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We systematically investigate mean field games and mean field type control problems with multiple
populations. We study the mean field limits of the three different situations; (i) every agent is
non-cooperative; (ii) the agents within each population are cooperative; and (iii) the agents in
some populations are cooperative. We provide several sets of sufficient conditions for the existence
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with a large but finite number of agents.
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1. Introduction

In pioneering works of Lasry & Lions [50, 51, 52] and Huang, Malhame & Caines [43],
the two groups of researchers independently proposed a powerful technique to pro-
duce an approximate Nash equilibrium for stochastic differential games among a
large number of agents with symmetric interactions. Importantly, each agent is
assumed to be affected by the states of the other agents only through their empir-
ical distribution. In the large population limit, the problem is shown to result in
two highly coupled nonlinear partial differential equations (PDEs), the one is of the
Hamilton-Jacobi-Bellman type, which takes care of the optimization problem, while
the other is of the Kolmogorov type guaranteeing the consistent time evolution of
the distribution of the individual states of the agents. The greatest benefit of the
mean-field game approach is to render notoriously intractable problems of stochas-
tic differential games among many agents into simpler stochastic optimal control
problems. For details of the analytical approach and its various applications, one
may consult the monographs by Bensoussan, Frehse & Yam [7], Gomes, Pimentel &
Voskanyan [40] and also Kolokoltsov & Malafeyev [45].

In a series of works [12, 13, 14], Carmona & Delarue developed a probabilistic ap-

proach to these problems, where forward-backward stochastic differential equations
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(FBSDESs) of McKean-Vlasov type instead of PDEs were shown to be the relevant
objects for investigation. In particular, they provided the sufficient conditions for the
existence of an equilibrium for mean field games with the cost functions of quadratic
growth in [13]. In the case of cooperative agents who adopt the common feedback
control function, they showed in [14] that the large population limit results in the
optimization problem with respect to a controlled McKean-Vlasov SDE. Using the
notion of so-called L-derivative, which is a type of derivatives for functions defined on
the space of probability measures, they solved the problem by a new class of FBSDEs
of McKean-Vlasov type. A probabilistic but weak formulation of mean-field games
based on the concept of relaxed control has been studied in [17, 20, 26, 47, 48, 49],
which does not produce any equation characterizing the equilibrium solution but
can significantly weaken the regularity assumptions we need. In particular, we refer
to Carmona, Delarue & Lacker [17] for problems in the presence of common noise.
For interested readers for the probabilistic approach, the two volumes of excellent
monograph [15, 16] are now available.

The above explained developments of the mean field game theory have opened a
new horizon for variety of interesting multi-agent problems. In particular, there
appeared large amount of literature on, optimal trading, optimal liquidation, optimal
exploitation of exhaustible resources, price formation in an electricity market, zero-
sum game, systemic risk analysis of interbank network, etc. See, for example, [3, 18,
19, 22, 25, 28, 30, 31, 32, 33, 38, 41, 53, 57, 58, 63]. A quite popular approach adopted
in many of these references is to assume that the relevant price process is decomposed
into two parts, one is an exogenous process which is independent of the agents’
action, and the other representing the price impact which is often proportional to
the average trading speed of the agents. Various examples of interesting applications
to macroeconomic problems can be found in [2, 39], where the economic interactions
are studied in the continuum limit of agents. The mean field game theory with a
major player [4, 5, 6, 21, 42, 56| is another important branch of research. Although
the impact from an individual minor player becomes insignificant as the size of
population grows, the major player does not lose its impact to the system. The
literature provides an important framework of mean field games for the applications
to the financial as well as economic problems in the presence of a giant bank, a
central bank, or a monopolistic producer of certain goods or services, etc.

In this work, we are interested in mean field games and mean field type control
problems in the presence of multiple populations. Here, the same cost functions as
well as the coefficient functions of the state dynamics are shared among the agents
within each population, but they can be different population by population. Mean
field games with multiple populations arise naturally in most of the practical appli-
cations, and have been studied by many researchers following the analytic approach.
In fact, a related problem was already considered in the first original work of [43].
Lachapelle & Wolfram [46] modeled a congestion problem of pedestrian crowds, and
Achdou, Bardi & Cirant [1] studied the issue of urban settlements and residential
choice using the mean-field game representation. Feleqi [29] and Cirant [23] dealt
with ergodic mean field games of multiple populations under different boundary
conditions. Among these works, the recent publication by Bensoussan, Huang &
Lauriere [8] is most closely related to the current work. They systematically studied
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the problems of mean-field games and mean-field type control problems with mul-
tiple populations. In particular, their analysis includes the case where the agents
within each population are cooperative but compete with those in the other popu-
lations.

In the current paper, differently from the existing works, we have adopted the pro-
babilistic approach and closely followed the procedures developed in [13, 14]. In
addition to the mean field games of multiple populations, we have studied the situ-
ation where the agents in each population are cooperative as in [8], and yet another
situation which is a mixture of the first two cases: the agents in some populations
are cooperative within their own but those in the other populations are not. The
presence of multiple populations induces a system of FBSDEs of McKean-Vlasov
type. Although it is a coupled system of FBSDEs due to the interactions among
different populations, the couplings appear only through the mean field interactions
i.e., the distribution of the state of the representative agent of each population.

This feature allows us to solve a matching problem corresponding to the state of
equilibrium by Schauder’s fixed point theorem in a quite similar manner to [13]. In
[8], the mean field equilibrium is assumed to exist. Combined with suitable con-
vexity and differentiability, the authors derived the coupled system of PDEs as the
necessary condition for optimality. On the other hand, although we need more tech-
nical assumptions than in [8], in each of the three cases mentioned above, we have
found several sets of sufficient (instead of necessary) conditions for the existence of
the mean field equilibrium, in particular the one which allows the cost functions of
quadratic growth both in the state variable as well as in its distribution so that it is
applicable to some of the popular linear quadratic problems. Another important ad-
vantage in adopting the probabilistic approach is that we can discuss quantitatively
the relation between the mean-field limits and the corresponding games with finite
population size. In [8], as a common feature of the analytic approach, the problems
are discussed only in the continuum limit of agents. On the other hand, thanks to
the powerful technique called the propagation-of-chaos, we have proved that each
mean field solution provides an approximate Nash equilibrium for the corresponding
game with finite number of agents. By Glivenko-Cantelli’s convergence theorem in
the Wasserstein distance, we have actually obtained a non-asymptotic estimate in
terms of the population size N. Our analysis also highlights an interesting difference
between the game in which all the agents are non-cooperative and the one in which
the agents are cooperative in some populations. In the non-cooperative case, the
impact from each agent dissipates in the large population limit. On the other hand,
when the agents are cooperative, the aggregate impact from their common strategy
does not dissipates in the same limit. We shall observe that this feature in the
latter requires us to make more stringent assumptions on the coefficients functions
so that the mean-field limit gives an approximate Nash equilibrium for the game of
finite population. This additional difficulty looks somewhat similar to the situation
for the mean field games with a major player. In fact, in general, the optimization
problem for the major player is known to become a McKean-Vlasov type [21]. Car-
rying out more detailed comparison as well as finding a general characterization of
equilibrium to allow more flexible interactions in the coefficients remain interesting
research topics for the future.
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Finally, let us make some comment on the issues related to the common noise. In
the current paper, we study the problems involving only the idiosyncratic noises
for simplicity. However, if the common noise has only finite number of states, the
equilibrium can be constructed as a simple superposition of equilibria, each of which
corresponds to the equilibrium for a given sate of the common noise (See Chapter 3
in [16]). Hence, after approximating the common noise by a finite discretization, the
problem can be handled by the same method provided in this work. In general, tak-
ing the limit of finer discretization requires delicate arguments of weak convergence
[16]. As a related but different approach based on the relaxed control, we refer to
the work [17]. On the other hand, we can directly apply Peng-Wu’s continuation
method [59] to obtain a unique strong solution for mean field games even in the
presence of common noise, if the coefficients functions are Lipschitz continuous also
in the measure arguments and additionally satisfy the appropriate monotone condi-
tions. See [35, 36] for applications to a market clearing equilibrium in the presence
of common noise and multiple populations.

The organization of the paper is as follows: after explaining notation in Section 2, we
study the mean field problems in the first half of the paper; in Section 3 (i) the case
of non-cooperative agents, in Section 4 (ii) the case where the agents are cooperative
within each population, and in Section 5 (iii) the agents in some populations are
cooperative but those in the other populations are not. In the second half of the
paper, we investigate the corresponding problem with a finite number of agents; we
treats in Section 6 the case (i), in Section 7 the case (ii), and finally in Section 8 we
treats the case (iii). Although we set the number of populations to two in the main
analysis, this is just for notational convenience. We shall see that the analysis can
be easily generalized to any finite number of populations. Finally, we conclude in
Section 9.

2. Notations

Throughout the paper we work on some complete probability space (€, F,P)
equipped with a right-continuous and complete filtration F = (F¢);c(0,77 supporting
two independent d-dimensional standard Brownian motions which we denote by
(Wl = (th)te[oﬂ, W2 = (Wtz)t€[07T}) as well as two independent random variables
¢ 2 e L3(Q, Fo,P;RY). For each i € {1,2}, F' := (F})teo,r) C F is a complete and
right-continuous filtration generated by (¢, W*). Here, T > 0 is a given terminal
time.

To lighten the notation, unless otherwise stated, we use indices ¢ and j specifically
to represent an element in {1,2}, and we always suppose that j # i when they
appear in the same expression. Moreover, we use the symbol C' to represent a
general nonnegative constant which may change line by line. When we want to
emphasize that C' depends only on some specific variables, say a and b, we use the
symbol C'(a,b). We let || - ||2 denote the L?(Q, F, P; RY)-norm. We use the following

notations for frequently encountered spaces:

o S?is the set of R-valued continuous processes X satisfying

1
| X||s2 :=E[ sup |X;]?]* < o0.
te[0,T7]
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e S is the set of R%valued essentially bounded continuous processes X satisfying
|| X |se := || sup |Xt\Hoo <00 .
t€[0,T]

o H? is the set of R¥™“-valued progressively measurable processes Z satisfying

12| ::E[(/OT|Zt|2dt)f <oo.

L(X) denotes the law of a random variable X.

M (R?) is the set of finite signed measures y on (RY, B(R?)) such that

Jra l2ldlul (z) < oo.

P(RY) is the set of probability measures on (R?, B(R?)).

P,(RY) with p > 1 is the subset of P(RY) with finite p-th moment; i.e., the set of
p € P(R?) satisfying

My = ( [l < oo

We always assign P,(R?) with (p > 1) the p-Wasserstein distance W,, which makes
the space P,(R?) a complete separable metric space. As an important property, for
any u,v € P,(R?), we have

Wy(p,v) = inf{]EHX — Y|p]%;£(X) =u LY) = 1/} :

For more details, see Chapter 5 in [15] or Chapter 3 in [10].

3. Mean field games with multiple populations

In this section, we consider a mean-field limit of a game among a large number of
non-cooperative agents in the presence of two populations. Here, each agent com-
petes with all the other agents but shares the common cost functions as well as
coefficient functions of the state dynamics within each population. As we shall see,
extending to the general situation with a finite number of populations is straight-
forward. Corresponding problem with a finite number of agents and its relation to
the mean-field problem discussed in this section will be investigated in Section 6.

3.1. Definition of the mean field problem

Before specifying detailed assumptions, let us formulate the problem of finding an
equilibrium in the limiting framework. It proceeds in the following three steps.

(i) Fix any two deterministic flows of probability measures (p' = (1})ieo))ic{1,2}
given on R%.

(ii) Solve the two optimal control problems

inf J*H (! inf JEH (o 1
Jof T (ad), b S (o) (1)

over some admissible strategies A; (i € {1,2}), where

1,2 T
T ) = B[ [ At XE ki )t + ()]
0

2,1 T
I ) = B[ [ Aot X )t + a0 )]
0



6 M. Fujii / Probabilistic Approach to Mean Field Games ...

subject to the d-dimensional diffusion dynamics:
dX} = bi(t, Xy g g, 0)dt + ou(t, X g, 1 )AW,
AX} = bo(t, X7, pif, gy, 0 )dt + oo (t, X7 g g )AWE
for t € [0,T] with (X§ =& € L*(, Fo, P;RY)), ..
For each population i € {1,2}, we suppose that A; is the set of A;-valued Fi-

progressively measurable processes o satisfying E fOT |ai|2dt < oo where A; C RF is
closed and convex.

(iii) Find a pair of probability flows (!, u?) as a solution to the matching problem:
Vie[0,T],  pi=LXMM), = L(XPR) (2)

where (X%*#),cr) 9y j; are the solutions to the optimal control problems in (ii).
Remark 3.1. It is just for convenience to use the common dimension d (as well as
k for A;) for both populations. Note also that since i’ is deterministic and o’ is

Fi-adapted, X! and X? are independent. Hence, there is no gain of information by
considering the joint law L£(X*, X?).

3.2. Optimization for given flows of probability measures

The main assumptions in this section are as follows:
Assumption 3.2. (MFG-a) L, K > 0 and A > 0 are some constants.
For 1 < i < 2, the measurable functions
bi 1[0, 7] x R x Po(RH)? x A; = RY, 07 :[0,T] x R x Py(RY)? — R,
fi 0, T) x RT x Py(RY)? x A; - R, and g; : RY x Py(RY)? — R

satisfy the following conditions:

(A1) The functions b; and o; are affine in (x, «) in the sense that we have, for any
(t,l’,ﬂ,, v, O{) S [OvT] x RY x PQ(Rd)Q X Ai7

bi(t,x, v, ) == b o(t, p,v) + bia(t, u, v)x + bio(t, p, V),
oi(t,z,pu,v) =00t p,v) + 001 (t, g, v)x
where b; g, b; 1, bi 2,050 and 0;; defined on [0, 7] X Po(R?)? are R?, R*d RI*F Rdxd
and R¥>¥*4_yalued measurable functions, respectively.
(A2) For any t € [0, T], the functions Po(R?)? > (1, v) + (bio, bi1, bi2, 0i0,0i1)(t, 1, V)
are continuous in W-distance. Moreover for any (¢, u,v) € [0,T] x Py(R%)?,
[bio(t 1, 2)]; |oio(t, i, v)| < K + L(Ma(p) + Ms(v))
bi1 (L, 1, V)], [bi2 (L, 1, V)]s o (8, s v)| < L

(A3) The function R? x 4; 5 (z,a) — fi(t,z,p,v,a) € R is once continuously
differentiable with L-Lipschitz derivatives, i.e. for any t € [0,T],u,v € Pa(R9),
r,2' €RY a,a € A;,

|a(x,a)fi(tax/aﬂa v, a/) - a(x,a)fi(t>xau7y7 a)| < L(|:E/ - :13| + |O/ - a|) )
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where 0, q)fi denotes the gradient in the joint variables (z, ). f; also satisfies the
A-convexity:

fi(t7x/71u7 v, O./I)—fz‘(t,l'“u, v, oz)—((:zc’—x,o/—oz),f)(x,a)fi(t,a:,u, v, Oé)> > /\|O[/—O{|2.
(A4) For any (t,z,u,v,a) € [0,T] x R? x Py(R?)? x A;,

0w, fit, 1, v, )| < K+ L[] + |a] + Ma(p) + Ma(v)) .

filt, 2, v, 0)| < K 4 L([* + |af® + Ma(p)? + Ma(v)?)

Moreover, for any (t,z,a) € [0,T] x R? x A;, the functions Py(R%)? > (u,v)
filt,z, p, v, @) and Po(RY? 5 (p,v) = O filt, z, p,v,a) are continuous in Wo-
distance.

(A5) For any i, v € Po(R?), the function R? 3 z +— g;(z, u,v) € R is convex. Tt is
also once continuously differentiable with L-Lipschitz derivatives, i.e., Vz,z' € R¢,
i, v € Py(R%), we have

|a:vgi(x,7:u: V) - amgi(x7p“7 V)| < L|ZL‘/ - ‘Tl :

For any = € R?, the functions Py(R%)? 5 (p, v) = gi(x, u, v) and Po(R4)? 5 (p, v) =
0.9i(x, i, v) are continuous in Ws-distance. Moreover, the growth conditions

10:gi(x, 11, V)| < K + L(|2] + May(p) + My(v))
|9i(x, p1, V)] < K + L(|2|* + Ma(p)* + Ma(v)?)
are satisfied.

We first consider the optimal control problem (1) for given deterministic flows of
probability measures. The corresponding Hamiltonian function for each population
H; : [0, T] x R? x Py(RY)?2 x R? x R4 x A; — R is defined by:

Hi(t,z, v, y, 2, a) = (bi(t,z, p,v,a),y) + tr[os(t, z, u,v) " 2] + filt,z, p,v,a) . (3)
Since o; is independent of the control parameter, the minimizer &;(t,x,u,v,y) of

the Hamiltonian H; can also be defined by a reduced Hamiltonian Hi(r):

@z(ta T, 1, V, y) = argminaeAiHi(r) (ta T, 1, VY, CY) (4)
where Hz‘(T)<t7 T, VY, Oé) = <bl(t7 T, [, V, Oé), y> + fl(ta T, [, V, O()

The following result regarding the regularity of ¢; is a straightforward extension of
Lemma 2.1 [13].

Lemma 3.3. Under Assumption (MFG-a), for all (t,z,p,v,y) € [0,T] x R? x

Py(R4)? x RY, there exists a unique minimizer &;(t, z, u, v, y) of HZ-(T), where the map
[0, 7] x R x Py(RY)2 x RT > (¢, u,v,y) = &(t,z,u,v,y) € A; is measurable.
There exist constants C' depending only on (L, \) and C" depending additionally on
K such that, for anyt € [0,T),x,2',y,y € R%, p, v € Po(RY),

|Gi(t, @, p, v, y)| < O+ C(|2] + [yl + Ma(p) + Ma(v))

’@i(taxauaya y) - di(tax/mua v, y/)‘ < C(’[IZ’ - .T/‘ + ‘y - y/’) :
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Moreover, for any (t,z,y) € [0,T] x R? x RY, the map
Po(RY)? 2 (1, v) = Galt, @, 1, v, y)
is continuous with respect to the Wy-distance:
|Gt @, p, v y) = da(t, o, 1 V)
< @07 ([bialt 1, v) = bialt i V) lyl + 10t 2 v, 60) = DtV 1))

where &; = &;(t,x, u, v,y).

Proof. To lighten the notation, let us write p = (u, v) € Py(R%)2. Since the function

A S a— Hi(r) (t,z, p,y,a) is strictly convex and once continuously differentiable,
&;(t,x, p,y) is given by the unique solution to the variational inequality:

\V/B S Ai7 <B - di<t7x7p7 y)aaaHz‘(T)(t7I7p7y7ééi<t7xap7 y>)> >0. (5)

By strict convexity, the measurability is a consequence of the gradient descent al-
gorithm (Lemma 3.3 [15]).

With an arbitrary point ; € A;, the A-convexity implies that
Hz(T)(tv Zr,p,Y, /82) Z Hz(r)(t7 €T, p,Y, dl)

Z Hi(r)(t7x7 p7y7ﬁz) + <OA[1 - /Bia aozHZ'(T)(ta x,p,Y, 6”L>> + A’&Z - 6i|27

where &; 1= &;(t, z, p,y). Hence we have

& — Bi| < )\71(‘1)@2@’ Pyl + 10a fi(t, x, p, Bz)‘) : (6)

This gives the first growth condition. Next, writing &; := a(t,z,p,y) and
V.= a(t,x’, p,y'), the optimality condition implies

Qg
<OAé; - OAéia aaHi(r) (t7 z,p,Y, dz) - aaHz‘(T) (t, lj? P ylv 6‘;» >0.

This inequality, together with the A-convexity, gives

<OAé; - &ia bi,Q(tJ p) ’ (y - y/) + 8Oéfi(t7 x,p, 6‘2) - aafi(tvx/7p7 OA[@)> Z 2)\|0Aé1 - &2’27

and thUS |OAz’L - A;| S (2>\)71( bi,Q(tv p)||y - y/| + |aocfi(t7x7 P, dl) - aozfz(tv CL’I, P, dZ)D

This proves the Lipschitz continuity in (x,y). The continuity with respect to the

measure arguments follows exactly in the same way. ]

For given flows p!, u? € C([0, T]; P2(R?)), the adjoint equation of the optimal control
problem (1) for each population 1 < i < 2 is given by

dX] = bit, X, g, i, da(t, X, g, i, Y1)t + 08, X, iy, 1] )dWY
dY} = —=0:H(t, X}, pj, pl, Y/, ZE (b, X, g, ], V) dt + ZidWyi - (7)

with j # i, X = & € L*(Q, Fo,P;RY) and Y3 = 0,9:(Xi, i, pi2), which is a
C(L, \)-Lipschitz FBSDE. Notice that H; must be the full Hamiltonian instead of
reduced one due to the state dependence in o;. Here, 0, H; has the form:

ale(ta T, 0, V,Y,z, 05) = bi,l(ta H, V)Ty + tr[gi,l(ta K, V)TZ] + 8zfl<t7 x, ), v, CY) .
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Theorem 3.4. Under Assumption (MFG-a), for any flows p', u*> € C([0, T); Po(R?)),
the adjoint FBSDE (7) for each i € {1,2} has a unique solution (XZ, Vi, Zetor) €
S? x §% x H?. Moreover, there exits a measurable function ut " :[0,T] x R? — R?

such that, with some constant C' depending only on (L, \),
Vt € [0,T],Vz, 2’ € RY,  |ul " (¢, 2) — "W (t,2))| < Cla — 2| (8)
and also that ¥t € [0,T], Y;' = ufi’“j (t, X7, P-a.s.

]f we set dl = (64 = dz(ta thnuilﬁnugu Y;i))te[O,T}; then fOT any /81 = (ﬂZ)tE[O,T} € Ai; it
holds:

T @) + A8 [ | = aiar < (@) ©)

Proof. The last claim regarding the sufﬁ(nency of the stochastic maximal principle
is well known. Indeed, if a solution (th, Yt A Diefo,) exists, then using the convexity

9i(Xips pips i) = 9i(Xips i, i) = (X5 — X§), 829i( X5, iy, 17)), evaluating the
expectation E[( X% — X% V)] by the Ito formula, making use of the A-convexity of
the Hamiltonian, we get the desired result. Here, (X})icpo.r] with X§ = &' denotes

the solution of the SDE (7) with 3, instead of &; as its control. See, for example,
Theorem 6.4.6 in [60].

The existence of a unique solution to the adjoint FBSDE as wall as the Lipschitz
continuous decoupling field follows from a straightforward extension of Lemma 3.5 in
[13]. First, since the adjoint FBSDE (7) is C(L, A)-Lipschitz continuous in (z,y, 2)
and o; is independent of Z*, Theorem 1.1 in [24] guarantees the existence of a unique
solution for small time 7' < ¢, where ¢ = ¢(L, \) is a constant depending only on
(L, ). Thus, for a general T', we still have the unique solvability on [T" — §, T with
0 < § < c and any initial condition £ € L2(Q, F;,, P;R?) at to € [T — §,T]. We let
(Xti’to’gl7 Yot Zt"’tO’gZ)te[tO’T] denote this solution. Following the proof of Theorem
2.6 in [24] (see also Proposition 4.8 in [15]), we can establish the existence and

uniqueness on the whole [0, 7] by connecting the short-term solutions provided we

have , )
Yo,y e RY|[Vof — YoV < Clo —y) (10)

for some C' independent of ¢y and J. Here, by Blumenthal’s zero-one law, YI 0% and

Y;; 'Y are deterministic. We are now going to prove (10). Let us put
T

J :ZE[ Filt, XU, i, ], 6" )t 4+ gi (X707, i, i) |
to
with &% == & (t, X%, pd, i, Y7'"). Then similar arguments deriving the rela-

tion (9) gives

(y — 2, Yo%) + Jo% 4 XE / @t — aitordy < Jiov (11)

Exchanging the role of x and y in (11) and adding the two inequalities, we obtain
that

zm/ﬁ”m—@mwmg< g, Yies ity (12)

0
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Now, treating the controls &“%% 4%%0¥ as well as the forward variables X%to® Xty
as external inputs, we apply the standard stability result of Lipschitz BSDEs (e.g.,
see Theorem 4.2.3 in [66]) to obtain the estimate for E[sup;cy, [Yor — ytey)?),
Then, applying the standard stability result of Lipschitz SDEs (e.g., see Theorem
3.24 in [66]) to this estimate gives
E[ sup [Xp™7 — XPOUP 4 sup [¥,707 — ¥ 00 ]
telto,T] te(to,T)
T
<cw(je-sP+2 [ |
0

A~ Lto, A 4t0,Y |2
Gy " — | dt) :
t

Now the inequality (12) proves the relation (10) with C' depending only on (L, \),
and hence also the existence of a unique solution for general T'. The decoupling

field is defined by ufi’”j  [0,7] x RY 5 (t,z) — Y;""", and the representation

P(vt € [0,T], Vi = i (t, XZ)) = 1 follows from the uniqueness of the solution
as well as its continuity (Corollary 1.5 in [24]). Its Lipschitz continuity is a direct
result of (10). O

Remark 3.5. In the remainder, we often use the simpler notation wu; for the decou-
pling field without the superscripts (u’, p’).

Lemma 3.6. Suppose that two set of functions (b;, oy, fi, g;) and (b;, ol, fl, g.) satisfy
Assumption (MFG-a). For given inputs

6" e LA(Q, Fo, PiRY) and (p', i), ("', w'7) € C([0,T]; P2(R7))?,
let us denote the corresponding solution to (7) by
(X1 YE Zieory and (XY 20 ) iero,
respectively. Then, there exists a constant C' depending only on (L, \) such that

2dt

T
[ sup X~ X{P o+ sup Y v+ [ 17 - 2
te[0,7) te[0,7) 0

< CE[¢" = & + (09 (Xt 185) — 0ugi( X 5 1)
T . . . . . . .
+/ |bi(t’XZ?M%?H%?di<t7XtZ7:ui7:ug’Y?))
0
= Vit X (X YY) Pt
T
+/ lori(t, X5 g 1) — i, Xy " )Pt
0
T . . . . . . . . .
+ / <|axHZ(tv XZ’ Mf&a Mi7 )/;7 ZZ? di(t’ sz Mf&a Mgv Ytz))
0
— OLHI(t, X w1 Y 2 X YO )at], (13)
where the functions H;, H! : [0, T] xR x Py(R?)? x RIx R4 x A; — R are the Hamil-

tonians (3) associated with the coefficients (b;, oy, fi) and (b}, o}, f!), respectively, and
&;, &4 are their minimizers.
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In particular, there is another constant C' depending additionally on K such that

E[ sup X[+ sup [V*+ / ZiPat] < ¢ (1€ + sup ZM2 )0l ()

t€[0,T] te[0,T] t€[0,T

and, for any t € [0,T],

V| < C(\XZ] + sup ZMQ 1l > + ', P-a.s. (15)

te[0,T)

Proof. Since the FBSDE (7) has Lipschitz continuous coefficients, it is standard
to show that there exists some constant ¢ depending only on (L, \) such that the
estimate (13) holds for small 7" < ¢. In particular, by applying Ito formula to

Y —Y/""|?, we see that E[sup, ¢ |V V" ]2+fOT |Zi—Z!"|?] is bounded by the terms
related to the backward equation in (13) plus the term CE[sup,c |Xi — X{"|?].
On the other hand, the similar calculation shows that E[sup,cq 7 [X{ — X 7 s

bounded by the remaining terms in (13) plus CTE[sup,cp . [V — Y;"'|?] where C
depends only on the Lipschitz constants of the system. Hence, for small T' < ¢, we
obtain the desired estimate.

For general T, the estimate is a result of connecting the short-term estimates
(Lemma 4.9 [15]). Since the same technique will be used also in Lemma 4.8, let
us explain it here in details. We first divide the interval [0, 7] into a finite number
of subintervals ([Tk—1, Tk|)1<k<n with Ty = 0,7x =T and Ty — Ty < ¢ for each k.
The estimate for
T,

O(Ty1, i) =E[ sup [Xj— X"+ sup |V =Y+ | 2] — 20" Pdi]

te€[Th—1,T] t€[Th—1,Tk] Th—1

on each interval can be written in the form

O(Ti1,T) < CE|IXf, , = Xf_, I+ (s — u}) (Th, X5,

T
+/ |(bz_béyo-z_o-;;amHz_arHD(s X;7Y32721)| dSi|
Tk

phpt o —u/” L

where we have used the notation w; :=u; "™, u, " and omitted the argu-
ments regarding (p?, pu'7)1<j<2 to hghten the expression. The Lipschitz continuity

in (8) is crucial to derive this expression. For k = N, it gives

T
O(Ty-1,Tv) < CE[IX}, |, — X5 [+ 15 +

Tn-1
where 07 := (0,9;—0,9.)(T, X%) and 6h, := (b;—0b., 0;—0l, 0, H;i—0. H)(s, X, Y, Z1).
This means, in particular,

B[|(us — ) (D1, X5, )] < CE[1X3, |, - X5 P+ 1o+

Tn-1

|5h5|2ds}

' \5hs\2ds]

Since it holds for any initial value Xé:]ivfl, we obtain

Bl )T X, ] <R[+

Tn-1

Tn

|5hs|2ds]
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by choosing X%vil = inﬂNfl' This estimate then implies

T

O(Ty_o, Tn_1) < CIE[|X}N72 — X524 60 + / |5hs|2ds]
Tn_2
By iteration, we get for any k,
O(Ty, Thy1) < 01E[|X§Fk — X7 [ + [or]? +/ |5h5|2ds} : (16)
T
Moreover, by iterating the relation
B[|X, - Xi°) < CE[IXp, , = Xii P +16af+ [ 1ohas],
Tk-1
weget  E[|Xf — XpiY] < CE[l€ €47 + 15,/ +/ h,[?ds] (17)
0

Inserting the estimate (17) into (16) and summing over k, we obtain the desired
estimate.

In order to obtain the growth estimate, we put, for any (¢, z, u, v, a) € [0,T] x R? x
PQ(Rd)Q X Aia
bi(t)xa Hy Vs Oé) = O-i<t7xa W, V) = gi('xvﬂ) V) =0 ) fz(ta T, 1, V, Oé) - )\|Oé|2 )

and & = 0, which then satisfies Assumption (MFG-a) and makes (X% Y Z%)
identically zero. Plugging them into (13), we obtain the estimate:

T
E[ sup (X[ + sup V)P + / 2]
0

t€[0,T] te[0,T]

T
< C(IIS’”IIS + |3zg£(0,u%”7u’T’])|2+/ |0, £, 0, 1y iy, &4, 0, 7", iy, 0)) [Pt
0

T
b [ IO, 0 ODP 0,0 )P ) (1)
0

Now, by symmetry, the desired estimate (14) holds for (X*, Y, Z%). Finally, using
the initial condition X; = 0 at time ¢ yields

1
Vi < [ sup [VAP]T <O sup 3 Ma(ud) + €
s€lt,T] s€tT] o
Now, by the Lipschitz continuity (8)(or equivalently (10)), we have [Y; — ¥,"""| =
m%ﬂ% _ y;ivtvo| < C|X}|. This proves the growth estimate (15). 0

3.3. MFG equilibrium under boundedness assumptions

In the preceding subsections, we have seen that, for given deterministic flows of
probability measures p', u? € C([0, T]; P2(R?)), the solution to each optimal control
problem of (1) is characterized by the uniquely solvable FBSDE (7).
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Hence finding an equilibrium condition (2) results in finding a solution to the fol-
lowing system of FBSDEs of McKean-Vlasov (MKV) type: for i,5 € {1,2},7 # ¢;

dX] = bi(t, X[, L(X}), L(XT), du(t, X7, L(X]), L(XT), Y)))dt
+ o3t X, L(X]), L(XT))dW,
dY} = —0.H;(t, X], L(X}), L(X]), Y}, Z{, dult, X, L(X}), £(XT), Y})) dt
+ ZHdW}, (19)

with X = & € L2(Q, Fo, P;RY) and Y7 = 0,0:( Xk, L(XE), £(X2)). Although two
MKV-type FBSDEs are now coupled, their interactions appear only through the
laws of the two populations. Thanks to this property, we can still apply a similar
strategy developed by Carmona & Delarue [13, 12]. A crucial tool to prove the
existence of an equilibrium is the Schauder’s fixed point theorem [61] generalized by
Tychonoff [65]!. The following form is taken from Theorem 4.32 in [15].

Theorem 3.7. (Schauder FPT) Let (V,||-|]) be a normed linear vector space and
E be a nonempty closed convex subset of V.. Then, any continuous mapping from E
into itself which has a relatively compact range has a fixzed point.

In this subsection, we prove the existence of a solution to the system of FBSDEs
(19) under additional assumptions.

Assumption 3.8. (MFG-b)For 1 <i <2, there exist some element 04, € A; and
a constant A such that, for any (¢, u,v) € [0,T] x Py(R?)2,

|bi,0<ta 1y V)|7 lo-i,O(ta 1, V)l S A )
|axgz(07,ua I/)|, ‘0(:Jc,a)fi(t70au7ya 0A1)| <A.

Here is the main result of this subsection.

Theorem 3.9. Under Assumptions (MFG-a,b), the system of FBSDEs (19) (and
hence the matching problem (2)) is solvable for any &', €2 € L2(Q, Fo, P;RY).

Proof. With slight abuse of notation, we let (X;*,Y;"?, Z}"* )iefo,r) denote the solu-
tion to the FBSDE (7) for a given flows p := (u!, pu?) € C([0, T]; P»(R%))? and the
initial condition Xy* = £'. By Theorem 3.4, we can define a map:

®: C([0, T]; P2(RY)* 3 (p', %)
= (LX), LXEP)iep) € C([0,T]; P2(R))?

In the following, we are going to check the conditions necessary for the application
of Schauder FPT to this map. As a linear vector space V' in the FPT, we use the
product space C([0,T]; M}(]Rd))2 equipped with the supremum of the Kantorovich-
Rubinstein norm:

1See, for example Shapiro [62], for pedagogical introduction of fixed-point theorems and relevant
references.
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2
1 )] =" sup |l ke (20)

i—1 t€0,7]

with [l = [u(BY] + sup / Uw)u(dr); € Lipy(RY),1(0) =0}

where Lip, (R%) is the set of 1-Lipschitz continuous functions on R%. Importantly,
the norm ||-||kgr, is known to coincide with the 1-Wasserstein distance W, on P; (R%)
(Corollary 5.4 in [15]). Of course, the reason to use a space of signed measures is to
make it linear.

From (6) with (8; = 04,), it is immediate to see that |&;(t, 0, p,0)| < C(A, A). Hence,
by using the estimate (18) in Lemma 3.6, we get

E [sup;eo.r) [Yi 2] < C(L A A)(1 + [[€1]13).
Then the Lipschitz continuity of the decoupling field implies that
Yl < O+ X))
with C' independent of p. Therefore, again by (6), we have
|Gilt, X7, 0, YP)) < C(1 4 |X77)).
Now, it is standard to check that E[|X;” — X5?|?] < C|t — s| and hence

Wa(L(X,?), L(XPP)) < Clt — 5|2 (21)

holds uniformly in p. Since &; is of linear growth in X;”, it is also straightforward

1
2

to obtain ]E[supte[oﬂ |XZ’p|4|]:o} < C(1 4+ |€'?) uniformly in p. This inequality

guarantees the uniform square integrability. In fact, the following estimate holds
uniformly in p with any a > 1;2

1
i,p|2 , -1 i2 _ 2
ELSBPT] X P oy 520120 | € C (07 +ENEPLepvm] ) (22)

Since the relation will be used repeatedly in the following, let us explain it here. For
any D € F and € > 0, we have, by Cauchy-Schwarz inequality,

B[ sup [X17Lp] < CE[(L+ |¢'P)P(DIF0)’]
te|0,

< Ce+ e 'E[(1+[€*)1p] ) < CE[(1+|¢')1p]*.

In the last inequality, we have maximized in e. Here, C' depends on ||£||2 but not
on p. We also have

sup  E[(1+[¢)1p] < Ca +E[|€(1e<vay + Lyei=vay)1n]
DeF;P(D)<Ca—2

1 7|2
< 2Ca '+ E[IE g5 vay ] -

Since ]P’(supte[oﬂ | X}°| > a) < Ca™? by Chevyshev’s inequality, the estimate (22)
is now established.

2 See p. 259 in [15].
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The above estimate suggests us to restrict the map ® to the following domain:
&= {(u',1?) € (0. T Pa(RY))

1
Va>1,1<i<2, sup / 22 (dr) < C (™ +E[€'1M L geg20m] ) |-
t€[0,7] J|z|>a -

which is a closed and convex subset of C([0, T]; M}(R?))?. Choosing C' sufficiently
large, we can make ® a self-map on £. By the estimate (22) and Corollary 5.6 in [15],
there exists a compact subset K C Py (R?)? such that Vt € [0,T], [®(p)]; € K for any
p € €. Combined with the equicontinuity (21), Arzela-Ascoli theorem implies that
the image ®(&) is a relatively compact subset of C([0, T]; P2(R%))?, and in particular
of C([0, T]; P1(RY))>.

Finally, by Lemma 3.6 and also by the continuity of coefficients in the measure
arguments in Ws-distance, the dominated convergence theorem implies that

E [supyeo | X}P — Xti’plﬂ — 0 when 1<i<2 Vtel[0,T], Waolui,uy") — 0.

Note that, by Theorem 5.5 in [15], when p converge with respect to the norm || - ||
in (20) under the restriction to the domain &, p actually converges in Ws-distance.
This proves the continuity of the map ®. Now the existence of a fixed point (not
necessarily unique) of the map & is guaranteed by Schauder FPT, which provides a
solution to the system of FBSDEs (19). O

3.4. MFG equilibrium for small 7" or small coupling

It is well known that the Lipschitz continuity of coefficient functions is not enough
to make a coupled FBSDE well-defined for a general terminal time 7. See, for
example, the discussions in [24, 54] and, in particular, Section 3.2.3 of [15]. We have
already used convexity conditions to overcome this problem in the last section. In
order to allow the quadratic cost functions relevant for popular Linear-Quadratic
problems, we want to relax Assumption (MFG-b). This is exactly what Carmona
& Delarue have done in [13] for single population. Although we can follow the
same route, it requires much stronger assumptions than (MFG-a). Unfortunately,
the conditions required in [13] preclude most of the interesting interactions among
different populations through their state dynamics. In this work, in order to allow
flexible interactions among populations and also to be complementary to the result in
[13], we focus on the problems with small 7. Requiring small 7" is a reasonable trade-
off for quadratic interactions by considering the fact that, even for a deterministic
LQ-problem, the relevant Riccati equation may diverge within a finite time. After
the analysis for small T', we provide another solution which allows general T" but
requires the couplings between FSDE and BSDE are small enough.

Theorem 3.10. Under Assumption (MFG-a), there exists some positive constant
¢ depending only on (L, \) such that, for any T < ¢, the system of FBSDEs (19)
(and hence the matching problem (2)) is solvable for any £, &* € L3(Q, Fo, P; RY).

Proof. For any n € N and p € Py(R?), let us define ¢,, 0 i1 as a push-forward of u by

nr

d
the map R™ 3 @ =

. In other words, for any random variable X with



16 M. Fujii / Probabilistic Approach to Mean Field Games ...

nX
max(M (1), )
and the map p — ¢, o i is continuous with respect to Ws-distance. Using this map,
we introduce a sequence of approximated functions

(bZOa bZQa 020)(@/% v) = (bio, bi2,0i0)(t, ¢n o pt, P ov)
fin(t7x7,u7 v, Oé) = fl<t7x7¢n o M7¢n ov, Oé)? g?({]j)lj” V) = gl(x7¢n o N7¢n o V)a
and accordingly define

b?(t, Ty Ky Vs Oé) = bZO<t»/~L7 V) + bi,l(tal% l/)l’ + bZQ(t7/~L7 V)O{ )

L(X) = p, the law of is given by ¢, o u. Obviously, My(¢, o u) < n

o (t, @, p,v) == ofo(t, p,v) + oia (b, p, v)z
H'I:n(t7 3;.7 ILL7 V? y7 Z’ a) = <b?<t7 m’ /’67 V’ a)’ y) + tr[o';/n(t7 w’ ILL7 U>TZ] + f’lTL(t7 ',’U7 /‘1/7 V’ a)?
for any (t, 2, u,v,y, z,a) € [0,T] x R? x Py(R4)? x R? x R x A,

Since aaHzn(t? T, u,v,y,z, Oé) = bi,?(ta ¢n S ¢n o V)Ty + 8chi(ta x, ¢n O L, ¢n oV, O{),
the minimizer given as a solution to the variational inequality (5) satisfies

&' (t, o, p,v,y) = &i(t, z, ¢n 0 1, o o1, y) (23)

where @; is the minimizer of the original Hamiltonian H;. The regularization for b; o
is done solely to obtain the simple expression (23) for the minimizer.

The new coefficient functions (b7, ¥, f*, g*) clearly satisfy (MFG-a,b) for each n.

1771

Thus Theorem 3.9 guarantees that there exists a solution to the following system of
FBSDEs of MKV-type with 7,5 € {1,2}, j # i
dX;" = b (8, X7, LOXE™), LOXT™), 6 (8 X, L(XE™), £(XT™), Y))dt
+ o (6 X" LX), LX) W
IYE" = L0 X £, £ VI 23, 620, X0, LX),

L(XT™), Y™ dt + Z"dW (24)

with Xg" = € and Y3 = 0,g7(X5", L(XE™), L(X3™)). Treating (L(X}™))1<i<2 as
inputs, we can see that there exist some constants C' = C(L, \) and C' = C'(L, A\, K)
such that

2
Y < 01X+ sup S0 M(L(XI™)) +C

s€t,T) =1

from the growth estimate in Lemma 3.6. It then follows from Lemma 3.3 that
G2 (X0 LG, L)Y < € (167 + susepr) Sy Ma(£(XE™) ) +C,
uniformly in n. Then, for any ¢ € [0,T], it is easy to check that
BIX) < CE[l + [ Into. Xi £0X7), £, 616
o (s, XI", LX), £(XI™)?]ds| (25)

2 t
<C+C(I€1B+T sup 3 Ma(£(X]"))?) +0/ > E[XI"]ds,
0

s€[0,T] =1
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with C' = C(L, \). Applying Gronwall’s inequality to the summation over 1 <i < 2
we get

sup YE[XF] <0+ C(IER+T sup ZMz (X)),

te0,T] . te[0,T] ;=

with & := (£',£%). Therefore, there exists a constant ¢ depending only on (L, \)
such that, for any T' < ¢,

2

sup > E[|X;"°] < C'(1+I€]13) (26)

t€l0,7] 5=
uniformly in n.
Let us assume 7' < ¢ in the remainder. From (26), we can show straightforwardly
that EUXZ’” — X"?] < C|t — 5| and E[sup;co |XZ’”|4|]:0]% < C(1+[¢?) hold

uniformly in n. Just as in (22), we have for any a > 1,

=

imn2 v -1 |2 ) 2
supE[ sup X" 1{SuPt€[0,T] \Xf’n|2a}] = C<a +E[|§| 1{‘8'2‘/5}}) .

n>1 t€[0,T]

Hence, combined with the equicontinuity, we conclude that
(L(X Y iepr), LOXT ) icior])ns1 18 a relatively compact subset of C([0, T); Po(R?))2.

Therefore, there exists some (ut, u?) € C([0, T]; Po(R?))? such that, upon extracting
some subsequence (still denoted by n),

lim sup Wo(L(X;™), i) =0, i € {1,2} .
N0 10,7
Let us define (X7, Y/, Z})icjo.11,1<i<2 as the solutions to the FBSDEs (7) with those

(1!, p?) as inputs. The convergence E[sup,cjor [X;" — X{[!] = 0 as n — oo can
be shown by the stability result in Lemma 3.6. Note that, thanks to the bounded-
ness of (26), there exists ny € N such that we can replace all the approximated
coefficients (b7, 07, f*, g, &7) by the original ones (b;, 03, f3, gi, &;) for any n > ng.

The convergence E [supte (0,71 | X" — Xtiﬂ — 0 then follows easily by the dominated
convergence theorem. By the inequality

supefo,r) Wa(L(X{), 1) < supepo ry (Wa(L(XF), LX) + Wa (LX), 17)),

the above convergence implies p' = L(X/)iejor) 1 <@ < 2.

Therefore, (X},Y/, Z{)icpo1],1<i<2 18 actually a wanted solution to the system of
FBSDES (19). O

Another simple method to allow the quadratic cost functions is making the couplings
between FSDE and BSDE small enough.

Theorem 3.11. Under Assumption (MFG-a) and a given T, the system of FBS-
DEs (19) (and hence the matching problem (2)) is solvable for any

&L, % e L2(Q, Fo, s RY) if A7Y|bialleo, 1 <@ < 2 are small enough.
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Proof. By the growth estimate for &; in (6), it is straightforward to check that the
term involving supep ) Ma(L£(X7™))? in (25) is proportional to A~ |[b; 2||c. Thus,
by making A™!||b; 2|~ small enough for a given T', we obtain the same estimate (26).
The remaining procedures for the proof are exactly the same as in Theorem 3.10. [

Remark 3.12. As one can see, there is no difficulty to generalize all the analyses
in Section 3 for any finite number of populations 1 < ¢ < m. It results in a search
for a fixed point in the map C([0,T]; Po(R*)™ > (u)7™y — (L(X])iepm) €
C([0,T]; P2(R%))™, which can be done in the same way.

4. Games among Cooperative Populations

In this section, we try to establish the existence of a mean-field equilibrium between
two competing populations within each of which the agents share the same cost
functions as well as the coefficient functions of the state dynamics. The difference
from the situation studied in Section 3 is that the agents within each population
now cooperate by using the common feedback strategy, say, under the command of
a central planner. This results in a control problem of McKean-Vlasov type in the
large population limit. See Section 7 (and also Chapter 6 in [15]) to understand
the details how the large population limit of cooperative agents induces a control
problem of MKV type. The current problem has been discussed in Section 3 in
Bensoussan et.al.[8] under the name of Nash Mean Field Type Control Problem,
where the necessary conditions of the optimality are provided in the form of a
master equation. In this section, we adopt the probabilistic approach developed in
Carmona & Delarue (2015) [14], and then provide several sets of sufficient conditions
for the existence of an equilibrium.

4.1. Definition of Nash Mean Field Type Control Problem

Let us first formulate the problem to be studied in this section.

(i) Fix any two deterministic flows of probability measures (p' = (1f)te01))ic{1,2}
given on R,

(i) Solve the two optimal control problems of McKean-Vlasov type

inf J* (o), inf J¥ (?) (27)

al €A a? chAoy

over some admissible strategies A; (i € {1,2}), where

Tl :

T
B[ [ A X0 L0 o)t + 91X L0013
0

T
JQH (Ot2): E[/ f2(t>Xt27£<Xt2)>ﬂgao‘t2>dt+g2(X%7£<X%)>N%F>} )
0

subject to the d-dimensional diffusion dynamics of McKean-Vlasov type:
dX} = bi(t, X}, L(X}), i, ap)dt + o1 (¢, X}, L(X)), pi7) AW
dX} = by(t, Xi', L(X7), iy 0 )t + 0o (t, X[ LXF), g ) AW
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for t € [0,T] with (X = &' € L*(Q, Fo, P;RY)) .-
we suppose, as before, that A; is the set of A;-valued Fi-progressively measurable
processes o satisfying fOT |ai?dt < oo and A; C RF is closed and convex.

For each population i € {1,2},

(iii) Find a pair of probability flows (u!, u?) as a solution to the matching problem:

Vi€ [0,T), pl=L(XM), p=LXH, (28)

where (X ) ic 119y i are the solutions to the optimal control problems in (ii).

4.2. Optimization for given flows of probability measures

In this subsection, we consider the step (ii) in the above formulation. Before gi-
ving the set of main assumptions, let us mention the notion of differentiability for
functions defined on the space of probability measures. We adopt the notion of
L-differentiability used in [14], which was first introduced by Lions in his lecture at
the College de France (see the lecture notes summarized in [11]), where the differen-
tiation is based on the lifting of functions Pa(R?) 5 p — u(p) to functions u defined
on a Hilbert space L2(Q, F,P;RY) by u(X) := u(L(X)) with X € L2(Q, F,P;R%)
over some probability space (2, F,P) with Q being a Polish space and P an atomless
probability measure.

Definition 4.1. (Definition 5.22 in [15]) A function u on Py(R?) is said to be L-
differentiable at g € Pa(RY) if there exists a random variable X, with law yg such
that the lifted function w is Frechet differentiable at X.

By Proposition 5.24 [15], if u is L-differentiable at g in the sense of Definition
4.1, then w is differentiable at any X with £(X() = po and the law of the pair
(X, Du(XY)) is independent of the choice of the random variable X{. Thus the
L-derivative may be denoted by ,u(uo)(-) : R 2 z — ,u(uo)(x) € RY, which is
uniquely defined pip-almost everywhere on R%. It satisfies, according to the definition:

u(p) = ulpo) + E[{X — Xo, u(L(X0))(Xo))] + o(|IX = Xoll2),

whenever the random variables X and X have the distributions £(X) = p, £(Xo) =
tio. For example, if the function u is of the form u(p) := [p. h(2)p(dz) for some
function h : R? — R, we have u(X) = E[h(X)] by a random varibale X with
L(X) = p. If the function h is differentiable, the definition of L-derivative implies
that d,u(p)(-) = 0,h(-). For details of L-derivatives, their regularity properties
and examples, see Section 6 in [11] and Chapter 5 in [15]. We now give the main
assumptions in this section:?

Assumption 4.2. (MFTC-a) L,K > 0 and A\ > 0 are some constants. For
1 <4 <2, the measurable functions

bi - [0,T] x RY x Py(RN? x Ay = R 07 :[0,T] x R x Py(R)? — R,
fi :10,T] x R x P(RY)? x A; = R, and g; : R x Po(R)? = R
satisfy the following conditions:

3We slightly abuse the notation to lighten the expression.
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(A1) The functions b; and o; are affine in (z,a, 1) in the sense that, for any
(t, 2, p,v,c) € [0, T] x RE x Py(RY)? x A,

bi(t, @, v, ) == byo(t,v) + by (t, v)x + ba (¢, V)i + bia(t, V),
oi(t,z,p,v) =00t v) +o1(t,v)r+7i1(t, V),
where 1 = f , and bz-g,b“,l_)“,big,crio,ail and 0;; defined on the set
[0, T] x Po(R?) are Rd RdXd Réxd Rdxk Raxd Rdxdxd and RI*4*d_yalued measur-

able functions, respectively.
(A2) For any t € [0,T1], the functions

Pa(RY) 3 v = (bio, bix, b, big, 0i0, 041, 5i1) (L, V)
are continuous in W-distance. Moreover for any (¢,v) € [0,T] x Pa(RY),
|bi70(t, V)|7 |O'i’0(t, l/)| S K -+ LMQ(V) s
|bi,1(t7 V)|7 |l_7i,1(tv V)|7 |bi,2(t’ V)|’ |0-i71(t7 V)|7 |6i,1(ta ’/)| <L.

(A3) Forany t € [0,T],z,2' € RY p, i, v € Po(R?) and a, o’ € A;, the functions f;
and g; satisfy the quadratic growth conditions

|filt, 2, v, )| < K 4 L([af* + |af® + My(p)* + Ma(v)?) |
19i(x, 11, v)| < K + L(|2]* + My(pn)® + Ma(v)?)
and the local Lipschitz continuity
[filt, 2", 1 v, ) = filt, 2, pov )| + g2, 1 v) — gi(z, p,v)
< (K + L@, )] + (@, )] + Ma() + Ma(n) + Ma(v)))
60 = (@) + Wald )]

(A4) The functions f; and g; are once continuously differentiable in (z,«) and x
respectively, and their derivatives are L-Lipschitz continuous with respect to (x, o, i)

and (x, p) i.e.
la(z,a)fi<t7 l',, ﬂ/7 v, O/) - a(ac,a)fi(ta xz,u,v, Ck)l + ‘aftgl(xla ,ula I/) - aﬂcgl(xa My I/)l
< L(1 — ol + 1o’ — ol + Wa, ) |

for any t € [0,T],2,2" € RY pu, ;v € Po(RY),a,c/ € A;. The derivatives also
satisfy the growth condition

|8(:r,o¢)fi(taxaﬂa v, CY)| + |axgz($nua I/)| S K + L(|,I’| + |O[| + MQ(IU) + MQ(V)) .

Moreover, the derivatives 0, ) fi and 0,g; are continuous also in v with respect to
the Ws-distance.

(A5) The functions f; and g; are L-differentiable with respect to the first measure
argument g and they satisfy that, for any ¢t € [0,T], x,2" € R, u, i/, v € Pa(RY),
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a,a’ € A; and any random variables X, X’ with £(X) = u, £(X') = ¢/, L-Lipschitz
continuity in L% i.e.,
10ufi(t 2, ' v, @) (XT) = Oufit @, 1, v, @) (X)) 2
+10ugi (s 1, ) (XT) = Ougi(, pr, ) (X)) |2
< L(|l2 — 2|+ |0/ —a + || X = X]]2)

as well as the following growth condition:
10 fi(t 2, 1, v, @) (X2 + 1109, 11, V) (X)| |2 < K + L(|z| + |a] + Ma(p) + Ma(v)) -
Moreover, the maps

Po(RY) 3 v 0, fi(t,x, p,v, ) (v) and Po(RY) 5 v+ 9,g:(z, pu,v)(v)

are continuous for any (¢, z, 1, a) € [0, T] x R? x Py(R?) x A; and p-a.e. v € R? with
respect to the Ws-distance, .

(A6) For any t € [0,T], 2,2 € R p, i/, v € Po(RY),c, 0’ € A;, and any random
variables X, X" with £(X) = pu, L(X’) = p/, the functions f; and g; satisfy the
convexity relations:
fl(t7 xla ,u/7 v, O/) - fi(tvxu v, Od) - <(:C/ -, O/ - Oé), a(z,a)fi<t7x7 v, Oé)>
_E[<X/ - X7 8,ufi<t7x7,u7 v, Oé)(X»] = /\|O/ - Oé|2 )

gi($/7 /“L/7 V>_gi(‘r7 Hs l/)—<l’,—$, amgz(x7 H, V)) _ERX,_X? a,ugi(xv Hs V)(X)ﬂ > 0.

Remark 4.3. By Lemma 3.3 in [14], the Lipschitz continuity in (A5) above implies
that we can modify 0, f;(¢,z, u, v, a)(-) and 9,9;(z, i, v)(-) on a p-negligible set in
such a way that, Vv, v’ € R?

|0ufi(t, @, v, ) (V) = O filt, w, v, @) (v)]| < L' —of

‘8ugi(x7,u7 V)(U/) - 8/191'(3:7 L, V)(U)| S lel - U| ;

for any (¢, x, p, v, ) € [0,T] x R? x Py(R4)? x A;. In the remainder of the work, we
always use these Lipschitz continuous versions.

As before, we first consider the optimal control problem (27) for given deterministic
flows of probability measures. The Hamiltonian for each population

H;: [0,T] x R x Py(R)? x RY x R x A; 5 (t, 2, p,v,y, 2, @)
— H(t,z,u,v,y,2z,a) € R

and its minimizer
Q; 1 [0, T] x R x Po(RY?2 x RE > (¢, 2, p, v, y) = Gu(t, o, pu,v,y) € A

are defined in the same way as (3) and (4) with the coefficients replaced by those
given in the current section.
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Lemma 4.4. Under Assumption (MFTC-a), for all (t,z,u,v,y) € [0,T] x R x
Po(RY)2 x RY, there exists a unique minimizer &;(t, x, p,v,y) of Hzm
[0, 7] x RY x Py(RY)2 x RE S (¢, p, v, y) v Gu(t, o, p,v,y) € Ay is measurable.

There exist constants C depending only on (L, \) and C" depending additionally on

K such that, for anyt € [0,T),x,2',y,y € RY, p, v € Po(RY),
|OAéi(t7:L',M,V7 y)’ < o + C1(|CC| + |y| + MQ(:U’) + MQ(V))

, where the map

|Gi(t, 2, povy) = Galt, 2’ v,y ) < Clo = 2| +ly =) -
Moreover, for any (t,z,y) € [0,T] x R? x RY, the map
Po(R2 > (u,v) = &4(t, m, i, v, y)

s continuous with respect to the Ws-distance:

|Gi(t, @, v, y) — Gty iV y)|

< (207 (LW2(/% 1)+ [bio(t,v) = bio(t, V)|[yl + |0afi(t, z, 1, v, &)

— Oufilt,x, p V), @Z)D

where &; = &;(t,x, 1, v,y).
Proof. It can be shown exactly in the same way as Lemma 3.3. ]

The control problem (27) for each population 1 < ¢ < 2 with a given flow of
probability measure p? € C([0,T]; P2(R%)),j # i is actually the special case studied
in [14] and Section 6.4 in [15]. In fact, we have removed the control «; dependency
from the diffusion coefficient 0;.# The relevant adjoint equations for the optimal
control problem of MKV-type (27) are given by with 4, j € {1,2},j #

dX] = bi(t, X[, LX7), pf, (b, X, L(X]), 41, Vi)t + o8, X, L(X), 1] )dWY
dW=—@ﬂﬁJ$MXﬁmﬂ%ﬂﬁﬂﬁlﬂXﬁmﬂﬁﬁ
+ ZHW} (29)
with X¢ = ¢ € L*(Q, Fo, P; R?) and
Yi = 0,0i(Xpp, LIX}), 1h) + B[00 (X5, L(X7), 17) (XT)].
Here, (62,]? , ITD) denotes a copy of (2, F,P) and every random variable with tilde,

such as X , denotes a clone of X on (@, F , IF’) The expectation under P is denoted
by E. More explicitly, one can write (29) as

dXti = (bzo(t Mt) "‘bzl(t ,ut)Xz—i—b“( g)]E[ ]
+bi,2(tvut)&i<taXZ> XZ ,utayl )dt
+ (o50(t, 1) + i (8, 1) X} + i1 (¢, 1 E[X]]) AW

4 This enables us to derive the stability relation irrespective of the size of the Lipschitz constant
for Z.
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dY;SZ = _(bi,l(ta /‘Lg)TY;Z + O-i71(ta ﬂi)TZ;

+ Oufilt, X1, LOX]), i, Galt, X, £(X), i, YY) ) dt

— (bin(t, 1) "BV + Gia(t, 117) "E[Z]]

+ B[Ot X LX), w1l Galt, X3 L(XD), ], Y)) (XD dt + Z{dW
which is a C(L, A)-Lipschitz FBSDE of McKean-Vlasov type. Note that due to
Lemma 4.4, ¢&; is Lipschitz continuous not only in (X*,Y") but also in £(X"*). For
each i € {1,2}, it is important to notice that the Lipschitz constant is independent

of the given flow p’, j # i. Since Assumption (MFTC-a) satisfies every solvability
condition used in [14], we have the following results:®

Theorem 4.5. Under Assumption (MFTC-a), the adjoint FBSDE (29) of each
i € {1,2} has a unique solution (X}, Y7, Z)icom € S* x S* x H? for any flow
w € C([0,T); Po(R)) and any initial condition £ € L2*(Q, Fo,P;RY).  If we set
& = (6 = alt, X{ LX), 11, YY) o
particular, the inequality JZ”J(OA/) + AE fOT |Bi — &i)?dt < Ji”j (B") holds for any
B € A;.

Proof. This is the direct result of Theorem 4.7 (sufficiency) and Theorem 5.1
(unique solvability) by Carmona & Delarue (2015)[14], where the sufficiency is

proved in a parallel way to Theorem 3.4, and the unique solvability is based on
the continuation method developed by Peng & Wu (1999) [59]. O

then it gives the optimal control. In

Lemma 4.6. Under the same conditions used in Theorem 4.5, for anyt € [0,T] and
any € € L2(Q, Fi, P;RY), there exists a unique solution (XPHE' Yite  Zit&y),
of (29) on [t,T] with Xti’t’gi = ¢ as initial condition. Moreover, for any p € Po(R?),
there exists a measurable mapping ufj (t,opm) - RT > 2 — ufj(t,a:,u) satisfying
Yf’t’gi = ufj (t, & L(EY) P-a.s. such that, for any &', € L2(Q, F, P;RY),

Efluf (t. €', L(£) — ui” (1.7, LE")P]* < CE[lg" = €"7]* (30)
with some constant C' depending only on L and \.

Proof. This is a direct result of Lemma 5.6 in [14]. The Lipschitz constant can
be read from the stability estimate used in the continuation method (Lemma 5.5 in
[14]), which is dependent only on the Lipschitz constant of the FBSDE. O

Remark 4.7. Note that, due to the uniqueness of the solution, we have for any
te[0,T), Vi = Y08 = v — (¢, Xi, £(X})) P-a.s. Moreover, once again by

J

Lemma 3.3 in [14], for any u € Py(R?), there exists a version R? 3 x — uf (¢, z, u)
in L2(R?, ;1) that is Lipschitz continuous with the same Lipschitz constant C used in
(30) i.e., [u? (t,z, 1) —u (t,2', )| < Clx—2'| for any z, 2" € R%. In the remainder,
we always use this Lipschitz version and often adopt a simpler notation u; without
the superscript p’.

°In [14], A = R* is assumed. However, there is no difficulty for extending a general closed and
convex subset A C R¥| which is actually the case studied in Chapter 6 in [15].
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Making use of the Lipschitz continuity in Lemma 4.6, we can derive the stability
relation.

Lemma 4.8. Suppose that the two set of functions (b;, 0, fi, g;) and (b, 0%, fl, g})

satisfy Assumption (MEFTC-a). For given inputs £, € 1L2(Q, Fo,P;R?Y) and
p? wioe C([0,T]; Po(RY)), let us denote the corresponding solution to (29) by
(XY, Zieiory and (X}, YY", Z7 )icior), respectively. Then, there exists a con-
stant C' depending only on (L, \) such that

T
B[ sup X[ = XUP 4 sup [vi- VPP [ |2 2
te[0,7) te[0,T] 0

< CE{I¢' = € + 109 (X LX), 12]) = Dugi(Xh, LOXE), i)
+ B (10,00 X LX) 1) (X5) — 0 (Kip, £(X0), 1) (33
T
[ X LKD) il X £XD. Y7
(XL g L, X LX), i Y Pt
[ ot X 2060 ) — o, X £ ) Pt (31)
OT . . . . . . . . .
[ (1000, XL L0022 (0 X2 LX), 1.0
= OLH(t, X}, LX), i Y 20, Gt XE LOXD), i, Y0 2 ) di
T
o B[00, R L0 T2 Z il R L0002, T (XD
= OuHI( XL, LOX), i Vi Z4, 64 X L0, i, YO (X e}

where the functions H;, H! : [0,T] x R x Py(R?)? x RY x R4 x A; — R are the
Hamiltonians associated with the coefficients (b;, 0y, fi) and (b}, oL, f), respectively,
and &;, &, are their minimaizers.

In particular, there is another constant C' depending additionally on K such that

T
B[ sup [ X[+ sup [V + | 1Zipde] <l + s M) + €', (32)
0

t€[0,T] t€[0,T t€[0,T]
and, for any t € [0,T],

v < C(1I€]] + 1] + sup
s€(0,T

MQ(,L;')> +C, P-a.s. (33)
0.7]

Proof. It can be proved in the same way as Lemma 3.6. For small T < ¢, where
¢ is dependent only on (L, \), using the inequality Wo(L(X), L(Y))? < E|X — Y%
one can show the stability relation (31) exactly in the same way as in the standard
Lipschitz FBSDE of non-MKYV type. For general T, we can connect the short-term
estimate by the same technique adopted in the proof of Lemma 3.6. Here, we make
use of the Lipschitz continuity in Lemma 4.6.
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As for the growth conditions, we get, by the same arguments used to derive (18),

T
B sup X+ sup v+ [ |Zifal
] te[0,T) 0

te[0,T

< C(IIE113 + 19:(0, 6o, 1) + 18,9:(0, 80, 1) (0)
T
+/ (’bi(ta07505“?7@1'(75’07507;#70))‘2 + ‘Ui(t7ovdoaui)‘2)dt (34)
0

T
+/ (’axfi(ta07607,LLg?ééi(tuOu(SU?/l’iaO))P
0
+ ’aﬂfz(t7 07 507 /’Lg7 OA[Z<t7 07 607 /’LgJ O))(0)|2)dt>7

where ¢y denotes the distribution with Dirac mass at the origin. (32) now easily

it X}

follows. Finally, since Y, = Y,”""*, we have

ustt, X5, L2 < C (Nl + supregon Ma(id) ) + €

from (32). By the Lipschitz continuity in Remark 4.7 and the estimate in (32), we get

ua(t,0, £CX))| < [ua(t, X, LG+ CIUX I < C (€11 + sup Ma(psd)) +C”

te[0,T]

Using the Lipschitz continuity in Remark 4.7 once again, we get the desired estimate

(33). O

4.3. Nash MFTC equilibrium under additional boundedness

In preceding subsections, we have seen that, for given flows of probability measures
pt,p? € C([0,T]; Po(R?)), the solution to each optimal control problem of (27) is
characterized by the uniquely solvable FBSDE (29). It follows that finding a solution
to a matching problem (28) is equivalent to find a solution to the coupled systems
of FBSDEs of MKV-type: for i,5 € {1,2},5 # 1,

dX} = bi(t, X}, LX), L(X]), qi(t, X[, L(X}), £(X]),Y)))dt
— E[0,Hi(t, X}, L(X]), (X)), Y], Z}, ault, X, L(X]), £(XT), Y[)) (X)) dt
+ ZidW}, (35)
with X = & € L2(Q, F, P; R?) and
Vi = 0pgi (X, L(XE), LOX2)) + E[8,0:( Xk, LXE), LX) (XE)].

In this subsection, we prove the existence of a solution to the system of FBSDEs
(35) under the additional assumption.
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Assumption 4.9. (MFTC-b) For each 1 < ¢ < 2, there exists some constant A
and some point 04, € A; such that, for any ¢ € [0, 7] and any v € Py(R?),

[bio(t, V)|, |oio(t, V)] < A,

10,0 fi(t,0,60,v,04,)|,10:9:(0, 60, v)| < A,

10 fi(£, 0, 60,7, 04,)(0)],19,9:(0, 60, ) (0)] < A

Here is the main result of this subsection.

Theorem 4.10. Under Assumptions (MFTC-a,b), the system of FBSDEs (35)
(and hence the matching problem (28)) is solvable for any €', &% € L2(Q2, Fo, P; RY).

Proof. We let, with 1 <i < 2, (Xf’“j,Yti’”j, Zf’“j)te[o,T] denote the solution to the
FBSDE (29) for a given flow p/ € C([0,T]; P2(R%)) j # 4 and the initial condition
X* = ¢'. By Theorem 4.5, we can define a map:
®: C([0,T]; P2(RY))? > (p', p*)
= (L e, L ieon) € C([0,T); Po(RY))?

It is easy to see that the solvability of the system of FBSDEs with McKean-Vlasov
type (35) is equivalent to the existence of a fixed point of the map ®. As in Theo-
rem 3.9, we equip the linear space C([0,T]; M}(R?))* with the supremum of the

Kantorovich-Rubinstein norm (20) so that we can apply Schauder FPT (Theo-
rem 3.7).

We start from studying a priori estimates. By the estimate in (6), we get

) + |OA1

ity @, v, y)| < AT (Ibiz(t 0)|y] + 10afilt, 2, 1, v,04,)

Y

and hence |, (t, 0, 8o, 12,0)| < A7'A+{04,] < C(\, A) uniformly in /. The estimate
(34) then implies that E[sup,cqz [Y;*'1?] < C(1+ [|€][3) with C independent of
p’. From the last part of the proof for Lemma 4.8, we get, for any ¢ € [0, 7],

YR < C(L+ [|€]] + X)), P-as.

and hence [é;(t, X;*, LX), i, YI)| < C(L+[[€1]]s + X0 + Ma(£(X™))
uniformly in g/. Thus it is straightforward to see that there exists some constant

C independent of p/ such that E[SUPte[o,T] |Xti”‘j|2} < C and, for all ¢, s, € [0, T,

E| sup |X[* [ F|* < C(1+[€1), WalL(X{™), LX) < Ot = s,

t€[0,7

Therefore, just repeating the arguments used in the proof for Theorem 3.9, we can
show that @ is a self-map on a closed and convex subset &€ of C([0, T]; M}(R?))?,

(u, 1®) € C([0,T); Po(RM))?; Va>1,1<i<2,

sup /||> |£L'|2[L2(dl') < C((l_l +E[|€Z|21{|§1|2\/a}}>

te[0,7)

£ = 37, (36)
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with some constant C' and that ®(&) is a relatively compact subset of the space
C([0,T]; P2(R%))%. The continuity of the map ® can be shown by Lemma 4.8 just
as in Theorem 3.9. Schauder FPT now guarantees the existence of a fixed point for
map ®, which then establishes the existence of solution to the system of FBSDEs
(35). [

4.4. Nash MFTC equilibrium for small 7" or small coupling
Here is the main result of this section.

Theorem 4.11. Under Assumption (MFTC-a), there exists some positive con-
stant ¢ depending only on (L, \) such that, for any T < ¢, the system of FBSDFEs (35)
(and hence the matching problem (28)) is solvable for any &, &% € L2(Q, Fo, P; RY).

Proof. As in the proof for Theorem 3.10, we use the push-forward ¢, o u of the
measure i € Po(R?) defined by the map
nx

RS 2 +— .
max(My (1), n)

For eacn n € N, we introduce the approximated coefficient functions by
(bi0: bi'a, 03'0) (t, V) = (bijo, bi2; 0i0) (t, P 0 V),
[t o, v o) = filt, o, p, ¢nov, @), g (@, p,v) = gi(x, p, pn 0 V) |
and accordingly define
bt @, g, v, @) =)o (t,v) + by (6 v)@ + by (8, v) i+ by (t, v)e
ol (t,x, p,v) = oio(t,v) + ot v)r + o (t, V)i,
H'(t, 2, p,v,y, 2, ) = Ot z, v, ), y) + te[o?(t, o, p,v) " 2] + [t 2, p,v,a) .

It is obvious to see that the approximated coefficients (b}, o, fI, g) satisfy every
condition in Assumptions (MFTC-a,b). Moreover, the minimizer & of H" is given
by 5 .
a?(t7x7u7 v, y) = ai(t7x7“7 ¢n o Vvy) )

where ¢; is the minimizer of the original Hamiltonian. The regularization for b; 5 is
done solely to obtain the simple expression for &;' as above. By Theorem 4.10, for
eacn n € N, there exists a solution (X;",Y,"", Z;" )icjo,r, 1 <@ < 2 to the system of
FBSDEs (35) with the approximated coefficient functions (b}, o7, f, 97 )1<i<2. By

the estimate (33), there exist constants C' depending only on (L, \) and C” depend-
ing additionally on K such that, for any ¢ € [0, 7],

Y7 < (1€ + X0 + supeio ) Ma(£(XE™)) + C', Pras

uniformly in n. Lemma 4.4 then implies that
ap(t) = ap(t, Xy" LX), LX), V)
satisfies
a2 < C (€112 + X7 + Ma LX) + sup,epory Mo £(XEM)) + €
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Thus, for any ¢ € [0, 7],

S

B[X("F] < CE[l€ + [ [[B(s, Xi, LOX™), £(XI7),a2(s) P
0

o (s, X2, L(XE), £(X2")[) ds|

S

2

<C(IEE+T sup M(LCEMP + [ SBIXIPIds) + ' (31)
0

s€[0,T7] =1

Hence, Gronwall’s inequality gives

2 2

sup E[|X]""] <C'+CTY sup My(L(X;™))?,
i—1 t€0,7] i—1 t€[0,7]

where C’ now depends also on ||£]|[2. Therefore there exists some constant ¢ depen-
ding only on (L, A) such that, for any 7' < ¢,
2

sup E[|X7"°] < C(L, A K, [[€]]2) (38)

i—1 t€l0,7]

uniformly in n. For such 7" < ¢, using the estimate (38), we get by the standard
technique that

Wa(L(X}™), L(XE™) < C(L X K, ||€]]o)]E = s]2

<
E| sup | X" F0|" < (LA K [€]l) (1+1€7) |

te[0,7)

uniformly in n. We thus see that (L£(X,;"™)iep11, £L(X7™)icior))nz1 is a relatively
compact subset of C([0, T]; P»(R%))?. Upon extracting some subsequence, there exist
p', p? €C([0, T]; Po(RY)) such that limy, o0 sup,co ) Wa(L£(X™), pi) =0, 1 <4 < 2.
By letting (X},Y}, Z})iepo,1),1<i<2 denote the solution to the FBSDE (29) with the
flows (p', u?), we can prove that (X, Y}, Z})icom,1<i<2 is actually a solution to (35)
by the stability estimate in Lemma 4.8 and the same arguments used in the proof
for Theorem 3.10. [l

As in Section 3, it is possible to guarantee the existence of an equilibrium for a given
T with quadratic cost functions by making the couplings between FSDE and BSDE
small enough.

Theorem 4.12. Under Assumption (MFTC-a) and a given T, the system of
FBSDEs (35) (and hence he matching problem (28)) is solvable for any £',6% €
L2(Q, Fo, Py RY) if A7 |bialloo, 1 < i < 2 are small enough.

Proof. As in the proof of Theorem 3.11, the term involving sup,¢(o 71 Ma(L£(X?™))?
in (37) is proportional to A™![|b;2||-. Hence, if we make this factor small enough,
we obtains the estimate (38) for a given 7. The remaining arguments are the same
as in the proof for Theorem 4.11. O

Remark 4.13. There is no difficulty to generalize all the analyses in Section 4 for
handling any finite number of populations 1 < i < m.
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5. Games among cooperative and non-cooperative populations

As a natural extension of Sections 3 and 4, we now study a mean-field equilibrium
with two populations, where the agents in the first population (P-1) cooperate by
adopting the same feedback strategy while each agent in the second population (P-
2) competes with every other agent. As before, we assume that the agents in each
population share the same cost functions as well as the coefficient functions of their
state dynamics. Let us call the large population limit of this problem Nash MFTC-
MFG Problem. In Section 8, under some additional assumptions, we shall see that
the mean-field solution obtained in this section actually forms an approximate Nash
equilibrium for the corresponding problem with a large but finite number of agents.
One of the motives to study this problem is to treat a situation, for example, where
a large number of oil producers are competing to maximize their profits while a part
of them are members of a certain association, such as OPEC, cooperating within the
group to maintain a favorable level of oil price. Since the analysis can be generalized
to any finite number of populations, it may have many interesting applications.

5.1. Definition of Nash MFTC-MFG problem

We formulate the problem in the following way.

(i) Fix any two deterministic flows of probability measures (p’ = (u})seo.1)ic{1,2}
given on R%.

(ii) Solve the two optimal control problems

inf J¥(a), inf JEM () (39)

al cAq o? €hAo

over some admissible strategies A; (i € {1,2}), where
, T
JIM (al) =E [/ fl(ta th’ ‘C(Xt1>7 H?’ a%)dt + gl(le“a ‘C(Xil“>7 N%)] )
0

2 .1 T
HH (0?) =B / Folt, X2, i, af, o)t + ga(XF, i 1h)]
0

subject to the dynamic constraints
AX} = by(t, X1, LOX0), 2, alVdt + o (8, X1, LOXD), i) AW,
AXP = ba(t, X7, 17, g, 0 )t + 0o (t, X7, g1 g )AWE
for t € [0,T] with (X{ = & € L*(Q, F,P;RY)) Notice that the first control

1<i<2’
problem is of McKean-Vlasov type which represents the large population limit of
cooperative agents. For each population ¢ € {1,2}, we suppose that A; is the set of
A;-valued Fi-progressively measurable processes o' satisfying E fOT |at|?dt < oo and

A; C R¥ is closed and convex, as before.
(iii) Find a pair of probability flows (u!, u?) as a solution to the matching problem
Vi e [0,T], pl=L(XM), pd=o(XFm (40)

where (X'#*) and (X2#*#") are the solutions to the optimal control problems in

(ii).
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Throughout Section 5, the major assumptions for the coefficients (b1, 01, f1,91) of
the first population (P-1) are given by (MFTC-a), and those for the coefficients
(ba, 09, f2,g2) of the second population (P-2) are given by (MFG-a). We have
already learned from Theorems 3.4 and 4.5 that the solution to each of the optimal
control problems in (39) for given deterministic flows ', u? € C([0,T]; P2(R?)) is
characterized by the uniquely solvable FBSDEs;,

dth = b (t, thv ﬁ(th), ,u?, an (1, tha ['(th)7 /v‘tQa Ytl))dt + o1 (t, tha E(th), M?)thla
dY}' = — 0, H\(t, X/, L(X}), 13, Y}, Zyéu (t, XY L(X)), iz, Yy ))at
—E[0,H(t, X}, L(X}), 1, Vi1, Z (6, XE LX), g, V) (XD)] dt
v Zlaw)! (41)

with X} = " and Y} = 0,91(t, X}, L(X}), 3) + E[0,01 (X}, L(X}), 43)(XF)], and

AX? = ba(t, X7, i, iy, o, X7, s iy, Yi0) )t + oa(t, X, pif s g AW,

de = - a:vHQ(t7 Xt27 M?? M%’ }/tQa Zt27 dQ(ta Xt27 :u§7 :U’i? )/tQ»dt + ZthWt27 (42)
with X2 = &% and Y? = 0,92(X%, 2, uk), respectively. Here, the Hamiltonian
H; and its minimizer &; are defined as before using the corresponding coefficients
(bi, 03, fi)-

5.2. MFTC-MFG equilibrium under additional boundedness

In order to establish the existence of an equilibrium (40), we have to show the
existence of a solution to the following coupled system of FBSDEs:

dX} =bi(t, X}, L(X}), L(XP), aq(t, X}, LX), L(X7),Y,h))dt
+ou(t Xy, LX), L(X7))dW]
dY' = — 0, H,(t, X}, L(X}), L(X?), Y}, Z} 6 (t, X} L(X}), L(XP),Y,H))dt
—B[0,Hy(t, X}, L(X)), LOXP), Y ZL (8, X LX), £(XE), Y)) (X)) dt
+ Zaw}!
with X§ = €, Y3 = 0,1 (1, X7, L(XE), L(X3)) + E[0,00 (X3, LOXF), LIX3)(X3)],
and
dX} = bo(t, X7, L(XF), L(X}), dot, X7, L(XF), L(X]), V7)) dt
+oa(t, X7, L(XF), L(X,)dWE
dY}? = — 0. Hy(t, X7, L(X}), LIX}), Vi, ZF Gt X7, L(XT), L(X}), Y)))dt
+ Z2dW? | (43)
with X2 = &% and Y2 = 0,92( X2, L(X3), L(XF)).
In this section, our goal is to prove the following result.

Theorem 5.1. Under Assumptions (MFTC-a,b) for the coefficients (b1, o1, f1, g1)
and Assumptions (MFG-a,b) for the coefficients (bs, 09, fa, g2), the system of FB-
SDEs (43) (and hence the matching problem (40)) is solvable for any &', &* €
L2(Q, Fo, P; RY).
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Proof. We let (X YV"* ZM#),com and (XP#W YRR 720500, 0y de-
note the solutions to the FBSDE (41) and (42) respectively for given flows of pro-
bability measures (u', u?). By defining the map ® as

©: C([0, T P2(RY))* > (u', 1?)

= (L ey, LOXPHH Niep) € C([0, T]; Pa(RY))?, (44)

the claim is proved once we find a fixed point of the map ®.

It is the direct result of Theorem 4.10 for (P-1) and Theorem 3.9 for (P-2) that there
exists a constant C' independent of p! and p? such that, for any ¢, s € [0, 7],

E[ sup (XM FR]2 < OO+ |€), E[sup |X2F#[1FR]> < 01+ |€2P).

t€[0,T] te[0,T]
WH(L(XH), LX) < Clt = o2, Wa(L(XPH), LX)
< CJt — s|=. (45)

Thus we can show that, for the same form of closed and convex subset £ of the space
C([0,T); M}(R?))* in (36) with sufficiently large C, that ® maps € into itself and
also that ®(&) is a relatively compact subset of C([0,T]; P2(R%))%. The continuity

of the map ® can be shown by Lemmas 4.8 and 3.6 just as in Theorems 4.10 and
3.9. By Schauder FPT, the claim is proved. O

5.3. MFTC-MFG equilibrium for small 7" or small coupling

We now give the main result of Section 5.

Theorem 5.2. Under Assumption (MFTC-a) for the coefficients (by, o1, f1, 1)
and Assumption (MFG-a) for the coefficients (be, 02, fo, g2), there exists some po-
sitive constant ¢ depending only on (L, \) such that, for any T < ¢, the system
of FBSDEs (43) (and hence matching problem (40)) is solvable for any &',&% €
L2(Q2, Fo, P; RY).

Proof. Let us introduce the approximated functions (b, o7, f1', 97 )n>1 as in Theo-
rem 4.11 and also (b}, 0%, 3, g5 )n>1 as in Theorem 3.10, which satisfy Assumptions
(MFTC-a,b) and Assumptions (MFG-a,b) for each n, respectively. Theorem 5.1
then guarantees that there exists a solution to the system of FBSDEs (43) with the
approximated functions (b, o, fI*, g*)1<i<2 for each n.

We let (X7, V"™, ZZ’")tE[O,T], 1 <4 < 2 denote the corresponding solution.

Since inequalities (37) and (25) still hold, we can show that there exist constants C'
depending only on (L, \) and C” depending additionally on K such that,

B[] < (N + T s anE(xE)f + [ B Y[ as) +

s€[0,T]

E[|X>"2] < C<||§ 1247 sup ZM2 LX) /ZE | X im]2 ds>+C”

s€[0,T7]
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Hence we get, by Gronwall’s inequality, that

2

Jup 3 B[

) <C(|lelg+T sup ZM2 (X)) + .

s€[0,T]

Therefore there exists a positive constant ¢ depending only on (L, A) such that

2

sup Z]EUXZ"F] <C'(1+|€]3) forany T <c.
te[0,17]

Using the linear growth property of a7 in | X;™|, we can show that

(ﬁ(Xth)te[O,Th E(th’n)te[o,T])nzl

is a relatively compact subset of C([0,T]; P2(R?))?. The remaining arguments pro-
ceed in exactly the same way as in the proofs for Theorems 4.11 and 3.10. [

Theorem 5.3. Under Assumption (MFTC-a) for the coefficients (by, o1, f1, 1)
and Assumption (MFG-a) for the coefficients (bs, 02, f2,92) and a given T, the
system of FBSDEs (43) (and hence matching problem (40)) is solvable for any
& &% € L2(Q, Fo, P;RY) if A7 |biolloo, 1 < i < 2 are small enough.

Proof. The claim can be proved in a completely parallel way to Theorems 3.11 and
4.12. ]

Remark 5.4. As in Sections 3 and 4, the analysis can be easily extended for the
situation with any finite number of cooperative and non-cooperative populations.

6. Approximate equilibrium for MFG with finite agents

In the remaining sections, we investigate quantitative relationships between the so-
lutions to the mean field games obtained in the previous three sections and those to
their associated games with a finite number of agents. We make use of the techniques
developed in [64, 9, 11, 13, 14] and in particular Chapter 6 in [16] with appropri-
ate generalizations to fit our situation. First, in this section, we shall study the
problem associated with the multi-population mean field game solved in Section 3.
Throughout the section, we assume that the conditions used either in Theorem 3.10
or Theorem 3.11 are satisfied. We let (u!, u?) € C([0, T]; P2(R¢))? denote a solution
to the matching problem (2).

6.1. Convergence of approximate optimal controls

For each population 1 < i < 2, we suppose that there are N; agents who are labeled
by p. Let us first introduce N; independent and identically distributed (i.i.d.) copies
of the state process in the mean field setup:

AXyP = bi(t, XyP, s, il &P )dt + oy (8, XoP, s, gl )dWEP (46)

for 1 <p < Nj, j#i,te(0,T] with X = &%, and
Q" =y (t, X?ta,uta,utauz(t X3)) for any ¢ € [0,7].
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Here, (£"7)1<p<n, is the set of i.i.d random variables with £({"?) = pf, and the
(W™ = (W/")iei0.1))1<p<n; are independent standard Brownian motions, which
are also independent from (£“P);<,<y,. Moreover, they are assumed to be in-
dependent from those in the other population. In other words, all of the set
(&vr, Wi’p)lgpg N;1<i<2 are assumed to be independent. wu; is the decoupling field
given in Theorem 3.4 associated with the equilibrium flows of probability measures
(u', i?). &; is the minimizer of the Hamiltonian for the population i defined in (4).
By construction, (X*?),<,<x, are i.i.d. processes satisfying £(X;?) = ui, Vt € [0,T).
We denote the empirical distribution for (X*?);<,<n, by

1
ﬁt = E ;(5&?@ ’

In the remainder, the complete probability space (Q, F,P) is enlarged accordingly
to support (§7, W) <p<n, 1<i<o and the filtration F is assumed to be generated
by (£7, W*P)1 <<, 1<i<2 With complete and right-continuous augmentation.

Lemma 6.1. Suppose that the conditions either for Theorem 3.10 or Theorem 3.11
are satisfied. Then, for each population 1 < i < 2, there ewists some sequence
(en,)N;>1 that tends to 0 as N; tends to oo and some constant C' such that

sup E[Wg(ﬁi,uif] < Cey, .
te[0,7

Furthermore, when i € P.(R?) with r > 4, we have an explicit estimate

€2 = NN (N 1)

(2

Proof. When ) € P.(R?), Vr > 2, it is standard to check

sup M, (p;)" < E[ sup !E&’plr] < C<1 + MAM%)’")
t€[0,7T] te[0,7)

with some C independent of NV; due to the linear growth of the coefficients in (46).
Then, the last claim is the direct result of Theorem 5.8 and Remark 5.9 in [15].

As for the first claim, (5.19) in [15] implies
: i 02
Jim B[Ws (g, 7)) = 0 (47)

for each t. In order to prove the uniform convergence in ¢ 9, it suffices to show that
there exists a compact set  C C([0,T];R) such that

(EWVa(, i icom) €K

N;>1

In fact, if this is the case, every subsequence has a uniformly convergent subsequence,
all of which converge to 0 due to the pointwise convergence in (47). Hence, the whole
sequence must uniformly converges to 0.

6 See the arguments leading to the estimate (2.15) in the proof of Theorem 2.12 in [16].
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The boundedness can be checked by

4+ My()?) <4 sup My(i)* < C.
t€[0,T]

sup E[Wa(puy, 11,)°] <2 sup ( ZE X"

te[0,T] t€[0,T]
Moreover, for any 0 <t,s < T,
‘E[Wz(gwi)ﬂ - E[Wz(gi,ui)z}‘ < CE[(Walu!, 1)) — Wa(dl, 1i))?] 2
< C(EIWalpi, ]+ Wai 1)) < CE[LX? - X372)% < Clt— sl
which implies the equicontinuity. Arzela-Ascoli theorem guarantees the desired

compactness. [

Assumption 6.2. (MFG-FA) On top of the Assumption (MFG-a), either T or
(A7Y|bi2]loo)1<i<2 is small enough to satisfy the conditions for Theorem 3.10 or
Theorem 3.11. Moreover, for 1 < i < 2,

(A1) There exists some constant K such that

|(bi0, 030) (E, 1, V") = (bio, 040) (t, 1, v)| < K (Walp!, p) + Wa(/, V))

for any t € [0,T], i/, u, V', v € Po(R?), and b; 1, b; 2 as well as 0;; are independent of
the measure arguments.

(A2) f; and g; are local Lipschitz continuous with respect to the measure arguments
i.e., there exists some constant K for any t € [0,T],z € R i/, pu, V', v € Po(R?) and
a € A;, such that,”

|(fiagi)(t’x7:u/7 V/,Oé) - (fi»gi)(t’xnuv v, Oé)|
< K (14| + Mo(u)+ Mo() + Mo() 4 Ma()+la ) (Wl i)+ W)

For 1 <i,57<2 j#1i,1<p<N,, let us consider the following state dynamics:
dX7" = bit, XP7 Ty, iy, 6F)dt + o (, X3P iy, i ) AW (48)
for t € [0,T], X;? = P, Here, il := oA Z;V:il Oxir 18 the empirical distribution and
=t X7, g, i, wit, X;))

Since we have Wy (7, 71)")? < N Z;V:il | X7 —X7"P2, Assumption (MFG-FA) (Al)
the Lipschitz continuity of &; and that of the decouphng field u; make (48) a
(N1 + Ny)-dimensional standard Lipschitz SDE. (X"?);<j<21<p<n, correspond to
the state processes of the agents who adopt the feedback control function

0,7) x R > (t,2) — Gu(t, =, b, il ui(t, ).

TAlthough there is no (¢,a) dependence in g;, we slightly abuse the notation to save the space.
Note that the local Lipschitz property for the arguments (z, «) follows from (MFG-a).
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The cost functional for the agent p in the ith population is given by

T
(&0, 6 0) — B | / Filts X0, i il 647+ gi(X3P i ) |
0

On the other hand, the optimal cost functional for the mean field game in Section 3 is

T
:]E|:/ fi(taX?puutuﬂtv&i’p)dt+gl( ;:p7/’LT7/LT)i| .
0

Lemma 6.3. Under Assumption (MFG-FA), for all 1 < i < 2, N; € N and
1 < p < N;, there exists some constant C' independent of (N;)?_, such that,

TN (G 6PNy — | <026N ,

where ey, is the one given in Lemma 6.1.

Proof. It suffices to check the case with (p = 1). By Lipschitz continuity and the
triangle inequality, we have
E[sup [X;'-X('?]< 0/ [\X“ X“|2+ZW2 U +ZW2 1 1l }d :

s€[0,t]

Applying Gronwall’s inequality after summing over 1 <7 < 2, we get
2

2
ZE sup [ X7 = XPP) <O osup E[Wa(pd, )] <C Y e,
=1

t€[0,T i—1 L€[0,7]

Hence the triangle inequality implies that sup,cjo 1 E[Wa(f, uf)?] < C 25:1 X,
We also see E[supte[O’T] |X 7] < C’(l + E[Supte[O,T] e 2}) < C. Using local

Lipschitz continuity, it is straightforward to conclude

2 1
Y @), ) — J1‘<c(1+st] KPP P+ Y M)
j=1

. 2
X sup E[[X“ X§1|2—|—ZWQ ,ut,,ut)] SCZENJ.. O

t€[0,T) =1 =1
Remark 6.4. From the above analysis, we see directly that (MFG-FA) (A2) is

unnecessary if we only need the convergence JZ-N N5 (a"0D g? Ny 5 P when
Ny, Ny — 00. (A2) is just used to derive the explicit order of convergence in terms
of <€Ni)7,2=1

6.2. Approximate Nash equilibrium

For the investigation of an approximate Nash equilibrium, we suppose that one agent
deviates from the feedback control function [0,T]xR%> (t,2) — Gy (t, @, pl, pl, w;(t, x)).
By symmetry, we may assume that this is the first agent in the ith population. The
state dynamics of the agents is now given by, 1 <1,7 <2, 7 #4, 1 <p < N,,

dUtZ‘J) - bz(ta UtLpquSuvg? t7p)dt+0-l(t Uzp Pi’ﬁt)dwt’p ’
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for t € [0,T] with U;? = ¢r. B! € H? is any A;-valued F-progressively measurable
process, and
ﬁ?p = &z(tv Uz7puﬂiuﬂz)ui(t7 Uti,p))7 2 S p S Nz ’
D= Gy, U, ] g, u (8, U7), 1< g <N (49)
Vi = 5 Ypiq Oyies 1 < < 2is the empirical distribution. This is an (Ni + Na)-

dimensional Lipschitz SDE and hence well-defined. The cost functional associated
with the deviating agent is given by

T
JENN (g, & 0 i 00) B[ [ U P Bt + iU 7 )]
0

Remark 6.5. As we can see from the above definition of control strategies, we
shall focus on the approximate Nash equilibrium in the sense of the closed loop
framework. The analysis for the open loop framework can be done in almost the
same (actually slightly simpler) manner, which just requires to replace the feedback
forms in (49) by

BP =4, 2<p< N, BM=al" 1<q<N;.

Here is the main result of this section.
Theorem 6.6. Under Assumption (MFG-FA) with sufficiently large (N;)2_,, the
feedback control functions ([0,T] x RY > (¢,z) — ézz-(t,x,,ui,,u{,ui(t,m)))lgi’jgz#i

form an (Z? L €N, )-approzvimate Nash equilibrium i.c., there exists some constant
C independent of (N;)%, such that

2
JN N, 1(31 L) (Y ) > JNZ,NJ,l(di,(Ni)7aJ}(Nj)) — Czij

for any A;-valued F-progressively measurable process B € H?, where

1
(en, := max(ey,, N, 2))199.

Proof. First step: Let us introduce another dynamics for ¢ € [0, 7] with Uy' = €51

dﬁi - b (t Ut nutwut’ )dt+gl(t Ut ’:utnut)thLl

It is immediate to see that the following estimate holds:

E[ sup [T, 2] < C(1+|57"]|%). (50)

t€[0,T]
The associated cost functional
T
—1, =il i i i —il
Ji (/8 J) = E[/ fz(tv Ut 7/1Jt7 /JJL t 1)dt + gz(UT 7:U’T7 /I%“)]
0
satisfies, by Theorem 3.4, an inequality

T
TNBM) > 1+ AR / B — a2t (51)
0
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Second step: By the linear growth property of the coefficients, we get

Blirr] < o1+ [ Efjoir + iﬁ:IU”IQ

p=

N,
1 < : ,
5 D NUBR + Ly |82 ds)
J

q=1
t 1 & (g
Bl <1 /“E[lﬂﬂg 5 DU 4 S U ds)),
] < oi+ [mflor+ 5 S+ 5 S

Taking the average and the applying Gronwall’s inequality, we get

N,
e ; 1 ,
sup< EUpz—l—— EU]"”)SC(l—i-—B“lQ). 52
e Z 0F7F]+ 5 3 B FIB ). 62)
Using the above estimate and Burkholder-Davis-Gundy (BDG) inequality, we get
i 1 i
E| sup |U/?] < C(1+ (5 + L) 1873 ) - (53)
t€[0,T] i

. 1 ,
E| sup [U74]2] < 01+ 118" -

t€[0,T]

By a similar calculation, we see

t 2
B0~ X7F] < C [ B[IU—XIP 4 S Walwl, )+ 1ol 050 - a'F] ds.
0 .
7j=1
Combining the same estimate for the jth population, we get from Gronwall’s in-

equality that
N; Nj

1 . . 1 . 4
E UZ,P_X%P 2 E Uj,q Xj’qZ
é}é%](_mg_f Wi = Xi7] + 5 3 B[UF - X )
2
<C E[Ws (4, —altPdt
< Q”$%[z%ut /|ﬁ | >

<O+ 118 Be)ek, + 23, ) -

Here, we have used |[&"'||%, < C and the result of Lemma 6.1. By the triangle
inequality we obtain

2 2
sup SOE[Wa@ )] < 2 sup S (E[Wa(7,)?] + E[Wal, )?))
te[0,T] . t€l0,T] ;=1
< (U +118"Ba)ek +23,). (54)

Similarly, we have

t y . . . .
B sup |3~ T[] < CB [ (U3 = T2 o Waldho P+ Wal@) )] ds
0

s€[0,t]
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and hence from (54) we get

; —, 1 ;
E[ sup |07~ T}'12)* < C((+ 1187 flsm)ew, +en, ) (55)

t€[0,T]

Third step: Finally, we get from the local Lipschitz continuity of the cost functions,

1

N;,Nj,1 ; ~4,(N;)"Y A j.(N; T i,
AR Te s C R A I S (C L

‘ [/ (Fit, U 7, B = Jt T i ped, 871 )t

i,1 — 7l j
+ U 7, 7) = gu(T i 1)) ||

. ) ) 1 )
sduwwMMW+mW+MWVMMwT+WWM

te[0,7]

X <sup E[|Uf’1 - U %+Z sup E[Wa(7;, uy)? ]%> :
=1

te[0,T] t€[0,T]
From (50), (52), (53), (54) and (55), we get
| NzyN],:l(IBz 1 AZ 17 d],(N])) _ jl(ﬁl,l)‘
sca+waﬂm»01+w%wwkm+fm).

By the estimate in Lemma 6.3, (51) and the fact that ||&

i < O, we see

N17NJ71<131 1 400 1’ dj,(Nj)) _ JNiijvl(di,(Ni)7 dJ}(Nj))

i

>MW“—A“Mp—CU+NWHMQ«1+W%Wka+fm)
2
(A — sz B =& [E — CY ew, -
j=1
For large Ny and Ny with C' Zj:1 en; < A, we get the desired result. O

Remark 6.7. The above analysis can be generalized straightforwardly to the setup
with any finite number of populations, 1 <i < m.

7. Approximate equilibrium for MFTC with finite agents

In this section, we shall show how the solution to the Nash MFTC problem studied
in Section 4 can provide an approximate Nash equilibrium among the two com-
peting populations of finite agents who are cooperative within each population. In
the last section dealing with the non-cooperative agents, the effect to the inter-
actions from the agent deviating from the optimal strategy was shown to vanish
in the large population limit. This does not happen in the current case, because
all the agents in one population adopt the common strategy different from the op-
timal one. We shall see that this feature requires us more stringent assumptions
to obtain an approximate Nash equilibrium. Throughout the section, we assume
that the conditions used either in Theorem 4.11 or Theorem 4.12 are satisfied. We
let (u', u?) € C([0,T); Po(R%))? denote a solution to the matching problem (28).
Moreover, unless otherwise stated, we use the same notation in the last section.
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7.1. Convergence of approximate optimal controls

For each population 1 < i < 2, we first consider (V;) i.i.d. copies of the sate process
in the mean field setup

dX7P = bi(t, XiP, iy, pd, &5 P)dt + oy(t, X7, pif, ] )dWP,
for 1 <p <N, j#i, t €[0,T] with X" = €%, and
(SC’L’p - al(t X;’pnut’:ut?ul(t X?p7/1/t>> ’

where u; is the function defined in Lemma 4.6 associated with the equilibrium flows
of probability measures (u’, /). As in the last section, (£"7, W™P), < <N, 1<i<o are
assumed to be independent with L£(£'?) = pj. By construction, (X")i<p<y, are
i.i.d. processes satisfying £(X?7) = pi, vVt € [0,T]. ﬁi denotes the empirical distri-
bution of (X;*)1<p<n;-

Lemma 7.1. Suppose that the conditions either for Theorem 4.11 or Theorem 4.12

are satisfied. Then, for each population 1 < i < 2, there exists some sequence
(en,)n;>1 that tends to 0 as N; tends to oo and some constant C such that

sup E[Wg(ﬁi,uﬁy] < Cey, .

t€[0,T]

Furthermore, when iy € P.(R?) with r > 4, we have an explicit estimate

€2 = NN n(N) 1)

Proof. It can be proved in the same way as Lemma 6.1. O]

Let us introduce the following assumptions.

Assumption 7.2. (MFTC-FA-a) On top of Assumption (MFTC-a), either T
or (A]biallso)1<i<2 is small enough to satisfy the conditions for Theorem 4.11 or
Theorem 4.12. Moreover, for 1 < < 2,

(A1) There exists some constant K such that
(D05 70) (£, V') = (bio, 03 0) (£, V)] < KWo (V' v)

for any t € [0, T, v, v € Po(R?), and b 1, b; 1, b; 2,041 as well as &;; are independent
of the measure argument.

(A2) f; and g; are local Lipschitz continuous with respect to the second measure
argument i.e., there exists some constant K for any t € [0, T], x €RY, u, v/, v € Po(R?)
and a € A;, such that

|(fi,gi)(t,$,,u,l//,04) - (fiagi)(taxnua v, O‘)’
< K1+ |al + Ma(e) + Ma(v') + Ma(v) + [a] )Wo', v)

Assumption 7.3. (MFTC-FA-b) On top of Assumption (MFTC-FA-a), for
1 <4 <2, bipand 0, are independent of the measure argument.
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Remark 7.4. Assumption (MFTC-FA-b) will be used in the last part where we
prove the property of the approximate Nash equilibrium. Under this stringent as-
sumption, the mutual interactions among the agents belonging to the different po-
pulations are induced only through the cost functions and can appear only in their
control strategies.

As in the last section, we introduce for 1 < 1,7 < 2, j #1¢, 1 < p < N; the state
dynamics ' ' o ‘ ' '
AXP = byt X0 i 607+ o1, X0 T AW
. i, i —i . Ni

for t € [0,T] with X;? = £"P. Here, fiy := N% > pei Oxi» and

&7 = Gt Xy g, i wi(t, X7 )
Under Assumption (MFTC-FA-a), it is an (N; + Ns)-dimensional Lipschitz SDE
and hence is well-defined. This corresponds to the situation where all the agents
in each population adopt the common feedback control given by the solution to

the problem in Section 4. Let us write the cost functional for the agent in the ith
population as

T
(&M, 60— | / Ft X7 i 7t + g (X3P T i) |
0

The corresponding cost functional in the mean field problem is given by
T
Toim B[ [0 X078+ X i )]
0

where 1 < p < N; is arbitrary in both cases. With the word cooperative, we mean
that the agents use the common feedback control function. Hence, even when we
consider general strategy later, all the cost functionals among the agents within each
population are the same.

Lemma 7.5. Under Assumption (MFTC-FA-a), for all1 <i <2, N; € N, there

exists some constant C' independent of (N;)2_, such that,
2

@0, 620 — g < O e,
=1
where ey, is the one given in Lemma 7.1. !

Proof. It is straightforward to get the estimate
2 2 2
E[ sup |X;? — X;7)P] < C Y sup E[Waf, )] <CY e,
i—1 t€[0,T] i—1 t€[0,T] i—1
and E[supte[oﬂ |Xti’p|2} + E[Supte[O,T} |Xﬁ’p|2} < C. Using the local Lipschitz conti-
nuity for f; and g¢;, we can prove the convergence of the cost functional exactly in
the same way as in Lemma 6.3. O

7.2. Approximate Nash equilibrium

We now consider the general state dynamics for the agents 1 < 7,5 < 2, j # 1,

dUtZ”p = bi(ta Utiypa Dia 7{, zf’p)dt + Ui(t7 U)fima vi, v{)thL;ﬂ
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with ¢ € [0,T], Uy” = € and B € H? is an A;-valued F-progressively measur-
able process. Since we suppose that the agents are cooperative within each popu-
lation, we force the set of strategies (8")1<p<n, to satisfy the condition so that
(&, B, Wi’p)lgpg N, is exchangeable i.e. the distribution is invariant under the

permutation with p. As before 7! := NL Z;V:il 6Ut¢,p denotes the empirical distribu-

tion. The associated cost functional for the ith population is now given by, with
any 1< p< N,

N (@ 3N / filt, U0, 71, B0Vt + gi(Uy”, Vi, 7))
Let us also introduce (Y}, Z;")sepo.] the solution to (35) associated with the forward
component (X i’p Jecio.1:
dK?p = - axHi(ta X?pv Mt? :uta Y?pv Z?p’ di (tv X17p7 Mt? :ug’ X?p))dt (56)
- ]E[a H; (t Xt nuia ,Ut> Yt ) Zt »az(t Xt a:uta ,Ut> Y ))(sz)]dt‘i‘Z?deti’p,

with Y5P = 0,9;(X57, pile, 1) + E[augl(gT ey 1) (X5P)). We remind the reader
that Y P = w;(t, X/, 1) a.s. for any ¢ € [0,7T].

Proposition 7.6. Under Assumption (MFTC-FA-a), for 1 < i <2, N; € N,
there exists some constant C' independent of (N;)?_, such that

TR (B, gDy — g > AR / 817 — a;”|dt
0

N

1 T .
—o(1+ sup BIUP - XiP)E 4 B[ 157 - P
0

tel0,7 >
T .
VB[ (B UPP0, Y027, 67) — Hi, U 5l Y37 220 517
0
+92(UT 75T7VT) gZ(UT 7ﬁT7:uT)] )

where ey, := max(NV,

N|=

€n;), and 1 < p < N; is arbitrary.

Proof. We can show the claim by following the same arguments used in the proof
for Theorem 6.16 [16]. Since it is rather technical and lengthy, we give the details
in Appendix A. ]

For investigating the approximate Nash equilibrium property, we now suppose that
the agents in the ith population use general strategy (8"")i<p<y, under the re-
striction that (£°7, 3P, W*P) < <n, is exchangeable, and that the agents in the jth

population 1 < ¢ < N; adopt the strategy
J>d

P = Gy, U g g (8, U7, 1))
for any t € [0, T]. The cost functional for the ith population is now given by

7

T
TN, &) B[ [ (e, U 57 e+ U )
0

with the above specified control strategies.
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We now proceed as in the proof for Theorem 6.6. The crucial problem is the term

E[Wg(ﬁ{, 1t )2}% arising from the last line in the estimate of Proposition 7.6. Al-
though this term is suppressed in the non-cooperative game as in (54), it does
not happen in the current situation. Under Assumption (MFTC-FA-a), the de-
viation from the strategy &; for the agents in the ith population induces the term
|85t — &;| |2 with no suppression of e,. This is why we need Assumption (MFTC-
FA-b).

Theorem 7.7. Under Assumption (MFTC-FA-b) with sufficiently large (N;)%_,,
the feedback control functions

([07 T] X Rd > (t7 LE) = dl<t7 Z, :U’ft? :U’g7 ul(tv €, :uzzf))) 1<4,j<2,ji

form an (Z?:l en,)-approzimate Nash equilibrium i.e., there exists some constant

C independent of (N;)2, such that
2

JNi7Nj (ﬁi’(Ni)> &j,(Nj)) > JNi,Nj (&i,(Ni)’ &j7(Nj)) — C’Z EN;

(3 1
j=1

for any A;-valued F-progressively measurable processes (37 € H?)1<p<n, S0 that

S . _1
(&P, B, W™P)1<p<n, is exchangeable. Here, (e, == max(N; 2,€Nj))1<j<2.

Proof. Under (MFTC-FA-b), we can write the coefficients for both populations
1<j<2as,
bi(t,z, ) = bio(t) +bj1(t)x +bj1(t)ii+ bja(t)a
oj(t,x,n) = oo0(t)+o1(t)r+0;1(t)i . (57)
For the ith population, we get
Eh%#WHSOMWW+/h+WM%wMﬁﬁH@WMﬂ,
s€f0,t 0

which yields E[sup;eo UP12] < C(1+ ||87||3) and E[supyeo U9)?] < C for
the jth population. Similarly, we see for the ith population,

E[ sup |UMP —Xi:p|2}
s€0,t]

t
< CE [ (U3~ Xi2 4 Walwh, i+ Waul )+ 1337 - 427 s,
0
and then, by Gronwall’s inequality, we get

E[sup |Uf" = Xi"P] < C( sup E[Waluh,uf)?] + 118 — 6|2 )
te[0,7T] te[0,T7] -
< C(eh +IB8 = &"llE) -
Similarly, we have

E[ sup U7 _ngqﬂ < C< sup E[W2(Eiaﬂg)2}) < Ce?vj .
te[0,T] te[0,T]
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In particular, by the triangle inequality, sup;cjo 7 ]E[Wg (7, ,ug)ﬂ < C’s?vj holds.

From (57), it is easy to see
Hi(t, U7y, 70, Y7 207, By7) = Hi(t UL 7 i, Y4, 207 7))
= ‘fz(ta Uz7p7viavga tLp) o fl(t7 Uti7p7v§>ﬂga 52’]0)‘
< COL+ UM+ Mo ()] + [Ma(T)] + |8 )W, 1) (58)

Using similar estimate for g; and exchangeability, we get from Proposition 7.6,
JNeN; (gD g Ny T,

T
> B [ 187 - airPdt - C(1+ 187 - ]
0

N|=

. . 1 . . .
~C(1+ sup E[UIE + U] + (18" |lw2) sup E[Wa(o, l)’]
te[0,T] t€[0,T]

T
> )\E/ 18 — &P Pdt — C(1+ |8 — & |m2)en, — 0(1 + ||5%P
0

|H2)€Nj.

Since ||&"?||g2 < C, and using the fact that

187 — &7 |lspen, < C(I[67 — & Baen, +<x,)

we get

2 2
JZ.]Vi’Nj(IBiv(Ni)7aja(Nj)> —J > (>\ _ CZéTNj)Hﬂi’p _Qi,pH]%IQ _ ngNj _
j=1

J=1

We now get the desired estimate from Lemma 7.5 for sufficiently large N; and

N,. []

Remark 7.8. We have investigated the approximate Nash equilibrium in the closed
loop framework. The analysis for the open loop framework can be done in a quite
similar manner as explained in Remark 6.5. Generalization to an arbitrary number
of populations 1 < i < m can be done straightforwardly.

8. Approximate equilibrium for MFTC-MFG with finite agents

In this section, we shall see how the solution to the Nash MFTC-MFG problem
studied in Section 5 can provide an approximate Nash equilibrium among the two
competing populations of finite agents, where the agents in the first population are
cooperative but those in the second population are not. As we have seen in the last
section, the effect of deviation from the optimal strategy in the first population will
not be suppressed by ey,. In order to obtain an approximate Nash equilibrium, this
feature implies that we have to cut the direct interaction with the first population
in the state dynamics of the second one. On the other hand, the agents in the
second population are non-cooperative, and hence, the effect of the deviation of
a single agent will be suppressed by ey,. This suggests that we may include the
direct interaction with the second population in the state dynamics of the first one.
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Throughout the section, we assume that the conditions used either in Theorem 5.2
or Theorem 5.3 are satisfied. We let (u!, u?) € C([0,T7]; P2(R%))? denote a solution
to the matching problem (40). Moreover, unless otherwise stated, we use the same
notation in the last two sections.

8.1. Convergence of approximate optimal controls

For each population 1 <17 < 2, we give i.i.d. copies of the state process in the mean
field setup:

QX = byt X3, i, ], G5 )t + o, X7, k) AW
for 1 <p <N j#i,tel0,T]with X;” =&, and

Ql’p = d/1(15 )(t7 nutnutaul(tXtpru%)) )

Q ,p = 062<t th’pyﬂtvﬁLmUQ(taX%p)) )
where u; is the master field defined in Lemma 4.6 applied to (41) and us the de-
coupling field defined in Theorem 3.4 applied to (42) where the equilibrium flow
of probability measures (p!, u?) are used as inputs in both cases. As before,

(& W )1<p<N 1<i<2 are assumed to be independent with £(£%?) = pf. By con-

struction, (X"F)<,<y, are ii.d. processes satisfying £(Xi?) = ui, Vt € [0,T).
= Ni Zp;l 6X!” denotes the empirical distribution of (Xi7)1<p<n;,-

Lemma 8.1. Suppose that the conditions either for Theorem 5.2 or Theorem 5.3 are
satisfied. Then, for each population 1 < i < 2, there exists some sequence (€n,)n,>1
that tends to 0 as N; tends to oo and some constant C' such that

sup E[Wg(ﬁi,uif] < Cey, .

te[0,7
Furthermore, when piy € P.(R?) with r > 4, we have an explicit estimate

€x. = N2/ maxdA) () (N Lay)

Proof. It is the direct result of Lemma 6.1 and Lemma 7.1. ]

We introduce the following assumptions.

Assumption 8.2. (MFTC-MFG-FA-a) On top of Assumption (MFTC-a)
for the coefficients (b1, 01, f1,91) and Assumption (MFG-a) for the coefficients
(ba, 02, f2, g2), either T or (A7|bi2||e)i<i<2 is small enough to satisfy the condi-
tions for Theorem 5.2 or Theorem 5.3. Moreover, the coefficients (by, o1, f1,g1) sat-

isfy (MFTC-FA-a) (A1-A2), and (by, 09, f2, g2) satisfy (MFG-FA) (A1-A2).
Assumption 8.3. (MFTC-MFG-FA-b) On top of Assumption (MFTC-MFG-

FA-a), the coefficients by g and 09y are independent of the second measure argument,
Le. (oo, 020)(L, 1, ) = (ba0, 02,0) (¢, ).

For 1 <i,57 <2 j+#1i,1<p<N,, weintroduce the state processes
dX = - b (t Xt7paﬁt7 Mt? Az’p>dt + Jl(t Xt’p7m7:ut)th ,p)
for t € [0,T] with Xg¥ = &7



M. Fujii / Probabilistic Approach to Mean Field Games ... 45

Here, 11t := A Z xiP denotes the empirical distribution and
de = al(t X 7pv:utnut»ul(t X pa:ut)) )
OAétzp = OAv/2<ta Xt27p> ,ufv M%a uQ(ta thjp)) :

Under Assumption (MFTC-MFG-FA-a), it is an (N;+/N3)-dimensional Lipschitz
SDE and hence is well-defined. The corresponding cost functional for any agent p
in the first population is given by

T
JlNl’N2(&L(N1)7&27(N2)) = E[/ fl(th ’p)ﬂz}7ﬁfaat7p)dt+gl<XT’p7ﬁ%ﬂuﬁ%“)j| )
0

and the for the agent ¢ in the second population,

T
Ty (@), gt ¢:E[/ Polt, X2 8, it 63 )t + g2 (X3, 7 i) |
0

We also introduce the optimal cost functionals in the mean field setup:

1 :—E / fl t Xt 7”1&7[’6?7@1}@)6#+91(X;p7u;’u%)] ’

Jg = E / f2 t Xt 7Mt7#;>d?,q)dt+g2(i%qalu%nu’:lf):| :

Remark 8.4. Under the given control strategy, the value of Ji is independent of q.
However, since each agent in the second population can choose his/her own strategy
in general, we need to specify the agent when we discuss the approximate Nash
equilibrium later. This is why we keep the index ¢ in the cost functional.

Lemma 8.5. Under Assumption (MFTC-MFG-FA-a), for any N1, Ny € N and
1 < g < Ny, there exists some constant C independent of( )2, such that,

’JlNl’NQ(OAtl’(Nl), dQ’(N2)) - J1| < CZENju

[N (&, &) J"|<026N

where ey, is the one given in Lemma 8.1.

Proof. As in the last two sections, we can show, by the same arguments,
2 2

2
E[sup [X;" = X;*[P] <C)  sup E[Wa(iij, 1)’] <C )Y ey,
i—1  teloT] i—1 t€[0.T)] -

and E[sup,cp 1 |Xti’p|2} +E [sup;cjo.r |Xi’p|2] < C. Thus the convergence of the cost

functionals is the direct result of Lemma 6.3 and Lemma 7.5. ]

8.2. Approximate Nash equilibrium

We now consider the general state dynamics for the agents 1 <i,5 <2, j # 1,
AU = by(t, UP, o, 7], B,P)dt + o(t, ULP 00, 7)) dW)P 1< p < N,
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with t € [0, T], Us? = € and 8 € H? is an A;-valued F-progressively measurable
process. For the first population, we impose the condition that (€7, 3'?, W), . <,
is exchangeable. As usual, 7! := Ni Z;V:il 6Ut¢,p denotes the empirical distribution.

We shall investigate the following two situations:

Setup-1: The agents in the first population adopt the general exchangeable strategy
(B"")1<p<n, and the agents in the second population adopt, for any ¢ € [0, 77,

BT = Gy (t, UP, 12, ik, ug (8, UP)) )1 < g < Ny

Setup-2: The first agent in the second population adopts the general strategy 8%
and the remaining agents in the second population as well as the agents in the first
population adopt, for any t € [0, T,

5t7p & (t U17p7:uta:ut7u1(t ULp?:ut)) 71 Sp S N17
/Btg = d2(t7 Ut 7q7ﬂ?7/1ﬁ}7u2(t7 Ut ,(1)) 72 S q S N2 .

The cost functional for any agent in the first population in Setup-1 is given by

T
J1]V17N2(131,(N1)7d27(N2)) :E[/ fl(ta 1p v%avgv t )dt+gl(UT 77/%7”%)]
0

with an arbitrary 1 < p < N;. On the other hand, the cost functional for the first
agent in the second population in Setup-2 is given by

TN (g2L G2V G LN / Lt UP 72,70, PNt + g2(UP, PQTJIT)} :

The main result of this section is as follows.

Theorem 8.6. Under Assumption (MFTC-MFG-FA-b) with sufficiently large
(N;)Z,, the feedback control functions

([0, T] x R > (t,x) = Galt, @, 47, (1)
for the first population and ([0,T] x R 5 (t,z) — Golt, z, uf, uf, us(t, x))) for the

2 . e ;
second one form an (ZJ 1 €N, )-approzimate Nash equilibrium i.e., there exists some

constant C' independent of (N;)?_, such that

J{Vl,Nz(/Bl,(Nﬂ,dQ,(Ng)) > JINI’N2<d1’(N1 A2 Nz CZEN

under Setup-1, and also that

JN2 N1 (BQ’I,dQ’(NQ)fl,dI’(NI)) > JéVg,Nl, ( 2(N2 A1(N1 0261\[

under Setup-2. In both cases, (eN]. = max(V, ’ENJ))lgng

N|=

Proof. First step: Let us first prove the claim under (setup-1). In contrast to
the assumptions used in Theorem 7.7, the agents in the first population now have
direct interactions with those in the second population in their state processes.
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Applying the result of Proposition 7.6 to the first population, we get

T
TNz (LN Q2(N2)y _ > /\E/ |87 — a7 dt
0

— C(l—i— sup E[|U,}vp—§,}’p
tel0,7

1 T 1
7+ E| / B = ayP i) )ew,
0

T
+E| / (L (6, U7, 00, 7, Y07, 200, B7) — Ha (6 U oy Y00 2,7, B0) )t
0

+ (U T 7 — g (UF P i3]

where (Y, Z'P) is defined in the same way as (56). Since (by,03) are inde-
pendent from the second measure argument, it is straightforward to confirm that
E [sup;cpo.r \Uf’qﬂ < C for any g. Then we get

E[Supte[O,T] |Ut17p’2} < C<1 + ||ﬁ1’p”%ﬂ2)

for any p. Moreover, it is immediate to obtain, for any ¢,

El sup [U — X7°] < C sup E[Wa(p?,pf)?] < Cey, .
t€[0,7) t€[0,T]

In particular, this also implies sup;co E[Wa(7, uf)?] < Ce,. Since, for any p,

t 2
E[sup [U}? - X{7°] < CE / 1027 = X924+ 3 Wa(w, )2 + |BY7 — Gt

s€[0,t]

2] ds
we get, from the last estimate and the triangle inequality,

2
B[ sup (077 = X} < (3o, + 118" ~ a7l
j=1

te[0,7)

By the standard calculation, we see
T
‘E[/ (Hi (6. U7 73 7, Y07 207 By7) = Ha (6 UL 7 g Y7 207, B 7)) it
0
Lp —1 — 1Lp —
+ (U 7 T8) = 1 (U}, Th, 1)

2 1 T
<C(1+ sw B[0P+ Y0P +E[/ (12
=1 0

te[0,7)

Ja’)

418"

1
x sup E[Ws(77, 1f)?]* < C(1+ |67 |u2)en, -
te[0,7)
Since ||&"?||g2 < C, we get

2

JNON (LD G220y 1> |8 — 61|12, — C<1 +118" - QMHHZ) PILY

2 2
> ()\ — CZENg)HﬁLp _Ql’pH]%I? — ngNj'
j=1 j=1

J=1
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Now Lemma 8.5 gives the desired estimate.

Second step: Let us now prove the claim under Setup-2. By putting ¢ = 2 and
j = 1, all of the arguments in the proof for Theorem 6.6 work as they are. In
fact, due to the independence of (b, 09) from the second measure argument, some
of the estimates become slightly simpler. In particular, (53) and (54) hold with
(i =2,7 =1). The estimate (55) is now given by

E[ sup (U7 = T,"[7 < C(1L+][8*w)ems
t€[0,7]
without the term ey,. The estimate for |.J; """ (3%, &> g b)) 7;(62’1)\
is given by exactly the same formula as in the third step of the proof for Theorem 6.6
with (¢ = 2,7 = 1). Now, combining the result in Lemma 8.5, we get the desired
estimate. 0

Remark 8.7. We have investigated the approximate Nash equilibrium in the closed
loop framework. The analysis for the open loop framework can be done in a quite
similar manner as explained in Remark 6.5. Generalization to an arbitrary number
of populations 1 <7 < m can be done straightforwardly, but the direct interactions
in the state processes must be carefully arranged. The empirical distribution of
the state of the agents who are in a cooperative population must not appear in the
coefficients of the state process of the agents in any other populations. The empirical
distribution can appear only in the control strategies, which is indirectly induced
by the interactions in the cost functions. On the other hand, the distribution of the
state of the agents who are in a non-cooperative population can directly appear in
the coefficients of the state processes of the agents in any populations.

9. Conclusion and Discussion

In this work, we have systematically investigated mean field games and mean field
type control problems with multiple populations for three different situations:

(i) every agent is non-cooperative,
(ii) the agents within each population are cooperative, and
(iii) the agents in some populations are cooperative but not in the other populations.

The relevant adjoint equations were shown to be given in terms of a coupled system
of forward-backward stochastic differential equations of McKean-Vlasov type. In
each case, we have provided several sets of sufficient conditions for the existence of
an equilibrium, in particular the one which allows the cost functions of quadratic
growth both in the state variable as well as in its distribution so that it is applicable
to some of the popular setups of linear quadratic problems. In the second half
of the paper, under additional assumptions, we have proved that each solution to
the mean field problems solved in the first half of the paper actually provides an
approximate Nash equilibrium for the corresponding game with a large but finite
number of agents.

As future works, we may study similar problems by adopting HJB type approach
using so-called quadratic growth BSDEs as in [15], where the backward component
directly represents the value function. Although we need the boundedness of the
coefficients and the non-degeneracy for the diffusion function, the resultant boun-



M. Fujii / Probabilistic Approach to Mean Field Games ... 49

dedness of the solution to the BSDEs will make the analysis simpler. When each
agent is subject to independent random Poisson measure, we may use the recent
developments of the quadratic growth BSDEs with jumps such as in [34, 44, 55].

Finally, developing an efficient numerical method for mean field games and mean
field type control problems remains as a very important issue. For a general problem,
due to its infinite dimensionality, machine learning techniques (such as in [27]) are
promising candidates. If the problem can be approximated by a linear quadratic
setup, its solution may help to accelerate the speed of convergence for the learning
process in the spirit of the work [37].

A. Proof for Proposition 7.6

In the following, we use the Landau notation O(-) in the sense that |O(x)| < C|x|
with some constant C' independent of the population sizes (N1, Na). Let us define
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A.1. Estimate for 7,7

Consider the difference
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The last estimate is from the law of large numbers with the finite second moment of

0,gi-term and the independence of (X )1<q< ~,. Taking the average in p, we get,
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where 6 is a random variable on (ﬁ,j-: , I?Pi’) with uniform distribution on the set
{1,---,N;}. Using Lemma 7.1 and the Lipschitz property of 0,¢; with respect to
the first measure argument, we get

1 i
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Using the fact that the conditional law of U} (respectively X 329) under P is given by
the empirical distribution 74 (respectively p! ), the convexity in (MFTC-a) (A6)
implies
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A.2. Estimate for T}

Using Ito formula to evaluate E[(Uy” — X3, YP)], we can rewrite 77" as
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We also get by a similar calculation that
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By the same arguments used in (59), we get
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Using the optimality condition, exchangeability, and the results from above, we get
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A.3.
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Final Step

By exchangeability, we have
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This gives the desired result.
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