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Abstract

We construct a stochastic maximum principle (SMP) which provides necessary conditions for the
existence of Nash equilibria in a certain form of N-agent stochastic differential game (SDG) of a mean-
field type. The information structure considered for the SDG is of a possible asymmetric and partial
type. To prove our SMP we use a spike-variation approach with adjoint representation techniques,
analogous to that of S. Peng in the optimal stochastic control context. In our proof we apply adjoint
representation procedures at three points. The first-order adjoint processes are defined as solutions
to certain mean-field backward stochastic differential equations, and second-order adjoint processes
of a first type are defined as solutions to certain backward stochastic differential equations. Second-
order adjoint processes of a second type are defined as solutions of backward stochastic equations of a
type that we introduce in this paper, and which we term conditional mean-field backward stochastic
differential equations. From the resulting representations, we show that the terms relating to these
second-order adjoint processes of the second type are of an order such that they do not appear in our
final SMP equations.

Keywords: Stochastic maximum principle, stochastic differential games, Nash equilibria, mean-
field type stochastic equations, mean-field type backward stochastic equations.
American Mathematical Society, 2010 Mathematics Subject Classification: 93E99, 60H99,
91A06, 91A15.

1 Introduction

In this paper we construct a stochastic maximum principle (SMP) which provides necessary conditions
for the existence of Nash equilibria in a certain N-agent stochastic differential game (SDG) of a mean-
field type. The exact description of this form of N-agent SDG is presented in Section 2; in summary,
it is a SDG with:

e a state process of the form
t
X(“)(w,t) =x0 +/ b(w,s,X(“)(w,s),/ ¢b(w/,S,X(“)(w/,s),u(w',s)) P(dw/),u(w,s)) ds
0 Q

b [ s X w9), [ 6ae X, 5), 0, 9) B, e, 5)) 4B,
0 Q

for each u = (u1,...,un) comprising of each agent’s employed admissible control process; and

e performance functionals {J;|¢ € {1,..., N}} of the form
T
gy = [ [ (s X @), [ 0 X5, ul ) B ulw,s)) ds
atto Q

+ 01 (10, X (w,T), /Q By, (6, X (&, T)) B(de) )] Bld).

Key features of the problem we address are that:
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e The setting is in general non-Markovian.
e The information structure is in general of an asymmetric and partial type, that is:

— For each agent, their class of admissible controls is a class of predictable processes with
respect to a given agent-specific filtration G; (which are not necessarily equal to one another).

— All of the agent’s filtrations, {G;|i € {1,..., N}}, are subfiltrations of a reference filtration
F.

e For each agent, their admissible control processes are valued in a given agent-specific complete
separable metric space—which is not necessarily convex.

We construct our SMP using a spike variation approach with adjoint representation techniques,
analogous to that of Peng [20] where a SMP is constructed for a certain form of stochastic optimal
control problem in a non-mean-field setting. The approach we follow here is also analogous, in certain
respects, to that in the works of [18] and [5], in which the original work of Peng [20] is further devel-
oped in the directions of stochastic control problems with multidimensional performance functionals
(including the issue of Nash equilibria in SDGs), and a mean-field type stochastic optimal control
problem, respectively.

In [18] the authors develop an approach that is to some extent different to the approach of Peng [20],
and they allow for the case of multidimensional performance functionals as well as for classes of
admissible control processes that satisfy a weaker integrability condition then that stated in [20]. A
SMP providing necessary conditions for Nash equilibria in a certain N-agent SDG—with a standard
information structure and not of a mean-field type—is presented in Theorem 5.2 of [18].

In [5] a Peng-type SMP is constructed for a certain stochastic optimal control problem of a mean-
field type. The generality of the SDG problem that we consider in this paper and that of the stochastic
optimal control problem considered in [5] is different. In particular, we allow for the possibility of
an asymmetric and partial information structure for our SDG. Moreover, a fundamental difference
between these two works is the manner in which the limits relating to the respective second form
of quadratic-type terms, as we refer to them (see the proof of Theorem 3.6 for further explanation),
are calculated. In [5] the relevant limit is implied to be zero by establishing an appropriate upper
bound for the modulus of those terms. In this work we calculate the relevant limit by applying the
adjoint representation procedure a third time, defining the relevant adjoint processes as solutions
to a backward stochastic equation of a type that we introduce in this paper, and which we term
condition mean-field backward stochastic differential equations (CMFBSDESs). We propose that our
approach to deal with the second form of quadratic-type terms is no more complicated than that of [5].
Since, having introduced the concept of CMFBSDESs, then our approach to dealing with these terms
is essentially the application of some of the same general ideas, such as the adjoint representation
techniques, from [20], which we also make use of in treating, what we refer to as, the linear-type
terms and the first form of quadratic-type terms in our problem here. Also, it would appear that our
approach may—in principle—Dbe suitable for further development in an attempt to calculate higher-
order expansion terms for the second form of quadratic-terms, which would be of interest in the
possible construction of forms of higher-order SMPs.

As is suggested by the form of the state process X ), and of the performance functionals {Ji|i €
{1,...,N}}, stated above, the term mean-field is broadly used here in the sense which takes:

e a stochastic process of a mean-field type to be a form of stochastic process whose dynamics are
a function of its time-marginal probability laws;

e a stochastic control problem of a mean-field type, or a SDG of a mean-field type, to be a stochastic
control problem or a SDG where the state process is of a mean-field type (in the above sense)
and/or where the performance functionals are of a mean-field type—in the sense that: for a
performance functional given as an expectation of the sum of a running performance term and a
terminal performance term, then either of these two terms are themselves functions of the time-
marginal probability laws of the state process (and not both in a manner that can be reduced to
the standard case).

This use of the term mean-field is collectively motivated by its uses in, for example, [7], [6], [5], [1]
and [17].

A notion of a mean-field backward stochastic differential equation (MFBSDE) appears in [6] and [7]:
this notion of a MFBSDE is essentially a generalization of that of a BSDE which allows the generator
term to be a function of the time-marginal probability laws of the solution. Related to the subject
of SDEs of a mean-field type, in this sense, is a large literature on approximations by interacting
particle systems, see for example [16], [4], and [10]. For an example of a stochastic control problem
with McKean-Vlasov type SDEs, see [3].



In [1] a SMP is constructed for a mean-field stochastic control problem where both the state dy-
namics and the performance functionals are of a mean-field type. A fundamental difference between [1]
and both this work as well as [5], is that in [1] the construction of their SMP is carried out by an
extension of the Bensoussan [2] approach to a mean-field setting; whereas in this paper, and in [5],
the SMPs are constructed by extending the Peng [20] approach to a mean-field setting (although with
the differences mentioned above). That is, the setting in [1] allows for the admissible controls u to be
perturbed in the manner u + €, given some admissible control @. Our problem of interest is not to
permit this form of perturbation; we do not assume the required structure on the range of the control
processes for this form of perturbation to be valid, and instead we work with perturbations given by
spike-variations. Also, note that in this paper we allow the controls to appear directly—that is other
than just via their effect on the state process itself—in the mean-field components of the state process
and performance functionals: which is not the case for the control processes in [1] or in [5]. That
is, in a certain form, the dynamics and performance functionals in our SDG may be functions of the
time-marginal joint probability laws between the state process and the control processes.

Another relevant work is that of [17] which constructs, via results from Malliavin calculus, a
SMP for a stochastic control problem in which mean-field terms appear in the considered form of
performance functional but not in the dynamics of the state process (which is a controlled 1t6-Lévy
SDE). By considering a certain form of Bensoussan-type perturbation, the authors make use of the
relevant Malliavin calculus duality relations to construct a SMP in terms of the Malliavin derivative
and difference operators.

Other work concerned with a notion of mean-field in the area of optimal control and game theory
is that of the series of work by J.-M. Lasry and P.-L. Lions, for example [13], [14] and [15]. See also [9].
Mean-field games are the subject of, for example, Section 2 of [15] where a certain form of N-agent
SDG (with non-mean-field state process and performance functionals, in the sense from before) and
certain corresponding equations for the existence of Nash equilibria are considered as the number of
agents N tends to infinity. At first sight this form of problem appears to be conceptually different to
the problem we consider here, the later being a finite-agent SDG with a mean-field type state process
and performance functionals. However, it could be a topic for future research to consider whether
there exists some form of relationship between mean-field SDGs of the type addressed here, or some
variant of them, and a general notion of mean-field games.

This paper is structured as follows: Section 2 specifies the form of the SDG that we consider,
presenting the definitions of the admissible control classes, the state dynamics, and the performance
functionals; Section 3 presents the main result of the paper, Theorem 3.6, which presents our SMP
for Nash equilibria in our considered SDG; Section 4 provides an existence and uniqueness result for
solutions to certain CMFBSDESs; Section 5 presents a brief conclusion; and Appendix A contains the
specification of certain additional notation, and a certain auxiliary result.

2 Setting

This section details the form of the SDG for which our SMP will be constructed. Here we consider
the problem in its multidimensional form.

Fix any d,n,N € N, mp,ms € NU {0}, {my,,mg,| ¢ € {1,...,N}} € NU{0}, T € (0,00)
and zo € R". For each i € {1,...,N} let (U;,d;) be a complete separable metric space. Denote
U := vazl U;. Let (Q,F,P) be a complete probability space, and B : Q x [0,7] — R? be a standard
R%-valued Brownian motion with respect to its augmented natural filtration F := {F;| ¢ € [0, T]} (that
is known to be right-continuous), and which P-almost surely is taken as having continuous paths. It
is assumed that Fr = F. Given any filtration O = {O,|t € [0,T]} for (Q, F,P), then we denote by
P(0) the corresponding predictable o-algebra on Q x [0, 7] with respect to O.

We use the following notation:

e For any mi, mz2 € N we let M (m1,m2) denote the space of all m1 X mo-dimensional real-matrices,
and let the standard basis of M (m1,m2) be denoted by {e; ;i € {1,...,mi},5 € {1,...,ma}}.

e For any m1, m2, ms € N we let M (m1, m2, m3) denote the space of all m1 x ma X ms-dimensional
real-arrays.

e For any m1,m2, m3, ms € N we let M(m1,ma2, ms, ma) denote the space of all m1 X ma X ms X ma-
dimensional real-arrays.

Given any mi,mz2,m3,ms € N, we equip these spaces with the following algebraic operations and
related notation:



e for any v € R™, w € R™, and T € M (m1,mz2,m3) then define v'T € M (ms2,m3) and
Tw € M(m1,m2), as

my
(0 T = D vaTajn
a=1
m3
(Tw)iy = Y Tijawa
a=1

foreach i € {1,...,m1}, 7 €{1,...,mz}, and k € {1,...,ms};

e for any v € R™, w € R™, and T € M (m1, m2, m3, m4) then define v' T € M (ma, ms, ms) and
Tw € M(mi,ma,m3), as

mi
W' TD)jrs = ZvaTa,j,k,l
a=1
myq
(Tw)i = ZTi,j,k,awa
a=1

foreachi € {1,...,m1},j7€{1,...,ma}, k€{1,...,ms} and l € {1,...,ma};
o define the map (-, ) mr(my,mq) : M(m1,mz) x M(mi,m2) — R by

my  m2

(M, N)M(my,my) = Z Z My, 0, Ney e,

(1=105=1

for any M, N € M(m1, m2);

o define the map (-, ) s (my ,mo,ms) x M(ma,ms) : M(m1, ma, m3) x M(ma, m3) — R™ by

mg  m3
((MvN>M(m1,m2,m3)><M(m2,m3))41 = E E M, 05,03 Nea e
fo—103—1

for each ¢ € {1,...,m1}, and for any M € M (m1,mz, m3) and N € M(ma,ms);

o define the map (-, ) p(my,ma,ms,ma) x M(mz,maq) * M(m1,ma, ms, ma) x M(ms, ms) = M(mi,ma)

by
ms3  mg
(M, N>M(m1,WLz,ms,m4)XM(ms,m4))417€2 = Z Z My 05 ,05.00Nes e
L3=1104=1
for each ¢1 € {1,...,m1}, €2 € {1,...,m2}, and for any M € M(m1,mz2, mg,ms), and N €
M(m37m4);

o for any M € M(mi, mz2,m3) denote by M € M(m2, m1, m3) the array defined as (M '); ;. :=
M; ;i foreach i € {1,...,mi},j € {1,...,mz2} and k € {1,...,ms}; and

o for any M € M(m1,m2,m3,my) denote by M' € M(ma, ms, mi, ms) the array defined as
(M"Y 04k = M, e for each i € {1,...,m1}, 7 € {1,...,m2}, £ € {1,...,m3}, and k €
{1,...,ma}.

Further notation is defined in Notation A.1 of Appendix A.
We assume throughout that the collection of coefficient functions has the properties detailed in
Assumption 2.1 below.

Assumption 2.1. The functions

b: QA x[0,T] x R" x R™ x U — R"

O : QX [0,T] XxR" x U — R™®
0:Qx[0,T] xR" x R™? x U — M(n,d)

0o Q2 x[0,T] x R" x U — R™”

{fi : Qx[0,T]xR*"xR™:i xU - R|ie{l,...,N}}
{7, 1A% [0,T)xR"xU —=R™: |ie{l,...,N}}
{gi : QxR"xR™ - R|ie{l,...,N}}

{¢g, i AR 5 R™i [ie{l,... N}}

have the following properties:



()

b is  P(F) x B(R" x R™ x U)|B(R"™)-measurable
o is  P(F) x BR" x U)|B(R™")-measurable
o is P(F)x BR" x R™ x U)|B(M(n,d))-measurable
do s P(F) x B(R" x U)|B(R™")-measurable
fi s P(F) x BR™ x R™i x U)|B(R)-measurable
o5, is  P(F) x B(R" x U)|B(R™/i)-measurable
gi is  F x B(R"™ x R™9%)|B(R)-measurable
¢g; is F x B(R™)|B(R™9)-measurable
for each i € {1,...,N}.

(i) For P-almost all w € Q, the functions:

(z,y) — b(w, t,z,y,u) arein C*R" x R™;R"),
x> dp(w, t,z,u) arein  C*(R™;R™),
(z,y) = o(w,t,z,y,u) arein C*(R™ x R™; M(n,d)),
T ¢o(w,t,z,u)  arein  C*(R™;R™),
(z,y) = fi(w, t,z,y,u) arein C*(R™ x R™fi;R),
x> 5 (w t,z,u)  arein  CP(R™;R™),
(z,y) — gi(w,z,y) arein C*(R™ x R™%;R),
T ¢y, (w,xz)  arein C*(R™%;R)
uniformly for any t € [0,T] andu € U, for alli € {1,...,N}.

(i1i) There exists a constant ¢ > 0 such that:

maX{Hb(wa t,0, 07“)”7 Hvrb(w7 t,z,y, U)H, ||V b(w7 t,z,y, U)H, ||V§32,;b(w7t7:c,y7 u)||,
IV b(w, tz,y, w)ll, [V b(w, t, 2y, wl, [l (w, £, 0, w)),
IV 6n(w, o, )l [V Py (o, w)] [} < e

max { [V, b, y,u) = Vb, 1’y ), [ Vb, b2,y w) = Vb, o'y w)l,
IV§b(w,t .y, ) = Vb, ta'y ), IV gy w, 2, w) = T o, 2", 0] |
< e(llz = a/llzn + lly =/ llz )

for P-almost all w € Q uniformly for all t € [0,T], z, ' € R"*, y,y’ € R™ and u € U, where
each || - ||-norm denotes the corresponding Euclidean norm for the range of the relevant function.

(i) There exists a constant ¢ > 0 such that:

max { o(w,£,0,0,0)|, Voo @, t, 2,9, )| [Vy0(w, t.2,y, ), V20w, 2,y 0,
W Vot 2.y, 0], s w1, 0,w)],
V6o (@, t.2, W), VD0 (w,t,2,u)|} < e

IV 0wt z,y,u

maX{Hng;U w, ta z,Y,u ) va(fgca(wa ta l'/, y’?”)”v ||V§c2,2,0(w, ta z,Y, u) - va(fﬂ)JU(wa ta xla ylzu)Ha

”V(?)

y»y

@, t,2,y,u) = Vo, b’y ), VP (@, t,2,u) = V0w, 1,0 u) |}
< c(llz = a'llen +lly = o/ lleme )

for P-almost all w € Q uniformly for all t € [0,T], z,2' € R™, y,y € R™ and u € U, where
each || - ||-norm denotes the corresponding Euclidean norm for the range of the relevant function.



(w) There exists a constant ¢ > 0 such that for each i € {1,...,N}:

max{\|fi(w,t,070,u)||7 ||szz(w, tvx7y7u)”7 Hvyfl(w7 t,z,y, u)H, |‘V§c2,2sfl(w7 t,x,y, U)H,
IVE) filw, t, 2y, w)ll, V) fiw, t, 2y, W)l [l bg, (w, t,0,w)],
Hv¢f1 (w7t7x7u)”7 ||V(2>¢)fi (wvt,xvu)u} <c

maX{HV;%; ,‘(w,t,x,y,u)—Vg;fi(w,t,m',y',u)||,vaﬁ)y i(w,t,x,y,u)—ng)yfi(w,t,x/,y/,u)H,
”ngl i(w,t, @, y,u) — st,!); i(w,t, xlﬂylvu)Hv Hv<2)¢fi (w,t, @, u) — V(2)¢fi (w7t,m'7u)|\}
< el = a'llen + ly = ' llgms, )

for P-almost all w € Q uniformly for all t € [0,T], z,z’' € R", y,y' € R™i and u € U, where
each || - ||-norm denotes the corresponding Euclidean norm for the range of the relevant function.

(v) There exists a constant ¢ > 0 such that for each i € {1,...,N}:

max {[|Vagi(w, 2,91, V0950, 2,9) 1 1920202, ), 1V 060, )

1991w, 2,9)1] V5, (@, 2)], IV 6, (w,2) b <

E

maX{HVgigi(wJ, y) - Vf;gi(w, 33/7?/)”7 vag);gi(w,xv y) - v(zQ,z)/gi(w7m/7yl)H7
IV529: (@, 2.9) = V90w, ',y LIV D, (w,2) = VP gy, (w,2) |}
< ol = a'llzn + ly = ¥/ llzmo )

for P-almost all w € Q uniformly for allt € [0,T], z,z’ € R", y,y' € R™% and u € U, where
each || - ||-norm denotes the corresponding Euclidean norm for the range of the relevant function.
(vi) There exists a subset Qo C Q with P(Qo) = 1 such that for each ip € {b,o, fili € {1,...,N}}
each map u — P(w,t,x,y,u) and u— ¢y (w,t, z,u) is continuous and bounded uniformly for all
(w,t) € Qo x [0,T], x € R", and y € R™*.
Definition 2.2. Let {G;| i € {1,...,N}} be a collection of—not necessarily equal—filtrations, where
for each i € {1,...,N} the G; :== {Gi+|t € [0,T]} is complete, right-continuous, and a subfiltration of
F. For each i € {1,...,N}, we define A;, the class of admissible controls for the it"—agent, as the set
of all P(G;)|B(U;)-measurable processes u; : Q x [0,T] — Us.
Proposition 2.3 (cf. Theorem 4.1 in [7]). Under Assumption 2.1, for each u := (u1,...,un) €
Hil A; there exists a unique—up to indistinguishability—stochastic process X™ : Q x [0, 7] - R"
that P-almost surely has continuous paths and which:

e is a strong F-adapted solution to the following mean-field type SDE

X<“>(t) =0+ /t b(s,X<“>(s), /Q qﬁb(w',s,X(") (W', 8),u(w,s)) ]P’(dw'),u(s)) ds

0

+/OtU(&X(u)(s),/Q¢U(w'7s,X(“)(w',s),u(w',s)) ]P(dw'),u(s)) dB(s) (1)

for P-almost all w € Q uniformly for all t € [0,T]; and
e is such that for each p € [1,00) then Ep[sup,c(o 1y X (@)]E.] < oo.
Proof. The result can be established by making suitable slight adaptations to the standard tech-

niques for solutions to (Brownian motion driven) Lipschitz SDEs, in particular using a Picard-iteration
method for the existence part of the result. O

In this paper we focus solely on the form of N-agent SDG that is specified by the state dynamics
defined in the mean-field SDE (1) and by the performance functionals given in Definition 2.4 below.



Definition 2.4. Under Assumption 2.1, for each i € {1,...,N} define the performance functional
Ji Hf,v:l A¢ = R, for the i*"-agent, by

T
ata) =B [ (X0, [ 068 XD W 0,00 0) PES),u(0))
0 Q
+a (XD, [ 0, XD WD) P@))]
forallu € Hé\;l Ay, where for each u € Hf,vzl Aq the controlled state process X : Q x [0,T] — R™ is
defined as the solution to the corresponding mean-field type SDE (1) in the sense of Proposition 2.5.

3 A Stochastic Maximum Principle

Recall that a Nash equilibrium, for the SDG detailed by equations (1) and (2), is an N-tuple of
admissible controls u* := (uf,...,uy) € Hz]z\]:1 Ay such that for each ¢ € {1,..., N} then

Ji(u") > Ji(ui (ui))
for all u; € A;, where u} (u;) := (u] (wi)1, ..., u}(ui)n) € [[, A¢ is defined by

ui (ui); = { wi  forallje{1,... NN} (3)
Assumption 3.1. Under Assumption 2.1, assume that there exists a u* = (ul,...,uy) € Hévzl Ay

which is a Nash equilibrium for the SDG of equations (1) and (2). Let X* : Q x [0,T] — R™ be the
state process corresponding to the N-tuple of admissible controls u*, X := X,

We make use of the following notation.
Notation 3.2. Suppose Assumptions 2.1 and 3.1 hold. Define the shortened notation:

Vet 1= (6 X 1), | Gl X @00 @ 0) ) 1))

for all € {A, VaA, VA, VN VO VAN =b,0, f1,..., fn};

Bl 1) = 1w, b, X (w,0),0" (@, )
for all € {IN\ VA, VI = ¢y, boy bpys ooy brn b5

V@) = (X @ T), [ 6! X" @, T)) )

for all ¥ € {gi, Vgi, Vi, V001, V01, Vigili € {1,...,N}};

Y(w) = Y(w, X*(w,T))
for all ¥ € {bg,, Vo, VO, li € {1,..., N}}.
Note that the spaces S*(Q2 x [0, T]; R™), S?(Q2x [0, T]; M (n,n)), H*(2x [0, T]; M (n,d)) and H?(2 x
[0, T]; M(n,n,d)), which appear in Definition 3.3 below, are defined in Definition 4.1.

Definition 3.3. Suppose Assumptions 2.1 and 3.1 hold. For each i € {1,...,N} define the map
hi: QxQx[0,T] x R" x R" x M(n,d) x M(n,d) - R" by
hi(w, o, t, 0,0, w,w') i= Vo fi(w, t) + Vor, (w, t) Vy fi(w, t

+ Vab(w, t) "v 4+ Vp(w, t) T Vyb
)T

)
W, t) "

+ (Voo (w,t) ', W) M(n,n,d)x M(n,a) + Voo (w, t)T<VyU(w/,t)T»w/>M(mmn,d)xM(n,d)

for all (w,w") € QoxQo, t €[0,T], v,v" € R" and w,w’ € M(n,d), for some Qo C Q such that P(Qo) =
1. Then for eachi € {1,..., N} define the processes (pi, q;) € S*(Q2x[0, T]; R™)xH?(Q2x [0, T); M (n, d))
as the solution of the following MFBSDE

pi(wv t) = pi(wv T) + ftT fﬂ hi(wvwlv Svpi(wv s)vpi(wl7 3)7 qi(wv S), qi(wlv S)) P(dwl) ds
— ftT qi(w, s)dB(w, s) (4)
pi(w,T) = Vagi(w) + Vg, (w)Ee[Vygi]



for P-almost all w € Q uniformly for all t € [0,T].
For each i € {1,...,N} define the map l; : Q@ x [0,T] x M(n,n) x M(n,n,d) - M(n,n) by
Li(t,v,w0) == V), fi(t) + Ep[Vy fi(t) "IV P by, (£) + pi(t) TVELb(E) + Ep[pi(t) TV b(1)] VP g (2)
+(VEo (), ai(D) annm,dy < b (n) + Ee[(Vyo (t)T7 @ (D) Mmooty x M () |V 0 (1)

+vVab(t) + Vab(t Tl + Z €j1 Jz{ Z Z’Uﬁl ;0 @i, O ey, kaz o(t)ez i
1,02=1 k=

J1,J2=1

n d
+ Z Z (wjl,z,kasz o(t)er + We,jy k0, U(t)e,k) }

(=1 k=1

for P-almost all w € Q uniformly for all t € [0,T], v € M(n,n) and w € M(n,n,d). Then for each
i€ {l,...,N} define the processes (P;,Q;) € S*(Q x [0,T]; M(n,n)) x H2(Q x [0, T); M(n,n,d)) as
the solution of the following BSDE

Pi(t) +ft Q dS—ft Qz ( ) (5)
P; (T) = vgx x0i + ]E]P’[vygz ] (2)¢9i

for P-almost all w € Q uniformly for all t € [0,T].

Remark 3.4. Note that given the assumed properties in Assumption 2.1 then:

e Foreachi € {1,...,N}, the processes (pi, q:) in Definition 3.3 are well-defined, this can be shown
by making a minor modification to Theorem 8.1 in [7].

e For each i € {1,...,N}, the processes (P;,Q;) in Definition 3.3 are well-defined due to known
results in the theory of BSDEs, see, for example, subsection 2.1 of [8].

Assumption 3.5. Suppose Assumptions 2.1 and 3.1 hold. Assume that, for each i € {1,...,N},
there exist representations of the equivalence classes ¢ € H*(Q x [0,T]; M(n,d)) and Q; € H*(Q x
[0, T]; M(n,n,d)) which are defined P-almost surely uniformly for all t € [0,T]. In the following we
take each q; and Q; as denoting those representations.

Also, suppose that for each i € {1,..., N} there exists a P(G;) x B(U;)|B(R)-measurable process
H; :Q x[0,T] x Uy = R such that:

e the map Hi(w,t, ) : U; — R is continuous and bounded, uniformly for all (w,t) € Q x [0,T];
o for any given u; € A; then

it 0s(0,0) = o [0, [ B X )00 (0)(,) B () )
+(mO,b(, X0, / Bu(e+, X () () @) B, ) ),
+ (0o (X0, / B (!, X (6!, )i (wa) (&) P, ui (@) () ) -

s Z X [ oo X ) () ) P, 1))

J1,d2=1k=1

—a(-,X*(->, B0, X7 (W) " () Bdw), ()

Q

Ji.k

Piiuaa {0 (5 X0 [ 0@, X7, ), 0 () (7)) P(Aw), i (w) ()

Q J2,k

B U('7 X*(')z ¢U(wla N X*(wl7 ')7 U*(wlv )) P(dwl)7 U*(')) : k}] (UJ7 t)
Q Jz2,
for P-almost all w € Q uniformly for all t € [0,T], where pg,[-] denotes the P(G;)-predictable
projection.
Theorem 3.6 presents the SMP which provides necessary conditions for the existence of Nash
equilibria in the considered SDG.

Theorem 3.6. Under Assumptions 2.1, 3.1 and 3.5, for u* € Hé\;l A¢ to be a Nash equilibrium for
the SDG of equations (1) and (2), as assumed, then it is necessary that for each i € {1,...,N} the
following SMP is satisfied

max H;(w,t,v) = H;(w,t,u; (w,t)) (6)

veU;

for P ® Leb-almost all (w,t) € Q x [0,T].



Proof. Fix any arbitrary i € {1,..., N} and any arbitrary admissible control u; € A; for the i*"-agent.
Let u} (ul™) = (u; (w1, ... uf (u")n) € [1X, A¢ denote

3 3

(r,€) o .
w o (re)y ) Uy ,if j =14
v J uj Jifje{l,...,N}\{i};

where the family of spike-variations, {uﬁ“e)h« € [0,7),e € (0,T — 7]}, of the i""-agent’s control u, is
defined by

u" (1) =l () (1= L (£) + (8 L (1)
for all (w,t) € Q x [0,7]. We aim to show that

lim e (u(uf (uf")) = () = Be [Hi(r,us(r)) = Hi(r,ui ()] (")

for Leb-almost all r € [0, 77, since if this were true then under the assumption that the N-tuple u* of
admissible controls is a Nash equilibrium, it would follow that for each u; € A; then

Ep [Hi(r, wi(r)) — Hi(r, u;f(r))] <0 (8)

for Leb-almost all r € [0, 7. This follows the general principle of the Peng [20] method when transfered
to the SDG setting, and is analogous to the method used in [18] and that used in [5].

The main part of this proof is concerned with the calculation of the limit in equation (7). The ap-
proach we take to do this is also developed on the general idea of that used in [20] for the corresponding
problem. That approach being to expand the difference between the relevant two performance func-
tionals into terms of certain types, and to introduce certain adjoint processes represented by backward
stochastic equations (certain BSDEs in the case of [20]), to help one calculate the limit as required.
The approach we use is also related in certain respects to that in [18] and that in [5], which are
themselves related, again in certain respects, to the original work of Peng [20].

Let {X ("9 : Qx[0,T] = R"|r € [0,T), € € (0, T—r]} denote the family of controlled state processes
corresponding to the controls u; (uz(-r’e)). Also, let {¢™9 : Q x [0,T] = R™|r € [0,T),e € (0,7 —r]} be
the family of processes defined, for each r € [0,T) and € € (0,T — 7], by ¢ ;= X9 _ x>,

We use an expansion of the process ("¢ (see Lemma A.2), which, in regards to its format, is more
akin to that in [19] than that which is used in [20] and [5], but which we use in a similar role. Given
Lemma A.2 and Assumption 3.1, we then decompose the term J;(uj (ugr’s)
four components:

)) — Ji(u") into a sum of

e a linear-type term with respect to the variables C(T’E);

e a quadratic-type term with respect to the variables ¢("9);

e a type of higher order term which we will show is of the order o(¢) as € | 0; and

e a term for which the required limit may be calculated in a relatively simple manner;

An analogous form of decomposition may also be identified in [20] and [5]. The decomposition used
in [18], that is in the sense of Lemma 3.1 of [18], is, to some extent, of different type of format.
Our linear-type term takes the form

B[ [ (06,0 han ds+ (D), ¢ (T

~+e€

for certain factors Yi. The procedure to deal with it is similar to that in [5] and is analogous to
that which was first developed in [20], for their corresponding type terms. In [20], it was noted that
the relevant linear-type component is in fact a linear functional of another term, and that when this
linear functional is written (by the Riesz representation theorem) as an inner-product between that
other term and its relevant adjoint term, then one may calculate, as desired, the limit as € | 0 of the
linear-type term multiplied by e~!. With the expansion of C<T‘€) that we use in this paper, we do not
fully calculate the corresponding limit at this stage, but use the procedure to rewrite the linear-type
term as a sum of elements that belong to the three other categories in the decomposition listed above.
In [20], it is also described how this relevant adjoint term may be given by the solution of a certain
linear BSDE. In this paper we introduce all our adjoint processes directly as solutions to the relevant
backward stochastic equations. In our case, and as it is in [5], the form of the required backward
stochastic equation for this linear-type term is that of a mean-field backward stochastic differential
equation—a form of equation that has been studied in [6] and [7].



In [20], the relevant quadratic-type term is also treated using an adjoint representation technique,
and it is shown that the adjoint term can be given by the solution of another linear BSDE. We apply a
comparable form of procedure in order to deal with the quadratic-type term in our problem. Although,
the procedure is, to some extent, complicated by the mean-field nature of our problem. Here we have
two forms of quadratic-type terms: those of a form

T
Bel [ (2009, ¢70 () (6) sty ds + (¥ (1), ¢TI D) s
r+e

for certain factors Y2 1; and those of a form

/ Ep[(Y2.2.1(s), ¢ (5))rn JE5[(Ya,2.2(s), (7 (5))zn] ds

+e
+ Ep[(Ya,2,1(T), (1)) n |Ep[(Ya,2,2(T), 7 (T) )en]

for certain factors Y221 and Y222. A comparable situation exists in [5] also.

We treat the first form of quadratic-type term using an adjoint process that is defined as the
solution of a certain BSDE, which, again, is similar to how the relevant first form of quadratic-type
term is treated in [5], and related to how the relevant quadratic-type term is treated in [20]. We
treat the second form of quadratic-type term by applying an adjoint representation procedure on the
completion of a product probability space formed from (2, F,P) and a copy of itself. The relevant
adjoint process is given by the solution of an equation that is of a class of backward stochastic equations
that we introduce in this paper (see Section 4), and which we term conditional mean-field backward
stochastic differential equations (CMFBSDESs). By using this third form of adjoint process we are able
to show that the limit as € | O of this second form of quadratic-type term multiplied by ¢!, will be
null. Thus these third-type adjoint processes do not appear in our final SMP equations. In [5] the
authors establish bounds on their relevant second form of quadratic-type term, to imply that it is of
the order o(e).

Given the notation in Notation A.1, we define the shortened notation (using the notation wuj (u;)
as it is defined in equation (3)):

00(e.6) 1= 00w, £ @0), [ G0l X @) 0" 1) P, 0 w0, 1),
[ 900 1. X° )0 .0, €70 1) Pl
00, 8) = 00 (8. X" (0.0), [ 00/ X (00,0, 0) PU), (). o),
[ 900 X (w0, (0.0 1) Pl
J(TPoue X0 0 @) NI DT) )
for all 1 € {b,, f1,..., fn}.

00u(w) = 00 (10X @ 7). [ 6, (0, X" (@, 7)) P(@). ¢ @ T),
[ 900, X @ 1),¢0 . 7)) P )

0 g:(w) 1= 000, X, 7). [ 0,/ X" () PO 000, T),
[ 900 X TS T) B,

{7200, X @ 1), ¢ @ ) D)) P(de) )

M(mg, ,n,n)XM(n,n)

forallie {1,...,N}.
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A(m)z/)(w,t) = 1,[1(w,t,X<T’€)(w,t),/ (bw(w',t,X(r’e)(w',t),uf(ui)(w/,t)) P(dw'),uf(uﬂ(w,t))
Q
= (6t X0 @8, [ G0l £ X 0,0 0) P (1)
5w, ) ::w(w,t,X(“)(w,t),/ﬂdw(w',t,X(T’e)(w',t),uf(ui)(w',t)) P(dw'),uf(ui)(w,t))
- w(%t,X*(wa t)7 \/Q (mf(wl’ t, X*(wlﬂ t)7 u:(ui)(wlvt)) P(dw,)vu:(ui)(w’ t))
5 th(w, 1) ::¢(w,t,X*(w,t),/Q¢¢,(w',t,X*(w',t),uf(ui)(w',t)) P(dw’), uf (ui) (w, 1))
fw(w,t,X*(w,t),/Qq&w(w',t,X*(w',t),u*(w',t)) ]P’(dw'),u*(w,t))

for all ¢ € {b,0, f1,..., fn}.

() )y and random variables n(r <) are defined as in Lemma A.2.

The families of all processes 1, ", m5 "™, mg ;'

Step 1. Decomposition.

By the definition of the MFBSDE (4), the result of Lemma A.2, and the Ité product formula then

(pi(T), ¢ (T))rn = (palr + €), ¢ (r + €) )z
n / ({pi(s),00(5) + %a@)b(s) + ni’*ﬁ)<s>>w + (ai(s), 00 (s) + %a@a(s) + né’*f)<s>>w,d>

r+e
- </Q’W»Svpi@)’pi(%s)»qxs),qz—(wﬁ 9) B(d'), ¢ ()Y ds
+ /T {pi(s)T (80(8) + %a(mg(s) n nér,e)(s)) + C(r,a(s)Tqi(s)} dB(s)

r+e
hence it follows, given the definition of the MFBSDE (4), that
T
Be| ], 20()ds +00] = B [(nlr+ 0. ¢+ O
r+e

T
+ [ )T fi(s) + Vab(s) T pis) + (T (5) T 05(9)) rmmd) M)
r+e

[ (V606 VUL 5) 4 Ton(s) Vbl ) i)
Q

+ vd’a(s)T <Vy0-(wl7 S)Tv qi (UJ/, 5)>M(ma,n,d)><M(n,d)

— hi(w',s,pi(s),pi(w',s),q,-(s),qi(w',s))) P(dw')} ds

+ / ' (s 5020+ ) |+ (o) 50%o) + ) | ) ds]

r+e
= Ee[{pi(r + €, " + o

+ / ' () 5020+ ) |+ (o) 50P0() + ) | ) ds]

r+e

for all 7 € [0,T) and € € (0,7 — 7).
Define, for each r € [0,T), the functions I\", I{" 1§71

I{7(e) = Es | / AT fi(s) ds]
17(€) = Ee [ (pi(r + ©),¢" (r + )

17(e) = EEP[ / (6,086 + (609,00 (5D arina) + 0 1i(5)) ds+ 0]

):(O,Tfr]H]Rby

T

I (€) = Ee | / () e+ @)™ sy + 1517 ds

11



for all € € (0,7 — r], and so, from the above and Lemma A.2, then

Jilui (™) = Ji(u’) = 17(€) + 17 () + 17 () + 117 (6)
for all 7 € [0,T) and € € (0,7 — 7].
Step 2. Limit of 671]?")(6).

By Assumption 2.1 and Lemma A.2, for any r € [0,7) then

ligg e /+ E= [0 fi(s)] ds = 0.
Hence, by the fundamental theorem of calculus for the Lebesgue integral,
lim e 117 (€) = B (0" fi(r)]
for Leb-almost all r € [0, T].
Step 3. Limit of ¢ 'I{" (c).

Using the It6 product formula, we have that

r+e
B0 = [ B (9, AT

= (a5, 90 u(5). () B ) C700)) (a0, A5 s s

R™

for all r € [0,T) and € € (0,7 — r]. By the Cauchy-Schwarz inequality, Assumption 2.1, Lemma A.2,
the properties of each p;, ¢;, and h;, and the dominated convergence theorem, then

r+e
. —1
lim e
€l0 r

([ e il 5) (). 90) B €0 0)) | (a(5): 87 o) ]| = O

e [ (pi(5), 87Ob(s))

for any r € [0,T). Therefore, by the fundamental theorem of calculus for the Lebesgue integral,

r+e
time 157 (0 = time ™ [T Ellpi(5), 570 + (a6(5),0"0(Nasnn] ds

= Ee[(ps(r), 67b(r))en + (¢i(r), 670 (r)) na(n,0)]

for Leb-almost all r € [0, T].
Step 4. Limit of ¢ 'K{"(¢): Part 1.

Let
I{7(e) = K{7(e) + K (e)

for

K0 = 38| [ T {=2790) + ((V2LA(5) + EslV, £i(5) TV 65, (5)

+pi(s) " VEDb(s) + Eslpi(s) T V,b(s)] VP (s)
+ (v;%;o—(s)—rv qi(s)>1v[(n,n,n,d)><M(n,d)

+Ee[(Vyo(s)", qi(8)>L(mmn,d)x]VI(n,d)]v(2)¢U(S)) ,Ee) (3)> ds

]W(n,n)}

12



and
K@= [ (B2 + (280 () T
r+e
+ B¢ () V() TEepi(s) T V2 b(5)] ) Ex[Vn()C 7 (s)]
+ (2B2C7(5) (T 20(5) T, 4i(5) tmamematy M)
+Ee[¢"(s) Vo (s) ]EPKV;(,Q,LU(S)T’qm‘(S))M(ma,mmn,d>xM(md)])IEP[V%(S)C(“G)(S)]
+ (2B (5) TV fi(s))
+Ee[C) () Vs, (5) BRIV ()] Eal Vs, (s)C) (9)] s
+ 5 (2Bl (1) V)00 + B ¢ (T) T V] B[V )01 B2 [V, ¢ ()

for all # € [0,T) and € € (0,T — r], where {E) : Q x [0,T] = M(n,n)| r € [0,T),e € (0,T —r]} and
{29 . Qx[0,T] = R| r€[0,T),e € (0, T —r]} are, for each r € [0,T) and € € (0, T — r], defined by

=9 (t) = d”)() 07

290 1= (R0, ¢ 0) (OB o0 0]) 4+ V,bOBLT oI 00

ié_ﬁwk:{(i” Dinera () el)(ezl ()0 B[V, (O O]

+(eznzjl(vya(t>>jl,el,mﬂwg( 00 )(2:_1 POINCION

- (eznzjl(vycr(t))h,el,k<Eu»[wg(t><<“>(tmel)
(Zi(vya(t))h,b,k(Ep[wau)c“ﬂ(tmez)}>M(nm)

+ (1) T Qi(), Be[Veo () (0] T Vyor () ) ar )
+ (T Qi) T Be[Veo () (0] T Vo () ) ar )
for P-almost all w € Q uniformly for all ¢ € [0, T].
Given the definition of the BSDE (5), one has, using the Ité product formula and Lemma A.2, that
Ee (Vi + B[V [V P b0, ET(T)) ain,m)] = Be[(Pi(T), Z7(T)) na )]

= Ee[(Pi(r + ), T (r + ) as(nm)] + /

Ep [Rﬁm) (s)
r+e

£ 30 L P @i Z (9
J1,J2=1
d

+ Puls)i1.2 (€7 (5)5000(5)s2 + 00(5);,C ") ()3 + D 00(5) 13 1007 (5)s.1 )
k=1

d
+ 30 Q)12 (€7 ()50 ()12, + 00()5.0¢ " (5); ) }] s
k=1

where {R{"9 : Qx[0,T] = R| r € [0,T), e € (0,T —r]} is defined, for each r € [0,T) and ¢ € (0, T —7],
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as

REO0 = 37 P (€7 0 (5020015 + 0l (1))

J1,J2=1

1 T,€ €
+ (507005 + 0" (051 )¢ (1))
d

1
+ 3 P { (000 + 50 0 (010 + 15" (D10

k=1

(‘9"(t)j2,k + l3(2>0( gk 18" (t )J2’k) - ag(t)jlvkag(t)j2’k}
- ZQ 1z (€ 052 (50 0 (0)san 408 (1)1

+ (56(2>a<t>h,k 08 (1510 )¢ (1))
for P-almost all w € © uniformly for all ¢ € [0,7]. Furthermore, it can be shown that
Ep[(P(T),Z(T)) st n,m)]

= Ee[(P(r + ), " + ) rsnmy + / {RU(s) + 209 (5) + (= ils, Pils), Qu(s))

Pi()Vab(s) + Vab(s) " T+ Z e]la]?{ Z ZP 8)e1,6200;, 0(8)e1 1 0n;, 0(8)es
J1,J2=1 £1,0=1k=1
n d
+ Z Z ( )ir,e,k0z, 0(8) e,k + Qi(S)e,jQ,kath(S)z,k) },E(T’e)(s)>M(n n)} ds]
=1 k=1 5

and hence, given the definition of each ¢;, then
1 T
K{"(e) = 5Ee [P+, 27 (r + Darnmy + / R (s) ds]
r+e

for all » € [0,T) and € € (0,T — r]. Using Assumption 2.1, Lemma A.2 and the properties of each P;
and Q;, one may show that

T
1ime*11Ep[/ R (s) ds] =0
el0 r+e
for all » € [0,T), and so
. —1 7-(r) T 1 -1 —=(r,e
161%16 K" (e) = 161ln(f)1 ¢ Ep [(PZ (r+¢),2"9(r + e))M(mn)]
for all r € [0,T).
Step 5. Limit of ¢ 'K (¢): Part 2.
Using the It6 product formula, we have that

r+e

]E]P’[(Pi (7“ + 6), E(he)(r + E)>M(n,n)] = /

T

Ee | — (15 Pi(5), Qu()), 27(s) )
+ (Pi(s). AT b)) T 4TI (ATb(s)) T

M(n,n)

d

£ Y (A0l (8 (6)n))

M
J1,d2=1 k=1 (n.m)

Y S Qs 2 (AT 0(5)5, ¢ (5)12 4+ ¢ ()3 (A (9)) 0 ) | s

J1,J2=1k=1
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for all r € [0,T) and € € (0,7 — r]. By the Cauchy-Schwarz inequality, Assumption 2.1, Lemma A.2,
the properties of each P;, Q;, and ¢;, Proposition 2.3, and the dominated convergence theorem, then

r+e
. -1
lim e
€l0 r

n d

7 e (D AT0()) 5 k(AT (5)ia k= (57 0(5))51 1 (8" (5)ia k) )

Ji1,J2=1 k=1

|- (s, Pils), Qi) 2709
+ <Pz-(s), ATIb(s)C T ()" + ¢ () AT b(s) "

M(n,n)
LY Yo ()12 (AT 7())51,66 T () + ¢ (5)52 (A7 ()12, ) | | ds = 0
J1,Jj2=1k=1

for all » € [0,T). Therefore, by the fundamental theorem of calculus for the Lebesgue integral,

n

i 100 = S [B (R0 3 e (SN, ] ds
r J1,92=1 k=1 ’
= %E]P’ [<Pz(r)7 i €j1,j2( s (5*U(T))j1,k(5*0'(7n))j2’k)>M(n n)]
J1,J2=1 k=1 Y

for Leb-almost all 7 € [0, 7).
Step 6. Limit of 671Kér>(6).

Let (Q F,P) be the completion of the product probability space QAxQFxF, IF’®]P) Define the
process B : Ox[0,T] — R*® by B(@,t) := (B(w, )", B, t)")T forall (@, t) = ((w,w'),t) € Qx[0,T].
Let F := {F;|t € [0,T]} be the P-augmented natural filtration generated by B. Note that B is a R?%-
valued standard Brownian motion with respect to F and which P-almost surely has continuous paths.
Thus it is known that F is right-continuous, and note that Fr = F.

Define the family of processes {£"9 : Q x [0,T] — M(n,n)| r € [0,T),e € (0,T — r]} such that
for each r € [0,T), and € € (0,7 — r] then

209 @,1) = (e, )W)
for P-almost all @ = (w,w’) € Q uniformly for all ¢ € [0,T]. Note that with respect to (Q, F,P) and

F, the quadratic-covariation of (@,t) §(T’6>(w,t) and (@,t) — C<T‘€)(w’,t) is null. Hence, for each
r €[0,T) and € € (0,T — r|, by the Itd product formula then

Z(re) "N e (re) e (re)
=(7,€ € € / € / €
@ e = [ €950 )iy [ 90 )

for P-almost all @ € Q uniformly for all ¢ € [0,7] and 1,52 € {1,...,n}.
Using the Tonelli-Fubini theorem (for completed product spaces), it can be shown that

K(T) / / ”(’”’6)(@, s)> ds
r4e M (n,n)

<(zv§fygz< )+ Voo, (@) Ee[Vi20) Voo, (), E70 @, 1)) P(dd)

M(n,n)
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for all 7 € [0,T) and € € (0,7 — 7], where the process I' : 2 x [0,7] — M(n,n) is defined by

L(w,t) := {P,-(w,t)Vyb(w,t)V(ij(w',t) + (Vyb(w/,t)thJb(w,t))TPi(w',t)

meo
/
+ Z e]h]z{{ Z ZZ( (@, ) 1,62 Va0 (W, 1) ey k Vyo (W, 1) eg,05,k Vo (W', D) es,50
J1.J2=1 l1,00=143=1k=1

+ Pi(w, t)ey,0, Va0 (W, 8)15,51,5Vy0 (W, 1)1 05,6V P (W', 1) 25,5

+ Z E]P’[Pi(t)flvfz Vyo'(t)ﬁ1537kvy‘7(t)42,€4,k]v¢0 (w,t)e3,5, Vo (w/’ t)l4,j2)}

ly=1

n me d
+ { Z Z Z(Ql(w, t)jlxllvk + Qi (UJ, t)fl,jlyk)vya(wv t)fl,fzka(JSU (w/v t)fz \J2 }}

l1=1403=1k=1
2pi(w, 1) V) b(w, t) + V t) Ep VA V(' t
+ (2pi(w, 1) "VELb(w, 1) + Ve (w, 1) "Eelpi(t) T V()] ) V(o 1)
+ (2920w, ) T 4@, D) rt g ¢ A,
+ Vo (w,t) Ep[(VEo(1) T, qz‘(t)>M(mg,ma,n,d)xM(nw])V¢>a (W', t)
+ (2w, 0) + Vo, (0, 0) BV, Li(0)]) Vo, (1)}
for P-almost all @ = (w,w’) € Q and uniformly for all ¢ € [0, T).

By Theorem 4.3 we may define the pair of processes (P;, @;) € S*(Q x [0, T]; M(n,n)) x H(Q x
[0,T); M(n,n,2d)) as the solution of the following CMFBSDE (see Section 4)

P(@,t) = Pw,T) —|—ft fQ (w s,w' P(w s), Pi((w,w"),s), Bi((w”,w'), s),
Qul@,5), Qu((@,w"), ), Qu((@",&),)) Pdw”) ds = [} Qi(@,5) dB(@,s)  (9)
P@T) = (29&0iw) + Vo, <w>TEP[V§2£,gz])v¢gi (@)

for P-almost all @ € Q uniformly for all ¢ € [0, T], where the generator
I : Qx[0,T] x Qx M(n,n) x M(n,n) x M(n,n) x M(n,n,2d) x M(n,n,2d) x M(n,n,2d) — M(n,n)
is defined as
L@, t, W’ u,u' v v,0 0") i=T(@,t) + uVibW', t) + Vzb(w,t)Tu
+ ' Vyb(w” 1)V (W', 1) + Ve (w, t) T Vyb(w” 1) Tu”
n n d
+ > ejl,jz{( D (o k Va0 (@, 8051k + Vi o0tk Vao (W, ) ,m,k))

Ji,j2=1 =1k=1
n me d
+ ( Z Z Z (Ugl,jz,kvyg(w”vt)l’.l,h,kvqbff(wvt)b,jl
f1=165=1k=1
+ v;1751,d+kvya(wu7 t)ey 9,6V do (w,7 t)52,j2>) }
for all @ = (w,w') € Qo, t € [0,T], " € N, u,u’,u” € M(n,n) and v,v",v" € M(n,n,2d), for some
Qo C Q and Q1 C Q with P(Qo) = P(Q21) = 1 such that the terms on the right-hand side of this defi-

nition are well-defined; and we set Li(@,t, 0" u, v 0" 0") = 0 for all (@,t,w”,u,u,u”, v, v, v")
otherwise. Note that each ¢; satisfies Condition 4.2. Given the definition of the CMFBSDE (9) then,
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by the Ité product formula, and Lemma A.2, it follows that
CHDrinm] = [ (P +0. 5+ Dy + [ {BEV @00

Lw'),s),

el (P(T),20°
— </ ZZ(@,S,M”,Pi(a;,s),Pi((w,w”),s),p'((
Q
2:i(@,5), Qs (w,w"), ), Qi((w",w'),s "), 57 (@,
Qu(@.5). Qu((.6),8). ("), )) P(dw). E0(@.5))
+ (Py(@, s), C(”)(w 5)0b(w’, s) +ab(wvS)C(T’E)(W/vS)T>M(n )

n d
+ 30 3 (@@ )51k 00w, )50 (s 5)i

J1,j2=1k=1
+ Qu(@, 8)j1 g2 (" (w,9)1,00( )12, ) | s} ()

where the family of processes {RS"” : Q0 x [0,7] — R| r € [0,T),€ € (0,T — r]} is defined, for each

r€10,T) and € € (0,T — 1] by
RS @,1) e=( Pr(@,1), ¢ (w,0) (00l 1) + 0" (1))
(30%bw 0+ @)WY
+ Zn: Zd: (Qi(@t)jl,jz,k(%a(Q) (W, 8k + 18" (w, 81, )C(T I(w', 1)
/7 jo,k

]

J1,j2=1 k=1
"y E 1 €
+ Qi@ )51 g2kl (@, )51 (5070 ok + 08 (W ) ))
),t) € Qx[0,T]. Furthermore, for each r € [0,T) and € € (0,T

for P@Leb-almost all (@,t) = ((w,w’),
it can be shown, using the Tonelli-Fubini theorem (for completed product spaces), that

(PAT),E"N(T)) ar ()]
Py, 7+ €), 2" (@, + € M(n,n (r.€)
(Pu@,r + ), Z00(@,7 + ) >+/W{R )

Ep
- Q
(= ([ (@5 P ), P9, P 1)),
Qi(@,9), Qul(w,0"),5), Qi((&" &), 5)) P(dw"))
+ Pi(@, 5)Vaub(w, 8) + Vib(w, S)Tpi(w, s)
+( | (0,0, 9) Vbl ) (")) Vou( )
Vo) ([ VM8 P w).5) P

n d

+ Z eyl,jg{(zz Qi(@, 82,42 k Va0 (w, 8)e.j1 b + Qi(@, 8)j1 0,445 Va0 (W', 8)e 5o, k))

Ji1,J2=1 (=1 k=1
(@0, 8)e1,32 k V30 (" )1 e PAW) ) Vo (@, 8)e iy

01=105=1k=1

/Q, w, W
)} ds} P(dw).

2 (@, s)> (
M(n,n

n mg d B
+(ZZZ((/QQ'<< .
8)j1,1,d+k Vyo (W, 8) ey 00,k P(dw/'))v%(w/»s)b,m)) },

T
Rém) (s) ds]

Given the definition of each ¢;, then
K(r)( )= -Es [(13 (r+e),= (r,e)(r + €)>M(n,n) +/
r+e
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for allr € [0,T) and € € (0,7 —r]. Using Assumption 2.1, Lemma A.2, the Cauchy-Schwarz inequality,
the Tonelli-Fubini theorem, and the properties of each P;, Q;, and ¢;, one may show that

T
lime_lEp[/ R (s) ds] -0
el0 r4e

for all r € [0,T). By the Ité product formula then

Es[ (Pi(r +¢), 279 (r + €)) ar(n.m)]

for all r € [0,T) and € € (0,7 — r]. Therefore, using Assumption 2.1, Lemma A.2, Proposition 2.3,
the Cauchy-Schwarz inequality, the Jensen inequality, the Tonelli-Fubini theorem, the dominated
convergence theorem, and the fundamental theorem of calculus for the Lebesgue integral, then

()
lgﬁ)l e Ky’'(e)=0
for Leb-almost all r € [0, T].

Step 7.

Recall that for each r € [0,T") then

T
1) == Ex | / (i)™ (5))n + @i (), (Vs gy + 14737 (5)) s+ 73|
for all € € (0,7 — r]. Using Lemma A.2, then

Liige*lly)(e) =0

for all 7 € [0,7).

Therefore, from this and all of the previous steps, we have proved equation (7), and so for any
u; € A; then equation (8) holds for Leb-almost all » € [0,7]. In order to establish the SMP of
equation (6) from the expectation-level SMP of equation (8) we apply the form of measurable-selection
based argument which appears in the proof of Theorem 4.1 in [11]—that is based on our understanding
that the definition of the control “@°” in [11] should be corrected to 4° := @lac + u°Ia (with respect
to the notation in [11]). The rest of this proof below is thus an adaption of that basic argument to
our setting, which we detail here for the sake of completeness and clarity.

Although the N-tuple of admissible controls u* € Hé\;l Ay is assumed to be a Nash equilibrium,
we now also suppose that the SMP of equation (6) does not hold, that is we now also suppose that
the subset R € P(G;) defined by

R:= {(w,t) € Qx[0,T)

sup H;(w,t,v) > Hi(w,t,uf(w,t))}
veU;

is such that P ® Leb(R) > 0.
Define a sequence of subsets {Rm|m € N} C P(G;) by

Ry = {(w,t) €ER

sup H;(w,t,v) > H;(w,t,u; (w,t)) + m_l}
veU;
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for all m € N. Since R,, T R, as m — 0o, then by the continuity of the measure P ® Leb there exists a
mo € N and € > 0 such that P ® Leb(R,,) > € for all m > mo. The fact that R, {R|m € N} C P(G;)
follows given Assumption 3.5.

Define the function H; : X [0,7] x U; — R by

H;(w,t,u;) := H;(w, t,u;) — sup H;(w,t,v)
veU;

for all (w,t,u;) € Q x[0,T] x U;. Let IT: Q x [0,T] ~» U; be the set-valued map defined by

M(w,t) := {ul c U;

Hi(w,t,u;) € [-mg ", 0]}

for all (w,t) € Q x [0,T]. Note that for all (w,t) € Q x [0,T] the set II(w,t) is closed since the map
w; — H;(w,t,u;) is continuous. Also, note that for any (w,t) € Q x [0,7] then the set II(w,t) is
non-empty, indeed if it were not true then there would exist a pair (w,t) € Q x [0,7] such that for
each u; € U; then either:

Hi(w,t,u;) > sup Hi(w,t,v)
veU;

or
sup Hi(w,t,v) > Hi(w, t,u;) +mg "
veU;
holds. Which is a contradiction of the definition of the supremum.
It can be shown (by using the monotone class theorem) that for each subset V € P(G;) x B(U;)
then
{(w,t) € x [O,T]"/(w,t) NO # @} € P(Gy)

for all open sets O € B(U;), where V{,, ;) := {u € Ui|(w,t,u) € V}. Since, from Assumption 3.5, the
subset Z C Q x [0,T] x U; defined by

7= {(w,t,ui) €Qx[0,7] x U;

Hy(w,tu) € [-mg ", 0]}
is in P(G;) x B(Us), and as II(w, t) = Z, ) for all (w,t) € Q x [0,T], then
{(w,t) €O x [07T]‘H(w,t) no # @} € P(G)

for all open sets O € B(U;). That is, the set-valued map II is weakly measurable with respect to
P(Gq).
Let 7 : Q x [0,T] — U; be a P(G;)-measurable selection for II, in the sense that:
(i) = is P(G;)|B(U;)-measurable; and
(i1) m(w,t) € II(w, t) for all (w,t) € Q x [0,T].
Note that the existence of such a 7 is given by the Kuratowski-Ryll-Nardzewski measurable section

theorem (see [12]). Define the A;-admissible control @ : Q x [0,T] — U; by

~ . W(w’t) ) if (w,t) € Rmyg;
U(w,t) == { uj(w,t) , otherwise.

First, note that

H;(w,t,u(w,t)) H;(w,t,m(w,t))

-1

> sup H;(w,t,v) —mg
veU;
> Hi(w,t,u; (w, 1))

for all (w,t) € Rm,. Secondly, it is clear that

Hi(w7 t, ﬂ(wa t)) = Hi(wa t, U: (w7 t))
for all (w,t) € (2 % [0,T])\Rmq. Therefore

T
/ Ee [ Hi(t, u(t)) — Hilt,ui ()] dt
’ (10)
_ / (1w, 8w,1)) = Hiw, 1,05 (@,1))) P @ Leb(dw,dt) > 0
R

mo
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recalling that, from assumption, P ® Leb(Rm,) > 0. However, we know from before that if u* is a
Nash equilibrium then one would have that

Ee[Hi(t, a(t) — Hilt,ul (1)] <0

for Leb-almost all ¢ € [0, T], which is a contradiction of equation (10). Thus—under the assumption
that v* is a Nash equilibrium—the supposed property that P ® Leb(R) > 0, has been shown to be
false. That is, if «* is a Nash equilibrium then it must be that

max H;(w,t,v) = Hi(w, t,u] (w,t))
veU;

for P ® Leb-almost all (w,t) € Q x [0, 7. O

4 Conditional mean-field BSDEs

In this section we present an existence and uniqueness result for a class of backward stochastic equa-
tions that we call conditional mean-field backward stochastic differential equations (CMFBSDEs).
This result ensures, in particular, that each of the adjoint processes (B, Q;) in Step 6 of the proof of
Theorem 3.6 are well-defined as the solutions to certain such CMFBSDEs.

Let (Q, F,P) be the completion of the product probability space (2 x Q, F x F,P ® P). Define
B:Qx[0,T] = R* by B(@,t) := (B(w,t)",BW,t)")7T for all (&,t) = ((w,w’),t) € Q x [0,T).
Let F := {F|t € [0,T]} be the P-augmented natural filtration generated by B. Note that B is a
R29_valued standard Brownian motion with respect to F, and which P-almost surely has continuous
paths. Thus it is known that F is right-continuous, and note that F = Fr.

Definition 4.1. Let E be a finite dimensional Banach space with norm ||-||g. For each (Q, F,F,P) =
(Q, F,F,P), (0, F,F,P) then let:

o H2(Qx[0,T); E) denote the Hilbert space of P& Leb-almost sure equivalence classes of P(F)|B(E)-
measurable processes ¢ : 2 x [0,T] — E such that

T 1/2
e (Ol
0

Lo <o
L2(Q,F BR)

° 82((:2 x[0,T]; E) denote the Banach space ofIf”-almost sure equivalence classes of random variables
¥ :Q — C([0,T]; E) such that
& gy = 4 ’ <
¥l @ntomie = | sup 10|, 0 20 < o0

and which, as processes, are F-adapted (here C([0,T); E) denotes the space of all continuous
functions with domain [0,T] and range E).

Condition 4.2. A function 1:Q x [0,T] x Q x M(n,n)* x M(n,n,2d)® — M(n,n) is said to satisfy
Condition 4.2 if the following properties hold:

o 0 is P(F) x Fr x B(M(n,n)* x M(n,n,2d)*)|B(M(n,n))-measurable;
o there exist subsets Qo C Q and Q1 C Q, with P(Qo) =P(21) =1, and a constant ¢ > 0 such that

Hl(w7t7 W/l7$1,$27x3ay1:y27y3) - l(ajvt7wu73:117x’27xé7yi7y;7yé)“M(n,n)
3
= CZ (||xz - xQHM(n,n) + lyi — y:l”]%(n,n,Qd))
i=1

forall@ € Qo, t € [0,T], w" € N, z1,72,23 € M(n,n) and y1,y2,y3 € M(n,n,2d); and

e the process given by the mapping (©,t) fQ I(@,t,w”,0,0,0,0,0,0) P(dw”) is in H>*(Q x
[0,T]; M(n,n)).

Theorem 4.3 (cf. Theorem 3.1 in [7]). Let : Q x [0,T] x Q x M(n, n)® x M(n,n,2d)® — M(n,n)
be a function satisfying Condition 4.2, and let F € L*(Q,Fr,P;M(n,n)). There exists a unique

20



(Y,Z) € S*(Q x [0,T); M(n,n)) x H*(Q x [0,T]; M(n,n,2d)) which solves the conditional mean-field
backward stochastic differential equation

Y(w,t) = F(©) / / @,5,w" Y (@,s),Y((w,w"),s),Y(w", u),s),
Z(@,5), Z((w,w"),s), Z((w",w"), s)) P(dw’) ds—/t Z(@,s) dB(w,s) (11)

for P-almost all @ = (w, ') € Q uniformly for all t € [0,T), where given any (Y',Z') € H*(Q x
[0,T7]; M(n,n)) x H*(Q x [0,T]; M(n,n,2d)) then the function

(a),t,y,z)»—>Al(&;,t,w”,y,Y’((w,w”),t),Y’((w",w/),t),Z,Z'((w,w”),t),Z’((w”,w/),t)) P(dw")

defined for P-almost all @ € Qiuniformly for all (t,x,y) € [0,T] x M(n,n) x M(n,n,2d), is taken as
denoting the corresponding P(F) x B(M(n,n) x M(n,n,2d))|B(M (n,n))-measurable function that is
gwen by Lemma 4.4.

Proof. We prove the theorem by slightly modifying the two step procedure used to prove Theorem 3.1
in [7]—which is an existence and uniqueness result for the solution of certain mean-field BSDEs.

Step 1. Fix any a € H*(Q x [0,T]; M(n,n)), and 8 € H*(Q x [0,T]; M(n,n,2d)). Define
17 . Q x [0,T) x M(n,n) x M(n,n,2d) — M(n,n) by

@B w x, w UJ” X, (W w” « w” (JJ/ w UJ” (JJH UJ, w”
19 @tany) = [ (@002 a0 0(w ). 0,9 A(w.w"). . A, 1) Pl

for P-almost all © = (w,w’) € Q uniformly for all (t,z,y) € [0,T] x M(n,n) x M(n,n,2d), where this
integral denotes the corresponding P (F) x B(M(n,n) x M(n,n,2d))|B(M(n,n))-measurable function
given by Lemma 4.4. Given Condition 4.2 and Lemma 4.4 then note that:

o %P is P(F) x B(M(n,n) x M(n,n,2d))|B(M (n,n))-measurable;

e there exists a constant ¢ > 0 such that
198 (@, t, 2, 9) — 1% (@, t, 2",y sy < el = 2 ar(nmy + 1Y = ¥ 210 20)

for P-almost all @ € Q uniformly for all ¢ € [0,T], z,2" € M(n,n) and y,y € M(n,n,2d); and
e the process defined by (@,t) — I*?(@,,0,0) is in H2(Q x [0,T]; M (n,n)).
Therefore, for each o € H*(Q x [0, T]; M (n,n)), and 8 € H?(Q x [0, T]; M (n, n, 2d)), given these above

properties of [*# known results (see, for example, subsection 2.1 of [8]) imply that there exists a
unique solution (Y*# Z*#) € S*(Q x [0, T]; M (n,n)) x H*(Q x [0, T); M (n,n,2d)) to the BSDE

VB (@, 1) = F(@) +/tT 198 (@, 5, Y (@, 5), 2% (@, 5)) ds — /T 78, 5) dB(@,s)  (12)

t

for P-almost all @ € Q uniformly for all ¢ € [0, T]. In particular it can be shown that this uniqueness
of the solution is such that if (o, 8) = (¢, 8') in H2(Q x [0, T); M(n,n)) x H2(Q x [0,T]; M(n,n, 2d))
then the respective solutions must be equal (Y *# Z%#) = (Y‘",’ﬁ/7 ZO‘/’B/) in S2(Qx[0,T]; M(n,n)) x
H2(Q x [0,T]; M (n,n,2d)).

Step 2. Let v € (0, 00) be some constant that will be specified later. By the It6 formula and the def-
inition of the BSDE (12), for any o, o/ € H2(Qx[0,T]; M(n,n)), and B, 8" € H*(Qx[0,T]; M (n,n, 2d))
one has that

0= e’YT”Ya’B(T) - Ya # (T)”?W(n,n)
T
= IY5(0) = Y Ol + B [ e Y)Y (9 s
0
T ! ’ T ’ !
[z ) = 2 O runaa ds+2 [ (¥ — v o),
0 0

1 (5, Y (5), 277 () = 1P (s, Y P (5), 2°7(9)) ) as]

M(n,n)
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and so
T ’ ’ 2 T ’ ’ 2
Ep[/ ’Y@'YSHYO"B(S) —-Y“ B (5)“]\4(7%”) d5:| —I—E]p[/ CPYSHZO"’B(S) > B (S)”M(n,n,Qd) d8:|
0 0

T
<oms[ [ (v e Y s)
0

(s, Y ), 227 (5) =1 5, (9), 2 )]
M(n,n

By the Cauchy-Schwarz inequality, the assumed Lipschitz property of [, and Lemma 4.4, there exists
a constant ¢ > 0 (independent of ) such that

T ’ ’ T ’ ’
Eg | / Y2 (s) = Y ()i ds] +Es | / 127 (8) = 2 ()]s n m 20y ]
0 0

T
<2 [ [ [Ty, = @ st (1Y @05 =Y @5 s
0

/

+ HZO‘,B((:;, S) — ZO‘I’B (@75)”M(n,n,2d) + /Q {HO[((W,(:J”)’S) _ a/((ij//)’s)”M(n’n)
+ Ha((wuvwl)?s) - a’((w//?w,)as)”M(nm) + "B((wvw”)7s) - Bl((w?w”)vs)HM(nyn,Qd)
1B, 8) = B/(" ), ) at(nm,z0) | P(dw”)) ds| P(d).

»

Moreover, using the Tonelli-Fubini theorem, the arithmetic-geometric mean inequality, and Jensen’s
inequality, it follows that there exists a constant ¢ > 0 (independent of v) such that

(v etz s [ v ) =¥ Ol o]

T
C _ s a,B o ,B’ 2
(1= S3)E] [ 12006 = 2 @ ds] (13)

2c

=V

T
Eg | / ¢ (llas) = ' (5)rcnmy + 18(5) = B'(5) [Rrnn 2 ) ls]
0
for all A € R.
Define a norm || - ||, on H? := H*(Q x [0, T]; M(n,n)) @ H2(Q x [0, T); M(n,n,2d)) by

T s 1/2
1022l =B [ (1Y (i) + 126 iz ) ]

for all (Y, Z) € H?. Let S* := S*(Q2 x [0,T]; M(n,n)) ® H*(Q x [0,T]; M(n,n,2d)) be the direct sum
Banach space with norm
H(Y7 Z)HS2 = (”Y”?S'Q(Qx[O,T];]M(n,n)) + ||Z||3-L2(Q><[0,T];M(n,n,2d)))l/2

for all (Y,Z) € S*. By Step 1, one may define a mapping I : H*> — S? as that which takes each
(a,8) € H? to the solution (Y*?, Z%?) of equation (12). Recall that by the uniqueness property
noted in Step 1, if (o, B) = («/, 8') in H? then I(a, ) = I(c/,8) in S2.

Given the constant ¢ > 0 in equation (13), by setting A = v/8c and v = 2¢(1 + 4¢) + 0.75 then
equation (13) implies that

1
(e, 8) = I(a", Bl < 3 ll(e, B) = (', Bl
for all (o, B),(¢/,B") € H?. By the Banach contraction mapping theorem there exists a unique
(a*,8%) € H? such that I(a*, %) = (a, %) in H2.
Let o™ € S*(Q x [0, T); M(n,n)) be defined by a** := Y #". Note that (a**, %) = (a*, ") in
H?, and so I(a™*,8*) = I(a*, %) in S%. Therefore
I(a™,B%) = (o™, 87)

in S2, that is (a**, 8%) is a S*(Q x [0, T]; M(n,n)) x H2(Q x [0, T]; M (n,n, 2d))-solution of the CMF-
BSDE (11).

To establish the property of uniqueness, suppose that both pairs (Y, Z) and (Y’, Z’) are S*(Q x
[0,T); M(n,n)) x H*(Q x [0, T]; M(n,n, 2d))-solutions of the CMFBSDE (11). By the Minkowski,
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Jensen, and Cauchy-Schwarz inequalities, the Doob martingale inequality, the It6-isometry, and
Lemma 4.4, then there exists a constant ¢ > 0 such that

Ee s ¥ (1) Y O] < C/Q/OT [T/Q [1(z.5.0". Y (@), ¥ (@), 9)

te[0,T

Y (W', w'),s), Z(@,s), Z((w,w"),s), Z((w", &), s))

— (@50, Y (@,9), Y ((0,0"),8), Y ("), 9),

2 "
P(dw™)

M(n,n)

Z2'(@,9), Z' (w,w"), 8), Z' (", &), s))

+112(@,5) = 2@, ) Rs 00| ds B(d).

Therefore, by the Lipschitz property of [ from Condition 4.2, and the Tonelli-Fubini theorem, there
exists a constant ¢ > 0 such that

Ee| sup [Y(6) = Y'(8) 1o
te[0,T]

T

<c / (E: | sup [[¥ () - Y/ () Ranm] +Ee[12(8) = 2 Otn 20| ) dt. - (14)
0 se[0,t

Any possible solution (Y, Z") € S?(Q x [0,T]; M(n,n)) x H*(Q x [0,T]; M(n,n,2d)) of the CMF-

BSDE (11) gives a unique fixed point of the map I on H?. Thus (Y,Z) = (Y',Z’) in H?, and so

equation (14) reduces to the fact that there exists a constant ¢ > 0 such that

T

Ee| swp [[Y(®) =Y Olgnm] < e / Ee| sup [[Y(s) = Y'(5) s
te[0,T] 0 s€[0,1]

then moreover by the Gronwall inequality it follows that Y =Y’ in S 2(Q x [0,T]; M(n,n)). Therefore

the solution (Y, Z) € S?(Q x [0,T]; M(n,n)) x H*(Q x [0,T]; M(n,n,2d)) to the CMFBSDE (11) is

unique. O

Lemma 4.4. For any function ¢ : Qix [0,T] x Q x M(n,n)? X M(n,n, d)® — M(n,n) satisfying
Condition 4.2, and any (o, B) € H2(Q x [0,T); M(n,n)) x H*(Q x [0,T); M(n,n,2d)) then let the
process £2°7 = Q x [0, T] x M(n,n) x M(n,n,2d) — M(n,n) be defined by

Ka’ﬁ(@,t,x, y) = /Q L@, t, Wz, a((w,w”), ), a((W’,w'),t),y, B(w,w"),t), B((w",w'),t) P(dw")

for P ® Leb-almost all (@,t) € Q x [0, T| uniformly for all (z,y) € M(n,n) x M(n,n,2d). That is, we
first define the integral for each fized (z,y) € M(n,n) x M(n,n,2d) using the Tonelli-Fubini theorem
for completed product spaces, so that the integral is well-defined for PQ Leb-almost all (w0,t) € Qx [0, T]
uniformly for all such (x,y) with Q-valued components, then we may extend the definition to P ® Leb-
almost all (@,t) € Q x [0, T] uniformly for all (x,y) € M(n,n) x M(n,n,2d) by using the dominated
convergence theorem and Condition 4.2.

There exists a function £2° : Q x [0,T] x M(n,n) x M(n,n,2d) — M(n,n) such that:

o 1%B(@ t,x,y) = £9P (@, t, z,y) for P® Leb-almost all (@,t) € Q x [0, T] uniformly for all (z,y) €

M(n,n) x M(n,n,2d); and
o %8 s P(F) x B(M(n,n) x M(n,n,2d))|B(M(n,n))-measurable.

Proof. Step 1. For this first step of the proof we suppose that o and 3 are elementary processes of
the form
a(@,t) = ao(@) + Y ai(@)La,_, 4, (1), B@,1) =bo(@) + Y bi(@) L,y (1)
=1 =1

for some 0 = tg < 121 < ... < tm =T, where for eachil' € {0,1,...,m} then a; and b; are bounded
and, respectively, F;, ,|B(M(n,n))-measurable and F¢, ,|B(M(n,n,2d))-measurable random vari-
ables, denoting t_1 := 0. Note that for each ¢ € [0, 7] then Fi=F X Fi|p, and as such it follows that
for any C € B(M(n,n)) then

((@,1) € O x [0, T)|a(@,) € O} = ({@lao(@) € C} x {to}) U (U 1 {@la: (@) € O} x (tir, t])
= (Ao U Bp X {to}) @] (UﬁlAi U B; X (tifl, t»L])
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for some subsets {A;]i € {0,1,...,m}} CQ, where A; € F, | x Fy,_, for each i € {0,1,...,m}, and
{B;li € {0,1,...,m}} C N, where Nj denotes the collection of all P-negligible subsets of 2. For such
subsets {A;|i € {0,1,...,m}} then it may be seen that

{(w,w/,t,w") € Q% [0,7] x Q‘(w,w”,t) € (Ao x {to}) U (U, A; x (ti,hti})} € P(F) x Fr
and for such subsets {B;|i € {0,1,...,m}} then, by the Tonelli-Fubini theorem
{0, ,0") € @ x [0,T] x Q|(w,w",6) € (Bo x {to}) U (U4 Bi  (tior,ti) } € T

where T denotes the collection of subsets defined by

T = {{(w,w',t,w/')|(w,w'7w”,t) € Ui Ni x M;}
e N, {Niticq1,...et € Npgrar, {Miticqr,....ep € B([OaTD}

and where NVpgpgp denotes the collection of all P® P ® P-negligible subsets of {2 x 2 x Q. Hence, using
a similar argument for the process 3, it follows that for any C' € P(F) x Fr x B(M (n,n) x M(n,n,2d))
then

{(@,t, Wz, y) € A x [0,T) x Q x M(n,n) x M(n,n, 2d))
(@, t,0", 2, (W, "), 1), (@, W), 1), 9, B((w, "), 1), B((W", ), 1)) € C}
€ U(P(F) x ]-'T7T) x B(M(n,n) x M(n,n,2d)). (15)
Let M be the family of subsets defined by
M= {M € U(P(IF‘) X fT,T) x B(M(n,n) x M(n,n, 2d))‘ the map
@.t,2,9) = /Q 1ot ey () B(d") is PE) < B(M (n, m) x M (n, n, 2d))-measurable }.

By the Tonelli-Fubini theorem then P(F) x Fr x B(M(n,n) x M(n,n,2d)) C M and, also, for any
set M := My x My, for some M; € T and M € B(M(n,n) x M(n,n,2d)), then

/ 1 w09 (@twp zy)em} (W) P(dw”) =0
Q

for P-almost all @ € Q uniformly for all (¢,z,y) € [0,7] x M(n,n) x M(n,n,2d), thus M € M.
Moreover, it may be shown that M contains the algebra of subsets formed from the collection of all
finite length compositions of the set operations union, intersection and complement and sets from the
families P(F) x Fr x B(M (n,n) x M (n,n, 2d)) and { M1 x M2|M; € T, Mz € B(M(n,n)x M(n,n,2d))}.
Thus M contains the algebra of subsets generated by {P(F) x Fr x B(M(n,n) x M(n,n,2d)), { M1 x
My|My € T, Mz € B(M(n,n) x M(n,n,2d))}}.

Let {Sm}men € M be such that S, C Spy1 for each m € N. For each m € NU {oo} define the
function f, : Q x [0,T] x M(n,n) x M(n,n,2d) — R by

fm(@,t,2,y) =:/ L{woel (@ two.eayeuy, s (@) P(dw”)
Q

for all (@,t,z,y) € Q x [0,T] x M(n,n) x M(n,n,2d). By the monotone convergence theorem then,
for each (@,t,z,y) € QA x[0,T] x M(n,n) x M(n,n,2d), foo(@,t,z,y) = liMm_co fm(®,t,,y) and so,
given that for each m € N then f,, is P(F) x B(M (n,n) x M (n, n, 2d))-measurable, it follows that foo is
P(F) x B(M(n,n) x M(n,n,2d))-measurable and hence U2,.S; € M. Similarly, one may show that for
any {Sm }men C M such that Sy, D Spmt1 for each m € N, then Npe—1 Sy € M. Thus M is a monotone
class, and so by the monotone class theorem M = o(P(F) x Fr, T) x B(M(n,n) x M(n,n,2d)). Given
equation (15), and the fact that £ is P(F) x Fr x B(M(n,n)* x M(n,n,2d)*)|B(M (n,n))-measurable,
then it follows that £%° is P(F) x B(M(n,n) x M(n,n,2d))|B(M (n,n))-measurable.

Step 2. For this second step of the proof we suppose that a € H2(Q x [0,T]; M(n,n)) and
B € H2(Qx[0,T]; M(n,n,2d)) are general such processes. It is known that there exist sequences of such
elementary processes {aum }men € H2(Q x [0, T]; M(n,n)) and {Bm tmen € H?*(Q x [0, T]; M (n, n, 2d))
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such that am —m—co @ in H*(Q x [0,T]; M(n,n)), and Bm —m—co B in H2(Q x [0, T]; M(n,n,2d)).
Under Condition 4.2, then there exists a constant ¢ > 0 such that

sup ||€a7ﬁ('7x7y) _gam’ﬁm('7x7y)“k1(n,n)
(z,y)EM (n,n)x M (n,n,2d)

H2(Qx[0,T];R)
< C(”a - O‘mHH2(Q><[0,T];M(n,n)) +118 - 5mHH?(QX[o,T];M(n,n,zd)))

for all m € N. Hence, by the Markov inequality, for any € > 0 then

lim P® Leb ( sup 127 (-, y) — P (2, y) |t nmy > e) =0.
m—00 (z,y) €M (n,n)X M (n,n,2d)
Therefore there exists a subset S € Fr x B([0,T]) with P ® Leb(S) = T and a subsequence {my C
N|k € N} such that
P (@, t, @, y) = lim £ P (@)t 2, y) (16)
k— o0

for all (@,t,z,y) € S x M(n,n) x M(n,n,2d). Note that
I:={(o,t,z,y)| klim £omr P (o, t, 2, y) exists in M(n,n)}
— o0

= ( U ({likm inf €2k Pme < g} O {limsup £k P > q}))C € P(F) x B(M(n,n) x M(n,n,2d)).
— o0

q€Q k—o0
Define £%7 : Q x [0,T] x M(n,n) x M(n,n,2d) — M(n,n) by

0B - _f limpeo 0omio B (@)t y) , for all (@,t,x,y) € 1
@tz y) '_{ 0 , for all (w,t,z,y) ¢ I.

Thus £2° is P(F) x B(M(n,n) x M(n,n,2d))-measurable, and from equation (16) then
P (@, t,2,y) = 07 (@, 8,2, y)

for all (w,t,x,y) € S x M(n,n) x M(n,n,2d). That is %8 is in the P ® Leb-almost sure equivalence
class of the P(F) x B(M(n,n) x M(n,n,2d))-measurable function £, O

5 Conclusion

The main result of this paper is the SMP of Theorem 3.6, which provides necessary conditions for
the existence of Nash equilibria in the SDG that we consider here. At the conceptual level, the main
contribution of this work could be seen as the introduction of the notion of CMFBSDESs, and the
representation, in the proof of Theorem 3.6, of part of the second form of quadratic-type term—that
is a Peng-type adjoint representation (see [20]) with the adjoint processes defined as solutions to
certain such CMFBSDEs. In the proof of Theorem 3.6, we used this representation to complete the
calculation of the limit as € | 0 of the second form of quadratic-type term multiplied by e~ !. This is a
different approach to that which is used in [5] to deal with the comparable type of term in their work.
We propose that our approach to this matter is no more complicated than that in [5].

Moreover, it would appear that—in principle—our approach would be suited to further develop-
ment in an attempt to calculate higher-than-first-order expansion terms, in this mean-field setting.
Our approach to treating the second form of quadratic-type term gives a certain insight into its con-
vergence properties. We suspect that, given appropriate conditions, this approach could be further
developed (so as to include the various required elements that were clearly seen to be of the order
o(e€), and as such were treated separately here) to yield a representation from which, possibly with the
application of further Peng-type adjoint representations, higher-than-first-order expansion terms may
be calculated. Such higher-order expansion terms would be of importance in the possible construction
of higher-than-first-order SMPs (see below).

Possible directions for further research include the following.

e The application of our SMP to analyse example SDG problems of this type from, for example,
mathematical finance. Such as, possible multi-agent, comparative performance based, optimal
investment problems for asset price models with mean-field dynamics (note that an example of
an asset price model with mean-field dynamics is considered, and the relating portfolio opti-
mization problem addressed, in [3]). Moreover, the investigation of both the SMP result and
its possible inferences on example problems, under particular information specifications—that is
under specific examples of the individual agent information filtrations.
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e The construction of a notion of a higher-than-first-order SMP, in the non-mean-field or mean-field
settings. That is a form of SMP which gives further necessary conditions for an optimal control,
or Nash equilibrium controls, by calculating the higher-than-first-order expansion terms for € | 0
of the difference in the performance between the assumed optimal control, or Nash equilibrium
controls, and spike-variations of them—for perturbation controls that, also, satisfy the SMP
equation of the previous order (for example, for a n*"-order SMP where n is the smallest element
of {1 +m/2|m € N} such that the n'"-order expansion terms are not null, then the considered
perturbation controls will be taken as satisfying the original first-order SMP).

e To explore the question of whether mean-field SDGs, of the type considered here, can be con-
nected, in any sense, with the notion of mean-field games from the work of, for example, [15].

A Appendix

Notation A.1. Suppose Assumption 2.1 holds. The functions

Vab: QX [0, T] xR"xR™ xU — M(n,n)
Vyb: Qx[0,T]xR" xR™ xU — M(n,my)
VL Qx[0,T]xR" xR™ xU — M(n,n,n)
V&b QX [0,T) xR* xR™ x U —  M(n,n,my)
VAL :Qx[0,T] xR X R™ x U —  M(n,ms, ms)
Voo : Qx [0, T]xR"xU — M(msp,n)
V@, : Qx [0,T] xR xU — M(mp,n,n)
are defined P-almost everywhere by
(vﬂ”b(tvxvyvu))jl,ji = a’1”1 b(t7:r7y7u)j1
(Vyb(t,z,y,u))j1 52 = ayjzb(t T, Y, u)j,
(V;Q,)zb(t,xvyv u))jl,jiyji/ = 85622 x // b(t z,Y,u )
(v;(t%;b(t7x7y7u))j1,ji,j2 = Béiz "Yjo b(twray:u)jl
(V,(f%b(t, Y, u))jl:j%jé = 8152 Yy b(t, @, y, u);

(vd)b(t’x?u))h,jl =
(V<2)¢b(t,m,u)). =

J2,J1,31

O, Po(t, T, ),
a:ch,x il d)b(t x 'LL)

uniformly for all t € [0,T], z € R*, y € R™, u € U, j1,51,51 € {1,...
The functions

,n} and ja, 55 € {1,...,ms}.

Vo : X
Vyo : Q x

V(IQ,;U

v(Q)
(2)

Vy ya

Y,

[0,T] x R™ x R™*
[0,7] x R™ x R™~
x [0,T] x R" x R™
x [0,T] x R™ x R™?
x [0,T] x R™ x R™?
Voo : Qx[0,T] x R"

V¢, : 2% [0,T] x R
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x U
x U
x U
x U
x U
x U
x U

A

n,n,d)
n, Mo, d)

n,mn,n,d)

n,mmmg,d)

m0'7n)

M(
M(
M(
M(n,n,mes,d)
M(
M(
M(

Mo, N, M)



are defined P-almost everywhere by

(Voo(t,z,y,u))j, 1.k
(Vyo(t, @, y,u))jy 2.k
(V;Q,)za(t: LY, u))jl,ji,ji’,k
(Vf,io(m T, Y, U))jy g da k
(VEo(t, 2y, 1), o it i
(Vo (t, 2, u))js.5
(V&0 (t,,0);5 50,54

uniformly for allt € [0,T], z € R", y e R™, u

= Ouy ot 2y, u)
= Oy, 0t T, y,u)j K
= 00 L otz y,u)j
3177y
— 5@
= 00 .,
2
= Béji,yjé O'(t, z,Y, U)jl,k
= Ouy, Go(t,m,u)j,

— (2) .
Ca 8Zj1,a:ji ¢U(t7$7u)]2

o(t,x,y,u)j k

€ U7 jly.jiy.ji/ € {1,...,71}, j27jé € {17

ke{l,...,d}. For each i€ {1,...,N}, the functions

Vaofi: QX [0, T] xR"xR™i xU — R"
Vufi : Q@x[0,T] xR" x R™i xU — R
VL fi: Ox[0,T] x R" x R™i x U —  M(n,n)
VOO [0,T] xR x R™i x U —  M(n,my,)
ijéfi:QX[O,T]xR”x]Rmft xU — M(my,my,)
Vor : Qx[0,T)|xR"xU — M(my,,n)
V&g, : QAx[0,T)xR" xU — M(my,,n,n)

are defined P-almost everywhere by

(Vofiltz,y,u);, =
(Vofilt,z,y,u))s =
(VO it my,w)y 5 =
(VL fit, 2,y u))
(VS Fi(t 2, y,0)) 1,
(Vor, (t,z,u) iy =
(VP8 (Lo, w)jy g0 g =

U))ji,d2
u

uniformly for allt € [0,T], z € R", y € R™fi, u € U, j1,j1 € {1,...
For each i € {1,..., N}, the functions

Vzgi : 2 x R" x R™9
Vygi i @ x R" x R™9:
Vg;gi QO x R" x R™9i
V2 gi: Qx R™ x R™9
Vi QxR x R™i
Vg, : Q@ x R"

Vg, : A xR"
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0z, fi(t, @, y,u)
Oy;, filt, z,y,u)
08 oy Flt2.,0)
Oy, filt, @y, )
agj;,% fi(t,z,y,u)
Oz, &y, (8, T, u) 5
oL gy O (8T, )

o
=

,n} and j2,75 € {1,...

,Me} and

My}



are defined P-almost everywhere by

(Vogi(z,y))iy = 822“92(3@?/)

(Vygi(@,y))is == 0Oy, 0i(z,y)
(Vi) = 00 . . 9i(,y)
(Vv :vyg’b( Yirge = a(nj)l,yw gi(z,y)
( ,ygl(x y))]2,32 = gfi,y /gl(xv )

(V¢9L ))Jz g1 & aa:“ ¢9L )12
(V(g)%i (w))jz,jl,jg = ;(tf)l @ bg; ()2

uniformly for allx € R™, y € R™9: 41,51 € {1,...,n} and j2,55 € {1,...,mg, }.
Denote My := R", M, := M(n,d), and My, :== R for each i € {1,...,N}. For each function
Y € {b,o, fili € {1,...,N}} define the corresponding functions
Y : QA x[0,T] xR" x R™ x U xR"xR™ — M,
0P QA x[0,T] xR* x R™ x U x R* x R™ x R™ — M,
Ody 1 A x[0,T] xR" xU xR" — R™

in a component-wise manner, by

™y
o(t,z,y,u,v,w) := Z Oz (L, @,y w)ve, + Z Oy, ¥ (t, @, y, u)we,
£1=1 Lo=1

n

3(2>¢(t7$’y7uyvywvz) = Z 3553)1 1521#@ Z,Yy,u ’(}511122 +2 Z Z 8;2 yg4 t Z,Y, u)’”f:sw&

01 0a=1 03=104=1
my my
(2)
+ E 87”5 y%w(t,x,y,u)wgswge + 3y£7¢(t,x,y,u)ze7
£5,66=1 tr=1

Oy (t, z,u,v) 1= Z O, Dy (t, , u) Vg
=1

P-almost surely, uniformly for all t € [0,T], z,v € R", y,w,z € R™¥, and u € U. Also define, for
each i € {1,...,N}, the functions
0gi : A X R" x R™9 x R" x R™%  — R
0Pgi: QX R" x R™ x R" x R™% x R™%  — R
Oy, : XX R" xR" — R™%

by
mg,;
9gi(z,y,v, w) Z 81@ gi(z, y)ve, + Z 8@//3291 T, y)we,
=1 lo=1
n Mg,
8(2)91'(37’?/»”7“} Z = Z aa(ci) ,x;291 x y Ve, Vey + 2 Z Z B:C/S,yp4gz x y)v1g31Ug4
£y,£2=1 l3=1204=1
mg, Mg;
+ Y O i@ e we + > By gi(x,y) 26
L5, lg=1 Lr=1
0g; (x,v); == Zaﬂqugi (x)jve
=1

P-almost surely, uniformly for all t € [0,T], z,v € R", y,w,z € R™% ,u e U, and j € {1,...,mg,}.

Lemma A.2. Assume the same hypothesis, and notation as for Theorem 3.6. For each p € [1,00)
there exists a constant ¢ > 0 such that

| s ¢ Ollen
te[0,T)

< ce'l? 17)
LP(GR)
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forallr €[0,T) and € € (0,T —r].
Define:

o for each j € {1,2} a family of P(F)|B(M;)-measurable processes {n(T D Qx[0,T] — M| r e
[0,7),e € (0,T —r|}, for each r € [0,T) andee (0, T —r], by

w7 O0) = —50205(0) / / 00 (1, X7 (1) + X0,
[ 08X £ N )0 1) B, (0. )
[ 90,68 X7 @0+ NI )00 0,0, ¢ 0) P,
[ (T®00, @ X0+ X 0,06 1),

I W )T P(dw')) X' dA

]W(mw]. ,n,n)XM(n,n)

for P-almost all w € Q, and uniformly for all t € [0,T], where 1 :=b, V2 := o, M1 :=R", and
My := M(n,d).

e for each i € {1,...,N}, a family of F-measurable random variables, {n(T RN 0 RN Rlr €
[0,7),¢e€ (O,T—r]} for each r €[0,T) and € € (0,T —r], by

n) = a(% +/ / 9® gi(X*(T) + N (T),
[ 00 X T) + X W T)) P, )
[ 900, X T) # X @), (0w T)) P,
/Q <a<2)¢gi (X, T) + N W, T)),

(W T W )T P(dw)) dX' dA

M(mg; ,n,n)XM(n,n)

for P-almost all w € Q.

o for each i € {1,...,N}, a family of P(F)-measurable processes {n(r <) QX [0, 7] - R| r €
[0,7),e € (0,T —r]}, for each r € [0,T) and € € (0,T —r], by

W00 = 3005w+ [ [ 0056w + X0,
/ﬂ 0, (61, X7 (1) 4 XU (1), (1)) B, (), ),
[ 900 X0+ N W) 0.0 1) B,
/Q (005, (W', X7 (W, 1) + XTI (W 1), 0" (1)),

(W W )T P(dw)) dX' dA

M(myg, ,n,n)x M(n,n)

for P-almost all w € Q and uniformly for all t € [0,T].
The following properties are satisfied:
e For eachr € [0,T) and € € (0,T —r| then

t

¢r o) = (I 4 o) + / (985) + 50P(s) + 1" () ) ds

r+e

+ / t (aa(s)+%8(2)a(s)+n§r‘€)(s))d3(s) (18)

+e

for P-almost all w € Q, and uniformly for all t € [r 4+ €,T).

29



e Foreachie{l,...,N}, r€[0,T) and € € (0,T — r] then

0 (X0, [ 0, X)) P ) =0 (X7(D). [ 00, X T) BGA)
=g+ 50D gi 0 (19)

for P-almost all w € Q.
e Foreachi€{l,...,N}, r€[0,T) and ¢ € (0,T —r] then

89 ilt) = 01i(t) + 50 £i(t) + 00 (20)

for P-almost all w € Q, and uniformly for all t € [r 4+ €,T).

e For each p € [1,00) there exists a constant ¢ > 0 such that

e[ sup " Ol + sup 10 4<nd>+Z(lm“> + s 0 OF)] < e
te[0,T

for allr €[0,7) and e € (0,T — 7r].

Proof. Given Assumption 2.1 then this lemma may be established using the standard general argument
for such types of results, that using: the Taylor expansion, the Burkholder-Davis-Gundy inequalities
and the Gronwall inequality. Note that: a related result to that of equation (17) is given in equa-
tion (3.8) of Proposition 3.1 in [5]; related decompositions of the form in equations (18), (19) and (20)
appear in [19] for a non-mean-field setting. O
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