive constant independent from e.

Proof. The key step in the proof of our result is to show that
H,(t,A%(t,0), E(A®(t,0)),u°(t), ¥ (t), Q°(t), K°(t), R°(t,0)) is very small and estimate it in
terms of . We first fix an € > 0 and define a new metric p on U ([0, 7)), by setting

T
(), 0() = E / u(t) — v(t)| Gt
where ¢; is defined by

o = 14 W@+ [K5@)] + Q)] + [R (£, 0)] = 1.

Obviously p is a metric and it is a complete metric as a weighted L' —norm. Now, we define a
functional £ on U ([0, T]) by

L(u() = E/OT H(t,A°(t,0), E(A°(t,0)),u(t), V(t), Q°(t), K°(t), R°(t,0))dt. (114)
By using assumption (92) then a simple computation shows that
£ (u()) = £ (v())]
< E [y [H(t,A(8,60), E(A(t,0)), u(t), U=(1), Q(t), K () RE(t,0))
—H(t, A°(1,0), E(A°(t,0)), v(1), U=(1), Q°(1), K

< CE [ u(t) — v(t)| stdt < Cplu(-), v(-)),
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which implies that £ given by (114) is continuous on U ([0, T']) with respect to p. Now by using (52)
and Ekeland’s variational principle, there exists a u*(-) € U ([0, T]) such that

P (), uf()) < e2, (115)
and
E [T H(t, A%(t,0), E(A%(t,0)), U= (1), Q=(t), K=(¢), Re(t,0), @ (t))dt
= " IG%%T Efo (t,A%(t,0), E(A°(t,0)), Ve(t), Q°(t), K&(t), R*(t,0), u(t))dt, (116)
where

H(t, A°(t,0), E(A°(t,0)),Ve(t), Q°(t), K°(t), R°(t, 0), u(t))
= H(t,A(t,0), E(A(t,0)),u(t), ¥ (t), Q°(t), K*(t), R°(t,0))

— et ult) — @ (t)].

The maximum condition (116) implies a pointwise maximum condition namely, for a.e. t € [0, 7]
and P — a.s,

H(t, AS(t), E(A®(2)), UE(t), Q(¢), K=(1), B=(¢,0),w (1))
= max,eu H(t, A°(t,0), E(A°(t,0)), T (t), Q°(t), K=(t), B*(t,0),u),

then by using Clarke’s generalized gradient, see [17, Proposition A.1, (3)] we have
0€ O H(t,A°(t,0), E(A°(t,0)), U=(t), Q°(t), K°(t), R°(t,0),ua"(t)). (117)

Since the absolute value function u — |u — @*(t)| is not differentiable in u°(¢) (locally Lipschitz),
then the Clarke’s generalized gradient, see [17, Proposition A.1, Example] shows that

026 |u— T (1)) = conv{—eief, e} = [~e3¢f, e7c]. (118)

By using (118) and fact that the Clarke’s generalized gradient of the sum of two functions is contained
in the sum of the Clarke’s generalized gradient of the two functions, (Proposition Al, (4)) we get

OH(t, A(L,0), E(A°(t,0)), U=(t), Q°(t), K=(t), R (¢, 0),u" (1))
H,(t,A(t,0), E(A°(t,0)),u(t), Ue(t), Q°(t), K°(t), R°(t,0)) + [—e%gf, e%ﬂ .

Since H is differentiable in u by Assumption (H4), the differential inclusion (117) implies that there
is e*(t) such that e*(¢) € [—&‘%Cf, eégf} , satisfies

H,(t,A°(t,0), E(A°(t,0)),u (t), V°(t), Q°(t), K*(t), R°(t,0)) + e(t) = 0. (119)
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Consequently, by noting Assumption (H4) and the fact that |e=(¢)| < £2¢¢ we have

|H(t, A%(t,0), E(A*(t,0)), us(¢), W8 (1), Q°(t), K=(t) , R°(¢.0))]
< [Hu(t, A%(2,0), E(A%(t,0)), us(t), U=(t), Q°(t), K=(t), R* (¢, 0))
—H,(t, A°(t), E(A%(t)), @ (t), U=(t), Q°(1), K=(t), (¢, 0)))|

+ [ Hy(t, A%(2), E(AS(2)), T (¢), U8 (1), Q°(t), K=(t), R° (¢, 0)))|

< O |us(t) — T (t)] + e37.

Now, since H (¢, -, UE(1), Q°(t), K5(t), R°(t,0)) is concave with respect to
(LU, §7 Y, gv Z, g; r, U), we obtain

H(t, A(t,0), B(A(t,0)), u(t), U=(£), Q=(t), K=(t), R*(t, 0))

—H(t,A°(1), E(A°(¢)), us(t), We(¢), Q(1), K=(t), R°(¢,0))

< H(t)(x(t) — 2°(t)) + E(H5 (1)) (E(x(t) — 2°(1))) + Hy (1) (y(t) — y°=(1)) (120)
+E(H5 (1) (E(y(t) — y° (1)) + HZ(¢)(2(t) — 2°(1))) + E(HZ () (E(2(t) — 2°(¢)))

+ Jo Hy ()(r(t,0) — ro(t,0)))pu (d0) + H(t)(u(t) — us(t))

Integrating this inequality with respect to ¢ and taking expectations, we obtain

E [ {H(t, A(t,6), E(A(1,0)), u(t), U=(t), Q°(1), K*(1), B(t,0))
—H (1, A5 (1,0), E(A®(£,60)), (1), W (1), Q°(£), K* (), B (1, 6)) e

u€

) );

< B J{TH:(0)(2(t) - (1) + B(H(0) (B(x(t) - (1) o

+H (1) (y(t) — y° (1)) + E(HG (1)) (E(y(t) — y°(1)))

HHE(8)(2(1) = 25(1))) + E(HE () (E(2(1) — (1))

+ Jo Ha()(r(t,0) — r=(t,0)))pu (dO) Yt + Ce3,
by applying Lemma 4.1 (98), the concavity of A(-, -), and the convexity of ¢(-,-) we have

J(Gu()) > T (¢ (1)) = Cex,
Since u(+) is an arbitrary admissible control, we get
JGu() = dnf (G ul)+ Cex.

This completes the proof of (113) 0

The following corollary gives a sufficient condition for an admissible control u*(+) to be eé—optimal
for our mean-field control problem (52)-(53).
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Corollary 2.4.1 (Sufficient condition for e—optimality). Under the assumptions of Theorem 3.2.1 a

sufficient condition for an admissible control u°(-) to be e—optimal for our mean-field control problem
(52)-(53) 1s

3

E [y H(t, A%(t,0), E(A®(£,0)), u(£), W=(2), Q°(t), K°(¢), R=(t.0))dt + (5

> sup B[] H(t AS(t,0), B(AS(t,0)), u(t), U=(t), Q°(t), K=(t), R¥(t,0))dt.
u(-)eU([0,77)

13. Applications: Time-inconsistent mean-variance portfolio se-
lection problem combined with a recursive utility functional
maximization

It is well known that mean-variance portfolio selection problem introduced by Markowitz [43] is a
time-inconsistent optimal control problem in the sense that it does not satisfy Bellman’s optimality
principle and therefore the usual dynamic programming approach fails. In this section, we will apply
our maximum principle of near-optimality to study mean-variance portfolio selection problem mixed
with a recursive utility functional optimization in a financial market. In this section we will apply
our maximum principle to study a perturbed mean-variance portfolio selection problem mixed with a
recursive utility functional optimization in a financial market and we will derive the explicit expression
for the optimal (and any near-optimal) portfolio selection strategy.
Suppose that we are given a mathematical market consisting of two investment possibilities:

The first asset is a risk-free security whose price Py(t) evolves according to the ordinary differential
equation (ODE):

dPy (t) = Py (t) p(t)dt, t € [0,T], Py (0) >0, (122)

where p(-) : [0,7] — R, is a locally bounded deterministic function.
A risky security (e.g. a stock) where the price P, (t) at time ¢ is given by
dP; (t) = Py (t-) [¢(t)dt + o (t)dW (t) + [ & (0) N (d6, dt) |. 123)
P (0) >0,
where ¢(-),0(-) : [0,7] — R are bounded deterministic functions such that ¢(¢),o(t) # 0 and
(1) > plt), ¥ € [0, 7).
In order to ensure that P, (t) > 0 for all ¢ € [0, 7] we assume that: & (f) > —1 for u—almost all
0 € ©andallt € [0,7]and [, &7 (0) 1(df) is bounded.
A portfolio is an (F;)—predictable process (eq (), e1 (t)) giving the number of units of the risk free
and the risky security held at time ¢. Let v(t) = e (¢) P; (t) denote the amount invested in the risky
security. We call the control process v/(-) a portfolio strategy.
Let 27(0) = ¢ > 0 be an initial wealth. By combining (122) and (123) we introduce the wealth

dynamics:
{ da (t) = [p(t)x”(t) - <<<t> p(t)) ()] dt

(124)
+o(t)v(t)dW (t) + [o & (0) v(t)N (df,dt), x¥(0) = C.
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Let U be a compact convex subset of R. We denote U/([0, 7]) the set of admissible (F;)—predictable
portfolio strategies v (-) valued in U.
Under the conditions that

E((z(T)) = o (125)

where a is a given real number. This problem has been formulated and solved using both the Bellman’s
dynamic programming and using the maximum principle, see ([16, 28]).

In this section, without condition (125) the objective is to use our near-optimal maximum princi-
ple to study the mean-variance portfolio selection problem mixed with a recursive utility functional
maximization. We consider a small investor endowed with an initial wealth 2”(0) > 0 who chooses
at each time ¢ his or her portfolio strategy v(t). The investor wants to choose a portfolio strategy
v® (-) € U([0,T]) which near-maximizes the expected utility functional.

We assume that we originally have a family of optimization problems parameterized by some param-
eter ¢ > 0 representing the complexity of the cost functional

J(Cv()) = %Var(:v”(T)) +FE {/0 ep(v(t))dt — x”(T)} +y7(0), (126)

where ¢ : R — R is a nonlinear, convex and continuously differentiable function independent of .
Further, we define the wealth process (z(¢)) and the recursive utility process y(t) corresponding to
v (-) € U([0,T]) as the solutions to the following FBSDEJs:

d(t) = [p(t)x(t) + (<(t) — p(t))v ()] dt + o (t)v(t)dW (t) + fe & (0 (d9 dt) .
—dy(t) = [p(t)z(t) + (s(t) — p(t))v(t) — cy(t)] dt — =( f@ t)N (df, dt) .

2(0) =¢, y(T) = (7).
(127)
By setting ¢ = 0 in (126) leads to

Jo (Gv () = SVar(a’(T)) = E@(T)) +y*(0).

= B [22"(T) = 2/(1)| = 2 [E@" (1) +y"(0).

(128)

According to the maximum condition ((61), Theorem 3.1 with € = 0), and since v*(+) is optimal we
immediately get

(s(t) = p(t)) (W(t) + K*(1)) + o(t)@ /ft ) R (t,0) pu(d) = 0. (129)
The adjoint equation (55) being

WH(t) = —p(t) (K*(£) + U () dt + Q*(£)dW (t) + [ R* (,6) N (df, dt) .
(T) v (@ (1) + E(z*(T))) — 1 = K*(T). (130)
dE*(t) = —cK*(t)dt, K*(0) = —1, t € [0,T].
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In order to solve the above equation (130) and find the expression of optimal portfolio strategy v*(+)

we conjecture a process U*(t) of the form:

U(t) = ¢u(t)a™(t) + d2 (1) E (27 (1)) + ¢(t),

(131)

where ¢1(+), ¢2(-) and ¢5(-) are deterministic differentiable functions. (see [28, 17, 23, 49, 5, 69] for

other models of conjecture). From last equation in (130), which is a simple ODE, we get
K*(t) = —exp (—ct).

From (127), we get

Applying 1t6’s formula to (131) (see Lemma Al, Appendix) in virtue of (127), we have

dvr(t) = ¢ (){[ (@)™ () + (<) =

p(t)v* ()] dt + o(t)v*(t)dW (t)
+ Jo & (O) v (t)N (db, dt)} + z*(t) ¢}

)
(t)dt

+ ¢a2(t) [p(t )E(I*(t)) (S(t) = p() E(™(8)] dt + E (x*(t)) ¢5(t)dt + ¢5(t)dt,

which implies that

(dU(t) = {o1(1) [p(t)2"(t) + (s(t) — p(t)) v*(1)]

+a*(8)¢1 (1) + G2()p(H) E(2" (1)) + ¢2() (s () — p(8)) E(v* (1))

+ () E (*(t) + d5(1)} dt + b (t)o ()™ (t)dW (¢)

+ fo 01(t)& (0) v*(t)N (dO, dt) .

UH(T) = 1(T)a*(T) + ¢2(T)E (a*(T)) + ¢5(T),

where ¢ (t), ¢4 (t), and ¢%(t) denotes the derivatives with respect to .
Next, comparing (133) with (130), we get
—plt) (K (1) + (1)
= ou(t) [p(0)2" (t) + (s(t) — p(0))v* ()] + 2™ (£) 4 (¢)
+¢2(t) [p(1) E(z(1)) + (s(t) = p(0)) E("(1)] + ¢5(0) E (27 (1)) + ¢5(t),

Q*(t) = g1 (t)a(t)v" (1),
R (t,0) = ¢u(8)& (0) 7 (1).

By looking at the terminal condition of W*(¢), in (133), it is reasonable to get

¢1(T) =, 62(T) = =, ¢5(T) = =1 = K*(T).
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Combining (134) and (131) we deduce that ¢1(-), ¢2(+) and ¢3(-) satisfying the following ODEs:

¢i(t) = =2p(t)pr(t),  ¢1(T) =
Ph(t) = =2p(t)¢a(t),  ¢2(T) = —
¢5(t) + p(t)¢s(t) = p(t) exp {—ct}.
¢3(T) =exp{—cT} — 1.

By solving the first two ordinary differential equations in (138) we obtain

Y
9

(138)

o1(t) = ~ou(t) = v {2 [ plsyis} (139)

Using Integrating factor method for the third equation in (138), we get

bs(t) = a(t)"! {exp (—eT)—1— /1t " a(9)p(s) exp [ —cs) ds} , (140)

where the integrating factor is

a(t) = exp {/tT p(s)ds} L a(T) = 1.

Combining (129), (132), (135) and (136) we get the explicit optimal portfolio section strategy in the
state feedback form involving both z*(-) and E(x*(-) :

v (t, 2" (t), E(z*(t)))
= (p(t) — <(1)) [¢1(1) (02(t) + [,y € (8) . (dB))] (141)
X [ (1) (a*(t) — B(2*(t))) + da(t) — exp {—ct}],

and

(p(t) = <(1)) [¢3(t) — exp {—ct}]

E(*(t,z"(t), E(z*(1)))) = ) (142)
$1(t) (0%(t) + [ & (0) 11 (d0))
See [?, ?] for other class of control problems in state feedback form.
However, the Hamiltonian ¢ for the problem (127)-(126) can be rewritten in the form
HE (t7x757y7@/7 Z? 27707 1/7 ‘117 Q? K7 R)
= [p(t)z(t) + (@(t) - p(t))V(t)] (K (t) —W(t)) (143)

+o(t)Q(t)v( () Jo & () R (t,0) p (dO) — ep(v(t))
= H (t,x,x,y,y,z, Z,7r U, \IJ,Q, K, R) —ep(v(t)),

forall (z,y, z,7, v, ¥, Q, K, R). Therefore, if (z*(t), y*(t), 2*(¢), 7* (-)) denotes the optimal trajectory
to the (unperturbed) control problem (127)-(128) we can express the difference of Hamiltonian at
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different control points but at this fixed optimal trajectory in the following way
He (8,2, 3,y 0%, 2%, 2, v, UF, QY K, RY)
CHE (t, 2", By T 2 L v, U, QF, K, RY)
= H (t,x*, 7" y*, y*, 2%, 2% r*, v, U, Q*, K*, RY) (144)
CH (4,7, 5y L 2 B v, U, QF, KF, RY)
—e(p (v(t)) = (v*(1))).

Using the fact that the function ¢ (+) is continuously differentiable and U is compact convex subset in
R it follows that

—elp () — (1) ] <el¢’ () |Iv(t) — v (t)] < Ce.
Now, employing the above fact, taking maz,cy in (144) and using the optimality of v*(-) we get

maﬁ(HE (tux*7§*7y*7g*72*75*770*7Vu qj*’Q*’K*?R*)
ve
_HE (t7‘r*7§f*7y*Jg*7Z*7E*JT*7V*(t>7\P*7Q*JK*7R*)
S maﬁ(H(t7$*?§*7y*7g*7z*?z*7’r*7y7 \P*7Q*7K*’R*)

ve
- H(t’x*7§5*7y*7yw72*7/2\;*71/*(1:)’\D*7Q*7K*7R*)
+emax { | (v(1)) |v(t) =" ()]}
S H(t7x*7f*’y*7g*72*7’zv*7r*7y*(t)7\Ij*’Q*7K*7R*)
_'H(th*7%*7y*7g*7Z*7g*7r*7y*<t)7‘11*7Q*7K*7R*) +C€
= (e,

which implies the near-maximality property of v/*(-)

Hs (t’ x*7 §*7y*7@'*7 2*7 2*77.*7 l/*(t)’ @*7 Q*7 K*7 R*>
> max H® (¢, 2", 2%, y*, g, 2", 2", ", v, 0", Q" , K*, R*) — Ce.

vel

Finally, since the function ¢(+) is convex, the Hamiltonian H¢ is concave. By using sufficient max-
imum principle (Theorem 2), the portfolio strategy v*(-) is indeed a near-optimal for the problem
(127)-(126). U
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Mean-field maximum principle for optimal control of
forward-backward stochastic systems with jumps and
its application to mean-variance portfolio problem
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Part IV

Mean-field maximum principle for optimal
control of forward-backward stochastic
systems with jumps and its application to
mean-variance portfolio problem

Absract. In this chapter, we study mean-field type optimal stochastic control problem for systems
governed by mean-field controlled forward-backward stochastic differential equations with jump pro-
cesses, in which the coefficients depend on the marginal law of the state process through its expected
value. The control variable is allowed to enter both diffusion and jump coefficients. Moreover, the
cost functional is also of mean-field type. Necessary conditions for optimal control for these sys-
tems in the form of maximum principle are established by means of convex perturbation techniques.
As an application, time-inconsistent mean-variance portfolio selection mixed with a recursive utility
functional optimization problem is discussed to illustrate the theoretical results.

Keywords: Mean-field forward-backward stochastic differential equation with jumps; Optimal stochastic
control; Mean-field maximum principle; Mean-variance portfolio selection with recursive utility functional;
Time-inconsistent control problem.

14. Introduction

In this work, we consider stochastic optimal control for systems governed by nonlinear mean-field
controlled forward-backward stochastic differential equations with Poisson jump processes (FBS-
DElJs) of the form

(da(t) = f(t,x(t), E(x(t), u(t) dt + o (t,x(t), E(x(t)), u(t)) dW(t)
+f@ t x ),E(Z‘(t )) () 9) (deadt)7

dy(t) = — Jo g(t, x(t), E(@(1)), y(t), E(y(t)),Z(t),E(Z(t)),T(tﬁ), (145)
u(t))p (d0) dt + 2(t)dW (t) + [, 7 (t,0) N (d6, dt)
2(0) = C,y(T) = h(z(T), E (z(T))),

70



where f, o, ¢, g, h are given maps and the initial condition ( is an Fy-measurable random variable. The
mean-field FBSDEJs-(145) called McKean-Vlasov systems are obtained as the mean square limit of
an interacting particle system of the form

(dad(t) = f(t, @ (), £ 00, @i (1), u(t))dt
ot g (1), L S0 ah (), u(t))d (1)
+ foc tﬂ@%%ZLﬂﬁJw@9WWWJW
Ay (£) = = Jo gt (1), 2 S0, it (6), i (1), £ S0, wi (1), 2 (8),
1y 1zn<> v«t 0), u(t))u (do) dt
+23 (L) dWI(t) + [or (¢,60) N7 (d6, dt),

\

where (WW7(-) : j > 1) is a collection of independent Brownian motions and (N7(-,-) : 7 > 1)isa
collection of independent Poisson martingale measure. Noting that mean-field FBSDEJs-(145) occur
naturally in the probabilistic analysis of financial optimization problems and the optimal control of
dynamics of the McKean-Vlasov type. Moreover, the above mathematical mean-field approaches play
an important role in different fields of economics, finance, physics, chemistry and game theory.

The expected cost to be minimized over the class of admissible control has the form

T(u() = B[ [ fo €0t,2(0), BG@(0), y(2), B(y(0)), 2(2), B(=(1)),
F(1,0), u(t)) g (d6) di + & (2(T), B(x(T))) + 0 (410), E (4(0)))].

where ¢, ¢, ¢ is an appropriate functions. This cost functional is also of mean-field type, as the
functions ¢, ¢, ¢ depend on the marginal law of the state process through its expected value. It worth
mentioning that since the cost functional J is possibly a nonlinear function of the expected value
stands in contrast to the standard formulation of a control problem. This leads to a so-called time-
inconsistent control problem where the Bellman dynamic programming does not hold. The reason for
this is that one cannot apply the law of iterated expectations on the cost functional.

An admissible control u(+) is an F;—adapted and square-integrable process with values in a nonempty
convex subset A of &. We denote by U ([0, 77]) the set of all admissible controls. Any admissible
control u*(-) € U ([0, T')) satisfying

(146)

J@)= nf (). (147)
is called an optimal control.
The mean-field stochastic differential equation was introduced by Kac [39] as a stochastic model for
the Vlasov-kinetic equation of plasma and the study of this model was initiated by McKean [45].
Since then, many authors made contributions on mean-field stochastic problems and their applica-
tions, see for instance [56, 42, 46, 15, 8, 10, 55, 48, 17, 23, 24, 18, 25, ?, 62, 5, 49, 51, 52, 66]. In
a recent work, mean-field games for large population multiagent systems with Markov jump param-
eters have been investigated in Wang and Zhang [56]. Decentralized tracking-type games for large
population multi-agent systems with mean-field coupling have been studied in Li and Zhang [42].
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Discrete-time indefinite mean-field linear-quadratic optimal control problem has been investigated in
Ni, Zhang and Li [46]. Discrete time mean-field stochastic linear-quadratic optimal control problems
with applications have been derived by in Elliott, Li and Ni [15]. In Buckdahn, Li and Peng [8] a
general notion of mean-field BSDE associated with a mean-field SDE was obtained in a natural way
as a limit of some high dimensional system of FBSDEs governed by a d—dimensional Brownian mo-
tion, and influenced by positions of a large number of other particles. In Buckdahn, Djehiche and Li
[10], a general maximum principle was introduced for a class of stochastic control problems involving
SDEs of mean-field type. However, sufficient conditions of optimality for mean-field SDE have been
established by Shi [55]. In Meyer-Brandis, Pksendal and Zhou [48] a stochastic maximum principle
of optimality for systems governed by controlled It6-Levy process of mean-field type was proved
by using Malliavin calculus. Mean-field singular stochastic control problems have been investigated
in Hafayed and Abbas [17]. More interestingly, mean-field type stochastic maximum principle for
optimal singular control has been studied in Hafayed [23], in which convex perturbations used for
both absolutly continuous and singular components. The maximum principle for optimal control of
mean-field FBSDEJs with uncontrolled diffusion has been studied in Hafayed [24]. The necessary and
sufficient conditions for near-optimality of mean-field jump diffusions with applications have been de-
rived by Hafayed, Abba and Abbas [18]. Singular optimal control for mean-field forward-backward
stochastic systems and applications to finance have been investigated in Hafayed [25]. Second-order
necessary conditions for optimal control of mean-field jump diffusion have been obtained by Hafayed
and Abbas [?]. Under partial information, mean-field type stochastic maximum principle for optimal
control has been investigated in Wang, Zhang and Zhang [62]. Under the condition that the control
domain is convex, Andersson and Djehiche [5] and Li [49] investigated problems for two types of
more general controlled SDEs and cost functionals, respectively. The linear-quadratic optimal control
problem for mean-field SDEs has been studied by Yong [67] and Shi [55]. The mean-field stochastic
maximum principle for jump diffusions with applications has been investigated in Shen and Siu [51]
Recently, maximum principle for mean-field jump-diffusions stochastic delay differential equations
and its applications to finance have been derived by Yang, Meng and Shi [52]. Mean-field optimal
control for backward stochastic evolution equations in Hilbert spaces has been investigated in Xu and
Wu [66].

The optimal control problems for stochastic systems described by Brownian motions and Poisson
jumps have been investigated by many authors including [53, 54, 9, 21, 61, 16]. The necessary and
sufficient conditions of optimality for FBSDEJs were obtained by Shi and Wu [53]. General maximum
principle for fully coupled FBSDEJs has been obtained in Shi [54], where the author generalized
Yong’s maximum principle [68] to jump case.

In this work, our main goal is to derive a maximum principle for optimal stochastic control of
mean-field FBSDEJs, where the coefficient depend not only on the state process but also its marginal
law of the state process through its expected value. The cost functional is also of mean-field type.
The mean-field problem under consideration is not simple extension from the mathematical point of
view, but also provide interesting models in many applications such as mathematical finance; (mean-
variance portfolio selection problems), optimal control for mean-field systems. The proof of our result
is based on convex perturbation method. These necessary conditions are described in terms two ad-
joint processes, corresponding to the mean-field forward and backward components with jumps and
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a maximum conditions on the Hamiltonian. In the end, as an application to finance; a mean-variance
portfolio selection mixed with a recursive utility optimization problem is given, where explicit ex-
pression of the optimal portfolio selection strategy is obtained in feedback form involving both state
process and its marginal distribution, via the solutions of Riccati ordinary differential equations. To
streamline the presentation of this work, we only study the one dimensional case.

The rest of this work is structured as follows. In Section 2 we formulate the mean-field stochastic
control problem and describe the assumptions of the model. Section 3 is devoted to prove our mean-
field stochastic maximum principle. As an illustration, using these results, a mean-variance portfolio
selection mixed problem with recursive utility (time-inconsistent solution) is discussed in the last
section.

15. Problem statement and preliminaries

We consider stochastic optimal control problem of mean-field type of the following kind. Let 7" > 0
be a fixed time horizon and (Q, F, (),(o 71 - ) be a fixed filtered probability space equipped with
a P—completed right continuous filtration on which a one—dimensional Brownian motion W =
(W(t)),c(o,r) 1s defined. Let 1) be a homogeneous (F;)-Poisson point process independent of W'
We denote by N (df, dt) the random counting measure induced by 7, defined on © x %, where
© is a fixed nonempty subset of R with its Borel o—field B (©). Further, let x (df) be the local
characteristic measure of 7, i.e. u(df) is a o-finite measure on (0, B (0)) with ¢ (0) < +o00. We
then define N(d0,dt) := N(d,dt) — 1 (d6)dt, where N (-,-) is Poisson martingale measure on
B (©) x B (R.) with local characteristics j (df) dt. We assume that (%), 1 is P—augmentation of

the natural filtration (]—"t(W’N))te[O,T] defined as follows

FN o (W(s) s € [0,4]) Vo / S / N(db,dr) : s € [0,1], B € B(©))V Go,

where G, denotes the totality of P—null sets, and o; V 09 denotes the o-field generated by o1 U 0.
In the sequel, L% ([0,7];R) denotes the Hilbert space of F;—adapted processes (X (t))icjo1]

such that £/ fOT | X(t)|* dt < +o0 and M2 ([0, T];R) denotes the Hilbert space of F,— predictable

processes (¢ (t,6)).e(0,r) defined on [0, T] x © such that EfOT Jo [¥0 (£,0)]? u(0)dt < +oo. In what
follows, C represents a generic constants, which can be different from line to line. For simplicity of
notation, we still use f,(t) = %(t,x*(-), E(z*(+)),u*(-)), etc.

Throughout this work, we also assume that the functions f,o : [0,7] x R xR x A — R, ¢ :
0, T]XRXAXxO = R, g, : [0, T| X RXRXRXRXRXRXxRXxA— Rand h, ¢, : RxR - R

satisfy the following standing assumptions

Assumption (H1) 1. The functions f, o and ¢ are global Lipschitz in (z, Z, u) and g is global Lipschitz
in(z,2,9,9,2,2,7r,u).

73



2. The functions f,o0,4,c, g, h, ¢, are continuously differentiable in their variables including
(x’ E? y’ g? Z? ,Zv7 r? u)'

Assumption (H2) 1. The derivatives of f,o0,g9,¢ with respect to their variables including
(x,2,9,Y, 2, 2,7, u) are bounded, and

/<|cx (6, T, 0)|2 + [ex (1, 2, Ty u, 0)[° + |eu (1, 2, F, u, 0)[2) (d6) < +oo.
(€]

2. The derivatives b, are bounded by C(1 + |z| + |Z| + |y| + |y| + |2| + |[y| + |r| + |u|) for p =
T, 7,Y,9, % 2, r,uand b = f, 0, g,c, (. Moreover, ¢, ¢y are bounded by C' (1 + |y| + |y|) and hy, hz
are bounded by C' (1 + |z| + |7]) .

3. Forall t € [0,T], f(£,0,0,0),9(£,0,0,0,0,0,0,0,0) € L%([0,T];R), o(t,0, 0, 0) €
L% ([0, T]; R x R) and ¢(t,0,0,0,-) € MZ([0,T];R).

Under the assumptions (H1) and (H2), the FBSDEJ-(145) has a wunique solution
(@(t),y(t),2(t),r(t,))) € LE(0,T];R) xL%([0,T];R) xL%([0,T];R) L% ([0, T]; R).
(See [51] Theorem 3.1, for mean-field BSDE with jumps)

For any u(-) € U ([0, T)) with its corresponding state trajectories (= (-),y (), z(-),r(-,-)) we intro-
duce the following adjoint equations

((dU(t) = —{f: () V(1) + E(fz (1) V(1)) + 02 (1) Q1) + E(0z (1) Q(1))
+ folga(t, ) K (t) + E(gz(t,0)K(t)) + ca (¢, 0) R (t,0)
(Lz(t,0))]p (dO) ydt

+E(cz(t,0)R (t,0)) + L.(t,0) + E
+Q(t)dW (t) + [ R (9) N (db, dt),

U(T) = —[he (x(T), E(x(T))) K(T) + E(hz (x(T), E(x(T))) K(T))]

+¢x<w(T) E(z(T))) + E(¢z

dK (t) = [olgy (t,0) K(t) + E(gy (¢,

+fegz JO)K(t) + E(g=(t, 0) K(t)) —

+ Jolgr(t, 0)K(t) — €,(t,0))N(d0, dt),

( K(0) = —(py (0) + E(py(0))).

(148)

yt,) E(ty (,0))]p (df) dt
11 (d6) AW (1)
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)
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Note that the first adjoint equation (backward) corresponding to the forward component turns out to
be a linear mean-field backward SDE with jumps, and the second adjoint equation (forward) corre-
sponding to the backward component turns out to be a linear mean-field (forward) SDE with jump
processes. Further, we define the Hamiltonian function

H:0,TIXRXRXRXRXRXRXRXAXRXRXRXxR =R,

associated with the stochastic control problem (145)-(146) as follows
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H(t,z,%,y,y,2,2,7,u,V,Q,K,R) ==V (t)f (t,z,%,u) + Q(t)o (t, 2,7, u)
~ Jo[K(t)g (t,2,7,y,9,2,Z,7,u) + R(t.0) c(t, 2,7, u,0)) (149)
+ ¢ (t> Z, Tfa Y, :’77 2y E, Ty u)} 2 (de) :
If we denote by
H(t) = H(ta Qf(t), %(t% y(t)> g@)? Z(t)v z(t)? ’I“(t, ')7 U(t), \Ij(t% Q(t)v K(t)7 R<t7 ))a

then the adjoint equation (148) can be rewritten as the following stochastic Hamiltonian system’s type

( —dW(t) = (H, (t) + E(H (1)))dt — Q)W (t) — [, R(t,6) N (d, dt).
U(T) = —[h, (2(T), E@(T)) K(T) + E(hs(2(T), Ear(t))K(T))
+6,(@(T), B@(T))) + E(¢s(x(T), E@(T)))).

( (150)
it + (H. (8) + B (H () (2

—dK(t) = (H, (1) + E(H; (t)
+ Jo H, (t,0) N (d0, dt)
[ K(0) = =(ipy (0) + E(5 (0)))-

Thanks to Lemma 3.1 in Shen and Siu [51], under assumptions (H1), (H2), the adjoint equations (148)
admits a unique solution (W (¢), Q(t), K(t), R(t,)) such that

(W(t), Qt), K(1), R( )
€ L3([0,T];R) x LE([0,T]; %) x LE([0, T]; %) x M%([0,T]: R).

Moreover, since the derivatives of f, o, ¢, g, h, ¢, ¢ with respect to x, T, y,y, z, z, r are bounded, we
deduce from standard arguments that there exists a constant C' > 0 such that

B {suprego ) WO + supyego KOF + J; QI dt

T (151)
+ 15 Jo|R(t,0)% 1t(d6) dt} <C.

16. Mean-field type necessary conditions for optimal control of
FBSDE]Js

In this section, we establish a set of necessary conditions of Pontraygin’s type for a stochastic con-
trol to be optimal where the system evolves according to nonlinear controlled mean-field FBSDEJs.
Convex perturbation techniques are applied to prove our mean-field stochastic maximum principle.
The following theorem constitutes the main contribution of this work.
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Let (z*(-),y*(-), 2*(:),7*(+,-)) be the trajectory of the mean-field FBSDEJ-(145) corresponding to
the optimal control u*(-), and (V*(-), @Q*(-), K*(-), R*(+,-)) be the solution of adjoint equation (148)
corresponding to u*(-).

Theorem 3.3.1. (Maximum principle for mean-field FBSDEJs). Let Assumptions (HI) and (H2)
hold. If (u*(-),x*(*),y*(-),2*(:),r*(-,-)) is an optimal solution of the mean-field control problem
(145)-(146). Then the maximum principle holds, that is Yu € A

H,(t, \*(t,0),u", A*(t,0))(uw — u*(t)) > 0, P —a.s.,a.e., t €[0,T], (152)
where \*(t,0) = (x*(t), E(z*(t)), y*(t), E(y*(t)), 2*(t), E(z*(t)), r*(t,0)) and
Ar(t,0) = (U=(1), Q*(1), K~ (1), R (1, 0)).

We derive the variational inequality (152) in several steps, from the fact that

J (W () = J(w(), (153)

Since the control domain A is convex and for any given admissible control u(-) € U([0,T7]) the
following perturbed control process

ut(t) = u(t) + e (u(t) — (1)),

is also an element of U/([0, 7).

Let A°(t,0) = (2°(t),y°(t), 2°(t), r°(t,0)) be the solution of state equation (145) and A(t,0) =
(W= (t),Q° (t), K° (t), R (t,0)) be the solution of the adjoint equation (148) corresponding to per-
turbed control u°(-).

Variational equations. We introduce the following variational equations which have a mean-field type.
Let (z5(-),v5(+), 25(-),ri(+,-)) be the solution of the following forward-backward stochastic system
described by Brownian motions and Poisson jumps of mean-field type

(da5(t) = {fo(t)25(t) + fr(0) E(x5(t) + fu(t)u(t)} dt
+{o2()21(t) + 0z(t) E (21(1)) + ou(t)u(t)} dW(2)

+ Jolea(t,0)25(t) + cz(t, 0) E(25 (1)) + cu(t, 0)u(t)|N(dO, dt),
21(0) =0,

dy5(t) = — Jolg=(t, 0)25(t) + gz(t, O) E(25(t)) + g,(t, O)yi(t)
+95(t, 0)E(y5 (1)) + 9:(t,0)25 (1) + gz(1, ) E(1 (1)) + g.(L, 0)ri(t, 0)
+gu(t, 0)u(t) }pu(dO)dt + 25(£)dW (t) + [, r5(t, O)N(db, dt),

yi(T) = = [ho(T) + E(hz(T))] 25(T).

Duality relations. Our first Lemma below deals with the duality relations between W*(¢), z5(¢) and
K*(t), y5(t). This Lemma is very important for the proof of Theorem 3.1.

(154)

\
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Lemma 3.3.1. We have

E(V(T)a5(T)) = E Jy [¥ fu() (1) + Q" () au(t)u(?)
+ Jo B (1, 0)cu(t, O)u(t)u( —Efy Jo{zi(0)g:(t.0)K (1)

(t)g
+as(t )E(gx(t,Q)K(t))JrfEl( )f (t,0) +a5(t) E(Cx(t, 0)) } p(d)dt,

similarly, we get

E(K*(T)yi(T))
= —E{[y((0), E((0))) + E(p5(y(0), E(y(0))))]yi (0)}
)

FE [y Jo {E*(t)g.(t,0)25 () + K* ()3 (1, 0) E (a5(1))
— K7 (1) gu(t, 0)u(t) — yi(t)6,(L,0) — yi(t) E((t, 0))
— 21 (0)€:(t,0) — 21 () E(6(t,0)) — ri(t, 0) (¢, 0) } pu(dO)dt,

and

E{[¢a(2(T), E(x(T))) + E(¢z(x(T), E(x(T))))] 21(T)}
+E{[wy ((0), E(y(0))) + E(ez(y(0), E(y(0)))lyi(0)}
= E [ Jo {25 (0)6(t,0) + 25 () E(t(t.0)) — yi(1)4,(t.0)
—yi()E(G(,0)) = 21(1)E=(t,0) — 21 (1) E(l=(1,0))
—r{(t,0)0.(t,0) — Lu(t

z

i
Cu(t,

)¢
O)u(t)y u(do)dt + E [ H,(t)u(t)dt.

(155)

(156)

(157)

Proof. By applying integration by parts formula for jump processes (see Lemma A1) to W*(¢)x5(¢),

we get
E (UH(T)25(T)) Efo (t)dxi(t +Ef0 x5 (t)dU*(t)

+E [ Q (1) [02(8)25(t) + 05(t) E (25(t)) + ou(t)u(t)] dt

FE [y o lea(t,0)25(8) + ca(t, 0)E(25(2)) + ca(t, 0)u(t)] R(¢,0)u(db)dt

=[5+ I5+ 5+ IC.

A simple computation shows that

Efo (t)dxs(t)

= Efo (W) fo ()21 (1) + U () [;() E (21(1)) + 0 (1) fu (8) w(t) } dt,

and
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= B [ 25(t)d*(t)
= —E [ {a5(t) f. () U (8) + 21 () B (fz(£)T*(t))
+a5(t)o, (1) Q(t) + 21 () E (0z(t) Q" (¢))

(160)
+ Jo [25()gx (t,0) K*(t) + 27 (t)E (gz(t, 0)K*(t))
+x5(t)ex (8,0) R(E,0) + 25(t) E(cz (t,0) R (t,0))
+ 25 (8) (8, 0) + 25 (t) E(lz(t, 0))] 11 (dO) } dt.
From (158), we get
gﬁ* oo ()25 (t) 4+ 0z (0) E (25()) + ou(t)u(t)] dt
—EL <><ﬁ+Eﬁ0wmwwww»w
+EL o (t)u(t)dt
ﬁ—Ekkh: 0)x5(t) + cz(t,0) E(z7(t)) (161)
+eu(t, O)u(t)| R(t, 0)u(

4
0)(d)dt

= B [ Jo ot )55 (1) R(L, 0)pu(d0)
-+12jb Jo ca(t,0)E(x5(t))R(t, 0)pu(d6)dt
+Eﬁhg%t9u@RhﬁmwMt

The duality relation (155) follows immediately from combining (159)~(161) and (158).

Let us turn to second duality relation (156). By applying integration by parts formula for jump process
(Lemma A1) to K*(t)y;(t), we get

E (K (T)yi(T))
= E(K*(0)yi(0)) + E [y K*(1)dyi(t) + E [ yi(1)dK* (1)
+E fy Jo 25 (0)]g:(8,0)K*(t) + E (g5(t, ) K* (1))

(162)
—L(t,0) — E (€= (t,0))]p (db) di

(t
FE [ o Ir5(2.0)(g. (1, 0) (1) — 6:(£.0))] p(d6)dr
=+ E+I5+ 15+ IE
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From (155), we obtain

Efo d?h )

= —B [y Jo 1K (1)gu(t,0)25(t) + K*(1)gs(t, 0) E (5(1))
+E7(t)gy (1, 0)yi (1) + K7 (D) gg(t, 0) E (45 () + K™ (8)g:(t, 0) 21 (t)
+E()g=(t, ) E (21(1) + K~ (1)gr (L, 0)r1 (¢, 0)
+ K (t)gu(t, 0)u(t)} p(db)dt,

from (148), we obtain

= E [y yi(0)dI (1)
—Efo fe{yl gy (1, 0) K= (1) + yi (1) E(g5(1, 0) K" (1))
—yi ()61, 0) — yi () E( (t,0)) }pu(df)dt,

and
= E [} [y [£5(0)g:(t, 0)K*(t) + 25 () E (gs(t, 0) K*(t))
— 25 (1)L (1, 0) — 27 () E (¢z (¢, 0))] p(dO)d,
= B ) fo ri(6.0)g, (. 0) (1) — r5(£.0)6,(1.6)} p(d6)dr
Since

Iy = E(K(0)y:(0)

—E{ly(y(0), E(y(0))) + E(ez(y(0), E(y(0)))]yi(0)},

(163)

(164)

(165)

the duality relation (156) follows immediately by combining (163)~(165) and (162). Let us turn to

(157). Combining (155) and (156) we get
E (T (T)) + E(K*(T)yi(T))
= —Elpy(y(0), E(y(0))) + Epy(y(0), E(y(0)))]yi (0)
HE [ Jo {25 (0)0(t,0) + 25 () E(t(t.0)) — £,(t,0) — E(43(t,0))
—u(t,0)u () (1, 0) — E(6:(t,0)) — ri(t, 0)¢,(t,0)} p(d6)dt
FE [ H,(tyu(t)dt.
From (150) and (154), we get
EWHT)21(T)) + E (K (T)yi(T)
= [0u(2(T), E(x(T))) + E(¢z(x
Using (149), we obtain

-
=3
E\_/
8
—~
=3
8
=,
~
~—
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E [y {¥(t)
+f@ [_

which implies that

E{[¢a(2(T), E(x
+E{lpy (4(0),
_Efo f@ {xl
—yi(t)€y(t,0) —
— ri(t, 0) 0. (¢, 0)

This completes the proof of (157).
The second Lemma present the estimates of the perturbed state process (z

(1)) +
E(y(0))) +
la(t,0) +

yi()EG(,

E(¢

fu @) u(t) +Q(2)
K(t)ga () u(t) + R (t,0) ¢, (t, G)u(t))
+ly (4,0) u(t)] p (dO)} dt =

E(p

— 0, (t,0)u(t)} p(do)dt + E [ H

ou (t) u(t)

E [} H, (t)u(t)dt,
#(2(T), B((T)))] 257 (T)}
5 (4(0), E(y(0)]yi(0)}
21 () E(l(,0))
0)) = A1(1)¢:(t,0) — zl( VE(t:(t,0))

Ju(t)dt.

Lemma 3.3.2. Under assumptions (H1) and (H2), the following estimations holds

E(SUpogth |5 (t)|2) — 0, ase — 0,

E(SUPogtST |yi(t)]2) +E foTHZf(S) ?
+ Jo I75 (s, 0)|* 1(df)]ds — 0, as e — 0,

supg<i<r |E (25(1))]* = 0, ase — 0,

NI+ [T 1E (25(s) ds
|

SUPg<¢<T |E (?ﬁ 13
T £
—l—fo f@ |E (r5(s,0

E(SUPogth |z=(t) —

E(SUPogth |y ( )~y

FE [ [ e (t,0) —

and

(
)

)2,u( 0)ds — 0, ase — 0,.

2

z*(t)]") = 0, ase — 0,
(1)) + E( fo |25(t) — 2*(t)|)dt
r(t, 0)’ wu(df)dt — 0, ase — 0,

E(supgeier |2 [25(t) — 2°(8)] — 25(1)]") = 0, ase — 0,

E(Sup0<t<T | 1 ya(t>

EJy !1 “

T
Efo feE re(s

(s,

y@%ﬂ%ﬁ%ﬁ@%éé&

0)] —

2 (s)] =

’2d5—>0 ase — 0,

7“13«9’ p(df)ds — 0, as e — 0.

O

)y (), 22 (), ()

(166)

(167)

(168)

(169)

Let us also point out that the above estimates (166)-(168) can be proved by using similar arguments

developed in (Lemma 4.2, Lemma 4.3 [51]) and (Lemma 2.1, [53]). So we omit their proofs.
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Proof of (169). We set:

() = Lt (t) — 2 (1)) — 25 (1)

ye(t) = % e (t) =y ()] — yi(t), (170)
() = L [°(t) — 25 ()] — (1)

7 (t,0) = L [re(t,0) — r*(t,0)] — r§(t,0)

and

f@) = [t 27(t), E(z™ (1), u(1)),0(t) = o(t, (1), E(z" (1)), u"(t)),
c(t,0) = c(t,x*(t), E(x*(t)),u*(t),0)
g(t,0) = g(z*(t), E(z" (1), y" (1), E(y" (1)), 2" (), E(z"()), r* (£, 0), u* ().

From equation (145) we have
dze(t) = % [dxs(t) — da*(t)] — das(t)
= L[f(t " (t) +e(T°(t) + 25(1)), B(x*(t) + (@ (t) + 2{(1)),w (1)) — f(t)]dt

= [fa(®)21(t) + f(0) E (21(2) + fu(t)u(t))] dt
+olo(t, 2% (t) + (@ (1) + 25(t)), E(x*(t) +(@°(t) + 25(t))), u*(1)) (171)
—o (1) dW (t ) [o2()x1(t) + 05(¢) E (21(t)) + oult)u(t)] dW (1)
+ Jole(t, z*(t) +e(@*(t) + 21(1)), B(z*(t) + e(Z°(¢) + 2{(1))), u*(?), 0)
—c(t, 0)]N(d9 dt) — [olea(t,0)x5(t) + cz(t, 0)E(x1(t)) + cu(t, 0)u(t)|N(d6, dt)
We denote
aME(t) = o (t) + Xe(T5(t) + 25(t)),
yMe(t) =y () + A7 (1) + yi (1),
() = 2 () + Ae(ZE(t) + 25(t)), (172)
Nt 0) = r*(t,0) + Ae(T5 (L, 0) + 75(¢,0))

uMe(t) = ut(t) + Aeu(t).
By Taylor’s expansion with a simple computations we show that
. 1., . ~ ~
T(t) = - [2°(t) — 2" (0)] = (1) = Li(e) + Lo(e) + Lae), (173)

where

= [ [ fo(s, 224 (s), B(aM(s)), uMe(5)) (@ (s) + 25 (s))dAds
); x

+f0 Jo fa(s,22(s), Bz (s)), uMe(5)) E(F(s) + 25(s))dAds

+ fy Jo [fols.a*2(s), B(24(5)), u*(5)) — fu(s)] 25 (s)dAds (174)
+fy Jo [Fa(s,222(s), B(z4(s)),uMe(s)) — fa(s)] E(a5(s))dAds

+ fy Jo [fuls,a*(s), B(224(5)), u(5)) — fu(s)] u(s)dAds,



fo fo (s, 2M¢(s), E(zM4(s)), uMe(s))[2°(s) + 25(s)]d\ds
+f0 fo oz (s, 2™ (s), B(

+f0t fol[am(s,x*’f
+f(f f;[O’g(S,ZL’)"E

s |25 (s)dds (175)

(
(
and

Iy(e)

= Jo Jo Jy cals, @ (s0), E(@<(s), ut<(s), 6)[F (s) + 25 (5)|AAN (d6, ds)
+fg f@ fol cz(s, 2™ (s2), BE(xMe(s2)), u™(s), 0) B[z (s ) x5 (s)]dAN (d, ds).
L T e, M(s ) B2 (s_)), 15(s), 0) — cu(s, 0)] 25 (s)AAN (B, ds) (176)
+Joy Jo Jolez(s, ) BE(x*(s-)),uM(s),0) — Cx(s 0)|E(x1(s))dAN (dO, ds)
+f0 f@ fo cu(s, 2 E(x™(s)),u™(5),0) — cu(s,0)]u(s)dA\N(db, ds),
we proceed as in Anderson and Djehiche [5], pp 7-8, we get
E(supg<i<r E(@F) — 0, as £ =0,
o (177)

~ 2
E(supgc;cr ’12(5)‘ ) — 0, as € = 0,

Applying similar estimations for the third term with the help of Proposition 3.2 (in Appendix
Bouchard and Elie [9]) we have

2

E(sup |I3(e)| ) =0, as, ¢ — 0. (178)
0<t<T
From (177) and (178) we obtain
1 2
E(sup |=[z°(t) — 2" (t)] — 25(t)] ) = 0, as € — 0. (179)
0<t<T | €

We proceed to estimate the last terms in (169). First, from (170) and since 77 (t) = £ [y*(t) — y*(t)] —
yi(t) we get
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lg t) + (1)), (2" (t) + e(@=(t) + 21(1))),
y*(t)+€(§/\€(t)+y1(t)),E(y () e (1) +yi(1))), (1) +(Z°(1) + 21
25 r*(t,0) +e(r5(t,0) + ri(t.6)),

E(z*(t) + e(Z°(t) + 25(1))), us(t)) — g(t,
— Jolg=(t, 0)25(t) + gz(t, 0) E(25(t)) + gy (t, 0)yi (t) + g5(t, 0) E(yi(t))
+9:(t,0)25 (t) gz(t G)E(z (1) + g+ (t,0)r5(t,0) + gu(t, O)u(t)]pu(d6)dt

and

Applying Taylor’s expansion we get

—dF (1) = [ Jy 9:(t, (), E(x*2(1)), g™ (1), B(y < (1)), 22(8), E(<(t)),
(), ue (1)) x (T s(t)+x1(t))dAu(d9)dt
+ Jo Jo g5t @ (1), (2 (1)), g (1), B(y*<(1)), 224(1), B(2(1)), 7<(1,6),
uMe(t)) x E(T=(t) + 25(t))d\u(do)dt
B

(@(8), g (1), E(y*(2)), 222 (1), E(z"(2)), r4(t, 0),

>
m =

o Jo lou(t, @ =(0), E(*2 (1)), (), By (1)), 224(8), B (), 7= (8, 6),
uMe (1)) — gu(t, 0)|u(t)d\u(dO)dt
E(z*(t)), (1), E(y*e(t)), 22(8), E(z"(1)), r<(t, 0),
X (7 () + yi(t))dAp(de)dt

—~
8
>
(L]
—~
~~
~—
~—
<

E M), (e (1)), 2 (1), B2 (), r (8, 0),
X E(y=(t) + yi(1))dAu(df)dt
E

(@), y=(1), E(y™<(1)), 2M(1), E(224(1)), r (8, 0),

IN
>
[}
~
~—
|
N
<
—~
~
D
=
=M
—~
~
~—
IS
>
=
—~
IS
>
~—
Q
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+ Jo Jo loa(t, xk’g(t) E(x*(1)), (1), E(y e (1)), 24(1), E(224 (1)), r(¢, 0),
— g5(£,0)] X E(yi(t))dAp(do)dt
M),y (1), By (1), 224 (1), B(2M(2)), 74 (¢, ),

(1), Bz
1(£))dAp(df)dt
)

+ [ Jolgs(t, 2 (), B(a (1), = (8), B = (1)), 24 (t), E(2M(t)), 7= (¢, 0),
uM (1)) — g(t, )] (25 (1)) dAu(dB) dt
+ o fo et a2 (), B (1), g e (1), E(y (1)), 2 (8), B(2 (1)), 7 (¢, 0),

X (F=(t,0) + 5 (¢, 0))dpu(dO)dt

LB ),y (1), E(y e (1)), 22 (1), B2 (1)), r(¢,0),
uMe(t ) gr(t N]rs5(t,0)d\u(do)dt

— — [o T (t,0)N(db, dt),

I
>
T ™
~
S~—

finally, by using similar arguments developed in [53], pp 222-224, the desired result follows. This
completes the proof of (169) U

Lemma 3.3.3. Let assumptions (H1) and (H2) hold. The following variational inequality holds

Efo Jolla(t, 0)5(t) + Lx(t, 0) E(x5 (1)) + £,(, 0)y5 (t) + L5(1, 0) E(y5 (1))
(8, 0)25(t) + L(8, 0) E(25 (1)) + £e(8, 0)ri (L, 0) + Lu(t, 0)u(t)]p(d0)dt
+E[0.(T)21(T) + ¢x(T) E(25(T))] + Eley(0)y1(0) + ¢5(0)E (y7(0))] = o (e)

Proof. From (153) we have

T @) — J ()

= BT ollt, (), B (0), (1), B (1), 2 (1), B(*(1)),7° (1,0) , w* (1)
(2 (1), B (1)), y* (1), By* (1)), = (£), B (1)), (1,6) . (8)] (d6) (180)
+[6 (a5(T)

(25(T))) = ¢ («*(T), E(z*(T)))]
+ [0 (2%(0) ( "

2(0)) = ¢ (4 (0), E (" (0)))] } = 0.

B
B (2
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By applying Taylor’s expansion and Lemma 3.3.2 we have
LE[¢(a%(T),7(T)) — ¢(a*(T), 7 (T))]
= LE{ [ 6u(a™(T) + A@*(T) = &*(T)), 7(T)
HA@(T) = 2(T)))dM(a*(T) — «*(T))
+ [ d(a(T) + Ma*(T) — 2*(T)), (T
+A@(T) = 27(T1)))dA(@=(T) — z(T)))
From estimate (169), we get
cB[¢(a%(T),7%(T)) — ¢(a*(T),7*(T))]
= Elgo(¢(T), E(x(T)))5(T) + ¢z(2(T), E(2"(T))) E(25(T))] (181)
= E[¢2(T)25(T) + ¢x(T) E(2{(T))], ase— 0.
Similarly, we have

1E[p(y(0),5°(0)) —

~—
/\
@
/—\
[an]
S~—
<
*
—~
S
~—
=

— Eley(y7(0), 5(0))y “'(0) + ¢5(y7(0), y(0)) E (45(0))] (182)
= Elpy(0)y5(0) + ¢5(0) E (47(0))], ase =0
and
LE [T [ole(t, 25 (0), B (1)), y* (), E(y* (1)), 2°(8), B2 (1)), (1,0) , w* (1)
—LU(t, 27 (1), E(z*(1)), y*(£), E(y" (1)), 2 (), E(z* (1)), 7 (¢, 0) , u(£))]pu (dO) dt
= B[y Jollolt,0)a5(t) + Co(t, 0) (a5 (1)) + €,(t,0)y5 (£) + L3¢, 0) E(y5 (1)) (183)
]

)
+(,0)21(1) + 61, 0) E(21 (1)) + £:(1,6)

as € — 0.

ri(t,0) + Lu(t, O)u(t)]p(dd)dt,

The desired result follows by combining (180)~(183). This completes the proof of Lemma 3.3.3. [J
Proof of Theorem 3.3.1. The desired result follows immediately by combining (157) in Lemma 3.3.2
and Lemma 3.3.3. O

17. Application: mean-variance portfolio selection problem
mixed with a recursive utility functional, time-inconsistent
solution

The mean-variance portfolio selection theory, which was first proposed in Markowitz [58] is a mill-
stone in mathematical finance and has laid down the foundation of modern finance theory. By us-
ing sufficient maximum principle, the authors in [16] gave the expression for the optimal portfolio

85



selection in a jump diffusion market with time consistent solutions. The near-optimal consumption-
investment problem has been discussed in Hafayed, Abbas and Veverka [21]. The continuous time
mean-variance portfolio selection problem has been studied in Zhou and Li [72]. The mean-variance
portfolio selection problem where the state driven by SDE (without jump terms) has been studied in
[5]. Optimal dividend, harvesting rate and optimal portfolio for systems governed by jump diffusion
processes have been investigated in [48]. Mean-variance portfolio selection problem mixed with a
recursive utility functional has been studied by Shi and Wu [53], under the condition that

E(z™(T)) = ¢,

where c is a given real positive number.

In this section we will apply our mean-field stochastic maximum principle of optimality to study a
mean-variance portfolio selection problem mixed with a recursive utility functional time-inconsistent
solutions in a financial market and we will derive the explicit expression for the optimal portfolio
selection strategy. This optimal control is represented by a state feedback form involving both x(-)
and E(z(+)).

Suppose that we are given a mathematical market consisting of two investment possibilities:

1. Risk-free security (Bond price). The first asset is a risk-free security whose price Fy(t) evolves
according to the ordinary differential equation

{ dPy (t) = p(t) o (t) dt, t €[0,T], (184)

PO (O) > 07
where p () : [0,7] — R is a locally bounded and continuous deterministic function.

2. Risk-security (Stock price). A risky security (e.g. a stock), where the price P; (¢) at time ¢ is given
by
dPy (t) = Py (t-) [c(t)dt + G(t)dW (t) + [5 & (¢,0) N (db,dt) ], (155)
P (0)>0, tel0,T].
Assumptions. In order to ensure that Py (t) > 0 for all ¢ € [0, T] we assume
1. The functions ¢(-) : [0,7] — R, G(-) : [0, 7] — R are bounded deterministic such that

(1), G(t) £ 0, <(t) > p(t),Vt € [0, T).

2.&(t,0) > —1 for p—almost all # € © and all ¢ € [0, T,
3. [o & (t,0) u(dh) is bounded.

Portfolio strategy, the price dynamic with recursive utility process. A portfolio is a F;—predictable
process e (t) = (e1(t), e2(t)) giving the number of units of the risk-free and the risky security held at
time ¢. Let 7(t) = e; (t) Py (t) denote the amount invested in the risky security. We call the control
process 7(-) a portfolio strategy.

Let 27(0) = ¢ > 0 be an initial wealth. By combining (184) and (185) we introduce the wealth
process 27 (+) and the recursive utility process y”(+) corresponding to 7 (-) € U ([0, T']) as solution of
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the following FBSDEJs

(dz™(t) = [p()2" (1) + ((t) — p(t))7(t)] dt
+G()m(t)dW (t) + [o & (t,0) w(t)N (db, dt),
—dy”(t) = [p(t)2™ (1) + (¢(t) — p(t))m(t) — ay™(1)] dt (186)
—2"(t)dW (t) — [or™ (t,0) N (df,dt),
z7(0) = ¢ y™(T) = 2™(T).
Mean-variance portfolio selection problem mixed with a recursive utility functional: In this section,
the objective is to apply our maximum principle to study the mean-variance portfolio selection prob-

lem mixed with a recursive utility functional maximization.
The cost functional, to be minimized, is given by

J(m () = %Var(ff“(T)) — E(™(T)) = y™(0). (187)
By a simple computation, we can shows that

J (7 () = Elga™(T)” = ™(D)] = 5 [B@™(T)]* - y7(0), (188)

where the wealth process ™ (-) and the recursive utility process y™(-) corresponding to 7 (-) €
U ([0,T]) is given by FBSDEJ-(186). We note that the cost functional (188) becomes a time-
inconsistent control problem. Let A be a compact convex subset of . We denote U ([0, T']) the set of
admissible F;—predictable portfolio strategies 7 () valued in .A. The optimal solution is denoted by
(x*(+), 7*(-)). The Hamiltonian functional (149) gets the form
H (t7 :C7 §7 y7 g? Z? ’57 /r’ 71-7 W? Q? K7 R)
= [p(t)2(t) + (s(t) — p(t))ﬂ(t)] (‘I’(t) + K(t))
FGOROQ) — aKy(t) + fo € (t.0) 7(t)R(t,0) u (d6)

According to the maximum condition ((152), Theorem 3.1), and since 7*(+) is optimal we immediately

get
(s(t) = p(2)) (U= (t) + K= (1)) + GH)Q" (1)

(189)
+ [o £(t,0) R* (t,0) pu (dO) = 0.
The adjoint equation (148) being
dU*(t) = —p(t) (K*(t) + U*(t)) dt + Q*(t)dW (1)
R*(t,0) N (df,dt) .
+ fo B (16) N (a0, 100)

UH(T) =~ (@@ (T) + E(z*(T))) — 1 = K*(T),
dK*(t) = —aK*(t)dt, K*(0) =1, t€[0,T].
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In order to solve the above equation (190) and to find the expression of optimal portfolio strategy
7*(-) we conjecture a process ¥*(¢) of the form:

U (1) = A (D)2 () + A(D)E (7 (1)) + As(t), (191)

where A;(+), As(+) and A3(+) are deterministic differentiable functions. (see Shi and Wu [53], Shi [55],
Framstad, ()ksendal and Sulem [16], Li [49], Yong [50], for other models of conjecture). From last
equation in (190), which is a simple ordinary differential equation (ODE in short), we get immediately

K*(t) =exp(—at). (192)
Noting that from (186), we get

d(E(z"(t)) = {p(t) E(z"(8)) + (s(t) — p(t)) E(m" (1)) } dt.

Applying 1t6’s formula to (191) (see Lemma A1, Appendix) in virtue of SDE-(186), we get

AW (t) = As(t) {[p(t):c*(t) + (s(t) — p(t))7™(t)] dt
+G ()T () dW () + [ & (t—,0) 7 (t)N (d, dt) }
+a*(t) Ay (t)dt+Az( ) p(@)E(z*(t)) + (s(t) — p(t)) E(r*(t))] dt
+E (x*(t)) AL(t)dt + A5(t)dt,

which implies that

(dU(t) = {A:(t) [p(t)z"(t) + (<(t) — p(t)) 7 (1)) + 2" (¢) A1 (F)

+A2(t) [p(t) E(2" (1)) + (<(t) — p(t)) E(7"(¢))]

+ AL(H)E (x*(t)) + A5(6) } dt + Ay () G(t)7*(t)dW (¢) (193)
+ Jo AL(t)E (T, 0) 7 (t)N (db, dt) ,

L UH(T) = A (T)x*(T) + Ax(T)E (x*(T)) + As(T),

where A’ (t), A5(t), and A%(t) denotes the derivatives with respect to t.
Next, comparing (193) with (190), we get

—p(t) (K™(t) + ¥*(1))
= A1 () [p(t)z™(t) + (<(t) — p(t)7 ()] + 2" (t) AL (2) (194
+As(t) [p(t) E(z* (1)) + (s(t) — p(t)) E(7(1))]
+A () E (27(1)) + Aj(1),
Q*(t) = AL (HG(t)m* (1), (195)
R*(t,0) = A ()E (t,0) 7*(1). (196)



By looking at the terminal condition of W*(¢), in (193), it is reasonable to get
AYT) =7, A(T) = —v, As(T) =—-1-K*(T). (197)
Combining (194) and (191) we deduce that A;(-), As(+) and A3(-) satisfying the following ODEs

A() = —2p(D) As(t), ALT) =,
AL(t) = —2p(t)As(t), As(T) = —, (198)
A5() + p(t) As(t) = p(t) exp {—at}, As(T) = —exp{~aT} - 1.

By solving the first two ordinary differential equations in (198) we obtain

Ay () = —Ay(t) = yexp {2 /t ' p(s)ds} | (199)

Using integrating factor method for the third equation in (198), we get
T
As(t) = —x(t)7! {exp (—aT)+ 1+ / xX(s)p(s) exp {—as} ds] ) (200)
t

where the integrating factor is x(¢) = exp {ftT p(s)ds} , x(T) =1.
Combining (189), (192), (195) and (196) and denoting

T(t) = A (t) (GQ(t) + /952 (t,0) (d@)) , (201)
we get
() = D)~ (p(t) — s(t)) [Ar(t) (a7 (1) — E(x*(1))) + As(t) — exp(—at)], (202)
and
E(r*(t)) =T ()" (p(t) — (1)) [As(t) — exp {—at}]. (203)

Finally, we give the explicit optimal portfolio selection strategy in the state feedback form involving
both z*(-) and E(z*(-)).

Theorem 3.4.1 The optimal portfolio strategy 7*(t) of our mean-variance portfolio selection problem
(186)-(188) is given in feedback form by

T (¢, 2 (1), E(z(t))
=T(t) " (p(t) = s(t)) [Ai(t) (z*(t) — E(z*(t))) + As(t) — exp {—at}],
and
E(m*(t,a*(t), B(z*(t))) = T(t) " (p(t) — s(t)) [As(t) — exp {—at}],
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where A;(t), As(t) and I'(¢) are given by (199), (200), (201) respectively.

Conclusions and future research.

In this chapter, we have discussed the necessary conditions for optimal stochastic control of
mean-field forward-backward stochastic differential equations with Poisson jumps (FBSDEJs). Time-
inconsistent mean-variance portfolio selection mixed with recursive utility functional optimization
problem has been studied to illustrate our theoretical results.

We would like to indicate that the general maximum principle for fully coupled mean-field FBS-
DEJs is not addressed, and we will work for this interesting issue in the future research.

Appendix

The following result gives special case of the [t formula for mean-field jump diffusions.

Lemma A1. (Integration by parts formula for mean-field jump diffusions.) Suppose that the processes
x1(t) and 5(t) are given by: fori = 1,2, € [0, 7]

dzi(t) = f (t, 2:(t), E(zi(t), w(t)) dt + o (¢, 2:(t), E(xi(t)), u(t)) dW (¢)
+ Jo g (tzi(to), B(xi(t-)), u(t), 6) N (d6, dt),

Then we get
E (21(T)2o(T)) = E [ Iy (#)daa(t) + fi xg(t)dxl(t)]

+E [T o (t,21(t), E@i(t), ul) o (£, 22(t), E(za(t)), u(t)) dt
HE [ [y 9 (62 (t), E(zi(8), ult),0) g (£, 22(t), E(x2(t), ult), 0) p(d0)dt.

Applying a similar method as in [16, Lemma 2.1], for the proof of the above Lemma.
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A McKean-Vlasov optimal mixed regular-singular
control problem for nonlinear stochastic systems with
Poisson jump processes
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Part V

A McKean-Vlasov optimal mixed
regular-singular control problem for
nonlinear stochastic systems with Poisson
jump processes

Abstract. In this chapter, we develop the necessary conditions of optimality for a new class of mixed
regular-singular control problem for nonlinear forward-backward stochastic systems with Poisson
jump processes of McKean-Vlasov type. The coefficients of the system and the performance func-
tional depend not only on the state process but also its marginal law of the state process through its
expected value. The control variable has two components, the first being absolutely continuous and
the second singular control. Our optimality conditions for this McKean-Vlasov’s systems are estab-
lished by means of convex perturbation techniques for both continuous and singular parts. In our
class of McKean-Vlasov control problem, there are two types of jumps for the state processes, the
inaccessible ones which come from the Poission martingale part and the predictable ones which come
from the singular control part.

Keywords McKean-Vlasov systems, Empirical measures, Probability distribution, Mixed regular-
singular control, Poisson jump processes. Necessary and sufficient conditions for optimal control.
Mean-field Forward bakcward stochastic systems.

18. Introduction

The stochastic control problems of McKean-Vlasov type have attracted much attention because of
their practical applications in many areas such as physics, chemistry, economics, finance and other
areas of science and engineering. Historically, the stochastic differential equation of McKean-Vlasov
type was suggested by Kac [39] in 1956 as a stochastic model for the Vlasov-kinetic equation of
plasma and the study of which was initiated by McKean [45] in 1966. Since then, many authors have
made contributions on stochastic differential systems of McKean-Vlasov type and applications, see,
for instance, [1, 62, 15, 10, 27, 17, 23, 24, 18, 25, 29, 5, 49, 26, 51, 52, 67]. Optimal control problems
for nonlinear diffusions governed by McKean-Vlasov equations on Hilbert space have been investi-
gated by Ahmed [1]. McKean-Vlasov type stochastic maximum principle for optimal control under
partial information has been investigated in Wang, Zhang and Zhang [62]. Discrete time mean-field
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stochastic linear-quadratic optimal control problems with applications have been investigated in El-
liott, Li and Ni [15]. Stochastic maximum principle for mean-field stochastic systems governed by
Lévy processes, associated with Teugels martingales measures have been investigated by Hafayed,
Abbas and Abba [27]. Second order necessary and sufficient conditions of near-optimal singular con-
trol for mean-field stochastic differential equation (SDE) have been established in Hafayed and Abbas
[17]. Mean-field type stochastic maximum principle for optimal singular control has been studied in
Hafayed [23], in which convex perturbations have been used for both absolutely continuous and singu-
lar components. The maximum principle for optimal control of mean-field forward-backward stochas-
tic differential equations (FBSDEs) with Poisson jump process has been studied in Hafayed [24]. The
necessary and sufficient conditions for near-optimality for mean-field jump diffusions with applica-
tions have been derived by Hafayed, Abba and Abbas [18]. Singular optimal control for mean-field
forward-backward stochastic systems driven by Brownian motions has been investigated in Hafayed
[25]. Necessary and sufficient optimality conditions for mean-field forward-backward stochastic dif-
ferential equations with jumps (FBSDEJs) have been established by Hafayed, Tabet and Boukaf [29].
General mean-field maximum principle was introduced in Buckdahn, Djehiche and Li [10]. Under
the conditions that the control domains are convex, a various local maximum principle have been
studied in [5, 49]. Second-order maximum principle for optimal stochastic control for mean-field
jump diffusions was proved in Hafayed and Abbas [26]. Necessary and sufficient conditions for con-
trolled jump diffusion with recent application in bicriteria mean-variance portfolio selection problem
have been proved in Shen and Siu [51]. Recently, maximum principle for mean-field jump-diffusions
stochastic delay differential equations and its applications to finance have been investigated in Yang,
Meng and Shi [52]. A linear quadratic optimal control problem for mean-field stochastic differential
equations has been studied in Yong [67]. In Buckdahn, Djehiche, Li and Peng [8] a general notion
of mean-field backward stochastic differential equation (BSDE) associated with mean-field SDE is
obtained in a natural way as a limit of some high dimensional system of FBSDEs governed by a
d—dimensional Brownian motion, and influenced by positions of a large number of other particles.
Mean-field games for large population multiagent systems with Markov jump parameters have been
investigated in Wang and Zhang [56].

Stochastic maximum principle for optimal continuous control for classical FBSDEs has been in-
vestigated by many authors, see e.g. [24, 68, 9, 61]. The near-optimal stochastic control problem
for jump diffusions has been investigated by Hafayed, Abbas and Veverka [21]. The near-optimality
necessary and sufficient conditions for controlled FBSDEJs with applications to finance have been
investigated in Hafayed, Veverka and Abbas [28]. A survey on Markovian jump systems has been
investigated by Shi and Li [59]. The stochastic finite-time state estimation for discrete time-delay
neural networks with Markovian jumps have been studied in Shi, Zhang and Agarwal [60].

The stochastic singular control problems have received considerable research attention in recent
years due to wide applicability in a number of different areas, see for instance [2, 12, 20, 63, 22, 3, 64,
65, 4, 44]. In most classical cases, the optimal singular control problem was investigated through dy-
namic programming principle. The first version of maximum principle for singular stochastic control
problems was obtained by Cadenillas and Haussmann [12]. In Dufour and Miller [13], the authors
derived stochastic maximum principle where the singular part has a linear form. For this type of
singular control problem, the reader may consult the works by Haussmann and Suo [34] and the list
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of references therein. The necessary and sufficient conditions for near-optimal singular control was
obtained by Hafayed Abbas and Veverka [20]. Stochastic maximum principle for optimal control
problems of forward backward systems involving impulse controls has been studied in Wu and Zhang
[63]. The necessary and sufficient conditions of near-optimality for singular control for jump diffu-
sion processes have been investigated in Hafayed and Abbas [22]. Necessary and sufficient conditions
for near-optimal mixed singular jump control have been proved in Hafayed and Abbas [22]. A good
account on stochastic optimal control for jump diffusions and mixed singular stochastic control in
Poisson jump problems with applications in finance can be found in Alvarez and Rakkolainen [3] and
recently in (J)ksendal and Sulem [64, 65]. A combined singular stochastic control and optimal stop-
ping in the jump-diffusion model was studied in An [4]. Some cases of mixed singular-jump control
problems when the payoff functional does not depend explicitly on the control have been investigated
in Menaldi and Rebin [44].

Our main goal in this work is to study a new class of mixed regular-singular optimal stochastic
control of systems governed by McKean-Vlasov FBSDEJs, where the coefficients of the system and
the performance functional depend not only on the state process but also its marginal law of the
state process through its expected value. Necessary and sufficient conditions for the optimal regular-
singular control are established for McKean-Vlasov FBSDEJs. The McKean-Vlasov mixed control
problem under consideration is not simple extension from the mathematical point of view, but also
provides an interesting models in many applications such as mathematical finance, where the singular
components of the control means the interventions. The convexity of the control state space allows to
use an argument of convex perturbation for both continuous and singular parts of our control process
in order to deduce the stochastic maximum principle. In order to illustrate the study motivation and
application background of this optimal intelligent control strategy, we present an example of a utility
maximization problem.

Example 4.1.1. Suppose that we are given a mathematical market consisting of two investment
possibilities:
(i) Bond: The first asset is a risk-free security whose price Sy(t) evolves according to the ordinary
differential equation
dSy (t) = So (t) p(t)dt, t € [0,T], Sp(0) > 0, (204)

where p () : [0,7] — R is a locally bounded continuous deterministic function.
(ii) Stock: a risky security where the price S; (t) at time ¢ is given by

dSy (t) = ¢(t)Sy (t) dt + o(t)Sy (t) dW () + / A(t,0) N (do,dt), Sy (0) >0, (205)
o
In order to ensure that S (t) > 0 for all ¢ € [0, 7] we assume

(1) The functions ¢(-) : [0,7] — R, o(+) : [0,7] — R are bounded continuous deterministic maps
such that

§(t), o(t) #0and ¢(t) — p(t) > 0, Vt € [0,T7.

(2) A(t,0) > —1forany § € © and any ¢ € [0, 7.
(3) Jo A? (t,0) m(d#) is bounded.
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Let x“’f(O) = a > 0 be an initial wealth and G > 0. By combining (204) and (205), we introduce the
wealth dynamics

( da"4(t) = [p () (1) + (s(t) — p())u(t)] dt + o (t)u(t)dW (1)
+ Jo A(t,0) u(t)N (d0,dt) — Gd&(¢),
—dy“5(t) = [p () “E(t) + (s(t) = p(t))ult) — ay™S(t)] dt — 25 (t)dW (t) (206)
—J re& (t,0) N (df, dt) + BdE(t),
L 2%%(0) =a, y“5(T) = a"(T).

More precisely, for any admissible control (u(-),£(+)) the utility functional is given by

J(u(-),€()) = gVaT(iU“’g(T)) — B(@"(T)) +y"*(0) + E o M(#)de(t). (207

By a simple computation, we shows that

T E0) = B | g (1 =S| =3 [ o)+ B [ Mode. @08
This is a time-inconsistent optimal control problem in the sense that it does not satisfy Bellman’s
optimality principle and therefore the usual dynamic programming approach fails.

The rest of this work is structured as follows. The assumptions, notations and some basic defini-
tions are given in Section 2. Sections 3 and 4 are devoted to prove our main results. As an illustration,
mean-variance portfolio selection problem: time-inconsistent solution is discussed in the last section.

19. Assumptions and statement of the mixed control problem

In this work, we study mixed stochastic optimal control problems of McKean-Vlasov type of the fol-
lowing kind. Let 7" > 0 be a fixed time horizon and (€2, F, (F¢) (o 1, , ) be a fixed filtered probability
space equipped with a P—complete right continuous filtration on which a one—dimensional Brownian
motion W = (W (¢)),¢(o 7 is defined. Let  be a homogeneous [F;-Poisson point process independent
of W. We denote by N (d6, dt) the random counting measure induced by 7, defined on © x R,
where O is a fixed nonempty subset of R with its Borel o—field B (©). Further, let m (df) be the
local characteristic measure of 7, i.e. m (df) is a o-finite measure on (©, B (0©)) with m (©) < +o0.
We then define N (d6, dt) := N(d6,dt) — m (d6) dt, where N (-, -) is Poisson martingale measure on
B(©) x B(R,) with local characteristics m (d¢) dt. We assume that (F;), .|, ;| is P—augmentation

of the natural filtration (F§W7N))t€[0ﬂ defined as follows
F{") ::IFXVVU{/ /N(d@,dr) 0<s<t A€ B(@)} V Gy,
0 JA

where F}V := o {IW(s) : 0 < s < t}, G, denotes the totality of P—null sets, and F; \ Fy denotes the
o-field generated by [F; U [Fs.
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We consider the following controlled nonlinear McKean-Vlasov coupled forward-backward stochas-
tic differential equations which are governed both by Brownian motions and an independent Poisson
random measure of the form:

(da(t) = f(t,2"5(), g4 (E), u(t))dt + o (t, a5 (8), "5 (1), u(t)) AW (1)
+ C(H)dE(t) + [ y(t, a5 (t2), p™*4 (), u(t),O)N (d6,dt) , t € [0,T],
Ay (t) = g(t, x5(t), o (1), y™< (8), p 4 (1), 25 (1), =5 (1), u(t))dt
+ 245 () dW (t) + D()dE(E) + [, v (,0) N (d6, dt),
244(0) = a, y*$(T) = h(a"*(T), p™**(T)),
(t),
(2),
)

p*%(t) : Probability distribution of 24 (t),

(209)

p®%E(t) : Probability distribution of z%¢
p¥%4(t) : Probability distribution of y**
(

\
where f, 0,7, g, h,C and D are measurable given maps and the initial condition a is an [Ffy—measurable
random variable. The main new purpose here is the introduction of the combined singular control
in McKean-Vlasov forward-backward stochastic system with random Poisson jumps. In particular
this control might be discontinuous and it is necessary to distinguish between the jumps coming
from the jump Poisson measure in the McKean-Vlasov forward-backward dynamics (209) and those
from the interventions of controls. Noting that McKean-Vlasov FBSDEJs-(209) occur naturally in
the probabilistic analysis of financial optimization problems and the optimal control of dynamics of
the McKean-Vlasov type. Moreover, the above mathematical McKean-Vlasov approaches play an
important role in different fields of economics, finance, physics, chemistry and game theory. For
example, one may think of a biological, chemical or physical, interacting particle system in which
each particle moves in the space according to the dynamics described by McKean-Vlasov FBSDEJs-
(209) with (p®®5(t), y,y’“’g (t), u="(t)) being replaced by the empirical measure:

pEE (L) A 25“% vl & — Zéug s and Mt (t) & = 26“5

of N—particles (% (t), yi"* (t), 25(t)), ..., (2% (), y&5 (1), 2355 (1)) at time t. According to McKean-
Vlasov theory, (see, McKean [45], Ahmed [1]), under proper conditions, the empirical measure-
valued processes (p5"(t), %" (t), u3(t)) converges in probability as N goes to infinity to a
deterministic measure-valued function (p®%4(t), %% (t), u**4(t)) which corresponds to the prob-
ability distribution of the processes determined by the McKean-Vlasov FBSDEJs-(209).

The cost functional on the time interval [0, 7] is defined by

/ / (1€ (8), 1 (0), S (8), (), 2 (0), =€ ), 1€ (1,0) () o (d0)

O S (1), 1) + p(y"$(0), 1 5(0) + | M(B)dg(H) . 210)

(0,77
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where ¢, ¢, 0 and M are an appropriate functions. This cost functional is also of McKean-Vlasov
type, as the functions ¢, ¢, ¢ depend on the marginal law of the state process through its expected
value. It is worth mentioning that since the cost functional .J is possibly a nonlinear function of the
expected value stands in contrast to the standard formulation of a control problem. This leads to so
called time-inconsistent control problem where the Bellman dynamic programming does not hold.
The reason for this is that one cannot apply the law of iterated expectations on the cost functional.
Noting that in most cases, the classical singular control problem (without McKean-Vlasov terms) was
studied through dynamic programming principle. This is a type of a control problem which, it seems,
has not been studied before.
An admissible control (u*(-),£*(+)) is called optimal if it satisfies

J(u*(-),€°() & inf J (u(-),€(-)) - (211)

mn
(u(-),£(-)) €t xUa([0,T1)

The corresponding state processes, solution of Eq-(209), is denoted by (z*(-),y*(-), 2*(-),7*(+,))
= (mu*{*(')v yu*’g* ()7 Zu*é*('% Tu*é*('? ))

For convenience, we will use the following notation in this work. L2 ([0, 7];R) denotes the Hilbert
space of F,—adapted processes such that E ( fOT (1)) dt> < +oo and M2 ([0,7];R) denotes
the Hilbert space of F,— predictable processes (v (t,0)):cio,r) defined on [0,7] x © such that
E fOT Jo [¥ (£,0)]>m(8)dt < +oo. For a differentiable function ® we denote by V,®(t) its gradi-

ent with respect to the variable z. To simplify our notation, we suppress “w” in f(t,w,x, u%**, u)
and write f(t,z, u®"%, u) for f(t,w,z, u®"**, u) etc. Since the purpose of this work is to study opti-
mal combined stochastic control for McKean-Vlasov systems, we give here the precise definition of

the singular part of an admissible control.

Definition 4.2.1. An admissible control is a pair (u(-),&(:)) of measurable Uy x Us—valued,
F}Y —adapted processes, such that:

1. £(+) is of bounded variation, non-decreasing continuous on the left with right limits and £(0_) = 0.
2. E [supe(o 1 u(®)* + [£(T)*] < oc.

Notice that the jumps of a singular control £(-) at any jumping time t; denote by A&(t;) = £(t5) —
&(t;—) and we define the continuous part of the singular control by

€O L) - 3 Aglt)),

0<t; <t

i.e., the process obtained by removing the jumps of &(t).

We denote U x Uy ([0, T]) the set of all admissible controls. Since d¢(¢) may be singular with respect
to Lebesgue measure d¢, we call £(+) the singular part of the control and the process u(-) its absolutely
continuous part.

Throughout this work, we distinguish between the jumps caused by the singular control £(-) and the
jumps caused by the random Poisson measure at any jumping time ¢.

Definition 4.2.2. We define the jumps of x%*(t) and y**(t) caused by the singular control £(-) by

Agr™(t) & C(HAL() = C(1)(s(t) — &(t-)),
Agy™4(t) D(1)AL(t) = D(1)(&(t) — &(1-)),
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and we define the jumps of x**(t) and y**(t) caused by the Poisson measure of N (0,t) by

02 [ (10500 ue).0) ¥ @, 1)

o
), =8 (t2), u(t-),0) : if 1) has a jump of size 6 at ¢.

lI>

{ : otherwise

/ r d9 {t}),
o
{ % (t,0) : if ) has a jump of size 6 at ¢.

0 : otherwise,

||l>

[I>

where N (d6,{t}) means the jump in the Poisson random measure, occurring at time t

Definition 4.2.3. The general jump of the state processes x(-), y**(-) at any jumping time t is given
by (see Figure 1.)

ArUE(t) & 2"(t) — 2" (t_) = Agr™ (1) + A 25 (2).
Ay™E(t) 2 yme(t) =yt (to) = Agy™ (1) + Ay ().

In this work, we also assume that the coefficients f, o, g, ¢, 7, h, p, ¢,C, D and M satisfy the following
standing assumptions:
Condition (H1) The functions f, 0,4, g, h, ¢, are continuously differentiable in their variables
including (z,7,v,9, z, 2,7, u).
Condition (H2) (i) The derivatives of f,o,g,¢,v with respect to their variables includ-
ing (x,7,y,9,%,2,r,u) are bounded, and [,(|V.Y(t,,T,u, O + |Vay(t,z, T,u,0) +
Vo (t, 2, 7, u, 0)[F)m (dF) < +oo.
(ii) The derivatives of f, o, g, ~, ¢ with respect to (z, 7, vy, ¥, 2, Z, 7, u) are dominated by C(1 + |z| +
[ + ly|

+ 19l + |z| + 9| + |r| + |u]). Moreover, ¢,, @5 are bounded by C (1 + |y| + |y|) and h,, hz are
bounded by C' (1 + |z| + |7]) .
(iii) For all t € [0,7], f(¢t0,0,0),9(¢£,0,0,0,0,0,0,0,0) € L2([0,T];R), &(¢0,0,0) €
L?F([O,T];RXR),andfy(tOOO ) € ]%([,T];]R).
Conditions (H3) The functions C : [0,7] — R, D : [0,7] — Rand M : [0, 7] — R* are continuous
and bounded.
Under  conditions (H1)~(H3), the  FBSDEJ-(209)  has an  unique solution
(2 ()9 (), 2 (), 74, )
e L2 ([0,T]);R) x L2 ([0,T];R) x L2 ([0,7];R) x L% ([0, 7] ; R) such that

t

z"4(t) = a —I—/O f(s,2%(s), "™ (s),u(s)) ds +/ o(s, 2“4 (s), p=*(s)), u(s))dW (s)

0

—l—/o /@’y (5,1:“’5(3,),/1“’“’5(5,),u(s),@) N (df,ds) + C(s)d&(s),

[0,¢]
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Since the coefficients C and D are continuous and bounded, the existence and uniqueness can be
proved similar to ([51], Lemma 3.1 and Theorem 3.1).

Adjoint equations. We introduce the new adjoint equations involved in the stochastic max-
imum principle for our mixed singular-jump McKean-Vlasov control problem (209)-(210).

0
For simplicity of notation, we will still usev,f(t) = a—f(t,x“’f(-), e (), u(+)), and
T

Teglt,0) & S0 (t), pnE(0), y(1), (1), 2(0), pEC), (1,0) (D) ete. So for any
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admissible control (u(-),&(+)) € U x U (]0,7]) and the corresponding state trajectory
(2% (), (), 2% (1), ¢ (-,)) & (z(-),y(),2(-), 7(-,+)), we consider the following adjoint
equations of McKean-Vlasov type, which are independent to singular control. In what follows, we

simply write 1 ®%4(t) = E(x%%(t)) etc.

den(t) = —{Va;f () @"(t) + E(Vaf (t) (1)) + Voo (1) Q"(t) + E [Vzo () Q" ()]
(

+ Jo [Vag(t, ) K*(t) + E (Vig(t,0) K" (1)) + Vuy (¢, 0) R (£,6)
+ E (V3 ( JO)RY (£,0)) + Vo l(t,0) + E(Vz0(t,0))] m (d6) }dt
+QU(t)dW (t) + [y R (0,t) N (d0,dt),

(T )— —{V h(T) K(T) + E[(Vzh (1)) K*(T)]} + Vo (T) + E(Vz6(T)).

—dK"(t) = [o[Vyg (t,0) K*(t) + E (Vg (t,0) K"(t)) + V,L(t,0) + E (V5L (t,0)))m (d0) dt
+f@ 29t )K“() E(Vzg(t,0)K"(t) + V:L(t,0) + E (V=L (¢,0))m (d6) dW (¢)
— Jo [Vrg(t,0) KU (t) + V,.£(t,0)] N(d6, dt)

| K*(0) = —{Vyso (y(O),E(y(O))) + E[Vge (y(0), £ (y(0)))]}

(212)
Note that the first adjoint equation (backward) corresponding to the forward component turns out to
be a linear McKean-Vlasov backward SDE with jumps, and the second adjoint equation (forward)
corresponding to the backward component turns out to be a linear McKean-Vlasov forward SDE with
jumps.
We define the Hamiltonian function H : [0, 7| X RXRXRXRXxRXxRxRxU; xRxRxRxR — R,
associated with the singular stochastic control problem (209)-(210) as follows

H(t,aj,ﬁy,’yv,z,g,u,r(-),q)(-),Q(-),K(-) ( )) _(Du( )f (tv%ga ’LL) - Q“(t)a (t>w7%> u)

- fe [K"(t)g (t,x,Z,y,Y, 2z, 2,7(-),u) + R (t,0) v (t,z,z,u,0)) + L (t,z,Z,y,7,2,2,7(-),u) m (dF) .

(213)
If we denote by H(t) := H(t,z(t),z(t),y(t),y(t), z(t), z(t),r(t, ), u(t), ®(t), Q(t), K(t), R(t,")),
then the adjoint equation (212) can be rewritten as the following stochastic Hamiltonian system:
dd*(t) = {H, (t) + £ [Hz (t)]} dt + Q(t)dW (t) + [ R (t,0) N (d6, dt),
OU(T) = —{ha (T) K*(T) + E[(hz (T)) K ( )]}+¢>a,-(T)+ E(¢z(T)).
—dK"(t) = [H, (t) + E (Hy (1))] dt + [H. (t) + E (Hz (1)) dW(2) (214)

— o lgn(t, ) K¥(t) + £,(t,0)] N(d6, dt)

[ K(0) = —{@y (4(0), E (4(0))) + E [z (y(0), £ (y(0)))]}-
It is a well known fact that under assumptions (H1) and (H2), the adjoint equations (212) or
(214) admits a unique solution (®%(¢), Q“(t), K“(t), R“(t,-)) € L([0,T];R) x L2([0,T];R) x

L2([0,T];R) x MZ2([0,T];R). Moreover, since the derivatives of f,o,, g, h, p, ¢ with respect to
(x,Z,y,y, 2, z, r) are bounded, we deduce from standard arguments that there exists a constant C' > 0
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such that

T T
E | sup |®“(t)]* + sup |K“(t)|2+/ |Q“(t)|2dt+/ /|R“ (t,0)]>m (d9)dt| < C. (215)
0 0 ©

te[0,T] te[0,7]

20. Necessary conditions for optimal mixed continuous-singular
control of McKean-Vlasov FBSDE]Js

In this section, we establish a set of necessary conditions for a stochastic singular control to be optimal
where the system evolves according to controlled McKean-Vlasov FBSDEJs. Convex perturbation
techniques for both continuous and singular parts are applied to derive our McKean-Vlasov stochastic
maximum principle.

The following theorem constitutes the main contribution of this work.

Let (z*(-),y*(-),2*(:),r*(-,-)) be the solution of the McKean-Vlasov FBSDEJs-(209) and
(®*(+), Q*(+), K*(-), R*(-,-)) be the solution of adjoint equation (212) corresponding to the optimal
singular control (u*(-),£*(+)) .

Theorem 4.3.1. (Necessary condition for optimal mixed control in Integral form). Let Conditions
(HI), (H2) and (H3) hold. If (u*(-),&*(+)) and (z*(-),y*(), 2*(-),r*(-,-)) is an optimal solution of
the McKean-Vlasov singular control problem (209)-(210). Then the maximum principle holds, that is
forall (u,€) € Uy x Uy :

0< EfOT Vo H(t, \*(t,0), E(X*(t,0)), u*, A*(t,0))(u — u*(t))dt
B [y (M (1) + CO* (1) + DK (D)d (€ — £ (1), @16)
a.e., t€[0,T],
where (\*(t,0), E(X*(t,0))) & (x*(t), E(z*(1)),y"(t), E(y* (), " (t), B(z*(t)),r*(t,6)) and
A*(t,0) 2 (®(1), Q(1), K*(1), R*(1,6)).

To prove Theorem 3.1 we need some preliminary results given in the following Lemmas.
We derive the variational inequality (216) in several steps, from the fact that

J (W (-),6°() < J(w(),€°()), (217)

where (u°(),&%(+)) is the so called convex perturbation of optimal control (u*(-),£*(-)) defined as
follows

ut(t) = w'(t) + e (u(t) —u'(t)) and £°(t) = £7(¢) + (£(t) — £7°(1)) ,
where € € [0, 1] is sufficiently small, (u(-),&(-)) is an arbitrary element of F;—measurable random
variable with values in U; x Uy which we consider as fixed from now on.

We emphasize that the convexity of U; x Uy has the consequence that the perturbed control
(uf(+),£°(-)) € Uy x Uy ([0, T]) where

(u(t), &°(1)) = (" (1), €*(t)) + e [(u(t), £(F)) — (u™(£),£"(1))] -
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Variational equations. Now, we introduce the following new variational equations which have
a McKean-Vlasov type. Let (25(-),y5(-), 25(+),75(-,-)) be the solution of the following forward-
backward stochastic system described by Brownian motions and Poisson jumps of McKean-Vlasov

type

(dai(t) = {fo(t)2i(t) + (O E (25(1) +
+{ow(t)21(t) + 0z() E (21(1)) + 0w
+ Jolra(t 0)21(t) +a(t, 0) E (21(2)
+C()de(t), 25(0) =0,

dyi(t) = Jo {g:(t,0)21(t) + ga(t,0) E(25 (1)) + (£, 0)yi(t) + g5(t, O) E(y5(t))

+9:(t,0)25 (1) + g=(t, ) E(21 (1)) + o (£, 0)ri(t,0) + gu(t, O)u(t)} m(dO)dt
+ 25(t)dW (t) f®r1 (t,0)N(dO,dt) + D(t)d&(t)

[ Yi(T) = [he(T) + E (hz(T)))] 25(T).

w()u(t))}dt
(t)u(t)}dW ()
)+ Yu (8, 0)u(t)|N(d6, dt)

Duality relations. Our first Lemma below deals with the duality relations between ®*(¢), x5

K*(t), y5(t). This Lemma is very important for the proof of our main result.

Lemma 4.3.1. We have
E(@*(T)af (T))
= B [} [8*(t) fu(t)u(t) + Q" (t)ou(t)u(t) + [ R*(t, 0)vu(t, O)u(t)m(d6)] dt
~Efy f@ {xl t)g.(t,0) K™ (t) + xi(t )E(gm(t 0)K*(t)) + =1 ()€ (t, 0)
+ 25(H) E(lz(¢,0))} m(dO)dt + E [, ,, ©*()C(£)dS (1),

similarly, we get

E(K*(T)yi(T)) = —E {[p, (0) + E (5 (0))] y1(0)}

HE [} o {K*()ga(t,0)5 () + K*(£)gz(t, 0) B (a5(t)

FE* () gu(t, O)u(t)) — yi ()41, 0) — yi () E(l5(L, 9))

—2(1)€:(t,0) — 2 (1) E(¢:(t,0))

—1i(t,0)¢, (¢, 0)} m(dO)dt + E [,y K*(¢)D(t)dE(2),
and

E{[02(T) + E(6x(T))]21(T)} + E{lpy (0) + E (¢35 (0)] 91 (0)}
0)

= =B [y Jo {ai0)6(t,0) + 23 () E(L(1,0)) + yi ()6, (t,0) + yi () E(£y(t,0))
+21 (1), 9)+Z (O E(l=(t,0)) +ri(t, 0)€,(t,0) + Lu(t, O)u(t) } m(db)dt

+ B [ H(tu(t)dt + E [, [®°(0)C() + K*(1)D(1)] d&(t).
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Proof.

Proof of duality relation (219). By applying integration by parts formula for Poisson jump processes
to ®*(t)x(t), we get

E(@*(T)x E(T))

—E["® da:l )+ E [ a5 (£)dd (1)
+ B [ Q (1) [oa ()25 (1) + 03(t) E (25(£)) + ou(t)u(t)] dt (222)
+E [y Jo [%(tﬁ) 1) + 2t O) E(@5 (1)) + ult, 0)u(t)] R(t,0)m(df)dt

= I1(e) + Ly(e) + I3(e) + Lu(e).

A simple computation shows that

Li(e) = E fy @*(0)dai(t) = E fy {®(8)fo()ai(t) + () f.() E (a5(t))

+<I>*< Vfu () ut)}dt + E [, ©*(H)C()dE(1), =
and
L(e) = B [} a5(t)dd*(t
= B [T {aS () f. (t) D*(t) + a5 (1) E (fx(£)®* (1))
+2i(t)o, (t) Q*(t) + 257 (1) E (0z(1)Q"(t)) (224)
+ o [5(8)gs (8,0) K*(t) + 25(t) E (gz(t, 0) K*(t))

+21() 7. (4, 0) R (¢, 0) + 21(t) E(yz (1, 0) R (1,0))
+ 270 (t, 0) + 21 (1) E(Cx(t, 0))m (dO)]} dt.

By standard arguments, we get

_E / Q* (1), () (1)t + E / Q" (ox() E (5()) dt + B / Q" (Hou(tu(t)dt, (225)
and

Iy(e Efo Jo Va(t,0)x5 (t) R(t, 0)m(df)dt + EfOT Jo 1zt 0)E(x5(2))R(t, 0)m(df)dt
+ Efo Jo Yu(t, O)u(t)R(t, 0)m(d6)dt.

(226)

The duality relation (219) follows immediately from combining (222)~(226).

Proof of duality relation (220). Let us turn to second duality relation (220). By applying integration
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by parts formula for Poisson jump process to K*(¢)y5(t), we get
E(K*(T)yi(T))
= E(K*(0)5(0) + B fy K*(dyi(t) + B fy 3(dK" (1)
—Ef) fo#®)]g:(t,0)K*(t) + E (g5(t, 0)K*(t))
+0,(t,0) + E (L5 (t,0))m (dO) dt
— By Jo[ri(t,0)(9,(t, 0)K*(t) + £,(¢,0))] m(d6)dt.
= I1(e) + Ih(e) + Is(e) + Iu(e) + I5(e).
From (219) we obtain
L(e) = E [ K*(t)dys(t
(t

= Efo Jo LK (£)ga(
+ K*(t)g,(t,0)yi (1)
+ K*(t)gy(t, ) E (y5(t)) + K*(t)g.(t,0)25(t) + K*(t)gz(t,0) E (25(t))
+ K*(t)g, (L, 0)ri(t,0) + K*(t)gu(t, O)u(t)} m(do)dt

+E [0 K*(6)D(1)dE(?),

from (212) we obtain
[ =F fo yi () dK*(t)

= Efo Jo Ui(t)gy (t,0) K*(t) + y5(t) E (g5(t,0) K*(t))
+ Y1), (t,0) + yi(t)E (65 (t,0))} m(do)dt,

)
,0)a5(8) + K () gz (t, 0) E (x1(1))

and
- Efo f@ 21 gz t Q)K*( ) + Zi(t)E(QZ(tﬁ)K*(t))
+ 25(¢) 0.(t,0) + 25 () E (U3 (¢,0))] m(do)dt

I;(e) = —E fOT Jolrs(t,0)g,(t, 0)K*(t) + r5(t, )€, (t, 0)]m(de)dt.

(227)

(228)

(229)

(230)

Since I;(¢) = E (K*(0)45(0)) = —E {[p, (0) + E (5 (0))] %5(0)}, the duality relation (220) fol-

lows immediately by combining (227)~(230).
Proof of duality relation (221). Combining (219) and (220) we get

E(®"(T)21(T)) + E (KX (T)yi(T))

— —F{[p, (0) + E (5 (0))] 55(0)} — E/ /{xl A(.6) + 25 (D E((4,9)) + v (1)L, (2.6)

+yi(OE(G(,0)) + u(t, O)u(t) + 21(0)L-(1,0) + 21 () E(:(8,0)) + ri(4, 0) (¢, 0) )

+E/ H( dt+E/[OT £) + K*(#)D()] de(t).
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From (214) and (218), we get

E (@ (T)21(T)) + E(KX(T)yi(T)) = E{[0.(T) + E(¢z(T))] 21(T)},

which implies that

E{[02(T) + E(6x(T)]21(T)} + E{lpy (0) + E (25 (0)] 91(0)}

B / [ 08 (0.0)+ S OB(E(.0) + 5 (08,0.0) + 4 (OB 15(4.0)
+ 25 ()0, (t,0) + 21 (t) E(ls(t,0)) + ri(t,0)0,.(t,0) + Cu(t,0)u(t)} m(dE)dt

+E/f{ a+EAﬂ@wm@+me@mwy

This completes the proof of (221). U
To this end we give the following estimations.

Lemma 4.3.2. Under Assumptions (H1) and (H3), the following estimations holds

E(SUPogth |x§(t)]2) — 0,ase — 0, 231)
B(supysyer [0 (0F) + B [T + fo lri(s. 0) m(d6)}ds - 0,as € -0,
SUPg<i<7 |E (25 (75))|2 — 0,ase — 0,
e 2 T e 2 T c 2
SUPo<¢<T B (yi(t)]” + ft |E (27(s))|"ds + fo f@ |E (r{(s,0))]" m(df)ds — 0, as ¢ — 0(7232)
E( SUPg<s<T |ze(t) — x*(t)]2) — 0, ase — 0,
E(supocyr |y () = y* (") + B [y |2(6) — (1) at (233)
FE [ [ e (t,0) — (¢, 0)]> m(d0)dt — 0, as e — 0,
and
2
) — 0,ase — 0.

~ [(0) 2 ()] - i (0)

1 2
z [y=(t) —y*(t)] — y5(t)| ) = 0,as e — 0.
9 (234)

ds — 0,as e — 0.

E( SUDg<t<T

E(Supogth
11

Efo ~
T 1

Ef Jo g[r s,0

Let us also point out that the above estimates can be proved by using similar arguments developed in
(Lemma 3.2 [24]), so we omit its proofs.

— 2"(s)] — #i(s)

2

r*(s,0)] — ri(s,0)| m(df)ds — 0, as e — 0.
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Lemma 4.3.3. Let Assumptions (H1) and (H3) hold. The following variational inequality holds

£) < E/O /@[«%(t,@)ﬂfi(t) + Lt 0)E [21(0)] + 6y (8, 0)yi (1) + G5(1, 0) E [y1 (1))

(4, 0)25(8) + Lo(t, 0)E [5(8)] + Lo(t, 0)r5 (£, 0) + Lut, O)u(t)] m(dO)dt
E(¢.(T)21(T) + ¢z(T)E (21(1)))] + E [(¢4(0)y1(0) + ¢5(0) E (41(0)))]

> [ | M=)

Proof. From (217) we have

J(u(-),6()) = J (W (), € ("))
= E{ Jo Jolb(t,z"(1), E(x"4(1)), y"4(1), B(y"£(1)), z"4(1), E(z"(£)), "< (¢, 6) , u(1))

),
— (2 (1), (")), y* (), E(y (1)), 2°(1), E(z"(1)),r" (¢,0) , u*()]m (d0) dt

+[0 (2(T), B((T))) = ¢ (*(T), B (T)))] + o (5(0), E (4(0))
+ fom MBAED —&(1) } 20,
(235)

'
) — ¢ (y*(0), E(y*(0)))]

by applying Tylor’s formula, we have

—E{( (25(T), 2°(T)) — ¢(a™(T), z°(T)) }
——E{/ ol (T) =2 ()], 2(T) + A z=(T) = 2(T)))dA (25(T) — =*(T))

+ / Oz(x"(T) + XN [2°(T) — 2*(T)],2*(T) + XN [z°(T) — z*(T)])d\ (z°(T) — f*(T)))} + 7(¢).

From estimate (234), we get

—E{(¢(2*(T), 7°(T)) — ¢(a*(T), z*(T))}
(T)25(T) + ¢z(x*(T), 7 (T))E (a5(T)))] (236)
¢3(T)E (25(T)))] . as e — 0.

Similarly, we obtain

LB (o0 (0),77(0)) — o(y"(0),7°(0))) @37)

— E{(ey(y7(0),57(0))y1(0) + ¢5(y(0), 5" (0)) £ (y1(0))) }
= E[(¢y(0)y1(0) + 5(0) E (4(0)))] , as € — 0.
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and

Efo Jolb(t,2*(2), E(2° (1)), 5" (1), E(y° (1)), 2°(1), E(2°()), 7° (¢, 0) , u* (1))
— Lt 2 (1), Bz (1), y" (), E(y (1)), 2°(1), E(z"(1)),r" (¢, 0) , u*(£))]m (d0) dt (238)

— B [y Jo [0a(t,0)a5(t) + C(t,0) E [25(1)] + £, (¢, 0)yi (t) + 5(t,0)E [y5 (1))
0L, 0)25 (1) + C(E, 0)E [25(0)] + £(¢, 0)r (£, 0) + Cu(t, 0)u(t)] m(dO)dt, as e — 0.

The desired result follows by combining (235)~(238). This complete the proof of Lemma 3.3 U
Proof of Theorem 3.1. The desired result follows immediately from ((221) Lemma 3.2) and Lemma
3.3. U

21. Sufficient conditions for optimal mixed control of McKean-
Vlasov FBSDE]s

The sufficient condition of optimality is of significant importance in the stochastic maximum principle
for computing optimal controls. In this section, we will prove that under some additional hypotheses,
the maximality condition on the Hamiltonian function is a sufficient condition for optimality.

Conditions (H4). We assume:

(i) The functional H (¢,-, -, -+, -, ®*(t),Q*(t), K*(t), R*(-,+)) is convex with respect to
(x,%,y,9,2,2,r,u) fora.e.t € [0,T],P— a.s.

(ii) The maps ¢ (-, ), ¢ (-, -) are convex with respect to (z,x) and h(-, -) is concave with respect to
(x,T).

Now we are able to state and prove the sufficient conditions for optimality for our control problem
(209)—(210), which is the main result of this work. Let (u*(+),£*(-)) be a given admissible control,
(*(),y*(+), 2*(-), *(+,-)) and (®* (-), Q* (-), K* (), R*(-,-)) be the solution to (209) and (212) re-
spectively, associated with (u*(-),£*(+)).

Theorem 4.4.1. Let conditions (H1)-(H4) hold. If for any (u(-),&(+)) € Uy xUs ([0, T]) the following
maximality relation holds

Efo Wt AN5(t,0), E(X*(t,0)),u*, A*(t,0))(u — u*(t))dt > 0,
E [io (M (1) +C(6)®*(t) + D) K*(1))d (§ — &) (1) = 0, (239)
a.e., t€[0,7],

then we have

J(u(-),€0) = J(u(-),€°()) - (240)

i.e., the regular-singular admissible control (u*(-),£*(+)) € Uy x Uy ([0,T7) is an optimal control.

To prove Theorem 4.1, we need the following auxiliary result, which deals with the duality re-
lations between ®*(t), [z(t) — 2*(¢)] and K*(t), [y(t) — y*(¢)] . This Lemma is very important for
proving our sufficient maximum principle.

inf
(u(-),&(+)) el xU2([0,T7)
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be the solution of state McKean-Vlasov FBSDEJs-(209)

)

corresponding to any admissible control (u(-),£(-)). We have

)

Lemma 4.4.1. Let (x(-),y(-), z(-), (-,

*(t) [f (¢, 2(t), E(x(t)),u(t)) — f(t, 2" (), E(x*(t)), u"(t))] dt

T
0

E[(T) («(T) — 2*(T))] = E

EHZ )] (E(x(t)) — E(z"(t)))dt

T
0

Hi(t) (x(t) —a*(t)dt + E |,

T
0

+E |

Q*(t) [o(t, x(t), E(x(t)), u(t)) — o(t, 2" (t), E(z*(t)),w" (t))] dt

T
0

VB

Joo B (4,0) [y (1, 2(t), E((t), u(t),0) — v (£, 2* (£), B(a* (1), u* (1), 6)] m(dd)dt

+ E [ @ (0C(H)AE(R) = £7(2)).

T
0

+E [

(241)

Similarly

0))) (¥°(0) = (0)))

~—

EK(T) (y(T) =y (1)) = —E (¢ (y(0), E(y

~

— E ¢y ((0), E (y(0)))) (E (y7(0)) — E (y(

+E [

T
0
+E [
+B [
+E [

(242)
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Proof. First, by simple computations, we get

d(x(t) — (1) = [f(t, (1), E(x(t)), u(t) — f{t, 2" (t), E(x" (1)), u" (t))] dt

(244)

+ [Jo(r(t (1), E(x(t)), u(t),0) — y(t, 2" (t), E(2*(t)), u"(t),0))] N(d0, dt)

+ ot x(t), E(x(t)),u(t)) — ot 2" (1), E(z" (1)), u" ()] AW (1)
+C()d(E(t) — (1),
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d(y(t) — JétAt@EQ@W u(t)) — g(t, A*(£,0), E(X*(t,0)), w"(t))]dt
+ (z(t) ( ) AW (t) + [o [r(t,0) — r*(t,0)] N(d6, dt) (245)
+ D(t)d(&(t) — £7(1))-
By applying integration by parts formula to ®*(¢) (z(t) — 2*(¢)) and the fact that 2(0) — 2*(0) = 0,
we get
E{&(T) ((T) = (1))} = E [y ®*(t)d (2(t) —a*(1) + E [y («(t) — 2*(¢)) d*(¢)
+E [ Q)] (t ir(t) E(x(t)), it(t)) o(t,z*(t), E(z*(t)),w"(t))]dt

+E f) Jo B (1,0) y(t, (1), E(x(1)), u(t), 0) — (¢, (1),
=hLh+L+13+ 14

(246)
From (244), we obtain
= B f, &*(t)d (x(t) — 2*(1))
—Ek "L 2(t), E(x(t)), u(t) — f(t, 27 (t), E(x* (1)), w" ())]dt (247)
+ B [} & ()C(H)A(E() — € (1)),
similarly, by applying (214), we get
Iy=E [ (x(t) — z*(t)) d®*(¢t)
= B [y (a(t) — 2" (1)) [H;(t) + B(Hx(1)))dt (248)

I(
:Eﬁm:<m “(t)

By standard arguments, we obtain

Jdt + Jy BUE(D) (E(x(t)) — E(a*(1))dt.

ZEA<y@M@ﬂWEW@MW»—dUWWEWW»Wwﬁﬁ (249)

Q:EALLF@@h@ﬂmE@@w@ﬁ%m@ﬂQEQWMNmmm@@@(%m

The duality relation (241) follows from combining (247)~(250) together with (246).
Let us turn to second duality relation (242). By applying integration by parts formula to

K*(t) [y*(t) — y(t)] , we get
EU@()((T»—MT») E{K*(0) (y*(0) — y(0))}
+E [y K )dmw y(6)+ E fy (y(t) =y (1)) dK*(2)
+E [, (2 (t)) [H:(t) + E(HZ(t))]dt (251)
0) — (
I

]
+Eﬁg 2(0) [r(t,6) — r*(t,0)] m (d6) i
:Il+12+13+]4+ 5.
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Let us turn to the first term /5. From (245) we get

=B Jy K*(®)d (y(t) =y (1))
—E%kKWg@M 0), EO\(t,0)), u(t)) = g(t, *(1,0), BV (£,0)), u* (£))]m (d6)
+ B Jiozy K (DA — € (1)),
(252)
from (214), we obtain
=B Jy (y(t) =y () dK" (1) = B [y (y(t) — " () (H;(8) + E(H(1))) 053)
—ELfﬁ ) (y(t) - (D&+Ek (H5(0) (B(y(t) — By (+)))dt
Li=E [y ((t) = 2*(6) [H(t) + B(H(t))] dt 254
= E [y HI(t) (=(0) = ' (1) dt + B [y E(HZ(1)) (B(=(t) = B(z" (1)) dt,
and
I;=FE /0 /@ HE(t) [r(t,0) — r*(t,0)] m (d) dt. (255)

From (212) and the fact that

= B{K*(0) (5°(0) - y(0))}
= ~E{ [, (4(0), E (4(0))) + Elp5(y(0), E (y(0)))] (4 (0) = y(0)) }
= Loy (00, E (00) ((0) = 0) = Blioy (40), EGODE () = B0

the duality relation (242) follows immediately by combining (252)~(256) together with (251). Fi-
nally, inequality (243) follows from combining (241) and (242). 0

Proof of Theorem 4.4.1. Let (z(-),y(-),2(:),r(-,-)) be the solution of the state equation (209)
and (®(1),Q(-), K(-), R(-,-)) be the solution of the adjoint equation (212), corresponding to
(u(-),€(-)) € Uy x U ([0,T7) .

By concavity of  H(t, .-, @), QF(1), K*(t), R*(t,0))  with  respect to



Integrating this inequality with respect to ¢ and taking expectations, with the help of (239) we get

E [y (H(tA(1.0), B\t 0)). u(t), & (1), Q(£), K" (1), B(1.9))

—H(t, \*(t,0), E(\*(t,0)),u*(t), ®*(t), Q*(t), K*(t), R*(t,0)))dt

> B fy {H(0((t) — *(0) + B(H(0)(B(e(t) — 2 (1) + Hy(0(t) -y (1) (257)
+E(H(0)(E(y(t) = y*(6) + HI (1) (2(2) = =*(0))) + BIHZ ) (E(=() — (1))

+ Jo HI(0)(r(t,0) = 1 (£,0)))m (d6) .

Now, using (243) in Lemma 4.3.1 and definition of the Hamiltonian (213) and the fact that

E [y [H(tA(,0), BQ(E,0)), u(t), ®(£), Q"(8), K*(¢), R*(t,0))

—H(t, A" ( 0), E(\"(t,0)), u*(t), ®*(t), Q" (t), K*(t), R*(t,0))]d¢t

= Efo @) (@, x(t), E@()), ut) — f(t,2(t), E(z"(1)),u"(t)))dt

+E [} Q (D)o(t,2(t), Bw(h)), ut)) — ot 2*(t), Ba* (1)), u*(¢))]dt

+E [y f@ "Dyt A1, 0), E(A(E,0)), u(t)) — g(t, A*(1,0), E(X*(L,0)), u™(1))]m (d6) dt
+E [y Jo R (10 (t,x(t), E((t)), u(t), 0)) = v(t,27(¢), E(e* (1)), u(1), 6))}m (d6) dt

(t))
HE [ [oll(t A, 0), B, 0)), u(t)) — €(t, A*(t,0), B(X*(¢,0)), w*(t))Jm (d6) dt,

we get

E[@(T) (2(T) — 2*(T))]
+E (0y (4(0), E (y(0))) (v*
+E [ o1t (¢, 0), B,

—E [y [0*(HC(8) + K @D@M(@—ean

= E [ [H(t,Mt,0), E(\(t,0)), u(t),

" (258)
)

—H(t, \*(£,0), E(X*(£,0)), u"(t), 2*(t), Q" ), B (

+E [y Hy (1) (a(t) = 2*(8) dt + E [} E[Hz(0)] (B(x(t)) — B(a*(1))dt
+E [y Hy(8) (y(t) — y* (1)) dt + E [} E(Hz (1)) (E(y(1)) — E(y*(t))))dt
+E [y Hi(8) (2(t) = 2*(8)) dt + E [} B(HZ(8)) (E(2(t)) — E(2*(1))) dt
+E fo Jo Hy(t) (r(t,0) — r*(t,0)) m (d6) dt,
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combining (257), (258) we get

E[o*(T) (x(T) — «*(T)] + E[K(T) (y(T) —y*(T))]
+E (y (4(0), E(y(0))) (y7(0) = 4(0))) + Elpy ((0), £ (y(0))] (E (y7(0)) — E (y(0)))
TE [y Jolt(t ME.0), E(\(,0)), u(t))) = £t A\ (£,0), E(N(£,0)), w (1)) Jm (df) dt

—E [oy [27(0)C(1) + K*()D(1)] d(&(1) — £°(t)) = 0,

by the fact that £ f[O,T] [M(t) + ®*(t)C(¢)

+
—~
~
N—
S
~
=
S
—~
A
—~
~
N—
|
Iy
—
N—
N—
\
=}
~
7]
(€]
(¢}
~
[\o)
oY)
\=
~
~

+Elgy (5(0), E (5(0)))] (E (4(0)) — E (y7(0))

LB [T [t A(1,0), EONE0)), u(t))) — €(t, X*(t,0), E(t,0)), u*(1)]m (d6) d

FE [y M) — €°(8)) > 0

Since H(T) = —{h, (T) K(T) + E[(hz (T)) K(T)]} + 6,(T) + E(¢x(T)) and y(T) =

(@(T), E (z*(T))))]
*(0))) + Eley (y*(0), E (y7(0)))] (£ (y(0)) — £ (y(0)))
0)), u(t)) — (t, N*(t, 0), EON (L, 0)), u* (£))]m (d6) dt

(259)
from the concavity of h(-,-), the convexity of ¢(-,-) and ¢(-, -), we get

0SB [ Jolet. A(t,0), BNt 0)), u(t)) — £(t, X*(£,0), E(A*(t,60))., w*(1))]m (d6) dt
+E ¢ (2(T), E(x(T)) — ¢ (2*(T), E(2™(1)))] + E [ (y(0), £ (y(0))) — ¢ (y7(0), E (y7(0)))]
T8 Jjory M)A E(R) = €(2)).
Combining (259) and (260) and the fact that
S (u(),€()) = J (u (), €())
= E{ I [l (2, 0), E(N(t,0)), ult)) — €, A*(t,0), B\ (t,0)), u*(t))]m (d) dt
+ 10 (@(T), E(x(T))) = ¢ (2%(T), E(z"(T))] + ¢ (4(0), £ (y(0))) — ¢ (y7(0), £ (y(0)))]
+ Jom MDA () = €°(1) },

(260)
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we get
I (u(),€() = T (w(-),€°()).

Finally, since (u(-),&(-)) is an arbitrary admissible control of U; x Us ([0, 7)), we have

J (W (),€() = inf J(u(-),€())

(u(),6()) €t xUz([0,T])

the desired result follows. ]

22. Application: mean-variance portfolio selection problem with
interventions control

It is well known that mean-variance portfolio selection problem introduced by Markowitz [43] is a
time-inconsistent control problem, in the sense that it does not satisfy Bellman’s optimality principle
and therefore the usual dynamic programming approach fails. In this section, we will apply our time-
inconsistent maximum principle of optimality to study mean-variance portfolio selection problem
mixed with a recursive utility functional optimization in a financial market involving singular control.
We first come back to Example 1 and solve the optimal regular-singular control problem (206)-
(208). We note that the cost functional (208) becomes a time-inconsistent control problem. Let
U; xUs be a compact convex subset of R x R. We denote U; x Us ([0,77]) the set of admissible
[F,—predictable portfolio strategies (u (-) ,&(+)) valued in Uy x Us.
Now, we start our attempt to solve our mean-variance portfolio selection problem mixed with a recur-
sive utility functional, time-inconsistent solutions, (206)-(208) by writing down the Hamiltonian and
the adjoint processes for this system. The Hamiltonian functional (213) gets the form

H(t,z,z,y,9,2,z,7(:),u,®,Q, K, R(+,"))
= [p(D)z(t) + (s(t) — p(t))u(t)] (2(2) + K (1))
+ o(t)u(t)Q(t) — aK (t)y(t) + f@ A(t,0)u(t)R (t,0)m (d0).

According to the maximum condition ((216), Theorem 3.1), and since (u*(-),£*(+)) is optimal we
immediately get

(s(t) = p(1)) (©*(2) + K*(1)) + o(1)Q"(t) + /@A (¢,0) R*(t,0) m (df) = 0. (261)

The adjoint equation (212) being
dd*(t) = —p(t) (K*(t) + ©*(t)) dt + Q*()dW (t) + [, R* (t,0) N (d6,dt) .
O (T) =6 («*(T) + E(z*(T))) — 1 — K*(T), (262)
dK*(t) = —aK*(t)dt, K*(0) = -1, t € [0,T].
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In order to solve the above equation (262) and to find the expression of optimal portfolio strategy
(u*(+),&*(+)) we conjecture a process ®*(t) of the form

(1) = Y1 (t)x" (1) + Ua(t) E (2" (1)) + ts(t), (263)

where 11 (+), 12(+) and v3(-) are deterministic differentiable functions. (See Hafayed and Abbas [17],
Hafayed [23], Li [49], Anderson and Djehiche [5], for other models of conjecture). From last equation
in (262), which is a simple ordinary differential equation (ODE in short), we get immediately

K*(t) = —exp (—at). (264)
Noting that from (206), we get

d(E(z" (1)) = {p() E(=™(1)) + (s() = p(t)) E(u" (1))} dt.

Applying It0’s formula to (263) (see Hafayed [24], Lemma 3.5, Appendix) in virtue of SDE-(206),
we get

d®*(t) = ¢ (t) {[p(t)z" (t) + (<(t) — p(t))u" ()] dt + o (¢)u” (£)dW (t)
+ fo A=, 0)u* ()N (A6, dt) } + 2" (t)yq(t)dt
+ o (t) [p() E (™ (1) + (s(t) — p(8)) E(u™(£))] di + E (27(2)) 5 (t)dE + 3(t)d
which implies that
t) [p(t)a=(t) + (s(t) — p(t)) u™ ()] + 2" (£)¢1 (t)
) [p(t) E(x(1) + (s(t) — p()) E(u”(1))]
+ () E (27 (1) + 5(1) } dt + i (o (t)u* (t)dW (¢) (265)
+ Jo i (A (t-,0) u*(t)N (d6,dt)
( O(T) = o (T)a™(T) + tho(T)E («*(T)) + ¢s(T),

where 9| (t), ¥4(t), and ¢4(t) denotes the derivatives with respect to ¢.
Next, comparing (265) with (262), we get

—p(t) (K= (t) + @ (1)) = ¥u(t) [p()2"(8) + (<(2) — p(t))u" ()] + 2" ()¢ ()

(266)
+a(t) [p() E(2™ (1)) + (s(t) — p(t)) E(u*(t)] + a(t) B (27 () + ¢5(t),
Q" (1) = 1 (t)o(t)u*(t), (267)
RE(t,0) = ()AL, 0) u(t). (268)
By looking at the terminal condition of ®*(¢), in (265), it is reasonable to get
U (T) =0, o(T) = —0, 3(T) = =1 — K*(T). (269)

114



Combining (266) and (263) we deduce that 1 (+), 1s(+) and v5(-) satisfying the following ordinary
differential equation

Vi(t) = =2p(t)vn(t),  (T) =
Pa(t) = =2p(t)a(t),  1ha(T) = =4,
Us(t) + p(t)ys(t) = p(t) exp {—at},

P3(T) = exp{—aTl} — 1.
By solving the first two equations in (270) we obtain

)= —ualt) =sesp {2 [ ptssas}. @

Using Integrating factor method for the third equation in (270), we get

(270)

T
Ps(t) = x(t) 7 |exp (—aT) — 1 — / X(s)p(s)exp{—as} ds] : (272)
t
where the integrating factor is x(¢) = exp ft (s)ds), x(T') = 1. Combining (261), (264), (267) and
(268) we get

() (27(t) — E(z7(1))) + ¢s(t) — exp {—at}
vi(t) (0%(8) + fo A% (t,0) m (d6)) ’

ey (6l = () [65(6) — exp {~at)]
PO =30 @0 + Iy 200 mian)
Let £*(-) satisfies the maximum condition (239), we get: for any 7(-) € Us ([0, T1)

E /[ M)+ (1) 4 B (0)a - €) (1) 2 0.

u'(t) = (p(t) = <(t)) (273)

and

(274)

where (®*(t), K*(t)) is the adjoint processes corresponding to optimal control u*(+).
Now, we define a set

B ={(w,t)€Qx[0,T]: M(t) + GO*(t) + BK*(t) > 0}, (275)
and let n(-) € U, ([0, T') such that

0:if M(t) + GO*(t) + SK*(t) > 0,
din(t) = { dex(t) - if M(t) + GO*(t) + BK*(t) < 0.

By a simple computations it is easy to get

0 < E /[ (MO + GO () + B () 00) ~€°(0)

(276)

= B[ (M) GO+ KOst 0 (€ (0
_ E 4 (M) + GO0+ K () 51" (1),
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this implies that £*(-) satisfies for any ¢ € [0, 77 :
E [ (M) + G0 + B O)Lalt, )i (1) =
(0,7]

Finally, from (275) and (276) we can easy shows that the optimal singular control £*(-) has the form

t
£ (t) = n() +/ I {(w,s)c0x(0,T]: M(s)+Go*(s)+ 8K (s)<0} (S, w)dSs.
0

Finally, we give the explicit optimal portfolio section strategy in feedback form involving both z*(+)
and E(z*(+)).

Theorem 4.5.1 The optimal portfolio strategies (u* (-),£*(+)) of our mean-variance portfolio selec-
tion mixed with a recursive utility optimization problem involving singular control (206)-(208) is
given in the state feedback form by

Ui(t) (27 (t) — E(a" (1)) + ¢3(t) — exp{—oat}
U (t) (02(t) + [,y A2 (t,0)m (d6)) ’

¥s(t) — exp {—ot}

Ui (t) (02(t) + [ A2 (t,0)m (d9))’

t
() = n(t)+/ I (w,5)c0x[0,T]: M(s)+G*(s)+8K*(s)<0} (S, w)ds,
0

w (t,2*(1), E(e"(t)) = (p(t) —<(?))
E(u(t,2"(t), E(z" (1)) = (p(t)—<(t))

where 1 (+) and 13(-) are given by (271), (272) respectively.

Conclusion. In this work, mixed stochastic optimal control problem for McKean-Vlasov FBSDEJs
has been formulated and discussed. Necessary and sufficient conditions of optimal control for sys-
tems governed by McKean-Vlasov FBSDEJs are proved by means of convex perturbation techniques
for both continuous and singular parts. In our combined singular McKean-Vlasov control problem
(209)-(210), there are two types of jumps for the state processes (z5(+), y*“<(-), 2“4(-), r*¢(-, -)), the
inaccessible ones which come from the Poisson martingale measure N (-, -) and the predictable ones
which come from the singular control part £(-). As an illustration, using these results, mean-variance
portfolio selection problem: time-inconsistent solution has been discussed. An open question is to
derive a general maximum principle for optimal singular control of McKean-Vlasov fully coupled
forward-backward stochastic differential equations with random Poisson jumps.
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Part VI
Appendix

The following result gives a case of the Itd formula for jump diffusions of mean-field type.

Lemma Al. Suppose that the processes x;(t) and xo(t) are given by: for j = 1,2, ¢t € [s,T] :
drj(t) = f(t,x;(t), E(x; (1)), u®)) dt + o (&, E(z;(t)), u(t)) dW(¢)

+ / g (t,2,(t7), B(z;(), u(t), 6) N (6, dt)
€]
X (S> - 07

then we get
E(21(T)xo(T)) = E [ / Txl(t)dm(t) + / Txg(t)dxl(t)}
+E /ST o (t, a1 (1), E(a1 (1)), u(t)) o (t, 2a(t), E(xa(t)), u(t)) dt
+E/ST/99* (t,21(8), E(x1()), u(t), 0) g (t, xa(t), E(xa(t)), u(t), 0) pu(d6)dt.

Applying a similar method as in [16, Lemma 2.1], for the proof of the above Lemma.

Proposition A2. [9, Appendix] Let G be the predictable o—field on 2 x [0,7], and f be a G X
B (©) —measurable function such that

E{/OT/®|f(w,s,0)|2u(d0)ds} < +o00.

Then for all p > 2 there exists a positive constant C' = C' (p, T', ;1 (©)) such that

E{;B% /Ot/e)f(w,s,é’)N(ds,dQ)p} gCE{/OT/@|f(w,s,9)|pu(d9)ds}.
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