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1. Introduction

Mean field games in which players’ states belong to a finite space were first studied in Gomes et al. [21]. The
dynamics of each player’s state is modeled as a continuous-time Markov chain whose transition rate matrix
is a function of the player’s control and the probability distribution of all the players’ states. By assuming that
each player adopts a Markovian strategy, the Nash equilibrium can be characterized by the Hamilton—
Jacobi-Bellman equation corresponding to the optimal control of continuous-time Markov chains on the one
hand and, on the other hand, a Kolmogorov equation on how the probability distribution of the players’ states
evolves. Because of the finite nature of the state space, both equations turn out to be ordinary differential
equations, and the existence of the solution to this forward-backward system can be obtained by a fixed point
argument. Basna et al. [1] study finite state mean field games in which the underlying dynamics follow a time-
inhomogeneous nonlinear Feller process. Theoretical aspects of finite state mean field games with major and
minor players are investigated in Carmona and Wang [8] in which the existence of Nash equilibria and results
on approximate Nash equilibrium for a finite player game of small duration are obtained along with the
master equation characterizing the Nash equilibrium. Cecchin and Pelino [11] and Bayraktar and Cohen [2]
study the well-posedness and regularity of the solutions to a master equation of finite state mean field games.
Continuous-time finite state mean field games are used to model socioeconomic phenomena, such as paradigm
shift in a scientific community and consumer choice in Gomes et al. [22]. In Kolokoltsov and Bensoussan [26],
the strategic aspect of cyberattack and defense is analyzed through a finite state mean field game model, in
which the author introduces a major player—the hacker—whose action influences each minor player—the
computer user—in terms of their payoff and dynamics.

In this paper, we develop a probabilistic framework for a continuous-time finite state mean field game.
Our starting point is a semimartingale representation of continuous-time Markov chains introduced in Elliott
et al. [16]: Let (X})o<;<r be a continuous-time Markov chain with m states that are identified with the m
standard basis vectors in R and then we can write

Xy =Xo+ / Q*(t) . Xt_dt + M,.
(0,t]

Here, Q(t) is the transition rate matrix (also known as the Q-matrix) with Q*(t) being its transpose, and M is a
martingale. We immediately notice the analogy with diffusion processes and apply the Girsanov theorem to
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construct equivalent probability measures under which the process X admits a different transition rate process.
This opens a pathway to formulating the optimal control problem of a continuous-time Markov chain in a so-
called weak formulation. Indeed, in the context of optimal control of diffusion processes, the weak formulation
links the control of the drift to the control of the probability measure (as opposed to the control of the path)
and identifies the value function of the control problem as the solution to a backward stochastic differential
equation (BSDE). By the comparison principle of the theory of BSDEs, the optimality of the control problem
can be obtained by optimizing the driver of the BSDE, which coincides with the Hamiltonian function (see
Carmona [5, chapter 4, section 1]). It turns out that such a procedure can be transplanted to the case of optimal
control of continuous-time Markov chains, thanks to the theory of BSDEs driven by Markov chains developed
in Cohen and Elliott [12, 13].

Once the optimal control problem can be characterized by a BSDE, the next step is to develop a probabilistic
approach to mean field games. The probabilistic approach to mean field games based on diffusion processes is
first proposed in Carmona and Delarue [6], in which the player optimization problem is treated in the strong
formulation. By applying Pontryagin’s maximum principle, optimality is characterized by a forward-
backward stochastic differential equation (FBSDE). In Carmona and Lacker [7], the authors later consider the
weak formulation of the control of diffusion processes and use the change of measure argument that we briefly
described earlier to obtain the BSDE characterizing the optimality. In both cases, the existence of Nash
equilibria of the mean field game boils down to the well-posedness of a BSDE (or FBSDE) in which the
probability distribution of the solution enters into the driver and the terminal condition of the equation. These
are the so-called McKean—-Vlasov (or mean field) BSDEs (or FBSDESs) for which it was shown that existence of
solutions can be obtained by a fixed-point argument a la Schauder.

By developing the weak formulation, our contributions to finite state mean field games are threefold. First,
the flexibility of the probabilistic approach allows us to incorporate not only the mean field of the states, but
also the mean field of the controls into the dynamics and cost functionals of individual players. Mean field
games in which interactions are realized through both states and controls are sometimes referred to as
extended mean field games. Gomes and Voskanyan [20] study the system of partial differential equations
(PDEs) characterizing an extended mean field game in which the dynamics of players are deterministic.
Cardaliaguet and Lehalle [4] model the optimal liquidation within a crowd of investors as an extended mean
field game and provide a closed-form solution when the investors” preference is characterized by a trade-off
between terminal wealth and quadratic inventory costs. Generally speaking, the analysis of mean field games
of control is known to be notoriously intractable via the PDE method because of the difficulties in deriving the
equation obeyed by the flow of probability measures of the optimal strategies. However, in the probabilistic
framework, the mean field of states and the mean field of controls can be dealt with in similar manners
although the treatment of the mean field of controls is more involved in terms of the topological arguments
needed to handle the appropriate spaces of controls.

Second, using the weak formulation, we are able to nuance the information structures of the agents’
admissible strategies. In the literature of stochastic optimal control and stochastic differential games, ad-
missible controls are traditionally classified into the categories of open- and closed-loop controls. Open-loop
controls are controls adapted to the underlying filtration, which is often generated by the noise processes.
Closed-loop controls, on the other hand, are controls that are adapted to the filtration generated by the history
of the state process. In particular, Markovian controls form a subset of closed-loop controls in which the
players are only allowed to observe their current state. Most of the past work on mean field games considers
open-loop strategies for which the identification the optimal strategies can be tackled by a form of the
Pontryagin maximum principle as in Carmona and Delarue [6] or Markovian strategies via the dynamic
programming principle as in Lasry and Lions [27]. For mean field games with homogeneous populations of
players, the choice of the information structure does not seem to matter. However, when a major player is
introduced into the game, Carmona and Wang [9] show that different information structures lead to different
equilibrium outcomes. Nevertheless, a more flexible information structure is always desirable from a practical
modeling perspective. For finite state mean field games, the existing analytical approach only allows Mar-
kovian strategies. In the weak formulation, which we are about to introduce, the underlying information
structure is generated by the state process itself; therefore, the admissible strategies can accommodate closed-
loop strategies, including the strategies depending on the past history of player’s states.

Finally, the weak formulation we develop for the finite state mean field game serves as a launching pad to
tackle the finite state mean field agent—principal problem. Such a model is a form of Stackelberg game in
which the principal fixes a contract first, and a large population of agents reaches Nash equilibrium according
to the contract proposed by the principal. By fixing a contract, we actually mean that the principal chooses a
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control that enters into each agent’s dynamics and cost functions. One meaningful direction in probing mean
field agent—principal problems is to understand how the principal can choose the optimal contract so that its
own cost function depending on the agent’s distribution is minimized. To the best of our knowledge, this type
of problem is first investigated in Elie et al. [15], in which the agent’s dynamics are a diffusion. The main idea
is to formulate the optimal contract problem as a McKean-Vlasov optimal control problem, in which the state
process to be controlled is the McKean—Vlasov BSDE characterizing the Nash equilibrium in the weak for-
mulation of the mean field game. With the help of the weak formulation we develop in this paper, we believe
that the same technique can be applied to the case of the finite-state mean field agent—principal problem,
which could lead to potential applications in epidemics and cybersecurity.

We would also like to mention a few existing works related to our paper. In Cecchin and Fischer [10], the
authors propose a probabilistic framework for finite-state mean field games in which the dynamics of the
states of the players are given by stochastic differential equations driven by Poisson random measures. By
using Ky Fan’s fixed-point theorem, the authors obtain the existence and uniqueness of the Nash equilibrium
in relaxed open-loop as well as relaxed feedback controls. Then, under additional assumptions that guarantee
the uniqueness of optimal nonrelaxed feedback controls, the authors deduce the existence of Nash equilibria in
nonrelaxed feedback form. In Doncel et al. [14], continuous-time mean field games with finite state space and
finite action space are studied. The authors prove the existence of a Nash equilibrium among relaxed feedback
controls. In Benazzoli et al. [3], the authors investigate mean field games in which each player’s state follows a
jump-diffusion process, and the player controls the sizes of the jumps. The approach is based on the weak
formulation of stochastic control and martingale problems. The existence of Nash equilibrium among relaxed
controls and Markovian controls is established.

The rest of the paper is organized as follows. In Section 2, we introduce the weak formulation of finite-state
mean field games. It is based on a semimartingale representation of continuous-time Markov chains and an
argument of change of measure. We state the assumptions used throughout the paper and give the precise
definition of a Nash equilibrium in the weak formulation. In Section 3, we analyze the optimization problem
of a representative player when it faces a fixed mean field of states and controls. We characterize its value
function and the optimal control using a BSDE driven by a Markov chain. Section 4 is devoted to the existence
of Nash equilibria. The proof is largely inspired by Carmona and Lacker [7], who deal with the diffusion case.
It is split into two steps for the sake of clarity. In the first step, we carefully construct the topological spaces for
the mean fields of states and controls so that we can identify compact sets in these spaces. Extra attention is
required in the case of the mean field of controls, for which we use a randomization technique and a special
topology called the stable topology in order to identify compact subsets. The second step is to define the
function that maps the mean fields to the distribution of individual players” best responses and to show that
such a mapping is continuous and stable with respect to the topology constructed in the first step. After these
two steps, we apply Schauder’s fixed-point theorem to conclude the proof of existence. Section 5 addresses the
uniqueness of Nash equilibria. Finally, in Section 6, we formulate the model for a game with a finite number of
players and show that a Nash equilibrium of the mean field game provides an approximate Nash equilibrium
of the game with finite many players. Section 7, the appendix, contains a few useful results regarding BSDEs
driven by multiple continuous-time Markov chains, which are used throughout the paper.

2. The Weak Formulation for Finite-State Mean Field Games

2.1. Notations

If M is a square real matrix, we denote by M" its transpose and M* its Moore-Penrose pseudo-inverse. For a
column vector x, we denote by diag(x) the square diagonal matrix whose diagonal elements are given by the
entries of x, and we denote by ||x|| the Euclidean norm of x. If y is a random variable on a probability space
(Q, F,P), we denote its law or its distribution, namely the push forward of P by y, by Py, :=Pop~'

For two square integrable martingales L, M, we denote by [L, M] the quadratic covariation process of L
and M. For two semimartingales L and M, we denote by (L, M) the predictable quadratic covariation process
of L and M. For a semimartingale L such that Ly = 0, we denote by (L) the Doléans-Dade exponential of L.
See Protter [29, chapter 11.6] for the definitions of these standard concepts.

2.2. Controlled Probability Measure

For the control of continuous-time finite-state Markov chains, we adopt the formalism first introduced in
Elliott et al. [16] and later developed in Cohen and Elliott [12, 13]. If X = (X})y<<r is a continuous-time Markov
chain with m states, we identify these states with the basis vectors ¢; in R™, and we denote by E the resulting
state space E = {e,...,en}. However, we frequently identify these states with their labels 1,2,...,m for the
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sake of simplicity. We assume that the sample paths t — X; are cddldg, that is, right continuous with left limits
and continuous at T. In other words, we force Xr_ = Xr.

We first construct a canonical probability space for X. Let Q) be the space of cadlag functions from [0, T] to E,
which are continuous at T, and let X be the canonical process on Q, that is, X;(w) := w;. We denote by F :=
(FDiejo,r) with F; := 0{X;, s < t} the natural filtration generated by X, and we set F := Fr. Throughout the rest
of the paper, we fix a probability measure p° on the set E. It is used as the initial distribution of the process X.
On the filtered space (Q,F, F), we consider the probability measure P under which X is a continuous-time
Markov chain with initial distribution p° and transition rates between any two different states equal to one.
This means that, for i,j € {1,...,m}, i # j, and At >0, we have P[Xi,a; = ¢j|F;] = P[Xpar = ¢jX;] and P[ Xy =
¢j|X; = e;] = At +o(At). By Elliott et al. [16, appendix B], the process X has the representation

X, = Xo + Q- X,_ds + M,, (1)
(0,4]

where Q' is the square matrix with diagonal elements all equal to —(m — 1) and off-diagonal elements all equal
to one, and M = (M), is a R™-valued P-martingale. The multiplication - is understood as matrix multi-
plication. Indeed, Q" is the transition rate matrix of X under the probability measure P.

Remark 1. The representation originally proposed in Elliott et al. [16] is

X, = Xo + QY- Xods + M,.
o1

However, because X; is only discontinuous on a countable set, we can replace X; by X;_ in the integral. The
reason for this slight change of representation is to make the integrand a predictable process, which is suitable
for the change-of-measure argument in what follows.

We refer to the probability measure P as the reference measure on the sample space. The first step of the weak
formulation of the mean field game consists of depicting how each player’s control as well as the mean field
determine the probability measure of the sample path. We denote by S the m-dimensional simplex

S:= {p eR™; > pi=1p;i> 0}/
i=1

which we identify with the space of probability distributions on E. Let A be a compact subset of R! from which
the players can choose their controls. Denote by P(A) the space of probability measures on A. We introduce a
function ¢:

[0,T] x{1,...,m}>xAxSxPA) > (t,i,j,a,p,v) > q(ti,j,a,p,v),
and we denote by Q(t, &, p,v) the matrix [q(t,,, @, p, v)]1<;j<n- Throughout the rest of the paper, we make the
following assumption on g:

Assumption 1.

i. For all (t,a,p,v) €[0,T] X AXSxP(A), the matrix Q(t, a,p,v) is a Q-matrix.

ii. There exist constants C1,Co > 0 such that, for all (t,i,j,a,p,v) € [0, T] X E2 X A X S X P(A) such that i # j, we
have 0 < C1 < q(t,i,j,a,p,v) < Ca.

iti. There exists a constant C > 0 such that, for all (t,1,j) € [0, T| X E2, a,&’ € A, p,p’ € S, and v,v' € P(A), we have

lg(t,ij, o, p,v) —q(tij, o, 0’ V) < Cllle — &l + llp = Pl + Wh(v, V).

Here, W; denotes the one-Wasserstein distance between probability measures on A.
Recall that a matrix Q = [Qj] is called a Q-matrix if Q; >0 for i # j and

>1Qi=—Qi, for all i.
j#i

Remark 2. Item (ii) in Assumption 1, which assumes that the transition rate between any two states admits a strictly
positive lower bound, is analog to the nondegeneracy condition in the diffusion-based mean field game models.
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It guarantees that the probability measure Q**") defined in (7) is equivalent to the reference measure P. This
nondegeneracy condition is frequently assumed in the existing literature on finite-state mean field games. See, for
example, Bayraktar and Cohen [2, assumption 3.1] and Cecchin and Pelino [11, section 2.1] in which the control is
the transition rate of the controlled Markov chain and is assumed to have a strictly positive lower bound.

In some applications of continuous-time Markov chain models, it happens that jumps from some states to
others are forbidden, in which case the transition rate function g would satisfy q(t,i,j,a,p,v) =0 for some
couples (i, /). For example, this is the case in the botnet defense model proposed by Kolokoltsov and Ben-
soussan [26] as well as in the extended version of the model that includes an attacker studied in Carmona and
Wang [8]. When that happens, we need to use a different reference probability measure IP: we set the transition
rate to one for all the jumps except for those that are forbidden, for which we set the transition rate to zero.
Fortunately, this is the only modification we need to make in order to accommodate this kind of special case.
The arguments presented in the following can be trivially extended to be compatible with this modified
reference probability.

We state without proof a useful property of the martingale M. The proof of this result can be found in
Cohen and Elliott [12].

Lemma 1. The predictable quadratic variation of the martingale M under P is given by the formula:

M), = [ ", @

where 1y is given by
Py = diag(Q” - X;-) — Q° - diag(X;-) — diag(X;-) - Q°. 3)
If we define for each i the matrix ¢’ by
Y’ = diag(Q" - ;) — Q° - diag(e;) — diag(e;) - Q°,

then clearly we have 1; = 3", 1(X;- = ¢;)¢. Because each 1’ is a semidefinite positive matrix, so is ¢;. We
define the corresponding (stochastic) seminorm |- ||, on R™ by

ZI%, :=Z" - Z. (4)

The seminorm || - ||y, can be rewritten in a more explicit way. Fori € {1,...,m}, let us define the seminorm || - [|,,
on R by ||Z||§l =7y Z = i 12 — Zi*. Then, it is easy to see that 1Zllx, = X% 1(Xe = D)|Z]],,-

Because ; is symmetric, we have (¢;)" = 1}. Recall that ¢/ is the Moore-Penrose generalized inverse of
the matrix 1;. On the other hand, it is straightforward to verify that, for all t € [0, T] and w € Q, the range of the
matrix ; (i.e., the linear space spanned by the columns of ;) is the space {g € R"; ¥, g; = 0}. Therefore, for
all g€ R" with 3,4, =0, we have -1} -q=¢. This holds in particular for any row vector from any
Q-matrix or any vector of the form (¢; —¢;).

In order for the paper to be as self-contained as possible, we also recall the following version of the Girsanov
theorem on changes of probability measure. See Protter [29, theorem II1.41] or Sokol and Hansen [30,
lemma 4.3].

Lemma 2. Let T >0 and M = (My);sy, L = (L)is be two local martingales defined on [0, T] such that ALy :=L, —
Ly~ > —1. Assume that the Doléans—Dade exponential E(L) of L is a uniformly integrable martingale, and let Q be the
probability measure having Radon—Nikodym derivative E(L)y with respect to P. If the quadratic covariation process [M, L]
is integrable under P, then M — (M, L) is a local martingale under Q, where the predictable quadratic covariation (M, L) is
computed under the measure P.

We now describe how the control of a player and the mean field affect the probability law of X. Let us define
the player’s strategy set A to be the collection of F-predictable processes « = (at)ijor) such that a; € A for
t€[0,T]. Given a flow of probability measures p = (p;)ijor) on E and a flow of probability measures v =
(Vi)efo,r) on A, we define the scalar martingale L@PY) under P by

t
LPY) = /O X7 (Qls s ps,vs) = Q7) -l - dMs. ©®)
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Clearly, its jumps are given by
ALY = X5 (Q(t ar, pry vi) — Q) - ¥ - AX. ©)

One can easily check that ¢f - (¢j — X;_) = "’7’161 - Zi#%ei when X;_ =¢; # ¢;. Therefore, when X;_ =e; #¢; = X},
we have

ALEQ,P,‘/) = X;(-— : (Q(t/ Qat, pt/ vt) - QO) ‘ llbz— . (e] - Xt—)

m—1 1
— ej—Zaekl

k#

= - (Q(f, o, pr, i) = QO) ‘

. 1 .
P -] - )

= q(t, 7, pt, Vt) - qgj
=q(tij,a,pr,vi) = 1,

where the second-to-last equality is because X},(q(t, ik, ay, pt, vi) — qgk) = 0. Therefore, we have ALﬁD"P’v) > —1.
By Protter [29, theorem II1.45] and the remark that follows, in order to show that E(L*P")) is uniformly
integrable, it suffices to show E[exp((L®P"), L*P")),)] < co. This is straightforward because we have

(L@&PY), L(""p"’))T
=[x (Qaupar) - @) v B (e (O aupv) - @) 02 s
-/ X (b i) = @) 92 (@6 o) ~ Q)Xo

The integrand is bounded by some constant by Assumption 1.
We now apply Girsanov’s theorem. It is straightforward to obtain that

MLeey, = [0, 20, (92 (Q" (s ) - @) X
= /ot URERTE (Q*(s, s, Ps, Vs) — QO) - Xs_ds
= /t (Q*(s, s, Ps, Vs) — QO) - X,_ds.
0

In the last equality, we use the fact that (Q(s, as, ps, vs) — Q%) - X, is the difference between two row vectors
coming from Q-matrices, and therefore, it is left invariant by s -1f. We define the probability measure
QP by

d ((X,P,V)
QdIP = E(LWPY) 7)

By Lemma 2, we know that the process M*P"), defined as

t
MEP = M — /0 (Q(s, s, py vs) = Q) - Xodls, ®

is a Q(""P"’)—martingale. Therefore, the canonical decomposition (1) of X under P can be rewritten as
¢
X; = Xo + / Q* (5, s, ps, vs) - Xoods + M*PY, 9)
0
This means that, under the measure Q*P"), the stochastic intensity rate of X is given by Q(t, &, pi, v¢). In

addition, because Q®P) and P coincides on F, the law of X, under Q®P") js the same as under the reference
measure P, which is p°. In particular, when « is a Markov control, that is, of the form a; = ¢(t, X;_) for some
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measurable function ¢, X becomes a continuous-time Markov chain with intensity rate q(t,1,j, ¢(t, i), pr, vi)
under the measure Q®PY),

Remark 3. In the optimal control literature, admissible controls are often classified into the categories of open- and
closed-loop controls. Open-loop controls are usually referred to as controls adapted to the underlying filtration,
which is often generated by the noise process. Closed-loop controls, on the other hand, are controls that are adapted
to the filtration generated by the history of the state process. In our setup, however, we see that the underlying
filtration is indeed the one generated by the past path of the state process. Therefore, this difference vanishes.

2.3. Weak Formulation of Mean Field Games
Let f:[0,TIXEXAXSXPA) —R and g:EXS — R be, respectively, the running and terminal cost
functions. In the rest of the paper, we make the following assumptions on the regularity of the cost functions.

Assumption 2. There exists a constant C > 0 such that, for all (t,1,j) € [0, T] X E2 a,a €A, p,p €S andv,v' € P(A),
we have

If(tei,a,p,v) —f(tei, o, p' V) < Cllla = & + lIp — Pl + Wa(v, V), (10)
g(ei p) — gleip’)l < Cllp = p'll. (11)

When a player chooses a strategy « € A and the mean field is (p,v), the player’s expected cost is

T
J(a,p,v) == FQe >[/ F(t, Xe, ap, pr,vi)dt + g(Xr, pr) |- (12)
0
Each player aims at minimizing expected cost, that is, the player solves the optimization problem
T
V(p,v) = ;l’el‘g DR [/ f(t Xs, o, pr,vie)dt + g(Xr, pT)]. (13)
0

The key idea of the theory of mean field games lies in the limit scenario of infinitely many players in the game,
in which a single player’s strategy a does not alter the mean field (p, v). Therefore, when a player searches for
the best response to the other players, the player solves the player’s own optimization problem considering
(p,v) as given. A Nash equilibrium is then achieved when the law of X; under the player-controlled
probability law, along with the distribution of its control under the same probability law, coincide with
(p,v). Intuitively, the Nash equilibrium should be for a game played by a typical individual against the fields
of states and controls created by the other players. This justifies the following definition of a Nash equilibrium
for the weak formulation of finite-state mean field games.

Definition 1. Let p* : [0, T] — S and v* : [0, T] — P(A) be two measurable functions, and a* € A. We say that the
tuple (a*, p*,v*) is a Nash equilibrium for the weak formulation of the mean field game if
i. a® minimizes the cost when the mean field is given by (p*,v*):

o T
o €arg inf EQ“" )[/ f(& Xe, o, pf, vi)dt + g(Xr, p7) |- (14)
c 0
ii. (o, p*,v*) satisfies the consistency conditions whereby, for each time t € [0, T], it holds:
P y y
Pf — {Q(a*/p*/w)[xt - ei]}izl,...,m’ (15)
V=g, (16)

3. Individual Players Optimization Problem
Before introducing and solving the individual player optimization problem, we provide the necessary
background on stochastic equations based on continuous-time Markov chains.

3.1. BSDE Driven by a Continuous-Time Markov Chain
We first recall some of the results on BSDEs driven by continuous-time Markov chains obtained in Cohen and
Elliott [12, 13]. Recall that M is the P-martingale in the canonical decomposition of the Markov chain X in (1).
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We consider the following BSDE with unknown (Y, Z), where Y is an adapted and cadlag process in R and Z is
an adapted and left-continuous process in R™:

T T
Y, =&+ / F(w,s,Ys, Zs)ds — / Z: - dM,. (17)
t t

Here, & is a Fr-measurable P-square integrable random variable, and F is the driver function, assumed to be
such that the process t — F(w, t,y,z) is predictable for all y,z.

Recalling the definition (4) of the stochastic seminorm |||y, we have the following existence and
uniqueness result. See Cohen and Elliott [13, theorem 1.1].

Lemma 3. Assume that there exists C > 0 such that dt ® dP—a.s., for all y,y’ € R and z,z’ € R™, we have
|F(w/ t/y/z) - F(w/ t/]/IrZI)| < C(l]/ - ]/I| + ”Z - Z/HX,,)‘
Then, the BSDE (17) admits a solution (Y,Z) satisfying

T
1{«:[ / Y [2dt
0

In addition, the solution is unique in the sense that, 1f (Y1 Z') and (Y?,Z?) are two solutions, then Y' and Y? are
indistinguishable, and we have E fo 1z} — Z3II%,_dt] =

We also have the following stability property, which can be proven by mimicking the argument used in the
proof of Hu and Peng [23, theorem 2.1].

Lemmad. Forn > 0, let (Y", Z") be the solution to the BSDE (17) with driver F" and terminal condition &". Assume that, for
each n, F* satisfies the Lipschitz continuity assumption in Lemma 3 with the same constant. In addition, assume that the
following conditions hold:

i limy, e E[|E" — &P =

ii. For each t <T, 11m,Ho<, E[(f IF"(w,s,Y?,7%) — F(w,s, Y°, Z0)|ds)*] = 0

iii. There exists C > 0 such that E[(/t (F'(w,s, Y, 7% — Fo(w,s, Y?,7%)ds)*] < C for all t <T and n > 0.

Then, we have

< +o00.

T
<+oo, and JE[ / \ZIR, dt
0

T
lim ]E[ / 122 — Z0IR,_ds| + E[[Y} - YOP] = 0
t

n—+0co

Finally, we state a crucial comparison result for linear BSDEs. See Cohen and Elliott [13, theorem 3.16].

Lemma 5. Let y be a bounded predictable process in R™, B a bounded predictable process in R, & a nonnegative predictable
process in R such that E[ f |p,[*dt] < +o0, and & a nonnegative square-integrable F r-measurable random variable in R, and
let us assume that (Y,Z) solves the linear BSDE:

T T
=&+ / (¢, + BuYu + Vi - Zu)du — / Z - dM,. (18)
t t

If, for all t € (0, T] and j such that €} - Q- Xi- > 0, we have 1 +y} - ¢f - (e — Xi-) > 0, where ] is the Moore—Penrose
inverse of the matrix ; defined in Equation (3), then Y is nonnegative.

Later, in the treatment of games with finitely many players, we need to consider BSDEs driven by multiple
independent continuous-time Markov chains. It turns out that all the preceding results regarding BSDEs
driven by one single continuous-time Markov chain can be easily extended to this more general setting. For
the sake of completeness, we state and prove these results in the appendix.

3.2. Hamiltonian
We define the Hamiltonian for the optimization problem of the individual player as the function H from
[0, T] X EXR" X AXxSxP(A) into R by

H(t,x,z,a,p,v) =f(t, x,a,p,v) +x* - (Q(t, a, p,v) — QO) -z (19)
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Because the process X takes values in the set {ej,...,e,}, it is more convenient to consider m Hamiltonian
functions H; defined for i =1,---,m by Hi(t,z, a,p,v) := H(t,e;,z, a,p,v). Clearly, we have

Hi(t,z, o, p,v) = f(t, e, a,p,v) + D (27— 2i) (q(t i j, v p,v) = 1). (20)
7

We denote by H; the corresponding minimized Hamiltonian:

Hi(t,z, pv) = ir;gH,-(t, z,a,p,v),

and to show the existence of Nash equilibria, we make the following assumption on the minimizer of the
Hamiltonian.

Assumption 3.

i. Forany te[0,T],ie{l,...,m}, zeR", pe S, and v € P(A), the mapping o« — H;(t,z, o, p,v) admits a unique
minimizer that does not depend on the mean field of control v. We denote the minimizer by a(t,z, p).

ii. a; is measurable on [0, T] X R™ X S, and there exist constants C1 > 0 and C, > 0 such that, for all i € {1,...,m},
z,z’ € R", p,p’ €S:

lla:(t,z, p) = ai(t, ', p')Il < Cillz = Z'll,, + (C1 + Callzll,,)lIp = /Il (21)

Remark 4. For the sake of convenience, we choose to make the assumption directly on the uniqueness and the
regularity of the minimizer of the Hamiltonian. One possible way to make sure Assumption 3 holds is to assume
strong convexity of the running cost function f and let the control be the transition rate. This is the set up in Gomes
et al. [21], in which the Hamiltonian H; can be regarded as the generalized Legendre transform of the running cost
function, and one can show that 4; is Lipschitz with a uniform Lipschitz constant (see Gomes et al. [21, propo-
sition 1]). More generally, Assumption 3 holds with a transition rate function that is linear on the control. We state a
set of assumptions with a strongly convex cost function and linear transition rate function upholding Assumption 3:

Assumption 4.

i. A is a convex and compact subset of R.

ii. The transition rate function q takes the form q(t,i,j,a,p,v) = qot,i,j,p,v) +qi(t,1,j,p) - @, where qo: [0, T] X
{1+, mPxSxPA) > Rand q1 :[0,T] x{1,---,m}* xS — R! are two continuous mappings.

iii. The running cost function f is of the form f(t,x, o, p,v) = fo(t, x, a, p) + f(t, x, p,v), where, for each i € {1,...,m},
the mapping fo(-,e;,-,-) (respectively, fi(-,e;,-,-)) is continuous on [0,T] X AX P ([0,T] x S X P(A)).

iv. For all (t,e;,p) € [0,T] X EX S, the mapping a — fo(t,e;, a,p) is once continuously differentiable, and there
exists a constant C > 0 such that

”Va fo(t/eir a/p) - va _ﬁ)(t/ei/ a/p,)“ < C”p - p,H (22)
v. fo is y-uniformly convex in «; that is, for all (t,e;,p) € [0,T]| XE XS and o, o’ € A, we have
fO(t/ i, a/P) _fO(t/ €, 0(,/77) - (a - 0(,) ' va’fo(t/ €, arp) 2 V”CV’ - aHz' (23)

We define the functions [ and @ by

H(t,x,z,p,v) = >, Lx = e)Hi(t, z,p,v), (24)
P

a(t,x,z,p) = > Lx = e)(t, z, p).- (25)
i=1

From item (i) of Assumption 3 and the definition of the reduced Hamiltonian H;, it is clear that a(t, x, z, p) is the
unique minimizer of the mapping o — H(t, x,z,a,p,v), and the minimum equals I:I(t, x,z,p,v). In addition,
from Assumptions 1-3 and the definition of the stochastic seminorm Il [lx,_, it is easy to deduce the regularity
of the mappings H and 4.

In the rest of Section 3, we let Assumptions 1-3 hold.
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Lemma6. There exists a constant C > 0 such that, forall (w,t) € QX (0, T], p,p’ € S,v,v' € P(A),and z,z’ € R™, we have

A (t, X, z,p,v) = H(t, Xeo, 2, ", V') < Cllz = 2|l + C(1+ [lzll, ) (Il = P/l + Wa(v,v), (26)
|a(t/ Xt—/ z, P) - a(tl Xf—/ Z’/ P/)l < C”Z - Z/HX,_ + C(l + ||Z||Xt_)||p - PI” (27)
Proof. Inequality (27) is an easy consequence of Assumption 3 and the definition of the stochastic seminorm || - lx, .
We now deal with the regularity of H. By Berge’s maximum theorem, the continuity of H; and the compactness of A
imply the continuity of H;. Let z,z/ e R", p,p’ € S, and v,v' € P(A). For any a € A, we have
I:I,»(t, z,p,v) —Hi(t, 2, a,p", V)
< H(t,z,a,p,v) - Hi(t, 2/, o, p’ V')
=f(te,a,pv)—f(te,ap,vV)+ ;[(Z] —-zi) — (z]' - Z,’-)]q(t, ija,p,v)
JFi
+ ;(zf =zi)laolt:ijopv) = qolt i jiop' V)| + g =z (o p) = (i p)] @
j#i
< Cllz = Z'll, + C(1 +[lzll, ) (lp = p'll + Wi (v, 1)),

where we used the Lipschitz property of f and g and the boundedness of A and 4. Because the preceding is true
for all @ € A, taking the supremum of the left-hand side, we obtain

I:L-(t, z,p,v) - Hi(t,z',p’,v') <Cllz—=2'll,, + C(1 +lzll,) (Ilp = p'll + Wa(v,v")).
Exchanging the roles of z and z’, we obtain
\Hi(t,z, p,v) = Hi(t, 2,0’ V') < Cllz = ZIl,, + C(L+|IzIL,) (Ip = p'll + Wa(v, "),
and (26) follows immediately from the definition of the seminorm |[[-|y,_. ©
3.3. Player’s Optimization Problem
In this section, we show that the optimization problem of the player facing a given mean field of states and

controls can be characterized by a BSDE driven by the continuous-time Markov chain X. Let us fix measurable
flows p:[0,T] = S and v: [0, T] — P(A), an admissible strategy « € A, and let us consider the BSDE:

T T
Y, = g(XT/ PT) + / H(S/ X5, Zs, s, Ps, Vs)ds - / Z: - dM. (28)
t t

Lemma 7. The BSDE (28) admits a unique solution (Y, Z) and J(e, p,v) = EF[Yy].

Proof. From the boundedness of the transition rate function g guaranteed by Assumption 1, it is easy to check that
the driver function H of the BSDE (28) is Lipschitz in z with respect to the seminorm || - ||, . Therefore, by Lemma 3,
it admits a unique solution (Y, Z). Moreover, we have

. T
Yo = g(Xr, pr) +./0 H(t, X;-, Zt,at/PtIVS)dt_/O Z;-dM,

T

T
= g(XT/ pT) + ‘/O‘ f(t/ Xt—/ Qag, Pt/ Vf)dt - ‘/0 Zf : (th - (Q*(t/ Qat, Pt/ Vt) - QO) : Xt—dt)

T

T
= 8(Xr,pr) + /O F(t Xie, ap, pr,vi)dt — /0 ZF - dMe P,

Because M(@P¥) is a martingale under the measure Q*P"), we take expectation under Q*P*) and obtain
J(a, p,v) = E2*"[Y;]. Now, because Yy is Fo-measurable, and Q@®P") coincides with P on Fy, we obtain
](arp/ V) = EP[YO] ]

Now, we consider the following BSDE:
T . T
Vi=g(Xnpr)+ [ B X Zopovis— [ Z0-dm, (29)
t t

and we show that it characterizes the optimality of the control problem (13).
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Proposition 1. For any measurable function p from [0,T] to S and any measurable function v from [0, T] to P(A), the
BSDE (29) admits a unique solution (Y, Z). The value function of the optimal control problem (13) is given by V(p,v) =
EF[Yo] and the process &P defined by

A(P = (t Xi-, Z4, Pt) (30)
is an optimal control. In addition, if o’ € A is an optimal control, we have a; = &Ep’v), At dP a.e.

Proof. The existence and uniqueness of the solution to (29) is easily verified by using the Lipschitz property of [
provided by Lemma 6. Let (Y, Z) be this unique solution and define the process & by &; := a(t, X;_, Z;, p;). Recall the
definition of 4 in Equation (25). We have

@(f/ Xt—/Ztrpt Z L(Xs- =e))a; (f Zt,Pt (Z 1(t Zt/pt )

i=1

Because 4; is measurable for each i € E, we see that 4 is a measurable mapping from [0, T] x R” x R" X S to A.
Because both the processes t — X;_ and Z are predictable, we conclude that & is a predictable process and,
therefore, an admissible control.

Now, let us fix an arbitrary admissible control & € A and denote by (Y%, Z%) the solution of the corresponding
BSDE (28) and by (Y, Z) the unique solution of

T T
Y, = / H(s, Xs-, Zs, &s, ps, vs)ds — / Z7 - dMs. (31)
t t

Setting AY := Y* — Y and AZ := Z* — Z and computing the difference of the two BSDEs, we notice that AY and
AZ solve the following BSDE:

' T
AY; = / [H(S/ Xs—/Z;X/ (XSIpSrVS) _H(S, XS—IZS/&S/ps, Vs)]ds — / AZ: . dMs
t t
We can further decompose the driver of the preceding BSDE as

H(Sr XS—/ Z;X/ s, Ps, Vs) - H(S/ Xs—/ ZSI &sz Ps, Vs)
= H(S/ XS—/ Z?/ Qas, Ps/ VS) - H(S/ XS—/ ZS/ as, Ps/ VS) + H(S/ XS—/ ZS/ as, Ps/ VS) - H(S/ XS—/ ZS/ &S/ Ps/ VS)

= [H(S/ Xs—rZs, aS/PS/ Vs) - H(S/ XS—IZS/ OA(SIPS/ VS)] + X;i : (Q(S/ QS/pSIVS) - QO) : AZ

Define the processes ¢ and y by ¢y :=H(t, X, Zi, ar, pr, vi) — H(t, Xi—, Zy, &, pr, ve) and y; == (Q*(t, ar, pr, vi)
-Q% - X;_. Therefore, (AY, AZ) appears as the solution to a linear BSDE of the form (18) with ¢ and y defined
previously and f =0. Clearly, ¢ and y are both predictable. Because &; minimizes the Hamiltonian, 3 is
nonnegative. The boundedness of y follows from the boundedness of the transition rate function 4. It remains
to check that 1+ y -/ - (ej — Xi-) > 0.

When X;_ = ¢;, the preceding inequality holds clearly. So we assume that X;_ = ¢; # ¢;. We have ¢ - (¢j — X;-) =
((m —1)/m)e; — Zix(1/m)e;. Therefore, when X;_ = e; # ¢;, we have

Vi v (e = Xim) = Xi - (QUt an, e, vi) = Q°) - 9 - (¢ — Xi-)
- @an ) -0)- (" - Sl

m

m— .. 1 .
== (q(t, i,j, o, pr,vi) — qgj) - %{q(t, ik, ap, pu,vi) — i)

= L](t/ irj/ Qat, pt/ Vt) - Q?,],
where the last equality is because X (q(t, i, k, ay, pi, vi) — qgk) = 0. Therefore, we have

1 + 7/;(- : ll}: : (e] - Xt—) = 1 + Q(t/ i/j/atlptlvt) - qg] = Q(t/ i/j/ at/ptlvt) > O
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By Lemma 5, we conclude that AY is nonnegative, and in particular, Y§ > Y. Because « is an arbitrary
admissible control, in light of Lemma 7, this means that EF[Y(] < infaes J(v, p, v) = V(p, v). Finally, we notice
that Yy is the expected total cost when the control is & We conclude that & is an optimal control
and EF[Yo] = V(p,v).

Now, we show that & is the unique optimal control. Let &’ be another optimal control. We consider the solution
(Y',Z’) to the following BSDE:

T T
Y, = / H(s, Xs-, Z, &, ps, vs)ds — / (22)"-d M. (32)
t t

Because o is optimal, we have EF[Y}] = J(&/, p,v) = V(p,v) = EF[Y,]. Now, taking the difference of the BSDE
(31) and (32), we obtain

Yo-Y) = /O "[H(E Xoe Zo s o) = H{E Xecs ZLo i oy vi) = /0 (2 -z dm,

= [ @l v) = @) 2= X1 Qi) - Q) Zi
+ /O T[ F(t, Xie, &, prve) = £ (8, X, G, pr, ve) Jdt — /O T(zt - Z))"dM,

= [ L6 X i) = 6 Xem i) 4 X Qe i) = Qi) Z
B /OT(Zt = Z)) (M = (Q7(t o, pry i) = Q°) - Xidlt]

- /O T[H(t, Xi-, Zt, &, pi,vi) — H(t, Xoo, Zs, &, pr, vi) |dt — /O T(zt ~ Z)*dM PV,

Taking Q®P") expectations and using the fact that QP") coincides with P in F,, we get
0= EP[Yy - Y} = B¢ v, - V)

= ]EQ(a’/p,V) [/ [H(t, Xt—,Zt, OAft,Pt/ Vt) - H(t, Xt_,Zt, a;,pt, Vt)]dt < 0,

0

where the last inequality is because &; minimizes the Hamiltonian. In fact, we have &; = o], dt ® dQ PY) g e. If
we assume otherwise, the last inequality would be strict because the minimizer of the Hamiltonian is unique
by Assumption 3. Because P is equivalent to Q*P"), we have & = a], dt®dP a.e. O

4. Existence of Nash Equilibria
We state the main result of this section:

Theorem 1. Under Assumptions 1-3, there exists a Nash equilibrium (a*, p*, v¥) for the weak formulation of the
finite-state mean field game in the sense of Definition 1.

The rest of this section is devoted to the proof of Theorem 1. As in the case of diffusion-based mean field
games, we rely on a fixed-point argument to show existence of Nash equilibria. We start from a measurable
function p:[0,T] = S and a measurable function v:[0,T] — P(A), where we recall that S is the m-di-
mensional simplex, which we identify with the space of probability measures on E, and P(A) is the space of
probability measures on A. We then solve the BSDE (29) and obtain the solution (YP"), Z®")) as well as the
optimal control &P given by (30). Finally, we compute the probablhty measure QPY) := Q@& PY) as defined
in (7) and consider the push-forward measures of Q(P ) by (X, a(P ). Clearly, we 1dent1fy a Nash equilibrium

if we find a fixed point for the mapping (p,v) — Q#}(’; s

In practice, however, the implementation of the aforementioned fixed-point argument is prone to several
difficulties. The foremost challenge lies in the lack of results allowing us to identify compact subsets of the
spaces of measurable functions from [0, T] to S or P(A). This makes it difficult to apply Schauder’s theorem or
similar versions of fixed-point theorems. For this reason, we resort to different descriptions of the mean field
for the state and the control. For the mean field of the state, because we have assumed from the very beginning
that X is a cadlag process, we directly deal with its probability law on the space D of all cadlag functions from
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[0,T] to E = {ey, ..., en} endowed with the Skorokhod topology. The space of probability measures on D and its
topological properties have been studied thoroughly (see Jacod and Shiryaev [25] for a detailed account),
and a simple criterion for compactness is available.

Unfortunately, resolving the corresponding issue for the control is more involved. Here, we adopt the
technique based on the stable topology used in Carmona and Lacker [7]. Indeed, a measurable mapping from
[0,T] to P(A) can be viewed as a random variable defined on the space ([0, T], B([0, T]), £) taking values in
P(A). Here, B([0,T]) is the Borel o-field of [0,T], £ is the uniform probability measure on [0, T] and P(A) is
endowed with the Wasserstein-one distance. To obtain compactness, the idea is to use randomization. We
consider the space of probability measures on [0,T] x P(A), denoted by P([0,T] X P(A)). Then, for each
measurable mapping v from [0,T] to P(A), we consider the measure 1 on [0,T] X P(A) given by
n(dt, dm) := L(dt) X o,,(dm), where 6 is the Dirac measure. We may endow the space P([0, T] x P(A)) with the
so-called stable topology introduced in Jacod and Mémin [24], for which convenient results on compactness
are readily available.

In the following, we detail the steps that lead to the existence of Nash equilibria. We start by specifying the
topology we use for the space of mean fields on the state as well as the control. We then properly define the
mapping compatible with the definition of Nash equilibrium, we show its continuity, and construct a stable
compact. Once these ingredients are in place, we apply Schauder’s fixed-point theorem to conclude.

In the rest of Section 4, we let Assumptions 1-3 hold.

4.1. Topology for the Space of Mean Fields
We first consider the mean field for the state by endowing the state space E := {ej,...,e,} with the discrete
metric de(x,y) := L(x # y). Clearly, (E,dg) is a Polish space. Then, the Skorokhod space

D :={x:[0,T] — E,x is cadlag and left continuous on T} (33)

is endowed with the J1 metric:

dp(x,y) = inf maX{Stljjl? A ~ ] suply(A(1) ~ x<t>|}, (34)

where A is the set of all strictly increasing, continuous bijections from [0, T] to itself. It can be proved that dp
is a metric on D and the metric space (D, dp) is a Polish space. Let us denote by P the collection of probability
measures on (D, dp) endowed with the weak topology. Recall that the reference measure P is an element of P.
Let Py be the subset of P defined by

Py = { :Z% =L, with E°[L?] < Co}. (35)

Here, Cy is a constant that we specify later (see the proof of Proposition 4). We have the following result:

Proposition 2. The set Py is convex and relatively compact in P.

Proof. The convexity of Py is trivial. Let us show that Py is relatively compact. We proceed in three steps.

Step 1. For K € N and 6 > 0, we define D k as the collection of paths in D that meet the following criteria: (a) the
path has no more than K discontinuities; (b) the first jump time, if any, happens on or after o; (c) the last jump
happens on or before T — 6; and (d) the amounts of time between two consecutive jumps are greater or equal than 0.
We now show that Dsx is compact in D. Because D is a Polish space, it is enough to show the sequential
compactness. Let us fix a sequence x, in D; k. For each x,, we use the following notation: k, is the number of its
jumps, and 6 < t, <2 < --- <t < T — ¢ are the times of its jumps. At} =t} and A#, ;=) —#-1 fori=2,...,k, are
the time elapsed between consecutive jumps, and x%, x, ..., #%r are the values taken by x, in each interval defined by
the jumps. Then, we can represent x, using the vector y, of dimension 2(K + 1):

n’*nrs 7

yu = [kn, Aty A, AP,0,...,0,20, 20, x5,0,..,0].

In this representation, the first coordinate of y, is the number of jumps. Coordinate two to K + 1 are the times
elapsed between jumps defined previously, and if there are fewer than K jumps, we complete the vector by
zero. Coordinates K + 2 to 2(K + 1) are the values taken by the path x, and completed with zero. Clearly, there is
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a b1]ect10n from x, to y, by this representation. By the definition of the set Dy x, we have At, € [, T for i < ky,

and 21"1 Atl < T -6, whereas the rest of the coordinates of y, belong to a finite set. This 1mp11es that y, lives
in a compact, and therefore, we can extract a converging subsequence, which we still denote by y,. Again,
because k, and the last K + 1 components can only take finitely many values by their definition, therefore, there
exists Ny such that, for n > Ny, we have k, = k and x!, = x' for all i < k. In addition, we have that A, converges
to At for all i <k, where A# > 6 for all i <k and 35, A# < T — 5. We consider the path represented by the
vector y:

y =k At AR, AF,0,...,0,x° %, .., 25,0,...,0].

Clearly, x belongs to the set Ds x, and it is straightforward to verify that x is the limit of the sequence (x;),5( in
the J1 metric, where x, is the path represented by the vector y,. This implies that Ds g is compact.

Step 2. Now, we show that, for any € > 0, there exists 6 > 0 and K € N such that P(Ds ) > 1 — €. Recall that P is the
reference measure, and under P, the canonical process X is a continuous-time Markov chain with transition rate
matrix Q. Therefore, the time of the first jump as well as the time between consecutive jumps thereafter, which we
denote by At,Aby, ..., are independent and identically distributed exponential random variables of parameter
(m — 1) under the measure P. We have

K
P(Dsx) = P[At > T] + Z P
k=1

{Ah 26}m~~-m{Atkzé}n{%Ati>T}Q{ZklAtisT—(SH.

i=1 i=1

For each k=1,...,K, we have

k+1 k
P {At1zé}n---m{Atkzé}n{ZAti>T}m{ZAtisT—é}

i=1 i=1

(St S5m0 -

i=1

k+1 k
{ZA@- > T} N {ZAt, < T—(S} -
i=1

i=1

P[{AH > 8} NN {Al > 0}] + P

= (P[At; > 6])+P

= (exp(=k(m = 1)8) — 1) + exp(~(m - 1)T)w_
It follows that

K K vk ok
P(Dsx) = > (exp(=k(m — 1)6) = 1) + exp(~(m — 1)T) Z W

(m—1)FT*
(exp(—k(m — 1)) — 1) + exp(—(m — 1)T)Z— (1 - exp(—(m — 1))).

M- 1L

o~
Il

1

We can first pick K large enough for (exp(—(m — 1)T) K (m — 1)*T*/k!) to be greater than (1 —€/2). Then, we
pick 6 small enough so that the rest of the terms are greater than —e/2, which eventually makes P(D; x) greater
than (1 -e).

Step 3. Finally, we show that Py is tight. For any € > 0, by Step 2, we can pick 6 >0 and K € N such that
P(D \ Dy k) < €2/Cy. For all Q € Py, we have dQ/dP = L and EF[L?] < Cy, and by the Cauchy-Schwartz inequality,
we obtain

D\ Dox) = E°[L - Luepyp, ] < (EF[L2) B\ Dys < c.

This implies the tightness of Py. Finally, by Prokhorov’s theorem, we conclude that Py is relatively com-
pact. O
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We now need to link the convergence of measures on a path space to the convergence in S, that is, measures
on state space. We define the function 7 by

[0, T X P 3 (t u) = [uax,({er}), wax,({e2}), - - ., pax,({em})] € S
and prove the following result:

Lemma 8. If u" + u in P, there exists a subset D(u) of [0, T) at most countable such that, for all t ¢ D(u),
lim 7(t, u") = m(t, p). (36)

n—+co

Proof. Define D(u) := {0 <t < T; u(X; — X;— # 0) > 0}. By Jacod and Shiryaev [25, lemma 3.12], the set D(u) is, at
most, countable with probability one. In addition, we have T ¢ D(u) because all the paths in D are left-continuous
on T. In light of Jacod and Shiryaev [25, proposition 3.14], we have that Ly, converges to piux, weakly for
all t ¢ D(u). To conclude, we use the fact that ujjy for all t € [0, T] and n are counting measures on the discrete
set E. O

We now turn to the mean field of controls. Let (P(A), W;) be the space of probability measures on the
compact set A C R' endowed with the weak topology and metricized by the Wasserstein-one distance (see
Villani [31, theorem 6.9]). (P(A), W) is a Polish space. Because A is compact, it is easy to show that P(A) is
tight, and therefore, by Prokhorov’s theorem, (P(A), W1) is, in fact, compact. We endow P(A) with its Borel
o—algebra denoted by B(P(A)). We endow [0,T]| with its Borel o—algebra B([0,T]) and the (normalized)
Lebesgue measure L(dt) :=1dt. Finally, we construct the product space [0,T] x P(A) endowed with the
o-algebra B([0,T]) ® B(P(A)). The space of probability measures on [0,T] X P(A) can be viewed as a ran-
domized version of the space of the mean field of control. We introduce the stable topology on this space:

Definition 2. Let us denote by R the space of probability measures on ([0, T] x P(A), B([0, T]) ® B(P(A))). We call
the stable topology of R the coarsest topology such that the mappings n — [ g(t, m)n(dt, dm) are continuous for all
bounded and measurable mappings g defined on [0, T] X P(A) such that m — g(f,m) is continuous for each
fixed t € [0, T].

We collect a few useful results on the space R endowed with the stable topology.

Proposition 3. The topology space R is compact, metrizable, and Polish.

Proof. Notice that both [0, T] and P(A) are Polish for their respective topologies. This implies that the -algebra
B([0, T]) ® B(P(A))) is separable. It follows from Jacod and Mémin [24, proposition 2.10] that R is metrizable.

We now show that R is compact. Notice that, for an element n in R, its first marginal is a probability
measure on [0, T], and its second marginal is a probability measure on P(A). It is trivial to see that both the
spaces of probability measures on [0,T] and on P(A) are tight and, therefore, relatively compact by Pro-
khorov’s theorem. We then apply Jacod and Mémin [24, theorem 2.8] and obtain the compactness of R.

Having shown that R is compact and metrizable, we see that R is separable. Compactness also leads to
completeness. Therefore, R is a Polish space. Finally, we notice that R is also sequential compact because R is
metrizable. Halmos

The following result provides a more convenient way to characterize the convergence in the stable topology.

Lemma 9. Denote by H the collection of mappings f of the form f(t,v) = 1p(t) - g(v), where B is a Borel subset of [0, T] and
g :P(A) = R is a bounded Lipschitz function (with respect to the Wasserstein-one distance on P(A)). Then, the stable
topology introduced in Definition 2 is the coarsest topology that makes the mappings n — ./[O,T]XP( 4 f(t,v)n(dt,dv) con-
tinuous for all f € H.

Proof. Let #, be the collection of mappings f of the form f(t,v) = 15(t) - g(v), where B is a Borel subset of [0, T] and
g:P(A) = R is a bounded and uniformly continuous function. Then, clearly, we have H C ;. By Jacod and
Mémin [24, proposition 2.4], the stable topology is the coarsest topology under which the mappings n —
f[O,TJXp( af (t, v)n(dt,dv) are continuous for all f € H,. Therefore, we only need to show that, if " is a sequence of

elements in R such that f f(t,v)n"(dt,dv) — f f(t,v)n°(dt,dv) for all f € H, then we have f ft,v)n"(dt,dv) —
[ f(t,v)n°(dt, dv) for all f € Hy as well.

Now, let us fix f € Ho with f(¢,v) = 15(t) - g(v). Note that P(A) is a compact metric space and g is a bounded,
uniformly continuous, and real-valued function. A famous result from Georganopoulos [19] (see also Miculescu [28])
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shows that g can be approximated uniformly by a bounded Lipschitz continuous function. That is, for all € > 0,
we can find ge € H such that sup,cp [8e(v) — g(v)| < €/3. By our assumption, we have f 1p(t)ge(v)n"(dt, dv) —
[ 18(t)ge(v)n°(dt, dv). Therefore, there exists Ng such that | [ 15(t)ge(v)n"(dt, dv) — [ 1p(t)ge(v)n°(dt, dv)| < /3 for all
n > Ny. Combining these facts we have, for n > N,

<

‘ / 1p(t)g(v)n" (dt, dv) — / 15(tg(v)n°(dt, dv)

/1B(t)ge(v)n”(dt, dv) — /1B(t)ge(v)1]0(dt, dv)
¥ / 1()|ge(v) — g (dt dv) + / 1()|ge(v) — ()| (dt, dv)

<e/3+€/3+€/3=¢,

which shows that [f(t,v)n"(dt,dv) — [f(t,v)n°(dt,dv). ©
Now, we consider the following subset of R:
Ry := {n € R; the marginal distribution of 1 on [0, T] is L}.

We have the following result:

Lemma 10. Ry is a convex and compact subset of R.

Proof. We apply Jacod and Mémin [25, theorem 2.8]. In particular, we verify without difficulty that {n!®T]; €
Ro} = {L} is compact, and {n”“); n € Ry} is a subset of P(P(A)), which is relatively compact as well. O

For any n € Ry, because its first marginal is £, by disintegration, we can write n(dt,dm) = L(dt) X n,(dm),
where the mapping [0,T] 3 t — ni(-) € P(P(A)) is a measurable mapping, and the decomposition is unique up
to almost everywhere equality. On the other hand, for any measurable function v :[0,T] — P(A), we may
construct an element W(v) in Ry by

W()(dt, dm) = L(dt) X 5, (dm). (37)

Because we changed the way we represent the mean field of controls, we need to modify accordingly the
definition of the transition rate matrix as well as the cost functionals in order to make them compatible with
the randomization procedure. For any function F : P(A) — R possibly containing other arguments, we denote
F:P(P(A)) — R by F(m) := fv eP(A) F(v)m(dv), which we call the randomized version of F. Obviously, we have
F(6,) = F(v). In this way, we define without any ambiguity the randomized version g of the rate function g as
well as its matrix representation Q. We also define f as the randomized version of cost functional f. Because
the terminal cost g does not depend on the mean field of controls, we do not need to consider its ran-
domized version.

Recall from Assumption 3 that the minimizer 4; of the reduced Hamiltonian is only a function of ¢, z, and p.
Consequently, for H, H;, H, and H', which are the randomized versions of H, H;, H, and H;, respectively, we
still have

H(t,x,z,p,m) = inf H(t,x,z, o, p, m),

it x,z,p) = arg Llyl;{ H(t,x,z,a,p,m).

In addition, we have the following result on the Lipschitz property of H and a:

Lemma 11. There exists a constant C >0 such that, for all (w,t) € Qx(0,T], p,p' €S, a,a’ € A, z,z e R", and
m,m’ € P(P(A)), we have

la(t, i, p,m) = q(t,i,j, 0, p",m')| < Clle = &' + [lp = p'll + Wi (m, m")), (38)
and
|H(t, thrzlp/ m) - H(tl thrzlrpll m’)l < CHZ - Z,”Xf, + C(l + ||Z||Xt,)(||p - p,” + W](m, m,)) (39)

Here, Wi(m,m’) is the Wasserstein-one distance on the space of probability measure on P(A) defined by

Wi(m,m') := inf / Wi (v, v)r(dv, dv'). 40
1( ) ReP PP Jpacris 1(v, V)1 ( ) (40)
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Proof. We have

|H(t/ Xl’—/ Z, p/ m) - H(tl Xt—/ Z// P,/ m,)l
< |H(t/ Xt—/ Z, p/ m) - H(t/ Xt—/ Z, p/ m/)l + |H(t/ Xf—/ Z, P/ m,) - H(t/ Xf—/ Z,/ p’/ m’)l

< +/ |H(t Xi-,z,p,v) — (t X, 2, p,v)|m' (dv)
veP(A)

/ A(t, Xie,z,p,v)(m(dv) — m’ (dv))
veP(A)

<

+C(1+lzllx, e = p'll + Cllz = 2'llx, -

/ A(t, Xi-, z, p,v)(m(dv) — m’ (dv))
veP(A)

Because the space P(A) is compact and the mapping v — H(t, X;_, z,p,v) is Lipschitz with a Lipschitz constant
equal to C(1 + ||z|lx, ), Kantorovich-Rubinstein duality theory implies

< C(1 + |lzllx, )V (m, m'),

/ H(t, Xi—, z,p,v)(m(dv) — m’ (dv))
veP(A)

and combined with the preceding estimation, we obtain the desired inequality for H. The Lipschitz property
for g can be proved in the same way. O

4.2. Mapping Fixed Points
We now define the mapping whose fixed points characterize the Nash equilibria of the mean field game in its
weak formulation. For any (u,1) € PX Ry, where n has the disintegration n(dt,dm) = L(dt) X n(dm), we

consider the solution (Y, Z#") to the BSDE:

T T
Y = g(Xr, pr) + / H(s, Xs-, Zs, (s, 1), ns)ds — / Z: - dM. (41)
¢ ¢

Denote by &7 the predictable process t — a(t, Xt_,Z,(fl m, i(t, u)), which is the optimal control of the player

facing the mean field (u,7n) € P(E) X Ro. Next, we consider the scalar martingale L*"7 defined by

t 1,1
Lt(y'n) = /0 X - (Q(s, &s(* 7),71(5, y),ns) - QO) YF - dM,. (42)
Define the probability measure Q" by
AQm)  efr (o)
= S(L )T, (43)

where £(L#") is the Doléans-Dade exponential of the martingale L. Finally, we define the mappings ®¥,
@, and @, respectively, by

PXROB( n) — Q) e P, (44)

1 PXRo3 (1) = L@ X6, (@) € Ry, (45)
(# n)

O:PXRo>3(u,n) — (P(u, n),CD”(y, 1)) € P X Ry. (46)

Remark 5. Before delving into its properties, we first need to show that the mapping @ is well defined. More
specifically, we need to show that, given (i, 1) € P x Ry, the outputs QW and L£(dt) x 6(@(“ » (dv)) do not depend

b
on which solution to the BSDE (41) we use to construct &*", L, and E(L*M). To this end, let us consider (Y, Z)
and (Y’,Z’) to be two solutions to BSDE (41), & and &’ the corresponding optimal controls, L and L’ the corre-
sponding martingales defined in (42), and Q and Q' the resultmg probability measures defined in (43). By the
uniqueness of the solution to (41), we have E[ fo \Z = Z4| %,.dt] = 0. Using the Lipschitz continuity of 4 and g, it is

straightforward to show E[ fo lloy — ev|[?dt] = 0 and eventually Q = Q'.
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Proposition 4. Let us denote by Py the closure of the set Py defined in (35). Then, the set Po X Ry is stable under the
mapping O.

Proof. It suffices to show that, for all (i, 17) € P X Ro, we have ®(u, 1) € Py. By the definition of Py in (35), this
boils down to showing that there exists a constant Cy > 0 such that, for all (i, n), we have

=)

Let us denote W; := E(L#),. By Itd’s lemma, we have

< Co.

d(WZ) = 2W,dW; + d[W, W],

because dLi"”"” = X - (Q(t, &, m(t, ), ) = Q) - ¥ - AM; and dW; = Wi-dL""; denoting I, := ¢ - (Q"(t, 4",
ni(t, 1), n) — Q°) - Xt , we have

d(W?) = 2w§,de“’”) + W2I - d[M, M, I;.

We know that the optional quadratic variation of M can be decomposed as
t
M, M= G+ (M M), = G+ [ s,
0
where G is a martingale. Therefore, we have

d(W?) = 2Wt2_st(“"7) + W2 I dGy - I + WA T -y - Idt.

Let T, be a sequence of stopping time converging to +oco, which localizes both the local martingales
fo W2 dL¥" and fo W2 I* - dGs - I,. Then, integrating the preceding SDE between zero and T A T, and taking
the expectation under ]P’ we obtain

TAT, TAT,

B[ W, | =1+ EF

WZI ;- Itdt} =1+EF

W2TF ;- Itdt]
0

T
<1 +/ EP[Wtz/\Tn L, - Yiat, -IMT”]dt <1+ CO/ EP[WtZAT,,]'
0 0

Here, we have used Tonelli’s theorem as well as the fact that I - ¢; - I; is bounded by a constant Cy inde-
pendent of p,n and n, which is a consequence of the boundedness of the transition rate function 4. Now,
applying Gronwall’s lemma, we obtain

EF| Wy, | < Co.

Here, the constant Cy does not depend on n, y, or 7. Notice that W,; converges to W} almost surely. We
apply Fatou’s lemma and obtain EF[W2] < Cy. o

4.3. Existence of Nash Equilibria

The last missing piece in applying Schauder’s fixed-point theorem is to show the continuity of the mapping ®
on P x Ry for the product topology. To this end, we show the continuity of the mappings ®* and ®". Notice
that both P and R are metrizable, so we only need to show sequential continuity.

Let us fix a sequence (u™,n™),., converging to (1@, 1) in P x Ry with the decomposition n"(dt,dv) =
L£(dt) x 1\”(dv). To simplify the notation, we denote Y1), Z@™a™) = g™ Lw”n")  and QW"1"), re-
spectively, by Y™, Z®, &, L™, and Q™ for n > 0. We also denote by E® the expectation under Q™ and
pE”) = 7i(t, u™), whereas E still denotes the expectation under the reference measure P.

We start by proving the continuity of ® or, equivalently, the convergence of Q" toward Q). We divide the
proof into several intermediary results.
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Lemma 12. Without any loss of generality, we may assume that there exists a constant C such that ||Z§0)||Xt7 < C for
all (w,t) € Qx[0,T].

Proof. We consider the following ordinary differential equation (ODE) of unknown V; = [Vi(f),..., V,(t)] € R™:

avi(t) -
0="0 1 1 (6, v, ) + SV - Vi),
j#i
Vi(T):g(ei,pgg))), i=1,...,m (47)

Set C:[0, TIXR" 3 (t,0) = [Ci(£,0), .., Cult,0)] €R™, where Ci(t,0) := Hy(t,v,p”,1”) + £julv; — v;]. By Lemma 11,
we see that t — ((t,v) is measurable for all v € R", and v — ((t,v) is Lipschitz in v uniformly in t. By
Filippov [17, theorems 1 and 2], the ODE (47) admits a unique solution on the interval [0, T], which is ab-
solutely continuous. Now, we define Y, = 3", L(X; = e)Vi(t) and Z; = V. By continuity of V, we have
AYy =Y, =Y, = Vi(X; — X,-) = Z - AX;. Applying Ito’s formula to Y, we obtain

T m T m
Yi=Yr - / STLX; = e)Vils)ds — > AY, = g(XT,p<T°>) + / ST :ei)ﬂi(t, V(t),p§°>,q§°>)
=1 =1

t<s<T

T m T T T
v [ 30 St -vio] - [z axo=g(%ep?) + [ B (s X Zop®, 00— [ 25-du,
toi=1 j#i t t t

where, in the last equality, we use the fact that dX; = Q- X,_ds + dM, and V; = Z,. Therefore, (Y,Z) and
(Y©®,ZO) solve the same BSDE. As we discuss in Remark 5, we may assume that Z©) = Z. Therefore,
ZEO) = V(t). It follows from the continuity of t — V(t) that ||Z§0)||Xt7 is bounded for all w € Q and f € [0, T] by a
uniform constant. O

Now, we show that Z™® converges toward 7O,

Proposition 5. We have

T
lim E[ / Iz - ZOI2, dt| = 0. (48)
0

n—oo
Proof. By Lemma 4, it suffices to check that

T N 2
L(t) :=E ( / H(s, Xo-, 20, p, ") = H(s, X,-, 20, p, n@)ds) l
t

converges to zero for all t < T and that I,,(t) is bounded by C uniformly in t and n. We also need to check that
Jn = E[lg(Xr, p(T”)) - 9(Xr, p(TO))lz] converges to zero. By the Lipschitz property of the cost functional g and
Lemma 8, we have

Ju < ClIpS = pOIR = Cllm(u™, T) = (u@, T)? - 0,

as n — +oo. To check the uniform boundedness of I,(f), we recall from Lemma 6 that

2 =0« i (1)),

e 200 - 20 )| [+ [, )

where W is the Wasserstein distance on the space P(P(A)). Clearly, ||p§") - p§0>|| can be bounded by a constant

because pi”) is in the simplex S. On the other hand, we have

Wi ) < [ v @)
(V1 ,Vz)EP(A)Z

Because A is compact, Wi(vq,12) for (v1,v2) € P(A)? is bounded, which implies that V_\)l(r]g"),ngo)) is also

bounded by a constant uniformly in n and t. This implies
T 1/2
/0 IZ%_ds ) ) < 400,

T
I(t) < CE / (1+1Z01x, )ds
t

<cli+(e
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which means that I,(t) is uniformly bounded in #n and t. To show that I,(f) converges to zero, we write

I,(t) < 2K

T . A )
( [ (A(s, X, 20, p, 1) = A(s, Xs-, 20, p©@, 1)) dt) l
o A )
" ([ (H(s Xe-, 20, p0, ") = Hs, Xoo, 20, p0, ngm))dt)

< zcxa[ / (1+1ZO Plp - pO)Pds
t

o X
LR ( / (B(s, Xo) 29, pO, ) - Fi(s, X, 29, pO, n(O)))dt)
t

||p(”) p§°)||2 — 0, dt®dP a.e. On the other hand, we have

(1+||Z£,°>||x V™ = pOIP < (1 + 1120l )?,

where the right-hand side is ds ® dP-integrable. Therefore, by the dominated convergence theorem, we obtain

| [0 1200 P - pOFFas] -0,
t

as n — +oo. It remains to show that

T 2
K,:=E ( f (H(s, Xs—, 20, pO, i) = A (s, X, 29, p©O, n0))ds ) l
t

converges to zero. For a fix we Q) and t < T, we have
T
/ (B(s, Xoe, 29, 5O, 1) - (s, X, 2, p©, 1)) ds

/ / A(s, X, Z0,p0, v)(n™ - n0)(dv)ds
veP(A)

- / (s, V) (ds, dv) — / (s, )10 (ds, dv),
[0,T1xXP(A) [0,T1XP(A)

where we define «(s, V) := 1j<s<7H(s, Xs_, Z(O), pgo), v). Clearly, « is continuous in v for all s. On the other hand, by
inequality (26) in Lemma 6, for all t <s<T and v € P(A), we have

[H(s, X.e, 2,9, 1)] £ |H(s, X, 0,0,0)] + O[O+

Ol (PO + Wiy, 0)).

Therefore, by Lemma 12 and the boundedness of P(A), we conclude that the mapping (s,v) — «(s,v) is
bounded. It follows from the definition of the stable topology and 7™ — n© that

T
lim [ (H(s, X, 20, p,n\") - H(s, X,-, 20, p0, 1V))ds = 0,

n—+co J,

for all w € Q. In addition, we have

T 2
(] s e, 202,07 = s X 220,10, )|
t

TA A
<= 1) [ Bl X 20,0, ) - B X 20,0, )i

T 2 T 2
<c [ (lzOl Jome a0 as < c [ (120l )as,
t ’ t ‘
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and ftT(l + ||Z§0)||X57)2ds is integrable. Applying once more the dominated convergence theorem, we conclude
that K, converges to zero. This completes the proof. O

We also need a result on a more convenient representation of the Doléans-Dade exponential of L.

Lemma 13. Denote by W™ the Doléans—Dade exponential of L™. Then, the Ito differential of log(W™) satisfies

d[log(Wt("))] - X' (Q(t, &ﬁn),pgn)’ngn)) —Q° +Q(t, &En)lpgn)’ngn)) ) QO) - X,_dt
+ X 0(taf", p" n") - dm,

where O(t, &\, p\™, 1" is the matrix with log(q(t,1,, a" p"™ n"y) as off-diagonal elements and zeros on the diagonal.

Proof. Because W is the Doléans-Dade exponential of L"), W satisfies the SDE de") = Wt(f)dLE”). Applying
Ito’s formula and noticing that the continuous martingale part of L" is zero, we have

dlog(wﬁ”)) =dL" — AL + log(l + ALE’”).

Then, using dL\" = X7 - (Q(t, &, p{™, n\") = Q°) - ¢ - M, and noticing that the jumps of L" are driven by the
jumps of M and, hence, X, we obtain

dlog(Wf")) =X} - (Q(t, ", pi”, U)En)) - QO) QY Xpdt + log(l + ALi”))
=X (g (t, al" p, qﬁ”)) - QO) X,_dt+ 1og(1 + ALﬁ’”),

where we have used the fact that, for all g-matrices A, we have X; -A-¢*-Q°- X, = -X_ - A- X,_. Piggy-
backing on the derivation following Equation (6), for X;- =e¢; and X; = ¢;, we have

log(1+AL{") = 1og(q(t,i.j,a{", 7" n") -
Using matrix notation and recalling the definition of O in the statement of Lemma 13, we may write
1Og(]‘ + AL§H)> = Xr— ’ Q(t/ &E"), pgn)/ 775")) - AX;.

Using, again, the equality AX; = dX; = Q¥ - X,_dt + dM,, we arrive at the desired representation of the dif-
ferential of log(W;). O

We now show that the first component of the mapping ® is sequentially continuous.

Proposition 6. Q") converges to Q¥ in P.

Proof. For two probability measures Q and Q' in P, the total variation distance dry between Q and Q' is
drv(Q, Q') := sup{|Q(A) - Q'(A)|, A € B(D)}. (49)

It is well known that convergence in total variation implies weak convergence and, hence, convergence in the
topological space P. Therefore, our aim is to show that dry(Q"™, Q) — 0 as n — +c0. By Pinsker’s inequality,
we have

, 1 dQ©

Because wg—};” = E(L™);, we have

a7, (@7, Q") < EV[log(£(L"Y),) ~log(E(L"™),)]
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Using Lemma 13, we have
EO[log(£(L®);) — log(€(L™),)]

T
_ E(O)[ /0 XL - (Q(bal” " n) - o[t &, p" 0 'Xt‘dt]
T
~0) (0) (0
+ RO [/0 Xy - (Q(t,aﬁ g )) -

oftal”p" ")) - Q" Xtdt]
+E© [ /OT X; - (Q(t, &EO), pgm, ’750)) -0 (t, &En)’ pgn), ngn))) d Mt]-

By Assumption 1, the process t — fot X: - (O(s, &20),]0?)),1/2")) - O(s, &g”),pgn),vgn))) -dM; is a true martingale.
Therefore, it has zero expectation. We now deal with the convergence of the term E°[ fOT X - (Q(t, &ﬁ”), p;”), ni”))—

Q& p”, ni™) - X _dt], whereas the term E°[ [ X} - (Ot af",p{", ni") = Ot &%, pi”, i) - Q°- X;_dt] can

be dealt with in the exact same way. Using the Lipschitz property of 4 and Q in Lemmas 6 and 11, we obtain
T
A(0) () (0 .
/ X* (Q(t, a0, p0 )) _ Q(t, 4" p, '75"))) -Xt_dt]
0

<EO | /0 ! X" - (9 (t, a® ngm) - Q(t, a",pl”, nﬁ"))) - Xt—dt]

E©

o _
~(0 0 0 ~(0 0
+EY / X ([t p” ") - Q(t &, n")) - Xi-dt
/o _
[ T
<EO| [ c(lal” - a1y - i)
: T )
40 0 ~(0) (0) (0
0 d
T
* E“)[ /O C(1+12lx, ) Irf" - p§°>||dt]
T
~(0) (0 o O ©
[Jo
We deal with these terms separately. For the first expectation, by the Cauchy-Schwartz inequality, we have
e F Y y quality

T 2 T 2
(]E(O) [‘/O‘ C”Zgn) _ ZEO)HX,_dt]) — (E[W&O)‘/O' C”Zgn) _ ZEO)HX!—dt )

T T
<EO® /0 alz - 7Oy, dt

2 T 2
<E (Wﬁ”) ]IEI ( /0 C||Zf”)—ZEO)||Xt_dt) l
2 T
<CE (W<T°>) ]E[ /0 1z = ZO\3. dt|.

This converges to zero by Proposition 5. For the second expectation, we notice from Lemma 12 that ||Z§0)|| x, is
bounded by a constant for all (w,t) € Q X [0, T]. Therefore, we have

T T
[ ez Jiwt - ptar| < € [ clpt” -,

where the right-hand side converges to zero by the dominated convergence theorem. Finally, for the third
expectation, we rewrite the integrand as

e (@) - Qo %, 1%)) - Xe

- / X Q& p0,v) - Xoe (1 et dv) - Ot dv).
[0,T]xP(A)

E©
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This Converges to zero because " converges to n® in the stable topology and the mapping v —
Q(t, AEO ,pt ),v) is continuous for all . Notice also that the integrand is bounded by a constant because g is
bounded according to Assumption 1. Then, by the dominated convergence theorem, the third expectation
converges to zero as well. This completes the proof. ©

To show the continuity of ®", we need the following lemma.

Lemma 14. Let (vi"))tg be a sequence of measurable functions from [0, T| to P(A) such that /OT Wi (vﬁ”),vto)) — 0. Then,
L(dt) X 6v<n>(dv) converges to L(dt) X 6V(0) (dv) in Ry in the sense of the stable topology.

Proof. Set A"(dt,dv) := L(dt) x O <n>(d1/) for n>0, and let f:[0,T] X P(A) = R be a mapping of the form
f(t,v) = liep - g(v), where B is measurable subset of [0,T] and g is a bounded Lipschitz function on P(A). We

then have
< [ tot?) = <€ [ o0

By Lemma 9, we conclude that A converges to A”) for the stable topology. o

/ F(t,v)AM(@t, dv) - / f(t,v)AO(dt, dv)
[0,TIxXP(A) [0,T]xP(A)

Proposition 7. £(-) X 0

on () converges to L(-) X 6o () in Ro in the sense of the stable topology.
#al") #al0

Proof. By Lemma 14, we only need to show that /OT Wﬂ@j&w Qgg()))dt converges to zero. Notice that
T T
0 0 0
‘/0 (Q(n (n)r @L{;ﬁo))dt S ./0 (@(n (n) 7 @( A(n))dt + A Wl (Qiﬁ?gn)’ QL&);U)) dt'
By the very definition of the total variation distance (recall Equation (49)), we have, clearly,
drv (@;’;@,@%) <drv(@",QY),

which converges to zero according to the proof of Proposition 6. By Villani [33, theorem 6.16], because A is
bounded and Q A € P(A), there exists a constant C such that

0 0
(@, @) = C - drv (@ )

This shows that Wl(Q;")(”), s (n)) converges to zero. In addition, it is also bounded because A is bounded. The

dominated convergence theorem then implies that

T 0
/ Wi (@gﬂm,@ ) )dt — 0,11 — +oo.
0 R

(1)
#a,

Now, for the other term, we have
! © O T oA _ A0 O [T am A0
(0 @0 Jar < [ w0l ~ a0 = B[ W [ - 6
0 t t 0 0
1\ 172 T 1/2
< (]E (w#”) D (E[T / ||a§”>—a§°)||2dt]) .

The Lipschitz property of @ (see Lemma 6) and Proposition 5 imply that E[T fo & - aOQrdt] - 0. o

We are now ready to show the existence of Nash equilibria.

Proof of Theorem 1. Consider the product space I' := P X R endowed with the product topology of the weak
topology on P and the stable topology on R. By Proposition 3, I' is a Polish space. By Proposition 2 and Lemma 10,
Ip:=PyxRyisa compact and convex subset of I', and it is stable for the mapping @ defined in (46). In addition, we
see from Propositions 6 and 7 that @ is continuous. Therefore, applying Schauder’s fixed-point theorem, we
conclude that @ admits a fixed point (u*, %) € Py X Ry.
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Now, let us define p; := nt(t, u*) € Sand o] := a(t, Xi—, Z}, n(t, u*)), where (Y*, Z*) is the solution to the BSDE (41)
with ¢ = p* and 17 = 77*. We then define P* := P and v} := Pj,,.. Because (u”, 17") is the fixed point of the mapping
®, we have 7y = 6, and u* = P*. It follows that p = 7t(t, P*) = [P*(X; = €;)];<;<,,- By Proposition 1, we see that a* is
the solution to the optimal control problem (13) when the mean field of state is p* and the mean field of control is v*.
This implies that (&, p*,v) is a Nash equilibrium. o

5. Approximate Nash Equilibrium for Games with Finitely Many Players
In this section, we show that the solution of a mean field game can be used to construct approximate Nash
equilibria for games with finitely many players. We first set the stage for the weak formulation of the game
with N players in finite state spaces. Recall that Q is the space of cadlag mappings from [0,T] to
E ={ei,...,en}, which are continuous on T; t — X; is the canonical process; and F := (F),cr is the natural
filtration generated by X. Let us fix p° € S a probability distribution on the state space E. Let [P be the
probability on (2, Fr) under which X is a continuous-time Markov chain with transition rate matrix Q° and
initial distribution p°. Let QN be the product space of N copies of Q and PV be the product probability measure
of N identical copies of P. For n=1,...,N, define the process X}'(w) := w} of which the natural filtration is
denoted by F"N := (f?’N)te[o,T]- We also denote by F" := (F}),¢or the natural filtration generated by the
process (X!, X2,...,XN). Denote M :=X!—X?— [(Q0-X!' ds. It is clear that, under PV, X!,...,XN are N
independent continuous-time Markov chains with initial distribution p°> and QU as the transition rate matrix,
and MY,..., MY are independent FN-martingales. For later use, for i=1,...,N, we define the matrix ¢
by ¢} = diag(Q" - Xi-) — Q° - diag(X}") — diag(X}") - Q.

Throughout this section, we let Assumptions 1-3 hold. In addition, we adopt the following assumption:

Assumption 5. The transition rate function q depends neither on the mean field of states nor on the mean field of controls.

We assume that each player can observe the entire past history of every player’s state. We denote by AN the
collection of FN-predictable processes taking values in A. Each player n chooses a strategy o € AN. We define
the martingale L) by

1 N t N *

Lfa ey — /) Z(Xf—) '(Q(S, a:l) _ QO) . (wz)*d_/\/l:, (50)
n=1

and the probability measure Q("‘l""'“N) by

(‘Xlw-""N) ol aN
dQ _ glota)

dPN - T s (51)

where we denote by £&'~-®") the Doléans-Dade exponential of L®'~~®"), Finally, we introduce the empirical
distribution of the states:

1 [ N N
pY = N Zl LX) =e), Z_; LX) =e),.. Zl LX) =en)| €S, (52)
as well as the empirical distribution of the controls:
1 N R
v, ..., )= ﬁzéai’ € P(A), (53)
n=1

where 6,(-) is the Dirac measure on a. The total expected cost of player n in the game with N players, denoted
by J"N(al,...,aN), is defined as

ol aN T
"N, ..., aN) = EQ( ) /0 & X0at,pY viaf, ..., aY))dt + g(X1, pY) |- (54)

We now consider a Nash equilibrium (a*, p*,v*) of the mean field game in the sense of Definition 1. Recall that
o is a predictable process with respect to the natural filtration generated by the canonical process X. For each
n=1,...,N, we may define the control &" of player n by

a'(w', ..., wN) = ot (@w"). (55)
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Clearly, &" is F"N-predictable. In other words, it only depends on the observation of player n’s own path.
Therefore, the strategy profile &™) defined by

aN = (a!,..., aN) (56)

is a distributed strategy profile, which means that every player’s strategy is only based on the observation of
the player’s own path.

Definition 3 (Approximative Nash Equilibriu m) Given a family of strategy profiles (&), indexed by the number of
players N, where, for each N, a¥) := (alV, ..., aNN), we say that the family (&™), is an approximative Nash
equilibrium for games with finitely many players if there exists a positive sequence (en)ys; such that
limy_,+00 €y = 0, and for any N > 1, any individual player n < N, and any admissible strategy g € AN chosen by
player n, we have

]"’N((Xl’N,...,(XNN) <]HN( ~1,N ”.,&n—l,Nlﬁ, &n+l,N/.“ NN) +ey. (57)

In the rest of Section 5, we show that the sequence of strategy profiles (&N)),, derived from the equilibrium
strategy of mean field games defined in (55) and (56) is an approximative Nash equilibrium for games with
finitely many players. To this end, we first give a result on the propagation of chaos, which compares player
n’s total expected cost in the mean field game versus its total expected cost in the finite player game. To
simplify the notations, we use the abbreviation (8, & "N) for (&,...,a"",B,a™",...,a"N), Q™ for Q" E™for

IE@(N), and finally, EN) for £8" We start from the following lemmas:

Lemma 15. There exists a sequence (On)ysq Such that 65 — 0as N — +oo and such that, forallN > 1,n < N,and t <T,
we have

max{ BV (v(r, &), vi)] EYllp - piIP} < O (58)

Proof. From Q™) = Q"‘( " and the fact that (a*,p*,v*) is an equilibrium of the mean field game, we deduce that,
under the measure Q), the states X}, ..., XN are independent and have the same distribution characterized by p;
and that the controls at, . ozt are 1ndependent and have the same distribution vf. Therefore, fori € {1,...,m},
we have

a1 A ’ ) <1
E(N) N; ]]-(Xt — ei) _ QN[X} = 6[]) l ((@(N)[ = e] (Q(N)[th = Ei]) ) < m/
which leads to
AN SERCETVSITERS WX e | <2
I = pIR) = SR (301 =) - @YX =e]| | <o
[p pillF] = ; N; (X ) [X; ]) l 4N

On the other hand, v(f:, &;LN ) and v} are in P(A) with A being a compact subset of R'. We have
B (v(Br &), vi)] < CEM Wi (v(Br, &), v7) ]
< CIE<N>[W1 (V(ﬁt, &;lfN),v(@ﬁN))) W ( ( ﬁN)) v;‘)]

< c(fEW) %Hﬁt = &N + By @(a?”),ﬁ)])

<l 2w (a7 )

where C is a constant only depending on sup,, |lall, which changes its value from line to line. Now applying
Fournier and Guillin [18, theorem 1], we have

RN [Wl (v (&Em),vf)] < sup | [1(d < 2)(N"2log(1 + N) + N"23) + 1(d > 2)(N"1/ + N712)],
ae.

Combining this with the estimates previously shown, we obtain the desired result. O
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Lemma 16. There exists a constant C that only depends on the bound of the transition rate q such that, for all N > 0 and

P € A, we have
A-1N)y 2
[5?’“ )]
~N
gy

— oBaTN) 5N g
Proof. Let us denote W; := &; /&€ . By Ito’s formula, we have

&—1,2\/ ~ ~
deP) _ pg®a) P gk aZ)

£

<C. (59)

dwt = ~(N - " 5 + AW;
g (&™)
oy [P agP gy
- S B :
Fond
Recall that
dé‘EN) & n\* Al 0 n\+ n
M) = 2 (X)) (Q(t af) - Q") - (i) A,
f— n=1
g+

’ N
Sy = (K700 B) Q) () A+ 3300 (QM ) - @) ()

and dM} = AM! — QX! dt. Noticing that, for n # 1, the jumps of M} do not result in the jumps of W;,
we obtain

(ﬁ,@_l’N) (ﬂ,&_l'N)
£ ] &) L

AWt:A(t . .
¥ ex
(X)(QlE, i) = Qt, &) - (i
L+ (XE) Q1 ad) = Q°) - (i) -Aami

Piggybacking on the computation in Equation (6), we see that, when X} =¢; # ¢; = X;, we have AM} = AX] =
Ej — € and

= f—

o . _ .o . /\1
s < B 1150
q(t,i,j,a})

Let & be the m by m matrix with zero diagonal elements and the entry on the ith row and the jth column
%ﬂ;;m Then, it is clear that AW, = ¢} - ”ﬁ - (ej —e). It follows that
AW; = Wi - (XL)" 80 - AM.
Injecting the preceding equation into the It6 decomposition of W,;, we obtain
AW, = We| (Q(taf) - Q(t B1) - (#1)™-Q" - XLdt + (X]) "2 - Ar]]
= We[(QlE 1)~ Qe ) - (91)-Q - XL+ (XY= - (@l + Q[ ) - X))

In the second equality, we use the fact that, under the measure Q), the state process X! has the canonical
decomposition dX} = dM} + Q*(t,a}) - X}dt, where M! is a Q(N)—martmgale We also use the equality
AM} = AXt1 = dth In addition, by replacmg X1 with e; for i=1,...,m, it is plain to check the follow-
ing equality:

(Q(t,a7) = Q1. pr)) - (1)"Q" - X + (X})"E7 - Q" (.47) - Xi =0
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This leads to the following representation of W;:
AW, = W,_(X1)"-8F - d ],

which is a local martingale under the measure Q™). At this stage, the rest of the proof is exactly the same as the
proof of Proposition 4. In particular, we make use of Assumption 1 that the transition rate g is bounded
uniformly with regard to the controls. o

We are now ready to prove the form of the propagation of chaos result, which we need.

Proposition 8. There exists a sequence (en)yso such that ey — 0 as N — +oo and such that, for all N >0, n <N,
and f € A,

< €éN. (60)

n Al (ﬁ'&_n/N) T n * % no %
N (B, 6 N) — BY [/0 f(& X3 Beopi vi)dt + 8(X7, pr)

Proof. Because of symmetry, we only need to show the claim for n = 1. Let N > 0 and f € A. Using, successively,
the Cauchy-Schwartz inequality, Assumption 2, and Lemmas 15 and 16, we have

At T * % *
i, a0 -2 [0 i i ()|

(p"rl'N) T * % A %
20X ) 050l 57+ 50 57) ()|

[o(B&N)  p
2, & % % - *
= E(N) —Tg(N) ‘/0‘ ’f(t/ th/ﬁt/ Pt/Vt) _f(t/ thrﬁtrpplf\]rv(ﬁf’ ay 1/N))|dt + |g(X%' PT) _g(X%H,pIT\])’:l
L T
r E(ﬁ/&—l,N) 2 1/2 T
<BM [T B0 (0 X007, ) =10 X0l 5
T

. 1/2
+g(Xk, p7) - (kPP

[ (p)

T

< CE(N)
< i
gy

291/2
T - % 7 A— %
] | E T =g DA ) )

FEM[IpY - prIP]]
< C/on,

where Oy is as in Lemma 15, and C is a constant only depending on T, the Lipschitz constant of f and g, and
the constant appearing in Lemma 16. This gives us the desired inequality. O

As a direct consequence of this result on the propagation of chaos, we show that the Nash equilibrium of the
mean field game provides an approximate Nash equilibrium for the game with finitely many players.

Theorem 2. There exists a sequence ey converging to zero such that, for all N > 0, B € A, and n < N, we have
]n,N(&(N)) < ]n'N(ﬁ/ &—n,N) +en.

Proof. Recall that the strategy profile &) = (&!,..., &) is defined as

1.2 N)

&' (wh,w?, ..., wN) = o (w"),

where a is the strategy of the mean field game equilibrium together with p* as the mean field of states and v*
as the mean field of control. For a strategy profile (a!,...,a"), we use the notation

ol T
K”’N((xl,...,aN) = E@( )[/0 (&, X}, o, pf,vi)dt + g(XT, p7) |-
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Now, taking n = 1, we observe that K"N(a) = EPN[YE)&(N))], where YS&N) is the solution (at time t = 0) of the
following BSDE:

T T
Y = g(X+, py) + / H(s, XL, Z!, &, p%,vi)ds - / (zg)*.dM;. (61)
t t

By the optlmahty of the equilibrium, we know that, for all t € [0,T], & minimizes the mapping a —
H(t, X! ,Z}, a,pf,vi). Clearly, the solution of BSDE (61) is also the unique solution to the following BSDE:

* T N *
Y= s(Xhp) + [ | XL 22k 0) + )0 82) - ) 22|

/ / (Z)*-drme, 62)

with Z} =0 for n=2,...,N. Indeed, the existence and uniqueness of BSDE (62) can be checked easily by
applying Proposition 9. On the other hand, by following exactly the same argument as in the proof of Lemma 7,

we can show that K"V(g, &™) = EPN[Yéﬁ 'aiw)]f where Yéﬁ’&iw) is the solution (at time t = 0) of

T N "
Y= s(Xhp) + [ [Hls XL, Z2 bt + 30007 Qe ) - @) 22

/ / (Z0) A, 63)

Notice that H(s, X! ,Z!, a,pf,v) =f(s, XL, a,p%,vi) + (XL)" - (Q(s, @) = Q%) - Z}, and H(s, X, Z!,al,p:vi) <
H(s, X1, 7L, Bs,pt,vi). Applying the comparison principle as stated in Proposition 10 to the BSDEs (62)
and (63), we conclude that K'"N(&™) < K'"N(B,& '"N) for all B € A. Now, thanks to symmetry, we have
K"N(@WN)) < K'N(B,&N) for all e A and n=1,...,N. The desired results immediately follow by applying
Proposition 8. O

Appendix. SDEs Driven by Multiple Independent Continuous-Time Markov Chains
Let us consider a probability space (Q, F,P) supporting N independent continuous-time Markov chains X!,...,XN. For
eachn =1,...,N, we assume that X" takes only m, states, which are represented by the basis vectors of the space R"". We
assume that, under P, the transition rate matrix of X" is Q%", which is an m, X m, matrix in which all the diagonal elements
equal —(m, — 1) and all the off-diagonal elements equal one. We denote by I = (F),¢[o 1) the natural filtration generated by
(X,...,XN). 1t is clear that, for each 1, we can decompose the Markov chain X" as X” Xi + f Q- X" ds + d M7, where
M?" is an F-martingale. In addition, because of the independence of the Markov chams for all ny #ny and t < T, P-almost
surely we have AX}" =0 or AX;? = 0. In other words, any two Markov chains cannot jump simultaneously.

Let us consider the process X defined by X; := X} ® X? ® - -- ® XV, where ® stands for the Kronecker product. Indeed, X
is a Markov chain encoding the joint states of the N independent Markov chains, and X only takes values among the unit
vectors of the space R"* "N We have the following result on the decomposition of X.

Lemma A.1. X is a continuous-time Markov chain with transition rate matrix Q° given by
N
0= > L @@Ly, ®Q" @ Ly, ® - ® Ly (A1)
n=1
In addition, it has the canonical decomposition:
X, = Q- X,_dt + dM,, (A2)
where M is an F-martingale that satisfies
N

AM =D (X @ X' @, X @ @ X)) - dM]. (A.3)
n=1
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Proof. In order to keep the notation to a reasonable level of complexity, we only argue the proof for N = 2. Applying Itd’s
formula to X} ® X? and noticing that X} and X? have no simultaneous jumps, we obtain

d(X! ® X7) =dX; ® X} + X} ®dX;
=(Q" - XL) @ Xpdt+dM; @ X7 + X ® (Q¥* - X7 )dt + X @ dM;.

Using the properties of the Kronecker product, we have

(@ -xL)ext = (@ XL)@ (hn-X2) = (@ @) (XL ©X2)
AM; @ X2 = (L, - dM}) ® (X2 - 1)
(Im1®X2) (@M} ®1) = (L, ® XZ) - dM;
®(Q-XE) = (I - Xp) ® Q- X2) = (Iny ® Q™) - (Xi- ® X7
X, ®@dM; = (X ) (L, - dM3)
= (X ®Ly) (1®dM}) = (X\. ®1,) - dM;.

Plugging these equalities into the It6 decomposition yields the desired result for N = 2. The case N > 2 can be treated by
applying a simple argument of induction, which we do not detail here. O

As in the case of a single Markov chain, we define the stochastic matrix ¥} := diag(Q%" - X)) — Q" - diag(X}") —
diag(X!) - Q%" forn =1,...,N as well as {; := diag(Q° - X;-) — Q" - diag(X;-) — diag(X;-) - Q°. For n = 1,..., N, we define the
stochastic seminorm || - ||X;17 by ||Z||§q, =27y} -Z, where Z € R"™. We then define the stochastic seminorm ||-[|5_ by
||Z||§'<f :=7* ;- Z, where Z € R™>*>"_Qur objective is to show the existence and uniqueness of the following BSDE:

T
Y =&+ / Flws, Ye Z),..., Z0) ds—z "(Z)da. (A4)
t

Here, £ is an Fr-measurable P-square integrable random variable, and the driver F: QX [0,T] X R X R"™ x --- X R"™ — R
is a function such that the process t — F(w,t,y,z1,...,zy) is predictable for all y,zi,...,zy € RXR™ X --- X R™. The
unknowns of the equation are a cadlag process Y taking values in R and predictable processes Z!,...,ZN taking values in
R™,...,R™, respectively.

Proposition A.1. Assume that there exists a constant C > 0 such that dt X P-a.s.; we have

N
|F(w/ t/ylzll- . ~/ZN) _P(w/ t/glzll- . '/ZN)l < C(h/ - ?l + Z ||Z1‘I _ZHHXI")‘ (AS)

n=1

Then, the BSDE (A.4) admits a solution (Y,Z!,...,ZN) satisfying

T N T
E[/ Y/t EZ/ 1Z21R, dt
0 =1 J0 =

Moreover, the solution is unique in the sense that, if (Y1, 21, ..., ZON) and (Y@, 2?1, .., Z@N) are two solutions, then YV and Y@
are indistinguishable, and we have E / ||Z (L _ (2)||2 dt] =

< 400, < +oo.

Proof. For simplicity of the presentation, we give the proof for N = 2. It can be easily generalized to any N > 2. Our first step is
to show that the following equality holds for all Z € R"*"2:

W21, = 1(Em ® (X)) - ZIy +1((XL)" ©1) - ZIRs (A6)
By the definition of the seminorm || - ”X}J we have
(@ (X)) - 21 =Z* - (b @ X2) - 9} - (I ® (X2)") - Z
=Z" (L, ®X2) - (9 @1) - (L ® (X2)") - Z=Z" - (9} @ X2) - (Imy ® (x2)") - Z

=7 [yl e (- (V)] 2=2" - (9} o diag(2) - Z.
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Similarly, we have ||(XL)* ® L,) ~Z||§(27 =Z* - (diag(X) ® ¥?) - Z. Now, by the definition of 9;, we have

U = diag(Q0 Xio) - Q0. diag(X;-) — diag(X;-) - Q°
= diag((Im, ® Q" + Q"' @ L,,) - (X|- ® X7)) — (I, ® Q"* + Q"' ®I,,,,) - diag(X\_ ® X}.)
— diag(X_ ® X7) - (I, ® Q" + Q™' ® L,s,)
= diag(X;_® (Q"*- X)) + diag((Q™' - X} ) ® X}.)
— diag(X]) ® (Q"* - diag(X}. ) - (Q"" - diag(X;_)) ® diag(X}. )
— diag(X]_) ® (diag(X}) - Q") - (diag(X]_) - Q") ® diag(X7. )
=yl diag(th_) + diag(X}_) ®Y?,

where we have used the fact that, for any two vectors X', X?, we have diag(X' ® X?) = diag(X") ® diag(X?). This immediately
leads to the equality (A.6)~. Now, we consider the BSDE driven by the continuous-time Markov chain X with terminal condition &
and the driver function F defined by

Fw,t,Y,2) = F(w,t,Y, (L, ® (X2)°) - Z, ((XL) @1 - 2).
By equality (A.6) and the assumption on the regularity of F, we have
|F(w/ t/ Yl/ Zl) - F(w/ t/ YZ/ ZZ)'
< (Y1 = Yal +11(n @ ()" - (21 = Za)lly +11((XE) Sl - (21 = Za)l )

< (M = Yol +V20Z1 - Zally ).

Applying Lemma 3, we obtain the existence of the solution to the BSDE:
T . T _ ~
Yi=&+ / F(s,Ys, Zs)ds + / Z¥ - dM..
t t

Now, we set Z} := (I, ® (X2)*) - Zsand Z? := ((XL)* ® I5,) - Zs. From the definition of the driver F and M in equation (A.3), we
see that

T ~ ~
Yi=£&+ / F(w,s, Ys, (Im] ® (XSZ_)*) .7, ((Xsl—)*@’lmz) -Zs)ds
t
T ~
+/ 7 [(ly ® X2) - dM! + (XL @ I,) - M2
t

T T T
=5+/ F(w,s,ys,zg,zg)dH/ (zg)*-dMg+/ (23)"-am?
t t t

This shows that (Y, Z', Z?) is a solution to BSDE (A.4). O
We also state a comparison principle for linear BSDEs driven by multiple independent Markov chains.

Proposition A.2. Foreachn € {1,...,N}, let y" be a bounded predictable process in R™ such that ¥,/ [y1]; = 0 forall t € [0, T] and Ba
bounded predictable process in R. Let ¢ be a nonnegative predictable process in R such that E[ /OT llp,|Pdt] < +o0 and & a nonnegative
square-integrable Fr measurable random variable in R. Let (Y, Z) be the solution of the linear BSDE:

N T "
ds—Zl t (Z)*-dme. (A7)

n=1

T N
vi=es [ (¢ B+ 02z

Assume that, foralln = 1,...,N,t € (0, T), and j such that (e]’-')* -Q¥ - X1 >0, wehave 1 + (y1)* - (Yi)* - (ef = X}L) 2 0, where (y})" is
the Moore—Penrose inverse of the matrix ). Then, Y is nonnegative.

Proof. Asbefore, we treat the case for N = 2, for which the argument can be trivially generalized to any N > 2. Because y" and f8
are bounded processes and X! [y}]; = 0 for all t < T and n < N, we easily verify that the Lipschitz condition (A.5) stated in
Proposition A.1 is satisfied, and therefore, BSDE (A.7) admits a unique solution. Now, consider the following BSDE driven

by M:

T 2 T
Y, =i+ / (0, +pYoty' - Z)ds- S [ zt-am, (A8)
t

n=1Jt
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where y, := (y} ® X2) + (X]_ ® y?). It is easy to verify the BSDE (A.8) admits a unique solution (Y, Z), and following the same
argument as in the proof of Proposition A.1, we verify that (Y1, Z}, Z2) := (Yy, (L, ® (X2.)*) - Zs, (XL)* ® Ly,) - Zs) solves the
BSDE (18), which is also its unique solution. Therefore, we only need to show that the solution Y to BSDE (18) is nonnegative. To
this end, we need to apply the comparison principal for the case of a single Markov chain as is stated in Lemma 5. Note that X'
and X? do not jump simultaneously, and X; = X} ® X?. For the jump of X resulting from the jump of X', we need to show that,
fork=1,...,m,

1+yf ¢ (e ®Xp - X ®X7) >0. (A.9)

Let us assume that X}_ = ¢}, X7 = ¢}. If k = i, the preceding equality is trivial. In the following, we consider the case k # i. Then,
by the assumption of the theorem, we have

T+ ()" () (et — ) 2 0. (A.10)

It can be easily verified that

(diag(e}) Y+ Yl ® diag(e]z)) |+ my =2 @€ — Do ®er — > el ®ep

ko#k Jo#

A2 o2
=g Q¢ —¢ e,
so that we have
1 2 1 2
P (@ XL - X_®X)

1

_ 1o 2 1 o2 1 g 2
Er— (my +my —2)e; @¢; —Zek()@ej —Ze,- ®e |-

ko#k Jo#f

It follows that

Vi W (g eXi - X eXt)
*

1o 2 1o 2 1o 2
(1 +mz — 2)eg ® ¢ —Zek0®ej ->el ®e;

1 2 1 2
= e +e;
m1+m2—1(yt®f 1®Vt)

ko#k jo#i
_ 1 YA 1\ 1 (2\ 2 2\* 2
= =T |tm 2 = 2)(e)” v lé;((ek) yi-(F) 93 %(%) Vi
= | e D) = S () - (8) - Sle) 7
my +my—1 k t - ko t ] t jo Jo t

%
() 7t/
where, in the last equality, we use the assumption that 3! [y/]; =0 for n=1,2. Now, noticing that (e]%)* -y
- Wt - (el —e!), we obtain

1
t

Lyl gl (X)X oXP) =1+ (1) (¥)" (et - el).

Combining this with the inequality (A.10), we obtain the inequality (A.9). Proceeding in a similar way, we can also show that,
fork=1,...,my,

1+yf ¢ (XL ®eg - X_®X2)>0.

Applying Lemma 5 to the BSDE (A.8), we obtain the desired result. O

References

[1] Basna R, Hilbert A, Kolokoltsov VN (2014) An epsilon-Nash equilibrium for non-linear Markov games of mean-field-type on finite spaces.
Comm. Stochastic Anal. 8(4):449-468.

[2] Bayraktar E, Cohen A (2018) Analysis of a finite state many player game using its master equation. SIAM ]. Control Optim. 56(5):3538-3568.

[3] Benazzoli C, Campi L, Di Persio L (2017) Mean-field games with controlled jumps. arXiv:1703.01919.

[4] Cardaliaguet P, Lehalle CA (2017) Mean field game of controls and an application to trade crowding. Math. Financial Econom. 12(3):335-363.

[5] Carmona R (2016) Lectures on BSDEs, Stochastic Control, and Stochastic Differential Games with Financial Applications, vol. 1 (SIAM,
Philadelphia).

[6] Carmona R, Delarue F (2013) Probabilistic analysis of mean-field games. SIAM ]. Control Optim. 51(4):2705-2734.



Carmona and Wang: Probabilistic Approach to Finite State MFGs
502 Mathematics of Operations Research, 2021, vol. 46, no. 2, pp. 471-502, © 2021 INFORMS

[7] Carmona R, Lacker D (2015) A probabilistic weak formulation of mean field games and applications. Ann. Appl. Probab. 25(3):1189-1231.
[8] Carmona R, Wang P (2016) Finite state mean field games with major and minor players. arXiv:1610.05408.
[9] Carmona R, Wang P (2017) An alternative approach to mean field game with major and minor players, and applications to herders impacts.
Appl. Math. Optim. 76(1):5-27.
[10] Cecchin A, Fischer M (2018) Probabilistic approach to finite state mean field games. Appl. Math. Optim. 81:253-300.
[11] Cecchin A, Pelino G (2019) Convergence, fluctuations and large deviations for finite state mean field games via the master equation.
Stochastic Processes Appl. 129(11):4510-4555.
[12] Cohen SN, Elliott R] (2008) Solutions of backward stochastic differential equations on Markov chains. Comim. Stochastic Anal. 2(2):251-262.
[13] Cohen SN, Elliott RJ (2010) Comparisons for backward stochastic differential equations on Markov chains and related no-arbitrage
conditions. Ann. Appl. Probab. 20(1):267-311.
[14] Doncel ], Gast N, Gaujal B (2016) Mean-field games with explicit interactions. J. Dynam. Games 6(3):1-19.
[15] Elie R, Mastrolia T, Possamai D (2019) A tale of a principal and many, many agents. Math. Oper. Res. 44(2):440-467.
[16] Elliott R], Aggoun L, Moore JB (1995) Hidden Markov Models: Estimation and Control. Number 29 in Applications of Mathematics (Springer,
New York).
[17] Filippov AF, Arscott EM (2013) Differential Equations with Discontinuous Righthand Sides: Control Systems, vol. 18 (Kluwer Academic
Publishers).
[18] Fournier N, Guillin A (2015) On the rate of convergence in Wasserstein distance of the empirical measure. Probab. Theory Related Fields
162(3-4):707-738.
[19] Georganopoulos G (1967) Sur I'approximation des fonctions continues par des fonctions lipschitziennes. Comptes Rendus Acad. Sci. Paris
264(7):319-321.
[20] Gomes D, Voskanyan V (2016) Extended deterministic mean-field games. SIAM ]. Control Optim. 54(2):1030-1055.
[21] Gomes DA, Mohr ], Souza RR (2013) Continuous time finite state mean field games. Appl. Math. Optim. 68(1):99-143.
[22] Gomes DA, Velho RM, Wolfram MT (2014) Socio-economic applications of finite state mean field games. Philos. Trans. Roy. Soc. A. 372(2028).
[23] Hu Y, Peng S (1997) A stability theorem of backward stochastic differential equations and its application. Comptes Rendus Acad. Sci.Ser. 1
Math. 324(9):1059-1064.
[24] Jacod ], Mémin ] (1981) Sur un type de convergence intermédiaire entre la convergence en loi et la convergence en probabilité. Séminaire de
Probabilités XV, vol. 80 (Springer), 529-546.
[25] Jacod ], Shiryaev AN (1987) Skorokhod topology and convergence of processes. Limit Theorems for Stochastic Processes (Grundlehren der
Mathematischen Wissenschaften 288 Berlin Heidelberg), 288-347.
[26] Kolokoltsov V, Bensoussan A (2016) Mean-field-game model for botnet defense in cyber-security. Appl. Math. Optim. 74(3):669-692.
[27] Lasry JM, Lions PL (2007) Mean field games. Japanese ]. Math. 2(1):229-260.
[28] Miculescu R (2000) Approximation of continuous functions by Lipschitz functions. Real Anal. Exchange 26(1):449-452.
[29] Protter PE (2005) Stochastic differential equations.Stochastic Integration and Differential Equations (Springer, New York).
[30] Sokol A, Hansen NR (2015) Exponential martingales and changes of measure for counting processes. Stoch. Anal. Appl. 33(5):823-843.
[31] Villani C (2008) Optimal Transport: Old and New, vol. 338 (Springer Science and Business Media, Berlin).





