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Abstract

This paper studies singular mean field control problems and singular mean field two-
players stochastic differential games. Both sufficient and necessary conditions for the
optimal controls and for the Nash equilibrium are obtained. Under some assumptions
the optimality conditions for singular mean-field control are reduced to a reflected
Skorohod problem, whose solution is proved to exist uniquely. Motivations are given
as optimal harvesting of stochastic mean-field systems, optimal irreversible investments
under uncertainty and mean-field singular investment games. In particular, a simple
singular mean-field investment game is studied, where the Nash equilibrium exists but
is not unique.

1 Introduction

Mean-field stochastic differential equations (SDEs) have been the subject of much attention
in the mathematics research literature recently. This is mainly due to their interesting
applications in mathematical physics and more recently in models for systemic risk, but also
because they represent natural generalizations of independent interest of classical SDEs.
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The purpose of this paper is to study singular control problems for mean-field SDEs,
and to give methods for solving such problems, in terms of finding the optimal controls.
We shall also study in this paper singular mean-field non-zero stochastic differential games.
Let us point out that the terminology “mean field game” has been used in the literature to
represent the limit when the number of players in the game becomes large (see e.g. [12], [14],
[6]). Here we consider two-players games with mean-field terms in the state dynamics and
in the performance functional. We establish necessary and sufficient maximum principles for
the optimal control for such games and their corresponding Nash equilibria. To illustrate
the theory we give some solvable examples and provide cases where the Nash equilibrium is
not unique. See e.g. Proposition 5.1.

For mean field singular control the stochastic maximum principle method yields back-
ward stochastic differential equations with mean field term and with reflection. We shall
combine here the contraction mapping technique with some recent results of Burdzy, Kang
and Ramanan (2009) on the Skorohod mapping for time dependent interval [4] to obtain
the existence and uniqueness of these equations. Note that we assume local convexity of
the set of admissible controls to avoid second order adjoint equations for the necessary max-
imum principle (see [23], [25]). We assume some concavity conditions of the Hamiltonian
and terminal payoff to get sufficient optimality conditions (see Theorem 3.2 and Theorem
4.1 below).

Recently, there have been several works dealing with mean-field control problems. See

e.g. Bensoussan et al [2], Buckdahn et al (2011) [3], Carmona and Delarue (2013) [5], Meyer-
Brandis et al (2012) [15], Anderson and Djehiche (2011) [1] and Hamadéne (1998) [9].
The article most closely related to ours is a recent paper [26] by L. Zhang (2012), dealing with
mean-field singular control. Our paper extends this paper in several directions: First, the
mean-field operators are extended to a general (nonlinear) Fréchet differentiable functional
Y of the state variable. Secondly, we allow the profit rate f in the performance functional
to depend on the mean-field term Y as well as the singular control £, in addition to its
dependence on the state X itself. Third, we allow both the coefficient A in the singular part
of the state equation and the singular cost coefficient h in the performance functional to
depend on the state X. Moreover, we consider games between two players of such singular
control problems with asymmetric information. Let us also mention that in our paper’s
framework, but without singular control, a stochastic maximum principle is obtained and
the existence of Nash equilibria is proved in [10].

This paper is organized as follows: In Section 2 we present three motivating examples.
In Section 3 we formulate a general mean-field singular stochastic control problem and prove
a sufficient maximum principle and a necessary maximum principle. We then reduce the
maximum principle to a Skorohod problem and prove the existence and uniqueness of the
solution. We illustrate our results on an optimal harvesting problem of a mean-field system.
In Section 4 we prove maximum principles for singular mean-field stochastic games with two
players and we obtain as a corollary a corresponding maximum principle for zero-sum games.
In Section 5 we apply these results to a mean field investment game and to singular control
with model uncertainty.



2 Three motivating examples

2.1 Optimal harvesting from a mean-field system

Let us model the density X°(¢) of an unharvested population at time t by an equation of
the form

dX°(t) = E[X(t)]b(t)dt + X°(t)o(t)dB(t), t€[0,T]; X°(0) =2 >0. (2.1)

Here, and in the following, B(t) = B(t,w) is a Brownian motion on a filtered probability
space (2, F,F := {F;}i>0, P) satisfying the usual conditions. P is a reference probability
measure, and we assume that F is the Brownian filtration. We assume that b(¢) and o ()
are given predictable processes. We may heuristically regard (2.1) as a limit as n — oo of
a large population interacting system of the form

(0 = [ b + e maB e, i=12.m (22)

where we have devided the whole lake into a grid of size n and x*"(t) represents the density
in box 7 of the grid. Thus the mean-field term E[X (¢)] represents an approximation to the
weighted average %Z?Zl 27" (t) for large n.

Now suppose we introduce harvesting of the population. The density of the harvested
population X (¢) = X%(¢) at time ¢ can then be modeled by a mean-field singular control
stochastic differential equation of the form

dX (1) = E[X(£)]b(t)dt + X ()o()dB(t) — Mo(t)dE(); t€[0,T]:X(0) =2 >0  (2.3)

where £(t) is a non-decreasing predictable process with £(07) = 0, representing the harvesting
effort, while A\g(t) > 0 is a given harvesting efficiency coefficient.
The performance functional is assumed to be of the form

J(E) =F [ | nawxaso + xx()). (2.4

where ho(t) is a given adapted price process and K = K (w) is a given salvage price, assumed
to be Fr-measurable. The problem is to find £* such that

J(&) = Sup J(€). (2.5)

Such a process £* is called an optimal singular control. This is an example of a mean-field
singular control problem. We will return to this problem in Example 3.5.



2.2 A mean field investment game

Arguing as in Section 2.1 let us assume that the demand density (demand per area unit)
X (t) for a certain product at time ¢ is given by a mean field SDE of the form

dX (t) = E[X(8)]b(t)dt + X ()o(t)dB(t); X(0) =z > 0.

Alternatively, we might think of X (¢) as the demand at time ¢ of a representative agent.
There are two competing companies producing this product, with production rate capacities
represented by nondecreasing adapted processes &1, &9, respectively. The expected profit of
the company 7 is assumed to have the form

JA&,&Q):E[ / () min(X (8), 4(8) + Ea(t))dt + / m<t>d&<t>},

where 7(t) > 0 is the price per unit sold and h;(t) < 0 is the production cost per unit for
the factory i, i = 1,2. We want to find a Nash equilibrium, i.e. a pair (§,&5) € A1 X Ay
such that

sup Jl(glagék) < Jl(gikag;)
&1€e4;

and

sup Jo(&7, &) < J2(&1,63),
£2eAs

where A; is the family of admissible controls &; for company number ;i = 1,2. We will
return to this problem in Section 5.1.

2.3 Optimal irreversible investments under model uncertainty

The irreversible investment problem is a classical problem in economics, with a long history.
It has been studied by many authors in different contexts. See e.g. Pindyck (1988, 1991,
1991),[20, 21, 22], Kobila (1993) [13] and the references therein.

In short, the problem is the following. A factory is facing an increased demand for its
product. Should it invest in more production capacity to meet the demand? The problem is
that buying additional production capacity is an expensive, irreversible investment (usually
production equipment cannot easily be sold after use) and the future demand for the product
is uncertain. So the risk is that the factory ends up having paid for an additional capacity
it does not need. On the other hand, if the factory does not increase the capacity, it might
miss an opportunity for an increased sale. Mathematically the problem can be formulated
as a singular control problem: indeed, since the investment is irreversible, the control of the
investor is a singular control, i.e. a non-decreasing non-negative stochastic process.

Let £(t) denote the production rate capacity of a production plant and let X (¢) denote
the demand rate at time ¢. At any time ¢ the production capacity can be increased by d&(t)
at the price h(t, X (t)) per capacity unit. The number of units sold per time unit is the



minimum of the demand X (¢) and the capacity £(¢). The total expected net profit of the
production is assumed to be

J(&,0) = E9

/0 a(t, Elp (X (£))]) min[X (£), £(t)]dt+ (X (T))— / h<t,X<t>>d5<t)], (2.6)

where g(X (T")) is some salvage value of the closed-down production plant, E[p(X (¢))] denotes
the expectation with respect to a reference probability measure P, ¢ is a given real function
and a(t,E[p(X(t))]) is the unit sales price of the production. We think it gives a more
realistic model to allow the sales price to depend on the average demand rate of the product
at any give time.

We study this problem under model uncertainty, in the sense of Knight uncertainty,
i.e. uncertainty about the underlying probability measure. Using the Girsanov theorem for
[t0 processes we can parameterize the family of densities of possible underlying probability
measures by a stochastic process 6(t).

Here {Q%}pco is a family of probability measures representing the model uncertainty.
We let Ag denote the set of right-continuous, non-decreasing G-adapted processes £(-) with
€(07) =0, where G := {G; }+>0 is a given subfiltration of I, in the sense that G, C F; for all
t. Heuristically, G; represents the information available to the investor at time ¢t. We assume
that the demand X () is given by a diffusion of the form

dX () = X(t) [a(t,w)dt + B(t,w)dB(t)],0 <t < T ; X(0) > 0 (2.7)

where «(t,w), B(t,w) are given F-adapted processes. We want to maximize the expected
total net profit under the worst possible scenario, i.e. find (£*,6*) € Ag x © such that

sup inf J(&,60) = inf sup J(&,0) = J(£7,0%). 2.8
sup i J(€.6) = jnf sup J(€.6) = J(€".0) 2.9

This leads to a stochastic differential zero-sum game in which one of the players is the in-
vestor controlling the investment strategy and the other player controls the model parameter
6.

This is an example of a (partial information) singular control game problem. Note that
the system is non-Markovian, both because of the mean-field term and the partial information
constraint. See Section 5.2.

3 Maximum principles for singular mean field control
problems

3.1 Problem statement

We first recall some basic concepts and results from Banach space theory.  Throughout
this paper, we assume that the probability space 2 is a Banach space, where (2, F,F :=



{Fi}i>0, P) is as introduced in the beginning of Section 2. Throughout this paper G :=
{G:i}1>0 is a given subfiltration of F.
Let V' be an open subset of a Banach space X with norm || - || and let F': V — R.

(i) We say that I has a directional derivative (or Gateaux derivative) at x € X in the
direction y € X if

D,F(x) := lim 1(F(x +ey) — F(x))

e—=0 &
exists.

(ii) We say that F' is Fréchet differentiable at x € V' if there exists a continuous linear map
L : X — R such that

1 B
lim 5 I P 1) = Fz) = L(1)] = 0.

heX

In this case we call L the gradient (or Fréchet derivative) of F' at z and we write

L=V,F

(iii) If F is Fréchet differentiable, then F has a directional derivative in all directions y € X
and
DyF(z) = Vo F(y) = (VaF,y).

In particular, if X = L?*(P) the Fréchet derivative of F at X € L?*(P), denoted by VxF,
is a bounded linear functional on L?(P). Since L?*(P) is a Hilbert space, we can identify
V. F with a random variable in L?(P). We shall then regard V,F as an element in L?. For
example, if F(X) = E[p(X)]; X € L*(P), where ¢ is a real C''- function such that ¢(X) €
L?(P) and %f(X) € L*(P), then with the above identification, we have Vx F = %‘E(X) and

VxF(Y) = (22(X),Y) = E[22(X)Y] for Y € L?(P).

Consider a mixed regular and singular controlled finite dimensional system with state
process X (t) = X%(¢) of the form

dX(t) =0b(t, X(t),Y(t),&(t),u(t),w)dt + o(t, X(t),Y(t),&(t), u(t),w)dB(t)
+ A, X (1), ult),w)dg(t), (3.1)
where X (t) € R? is a d dimensional adapted process, £(t) and u(t) are R™ and R" valued

G-adapted processes,
Y(t) = F(X(t,) (3.2)

and F is a Fréchet differentiable operator on L?(P).



The performance functional is assumed to be of the form
T
se) = | [ 16.X0. (0,600, ) o)t + 9(X(T). Y (D).
0
T

n / h(t, X (8),€(1). ult), w)d(r)| (3.3)

We may interpret the function f as a profit rate, g as a bequest or salvage value function
and h as a cost rate for the use of the singular control &.

Assumption 3.1. Throughout this paper we assume that the functions b,o, A, f,g and h
are progressively measurable with respect to (t,w) for all fived x,y,&,u and continuously
differentiable with respect to x,y, &, u with bounded derivatives.

We want to find (£*,u*) € A such that

J(E u) = sup J(&u). (3.4)
(&u)eA

Here A = Ag is the family of G-predictable processes such that the corresponding state

equation has a unique solution X such that w — X (t,w) € L*(P) for all t. We let A denote
the set of possible values of u(t);t € [0,7] when (§,u) € A.

3.2 A sufficient maximum principle

We prove below a sufficient maximum principle for the singular control problem described
by (3.1) and (3.3). To this end, define the singular Hamiltonian H as follows:

H(t,x,y,&u,p,q)(dt,&(dt))
= Ho(t,x,y,&,u,p,q)dt + {\(t, z,u)p + h(t, x,& u) }dE(t) (3.5)

where
Ho(t,z,y,&,u,p,q) = f(t,z,y,&,u) + b(t,z,y,§,u)p + o(t,z,y,& u)q. (3.6)

We assume that for H is Fréchet differentiable (C') in the variables z,y, &, u.
The associated mean-field BSDE for the adjoint processes is

(dp(’f) :_%(t>){(t>7y(t>7§(t),U(t),p(t),q(t))dt
_aa_]—;o(t’ X<t)7 Y(t), £<t)u u(t),p(t), Q(t»vX(t)th

3.7
_ {@ £, X (1), u(t))p(t) + 8—Z(t,X(t),u(t))} de(t) + q(t)dB(t); 0<t<T 81)

o) =Y (xm) v+ E [%(X@),Y(T»} Vi F




Note that since we identify Vx () and V x(r) as elements in L?(Q, P), the above equation
is well-defined as a finite dimensional backward stochastic differential equation. See also
equation (4.6) below and other places.

Existence and uniqueness results for this type (3.1) & (3.7) of forward-backward SDEs
with singular drift seem to an unexplored area of research. However, some partial results
can be found in the recent paper [7].

Theorem 3.2 (Sufficient maximum principle for mean-field singular control.). Let ¢ ,ueA
be such that the system of (3.1) and (3.7) has a solution X(t),p(t),q(t) and set Y(t) =
F(X(t,-)). Suppose the following conditions hold

e (The concavity assumptions)

The functions
R x L*(P) x R™ x R" 3 (z, X, &,u) — H(t,z, F(X),& u,p(t),q(t),w)

and
X = g(X, F(X))

are concave for all t € [0,T] and almost all w € €. (3.8)

e (The conditional mazximum property)

ess supE[H (t, X (), Y (t),£(t), v, p(t), 4(t)) | G]

vEA

= E[H(t, X (1), Y (),£(t), a(t), 5(t),4(1)) | G as. (3.9)

o (Variational inequality)

3
= B[H(t, X (1), Y (t),£(t), a(t), p(t), (1) | Gi] a.s. (3.10)
Then (£(t),0(t)) is an optimal control for J(&,u).

Proof. = This theorem is a straightforward consequence of Theorem 4.1 below. We refer to
the proof there. O

3.3 A necessary maximum principle

In the previous section we gave a verification theorem, stating that if a given control (f L)
satisfies (3.8)-(3.10), then it is indeed optimal for the singular mean field control problem. We
now establish a partial converse, implying that if a control (£, @) is optimal for the singular

8



mean field control problem, then it is a conditional critical point for the Hamiltonian.
To achieve this, we start with the setup of [16] as follows. For (u, ) € A, let V() denote the
set of G-adapted processes 7 of finite variation such that there exists § = () > 0 satisfying

(u, &+ an) € Afor all a € [0,0]. (3.11)

Then for (u, &) € Aand n € V(§) we have, by our smoothness assumptions on the coefficients,

a{fgé (J(E+an)—J(E)=E {/0 {gi(t X (1), Y (1), €(0), u(t) Z (D)
* %UZX (), Y (£),£(), u(®)) (Vi F, Z(t))}dt

+ [ 9L, x (0.0, €0.u(0) o)

o¢
+E [%(X(Tx YNZT) + S D), Y (1) 2(T)
+E [ 0 gz (X (1), u(t) Z(1)dE (1) + /O Wt X (1), u(t))dn(t)} (3.12)
where )
Z(t) = lim _— (X&) () — X O (4)). (3.13)
Note that by the chain rule we have
lim % (Y& (@) —Yy© (1)) = lim é (F (X)) — F(X©O ) = (VxuF, Z(1)) .
a— a— (3‘14)
Moreover,
12(0) = (G020 + 5T 3P 200)+ S On0) ) a
+(SL020)+ 52O xo P20+ S0 ) a0
+ %(t)Z(t)dg(t) +ABdn(t) : Z(0) =0, (3.15)

where we did not write the explicit dependence of the functions b, o and X on their arguments
X, Y, & and n for simplicity.

Remark 3.3. It is not obvious that the limit in (3.13) exists. We refer to [2]] for a study
of this issue in a related setting. Assuming that the limit exists, the computation leading to
(3.15) is straightforward. For details see e.g. page 469 in [19].

We can now state and prove a necessary maximum principle:

9



Theorem 3.4 (Necessary maximum principle for mean-field singular control).
Suppose (§,1) € A is optimal, i.e. satisfies (3.4). Suppose the following processes n;(s),i =
1,2,3 belong to V(§):

m(s) == a(w)xpr(s), where o> 0 is G, — measurable, for all t € [0,T7,
ma(s) = E(s),

Then
E _(t7X(t)7ff@)vé(t%uaﬁ(t)qu(t))u:ﬁ(t) ‘ gt = O a.s. (316)

Moreover, the following variational inequalities hold.

E aa}? (t, X (@),Y (1), £(t), a(t)) + At X (2), a(t)p(t) + h(t, X (1), a(t)) | Qt_ <0

for allt €10,T] a.s. and

B | S0, X0,V (0,60 60) + Mo, X0, 60)500) + h(t, X(0). 0) | G| o) =0

| for allt €[0,T] as.

(3.17)

Proof. ~ The proof of (3.16) is analogous to the non singular mean field control case and
is omitted here. We shall prove (3.17) in the case when there is no control u. We need to
prove that if £ € A is optimal, i.e. if

sup J(§) = J(§) (3.18)
EeA

then ¢ satisfies (3.17). To this end, choose £ € A and 5 € V(€) and compute

2o (€ an) lazo= Av + Az + A + Ay, (3.19)

where

h - | / {Fwz0+ Fomxrzm)
a = = [ [ Layin)

o 0
A = B 0N, YD)2D) + LN T).Y (D) 2(D)]
Ay = IE_OT%(t)Z(t)f(dt)+h(t)d77(t)]. (3.20)



By the definition of Hy we have
g OH, b do
m=e| [ 20 {500 - S - T |
g OHo b do > }
+ VxwF, Z(t —(t) — =—()p(t) — =—(t)q(t) ) dt] . 3.21
[ @ zon (520 - 0wt - 5 0ato) (321)

By the terminal condition of p(T) (see (3.7)) and then by the Itd formula we have
Az = E[p(T)Z(T)]

:E[ /0 p(t)dZ(t) + /O Z(t)dp(t) + /0 q(t) (%(t)Z(tHg—‘y’(t)(vX(t)F, Z(t)”g_z(t)”(t)) dt

—E [ /0 p(t) {%(t)z(t) + S—Z(MVX@)F, Z(t)>+§_2(t)77(t)} dt

v [ g0z + [ oo - [ (GRoz0+ G0 x0r 20)) i

- [ 20 w0+ S+ [ (F020)+ F01x0F 20

(3.22)

Combining (3.19)-(3.22) we get

d T
ot an =2 [ [T {52060 4 A600) + 1is) ants)|.
In particular, if we apply this to an optimal & = & for J we get, for all € V(€),

E

/0 {aa—ZO(S) + A)p(s) + 3(8)} dn(S)] = d%t](é + an)q=o < 0. (3.23)

where we have denoted Ho(t) := Ho(t, X (£),Y (), £(t), a(t), p(t), d(t)); A(t) := M(t, X (¢), a(t));
and h(t) := h(t, X (t),u(t)).
If we choose 1 to be a pure jump process of the form

0<t;<s

where «(s) > 0 is Gs-measurable for all s, (3.23) gives

OH,

E (8—§(t) +AO)p(E) + ﬁ(t)) oz(tz»)] < 0 for all t; a.s.

11



Since this holds for all such n with arbitrary ¢;, we conclude that

O 4y 4 A0)p(t) + () | G,

E |5

<0 forallte|0,T] a.s. (3.24)

Finally, applying (3.23) to

~

di(t) = d&(t) € V(E)
and then to

dn(t) = —d(t) € V(§)
we get, for all ¢ € [0, T7,

E 85?( )+ AB)p(t) + h(t) | gt] dé(t) = 0 for all t € [0,T] a.s. . (3.25)
With (3.24) and (3.25) the proof is complete. O

3.4 The optimality conditions

Since there have already been studies (see e.g. [15] and references therein) on the usual
(nonsingular) mean field control problems, let us consider only the singular control &, i.e.
without regular control u. More precisely, the system that we deal with, is described by

dX (1) = b(t, X (1), Y (1), £())dt + o(t, X (1), Y (£), EE))dB() + At X ()de(t),  (3.26)

with Y (t) = F(X(t,-)). The performance functional is

:E[ /0 F(t, X (1), Y (8),€0))dt + g(X(T), Y(T)) + /0 h(t,X(t))df(t)] (3.27)

We also assume that the full information is available to the controller. If we apply the
Theorem 3.2 to the above singular control problem, we have the following description for the
optimal control.

The auxiliary backward stochastic differential equation with mean field is

dp(t) = — [g—za, X0, Y (), €0)) + (6, X (1), Y (8), £(6)p(t)
9 (1 X (1), Y (1), (1))t >} E[z—ga,xumw,at»

R X (1), Y (1), €0)p(E) + (1 X (1), V(1 >,s<t>>q<t>] VPt
t

)+
—{ B (L XO)p() + e, X ()}E(A) +q()dB().
P(1) = B(X(D), Y (D)) + B | 2(X (1), Y (T)| Viry F

(3.28)

12



We denote

(anlt) = =2, X(1), Y (1),€() — (8, X(1), Y (1), £(1)) Vo F

as(t) = —2(t X(1))

Bt) = —22(t, X(1),Y (1), (1) — %(t, X(1), Y (£), £()) Vi F

oi(t) = —9L(L, X (1), Y(£),6(t) — 5L(t, X (1), Y (1), £(t)) V(o F 529
ooft) = —9(1, X (1))

|0 = ZX(D),Y(D)+E | EXTD), YD) Vi F.

We also denote, for 0 <t <r <T

o ime{ [ seaws [ o) - 3] as+ [Tt}

Then a straightforward application of Equation (2.11) of [11] to the above BSDE yields

T T
p(t) =E (@pt,T —l—/ prrd1(r)dr —l—/ ptqubg(r)df(r)U-}) ) (3.30)
t t
With this p and ¢, the optimal control for the above problem satisfies the following equations

G X (1), Y (1), €() + Ge(t, X(1), Y (1), €(8))p(t) + G2(¢, X (8), Y (£),€(t))a(?)
+A(t, X (8))p(t) + h(t, X (t)) <0 forall t € [0,T], a.s. and

(

(3.31)
(S, X (1), Y (1), £(1)) + Z2(t, X (8), Y (£), £())p(t) + 22 (¢, X (1), Y (1), £(t))q(t)
A X (8)p(t) + h(t, X(£)]dE(t) = 0 for all t € [0,7] as.

\

We obtain an equation which describes the domain D in which the process X (t) must
live all the time. We control the process X () in such a way that when the process is in the
interior of the domain D, we don’t do anything. When the process reaches the boundary of
D, we exercise the minimal push to keep the process inside the domain D.

Equation (3.31) are essentially an equation for the “domain” of the state X (¢) and the
condition for the singular control £ to satisfy. It can be complicated since the solution p(t)
may depend on the paths of X, Y and the path of control £ itself up to time ¢. Denote

X = (X(s),0<s<t)

the trajectory of X up to time ¢, and similarly for Y; and &. Then p(t) can be represented
in general as p(t) = p(X¢, Yy, &).

13



We now consider a slightly more general situation, where the singular control may be
any finite variation process, not necessarily increasing. The increasing case corresponds to
r(t, Xy, Vi, &) = oo below.

Suppose that there are two functionals [, : [0,7T] x C([0,T],R)*> — R with [ < r such
that the equations (3.31) can be written as

l(t,Xt,th,ft) S X<t) S T(ta Xtvnvgt)

Jol X () = 1(t, X, Y2, &) de(t) = 0 (3.32)

St Xa, Y, &) — X(8)] () = 0.

Then we are led to the problem of finding a finite variation (not necessarily increasing)
control ¢ for the system

dX (1) = b(t, X(£), Y (£), £())dt + o (t, X (1), Y (£), E()dB(t) + A(t, X (£))deE(t)  (3.33)

satisfying (3.32). This is a Skorohod type problem.
For simplicity, we restrict ourselves to the case when

AMt,z)=1.
Theorem 3.5. Suppose that the following hold
1. b and o are uniformly Lipschitz continuous, that is there exists L > 0 such that
|b(t, 22, Y2, &2) — b(t, 1,1, &) < Llwe — @] + [y2 — 1] + & — &) - (3.34)
The same inequality holds for o.
2. 1 and r are uniformly Lipschitz continuous, i.e. for some L > 0,

[r(t, X2, Y, &) — r(t, X, Y6 < wosup [[XP(s) — X (s)] + [€7(s) — € (s)]]

0<s<t

+L/O sup [|X7(s) — X' (s) + [Y(s) = Y (s)| + |€%(s) — €' (s)[}dr  (3.35)

0<s<r
for some 0 < k < 1/4. The same inequality holds for .
3. Foranyte|0,T], X,Y and ¢ in C([0,T],R),

l<t7 Xt7 Yt7 ft) < T(t7 Xt7 )/157 §t> . (336)

Then, Equations (3.32)-(3.33) have a unique solution.
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Proof. = We shall apply the Banach fixed point theorem. Let B denote the Banach space of
all continuous adapted processes (X (t),£(t)) which are square integrable. More precisely,

B = {(X ,€), X and ¢ are continuous and adapted and
I(X,€)lls := {E sup (X () + [£(t)]*)}/* < oo} .
0<t<T
From (3.32) and (3.33), we define the following mapping on B: F(X,¢) = (Z,n), where
(Z,n) satisfies the inequalities
l(ta Xta Y;fagt) S Z(t) S T(ta Xt7}/;f7£t)

Jo [X(8) = U(t, X, Y3, &)] dn(t) = 0 (3.37)

Jo (4 X0 Ya &) — X ()] dn(t) = 0,
and, in addition,
dZ(t) = b(t, X (1), Y (£), £(£))dt + o (t, X (), Y (£), £(t))dB(t) + dn(t). (3.38)

For a given continuous pair (X (¢),£(t)) in B, the problem to find a pair (Z(t),n(t)) such that
(3.37), (3.38) hold is an example of a Skorohod reflection problem. See e.g. [8]. By condition
(3), Theorem 2.6 and Corollary 2.4 of [4] the above Skorohod problem has a unique solution
(Z(t),n(t)) and the solution pair (Z(t),n(t)) can be represented as

n(t) = )b (3.30)
Z() = (1) - n(t)., (3.40)
where
bt) = / b(s, X (5), Y (s), £(s))ds + / o(s, X (3), Y (s),£())dB(s)
l(u) = l(u,Xu,Yu,ﬁu)
T(U) = r(u,Xu,Yu,gu)
20 = wax{ {00 = rO) A inf (0l - 100)]

sup [(6(5) = r(9) A inf ((0) = 1)] }.

s€[0,t] u€ls,1]
It is elementary to see that
|max{by, by} — max{a, as}| < max{|b; — ay|, |bs — as|}

sup g(t) — sup f(t)| < sup. lg(t) — f(D)]

0<t<T 0<t<T
— < — .
3,00 = 1t S0 < s, o)~ 0
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From the expression of =, we get that

sup |Z(la, 12, 92)(s) — Z(l1, 71, 91) ()] <2 sup [|la(s) — L(s)] + [ra2(s) — ri(s)]]

0<s<t 0<s<t

F4sup [lals) ()] - (341)

0<s<t

Now we want to show that
B> (X,§) — F(X,§) = (Z,n)

is a contraction on B. Assume that (X! &) and (X2,£2) be two elements in B and let
(Z',n') and (Z?,7%) be the corresponding solutions to (3.37)-(3.38). Then for i = 1,2, we
have

ni(t) = E(li,ri, ¥i)(t) (3.42)
Zi(t) = i(t) —mi(t), (3.43)
where
Pi(t) = tb(s,Xi(s),Yi(s),gi(s))ds—i—/ot oi(s, X' (s),Y(s),£(s))dB(s)
Li(u) = I(u, X2 Y€
ri(w) = r(u, XL, Y€
b= Sl 0O = max{ (40 = O) A inf (o)~ b(w)]

sup. |(44(s) = 7o) A i, () = )| }.

s€[0,t] u€ls,t]

From (3.41) and then from the assumptions on [ and r, we see that

E sup [ns(r) —m(r)|”

0<r<t

SE sup [la() = B(s)[2 + Ira(s) = ra(s)2] + 32E sup [¥a(s) = va(s)P]

< 8WE sup [|X2(r) = X' ()2 +1€2(r) — E1(r)P] + 32E sup [d(s) — b1 (s)]”

0<r<t 0<s<t

IN

A

+0 [& sup [1X%(0) = X0 +1€0) — € (1))

0<r<t

By standard argument from stochastic analysis, we have

E sup [¢a(s) — da(s) < C / E sup [[X2(s) — X'(5)[ + [€(s) — £1(s)]"] dr

0<s<t 0<s<r
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Thus we have

E sup [na(r) —m(r)]* < 8E sup [|la(s) = L(s)]* + |ra(s) — r1(s)|’]

0<r<t 0<s<t
+C/ E sup UXQ(S) — X'(s)]? + [€%(s) — 51(3)‘2] dr.
0 0<s<r
(3.44)

From (3.43) we have

E sup |Zo(r) = Zi(r)]* < 2E sup [m(r) —m(r)]* + 2E sup [¢2(r) — ¢u(r)[?

0<r<t 0<r<t 0<r<t
< 16k%E sup [|X2(T) — X r)P + 1€ (r) — 51(7“)|2}
0<r<t
+64E sup [o(s) — 1b1(s)|?
0<s<t

+0 [B sup [1X3() = X (6)F +1€45) — € )]

0<s<r

< 16+7E sup [|X3(r) = X'(r)] + [€3(r) — €'(r)]]

0<r<t

+0/0 E sup [|X%(s) — X1(s) + [€2(s) — £'(s)P"] dr-

0<s<r

Combining the above inequality with (3.44), we have

E sup [|Za(r) — Zy(r)* + le(r) — m(r)]?]

< 16 sup [IX(0) — X0 +1€20) - €1(0)F ]
<0 [ B sup [1X%(0) = X (9P +1€40) = € (9] dn
< (16K + Ot)]EOS;iEt [1X%(r) = XM ()P + 182 (r) = E1(r) ] (3.45)

If Kk < 1/4, then we can choose ty such that 16x? + Ct < 1 for all ¢ < ty. Thus from (3.45),
we conclude that F' is a contraction mapping from B to B. Following a routine argument,
we obtain the solution £(t), X (¢) of equations (3.32) and (3.33) up to time ¢y. Since the
constant C' in 16x2 4+ Ct does not depend on the initial condition, we repeat this procedure
to solve the equations (3.32) and (3.33) on the interval [0, 7. O

Remark 3.6. From the proof of the theorem, we see that if we define the Picard iteration
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form=0,1,2,---,
(108, X7, Y™, 6 < X0 @) < (e, X, Y, 60)

S [X ) = 18, X0, ¥, 6] de 0wy = 0 (3.46)

[ X €)= X dg e =0,
and

dXU() = b, XM (1), Y (1), £ (8) ) dt (3.47)
+o(t, X (1), Y (), €M () dB(1) + d" I (t)
where Xt(o) = X(0), ft(o) =0, then (X™(t),£M™(t)) will converge to the solution (X (t),£(t))

in B. This may be used to construct numerical solutions.

3.5 Application to optimal harvesting problem

Let us consider an optimal harvesting problem where the population density X () at time ¢
is described by the linear controlled system

dX(t) = (bi() X (t) + bo(H)E[X (2)]) dt + o(t, X (t), Y (t))dB(t) — d&(t) . (3.48)
We want to find é such that

sup J(€) = J(£), (3.49)
geA
where .
=] [ s, v+ goxy + bt X (O)ac(0)]
with
ft,2,y) = filt)x + f2(t)y (3.50)
and
g(z) = Kz (3.51)
with K > 0. Then from (3.29) we get
(at) = —bi(t) — ba(t)
Bt) =—52(tX(1),Y () - 52(t, X(1),Y(?))

P1(t) = —fi(t) — fa(t)
Go(t) = —22(t, X (1))

() =K.
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Denote, for 0 <t <r < T,

P — exp {/trms)dws + /t [oz(s)ds - %52(5)] ds} |

Since « is deterministic, we have for all t <r < T,

a(t,r) := E(ptm‘]:t)

~ exp }f:a(s)dﬁ E <exp {/tTﬁ(s)dWS - %/t 52(s)ds} }E)
— expd [ als)ds) .

Note that a(t,r) is a deterministic function. It is easy to see from (3.30) that

p(t) = Ka(t,T) —l—/t a(t,r)ér(r)dr + ]E[/t a(t,r)po(r)de(r) | Fi]. (3.52)

Thus we have the optimality conditions

—p(t) + h(t, X(t)) <0 (3.53)
[=p(t) + h(t, X(t))] d(t) = 0.
If furthermore we assume
o(t) >0, (3.54)
and
h(t,z) = ho(t)x"™, with ho(t) positive and x # 0 (3.55)
we get
< p(t) B 3
Xl = (ho(t)> 1 if k>0
ho(t)\ * .
2<p°(t)> if k<O.
In this case, we can take
® )
l(t,x,y,§) =0 and r(t,z,y, &) = (24" if k>0
(56) (3.56)
l(t,x,y,&) = (};O((tt))) " and r(t,x,y,&) = o0 if Kk <0.

Note that £ < 0 means that unit price goes up when the population goes down (which
becomes more precious). In this case, we want to keep the population above a threshold

p(t)
also larger. We have proved

h(t) := <h°(t)>7g. It is interesting to note that when hg(t) is larger, this threshold h(t) is
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Proposition 3.7. Under the assumptions (5.50), (5.51), (5.54) and (3.55), the solution
of the mean field singular control problem (3.49) is given by the solution (X,Y ) of the
Skorohod reflection problem (3.32) and (3.33), with the boundaries | and r given by (3.56).

Next, we continue to assume (3.54). But we replace (3.55) by
h(t,z,y) = ho(t)x* + hy(t)z . (3.57)
where hg(t) is positive. Then, inequalities (3.53) become

—p(t) + ho()X?(t) + h (1) X () < 0.

I(t) < X(t) <r(t), (3.58)

where
i) = W; z)(; Aho(H)p(?) (3.59)
r(t) = )+ Vi t)(g Aho(H)p(t) (3.60)

Similar to Proposition 3.7, we have

Proposition 3.8. Under the assumptions (3.50), (3.51), (3.54) and (5.57), the solution
of the mean field singular control problem (3.49) is given by the solution (X Y f) of the
Skorohod reflection problem (3.32) and (3.33), with the boundaries | and r given by (3.58)-
(3.60).

If A is given by (3.57), but with hg(t) < 0, then it can be shown that the domain (3.31)
will be either X (¢) < h(¢) or X (t) > h(t), where h and h are some thresholds which can be
computed similarly.

4 Singular mean-field two-players games

4.1 Sufficient and necessary maximum principles

In this section we consider the stochastic game of two players, each of them is to maximize
his/her singular mean-field performance.

Denote § = (&,&),u = (u1,u2),w = (wi,w2), A = (A1, A2),h = (h1, he) with h; =
(hii, hi2), and let the pair w; = (&, u;) represent the control of player ¢ ; i = 1,2.

Suppose the process X (t) = X%%(¢) under control of the two players satisfy the following
stochastic differential equation with jumps.

AX () = b(t, X (1), Y (£), £(t), u(t),w)dt + o (t, X (), Y (), £(t), u(t),w)dB(t)
L X (1), u(t), w)dE(t), (4.1)
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where Y(t) = F(X(t,-)), and F is a Fréchet differentiable operator on L?(P), and we assume
the same dimensions as in the beginning of Section 3.1.

We put G' = {G/};>0 where G C F; is the information available to player i at time ¢.The
performance functional for player i is assumed to be on the form

J(Eu) = E [ [ 500, 00,0+ 0,(X (D), Y (7).

+/0 hz‘,l(t,X(t)au(t)aw)dﬁl(t)+/O hip(t, X (1), u(t), w)d&(t)| 3 i =1,2.

We want to find a Nash equilibrium for this game, i.e. find (£, u}) € Ay and (&, u3) € A
such that

sup Jl(glaulué.;?u;) < Jl(ﬁ;“;&;:“;) (42)
(&1,u1)€A
and
sup JQ(SiuLgQ?uQ) < JQ(SI,ULé;,U;) (43)
(2,u2)€A2

Here A, is a given family of G®-predictable processes such that the corresponding state
equation has a unique solution X such that w — X (¢t,w) € L*(P) for all t.
We let A®) denote the set of possible values of u;(t);t € [0,T] when (&, u;) € Aj;i=1,2.

We make similar assumptions as in Section 3.1, i.e. we assume that
the functions b, o, \j, fi, g and h; j are progressively measurable with respect to (t,w) for all
fixed x,y,&, u and continuously differentiable with respect to x,y, &, u with bounded deriva-
tives.

Define two Hamultonians H;;1 = 1,2, as follows:

Hz(tv x,y, 617 Uy, 527 Uz, Pi, QI)(dt’ dgl (t)7 dg?(t))

2

= H;o(t,z,y, &, un, §o, u2, iy ¢i)dt + Z{)\j(ta z,w)p; + hi (L, @, u) bdE;(1) (4.4)

j=1
where
Hi,O(t7 x,Yy,w,p;, QZ) = fl(tv x,Y, 'lU) + b(t7 x,Y, 57 u)pz + O(ta x,Y, 57 u)Qz (45)

We assume that for i = 1,2, H = H; is Fréchet differentiable (C') in the variables x,y, £, u.
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The BSDE for the adjoint processes p;, q; is

(i) = =220, X0, Y (0, w(t),p0) i)

(1, X (1), Y (1), w(t), (), ()| Ve

- 4.6
—Z&—ux D)) + 250, X 1), )Ny 0 + B

'(X(T),Y(T))} V) F; i=1,2.

We now state a sufficient maximum principle for stochastic games with two players and
mean field terms.

Theorem 4.1 (Sufficient maximum principle). A
Let (&1,11) € Ay, (&, U2) € A with corresponding solutions X, p;, ¢;, 7 of (4.1) and
(4.6). Assume the following:

e The maps
X,wy — Hy(t, X, F(X),wy, we(t), p1(t), G1 (1)), (4.7)
and
X, wy — Ha(t, X, F(X), w1, ws(t), pa(t), G2(t)), (4.8)
and
X = gi(X, F(X)) (4.9)

are concave for all t;1 =1, 2.

e (The conditional maximum properties)

m?ﬂ%@ﬂﬁmmwwé@%®ﬁ@mmWﬁ

~

= E[H(t, X (1), Y (), &1(t), 0 (), &(t), wa(t), 1 (1), 1 (1) | GV s, (4.10)

and

~

ess iupE[Hg(t,X(t),f/(t),é(t),ﬂl(t)a52(75)7U2,]52(t)7€72<t>) | gf@]

~

= E[Hy(t, X (), Y (), & (), 1 (8), &2(1), ta(t), pa(1), G2(t)) | G0, s, (4.11)
e (Variational inequalities)

eﬁmmmwmmm@mw@Wmmmwmmwﬁ

~

= E[H,(t, X (1), V(t),&1(t), 0 (), &(t), wa(t), 1 (), @1 (1) | GV as. (4.12)
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and

~

essgsupE[HQ(t,X(t),Y(t),&(t),ﬂ1(t)a52,112(75) Pa(t), G2(t)) | gt ]

~

= E[Hy(t, X (), Y (), & (), 1 (8), &2(1), ta(t), pa(1), G2(t)) | G0, s, (4.13)

Then (€1, 1), (€, 1) is a Nash equilibrium, in the sense that (4.2) and (4.3) hold with
& =¢&,u; =10;1=1,2.

Proof. By introducing a suitable increasing sequence of stopping times converging to 7',
we see that we may assume that all local martingales appearing in the proof below are
martingales. We refer to [18] for details. We first study the stochastic control problem (4.2).
For simplicity of notation, in the following we put: o

X(t) — X&1u1,82,a2 (t) Y(t) — Yéu1,€2,02 (t) ang X(t) — ){&17111,53,112( ) ( )A - Y§1 1,62, 02 (t)
b(t) = b(t, X (1), Y (t), &(£), &2(t), un(t), ua(t), w), b(t) = b(t, X (1), Y (), &1(£), &2(t), ua(t), da(t), w)

and similarly with o(t),5(t). ) )
Consider Jy (&, u1, &, ) — Ji (&1, @i, €a, Tia) = I, + Iy + I3 + I, where

I, =F [/0 {f1(6, X (), Y (), wi(t), 2 (t)) — fu(t, X (£), Y (t),1dn(t), wz(t))}dt]

I == Elgi(X(T). Y(T)) = 92 (X(T), Y(T))]

I, =F [ /0 (o (t, X (£), w1 (1), wa(t))dEx(t) — hyalt, X (1), w(t))d$2(t)}]
By the definition of H; we have
~ B[ (it X0 Yo (0, (0, 0). ()

— Huo(t, X, Yo, (1), 51 (1), 1 (8)) — (0(t) = b(0))pr (1) — (o(t) — 6(1))du (8) Y] (4.14)

By concavity of ¢g; and the It6 formula we have

+%—§<X(T>, V(T))(V ) F, X(T) — X(T»]
— E(py(T), X(T) — X(T))
_E [ | iz + [ xoano+ [ a <t>&<t>dt] , (4.15)



where we have put

X(t) = X(t) — X(t), 6(t) :=o(t) —o(t). (4.16)
Note that
e[ [ maxo] =& [ [ swon - o
+ /0 ' Pr(t)(Mdé () — Mid& () + Nada(t) — S\Qdég(t))] : (4.17)
and that

e[ [ %] =2 [ [ X0 (2520 X0, 00050 60.5.0)

OH )Y Ohy
- XY 000510 60,1 (0) w0 P = S (GOm0 + T2 <t>}d@<t>)]
(4.18)
Combining (4.18) with I3 and I, we get
Jy— Jy = Ji(En,un, &, Gn) — Ji(€r, i, o, Tia)
T . oH, . O, .

< |t - i) = G - 3 - ARG X)}]

[y - O, . 0H, R

_E /0 BLH(1) — Fi(t) = 51 (X = X) = SLVF(X - %) | ]] (4.19)

Note that by concavity of H; we have

Hl(taXaF(X)aglaubg%ﬁ%ﬁladl) - Hl(t7X7F(X)7élaal?f?vﬁ%ﬁl)qu)

OH, - A OH, - R A . OH X A
< a—;(x)(x -X)+ a—yl(X)VXF(X — X))+ Ve, Hi(§)(& — &) + 0711(“)(“1 — )
(4.20)
Therefore, to obtain that J; — J; < 0, it suffices that
E[Ve Hi(€) |GG —&) <0 as. (4.21)
for all &, and that
O, )
E[a—l(u) |GV — i) <0 as, (4.22)
Uy
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for all u;. The inequality (4.22) holds by our assumption (4.10), and the inequality (4.21)
holds by our assumption (4.12). The difference

Jz(éhﬁlafmuz) — J2(517ﬂ1752,@2)

is handled similarly. 0

We proved above a verification theorem, stating sufficient conditions to obtain a Nash
equilibrium. We now establish a partial converse, implying that a Nash equilibrium for the
singular control game is a conditional saddle point for the Hamiltonian.

Theorem 4.2 (Necessary maximum principle).
Suppose w1 = (&1, 0;) € Ay and wy = (&, 1) € Ay constitute a Nash equilibrium for the
game, i.e. satisfies (4.2) and (4.3). Then

[OHy o/ o & SN e A ]
B |5 (6 X0,V (1), 60(8), ur, &(1). ta(0), 51 (1), Gy (a0 | G| =0 as. (4.23)
L “¢1 J
and
[OHs | o o 2 NP @] _
E a_UZ(tvX(t)vY(t)7£1(t)7u1(t)7§2(t)au27p2(t)7q2(t))u2=122(t) | gt =0 a.s. (424)
Moreover, the following variational inequalities hold:
( [0Hio, o, v, .. U o 0]
E a—g(t,X(t),Y(t),w(t)) + Ni(t, X(8),a(t)ps (t) + his (8, X (2),w(t)) | G| <0

forallt, 1 =1,2 , and

E 8@}20 (t, X (1), Y (£),(t)) + N(t, X (), a(t))ps(t) + hus(t, X (1), 0(1)) | gt@-)' dEL(t) = 0

\ forallt, i =1,2.

(4.25)

Proof.  This theorem can be proved in a way similar to the proof of Theorem 3.4 with an
adjustment to the stochastic game case. The adjustment is similar to one in the proof of
Theorem 4.1. 0]

4.2 The zero-sum game case
In the zero-sum case we have
J1<w1, U)Q) + Jg(wl, 'lUg) =0. (426)

Then the Nash equilibrium (wy,ws) € A; x Aj satisfying (4.2)-(4.3) becomes a saddle point
for

J(wy, wy) := Jy(wy, ws). (4.27)
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To see this, note that (4.2)-(4.3) imply that
Ji(wr, ) < Jy (i, w2) = —Ja(y, 2) < —Jo(t1, wa)

and hence
J(wl,wg) S J(UA)l,UAJQ) S J(’uA)l,wg) for all w1, Wa.

From this we deduce that

inf sup J(wy,wz) < sup J(wi,ws) < J(y, o)
w2E€A2 1 €Ay w1 €AY

< inf J(wy,wy) < sup inf J(wq,ws).
T wa€A, ( ’ ) - ’wlegl wa€A2 ( ’ )

Since we always have inf sup > supinf, we conclude that

inf sup J(wy,we) = sup J(wi,wy) = J(wy,ws)
wa€A2 w1 €A, w1 €Ay
= inf J(wi,wse) = su inf J(wy,wsy).
wo A2 ( b 2) wlealll)zé./\z ( b 2)

ie. (wr,wy) € A; X Ag is a saddle point for J(wy,ws).
Hence we want to find (w1, w;) € A; X Az such that

sup inf J(wp,we) = inf sup J(wy,ws) = J(Wy,ws),
w1 €A wo A2 wo A2 w1 €A

where
J(wy,we) = E {/0 flt, X(t),Y(t),w(t),w)dt + g(X(T),Y(T),w)

+ /0 ha(t, X (), w(t), w)dé, (t) + /O ha(t, X (£), w(t), w)ds(t)

As shown in [17], in this case only one Hamiltonian H is needed, namely

H(tv r,Y, 517 Uy, 527 Uz, P, Q)<dt7 dgl@)? d£2<t))
2

- HO(t7xa y;fl,ula§27u2,p» q)dt + Z{/\](t,x,u)p + hj(t,l‘,f,U)}dgj(t)
7=1
where

Ho(t,z,y,w,p,q) = f(t,z,y,w) +b(t,z,y,w)p + o(t,z,y,w)q

and we have put ¢, =g, h; =hy;; i =1,2and f1 = f = —fo.

26

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)
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Moreover, there is only one couple (p, q) of adjoint processes, given by the BSDE

(dp(t) = —%u X(0), Y (8), w(t), p(t), a(t))dt

| (6 X0,V (0 w(t),ple), a(6)) | Vo F)de

dg

p(T) = =(X(T),Y(T)) + E[ay

(X(T), Y (D)IVxn) F

=D X OO0 + G X w0 + 4B

(4.34)

We can now state the corresponding sufficient maximum principle for the zero-sum game:

Theorem 4.3 (Sufficient maximum principle for zero-sum singular mean-field games). Let

~

(w1, 9) € Ay X Ay, with corresponding solutions X(t), Y(t),p(t), G(t). Suppose the following

holds

e The function
Xa w; — H(tyXaF(X)awlan(t)’ﬁ(t)ad(t))

1s concave for all t, the function
X,wy — H(t, X, F(X), (1), w2, p(t), 4(¢))
15 convex for all t, and the function
X = g(X, F(X))
is affine.

e (The conditional maximum property)

eiSEiUpE[H(taX<t)aY(t)7€1(t)avl7g2( ), (1), (1), (1)) | G;V]

~

= E[H(t, X(1), Y (1), & (1), (L), &(t), aa(t), p(t), d(1)) | 6]
and

me[H<t,X< 1), Y (£), &1(1), @ (), Ea(L), va, (1), 4(1)) | G

v2 €A

o (Variational inequalities)

ess supE[H( LX), Y (1), &1, (1), Ea(t), (), 5(2), 4(1)) | GV

~ ~

= E[H(t, X(1), Y (1), &(t), i (1), &(t), aa(1), p(t), 4(1)) | 6]
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(4.36)

(4.37)

(4.38)

(4.39)

(4.40)



and

essﬁjnfE[H(t,X(t),Y(t),é( ), U (t), o, Ua(t), P(1), 4(1)) | th)]

= B[H(t, X(£), Y (1), &1(0), @ (1), &(8), da (1), (1), 4(1)) | G;7). (4.41)
Then a(t) = (U1(t),ua(t)) is a saddle point for J(uy, us).

Proof.  The proof is similar to (and simpler than) the proof of Theorem 4.1 and is omitted.
O

5 Applications

5.1 A mean field investment game

We return to the mean field singular game of Section 2.2. In this case, we get from (4.4)

Hz(ta z,y, 517 €2>pia %)(dt? dgl (t)a d£2(t))
= mmin(z,& + &) + yb(t)p; + zo(t)g; + hid&i (1) + hod&(t)

and the adjoint equations (4.6) becomes

dpi(t) = = [Xp.g+e) (@)7(1) + 0 (D)a(t) + b(t)pi(1)] dt + qi(t)dB(t) ; pi(T) = 0.

The variational inequalities (4.25) get the form

{ ()X[OX y(&i(t) + &(t)) + ()<0and
[7()x10,x 0 (E1(t) + &(1)) + ha(t)] d&i(t) = i=12.

and the optimal strategy for factory 1 is:
i) If w(t) + hi(t) <0, do nothing.
i) If w(t) + hi(t) > 0 increase & (t) to X (t) — & (t).

In other words, (&1, X)) solves the reflected Skorohod problem

{ §1(t) > (X () = & () X[0,00) (7(2) + R (1))
[&u(t) — (X(t) — *(t))x[oOo>( w(t) + hy(t))] déy(t) = 0

So for given & we choose & = Ry(&) solution of (5.1). Similarly, given & we choose
& = Ry(&) as the solution of

{52<>_< () — &(
(&) — (X(t) - &

(5.1)

))X[0.00) (m(£) + ha(1))
t))X[o oo)( (1) + ha(t))] déa(t) =

28

t
( (5.2)



Thus, to find the Nash equilibrium we need to solve the following coupled problem:

§1(t) > (X () — &2(t))X(0,00) (7 (F) + Pa(2))
[€1(2) — (X (1) = &) X[0,00) (T (£) + ha(1))] dEi () = 0

&a(t) = (X(t) — 51( ))X0.00) (7 (£) + ha(t))
[£2(8) — (X (1) — &(8))X (0,00 (7 () + ha(t))] da(t) =

The above system of reflected Skorohod problems can be solved in the following way:

We divide the interval [0,77] into 0 =ty < t; < --- < t, = T such that on each interval
[tk, tr+1) the signs of m(t) 4+ hyi(t) and 7w(t) + ho(t) remains unchanged. On each interval
[tk, tr+1], we use the following control principles. If both of the inequalities 7(t) 4+ hy(t) < 0
and 7(t) + h2(t) < 0 hold, then do nothing. If 7(¢) + hy(t) < 0 and 7(¢) + ha(t) > 0, then
the first factory does not do anything. The second condition in (5.3) becomes

(5.3)

{ 2(t) = (X (t) — &(2))
[£2(2) — (X(t) = &(1)))] déa(t) =
By Remark 2.7 (namely, Equation (2.8)) of [4],
§a(t) = tsgsgt(X(S) G(te)T, e <t <t

Thus, we keep & () = & (t) unchanged and in the same time increase & (t) to X (t) — & ().
Similar result holds if 7(¢) + hy(¢) > 0 and 7(t) + ha(t) < 0.
If both 7(t) + hy(t) > 0 and 7(t) 4 ho(t) > 0, then (5.3) becomes

&i(t) = (X (1) — &(1))
[§1(2) = (X(t) = &(1))] d&i(t) = 0

&a(t) = (X(1) = &(1))
[€2(t) = (X (1) = &(1)))] d&a(t) =
Let £(t) = &1 (t) + & () and then (5.4) is equivalent to

{ £(t) > X(1)
[€(t) — X (1)]dE(t) = 0.

Again by Remark 2.7 (namely, Equation (2.8)) of [4], we have

(5.4)

Et)= sup X(s)", tn<t<tp.

te<s<t

Now we show that any decomposition of £(¢) into the sum of two nondecreasing processes
&1(t) and & (t) will solve (5.4). In fact, assume £(t) = &1(t) + &2(t), where & and & are two
nondecreasing processes. Since £(t) > X(¢) and & and & are nondecreasing, we have

{K(t)—X(t)]dsl(t)z 0
€(t) — X ()] d&a(t) > 0
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Adding them we have
[£(t) — X(1)] d&x (1) + [£(t) — X ()] d&x(t) = [£(8) — X (2)] d&(t) = 0.

This implies
{ [£(t) = X (@) d&(t) = 0O
[€(t) — X (1)) dé(t) = 0.

Thus, & and &, satisfies (5.4). Summarizing we have

Proposition 5.1. Assume that we can divide the interval [0,T] into 0 =ty < t; < -+ <
tn, =T such that on each interval [ty,try1) the signs of w(t) + hi(t) and 7w(t) + ha(t) remain
unchanged. Then we can recursively find the solution & and & on each interval [ty tr1] for
k=0,1,--- ,n—1. On the interval [ty tx11], we have

(1) If both inequalities 7(t) + hq(t) < 0 and 7(t) + ho(t) < 0 hold, then do nothing.

(11) If m(t) + hi(t) < O but w(t) + ha(t) > 0, then
G@) =&(t), th<t<tpn

and
&(t) = sup (X(s) —&i(te), tr <t <t

te<s<t

If w(t) + hy(t) > 0 but w(t) + ho(t) <0, then

E(t) =6(tr), th <t <t

and
(1) = sup (X(s) =&(tn)",  th <t <tppa
te<s<t
(111) If both inequalities w(t) + hi(t) > 0 and w(t) + ha(t) > 0 hold, then & and & can be
any nondecreasing processes such that

&() + &(t) = sup X(s)7, tp <t <ty

t<s<t

Note that in this case the Nash equilibrium is not unique.

5.2 Model uncertainty singular control

We represent model uncertainty by a family of probability measures Q = Q? equivalent to
P, with the Radon-Nikodym derivative on F; given by

d@Q | F)
aEae Gt (5.5)
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where, for 0 <t < T, GY(t) is an exponential martingale of the form
dGO(t) = GY(t)0(t)dB(t); G°(0) = 1. (5.6)

Here 6 may be regarded as a scenario control. Let A; denote a given family of admissible
singular controls £ and let A, denote a given set of admissible scenario controls 6 such that

E[ /0 " 6] < oo (5.7)

Now assume that X;(t) = X$(t) is a singularly controlled mean-field It6 process of the form
dXy(t) = bi1(t, X1(2), Y (t),w)dt + o1 (t, X1(t), Y (t),w)dB(t) + A\ (¢, X1(t),w)dE(t),  (5.8)

where
Y(t) = F(Xu(t, ) (5.9)

and F is a Fréchet differentiable operator on L*(P). Let GM = {GM}ocier and G® =

{gt@)}ogtg be given subfiltrations of F = {F; }o<i<r, representing the information available
to the controllers at time ¢. It is required that & € A; be G(l)—predictz}b}e, and 0 € A, be
G®-predictable. We consider the stochastic differential game to find (£,6) € A; x A, such
that

sup Jnf Eqo[j(§,0)] = Egulj(€,6)] = inf sup Eqoli(€,0)], (5.10)

where
J(E.0) = / (X000, Y (1), €(t), w) + p(6(2))
+ g (X(T), Y (T),w) + / (. X4 (1), w)E(d). (5.11)

The term Eg| fOT p(0(t))dt] can be seen as a penalty term, penalizing the difference between
@’ and the original probability measure P. Note that since G?(t) is a martingale we have

Eqoli(€,0)] = E UO GO fi(t, Xa(2), Y (1), £(1))) + p(0(£)}dt + G*(T) g1 (X (T), Y (T))

+ [ 6ot xi0aeo)| = sic.0) (512

We see that this is a mean-field singular control stochastic differential game of the type
discussed in Section 4.2, with a two-dimensional state space X (t) := (Xi(t), X2(t)), with
X5(t) = G(t) and with

J&,X(8),Y(2),£(2),0(1))) == Xo(){ f1(t, X1(2), Y (2),£(2)) + p(0(2))}, (5.13)
g(X(T),Y(T)) := Xo(T)g1 (X1(T), Y (T)), (5.14)
h(t, X (1)) = Xa(t)h (£, X, (1)) (5.15)



We get the following Hamiltonian for the game (5.10):

H(t7 X1,T2,Y, éa 07p7 q, T) (dta dé.(t))
= HO(t7 T1,22,Y, 57 67p7 Q>dt + {>\1 (tu xl)])l + thl (t7 xl)}d§<t) (516)

where

HO(ta T1,T2,Y, 67 67 b, Q) = x?{fl (t> T, Y, £)+p(9)}+b1 (ta Iy, y)p1+0<t7 Iy, y)Ql+$29(J2 (517)
The corresponding mean-field BSDEs for the adjoint processes become

(dpl(t) = —%(t X(2),Y'(1),€(1),0(t), p(t), q(t))dt

B[S0 X(0), Y (2),€00), 0(0), (0),(0)| Voo Pl
X (5.18)

{6 X O (0 + 15 (4 Xa (D)D) + (B0

pT) = X(D)F2 (D), Y (1) + BT, Y (D) Vi P

and

{dpz(t) = ~{AE X (0, Y(0).60)) +p(0(0) + 0D ax(0)}dt + dBE) o)

p2AT) = gi(Xo(T),Y(T)).
Minimizing the Hamiltonian with respect to 8 gives the following first order condition:

% 1) = ~Ela:t) | G (5.20)

The variational inequalities (4.25) reduce to

{ [Xa()Vefilt, Xu(8), Y (1), £(1),0(8)) + Au(t, Xa(0)pa (1) + Xa(O)a(t, X0(8) | G1] < 05
E[Xo(t) Ve fi(t, X1 (8), Y (£), £(), 0(t)) + M (t, X1(8)pa (8) + Xo(t)ha (t, X1 (1)) | GVdE() =
(5.21)

In general it seems to be a formidable mathematical challenge to solve such a coupled system
of forward-backward singular SDEs. However, in some cases a possible solution procedure
could be described, as in the next example.

5.3 Optimal harvesting under uncertainty

Let us consider a model uncertainty version of the optimal harvesting problem introduced
in Section 2.1. For simplicity we put K = 1. Thus we have the following mean-field forward
system (X¢, GY), where G? is given by (5.6) and

dX (t) = dX*(t) = E[XC(t)]b(t)dt + X (t)o(t)dB(t) — No(t)dE(t); X(07) =2 >0, (5.22)
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with performance functional
ae.0) = E( [ " plo()d + / L)X WdE() + TXETY. (5.29)

The model uncertainty harvesting problem is to find (£*,0*) € A; x Aj such that

sup Jnf J(¢,0= inf sup J(&0) = J(E",07). (5.24)

We assume that the controllers have full information, so it is required that £ € A; be
F-predictable, and 6 € Ay be F-predictable.
Here the Hamiltonian is

H(t x,9,y.¢,0,p,q)(dt, £(dt))
= {gp(0) + yb(t)p1 + xo(t)q1 + gOqa}dt + {—=Xo(t)p1 + xgho(t) }dE(2). (5.25)

Minimizing the Hamiltonian with respect to 6 gives the first order equation

PO)(t) = —aa(t). (5.26)

The corresponding reflected backward system is
dpi(t) = =[b(O)p1(t) + o (t)qr (1)]dt — ho(t)G*(H)dE(t) + a1 (1)dB(t); pr(T) = G*(T)  (5.27)
dpa(t) = =[p(0(t)) + 0(t)q2(t)]dt — ho(t) X (£)dE(t) + q2(t)dB(t); p2(T) = X(T)  (5.28)

with variational inequalities

{—Ao(t)pl(t) + X ()G (t)ho(t) < 0; (5.29)

[—Xo()pa(t) + X ()G (t)ho(t)]dg(t) = 0
Then we get the following result:

Proposition 5.2. Suppose there exists a solution X(t) = X4(1), G‘(t) = Gt), pi(t),
G (1), Pa(t), Ga(t), E(1), O(t) of the coupled system of mean-field forward-backward singular
stochastic differential equations consisting of the forward equations (5.22) and the reflected
backward equations (5.27),(5.28), and satisfying the constraint (5.29). Then &(t) is the opti-
mal harvesting strategy and é(t) 15 the optimal scenario parameter for the model uncertainty
harvesting problem (5.24).
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