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Linear Quadratic Control Problems for Mean Field
Stochastic Differential Equation with Jumps:
Application in Exhaustible Resources Production

Anis MATOUSSI *f Mohamed MNIF * Chefia ZIRI 3

October 14, 2022

Abstract

In this paper, we are interested by a stochastic model of production of an exhaustible re-
source, such as oil. It is known that such reserves are depleted resources, but there is a possibil-
ity of exploration and discovery of new reserves which ensure the accumulating or the upkeep
of this reserves’ level. We modelled the new discoveries by a jump process with intensity given
by the exploration effort. We employed a weak formulation of the standard martingale opti-
mality principle to solve a linear quadratic stochastic control problem for mean field stochastic
differential equation with jumps in both cases: finite and infinite horizon.

Keywords : Linear quadratic optimal control, Mean field SDEs with jumps, Mean field
BSDEs with jumps, Riccati equation, Exhaustible resources.

Introduction

Stochastic optimal control has been widely studied in recent decades due to its applications to
mathematical finance, insurance, economics, engineering, etc. There are two main techniques
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to solve a stochastic optimal control: The dynamic programming, developed by Richard Bell-
man in the 1950s and the stochastic maximum principle formulated by Pontryagin and his
group in the 1950s also. The Bellman optimality principle needs that the cost function is the
expected value of a functional of the state process, which leads to a so-called time consistent
control problem. It is valid only for Markovian systems, where the coefficients are determin-
istic functions of time and the current value of the state process. In contrast, the Pontryagin
principle is well suited for sate process and cost functional of mean-field type. It could tackle
control problem time inconsistent in the sense that the Bellman optimality principle does not
hold. It is a powerful tool to study Non-Markovian systems. i.e. where the coefficients are
random. The key ida of the Pontryagin principle is to perturbate the control process to derive
a set of neccessary condition that must be satisfied by any optimal control.

In recent years, stochastic optimal control problems for mean field stochastic differential
equations ( in short SDEs) have attracted more attention. The history of mean field type SDEs,
also known as McKean-Vlasov systems, can be traced back to the works by Kac in 1956 and
McKean in 1966 on stochastic systems with a large number of interacting particles. Thence,
many authors have made contributions on optimal control problems for mean field SDEs, see
for example the works of Anderson and Djehiche [2] and Carmona and Delarue [5] for stochas-
tic maximum principle approach of optimal control under some convexity assumptions. We
can also refer to Alasseur et al. [1] where they develop a model for the optimal management
of energy storage and distribution in a smart grid system through an extended MFG. For the
stochastic dynamic programming approach, we can refer to Lauriere and Pironneau [15] un-
der some density assumption on the probability law of the state process. In this work, we
are interested in a subclass of the mean field control problem in which the cost function is
quadratic in all state variables, control variables and mean field terms, while the controlled
dynamics is linear and also consists of mean field terms. In 2013, Yong [22] studied a linear
quadratic mean field control problem for mean field SDE with deterministic coefficients. The
optimality of this system is driven by a variational method. He used a decoupled techniques
to obtain two Riccati equation which are uniquely solvable under some conditions. Then he
obtained a feedback representation for the optimal control. Since them, Huang et al. in [13]
extended the work of Yong [22] for a linear quadratic optimal control problem in an infinite
horizon. Other recent works for mean field control have been recently published by Pham and
Wei [18, 19], where they developed a dynamic programming technique, with corresponding
Hamilton-Jacobi equations on an infinite dimensional space of probability measures, for solv-
ing mean field type optimal control problems, for the two cases without and with common
noise and by Pham [17] where he consider a linear quadratic McKean Vlasov problem with
random coefficients and he extended the approach developed in [18] for the common noise.

In this paper, we consider a linear quadratic optimal control for mean field stochastic dif-
ferential equation with jumps. We intoduce a weak formulation of the standard martingale
optimality principle to solve the linear quadratic mean field stochastic control problem. This
approach is used in the verification theorem for stochastic control problem which is a crucial
step in the classical approach to dynamic programming ( see e.g [9, 14]). We prove the exis-



tence of an unique optimal control on finite horizon. The optimality of the control is derived
by the stability of a decoupled system of Riccati equations and backward stochastic differen-
tial equation with jumps. We also consider the problem with common noise adding up some
assumptions on the coefficients. On the other hand, we introduce also the linear quadratic
problem on the infinite case. This paper can be regarded as an extention of the work of Basei
and Pham [4] to the case with jumps.

To concretize our results, we are motivated by a model of the production of an exhaustible
resource with accumulating or maintaining a level of reserves, such as oil. This model is driven
by the use of existing reserves and exploration or discovery of new reserves to produce energy.
In other words, the level of the resource stock increases through new discoveries of further
deposits of the resource, but the resource is still exhaustible. The typical model of the produc-
tion of an exhaustible resource by a continuum of producers was developed by Guéant et al.
in [10] who were inspired from Hotelling’s work [12], and it was adapted later by Chan and
Sircar in [6, 7]. In 1987, Pindyck [20] extended Hotelling’s model for a model of production
of exhaustible resources with new discovery, where these new discoveries occur according to
a jumps process with intensity given by the exploration effort. We refer also to Deshmukh et
al. [8], Arrow and Chang [3], and Keller et al. [11]. This model was adapted by Ludkovski
and Sircar in [16] to a stochastic game between an exhaustible producer and a Green producer
that has access to an inexhaustible but relatively expensive source, such as solar power.

The paper is organized as follows. In Section 1, we present finite-horizon LQMF problem
and we introduce the precise assumptions on the coefficients of our problem. In Section 2, we
give a detailed description of the techniques used to show the existence of the unique optimal
control, we then use the weak formulation of verification theorem introduced in previous sec-
tion. In Section 3, we extend our results to the case where a common noise is present. We adapt
also our results to the infinite-horizon case, in Section 4. Here, we kept the similar steps as the
finite horizon case to apply the verification theorem, except that we should look for the stability
of decoupled system of Riccati equation on infinite horizon. Finally, in Section 5, we introduce
an application of production of exhaustible resource with accumulating or maintaining a level
of reserves where the discovering new resources are modeled by a Poisson process.

1 Preliminary and problem formulation

Let T' > 0 be a given time horizon and (92, F,F := (F;):<7, P) be a stochastic basis such that
Fo contains all the P-null sets of F, Fi+ = NesoFt+e = Ft, and we suppose that the filtration
is generated by the two following mutually independent processes :

(i) a standard real Brownian motion B := (By)o<¢<7 and

(i) a Poisson random measure ™ on R™ x x, where Y C R\ {0} is equipped with its
Borel field B(x). Throughout this paper the measure A(.) is assumed to be finite on



(x, B(x)) i.e. fx A(de) < oco. Let ny(dt,de) = A(de)dt be its compensated process, i.e.,
{7([0,t] x A) = (7 —n)([0,t] x A)}+<r is a martingale for every A € B(x).

Let p > 0 be the discount factor and define A the set of admissible controls as follows:
T
A:={a : Qx][0,T] = R™ s.t ais F-predictable and / e P E[|oy|*]dt < oo}
0

Let S? be the set of symmetric matrices and (H, |.|) a normed space. We define the following
sets:

o L*>®([0,T],H) := {QS: [0,7] — H s.t. ¢ is measurable and sup |¢s| < oo},
0<s<T

o ([0, T]xx, H) := {qﬁ :[0,T] — H s.t. ¢ is measurable and ~ sup  |¢ps(e)| < oo},
0<s<T,e€x
T
e L2([0,T],H) := {¢ : [0,7] — H s.t. ¢ is measurable and E [/ e_p5|d>s\2ds] <
0
oo},
« L%, (H) = {¢: Q= Hs.t ¢ is Fr-measurable and E[|¢s|*] < oo},

o SZ(Q % [0,T),H) :={¢:Qx[0,7] - Hs.t. ¢ is F-progressively measurable

and Eless sup |¢,|*] < oo},
s€[0,T

e LZ(Qx[0,T),H) :={¢: Q x [0,T] — Hs.t. ¢ is F-progressively measurable
and /T e P E|¢ps|}ds < oo},
o K2(Qx[0,T)xx, H) := {K : Ox[0,T]xx —(: Hs.t. K is P@B(x)-measurable process
and E[/T/ |Ks(e)]? M(de)ds] < oo},
where P denote the o —field of F—gredixctable sets on 2 x [0, 7.

We define the controlled linear mean field stochastic differential equation in R, for a given
F —measurable random variable X independent of W and 7, and for a control a € A, by:

dXy = b( X EXP], o, Elow))dt + o (X7, B[ XD, o, B[] ) AWy
—|—/ Ry( X[, E[X], ou, E[oy], e)7(de, dt), (1.1)
Xy = X/'Ym
where foreach ¢t € [0,T], x,Z € R? a,a € R™ and e € y, we set:
bi(x, %, a,a) == B + Az + A% + Bya + Bya, (1.2)
o (z,%,a,a) = v + Cix + C;Z + Dya + D;a,
Ry(z,z,a,a,e) = Ry(x,Z,a,a)(e)
i= d;(e) + Fy(e)x + Fi(e)z + Gi(e)a + Gi(e)a.



Here j3, « are vector-valued F—progressively processes, ¢ is vector-valued F—predictable
process, and A, A, B, B, C, C, D, D, F, F, G, G are deterministic matrix-valued func-
tions such that A, A, C,C : [0,7] — R4, BB, D,D : [0,T] — R™™. In the
other hand F,F : [0,7] x @ x x — R4 and G,G : [0,7] x x — R™ are
P & B(x)-measurable process .

We consider a quadratic cost functional to be minimized over « € A of the following type:

T
J(a) :=E [/0 e PR (XS EIXY), o, Bloy])dt + e_pTg(XT,E[XT]) , (1.3)

where for each ¢ € [0, 7], z,Z € R? and a,a € R™

fi(z,Z,a,a) = (x—2) Qi(x —Z) + % (Qr + Q)T + 2a' I1(x — ) (1.4)
+2a" (L +I)z+ (a—a)"Ni(a—a)+a' (Ny + N)a+2M," z +2H, a,

and
g(z,%) == (x— %) P(x—7)+ 2 (P+ P)z+2L"x. (1.5)

The coefficients M, H, L defined in (1.4) and (1.5) are vector-valued F—progressively measur-
able processes such that M : [0,T]xQ = R% H : [0,7]xQ — R™and L : © — R% and
the other coefficients @), Q P,P,N,N,I,I, are deterministic matrix-valued functions such
that Q,Q : [0,T] — R¥™4 P P ¢ RdXd, N,N : [0,T] = R™™and I,T : [0,T] —
R™*? The symbol ' denotes the transpose operator of any vector or matrix.
Now, we assume the following conditions on the coefficients of the problem :
(H1) The coefficients in equations (1.2) satisfy:
(i) B,y € LE(Q x [0,T],R%) and § € K2(2 x [0,T] x x,R%),
(i) A,4,C,C € L>([0,T],R™%), B,B,D, D € L=([0,T],R>™),
G(),G() € K=(0,T] x x, R*™) , F(), () € K=([0,T] x x, B¥9).
(H2) The coefficients in equations (1.4)-(1.5) satisfy:
(i) Q,Q e L>([0,T],8%), P,P € S, N, N € L>([0,T],S™), I, I € L>([0,T],R"™*%),
(i) M € L(Q x [0,T],RY), H € L2(Q2 x [0,T],R™), L € L%Z(R?),
(iii) there exists & > 0 such that, for each ¢ € [0, T,

N; > €Ly, P >0, Q:— I N, I, > 0,
(iv) there exists & > 0 such that, for each ¢ € [0, 7],
Ni+N; > €Ly, P+P >0, (Qt—i-@t)—(It-l-f:t)T(Nt—l-Nt)_l(It—ljt) > 0.
In order to simplify, we denote X; for X2, X, for E[X{], & for E[ay] and by(x, ), o4 (0, T),

Ry(z,z)(e) for by(z, T, o, &), 0¢(x, T, v, &) and Ry (z, T, v, &) (e). The following lemma gives
an estimate for the solution of mean field SDE (1.2).



Lemma 1.1. Let Assumption (H1) be satisfied. Then for any admissible control a, the equation
(1.1) has a unique solution (X;); € S]% . Moreover, we have the following estimate:

E| sup |X*| < C(1L+E[|Xo[*]), (1.6)

0<t<T

where C is a positive constant which depends on c.

Proof. We will use the fixed point argument of an appropriate map [ defined from L2(2 x
[0, T], RY) into itself such that (X;); := I((z);) where (X;); is solution of the SDE:

dX; = by(xy, E[zy])dt + oy (xy, E[z])dW, + / Ri(z, E[zy])(e)7(de, dt), (1.7)
X

Given z!, 22 € LA(Qx [0, T], R%), we define X1 and X2 by using equation (1.7). We asssume
that X} = X2. We define L = ||A||oo V ||Also V [|Clloo V ||Clloo V || F |00 V || F||o- Then

E|X}! - X2P] < 28| / — b (a2, Elx?])ds[?]
+ 2E| /0 ou(ad Brt]) - 0u(a?, Elz2))dB,
+ oE| /0 Ry(xl  Elzl ])(e) - Ra(a?, Efs2_])(e)i(de, ds)[?].

From the definition of b and using Cauchy Scharwz’s inequality, we have:

[bs (25, Elzg]) = bs(a3, EZDP = [As(ag — 22) + As(Elzy] - Elai])?
< 2L%(|ag — @3 + Ellag — 22)).

Using again Cauchy Scharwz’s inequality, we have:
B [ bual Blal) — b B < 4277 [ Blal 2P A
For the stochastic integral terms, we have:
E[ / os(z — o5(23, Ele3))dB,[*] < 4L? /O tEH:ri —a2llds  (1.9)

E[| Rs(:vl— Elz,-])(e) = Ro(23-, E[23-])(e)7 (de, ds) ]

s

S

¢
< 4L\ (x) / E[|z} — 22|?]ds. (1.10)
0
Plugging inequalities (1.8)-(1.10) into (1.7), we obtain:

t
E[X} - X212 < 4L(1+T + A(X)) /0 Elle! - 2[%)ds
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For a positive constant c, we define the norm ||z||? := E[fOT e~“|zs|?ds]. Then, we have:
T
X X = [ B - XPRe e
0
Tt
< 4L*(1 +T+)\(X))/ / B[z} — 22|?)dse~“dt
o Jo

T T
< AL+ T+ Mx)) / B[z} — 2%)?) / e “dtds
0 s

AL2(1+ T + A T
< ( +1+ (X)) / EH.%’; _ xQ‘Q]e_CSdS
0

s

c
AL+ THAX) 1 2
= |lz* = =[5
c
For c large enough, we have w < 1. Therefore [ is a contraction mapping on

LZ(Q x [0, T],R?) into itself, and so [ has a unique fixed point X € LZ(Q x [0, T, R?) which
is the unique solution to the mean field SDE (1.1).
We turn to prove estimate (1.6). For n € N, we define 7, := inf{t > 0, | X; — Xo| > n} and
fn(t) := E[sup | Xsrr,, — Xo|?]. Forall t < T, we have:

s<t

tATh
sup | Xinr, — X0|2 < 2(sup | bs(XS,E[Xs],as,E[as])ds|2
t<T t<T Jo
tATh
+ sup| US(XS,IE[XS],as,E[aS])ds|2

t<T

0
tATh
+ sup| / Ro(X.— E[X,-], 000, Elars], €)% (de, ds)[2).
t<T 0 b%

Using Cauchy Scharwz’s inequality and Burkholder-Davis-Gundy Inequality, we have:

T
E[Sug |Xt/\7'n - XO‘Q] < C(TE[/ |bs/\7'n (XS/\Tn7]E[XS/\Tn]7 as/\'rnaE[as/\Tn])PdS
t< 0

T
+OE| / Gsnrn (Xonms ElXonr, ], snns Elaisnn, ]} 2ds]
0

T
+ E[/ /‘Rs/\Tn(XS/\TnaE[XSATn]7aSATn7E[aS/\Tn]76)2>\(d€)d8}7 (111)
0 Jx

where C'is a positive contant which could change from line to line. For a € A and using the
definition of the drift of the state process X (See Equation(1.1)), under (H1), we have:

T T
E[/ |bs/\‘rn (Xs/\fnaE[Xs/\Tn]a as/\TnaE[as/\Tn])|2d3] S / CE[l + |XS/\Tn|2 + E[|Xs/\rn|]2]
0 0

T
< [ OB + uls)ds (1.12)
0



Similarly, we have:
T
E[/ |0's/\’rn (XS/\Tn ) ]E[XS/\Tn]7 QsATy, 5 E[as/\Tn]) ‘st}
0
T
+ E[/ / |Rs/\7'n (Xs/\rny ]E[XS/\TnL QsATy E[as/\'rn]y 6) |2)\(d6)d5]
0 Jx

t
< / C+E[|Xo|2] + fu(s))ds (1.13)
0

Plugging inequalities (1.12) and (1.13) into (1.11) and using Gronwall’s lemma, we obtain

Elsup [Xar,, — Xo|?] < C(1 +E[|Xo[?]).
s<T

Sending 7 to infinity, by monotone convergence theorem, we obtain E[sup | X, — Xo|*] <
s<T

C(1 4 E[| Xo|?]) and so the estimate (1.6) is obtained. O

2 Linear Quadratic Mean Field Control Problem on
finite horizon

To solve a Linear Quadratic Mean Field control problem ( LQMF control problem in short ),
we have to find a strategy o* € A, such that

V= J(") = inf J(a), (2.14)
acA
where the criterion J is defined by (1.3). By Assumption (H2) and the estimate (1.6), the
LQMF control problem (2.14) is well defined. The aim of this section to solve this control
problem on finite horizon by proving a suitable verification theorem.
We are going to use a weak formulation of the standard martingale optimality principle, see
e.g[9, 14].

Lemma 2.1. (Finite horizon Verification Theorem, Lemma 3.1 in [4])

Let {W¢,t € [0,T),0 € A} be a family of F-adapted process in this form W§ =
wy(X§, E[X{]) for some F—adapted random field {w;(x,7),t € [0,T), 2,7 € R} satis-
fying

wi(z,7) < C(X + |z +|z[%), te[0,T], z,7€RY, (2.15)

where C'is a positive constant, X is a non-negative process satisfying sup;c(o 11 E[| X:]] < oo,
and

(i) wr(z,z) = g(z,2),2,z € RY,



(ii) themapt € [0,T] — E[S{], with S§ = e PPW+ [ e P° f( X, E[X 2], ap, Elow])ds,
is non-decreasing for all o € A,
(iii) the map t — E[SY"] is constant for some o* € A.
Then, o* is an optimal control and E[wo (X0, E[X)])] is the value of the LOMF control problem

(2.14) i.e
Vo = Elwo(Xo, E[Xo])] = J(a%).

Moreover, any other optimal control satisfies the condition (iit).

Proof. From the growth condition (2.15) and the estimate (1.6), for all ¢ € [0, 7] and o € A,
E[S¢] is well defined. From condition (i), we have E[e ?TW2| = E[le=* g(X71, X7)], which
implies E[S$] = J (o).

From condition (ii), we have

E[Wg (Xo, Xo)] = E[S§] <E[ST] = J(a).
In the other side, for & = o and using condition (iii), we have
EWS (X0, Xo)] = E[S§T] =E[S§] = J(a"),

which ensures the optimality of control a*.
Moreover, we consider an another optimal control & € A, then we have

E[Wg (Xo, Xo)] = E[S§] = E[S§"] =E[S7] = J(a") = J(@).
Since the map ¢ — E[S$] is non-decreasing, so it is constant, and we conclude the proof. [
We start by introducing the following notations:
A=A+A B:=B+B,C:=C+C,D:=D+D,F:=F+F,
G:=G+G I:=I+I, N:=N+N,Q:=Q+Q, P:=P+P.

Our aim is to find the expression of the random field w;(z, &) which satisfies the assumptions

of Lemma (2.1).
From the quadratic form of the cost functional f; in (1.4) and the terminal cost g; in (1.5), we

guess the quadratic form of random field {w;(z,z), t € [0,T], z,Z € R} i.e.
wi(z,7) = (x — ) Ky(x — ) + 7' AT + 2V, & + @y, (2.16)
where (K, A, Y, ) are valued in S x S x R? x R and solution of the following system:

dK, = Kudt, 0<t<T, Krp=P,
dAy = Aydt, 0<t<T, A=P,

. 2.17
dY; = Ydt + Z) dW, + / RY (e)7(de,dt), 0 <t<T, Yp=1L, 2.17)
X

dor = @udt, 0 <t <T, @r=0.



The deterministic functions (K, A, ¢) are valued in S% x S? x R, the processes (Y, Z¥) are
F-adapted valued in R x R? and RY is F-predictable process valued in R?. For o € A, we
consider S defined as:

S?:eP%MXU&)+A%’WHX&X&%ﬁ@@,temﬂm (2.18)
Then E[S?] satifies the following ODE:
dE[S}] = e P'E[D{]dt,
where the drift E[D§'] is defined as follows:
E[D}] =E | —pwi(Xe, X¢) + %E[wt(XtaXt)] + [e(Xe, Xy, o, )

From the dynamics of X; (See equation (1.1)), we have:

dX; = (B + A Xy 4+ Byay)dt, (2.19)
and

d(Xt - Xt) == [(ﬁt - Bt) + At(Xt — Xt) + Bt(Oé - @t)]dt (220)
+ [n+ Gl Xy — Xi) + Co Xy + Doy — ay) + Dy )dW,

+ /[51‘, + Fi(e) (X — Xy=) + Fi(e) Xy— + Gyle)(ay — ay) + Gi(e)ay|T(de, dt).

We apply the Itd’s formula to w; (X, X;), we use the quadratic form of the running cost f; and
the dynamics of equations (2.19), (2.20) and (1.1), we obtain :

E[D;] =E [(X; = X0)T (Ko + 60)(Xe = Xo) + X/ (Ao +v0) X 2.21)

12V + A" Xt + ¢y — por + Tt + ﬁt(a)} ;

10



where, for t € [0, T,

;

\

and

k(o) =

Pt

Y
Ati

—pKt + KtAt + ATKt + CTKtCt + Qt + / KtFt( ))\(de) = (z)t(Kt),
X
—pAs + M A+ AT A+ CT K Cr 4+ Q + / e) K Fy(e)A(de) = (K, Ay),
x
Vi AT (Y~ Vi) ATY: 4 CT(2Y — 2V 1)+ 6T 2V,
+K (B — ,Bt) + At + C't Kt(% Vi) + Kt% + M,
+ [ BT 0 - de)+ [ o) B (e)Ade)
X

+] ( )Kt(ét( ) +/ t thst )\(de),

X X
_At(KtaAfn}/taYtaZt 7ZYt7Rt ) )

o Kt’yt + 25;Yt + QV;FZt + / di(e) Ktét(e))\(de) + 2/ 5t(e)TRf(e))\(de)
X X
— Ft(Kta Y;ﬁa ZtYa Rf)a

(Oét — @t)TSt(OZ — dt) +d2—»§t54t —|—2(Ut(Xt —Xt) + %Xt + @t + €4 — Et)Oét. (222)

Here S;, S”t, U, Vi, © which appear in (2.22), are defined as follows

,

~

and

€t

€t

S -
S
U -
Vi -

@tt

N; + D/ K;D; + | G (e)KiGi(e)A(de),
N; + D] K,D,; + f Gl (e)K,Gi(e)A(de),
X
I; + D] K,C; + B, Kt+/Gt VK Fy(e)\(de),
I, + D, KtC’t+BtAt+/G e)KFy(e)\(de),

Hi+ D/ K7 + B/ Y + D2 + / G (e) Kby (e)A(de) + / Gl (e)RY (e)\(de),

X
(2.23)
H; + D/ Ky +BY, + D] Z} + / e) Ko (e )+ / JA(de),
X X
H,+ D/ K&+ B/Y, + D] 7V, + / e) Koy (e ) + / YA(de).
X X
(2.24)

We notice that the matrices .S; and 5} are definite positive in S™. This follows from the non-
negativity of the matrix K, conditions (iii)-(iv) in (H2) and the non-negativity of the integral
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/ G/ (e) K; Gi(e)m(dt,de). In this case, one could find a deterministic R”*™-valued T
X

such that for all ¢ € [0, 7]
TtStT;r - St,

for all t € [0, T]. This implies, that we can rewrite the expectation of x;(«) as
Elri(a)] = E [(Olt —ar+ ] ar—n) " Si(or — ar+ T ar —ne) = G
where
e = a)(Xy, Xy) + Yl a}(X,) dt @ dP ae., (2.25)

with a9 (X;, X;) a centred random variable and a; a deterministic function

ad(z, &) = =S Uy (x — ) — S7 et — &), ap (%) == =571 (Viz + ©y),

and
G o= (X — X)) (U S0 (X — X)) + X[ (VS VO) Xy + 2(U S; e — &)
+ V757100 "X + (e — &) TS (e — &) + O] 5710,
It yields that one could write (2.21) in the following form :
E[DY] = E[(X; — Xp) T (K; + ¢9)(Xy — Xp) + X[ (A +99) X;

+20Y, + AN X, + ¢, — poy + 19
+ (o0 — a (X4, X)) — ay + Y/ (o — 0 (X)) ) ' Sy
(aw — af(Xy, Xe) — @ + Y/ (@ — af (X3)) )] ,

0= ¢ — U/ S U = ¢P(Ky),
D= = VTSV = (K, M),
Ag = At - UtTS;l(et - G_t) - V;ngl(“)t == Ag(Kt,At,Yt,Y/t, ZtY, Zty,Rf,Rf),
V:= Ty—(¢—&) S; (e —&)—0f S710; =TV(K;, Vi, ZY , RY).
(2.26)
By choosing (K, A,Y, ¢) s.t. forall ¢ € [0, 7], we have

Ki+@?=0, A+9) =0, Yi+AY=0, ¢, —ppr+I0=0, (227
we obtain
E[D§] =E[ (o — af (X1, Xy) — @+ Y] (= af (X)) T St (o — af (X, Xy)
—a; + T/ (@ —ar (X0))] (2.28)
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which is non-negative for all ¢ € [0, 7], « € \A. This shows that S* satisfies the condition (ii)
of the verification theorem (See Lemma 2.1).

In the following lemma, we study the existence of a unique solution to the system of ODEs-
BSDE (2.17) satisfying (2.27).

Lemma 2.2. The decoupled system

dK; = —¢Y(Ky)dt, 0 <t <T, Ky = P,
dA; = =YKy, A)dt, 0 <t < T, Ap = P,
dY; = ~AV Ky, A, Yy, Ve, 2Y, 2, RY R )dt + zY dWy, (2.29)
+ [, R (e)7i(de,dt), 0 <t <T,Yr = L,
(der = (ppr — B[TY (K4, Yy, ZY, RY)))dt, 0 <t < T, o1 =0,

where the processes ¢°, 19, A and T'° are defined in (2.26), admits a unique solution (K, \,Y, ZY | RY , ¢)
in L°°([0,T],S%) x L>°([0,T7,S%) xS2(2x[0,T],RY) x L2(2x [0, T],R%) x K2(Q2x [0, T] x
X, RY) % L>([0, T, 87).

Proof. * We start by introducing the following multi-dimensional Riccati-type equations

(Kt + Qt - pKt + KtAt + AtTKt + CtTKtCt + / FtT(e)KtFt(e)/\(de)
X

.
_ ([t + DI K,Cy + BT K + / ar (e)KtFt(e)A(de))
X

-1
<Nt + D] KyDy; + / G:(G)Kth(e))\(dQ)> (2.30)
X

(It + DtTKtCt + BtTKt + / G:(e)KtFt(e))\(de)> = O,
X
\KT = P7

Where the unkown is the matrix K. It is known that the equations (2.30) are related to
the linear quadratic stochastic control problem:

T
v(z) = ifE [ / e ((ngw)Tstng + 20 TXO 4 ajNas) ds
t

bR TR,
where for o € A, the process X is solution of the following SDE:
dXs = (AX, + Bay)ds + (C X, + Dag)dWy + [, (Fs(e) X + Go(e)as) 7 (de, ds),
Xo =x.
(2.31)
A straightforward extention of Yong and Zhou ([23], Theorem 7.2 p.320 ) to the jump

diffusion case, and under the assumptions (H1) and (H2) (i)-(iii), there exists a unique
solution K € L>([0,T],S?) to the equation (2.30) and the solution satisfies K; > 0.

13



* Given K, we consider the following equation for A:

.

At + Qt — pAy + ArAp + A:At + é;Ktét + / FtT(e)KtFt(e))‘(de)
X

-
- (jt + D] K:C; + BiAs + / @j(e)KtFt(e)A(de)>
X

(Nt+bj KDy + / ar (e)Kth(e)A(de)>
X

<jt + ﬁ;thét + BiA¢ + /

Gl (e)KtFt(e))\(de)> =0,
X

Ap = P.
(2.32)

We rewrite this multi-dimensional Riccati equations as follows:
A+ QF — pAy + N Ay + AT A — (IF + BIA)T (NF) YT + BJA) =0
Ar = P,
(2.33)
where Q{( , ftK , NtK are defined by
QK =Qi+C/ K+ / ET(e)K Fy(e)\(de),

K =1+ DKC;+ /X G/ (e)KiFi(e)\(de),

X
NE =N, +DK/.D,+ | G (e)K;Gy(e)M(de).
X

From Assumption (H2)(iv), we have P>0,and Ny > €I,,,. As K € L>=([0,T],S%) and
K; > 0forallt € [0,7], then N > ¢I,,,. It remains to check that for all ¢ € [0, T, we
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have QF — IK(N/)~'IK > 0. In fact, we have
Qf — (I (W
= Qﬁé]K@ﬁ/

X X

(N; + D] KDy + / Gl (e) K Gy(e)\(de)) !
X
(I, + D] K,Cy + / Gl (e) K Fi(e)\(de))
X
= Qi —I)"(N) + (C, — D\NTYL)TK(Cy — DN
— (D{ K(Cy — D/ (N)"'L)) T (N; + D] KDy) ™M (D] K¢(Cy — D] (N) 1))
+ /X(Ft(e) — Gi(e)N, 1) TK (Fy(e) — Gi(e) N, M ;) A(de)
- /X (Gile) "Ky(Fi(e) — G (e)(Ny) 1)) " A(de) (V)

/X(@t(e)TK(Ft(e) — G/ (e)(Ne) "' 1)) A(de)

As K; > 0, we have NtK > Nt > &L, > 0, then
(D K(Cy = D (N) 7 1) T (NF) "1 (D Ko(Cy — D (N) 1)) (2.35)
< (D{ K(C; = D (Ny)"'1;)) " (D KDy) (D Ky(Cy — D (Ny) ™' Iy))
As K € L>=([0,T],S%) and K; > 0, then by Cauchy Schwarz inequality, we have

/ (Fy(e) — Gy(e)N 1) T Ky (Fy(e) — Gy(e) N 1) A(de) (2.36)
X

> / (Fy(e) — Gy(e)N; ;) T A(de) K / (Fy(e) — Gy(e)N; 1) A(de)
X X

From inequalities (2.34)-(2.36), by algebraic manipulations, we deduce
Qf — (IM)T (NS > Qe+ 1] (V) > 0

As in the first step and according to [21] and to Yong and Zhou [23], we deduce that
equation (2.33) admits a unique solution A € L>([0, 7], S%) with A; > 0.

* Given (K, A), we consider the following mean field BSDE

X

dY; = —A)(Ky, M, Y0, Y, Z2) . 2 RY  RY )dt + ZY dW; + / Ry (e)7(de, dt)
Yr=1L.

2.37)
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It could be written in the following form
dY; = (ci+ 0] (Y, — E[Y3)) + 0] E[Y}] + 9] (2} — E[Z}]) + 9] E[Z}]
+ / of (e)(Ry (e) —E[R (e)])A(de) + / o1 ()E[RY (e)]\(de) > dt
X X

+ZY dW; + / RY (e)7(de, dt),
X

\YT = L7
(2.38)

where the stochastic process (c;); € L2(Q x [0, 7], R?) is defined by, V¢ € [0, T] P p.s

cri=— My — K(By — Br) — MufBy — CtTKt(% — ) — CA'tTKt’S/t

— [ T @Ki(6i(e) ~ Biepade) — | FT(e)Kidie)Nde)
X X
+ U7 (= Bt DI =30+ [ Gl Kilate) — Sie)ae) )
X
+ V'S,V (H; + D] K7 + / G/ (e)Kibi(e)A(de)),
X
and the deterministic coefficients 6, 0, 9, € L=([0,T],R¥%), and o, o € K>([0, T x
x, R¥9) are defined by
Ht = pHd—At-f-Bt S;lUt, ét = p]Id—At+Bt ggl‘/t,
V¢ = —Cy + Dy SflUt7 Oy == —Cy + Dy gflvt,
gt(e) = —Ft(e) + Gt(e)St_lUt, @t(e) = —Ft(e) + Gt(e)gt_lv;g

By Tang and Meng [21] (see Lemma 2.2.), under (H1) the BSDE (2.37) admits a unique
solution (Y, Z¥, RY) € S2(2x[0,T],RY) x LZ(2x[0, T], RY) x K2 (2% [0, T] x x, RY).

s Given (K, A\,Y,ZY, RY), the linear ordinary differential equation for ¢:
diy = (ppr — E[IY))dt, o =0, (2.39)

where T'Y is defined by (2.26), admits a unique explicit solution given by:
T
oy = / e P ds.
t
The deterministic function [ is defined, for all ¢ € [0, T'] by:

l, ;.= —E [%TKt% + 28 Y, +20) 2Y + 2/ 5] RY (e)\(de)
X

+ / 6] Ko M(de) — €] S_let] —& S e+ 0] 5710,
X
O
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The next theorem gives a connexion between the solution to the decoupled system (2.29)
and the solution to the LQMF problem (2.14).

Theorem 2.3. Under Assumptions (HI)-(H2), there exists an optimal control o for LOMF
problem (2.14) giving by the following explicit form

af = =S, UNX — X)) = S e — &) — SN VX 4+ 6y), dt@P — ace.

where X* = X" is the state process, and o is the optimal control. The corresponding value
of the problem is

Vo = J(Oz*) =E (Xo — Xo)TK()(XO — X()) + XgAQXO + QYOTX() + ol -

Proof. We proved in Lemma 2.2 the existence of (K,A,Y,Z Y RY, ) solution to the sys-
tem (2.29). We consider the candidate {w,(x,Z)} given by (2.16).As K, A, R are bounded
and Y satisfies a square-integrability condition, then the growth condition of the random field
{w¢(z, )} i.e condtion (2.15)) in the verification theorem (see Lemma 2.2) is satisfied. Thanks
to the choice of (K, A, Y, ZY, RV, ), the terminal conditions satisfied {wr(z, %)} = g(z, Z),
and so Assumption (i) of Lemma 2.2 is satisfied. From equation (2.28), we deduce that E[D{|
is non-negative for all o € A. Tt yields that Assumption (ii) of the verification in Lemma 2.2
is satisfied. Moreover, one could prove that E[D§"] = 0 for some o = o* if and only if

of —ad(X7, X*) —a* + T (o — aif (X*)) = 0dt ® dP ace. (2.40)

Taking the expectation and using the fact that E[a?(X;, X*;)] = 0 and Y is an invertible
matrix, we get a*; — a; (X*;) = 0. Then we obtain of = a9(X;, X*;) + ai (X*;). As the
strategy o must be F—predictable and the number of jumps of the state process X is finite
a.s. over the time interval [0, T'], then the optimal strategy o* satisfies

af = =S, UNXY - X7) = S e — &) = S (VX[ +6y).

Under Assumptions (H1)-(H2), S -1 S —1 U, V are bounded and O, ¢ are square-integrable
respectively in L2([0, 7], R™) and L2(2 x [0, T],R™). As X* satisfies the square integrability
condition (See inequality (1.6)), then a® € A. We proved that there exists a random field
wy(z, T) that satisfies the assumptions of Lemma 2.2. Then, by the verification theorem, we
conclude that o* is the optimal control for the LQMF problem (2.14). O

3 Extensions of LQMF Problem on the case of common
noise

In this section, we extend the results of Theorem 2.3, to the case with a common noise. Let

W and WY be two independent real Brownian motions and 7 be an Poisson random measure
defined on the same filtered probability space (€2, F¢, (P,IP)) where F = (F;)cjo7) be the
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filtration generated by the (W, W?, 7) and we denote by F* = { F{'},10 7 the filtration gener-
ated by W0, As in section (2), for any r.v. Xg and o € A, the controlled process X{* is defined
by:
dX{ = by(XP E[XP|FY), ap, Eln|[WP))dt + o (X7 E[X P FY), o, Elew| FP))dWi+
00X, E[X 1Y), o, Elag FY)AW? + /X Ry(X2 BIXE | FO), v, Blon | FO)) (€)7 (de, dt),
Xg = Xo,
(3.41)

where foreach ¢t € [0,T], x,Z € R? and a,a@ € R™ we set:

bi(x, %, a,a) == B + Az + A% + Bya + Bya, (3.42)
oi(z,Z,a,a) = v+ Cix + C,7 + Dya + Dya,

= 4+ Clx + CPz + DYa + DYa,
(e) == &i(e) + Fyle)x + Fy(e)z + Gy(e)a + Gy(e)a.

For this case, we assume that

(H3) () A, A, B, B,C,C, D, D, C° C° D° D° F, F, G, G are essentially bounded
[FO-adapted processes,

(i) f,~,7" are square-integrable F-adapted processes and ¢ is square-integrable F-
predictable process.

The LQMEF control problem is to find o* € A s.t.

Vo = J(a") = inf J(«a), (3.43)
where

]
J(a) —E [ e B, Bl O+ eﬂTg<X%,E[X3\f%1>] |
0

(3.44)
and the coefficients f, g defined in (1.4)-(1.5), satisty the following assumptions:

H4) () Q, Q, I, I , N, N are essentially bounded Fo—adapted processes,
(1) P, P are essentially bounded ]-"%—measurable random variables,

(iii)) M, H are square-integrable F-adapted processes,
and L is a square-integrable F7p-measurable random variables.

As in the previous section, we guess a quadratic form for wy(z, Z) i.e.

wi(z,2) = (v — ) Ky(z — &) + 2T AT 4 2 + o,
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where the processes K, A, Y and ¢ are to be determined later. As the quadratic terms in f;
and g are F—adapted, we guess that K and A are FC—adapted. Since the affine coefficients
in by, o4 and o and le linear coefficients in f; and g are F— adapted, then Y is F— adapted i.e.
depends on W, W9 and 7. We look for processes (K, A, Y, ) valued in S¢ x S x R? x R
and satisfy the following system:

dK; = Kydt + ZEdW?, 0 <t < T, Ky = P,

dAy = Aydt + Z2WP, 0 <t < T, Ap = P,

dY, = Ydt + ZY dW, + 2 2aw? + / RY (e)7t(de,dt), 0 <t <T, Yp =1,

X
dot = ¢y, 0<t<T, pr=0,
(3.45)

for some F”—adapted processes K, A, ZX, Z* valued in S? and some F—adapted processes Y,
ZY, ZV°0 valued in RY, an F—predictble process RY valued in R¢ and a continuous function

@ valued in R.
We keep the notations of section 2 and we add the following notations:

69— O 1 GO DY — DY+ DY,
Fora € Aand ¢ € [0, 7], we set S* in the following form:

t
S = e P 4 / e P f(XO BIX|FY, as, Elas|FY])ds. (3.46)
0

As in Section 2, we compute
d E[S?] = e P'E[D{]dt,

where

d
E[D}] = E | —pwi( X, E[XP|F]) + &E[W(XF,E[XFIJTP])] + fo(XP EIXP|FY], o, Elo | F7))

As in the previous section, we denote by X; for E[X{*|F}] and a; for E[a;|F}]. By applying
1t6’s formula to S and using the quadratic form of the cost f; and the dynamics of X; and
X; — X, we obtain:

dX; = [ + A X, + Byaydt, (3.47)
and
d( Xy — Xi) = [(Bt — Br) + Au( Xy — Xt) + Bi(ay — ay)]dt (3.48)
Yt + Ct(Xt — Xt) + é’tXt + Dt(at — dt) + ﬁtdt]th

+ |

0 0 & A0 ¢ 0 - N 0
+ v + Cp (X — Xy) + CY Xy + Dy (o — ) + Dy aig)dWy
+

/ [0; + Fy(e)(Xy- — Xp-) + Fy(e) Xi- + Gy(e) (e — @) 4 Gy(e)a]7(de, dt).
X
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Using the same arguments as in the previous section, we obtain:
E[D}] =E | (X; — Xo)" (K¢ + ) (Xe — Xo) + X (As + ) X, (3.49)

+2(Y e + A X + ¢y — ppr + Do+ ryla) |

where
¢ = —pKi+ K A+ AT K, + ZKCP + (C)T 2K + CT K,y + (CO)TK,.CO + @,
+ [ FHQKF(Ne) = (1, ZE),
Yr = prt + MA+ AT A+ Z0CY + (COHT 22 + CT K, Cy + (CO)TT,C0 + @y
+ [ BT @K ENde) = (Ko, o),
Ay = prt +ATY, + ALY+ CF ZY + ()T ZY0 4 ()T 2Y0 + T 27,
+ K (B — Br) + ABe + CT Ky (v — ) + ) Kt% + M+ ZE () = 3) + ZP4

(O T4 = 39) + (G T AP + / — RY (e))A(de)

+ [ BT R @A) + / T(e)(B1(e) — Fu(e))\(de)

+fﬁt<€)T5_t<€))\<de) - At(Kth{aAtuZt 7}/;57Y27Zt 7ZYt7Rz/7ﬁt>7
X

Ty =7 Koy + (0 = 39) T K = 30) +2(6) T2 + (10) TA(70,) + 28 Vi
+2’Y;'—Zty +/(5tT(e)Kt5t(e))\(de) +2/ 5t(e)TR2/(e)/\(de)
X X
- Ft(Kh}/ta ZtyaRz/)a

and

/it(Oé) = (at—@t)TSt(Oét—@t)—i-&;rgt@t—l-Q(Ut(Xt—Xt)-i“/%Xt—F@t'i‘ﬁt—Q)at. (3.50)
Here S;, S’t, U, Vi, ©; are defined as follows:

(S, .= N, + D] KDy + (DY) TK,D? + / GT () KiGi(e)A(de),
S; == N;+D/K:D;+ (D)TK,;DY + f G/ (e)K:Gi(e)\(de),
X
U = It—l-DtTKtOt—i-BtTKt‘F(D?)TKtO?‘F(D?)TZtK+/G:(6)KtFt(e))‘(de)a
Vi == I+ D[ KCy+ By + (D) T 21 + (D)) T Ko (CP) + /X Gile) KiFi(e)A(de),
O, := Hy+D/K~, + (D) K5, + B Y, + (D )TZYO+DtTZt
/G ) K5\ (de) + /Gt )R (e)A(de),

3.51)
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¢ = H,+ DKy + BlY,+ D] Y + (D)7 z° + (DT Ky(v,)
+ / G () Kb A\(de) + / G (e)RY (e)\(de),
— X — X P —_
& = Hy+D/K# +B'Y, +D]ZY,+ (D))" ZY0, + (D))" K;(%)
- / G/ (e)Kid:\(de) + / G/ (e)RY ;(e)\(de).
X X

(3.52)

Completing the square in the expression of E[D{] (See equation (3.49)) and getting rid of the
terms which not depend in «, the computations lead to the following decoupled system,

dhy = —Q(K, Ay, Z8)dt + Z2aW0, 0 <t < T, Ap = P,
Yy = —ANK;, 28 A 20 Y Y 2Y 20 RY R e+ ZY AW (55

+2Y0aw + / RY (e)7(de,dt), 0 <t < T,Yy = L,
X

dor = (ppr —E[[Y))dt, 0 <t < T,pr =0,

with

d’g = — UthflUt,

W) == VIS,

A=A —VTSTe - U S (6 — &),

Y =0,—(e¢—&) S; (e — &) — 0] S716;.

(3.54)

One could prove that (K, A) is the unique solution to the Stochastic Backward Riccati Equation
in (3.53). Given (K, A), we have also the existence of a unique solution (Y, Z¥, Z¥'0, RY) of
the mean field backward stochastic differential equation in (3.53). Then from Lemma 2.1, we
have the following proposition which gives the structure of the optimal control o*.

Proposition 3.1. Under Assumptions (H3)-(H4), the optimal control o for optimal problem
(3.43)-(3.44) is defined as follows

of == S;UUXE —EIX|F]) = 87 (e — Ele- |[FY]) — 571 (Ve — ELX[FY] + ©y).

Proof. The proof is similar to that of Theorem 2.3. O

4 Linear Quadratic Mean Field Control Problem on
infinite horizon

Let us consider the infinite horizon case. For p > 0, we define the set of admissible controls
as follows:

o0
A:={a : Q xRt - R" s.t a is F-predictable and / e PE[|oy M dt < oo}
0
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The controlled process is defined on [0, c0) by:
dXpy =b(XME [Xa] ap, Elay])dt + oy (X5 B[ XD, ou, Elay] ) dW,

/ R(X X1, o, Elay])(e)7(de, dt), (4.55)
a - X(]v
where for each t > 0,2, € R?, we use the same formulation as in Section 2:
.= B, + Az + Az + Ba + Ba, (4.56)
.= ~+ Cx + C% + Da+ Da,
Ri(z,Z,a,a)(e) := 6i(e) + F(e)x + F(e)Z + G(e)a + G(e)a.

For the infinite horizon case, the coefficients of the linear terms are constant vectors, and the
coefficients 3, «v and ¢ are stochastic processes. The control problem on infinite horizon is
formulated as:

Vo i= inf J(a), 4.57)
where -
J(a) = E [ / P £ (X2 B[XP], o, Ela])dt| (4.58)
0

and, foreacht > 0, z,Z € R% and a,a € R™, we define f as in Section 1 i.e.

filz,Z,a,a) =(x—7) Q(z —7)+ 1 (Q+ Q)T+ 2a"I(x — 7) (4.59)
+2a' (I+ 1%+ (a—a)' N(a—a)+a(N+ N)a+2M, =+ 2H, a.
Here, we note that the coefficients of the quadratic terms are constant matrices, and the coeffi-

cients H and M may be stochastic processes.
Let (H, |.|) be a normed space, and / a positive constant. We define the new spaces:

« L®R* H) :={¢: R" — Hs.t. ¢ is measurable and sup;~g |¢¢| < co a.e.},

e K®(x,H):={K :x — H, Kis B(x)-measurable and sup |K(e)| < oo},
eecx

« L2P(Q X RYH) :={ ¢: QxR — Hs.t. ¢ is F-progressively measurable
oo
and / P R 2]dt < oo}
0
. ICI2F”3(Q><R+><X,H) ={K : OxRTxx — H, K is PRB(x)-measurable processes and

E [/Ooo/xeﬁfu(t(e)ﬁ A(de)dt| < oo},

where P denote the o—field of F-predictable sets on £ x R+,

We consider the following assumptions on the coefficients of the problem in the infinite horizon
case.
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(H1") The coefficients in equation (4.55) satisfy:
() B,y € LaP( x R, RY) and § € K27 (2 x Rt x x,RY),
(i) A,A,C,C e R™dand B,B,D, D, J,J € R&>™,
(i) F,F € K®(x,R™) and G, G € K> (x,R>™).
(H2") The coefficients in equation (4.59) satisfy:
(i) Q,QeS%L N,NeS™ I,IeRm™
(i) M e L2P(Q x RT,RY), H € L2P(Q x RT, R™),
(i) N >0, Q+ITN"'I>0,
(ivy N+ N>0, (Q+Q —(I+DT(N+N)"'(I+1)>0.
(H3) p > 2max{|A| +|C]” + [, [F(e)|*A(de), |A[}.

Proposition 4.1. Under (H 1) and (H3'), the following estimate holds for each square-integrable
variable X and oo € A,

/ ) e B[ X[ *ldt < Co(1 +E[| Xo[?]), (4.60)
0

where C., is a positive constant.

Proof. By Itd’s formula and Young’s inequality, we have the following estimate

d _ _

Lo

e P (—p| Xy * + 20 X3)

e P (—p| Xe | + 2018 | X + | Bllaw|| Xe| + X, AXy))
e P [(=p + 2|A] + )| X + ce (18 + |ae )],

S _
<
where c. is a positive constant. We define:

oo
o= 1%l o [ e MEGE +adl). mei=p - 24| - e
0

Under (Hl/) and as o € A, we have (. < oo and for € small enough, we have 7. > 0. By
Gronwall’s lemma, we get:

o0
/ P\ X2t < oo (1+ | Kof2), @.61)
0

where ¢, ¢ 1s positive constant. Using again It6’s formula and Young’s inequality, we have the
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following estimate:

d _
—E[e ™" X; — X,[]

dt
— e_ptE[*p|Xt — Xt|2 + Q(bt — l_)t)T(Xt — Xt) + |O't’2 + / |Rt(6)|2)\(d6)]
X
< e PE[-pl Xy — X + 2018 — Bill X — Xl + [Bllaw — aul | Xi — Xo| + (X — Xi) TA(X, — X))
b2 4 ICPIXe — K + [CPIXA + 1Dl + [ DPlaf?)
Lo / 5(e)PA(de) + / F(e)PA(de) X, — X + / B (e)PA(de)| Ko + / 1G(e)PA(de)a
X X X X
v [ 1GEPAde) @)

X
< e 7E[(—p +2/4| +2(C)? +2/ |F(e)[*A(de) + €)| X; — X¢?
X

+ I8l + vl + / [e(e)PA(de)| + eul® + [ X )],
X

where c, is a positive constant. We define:

/

(o= [ EMEIBE -l [ 18 PAO)] + ool + 1Kl
0 X

!

Me

p—2|A| —2|C]* - 2/ |F(e)|*\(de) — e.
X

Under (H1), inequality (4.61) and as o € A, we have C; < oo and for € small enough, we
have 77; > (. By Gronwall’s lemma, we get

o0
E[/ e P Xy — Xyl dt] < e, (1 + | Xo|?), (4.62)
0
for a suitable 0;76 > (. From inequalities (4.61) and (4.62), we obtain (4.60).

O

From assumption (H2,) and the estimate (4.60), the problem (4.57) is well defined. The fol-
lowing lemma is a verification theorem based on the weak martingale approach in the inifinite
horizon case.

Lemma 4.2. Let {\W> t > 0, € A} be a family of F—adapted process in the form W =
wi (X7, E[X{]) for some F—adapted random field {w;(z,z),t € [0,T],x, 7 € R} satisfying

wy(z,7) < Clxi + |z> + |7)?), te[0,00), x,&eRY,

for some positive constant C, and non-negative process X S.t. e*ptE[Xt] converge to zero as
t — 00, and such that:
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t
(i) themapt € RT — E[SY], with S§ = e~ W —l—/ e (X E[XY], o, Elay])ds,
0
is non-decreasing for all o € A,
(ii) the map t € RT — E[S{"] is constant for some a* € A.

Then, «* is an optimal control and Elwy(Xo,E[Xo])] is the value of the LOMKV control
problem (4.57) i.e.
Vo = Elwo(Xo, E[Xo])] = J(a%).

Moreover, any other optimal control satisfies the condition (i).

We extend the results in Theorem 2.3 to the infinite horizon case, where we kept the steps
similar to the finite horizon case. We prove our result by applying the lemma 4.2. We should
look for the stability of decoupled system on infinite horizon.

We adopt the same approach as in the finite time horizon. We consider a candidate for the
random field w;(x, Z) in the form:

wi(z,2) = (v — )T Ki(x — ) + 7T AT 4 2, x + o,
where (K, A,Y, ) valued in S¢ x S? x R? x R satisfying the following system:
dK; = —¢)dt, t > 0,
dAy = —p2dt, t > 0,
dY; = —AVdt + 7Y th+/R 7(de,dt), t > 0,
>0,

dpy = (ppr — E[I'Y])dt,

(4.63)

The maps d)o 0, AP TV are defined by (2.26), where in this case the coefficients A, A, B, B,
C,C,D,D,Q,Q.N,N,I,I,F(.), F(.),G(.), G(.) are constant i.e. independent of time.
We note that there are no terminal conditions in the system, as we are in the infinite horizon
case. We need to show the existence of a solution to the system (4.63).

Lemma 4.3. We assume (H1')-(H2'). Then, the system (4.63) admits a solution A
(K,A,Y,ZY,RY, ¢) € L([0,00],5%) x L*([0, 0], §%) x L3 (2 x [0, 00],R?) x L (2
0, 00], ) x C22(2 x [0, 00] % x, RY) x L([0, 00, §9).

Proof. We prove the existence of a solution to the decoupled system (4.63).
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* We introduce the following Riccati-type equation:
Q-pK+KA+ATK +CTKC + / FT(e)KF(e)\(de)
X
-
- (I +D'KC+B'K + / GT(e)KF(e))\(de)>
X
-1
(N +D'KD + / GT(e)KG(e)A(de)>
X
([ +D'KC+B'K + / GT(e)KF(e)/\(de)> = 0. (4.64)
X

We prove the existence of a solution to (4.64) by relating it to a suitable infinite-horizon

linear-quadratic control problem. For T € R, U {co} and = € RY, we consider the
following control problem:

T
VI(z) = Jinf E [ /0 e Pt ((Xf"z)TQXf"f” + 20, IXP" 4 af Nat> dt] ,

where A7 is defined by:
T
Ar = {a : Q x Rt — R™ s.t ais I predictable and / e PR[|ay|?]dt < oo},
0

and for o € Arp, the process X := X7 is solution of the following SDE:

dXt == (AXt+Bat)dt+(CXt—FDOZt)th—F/ (F(e)Xt—}—G(e)ozt)ﬁ'(de, dt), Xo =0.
X
(4.65)
T ~
Thanks to the integrability condition for @ € A7, we have / e TPIR[|IX)dt < oo,
0

and so the problems V7 are well-defined for any 7' € RT U {oco}. If T < o0, as already
recalled in the finite-horizon case, (H1')-(H2") imply that there exists a unique symmetric
solution (K7)4e[o,7] to Riccati equations:

( K +Q —pKI + KA+ ATK] +CTKFC + / FT(e)KIF(e)A(de)
X
.
— (I +D'KF'C+BTK] + / GT(e)KtTF(e))\(de)>
X
—1
(N +D'KI'D + / GT(e)KtTG(e))\(de))
X

<I +D'Kl'C+BTK] + / GT(e)KtTF(e)A(de)> =0,
X

(4.66)
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and that for every z € R? we have VT (z) = 2" Kl'z. It is easy to check from the
definition of VT that VT (x) — V°°(x) as T goes to infinity, from which we deduce that

Ve(z) = lim z' Klz =2 ( lim KZ )z, forallz € RY
T—o0 T—o0

This implies the existence of the limit K = lim7_, Kg . By passing to the limit in T
in ODE (4.66) at t = 0, we obtain by standard arguments (see Lemma 2.8 in [?]), that K
satisfies (4.64). Moreover, K € S? and K > 0.

Given K, we consider the following equation of A:

QK —pA+ AA+ ATA — (I + BTA)T(NEYLIX + BTA) =0,  (4.67)

where
(0 = Qe CTKRC+ [ FTORFOMe),
X =71+DT /Y YA(de),
X
NK =N+DTKD+ [ GT(e)KG(e)\(de).
\ X

Existence of a solution to (4.67) is obtained by the same arguments used for (4.64) under
(H2").

Given (K, A), we consider the following mean field BSDE with jumps on infinite hori-
zon:

dYy

+ / BIRY ()DAde) + | 07 @BIRY (@A) )di
X X
+ Z, th—i—/Rt (e)7(de, dt),
X
where the stochastic process ¢ € L?F’ﬁ (92 x [0, 00],R?) is defined by:

Ct ZZ—Mt—K(ﬁt—Bt)—ABt—CTK(%—’%)—éTK’%
- / FT(e) K (6:(e) — &:(e))\(de) — / FT(e) K 6;(e)\(de)
X

X
LUTs (H ~ i+ DTRG0 =30+ [ GOTR Gife) - St<e>>x<de>)

+VTst <Ht +D'K 7, + / GT(e)K&(e)A(de)> ,
X
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the coefficients 6, 8, 9, 9 are constant in R? and are defined by:

6:=—-A+BSU,

§:=—-A+BS7t,

9:=—-C+ DS U,

0:=-C+DSv,
and o, 0: Y — R? are defined by:

o(e) = —F(e)+G(e)STIU, Ve € ¥,

ole) = —F(e) +G(e)S™V, Ve € x.
To simplify the notations let us denote:
— f(t, Y4, Z1, Ry, B[Yi), E[Z), E[Ri)) = ¢ + (plla + 6) T (Vi — E[V3)) + (plg + 0) "E[Y]]
+97(Z — EB[Z)) + 0 E[Z] + /X o' (e)(Ri(e) — E[Rs(e)])A(de) + /X 0" (e)E[Ry(e)]\(de).

We prove that the following linear BSDE with jumps defined by: for ¢ > 0,

dY}/ = _f(ta }/ta Zta Rta E[}/t]’ E[ZtLE[Rt])dt + thWt + / Rt(e)ﬁ-(de7 dt)
X
lim Y; = 0.
t—00
(4.69)

has a solution (Y, Z, R) in L2 (Qx R, RY) x L2P (xR, RY) x K2 (xR x x, RY),
where p is a positive constant which will be fixed later.
Existence: Let (Y, Z", R"™) be a solution on [0, n] of the following BSDE

Y, _/ f™(s, Y, 20 R™ E[Y; ],E[ZQ],E[RQ])ds—/tnzgst

/t /XR;?(e)fr(de,ds), te[0,n),

(Y 20, RE B, E(ZF), EIRY) = el (1) + (s + 6)T (V7 — E[Y}"))
+ (g + 0)TE[Y?] + 0T (20 — E[Z0) + 0 E[AZ)] + / o7 () E[R} (¢)])A(de)

where

+ / 67 (e)E[RI (e)]A(de),
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and we take (Y, Z', R}") = (0,0,0) on (n, c0).
We fix m > n. Applying It&’s formula to e”|Y,™ — Y,*|2, we get for all ¢ > 0,

TNV YR — Y- Y
T
= [ (my;m vz - zip e+ [ R2><e>|ﬂx<de>> ds
t X
T ~
_ 2/ epS(}/sm _ st)TAn,mfst
t

T
b2 [ ey - 2B [ - YT (R~ RY)(R(de.ds)
t X
where
AV fo= [T (s, Y Z8 R EYN B[ZSLE[RY]) - (s, Y, Z, RY E[Y]'] E[Z]], E[RY).
We focus on the dependence in Y, we obtain:

TIVE — YR[? — ey — Y

T
= / e <ﬁ|Ym YO+ |Z8 -z +/ (RS — R?)(e)lgx\(de)> ds
X

T

=2 [ YD) B - YD (o 0)(Y - YT)ds
t
T T R

=2 [ B Y (D) - Y)ds =2 [ Py - v T AN 2
t t
T

/ (V' =Y (Z]" — Z2)dB; + / P (Y™ — Y )T(R™ — RY)(e)7(de, ds).

t X

where
AT = f™(s,0, 20", R, 0, E[Z], E[RY]) — f(s,0, Z, RY,0,E[Z]], E[RZ]).

Taking the expectation, the contribution of the stochastic integrals vanishes. Using the

Young’s inequality 2ab < ea? + %b2, where € > 0, and Cauchy Schwarz’s inequality, we
obtain:
T ~
2| [ e )~ B - ¥ (e + 007" - Y2
t
T ~
+ R [/ PEY™ — YT (plg + 0) (Y™ — Y)ds }
t
<

T T
2pE [/ ePs|ym — Y;ﬂ ds + 2/ e |0|E (1Y, — Y] ds
t t

T T
L2 / PNONE (YT — YT ds + 2 / V0B [y — Y2
t t

IN

T T
2pF [/ ey — Y!} ds+ 2/ e”(200] + [0 E [[Y;" - Y72 ds.
t t
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Similar calculus for the term ftT ePs (Y — YT A™™ f9ds, shows that:

T
E [ [ (ﬁYsm AR N R2><e>|2A<de>) ds}
0 X

T
<E[fT)YP —YR2 + (0 + Iy 20+ C)E [/ Py — Y;"yzds]
€ 0
T T .
+Ce(E [ / |z — z:\%zs] +E [ / / e|(RM™ — Rz><e>PA<de>ds]
0 0 X

1 T o
+ gE |:/0 e,03|cS’ 1[n7m](8)d$:| )

where C':= 2(0]+[0]+2/9|+|9]+2, |o(e) PA(de) + [, |(e)[*A(de). Under (H1')(ii),
C'is finite. By choosing 0 < € < %,ﬁandd > 0s.t p> 5+%+2p+0+%,we
deduce:

T
E [ [ (mm LA A N R2><e>\2A<de>> ds]
0 X

2 T ps 2
< =E e les| "L ) (s)ds | -
] 0 ’

Sending 7' to infinity, by the monotone convergence theorem, we obtain:

B| [T o (- vep iz - 2P 10 - B PA@)) ds
0 X

< gIE [/ eﬁ5|csl21[n m](s)ds} .
5 Lo ’

As c € LgP(9 x [0,00],RY), then |cs|*1p, () — 0, dt @ dP ae., s > 0 when n
goes to infinity. By using the dominated convergence theorem for the right hand side, we
deduce that the sequence (Y, Z", K") is a Cauchy sequence in Lﬂ%”a (2 [0, 00], RY) x
LEP(Qx [0, 00], RY) x K22 (€2 [0, 00] x x, RY) and that the limit (Y, Z, K ) is a solution
of a MF BSDE with jumps (4.69).

Given (K, A,Y, Z Y, RY), the linear ordinary differential equation for ¢
dpr = (ppy — E[TY])dt. (4.70)

where T = T, — (¢, — &) S (& — &) — O/ SO, is defined in (2.26), admits a
o0
unique explicit solution given by: ¢; = / e PR ds.
t

Then, we proved the existence of solutions of the decoupled system (4.63). O

The following theorem gives the structure of the optimal control for LQMF problem (4.57).
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Theorem 4.4. Under Assumptions (H 1 )-( H2 ), the optimal control for LOMF problem (4.57)
is given by

aj = —STWU(X; —X2) = S e —&-) — STHVX] +6y),

where X* = X" is the state process where the o* is the optimal control and the deterministic
coefficients S, S, U and V and the stochastic coefficients €; and O, are defined in Section 2.

S5 Application to production of an exhaustible resource

In this section, we study a model of production of exhaustible resource with accumulating
or maintaining a level of reserves, inspired by a serie of works extented from the Hotelling’s
model [12]. In the classic Hotelling’s model, the dynamics market’s evolution is driven by
the use of existing reserves of an exhaustible reserves to produce energy without possibility
to exploration and/or discovery of new reserves. But many studies have made it possible to
ensure that there are still resources to be explored over time, that is to say that the reservation
rate can be increased. We can refer to the series of works extended from Prindyck’s model
[20], Deshmukh et al. [8], Arrow and Chang [3], and Keller et al. [11]. The increase in reserve
discoveries occurs stochastically via the Poisson process. It should be noted that this increase
is smaller, and it is the reason that the resources always remain exhaustible.

We consider an energy market with N producers (players). Each producer uses exhaustible
resources, such as oil, to produce energy. The quantity X} represents the reserve’s level of
player i, at time ¢, i = 1,..., N. It takes values in the set R*. The reserve level X} decreases
at a controlled production rate ai > 0 dt ® dP a.e., and also has random discrete increment
due to exploration. We use N independent Poisson point process 7%, i = 1...N to model the
new discoveries and we denote by \’(de)dt the associated compensator. We assume that the
dynamics of the reserve has a noise which is proportional to the current level of the reserve.
The reserve’s dynamics of each producer ¢ is given by the following stochastic differential
equation:

{dxg = —aidt+oX] AWi +1 [ Xi_7i(de,dt), 571)

X(i] = xé,
where x% is the initial reserve’s level of player i, o > 0, W¢, i = 1...N are independent
standard Brownian motion and independent of 7%, ¢« = 1...N, and > 0 is the rate of new

discoveries.
The cost functional for producer ¢ is given by:

Jat, .. a") =& ( / e ! [~af Piay) + Cp(af) + Cex(af, X7)] dt) . (572)
0

where
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s P} is the selling price for producer i. It follows a linear inverse demand rule, defined as:
. , ‘ t1 XL
Pl=P(a)=P’—5§al — E/o v > alds,
j=1

Here 6, ¢ are positive constants and P° is a determinist function. It will be the same
for all producers. The price P* of producer i is related to his production and also to the
production of all other producers.

* (), is the cost functions of production, defined as:
Cp(ay) :== c1Var(oy).
» (e is the cost functions of exploration defined as:

1 7
Conlly XJ) i= 3 ai (P02,
Lo
The constants c; and cy are positive and represent respectively the cost of production and the
cost of extraction. They are the same for the all producers. From the theory of propagation
of chaos, the individual level of reserve X* and the price process Pii= 1,..., N, become
independent and identically distributed, when N goes to infinity, with a common distribution
given by the law of the solution (X, P) to the stochastic Mckean-Vlasov equation

dX; = —opdt+oXy dWy + 77/ X;-7(de,dt), Xo = xo, (5.73)
X
t
P = P?—6a;— 5/ @ ds, (5.74)
0

where T is a Brownian motion , and oy = a(t, X;) ,t > 0, for some measurable function a
on R, x R. We reduce the problem to a representative producer with initial reserve xy > 0.
The state process is given X (see (5.73)). The control processes are given by («, P), where P
satisfies (5.74). The aim of the representative producer is to minimise the cost functional given

by:
xro — Xt
oy

00 t
J(a) :=FE [/ e Play (—P) + 8 ap + E/ asds) + c1Var(ay) + e oy )dt] ,
0 0

(5.75)

t
under the contraints that oy > 0 and X; > 0P a.s. forall t > 0. As X; = xg — / asds, then
0

o — X¢
Zo

J(a)=E [/ e Play (—Pto + 8 ay +e(zo — X)) + c1Var(ay) + c2 ay )dt} ,
0
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and we are in the framework of Section 4 with d = m = 1 (one-dimensional state variable
and control), the coefficients of the state pocess and the cost functional are given by

B=-1, C=o0, F(e)=mn, foralle € x

and

) 12—6727 Ht: C2+6IO_PtO7
2.1‘0 2

Co + EXp

N+N:5, N:(S“‘Cl, I—|—I~:_
21’0

where the other coefficient are equal to zero. We define \(x) := fx A(de). Notice that under

the assumption p > o2 + \(x)n?, (H1') and (H3') are satisfied. By following the approach
developed in section 4, the optimal control is given explicitely. We have to solve the decoupled
system of Ricatti equations and BSDEs with jumps (4.63). The Riccati equations (4.64) for K
and A (4.67) are given by:

(K + ) (A + exgzmm)’”
X X
S T 0 S AIP)K = 0, = oA = (07 HAOP)K = 0.
(5.76)
Let us also remark that the condition (H2/) is not satisfied, but we have the existence of a
K+ <2 catexg
solution (K, A) to (5) such that K., ., := Tho > 0and A, = % > 0, and
1
given by:
~(p =0 = A)P) + /(= 07— AIn)? + 20, A0
Keyeo = 9 >0,
and
(catewo)+2(02+A)n*) K
A _fp+\/p2+2”” B .
e = 5 > 0.
Therefore, we can write the linear BSDE (4.69) with jumps as:
A _
¥ = (et em =~ B = (04 K)ot (K =MDV 57)

—oZ) + n/ R}”(e)A(de)> dt — Z) dW; — / RY (e)7(de, dt).
X X
One could check that a solution of the BSDE (5.77) is given by:
Y py X (A s—t) [ C2texo— P
(Y,Z R ) = ( e \PTie Aef dS,0,0)OStST. (5.78)
t

In the remaining part of the paper, we assume that P = p" for all t > 0: p is interpreted
as a substitute price for the exhaustible resource. We study two cases. The first one, when
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p¥ = ¢y + ez i.e. p° coincides with ¢o + exg which is the cost of extraction for the last unit
of resource. In ohther words, the Hotelling rent H, := po — cg — €xg is equal to zero. The
second case when p° < ¢y + ez i.e. the Hotelling rent is negative. The next proposition gives
an explicit solution to the problem (5.75) when H, = 0.

Proposition 5.1. We assume that p° = co + exq for all t > 0, xq is large enough and 1 >
p* + %E Then the solution of (5.75) is given by

o =Ko X[+ (A — KCLCQ)X:—-

Proof. Since (H1") and (H3) are satisfied and the Riccati equations have a solution, then, by
Theorem (4.4), the optimal control is then given by:
af =Ko oXP =X )+ AKX — 55 (catexg— PP —Y).

As Pt0 = p¥ = ¢y + ez for all t > 0, then the solution of the BSDE (5.78) satisfies Y; = 0
for all ¢ > 0 which yields:

af =Ky oo(X7 — X7 )+ AKX

It remains to show that the optimal strategy satifies the constraint af > 0 IP a.s. for all ¢ > 0.
As x is large, by using Taylor’s formula, we have

2e pca +2(0? + Mx)n*)K cop 1
2 (Ao — Keopo)) = —p+1/p2+ —=(1 - -
( 1, 2) p p= + 5 ( + 5$0(p2 + %&) ) 1’0(5‘1‘01) +O(l’0)

p 1 1 2(02+A(x)772)K+0(i).

5 , 2¢
S Vs i — 5T )+
0 5\ /p2+ & € S0/ p? + % o
As 1> p? + %,then
Ae — K¢ oy > 0. (5.79)
We define the stopping time 7* as follows:
7%= inf{t > 0s.t. X; <0}.

Then on the set {¢ < 7*}, from inequality (5.79), we have af > 0 P a.s. On the set {t = 7"},
the state process X . = 0, which implies a7 = 0. Since the drift, the diffusion and the jump
terms of the state process are equal to zero, then the process X * remains at the level 0 for all
t > 7* and the optimal strategy o is the null strategy for all ¢ > 7%, O

In the second case, we assume that p° < ¢z + exg. It is not obvious to check the positivity
of the the state process and the optimal strategy. We study the stationary level of the reserve
and the optimal production rate in mean. From the definition of X*, we have

¢ t
X; = xg—/ a:ds:mo—/ A XZds
0 0

t 00 .0
. / . / e—(rA—s) (p 2FET =P B A
0 20 s 2

34



which implies

(20 + Ao)(co +exg) 1 —e Nt
26 2A(p+ Ac)

0t o0
I A WSS / A (prac)(u—s)
26/0 e ( 5 ¢ du)ds.

S

Xt* = 0+

(2p + Ag)(ca + exg — p?)

It yields that lim X, = . As the Hotelling rent H,. := p° —cy —
y ti)ngo t 46A5(p i As) g T D C2 —€XQ
oo
is negative, then lim X exists and is positive. As lim X, = x¢— / asds, then lim a; =
t—00 t—o00 0 t—o00

0. It means that when we switch to substitue good, there is a remaining ressource and we stop
the production of exhaustible ressource.
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