PROBABILISTIC APPROACH TO FINITE STATE MEAN FIELD
GAMES

ALEKOS CECCHIN AND MARKUS FISCHER

ABSTRACT. We study mean field games and corresponding N-player games in
continuous time over a finite time horizon where the position of each agent be-
longs to a finite state space. As opposed to previous works on finite state mean
field games, we use a probabilistic representation of the system dynamics in
terms of stochastic differential equations driven by Poisson random measures.
Under mild assumptions, we prove existence of solutions to the mean field
game in relaxed open-loop as well as relaxed feedback controls. Relying on the
probabilistic representation and a coupling argument, we show that mean field
game solutions provide symmetric € -Nash equilibria for the N-player game,
both in open-loop and in feedback strategies (not relaxed), with ey < %
Under stronger assumptions, we also find solutions of the mean field game in
ordinary feedback controls and prove uniqueness either in case of a small time
horizon or under monotonicity.

1. INTRODUCTION

Mean field games, as independently introduced by Lasry and Lions (2007) and
by Huang et al. (2006), represent limit models for symmetric non-zero-sum non-
cooperative N-player dynamic games with mean field interactions when the num-
ber N of players tends to infinity. For an introduction to mean field games see
Cardaliaguet (2013), Carmona et al. (2013) and Bensoussan et al. (2013); the lat-
ter two works also deal with optimal control problems of McKean-Vlasov type.
There is by now a wealth of works dealing with different classes of mean field
games; for a partial overview see Gomes et al. (2015) and the references therein.
Here, we restrict attention to a class of finite time horizon problems with continu-
ous time dynamics and fully symmetric cost structure, where the position of each
agent belongs to a finite state space.

The relation between the limit model (the mean field game) and the correspond-
ing prelimit models (the N-player games) can be understood in two different direc-
tions: approximation and convergence. By approximation we mean that a solution
of the mean field game allows to construct approximate Nash equilibria for the N-
player games, where the approximation error is arbitrarily small for IV big enough.
By convergence we mean that Nash equilibria for the N-player games may be ex-
pected to converge to a solution of the mean field game as N tends to infinity.
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Results in the approximation direction are more common and usually provide
the justification for the definition of the mean field game. When the underlying
dynamics is of It6 type without jumps, such results were established by Huang et al.
(2006) and, more recently, by for instance Carmona and Delarue (2013), Carmona
and Lacker (2015) and Bensoussan et al. (2016). When the dynamics is driven
by generators of Lévy type, but with the control appearing only in the drift, an
approximation result is found in Kolokoltsov et al. (2011).

Rigorous results on convergence to the mean field game limit in the non station-
ary case (finite time horizon) are even more recent. While the limits of N-player
Nash equilibria in stochastic open-loop strategies can be completely characterized
(see Lacker (2016) and Fischer (2017) for general systems of It6 type), the conver-
gence problem is more difficult for Nash equilibria in Markov feedback strategies
with global state information. A breakthrough was achieved by Cardaliaguet et al.
(2015). Their proof of convergence relies on having a regular solution to the so-called
master equation. This is a kind of transport equation on the space of probability
measures associated with the mean field game; its solution yields a solution to the
mean field game for any initial time and initial distribution. If the mean field game
is such that its master equation possesses a unique regular solution, then that so-
lution can be used to prove convergence of the costs associated with the N-player
Nash equilibria, as well as a weak form of convergence of the corresponding feedback
strategies. An important ingredient in the proof is a coupling argument similar to
the one employed in deriving the propagation of chaos property for uncontrolled
mean field systems (cf. Sznitman, 1991). This kind of coupling argument, in which
independent copies of the limit process are compared to their prelimit counterparts,
is useful also for obtaining approximation results; cf. for instance the above cited
works by Huang et al. (2006) and Carmona and Delarue (2013).

In this paper, we focus on games where the position of each agent belongs to a
given finite state space ¥ := {1,...,d}. Such games have been studied by Gomes
et al. (2013), and also by Basna et al. (2014). Their approach to the problem is
based on PDE / ODE methods and the infinitesimal generator (Q matrix) of the
system dynamics; we will return to this shortly.

Here, we adopt a different approach based on a probabilistic representation. We
write the dynamics of the N-player game as a system of stochastic differential
equations driven by independent stationary Poisson random measures with the
same intensity measure v, weakly coupled through the empirical measure of the
system states:

(1.1)

X,»N<t>:eiN+/t/ F(5, XN (57), w0 (5), u (57NN (ds, du), i =1,..., N,
0 U

where o is the control of player i (here in open loop form) with values in a compact
set A and p™V (s7) is the empirical measure of the system immediately before time s.
The dynamics for the one representative player of the mean field limit is analogously
written as

(1.2) X(t)=¢ +/O /Uf(S,X(s_),u,a(s),m(s))/\/(ds,du),

where « is the control and m : [0,T] — P(X) a deterministic flow of probability
measures, which takes the place of pv.

Representations (1.1) and (1.2) of the system dynamics allow to obtain approxi-
mation results with error bounds of the form % for the approximate N-player

Nash equilibria via the aforementioned coupling argument. This is what we will do
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here. The probabilistic representation is useful also for the problem of convergence
to the mean field limit; see below.

The function f appearing in (1.1) and (1.2) can be chosen so that the correspond-
ing state processes XV, X have prescribed transition rates when the control and
measure variable are held constant. Following an idea of Graham (1992), we choose
U C R?, let the intensity measure v be given by d copies of Lebesgue measure on
the line (cf. (2.29) below), and set

(13) f(t7 €, U, a7p) = Z(y - m)]l]O,)\(iE,m,y,a,p)[(uy)'
yeS

With this f we have, as h — 0,
PX(t+h) = ylX(t) = 2] = At,2,y,0em) - h+ o(h)

if y # x, for any constant control a and probability measure m. Thus, \(¢, z,y, o, m)
is the transition rate from state z to state y.

We will consider several types of controls: open-loop, feedback, relaxed open-
loop and relaxed feedback. Each player wants to optimize his cost functional over
a finite time horizon T. The coefficients representing running and terminal costs
may depend on the measure variable and are the same for all players.

We first study the mean field game and show that it admits a solution in relaxed
controls. The solution of the mean field game can be seen as a fixed point. For a
given flow of measures m(-), find a strategy a,, that is optimal and let X*™™ be
the corresponding solution of Eq. (1.2). Now find m such that Law(X (t)) = m(t)
for all t € [0, T]. Under mild hypotheses, we prove existence of solutions in relaxed
open-loop controls using the Ky Fan fixed point theorem for point-to-set maps.
This is analogous to the existence result obtained by Lacker (2015) for general
dynamics driven by Wiener processes. As there, we will characterize solutions to
Eq. (1.2) through the associated controlled martingale problem. In order to write
the dynamics when using a relaxed control, we need to work with relaxed Poisson
measures in the sense of Kushner and Dupuis (2001); also see Appendix A below.
The same assumptions that give existence in relaxed open-loop controls also yield
existence of solutions in relaxed feedback controls. Relaxed controls are used only
for the limit model.

Then we show that those relaxed mean field game solutions provide €y-Nash
equilibria for the N-player game both in ordinary open-loop and ordinary feedback
strategies. To this end, we approximate a limiting optimal relaxed control by an
ordinary one, using a version of the chattering lemma that also works for feedback
controls, at least in our finite setting. The approximating control is then shown
to provide a symmetric ey-Nash equilibrium, with ey < nstant = qecentralized
when considering feedback strategies. As explained above, our proof relies on the
probabilistic representation of the system and a coupling argument.

We also study the problem of finding solutions of the mean field game in ordinary
feedback controls. There, we need stronger assumptions in order to guarantee the
uniqueness of an optimal feedback control for any fixed m (existence always holds).
Moreover, we prove that the feedback mean field game solution is unique either if
the time horizon T is small enough or if the cost coefficients satisfy the monotonicity
conditions of Lasry and Lions (cf. below).

Roughly speaking, we need to assume only the continuity of the rates A in order to
have relaxed or relaxed feedback mean field game solutions and to obtain €y-Nash
equilibria for the N-player game, both open-loop and feedback. Under stronger
assumptions, namely affine dependence of A on the control and strict convexity of
the cost, we have uniqueness of the optimal feedback control for any m through
the uniqueness of the minimizer of the associated Hamiltonian. Under assumptions
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similar to these latter, Basna et al. (2014) study the problem in the framework of
non-linear Markov processes and find %—Nash equilibria for the N-player game. In
Gomes et al. (2013), the transition rates coincide with the control, in analogy with
the original works of Lasry and Lions, and ﬁ—Nash equilibria are obtained. Both
these works consider ordinary feedback controls only, hence feedback solutions of
the mean field game.

The work by Gomes et al. (2013) also contains a result in the convergence direc-
tion. More precisely, convergence of N-player Nash equilibria in feedback controls
to the mean field limit is established, but only if the time horizon T is sufficiently
small. Moreover, the authors prove a result about the uniqueness of feedback mean
field game solutions for arbitrary time horizon in case the Lasry-Lions monotonicity
conditions hold.

Lastly, let us mention several recent preprints. In Doncel et al. (2016), continuous
time mean field games with finite state space and finite action space are studied.
The authors prove existence of solutions to the mean field game, corresponding to
what we call solutions in relaxed feedback controls. Their prelimit models (the
N-player games) are different and difficult to compare to ours since they are set
in discrete time. In Carmona and Wang (2016), finite state mean field games with
major and minor players are considered. The authors provide a characterization of
the mean field game in terms of viscosity solutions to a coupled system of integro-
differential equations and establish existence of solutions. The connection with
the underlying N + 1-player game is made, as usual, through the construction of
approximate Nash equilibria. As opposed to the fully symmetric case considered
here, in the presence of a major player, solutions to the limit system in open-loop
and in feedback strategies are in general not equivalent. The third work we mention
is Benazzoli et al. (2017). There, the authors study a class of mean field games with
jump diffusion dynamics. An existence result for the mean field game in the spirit
of Lacker (2015) is given. The authors also obtain a convergence result in a special
situation where Nash equilibria for the N-player games can be found explicitly. In
their model, the jump heights are directly (and linearly) controlled, not the jump
intensities.

The last two preprints, which appeared nearly simultaneously, after submission
of the present paper, concern the convergence problem for finite state mean field
games. In Cecchin and Pelino (2017), a joint work of the first author, the conver-
gence of feedback Nash equilibria to solutions of the mean field game is studied
following the ideas of Cardaliaguet et al. (2015) sketched above. The Master Equa-
tion, which in this case is a first order PDE stated in P(X), is employed to obtain
convergence of the feedback Nash equilibria, the value functions and a propaga-
tion of chaos property for the N-player optimal trajectories. Provided that the
Master Equation possesses a (unique) classical solution, convergence is established
through a coupling argument, which relies on the probabilistic representation of the
dynamics introduced here. Existence of a unique classical solution to the Master
Equation is verified under the Lasry-Lions monotonicity conditions. In addition,
a central limit theorem and a large deviation principle for the N-player empirical
measure processes are proved. In the independent work by Bayraktar and Cohen
(2017), the authors again use the Master Equation in the spirit of Cardaliaguet
et al. (2015) to find the same convergence result as in Cecchin and Pelino (2017),
but using a slightly different probabilistic representation of the dynamics. They
also obtain a central limit theorem for the fluctuations of the N-player empirical
measure processes.

Structure of the paper. In Section 2, we introduce the notation and various
assumptions to be used in the sequel. Then we describe the N-player games as
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well as the corresponding mean field game, giving the relevant definitions of Nash
equilibrium and solution of the mean field game. Relaxed controls (open-loop and
feedback) are introduced there as well, while a proper definition of relaxed Poisson
measures is given in Appendix A. All main assumptions are verified to hold for the
natural shape of f in (1.3).

In Section 3, we establish existence of solutions to the mean field game in relaxed
open-loop as well as relaxed feedback controls.

In Section 4, we find, under additional assumptions, mean field game solutions
in non-relaxed feedback controls by proving the uniqueness of the optimal control
for any flow of measures. Moreover, uniqueness of solutions is proved either for
small T or under the Lasry-Lions monotonicity conditions.

In Section 5, we first establish a version of the chattering lemma that works
also for feedback controls. Then we turn to the construction of approximate Nash
equilibria coming from a solution of the mean field game, and derive the error bound
mentioned above for feedback as well as open-loop strategies.

Section 6 contains a summary of the main results.

2. DESCRIPTION OF THE MODEL

2.1. Notation and assumptions. Throughout the paper, we fix ¥ = {1,...,d} to
be the finite state space of any player. Let T" be the finite time horizon and (A, dist)
be a compact metric space, the space of control values. Let U be a compact set in
R? and let v be a Radon measure on U. Let

S:=PX)={peRi:p; >0, j=1,....d; pi+...+pa=1}

be the space of probability measures on X, which is the probability simplex in
R Let f:[0,T] xExUx AxS — {—d,...,d} be a measurable function
(the one appearing in the dynamics (1.2) and (1.1)) such that f(¢,z,u,a,p) €
{1—-=z,....,d—z}. Let c: [0,T] xEx Ax S — R, ¢ : ¥ xS — R be measurable
functions, representing the running and the terminal costs, respectively, which will
be the same for all players.

We will denote by A/ any stationary Poisson random measure on [0,7] x U
with intensity measure v on U, and by NV = (N, ..., N¥) a vector of N i.i.d.
stationary Poisson random measures, each with the same law as /. The initial point
of the N-player game will be represented by N i.i.d. random variables &1, ...,&N
with values in 3 and common distribution mg € S, which will be fixed throughout.
Similarly, the initial point of the limiting system will be represented by a random
variable £ with law my.

The state of player i at time ¢ is denoted by X7V (¢). The trajectories of any
process X}V are assumed to be in D([0,7],%), which denotes the space of cadlag
functions from [0, T to ¥, endowed with the Skorokhod J;-topology. Let u (t) :=
% Zi\;l ) XN (1) be the empirical measure of the system of N players. In the limiting
dynamics, the empirical measure is replaced by a deterministic flow of probability
measures m : [0,T] — S.

The space of measures S can be equipped with any norm in R?, as they are all
equivalent, so we choose the Euclidean norm |p|. We observe that S is a compact
and convex subset of R%. Denote by C([0, 7], S) the space of continuous functions
from [0,T] to S, endowed with the uniform norm. The space of flows of proba-
bility measures on S will be denoted by £ C C([0,T7],.5), which will be shown in
Subsection 3.1 to be

L:={m:[0,T] — S:|m(t) —m(s)| < K|t —s|, m(0) =mo}
where the constant is given by K := 2v(U)Vd.
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We will study several types of controls. Pathwise existence and uniqueness of
solutions to the controlled dynamics (1.2), with trajectories that remain in X, is
guaranteed by the following Lipschitz condition:

(2.1) /U s s, a,p) — F(s, 20 a,p)|w(du) < Kylz — ]

for every x,y € £,5 € [0,T],a € A and p € S, where K; is a constant. The above
condition is always satisfied in our model since |z — y| > 1 for each = # y € ¥ and
Ju |f(s,z,u,a,p)| < v(U)d; thus we may take K = 2v(U)d.
Let us summarize here the various sets of assumptions we will make use of:
(A) The function f : [0,T] x © x A x § — L*(v) defined by f(t,z,a,p) =
f(t,z,-,a,p) € L'(v) is continuous in ¢,a,p (uniformly, and is bounded),
that is, there exists a function wy such that limy_o wf(h) =0 and

(2.2) /U |F(t, 2, 0,0, p) — F(5, 5, b, q)|w(du) < wy(lt — s| + dist(a, ) + |p — g

for every t,s € [0,T], z € Y, a,be A pqgeS;
(A’) Assumption (A) holds and f is Lipschitz in p € S:

@3) [ 1ftw w0 - f(tyue o) < Kl o] + o - a))
U
(A”) Assumption (A’) holds andf is Lipschitz also in a € A:
(2.4) /U |f (¢, z,u,a,p) — f(t,y,u,b,q)|v(du) < Ki(|Jz —y| + |p — q| + dist(a,b));

(B) The running cost ¢ is continuous (and bounded) in ¢, z, a, p and the terminal
cost is continuous (and bounded) in z, p;
(B’) Assumption (B) holds and the costs ¢ and v are Lipschitz in p:

(2.5)  |e(tsz,a,p) = et y,a, )| + [¢(z,p) = ¢(y, @) < Kol =yl + |p — q);
(B”) Assumption (B’) holds and the running cost ¢ is Lipschitz also in a:

(2.6) le(t,z,a,p)—c(t,y,b,q)|+(x,p) —Y(y, q)| < Kal|lz—y|+dist(a,b)+|p—ql].

The above assumptions will be used in Sections 3 and 5 to find solutions of the
mean field game and then approximate Nash equilibria for the N-player game, both
in open-loop and in feedback form.

Our last assumption will be more implicit. We identify the set of functions
g : ¥ — R with R? and observe that any ¢ is bounded and Lipschitz. For any
reX, 0<t<T,ac A, pcSandgcR? define the generator

(2.1 A7g(e) = [ lata+ 0 0,0.9) = gla)lv(d)

and the pre-Hamiltonian

(2.8) H(t,z,a,p,g) := A{"Pg(x) + c(t, z,a,p).

In order to obtain existence and uniqueness of feedback mean field game solutions,

in Section 4, we will make the additional hypothesis:
(C) For any ¢, z, p and g there exists a unique a* = a*(¢, x, p, g) minimizer of
H(t,z,a,p,g) in A;
We observe that for any fixed p and g the function a*(¢, z) is measurable, thanks to
Theorem D.5 in Herndndez-Lerma and Lasserre (1996). We remark also that the
limiting dynamics (1.2) always admits a pathwise unique solution thanks to (2.1).
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2.2. N-player game. In the prelimit, we consider a system of N symmetric players
governed by the dynamics
(2 9)

=N 4 / /fs XN (s aN(s), N (s7))NY (ds, du) i=1,...,N,
where XV = (X{V, ..., X}) and pN(t) := & ZZ 10x~ (). Here, the controls aN
are in open-loop form. Let us specify the controls to be used in the N-player game.
Definition 1. Define the set of strategy vectors as
M= {((Q,F, PyF), o €V N}

where (Q, F, P;F) is a filtered probability space, N = (&N, ... &X) is a vector of
N i.4.d. Fo-measurable random variables with law myg, the initial points, NN =

(NN N ds a vector of N i.i.d. stationary Poisson random measures with
respect to the filtration F = (Fy)iepo,r) with intensity measure v on U, Fr = F,
and o™ = (a¥,. .. ,a%) is a vector of A-valued F-predictable processes aY. We

will often write o € AN to indicate the process o .

Define the set of feedback strategy vectors as
M= {((QF, PiE), N, €N )

where YN = (v, ... ,AN) 1 [0,T] x &N — AN is measurable and the filtered prob-
ability space and the £ and NN are as above. We will often write vN € AN to
indicate the function v~

We observe that the above definition of feedback strategy vector is not standard,
as it is given together with the probability space and the noise. We give such a
definition because in this way any strategy gives a unique pathwise solution to dy-
namics (2.9). Indeed, provided that f is Lipschitz in p, we have pathwise existence
and uniqueness of solutions to the system (2.9), for any o = (o, ..., a¥) € AVN.

Given a feedback strategy vector vV = (4V,... /) € AN, equation (2.9) is
written as

— eV +//st o (5, XN (7)), 1N (7 )N (ds, du)

for each ¢+ = 1,...,N. The same assumption as above provides existence and
uniqueness of solutions XV to this equation, so we can define the related open-loop
control oV [yN] by
oM [yMi(s) = 7] (s, XN (7))

In view of Definition 1, the open-loop control o™V [y¥] has to be given together with
a filtered probability space, a vector of initial conditions and a vector of Poisson
random measures, which we impose to be the same as those given with the feedback
control vV

Next, we define the object of the minimization. Let o¥ = (af¥,...,a}) € AV
be a strategy vector and XV = (X ... XX) be the solution to dynamics (2.9).
Fori=1,...,N set

IN@@N):=F

7

/TC(t,XiN(t),%N(t),uN(t))dt+‘P(XfV(T),uN(T))
0

Define also JN (yV) := JN (aV[yN]) for any vV € AN,
We look for approximate Nash equilibria for the N-player game. So let us define
what are the perturbed strategy vectors we consider.
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Notation 1. Let 8 be an A-valued F-predictable process. For a strategy vector

oV = (..., al) in AN denote by [N 7% B] the strategy vector such that
N . .
@ iig =10 I
8 j=1.

For a feedback strategy vector N = (vI¥,...,4N) € AN, let XN be the solution to

XNy = &N +f0 Jir £, XN (57), 0, B(s), fin (57 ) )N (ds, du)
XN = €N+ [7 [y s, XN (57), 0,3 (5, XN (57)), i (s7))NN (ds, du)
if j# i
Denote then by [y % 8] € AN the strategy vector such that

N gy = [ XN @) G
b Pl {5@) j=1i.

Definition 2. Let e > 0. A strategy vector an is said to be an e-Nash equilibrium
if for eachi=1,... N

I (™) < Ip ([T B)) + e
for every B such that [a™ % B] is a strategy vector.
A vector YN € AN is called a feedback e-Nash equilibrium if

TN <IN B + e
for every B such that [YN'=% 8] is a strategy vector.

We remark that the above definition of feedback e-Nash equilibrium is not stan-
dard. Indeed, the perturbed strategy vector [VN =% B] is usually required to be in
feedback form. In our definition, a slightly more restrictive (or stronger) condition
is used since the perturbing strategy [ is allowed to be in open-loop form. As a
consequence, the approximation result of Section 5 will be slightly stronger than
with the standard definition.

2.3. Mean field game. The mean field limiting system consists of a single player
whose state evolves according to the dynamics

(2.10) X(t)=¢ +/0 /Uf(s,X(s_),u,a(s),m(s))./\f(ds,du), te[0,T].

Here the empirical measure appearing in (2.9) is replaced by a deterministic flow
of probability measures m : [0,7] — S.

Definition 3. The set of open-loop controls is the set
A= {((Q,F, P;F),a,§,N)}

where (2, F, P;F) is a filtered probability space, £ is an Fo-measurable random vari-
able with law mq, the initial condition, N is a stationary Poisson random measure
with respect to the filtration F = (Fy)ieo,r) with intensity measure v on U, Fr = F,
and « is an A-valued F-predictable process. We will often write o € A to indicate
the process «.

Define the set of feedback controls as

A= {((Q,F,P;F),v,§,N)}

where v : [0,T] x ¥ — A is measurable and the filtered probability space, the initial
condition and the Poisson random measure N are as above. We will often write
v € A to indicate the function ~.
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We remark that the feedback control is given with the probability space and the
noise, in analogy with Definition 1 for the prelimit system.

Thanks to the Lipschitz condition (2.1), the limiting dynamics is well defined.
More precisely, given any open-loop control ((Q, F, P;F),«,&,N) € A and flow of
measures m € L, there exists a pathwise unique solution X of Eq. (2.10), which we
will denote by X, ,,,. Similarly, given any feedback control ((Q2, F, P;F),~,&,N) €
A and flow of measures m € L, there exists a pathwise unique process X = X, ,,
solving

t

(2.11) X(t) = 5—1—/ / f(s, X (s7),u,v(s,X(s7)),m(s))N(ds,du), te€][0,T].
o Ju

The corresponding open-loop control is then defined as

(2.12) a¥(t) =t Xy m(tT)).

In view of Definition 3, the open-loop control a” has to be given together with
a filtered probability space, an initial condition and a Poisson random measure,
which we impose to be the same as those given with the feedback control ~.

We define the object of the minimization for the mean field game. For any o € A
and m € L set

J(a,m):=F /0 (8, Xom(8), a(s), m(s))ds + (X m(T), m(T))

Define also J(y,m) := J(a”, m) for any v € A.
The notion of solution for the limiting mean field game, which will provide
approximate Nash equilibria for the N-player game, is the following.

Definition 4. An open-loop solution of the mean field game (2.10) is a triple
(2, F, P;F), 0, §,N) ,m, X)

such that

(1) (0 F,P;F),a,6,N) € A, m e L, (X(t))icjo,r s adapted to the filtration

Fand X = Xom;

(2) Optimality: J(a,m) < J(B,m) for every § € A;

(3) Mean Field Condition: Law(X (t)) = m(t) for every t € [0,T].

We say that ((Q,F, P;F),~v,&,N),m, X) is a feedback solution of the mean
field game if v € A and (R, F, P;F), a7, &, N),m, X) is an open-loop solution of
the mean field game, where o is defined in (2.12).

In our writing, we will often drop the filtered probability space and the Poisson
random measure from the notation.

In condition (3) of the above definition, Law(X (t)) := PoX (t)~! as usual. Let us
denote by Flow(X) : [0,T] — S the flow of the process X, that is, Flow(X).t :=
Law(X(t)). Then the mean field condition can be written as Flow(X) = m.

2.4. Relaxed controls. The space A is not itself compact. In order to always
have convergence along subsequences, we need to enlarge the space of controls,
considering relaxed controls and related relaxed Poisson measures. They are used
only for the limiting system.

Definition 5. A deterministic relaxed control is a measure p on the Borel sets
B([0,T] x A) such that

(2.13) p([0,8[x A) = p([0,4] x A) =t Vit e [0,T).

The space of deterministic relazed controls will be denoted by D.
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Given p € D, the time derivative exists for Lebesgue-almost every t € (0,T]; it
is the probability measure p; on A given by
pllt — 6,1] x B)

(2.14) pe(E) := lim , EeB(A).
6—0 1)

As a consequence, p can be factorized according to

(2.15) p(dt,da) = pi(da)dt.

The space D is endowed with the topology of weak convergence of measures, i.e.
pn — p if and only if

et ' | els.aipatds.da) — /OT | el antis. o)

for every continuous ¢ on [0,7] x A. Moreover there exists a metric which makes
D a compact metric space (for instance, Kushner and Dupuis, 2001).

Definition 6. The space of (stochastic) relaxed controls is

R ={((LF, P;F),p,{, N)}
where (Q,F, P;F) is a filtered probability space, p is a D-valued random variable
such that p([0,-] x E) is F-adapted for every E € B(A), and N is a stationary
Poisson random measure with respect to the filtration F with intensity measure v

on U. We will often write p € R to denote the process p.
The space of relaxed feedback controls is the set

A= {((Q,F, PiF), 3,6, )}
where 7 : [0,T] x & — P(A) is measurable, P(A) is endowed with the topology
of weak convergence, and the filtered probability space, the initial condition and the

Poisson random measure are as above. We will often write 7 € A to denote the
process .

The relaxed feedback control is given with the probability space and the noise,
in analogy with Definition 3. Because of (2.14), the derivative (p:(E))o<i<r is an
F-predictable process for any E € B(A). An ordinary open-loop control a € A can
be viewed as a relaxed control p® € R in which the derivative in time is a Dirac

measure: . .
p(0,1] x E) = / p(E)ds = / Suio) (E
0 0

We also have to introduce the corresponding relaxed Poisson measure in order
to have well-defined dynamics. This will be done properly in Appendix A. Given
any p € R, Borel sets Uy C U, Ag C A, the relaxed Poisson measure N, related to
the relaxed control p has the property that the processes

(217) /\/p(t, U07 Ao) — V(Uo)p([o,t] X Ao)

are F-martingales, and are orthogonal for disjoint Uy x Ag. This martingale property
and the fact that N, is a counting measure valued process define the distribution
of N, and the joint law of (N, p, &, ) uniquely (see Appendix A). The martingale
property (2.17) also implies that the process

(2.18) /// s,u, a)N,(ds, du,da) /// s, u, a)v(du)ps(da)ds

is an F-martingale, for any bounded and measurable . For an ordinary control
a € A (or the relaxed control it induces), the corresponding relaxed Poisson measure
is explicitly given by

(2.19) N, (t, Uy, Ag) ::/0 /U La,(a(s)N(ds, du).
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The stochastic differential equation (2.10) in this more general framework with
a relaxed Poisson measure is written as

)XW=+ [ [ X600 me) N s, du.da)

for any relaxed control p € R and m € L.
Given a relaxed feedback control 4 € A and a process X, define the corresponding
relaxed open-loop control through

(2.21) p X (dt, da) == [F(t, X (t7))](da)dt.

Let pry,x be the relaxed Poisson measure corresponding to p7-X. Equation (2.20)
then becomes

(2.22) £—|—/ / / f(8,X(57),u,a,m(s))N,.x (ds, du, da),

where the solution process X appears also in the relaxed Poisson measure.
The proof of the following lemma is given in Appendix A.1.

Lemma 1. For any m € L and p € R, respectively 7 € 1&, there exists a pathwise
unique solution to the stochastic differential equation (2.20), respectively (2.22).
The solutions to (2.20) and (2.22) will be denoted by X, ,,, and X5 ,,, respectively.

For 7 € 1&, let p7 denote the corresponding relaxed control defined by (2.21), that
is, p7 is the relaxed open-loop control such that

(2.23) pi (da) == [F(t, X5, (t7))](da).
In view of Definition 6, the relaxed open-loop control p7 has to be given together

with a filtered probability space, an initial condition and a Poisson random measure,
which we impose to be the same as those coming with the relaxed feedback control

.
Let p € R and m € L. Let X = X, ,,. Thanks to the martingale property
(2.18), we obtain that the process

(2.24)
M (1) = (X () — 9(X(0))

[ 06+ 506, X ) w0 m0) ~ oK wlaurpulaayis
is an F—martlngale for any g € R%. This yields the Dynkin formula
(2.25) Elg(X Elg(&)]

—F / / / $)+ (s, X(5),u,a,m(s))) — 9(X (5))] v(du)ps(da)ds.

The cost to be minimized is
(2.26)

T
J(pym) = E / /A (5, X o (3), 0, m(5))pa (da)ds + (X poma(T), m(T))

Define also J (3, m) := J(p7,m) for 3 € A. The definitions of relazed solution of the
mean field game (2.20) and relazed feedback solution are analogous to Definition 4,
where ordinary controls are replaced by relaxed controls.

Definition 7. A relaxed solution of the mean field game (2.10) is a triple
(&, F, P;F), p, &, N) ,m, X))
such that
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(1) (Q,F,P;F),p,&, N) € R, m € L, (X(t))eejo, 1) is adapted to the filtration
Fand X = X, n;

(2) Optimality: J(p,m) < J(o,m) for every o € R;

(3) Mean Field Condition: Law(X(t)) = m(t) for every t € [0,T].

We say that (((Q, F, P;F),7,£,N),m, X) is a relaxed feedback solution of the
mean field game if 7 € A and (((Q,}",P;F),;ﬁ,{,/\/) 7m,X) is a relazed solution
of the mean field game, where p7 is defined in (2.23).

In our writing, we will often drop the filtered probability space and the Poisson
random measure from the notation.

In Section 3.2 we will show the existence of relaxed mean field game solutions
via a fixed point argument, while existence of a relaxed feedback mean field game
solution is established in Section 3.3.

We will use the characterization of solutions to (2.20) via the controlled martin-
gale problem. The proof of the following lemma is omitted; it can be derived by
mimicking the one of Theorem 2.8.1 in Kushner (1990, p.42).

Lemma 2. Let (', F, P ;F),p,&,N) € R and m € L. Then X solves equation

(2.20) in distribution if and only if the process M (t) defined in (2.24) is an F’-

martingale for any g € RY. The underlying filtered probability space can always

be assumed to be D([0,T],%) x Q, where  is the canonical space for (N, p,&,N')

defined in Appendix A, F the canonical filtration, and X is the canonical process.
The martingale property holds if and only if

(2.27) E [R(X(t;);i < j) (M (t+s) — M (t))] =0
for every h: X9 — R and every choice of j, t, s, t;, i =1,...,5 such that 0 < t; <
t<t+s.

In Section 4, under additional assumptions, we will prove existence of feedback
mean field game solutions (not relaxed); such solutions will be shown to be unique
either if the time horizon is small or if the Lasry-Lions monotonicity assumptions

apply.

2.5. Example. We show how our assumptions are satisfied for a natural shape of
the function f for which, when considering o and m constants, the transition rates
of the Markov chain X solution of the dynamics (2.10) appear explicitly. Consider
then f defined by

(228) f(ta x, u) = Z(y - l')l]o,k(t,x,y)[(uy)

yeS

and the intensity measure v on U € B(RY) defined by
d
(2.29) v(E) =Y ((ENU,), E¢cBU),
y=1

where Uy :={u €U :u, =0 Vz#y}, which is viewed as a subset of R, and ¢ is
the Lebesgue measure on R.

The function A appearing in (2.28) yields the transition rates of the Markov
chain X solution of (2.10), that is, for  # y, as h — 0,

(2.30) P[X({t+h)=ylX({t)=xz] =Xt,z,y) - h+ o(h).
Moreover, the measure v defined in (2.29) has the property that

d
(2.31) /Ugo(ul,...,ud)u(du):Z/U ©(0,...,Uy,...,0)du,
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for any bounded and measurable ¢ : R — R. In particular,

d d
(2.32) /Uyz_:l oy (uy)v(du) = yZ:l /Uy ©y (uy)duy,

for any function ¢, : R — R such that ¢,(0) =0, y € X.
If we want f to depend also on a control and a flow of measures, we may consider
the rate A to depend also on a € A and p € S, so that (2.28) is rewritten as

(2'33) f(ta Z,u, a,p) = Z(y - x)]l]O,)\(t,z,y,a,p)[(uy)'
yeD

We also assume that A is bounded by a constant M (which holds a posteriori by
the assumptions of the next lemma) and U := [0, M]¢. With this f, (2.30) becomes

(2.34) P[X(t+h)=y|X(t) = 2] = E [\t z,y,at),m(t))] - h + o(h),

where X = X, ,,, is the solution of (2.10) under the control a € A and flow of
measures m € L and E;, denotes expectation with respect to the conditional
probability P[-|X(t) = «z] provided P(X(t) = x) > 0. In particular, if «(t) =
~v(X (t)), then the transition rate is A(¢, z,y,vy(z), m(t)). A proof of (2.30), (2.31)
and (2.34) can be found in Turchi (2015), where the examples (2.28) and (2.33)
were treated.

Let us check whether our assumptions on the model are satisfied for the above
choice of f and v.

Lemma 3. Let f be defined by (2.33) and v by (2.29).

o If the rate X appearing in (2.83) is continuous in t,a and p, then (A) holds;
e If in addition X is Lipschitz in p, then (A’) holds;
e If in addition A is Lipschitz also in a, then (A”) holds.

Proof. Let t,5 € [0,T], a,b € A, p,q € S and fix x € ¥. Then

L |f(t7x7uaavp) - f(S,(E,'U,,lL Q)|V(du)

= /U Z(y - 33) []I]O,A(t,m,y,a,p)[(uy) - H]O,A(s,w,y,b,q)[(uy)] V(du)

yeD

< /UZ ly — | |1]0»A(tmy7a,p)[(uy) - ]l]OA(s,r,y,b,q)[(“y)’ v(du)
y#T

< 2d/ Z ’]l]OA(tyr,y,ayp)[(uy) - H]O,A(s,ryyyb,Q)[(“y)’ v(du).
S
y#T
Applying (2.32), the last expression above is equal to

24y /U 1 2j0,7(t29.0.0)1 () = Lo x(s,2,,0,0)1 ()| Dy
yF#T

= 2dz ‘)‘(t7x7yaa7p) - )\(S,if,y,b, q)‘v
yF#w

which gives the claims. O

In order to verify assumption (C), we need additional hypotheses on the structure
of the model.
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Lemma 4. Let f be defined by (2.33) and v by (2.29). Assume that A is a compact
and convex subset of a metric topological vector space. Let the running cost ¢ be
strictly convex in a and the rate A appearing in (2.33) be affine (in the sense of
being both convex and concave) in a. Then assumption (C) is satisfied.

Proof. We have H(t,z,a,p,g) = AfPg(x) + c(t,z,a,p) where

APy (z) = /U g2+ - D oreepani) | - o) | vidw).

yeD

Applying formula (2.31) we obtain

AL g() = /U (92 + (4 — 2) Lo rwogap(uy)) — 9()] duy

Yy

At 2,9, a,p) [9(y) — g(2)],

(= 104=

<
Il
—

which is an affine function of a if A is affine in a. Therefore, H is a strictly convex
function of a if ¢ is strictly convex, and thus it has a unique minimum in A. O

3. RELAXED MEAN FIELD GAME SOLUTIONS

3.1. The space L. In order to prove the existence of solutions we use a fixed
point theorem. First of all, we want to find a suitable space where all the flows of
probability measures lie. Set K := 2v(U)v/d and denote by

(3.1) L:={m:[0,T] — S:|m(t) —m(s)| < K|t —s|, m(0) =mg}

the space of Lipschitz continuous flows of probability measures, with the same
Lipschitz constant K and initial point mq. This space is easily seen to be convex and
compact with respect to the uniform norm, thanks to the Ascoli-Arzela theorem.
The following lemma allows to restrict attention to flows of probability measures
in L.

Lemma 5. Let « € A, or p € R, and let m : [0,T] — S be any deterministic
flow of probability measures. Then the flow of the solution process Flow(Xq,m), or
Flow(X,.m), isin L.

Proof. We prove the claim for relaxed controls, so the conclusion follows also when
considering the subset of ordinary controls. Let g : ¥ — R be a function, which is
then Lipschitz and bounded and can be viewed as a vector in R%. Denote |g|s 1=
maxgzex g(z). Let p € R and m be fixed, and set X = X,,,. The function
m : [0,7] — S has a priori no regularity, except for being measurable. By the
Dynkin formula (2.25) we have, for any 0 < s <t < T,

Elg(X Elg(X(s))]

(X)) -
-/ t [ [ lax) + 16X, 0m() = 9(X (1)) ()l
Hence
Elg(X (1)) - Elg(X ()]

< /S /U B Elg(X(r)+ f(r, X(r),u,a,m(r))) — g(X(r))|pr(da)v(du)dr

</ t [ [ 2alecptaatanar = 2u0)llunte -
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thanks to the fact that p, is a probability measure on A for any r. Clearly,
Elg(X(t))] = g Law(X(t)). Thus, for any ¢ and s,

d
[Law(X (1)) = Law(X(s))| = | > [ex - (Law(X () — Law(X (s)))]”
d
<D= s Alen |2 v (U)? = 20(U)Vlt — 5,
which gives the claim. (|

3.2. Existence of relaxed mean field game solutions.

3.2.1. Tightness and continuity for m fized. Consider a sequence of random vari-
ables

(3.2) (X", " Ny

where p™ is a relaxed control, N,» is the related relaxed Poisson measure and X" =
X,n.m, m € L is fixed. The state space of these random variables is D([0,T7], ) x
D x M, where M = M([0,T] x U x A) denotes the set of finite positive measures
on [0,7] x U x A endowed with the topology of weak convergence.

The following is of fundamental importance, and is similar to Theorem 13.2.1 in
Kushner and Dupuis (2001, p. 363).

Theorem 1. Assume (A) and (B). Then
(1) any sequence of the form (3.2) is tight;
(2) the limit in distribution (X, p,N') of any converging subsequence is such
that N is the relazed Poisson measure related to the relazed control p and
X = X, m in distribution;
(3) J(p,m) is continuous in p.

Proof. (1) The sequence of relaxed controls is tight as D is compact. For any € > 0,
the set

K. = {@ EM:0(0,T] xU x A) < T”g(U)}

is compact in M, since [0,T7] x U x A is compact. From (2.13) and the martingale
property (2.17), it follows that N,»(t,U, A) — tv(U) is a martingale for any n and
50 E[Nn(T,U, A)] = Tv(U). Therefore, by Chebychev’s inequality,

Tv(U) €

PWNn~¢K,)=P (T, U, A) > ——2 )| < EN(T,U A ——— =

Wi ¢ K = P (W @.0.4) > T < B 0 ) 1 =
for any n, saying that the sequence of relaxed Poisson measures is tight. The
properties of the stochastic integral give

E[|X™(t+h) = X"(1)]’| F+] = O(h)
for any F-stopping time 7, uniformly in n, which yields the tightness of the processes
in D([0,T1],%) by Aldous’s criterion (Aldous, 1978).

(2) By abuse of notations, denote by (X", p", N,n) the subsequence which con-
verges in distribution to (X, p, V). From the martingale property (2.17), it follows
that N (¢, Uy, Ao) — v(Uo)p(t, Ao) is a martingale for any Borel sets 49 C A and
Uy C U, where the limiting measure is defined on the canonical space and the
filtration is the canonical filtration (both defined in Appendix A). The limit ran-
dom measure A is integer valued (Theorem 15.7.4 in Kallenberg, 1986), so the
uniqueness property says that N' = N, in distribution. The claim X = X, ,, in
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distribution will be shown also in the proof of Theorem 2, where m is not fixed,

using the controlled martingale problem, so we do not repeat the argument here.
(3) limy 00 J(pn,m) = J(p, m) since ¢ and ¥ are bounded and continuous by

assumption (B). O

By the chattering lemma, which we will present later as Lemma 8, we have

min J(p,m) = inf J(a,m).
min J(p,m) = inf J(a,m)
The minimum on the left hand side exists by the above Theorem 1. The infimum
on the right hand side is actually a minimum, too; see Theorem 4 below, where
the existence of optimal feedback controls will be shown. However, there might
exist more optima among relaxed open-loop controls than among ordinary feedback
controls.

3.2.2. Fized point argument. Let 2% be the set of subsets of £ and define the point-
to-set map ® : L — 2° by

(3.3) ®(m) = {Flow(X,m): J(p,m) < J(o,m) VoeR}, melL.

A flow m € L is called a fized point of this point-to-set map if m € ®(m). We need
this map since the optimal control is not necessarily unique.

By construction, ¢ has a fixed point if and only if there exists a relaxed solution
to the mean field game, in the sense of Definition 7. In order to prove the existence
of a fixed point, we are going to apply Theorem 1 in Fan (1952), which requires the
following definition.

Definition 8. Let £ be a metric space. A map ® : L — 2% is said to have closed
graph if m, € L, y, € L, yn € ®(my,) for any n € N and m,, > m, y, = y in L
implies y € ®(m).

Proposition 1 (Ky Fan). Let £ be a non empty, compact and convex subset of a
locally convex metric topological vector space. Let ® : L — 2% have closed graph
and assume that ®(m) is non empty and convexr for any m € L. Then the set of
fixed points of ® is non empty and compact.

By means of this proposition we are now able to state and prove the following
main theorem concerning existence of relaxed solutions, while uniqueness is not
guaranteed.

Theorem 2. Under assumptions (A) and (B) there exists at least one relazed
solution of the mean field game (2.20).

Proof. We want to show the existence of a fixed point for the map & : £ — 2°
defined in (3.3), applying Proposition 1. Recall that any element of ®(m) is in
L by Lemma 5, and the set £ defined in (3.1) is a compact and convex subset of
C([0,T7,S) endowed with the uniform norm. By Theorem 1, ®(m) is non empty
for any m. It remains to prove that ®(m) is convex and ¢ has closed graph.

®(m) is convex. Let m be fixed and let p1, po € R be such that Flow(X,, m)
and Flow(X,, ) belong to ®(m), i.e. p; and py are optimal controls for m,
and take 6 € [0,1]. Let ¢ be a Bernoulli random variable with parameter 6, Fg
measurable and independent of p; and ps. Define p3 € R by

p3([0,t[x E) == p1([0,t[x E)Lic=1} + p2([0,¢[X E)Lc—0)
for any E € B(A) and t € [0,T]. We have
E[G(Xps,m)] =L [G(Xﬂz,m” (=1P((=1+E [G(Xps,m)l (=0]P(=0)
=0E[G(X,p, m)]+ (1 —0)E[G(X,,m)]
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for every G € Cp(D([0,T],X),R). This implies that

(3.4) Law(Xp,m) = 0Law(X,, m) + (1 = ) Law(X,,,m)
and then in particular

(3.5) Flow(X,,m) = 0Flow(X,, m) + (1 = 0)Flow(X,, m)-
Since p; and po are optimal for m we have, thanks to (3.4),

J(ps,m) = J(p1,m)P(C =1) + J(p2,m)P(¢ = 0)
<08J(o,m)+ (1 —0)J(o,m) = J(o,m)

for any o € R, which means that also p3 is optimal for m and hence (3.5) says that
®(m) is convex.

® has closed graph. Let m,,y,,m,y € L be such that m,, —» m, y, — y in
L and y, € ®(m,,) for every n € N. We have to prove that y € &(m). Let p, € R
be optimal for m,, and such that y, = Flow(X,, m,). Set X, := X, ., and let
N, =N, be the relaxed Poisson measure related to p,.

The tightness of the sequence (X, pn,Ny) is proved as in Theorem 1. Let
(Xny» Py, Nn, ) be a subsequence which converges in distribution to (X, p,./\N/). We
have N = N ,» in distribution, i.e. it is the relaxed Poisson measure related to p.
In order to prove that X = X, ,, in distribution, we use the controlled martingale
problem formulation stated in Lemma 2, and hence let us assume that the processes
are defined in the canonical space.

Property (2.27) holds for Xy, , pn, and my,,, any k € N. Let MJ* denote the
process defined by

Mg (t) = g(Xn, (t) — 9(Xy, (0))
/ / / §) o £(5, X (3), @, 1y (5))) — 9K (5))] ()l (da)ds,

for any g € R%. Property (2.27) and the convergence in distribution of the sequence
(Xnk y Py s Nnk) lmply that

0= lim E[A(Xn, (t:);1 < J)(Mg* (¢ + 5) — Mg*(1))]
= E[h(X(t:);i < ) (My(t + s) — My(t))]

thanks to continuity assumption (A), uniform convergence of m,, and (2.16). There-
fore we have proved that X = X, ,, in distribution.
Thus we obtain

lim Law(X,,) = Law(X, ),

k—o0

which implies the convergence

lim sup |Law(Xg(t)) — Law(X(t))] =0,
k—o0 te[0,T)

that is, Flow(X,,) — Flow(X) uniformly. The convergence is then proved along
a subsequence, but by hypothesis the limit Flow(X,) — y exists in £, hence
y = Flow(X) = Flow(X, n).

It remains to prove that p is optimal for m. Again the convergence in distribution
of the sequence (X, , pn,,Nn, ) implies that limy J(pn, , mn, ) = J(p, m) thanks to
continuity assumption (B), uniform convergence of m,, and (2.16). Then from the
optimality of p,, for my,, i.e. J(pn,,Mn,) < J(0,my, ) for every o € R, taking the
limit as k — oo we get J(p,m) < J(o,m) for every o € R, which means that p is
optimal for m and thus y = Flow(X, ) € ®(m) as required. O



18 ALEKOS CECCHIN AND MARKUS FISCHER

3.3. Relaxed feedback mean field game solutions. Theorem 2 provides a re-
laxed (open-loop) solution of the mean field game (2.20). Under the same assump-
tions we obtain here a relaxed feedback mean field game solution which has the
same cost and flow of the open-loop one. This result is similar to Theorem 3.7
in Lacker (2015) and will provide approximate feedback Nash equilibria for the
N-player game.

Theorem 3. Assume (A) and (B) and let (((,F,P;F),p, &, N),m, X,.,) be a
relazed mean field game solution. Then there exists a relaxed feedback control 5y € A
such that the tuple ((Q, F, P;F),7,6,N),m, X5 ) is a relazed feedback mean field
game solution; namely

(3.6) Flow(X5,,) = Flow(X,,)=m,

(3.7) JEm) = J(p,m).

Proof. The flow m € L is fixed and set X = X, ,,. We claim that there exists a
measurable function 7 : [0,T] x ¥ — P(A) such that

F(t, X (t)) = Elp:| X (t)] { ® P-almost every (t,w) € [0,T] x €.
This holds if and only if

(3.8) /A so(t,xm,am(t,X(t))](da)=E[ /A o (t, X (), @) pr(da)| X (1)

for any bounded and measurable ¢ : [0,T] x ¥ x A — R. In order to construct 7,
define the probability measure © on [0,7] x £ x A by

/ / 1a(t, X(t),a)pi(da)dt|

Then build 4 by disintegration of ©:
O (dt, ds, da) = Oy (dt, dr) [3(t, 2))(da)
where 07 denotes the [0,7] x ¥ marginal of © and 7 : [0,7] x ¥ — P(A) is

measurable. Following Lacker (2015), we show that such 7 satisfies (3.8): for every
bounded and measurable h : [0,7] x ¥ — R we get

—E C e B(0,T] x X x A).

T
E / Wt X (1)) /A so(t,X(t),am(t,ﬂt))](da)dt]

= T/[OVT]XEh(t,ili)/A@(t,x,a)[ﬁ(t,x)](da)@l(dt,d:c)
=T / h(t, z)p(t, x,a)O(dt, dz, da)
[0,T]xEx A

=F

/ Wt X (1)) / so(tX(tLa)m(da)dt],
0 A

which provides (3.8) thanks to Lemma 5.2 in Brunick and Shreve (2013).
Having 7, (3.8) yields

/ / £t X (8),u, 0, m() F(E, X (1)) (da)v(du)
= /U [ 166X 0. am@)puldav(an)

{ ® P-almost everywhere.

X(t)]
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Then we solve equation (2.22) in the same probability space of X, under the
relaxed feedback control 7, and denote by Y = X5 ,, its solution. By the Dynkin
formula (2.25), we have for any g € R,

Elg(X(8))] = Elg(¢ [ / [ AsaCx ).ty }

— Blgle { U/A $))ps(da)

X(s )] ds]
and then thanks to (3.8)

(3.9) E[g(X(t))]—E[g(E)HE[ / /A Azg<X<s>>w<s,X(s))}(da)ds],

while Dynkin’s formula for Y yields

(310)  Elg(Y()] = Elg(©)] + E [ I/ AZg(Y(s)m(s,Y(s))}(da)ds]~

Comparing (3.9) and (3.10) we obtain that Law(X (t)) and Law(Y (t)), which are
vectors in S C R?, satisfy the same ODE in integral form, namely

g-7(t) = g- Law(€) + / / /A A2g(2)A(s, 2))(da) (1)) (dz)ds, ¢ € [0,T],

for any g € RY, the unknown being denoted by 7 : [0,7] — S. Taking g = e;,
j=1,...,d, the corresponding system of ODEs, which is clearly linear in 7, has a
unique absolutely continuous solution 7 € £, hence (3.6) is proved.

Similarly, (3.8) gives

—F / /A (b, X (1), a, m(t))pe(da)dt + (X(T), m(T))

T
—F / / e(t, X (1), a, m()) (5, X (s))(da)dt + (X (T), m(T))

and then we use (3.6) to conclude that

/ / (£, Y (£), a,m(8) (s, Y ()] (da)dt + (¥ (T), m(T))

4. FEEDBACK MEAN FIELD GAME SOLUTIONS

4.1. Feedback optimal control for m fixed. We show the existence of an opti-

mal non-relaxed feedback control v, for J(a, m) for any m, using the verification

theorem for the related Hamilton-Jacobi-Bellman equation. Let m € L be fixed.
For any t € [0,7], x € ¥ and a € A let X% be the solution to

@) XL(s) =z + /t ) /U £ XY, u, ), m(r) N (dr, du)
and set

T
J(t,z,a,m):=FE /t c(s, X5 (s), a(s),m(s))ds + (XL (T), m(T))

Next, define the value function by
(4.2) Vin(t, @) := inf J(t,z, o, m).

acA



20 ALEKOS CECCHIN AND MARKUS FISCHER
Recall that the generator was defined in (2.7) by
Ap7g(a) = [ folo+ Fit,m.a.0) — gla)lv(d)
U

for any t,z,a,p and g € R%. For a function v = v(t, z) the generator will be applied
to the space variable, i.e. denote Ay ”Pv(t,z) = AP o(t,-)(z).

Thanks to Theorem D.5 in Herndndez-Lerma and Lasserre (1996) on measurable
selectors, there exists a feedback control v, € A (i.e. measurable) such that

(4.3) Ym(t, x) € argmin, g 4 {A?’m(t)Vm(t, x) + c(t, x, a, m(t))} ,

where V,,, is the value function (4.2). Let us remark that the above minimum
exists for any ¢ and z if (A) and (B) hold, as the right hand side turns out to be a
continuous function of the variable a, since the value function is trivially Lipschitz
continuous in z.

Theorem 4. Assume (A) and (B). Let m € L. Then any feedback control v,
defined by (4.3) is optimal, that is, J(Vm,m) < J(a,m) for any o € A.

In order to prove Theorem 4, we use the Hamilton-Jacobi-Bellman equation of
the problem (see, for instance, Chapter 3 in Fleming and Soner (2006)):

» {?;;(t,x) Fintaca {AF"o(t2) + etz a,m(6)} =0 in [0, T[xS
o(T, 2) = b (x, m(T)) .

for a function v: [0,7] x ¥ — R. Let us define, for g € R? = {¥ — R},

Glt,a,g) = inf { [ 1ot + 700 us0,m(0) - gl + c(t,x,a,ma))}.

acA
Since ¥ is finite, we shall denote W,(t) := v(t,x), W(t) = (Wi(t),..., Wy(t)),
Fz(tag) = G(t,l’,g), F(t,g) = (Fl(tag)a s >Fd(ta g))a U, = ¢(xvm(T)) and ¥ :=
(U1(t),...,¥y(t)). Therefore (4.4) can be written as
{th(t) +F(LW(1) =0, telo,T],

(4.5) ) — v

which is in fact an ODE.

Define a classical solution to (4.5) as an absolutely continuous function W from
[0, T] to R such that W (t) = \I!JrftT F(s,W(s))ds for every t € [0,T]. We apply to
our problem the following verification theorem, which is a version of Theorem 3.8.1
in Fleming and Soner (2006, p.135):

Proposition 2 (Verification). Let v be a classical solution to (4.5), and let vy, be
any feedback control such that (4.3) holds for Lebesgue almost every t. Then

'U(tax) = J(taxa’Ymvm) = Vm(tvx)
for any t € [0, T] and x € &, where V,,, is the value function (4.2).

We are now in the position to prove Theorem 4.

Proof of Theorem 4. In view of Proposition 2, we have just to show that there
exists a classical solution to (4.5). Hence it is enough to prove that F = F(t,w) is
globally Lipschitz continuous in w € RY, uniformly in ¢ € [0,T]. So let t be fixed
and take w, z € R? and 2 € ¥. Recall that

F,(t,w) := min {/ [wx+f(t,x,u,a,m(t))) — wglv(du) + ¢(t, z, a, m(t))} ,
a€A U
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and let b be a minimizer for Fy(t, z). Then

Fw(t; w) - Fz<t7 Z) = ml}} {/ [wz+f(t,m,u,a,m(t))) - wz}y(du) + C<t7 Zz,a, m(t))}
U

ac
— /IJ[Zx+f(t’x’u’b’m(t))) — zz|v(du) — c(t,x,b,m(t))
< /(][wgchf(t,z,u,b,m(t))) — wgv(du) — /U[Zz+f(t,x,u,b,m(t))) — Zz|v(du)
< /U | Wart f(taubm())) — Wa = Zot f(t,z,ubm () + 2| v(du)
= [ 160 = 2D emaminy = (0= 21| wlda) < 20(0) mae (0 = 21,

yex

Changing the role of w and z we obtain the converse, hence
|Eu(t,w) = Fu(t, 2)| < 2v(U) max|(w — 2),|
ye
for any x, which implies

max | Fy(t,w) — Fy(t, 2)| < 2v(U)max |(w — 2),]| .

reX yes
Therefore F' is Lipschitz continuous in w in the norm ||w|| = maxyex |w,|, which is
equivalent to the Euclidean norm in R¢. O

4.2. Uniqueness of the feedback control for m fixed. Consider the pre-
Hamiltonian, as defined in (2.8),

H(t, 2.0, p.g) = /U g + F(t,2,u,a,p)) — g(2)] v(du) + c(t, 7, a,p)

for (t,7,a,p) € [0,T] x ¥ x Ax S and g € R?. We make the additional assumption
(C); so let us recall that a*(¢,z,p,g) is the unique minimizer of H(¢,x,a,p,g) in
a € A. Define for m € L the feedback control

(46) 7m(t7x) = a*(tax7m(t)7vm(tv ))
where V,,, is the value function (4.2).

Theorem 5. Assume (A), (B) and (C). Given m € L, let 0 € R be any optimal
relazed control for m and let X, be the corresponding solution to (2.20). Then
0t = Ym(t, Xom(t)) for £ ® P-almost every (t,w), that is, o corresponds to the
feedback control ~,,.

This result and the proof of Theorem 2 imply that any relaxed solution of the
mean field game must correspond to a feedback solution:

Corollary 1. Assume (A), (B) and (C). Then there exists a feedback solution
(v,m, X) of the mean field game, and any solution is such that its control coincides
With Y.

Let Q € P(A), and define

H(t,2.Qup.g) = /A H(t, 2, 0, p, 9)Q(da).

Lemma 6. If H is continuous in a, then

4.7 .gtaaa’:.Ht77a7
(4.7) omn (t,2,Q,p,9) =min H(¢,z,a,p,9)
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for any t,x,p and g. Moreover, if (C) holds, then there exists a unique Q* € P(A)
such that
ﬁt77*av = Ht y g .Htavvu :Htvv*vv
(t.z,Q",p,g) Qgg?A) (t,2,Qp,9) =min H(t,z,a,p,9) = H(t,2,a%,p, 9)

and Q* = 50,*; where a* = a (tvxvpv g)

Proof. If H is continuous in a, then H is continuous in Q € P(A) in the weak
topology. Since P(A) is compact, there exists a minimum: let Q* be a minimizer.
For fixed ¢, z,p and g we have

min H(thp, ~min /Htxap, )Q(da) = mlEH(txap,g)

- a€

QEP(A) =0q,0€A

min H(t,z,a,p,g ) > min H(t,z,a",p,g)Q(da) = H(t,z,a”,p,g),
i, / p.9)QUa) > min [ P,9)Q(da) = H(t,z,0%,p,)

which means that H(t,m, Q*,p,9) = H(t,x,a*,p,9g).
Consider H(t,z,a,p,g) — H(t,z,a*,p,g) as a function of a: it is non-negative
and, if (C) holds, it equals zero if and only if a = a*. Therefore,

0= ﬁ(t7x7Q*apa 9)_H(t7$7a*7p79) = [4 [H(ta$7a7p7 g) - H(twraa/*?pmg)] Q*(dCl),
which implies the claim, namely that Q*({a*}) = 1. O

Remark 1. Note that if (C) does not hold, then Q* is supported on the set of all
minimazers of H. Thus it might not be a Dirac measure. This implies that there
may exist an optimal relaxed control which is not an ordinary control (not even
open-loop).

Proof of Theorem 5. Fix m € L. Let 0 € R be an optimal relaxed control and
denote by X, = X, ,, the corresponding optimal trajectory. By the chattering
lemma, which we will state later as Lemma, 8,

EV(0, X, (0))] = min J(p,m) = J(7,m)

PER

T

5| [ [ et Xo(0) 0 m(O)ou(da)at + (X (T),m(T))]

0o Ja
where V' = V,,, is the value function defined in (4.2). Thanks to (4.4), the Hamilton-
Jacobi-Bellman equation, and (4.7), we have

%V(tvﬁ) + H(t,z,00,V(t,-)) >0 forall t,z,w.

By the Dynkin formula (2.25) and the terminal condition for V,
E[V(0,X5(0))] = E[V(T, Xo(T))]

/oT (gtv(t Xo0)+ [ MOV X ))ot(da>) d}

T
/0 /A (b, X (£), @, m()) oy (da)dt + (X, (T), m(T))

(4.8)

-F

=F

)

T b B
/ 7" (6 Xa(1) +H(t,Xo(t),0t,V(tw))dt] :
0

IHere only the open loop part of the chattering lemma is needed, which is well known, and so
we postpone the proof of the lemma to Section 5, where we also give the feedback part.
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It follows that

B /T OV X () + FI(E, X (1), 00, V (£,))dE| =0,
0

ot

hence, in view of (4.8),

%V(t,xg(t)) + H(t, X, (t), 00, V(L) =0

for ¢ ® P-almost every (t,w), which means that
oy € argmingep(a) H(t, Xgm(t),o0 V(t,-))
for £ ® P-almost every (t,w). If (C) holds, then, by Lemma 6, the unique min-
imizer of @ — H(t,z,Q,m(t),V(¢,-)) is the measure Q* = - € P(A) with
a* = a*(t,x,m(t),V(t,-)). Tt follows that oy = Y (t, X (t)) for £ ® P-almost
every (t,w).
O

4.3. Uniqueness of the feedback MFG solution for small time. In this sub-
section, we focus only on the dynamics for f in (2.33),

f(ta €, U, a,p) = Z(y - x)]]-]O,)\(t,x,y,a,p)[(uy)7
yeD
and v defined in (2.29) with U := [0, M]¢. Moreover, we assume that A = U and,
for x # vy,
/\(t? &€, y7 avp) = ay + C(p)v

where ¢ : S — R is some Lipschitz continuous function with Lipschitz constant K
such that ((p) > & for some k > 0. Since A determines the transition rates, we set
At x,z,a,p) = — Zyiw At x,y,a,p), x € X.

We assume that the cost ¢ in the variable a is in C1(A), V¢ is Lipschitz contin-
uous in the variable p with Lipschitz constant K, and c is uniformly convex, that
is, there exists 6§ > 0 such that

C(t7$7b7p) - c(t,m,a,p) > Vac(t,a:,a,p) ' (b - a) + 9|b - (1|2

for all t,z,a,b,p.

This setup is analogous to the one considered in Gomes et al. (2013). The
assumptions of Lemma 4 are satisfied and thus for any g € R? there exist a unique
minimizer a* (¢, z,p, g) of H(t,z,a,p,g), which in this setting becomes

M=

(4.9) H(t,z,a,p,9) = > Mt ,z,y,a,p)[9(y) — g(x)] + c(t,z,a,p)

<
Il
—_

(ay +C(P))9(y) — 9(2)] + c(t, 2, a,p).

[
M~

y=1

The assumptions of Lemma 1 are satisfied so that (A”) and (B”) hold. We need a*
to be Lipschitz continuous in p and g; this fact is proved in Proposition 1 in Gomes
et al. (2013). We state the result in the following

Lemma 7. Under the above assumptions (in this subsection), the function a* is
Lipschitz continuous in p and g:

* * Ka
(410) |(l (ta$»p79)_a (t7x7qag>‘ < 7|p_q|
* * 1
(411) ‘a’ (twrapa g) —a (t,.’L',p, h)‘ < 5|g - h‘

for any t,x,p,q,4g,h.
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Let us fix here the filtered probability space, the initial condition and the Poisson
random measure. Define ~,,(¢t,z) = a*(¢t,z,m(t), Vin(t,*)) as in (4.6): it is the
unique feedback control for given flow of measures m € L, where V,,(t,x) is the
value function defined in (4.2) with respect to m. The cost functions ¢ and v are
uniformly bounded and so is the value function: Let us denote by My the maximum
of its absolute value. Denote by M the maximum of ¢ and fix the constants

Cy := 2Md? + 2dvVdM*?,

Kq
Cy = 2d\/¢§7 + 24K,

22
Cs = —
3 0 )
K,
Cy = Ky + 2dMy K¢ + 2V dMy => ; 4+ Ky Re o

K
Cs : _2MV£+—2+f(M<+M)

Let T* > 0 be such that
(4.12) 2T*VdeT O |Cy + Cs(K, + T*C4)eT*C5} —1.

Theorem 6. Under the assumptions of this subsection, for any 0 <T < T* there
exists a unique feedback solution (v, m,X) of the mean field game. It is such that
v s the feedback control ~,,.

Proof. In the notation of Theorem 2, the map ® : £ — L is defined by ®(m) =
{Flow(X,,, m)}, a singleton. If we prove that this map is a contraction for small
time horizon T, then the assertion follows by the Banach-Cacciopoli Theorem. So
let m,n € £ and set X := X, ., and Y := X, ,. For a vector v € R? denote
[V]oo = maxyes |V

First we prove that the value function V,,, is Lipschitz continuous with respect
to m. Thanks to the HJB equation (4.4) we have

T
Vin(t, ) = Vi (T, x) —I—/t H(s,z,a"(s,2,m(s), Vin(s,*)),m(s), Vin(s,-))ds.

The Hamiltonian H is Lipschitz in (a,p, g); in fact, by (2.6) and (4.9) we have
|H(t,x,a,p,g9) — H(t,z,b,q,h)|
< 2lglee (Vlla — bl + dKclp — al) + Ka(la = b] + |p — gl) + V(M + M)lg — hl.
Then using (4.10) and (4.11) we obtain

Vi (t; ) = Vi (8, )

T
< Ka|m(T) — n(T)| + /t [Calm(s) —n(s)| + C5|Vin(s) — Va(s)[] ds

< Ko|lm(T) — n(T)]| + C4(T — t)||m — n||o —l—/t C5|Vin(8) = Vio(s)|ds

for any z, hence Gronwall’s lemma implies that
Vin(8) = Va(®)] < V(K2 + TC)e™ | — ]

forany 0 <t <T.
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Therefore, by applying again (4.10) and (4.11), we obtain
E|X(t) =Y ()|
< [ B X0 0705 X515, Vit ) ms)
= f(8,Y(s),u,v(s, Y (s),n(s), Va(t, ), n(s)) [v(du)ds
. /t 2dv/d
0

C1E|X(s) = Y(s)| 4+ Calm(s) —n(s)| + d|Vm(t, ) = Valt, )|‘| ds
< [ 1B = YO+ Cabnls) = n(s) + Ol + T ] ds

0

and thus, again by Gronwall’s lemma,
EIX(t) - Y ()| < T* "9 |Cy + C3(Ka + T*C4)eT*CS} llm = nllo

for any 0 <t < T. Since |Law(X (t)) — Law(Y (t))| < 2VdE|X (t) — Y (t)| we have

oililETwaw(X(t)) — Law(Y (t))| =: || Flow(X) — Flow(Y)||oo

< 2T VAT [Cy + Cy (K + T Ca)e™ | [l = oo,

and then the claim holds for T™* satisfying (4.12). O

4.4. Uniqueness under monotonicity. Uniqueness of mean field game solutions
was shown in Theorem 2 in Gomes et al. (2015) for arbitrary time horizon under
the Lasry-Lions monotonicity assumptions. Here, we give a different proof of this
result, which relies on the probabilistic representation of the mean field game, and
allows for less restrictive assumptions on the data.

Specifically, we suppose that the function f in the dynamics (2.10) does not
depend on p € S and that the running cost ¢ splits in ¢(¢,z,a,p) = co(t, z,a) +
c1(z,p). Moreover we assume that c¢; and ¢ satisfy the following monotonicity
property:

(4.13) > (er(@,p) = ea(@, ) (pe — 1)) > 0

z€Y

(4.14) > (@, p) = (@, p))(pz — P) =0

T€EY

for any p # p’ € S. For example, ¢; and v could be the gradient of convex functions
in R?.

Theorem 7. Suppose that (A), (B) and the assumptions above hold. Let (y,m, X)
and (7',m', X’) be two feedback mean field game solutions. Then m(t) = m/(t) for
any t. Also the corresponding value functions V,, and V,, are the same. Moreover,
if (C) holds, then y(t,x) =~'(t,x) for any t,x.

Proof. Since the dynamics does not depend on p € S, we have X = X7 = X7"™ =
X7 and X' = XV = X7'm = X7 The optimality of v yields J(y,m) <
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J(v',m) and similarly J(v',m') < J(vy,m’), hence
0<J(y',m) = J(y,m) = E[p(X"(T), m(T)) — (X (T), m(T))]
B | [ Il 0.7/ (6 X 0) + (X (0.m(1)

—co(X (), v(t, X (1)) — er (X (2), m(t))]di]
0< J(y,m) = J(y',m) = E[¥(X(T),m(T)) = (X" (T), m'(T))]

B / [eo(X (£), 7(t, X (1)) + ex (X (1), /(1))

—co(X'(1),7'(t; X'(1))) — ex (X" (1), m'(£))]dt] .

Summing these two inequalities and using the fact that Law(X (t)) = m(t) for any
t, we obtain

0 < E[p(X(T),m(T)) = (X (T),m(T)) + $(X(T),m’(T)) = (X" (T), m'(T))]

T
N> / e (X' (8), m(£)) — ex (X (£), m(t))

er (X (8), m! (8)) — ea (X (8), m(1))]d]
= 3" @, m(T)) — (e, m' (7)) (), (T) = my,(T))

IS

T
+/0 [2(61(%771@))—01(x,m’(t)))(m;(t)—mx(t)) dt.

TEY

If m(t) # m/(t) for some ¢, then the latter expression is < 0, thanks to (4.13), (4.14)
and the continuity of m; a contradiction. Therefore m(t) =m/(t) for all ¢.

The fact that V,,, = V,,,» is implied by the uniqueness of solutions to the HJB
equation (4.4). Assuming (A) and (B), the optimal feedback ~ satisfies (4.3). Thus,
if (C) holds, then v = ~. O

5. APPROXIMATION OF NN-PLAYER GAME

5.1. Approximation of relaxed controls. In order to get an e-Nash equilibrium
for the N-player game in open-loop strategies, respectively in feedback strategies,
we have first to find an approximation of the optimal relaxed control, respectively
relaxed feedback control, for the mean field game. To this end, we will make use of
the following version of the chattering lemma.

Lemma 8 (Chattering). For any relazed control p € R, there exists a sequence
of stochastic open-loop controls c,, € A such that, denoting by p*~(dt,da) =
Sa,(¢)(da)dt their relaxzed control representation,

lim p** =p P-a.s.,

n—oo
where the limit is in the weak topology in M([0,T] x A). Moreover, any «, takes
values in a finite subset of A.

For any relazed feedback control”y € 1&, there exists a sequence of feedback controls
Yn € A such that

(5.1) lim 6, (¢ (da)dt = [(t, z)|(da)dt

n—oo

uniformly in x € ¥ and

(5.2) lim p™ = p7 in distribution,

n—oo
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where p’» denotes the relaxed control reprﬁesentation of the open-loop control o
corresponding to v", as in (2.12), and pY is defined in (2.23); i.e. pi" (da) =
O (8., (1) (da) and p (da) = [§(t, X5(t7))](da).

Proof. The first part is proved as Theorem 3.5.2 in Kushner (1990, p.59), and the
construction of the approximating sequence in the proof gives the ~,, for the second
part; let us show how to build them. Let 7 € A&, cover A by M, disjoint sets C;
which contain a point a} and set A™ := {a} : i < M,.}, a finite subset of A. For any
A > 0 and i, j define the function

N (i+1)A
A7 (2) = /A (s, 2)](CT)ds.
Divide any interval [(i+1)A, (i+2)A[into M subintervals I;"(x) of length 753" ()
and define the feedback control v27, which is piecewise constant, by

’yAr(t Qj) — {CLO t e [O,A[

P A
aj teI5(z)

where ag is an arbitrary value in A. The proof in Kushner (1990) shows that

}ig% dyar,z)(da)dt = [(t, z)](da)dt

A—0
weakly, for any z € X. Since Y is finite we obtain that there exists a sequence of
ordinary feedback controls () such that (5.1) holds uniformly in z. Let m € £ be
fixed and X,, be the solution to (2.11) corresponding to the feedback control ~,,.
By Theorem 1, the sequence X, is tight and there are a subsequence, which we
still denote as (X,,), and a process X such that lim, . X,, = X in distribution.
Possibly applying the Skorokhod representation (Theorem 4.30 in Kallenberg, 2001,
p-79), we may assume that this convergence is with probability one in the space of
cadlag functions D([0,T], %) equipped with the Skorokhod metric. This implies in
particular that
(5.3) P ( lim X, (t) = X(¢) for any ¢ ¢ ﬁ) — 1,

n— oo

where 7 is the finite random set of discontinuity points (the jumps) of X.
Let now ¢ € C([0,T] x A) be any continuous function, which is also bounded as
A is compact. We have to show the convergence to zero, almost surely, of

/0 /A Dt ) (6, (i) — AL X ()] (da)dt = Yy + Zo,

where

T
Y, :/O [t (t, Xn(t7))) — @t Y (£, X (t7)))] dt

Zn :/0 /A@(@G)w%(t,){(t*)) —7(t, X (t7))](da)dt.

Any feedback control is Lipschitz in x, i.e. dist(v,(t,2), v (t,y)) < Diam(A)|x —
yl, and so Y, tends to zero thanks to (5.3), the continuity of ¢ and dominated

convergence. As to Z,, write Z, = s Zy where

zi= [ [ 1 0pt 005, 0~

and 7, is the random set in [0,7] where X (¢f) = z. For each z, the random set
D, of discontinuity points of the function 1, (t)e(t,a) is a subset of 77, x A for
some finite random set 7, C [0,7]. Thus D, has null measure with respect to the



28 ALEKOS CECCHIN AND MARKUS FISCHER

limiting control (¢, x)(da)dt with probability one, for each z, thanks to Definition
5. Hence by (5.1) we get that ZZ tends to zero for each z and so does Z,, since ¥
is finite.

Let an(t) = Yn(t, Xn(t7)) be the open-loop control corresponding to 7, and
p" its relaxed control representation. We have just proved that lim, .., p" =
[¥(t, X (t7))](da)dt P-almost surely and thus Theorem 1 says that X must have
the same law as the solution to (2.22) under the relaxed feedback control 5. That
solution is unique by Lemma 1, meaning that X = X5 in distribution. Therefore

(5.2) follows since p] = A(t, X5(t™)) by (2.23). O

n

Remark 2. In the above proof we strongly used the finiteness of % to get the
approximation in feedback controls. While the result in the open-loop setting holds
for general state space 3, when considering feedback controls it is not clear whether
the above lemma can be generalized to uncountably infinite state spaces.

We are now able to state the approximation result:

Proposition 3. Letm € L, p € R and 7 € A. Then for every € > 0 there exist
a € A and vy € A such that

(5.4) B [sup [Xa(0) = Xm0} <
(5.5) B [sup X m(t) = Xam(0)] <2
(5.6) (@ m) = J(pm)| < e

I (m) = J@m)| < e.

Proof. Let (o) be a sequence in A that approximates p as in Lemma 8. Then
we apply Theorem 1 to the sequence (Xq, m,an, m): it is tight, a subsequence
(Xank, ms Q. , M) converges in distribution to (X, ., p, m) and limg_o0 J(atn, , m) =
J(p,m). Thus there exist a,,, =: « for which (5.4) and (5.6) hold. In a similar way,
one proves (5.5) and (5.7) for feedback controls. O

5.2. ey-Nash equilibria. We can now define the approximate Nash equilibrium
for the N-player game, first in open-loop form.

Notation 2. Let ((( F, P; (Fi)ieo,r), @ &N) ,m, X, m) be a relazed solution
of the mean field game (2.20), which exists assuming (A) and (B) by Theorem
2. Fix N € N and let o € A be as in Proposition 3, satisfying (5.4) and (5.6)
with € = ﬁ Then ((Q,]—', P; (Ft)iefo,r) alv, EN,NN) denotes the strategy vector
where o™ = (o, ..., ), &N = (&N, &), NN = (WY, ... N, such that

(5.8) Law ((a &V, N, ., (o, 8 NR)) = (Law(a, &, N))EN.

Equation (5.8) says that this control is symmetric. The following is our main
result, whose proof is carried out in the next subsection. In addition to (A) and
(B), we make the Lipschitz assumptions (A’) and (B’).

Theorem 8. Assume (A’) and (B’). Then the vector strategy defined in Notation 2
is an en-Nash equilibrium for the N-player game for any N where ey < \/—ON and
C=C(T,d,v(U), K1, K3) is a constant.

An analogous result holds when considering feedback strategies, but we state it
separately.
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Notation 3. Let (((%,F, P; (Ft)ico.11):7:&N) ,m, X5,,) be a relazed feedback
solution of the mean field game (2.22), which exists assuming (A) and (B) by
Theorem 3. Fix N € N and let v € A be as in Proposition 3, satisfying (5.5)
and (5.7) with ¢ = ﬁ Then the tuple ((Q,]—", P (ft)te[o,T]),'yN,gN,./\/'N) de-
notes the feedback strategy vector where €N = (N, ... &N), NV = (NN, ... NE),

AN = (v, ..., 7X) such that

(5.9) i (taN) =t 2])
for any t, i and 2N = (2, ..., 2N) € N, and the (N, NN) are N i.i.d copies of
(&N).

Equation (5.9) says that this feedback strategy vector is symmetric and decen-
tralized. In order to obtain feedback e-Nash equilibria from a mean field game
solution, we need the Lipschitz assumptions (A”) and (B”).

Theorem 9. Assume (A”), (B”). Then the feedback strategy vector defined in
Notation 3 is a feedback en-Nash equilibrium for the N-player game for any N

where en < \/% and C = C(T,d,v(U), K1, K2) is a constant.

5.3. Proofs of the results. In the following C will denote any constant which
depends on 7', d, v(U) and the Lipschitz constants K7 and K», but not on N, and
is allowed to change from line to line. We focus first on open-loop controls. Fix
N € N and let the strategy vector o™ be as in Notation 2. We play this strategy
in the N-player game:

(5.10)

XN (t) =§fv+/t/ f(s, XN(s7),u, o (s), un (s )N (ds,du)  i=1,...,N.
0 Ju

This will be coupled with YV defined by
(5.11)

t
YN(t) =&Y —|—/ / F(s, YN (s7),u, 0 (s),m(s)) NN (ds,du)  i=1,...,N.
0o Ju
Let V(1) := % vazl dxn (4 be the empirical measure of the system (5.10) and

Ziny be the empirical measure of (5.11). Denote m(t) := Law(Xq,m(t)). By (5.4)
we have

(5.12) m(t) —m(t)] <

2l

for any t > 0, since Flow(X, ) = m. From (5.8) it follows that
Law(YN, Y, &Y, N) = Law(Xam, 0, &, N), i€{l,...,N}.
This implies, thanks to Theorem 1 in Fournier and Guillin (2015), that
C

(513) BN (1) )| <

for any t € [0,7] and N € N, where C is a constant. This upper bound in N~
cannot be improved, since for these discrete measures a lower bound still in N~
can be found, see again Fournier and Guillin (2015).

[N

Lemma 9. Under assumption (A’), for everyt >0 andi=1,...,N

(5.14) E|u™ (t) — m(t)]

IA

(5.15) BIXY(t) = YV (2)]

AN

EREll



30 ALEKOS CECCHIN AND MARKUS FISCHER
Proof. From (5.12) and (5.13) it follows that

(5.16) Bl () — m(t)] <

VN’
We estimate |u (t) — ™ (t)| using the 1-Wasserstein metric (which is equivalent to
the Euclidean metric in R?) and (5.10), (5.11) and the Lipschitz assumption (2.3):

C N
BN 0 -5V 0] < 5 Y BIXN () - vV ()
i=1
N N ot
< N BN O - 01+ 53 [ B el 60
- f(57)/iN(S)7U‘?O‘v{\,(s)’m(s)ﬂy(du)d‘s
<5 [ BN =Y+ Bl ()~ mie)] ds

Hence applying (5.16)

C N
E|u () = m(t)] + 5 D EIXY (1) - YV (1)
=1
N 20 al N N
< En (t)—m(t)|+WZE\X¢ (t) =Y (#)]

< iJrQK 1i/t [EIXN(s) = YN (s)| + E|uN (s) — m(s)]] ds
_\/N 1NZ-:1 0 i i 1% .

Then we obtain, by Gronwall’s lemma,

C ¢ C C
EluN( E|IXN#t)-YN(t)| < —=+2K / 2Kt=s) o< —.
| Z | Y N EUR
Similarly we show (5.15): using (5.10), (5.11) and (5.14) we get, for any 4,
BIXY () - Y (1)l
< [ B X 602 s 60) — 165,725, w0 6)m)| dts
< Ky / [EIXN () = YN (5)] + Bl (s) — m(s)[] ds
0
' N N ¢
§K/ [EXi 5) =Y (s)|+ —=| ds
and hence E| XN (t) — Y,V ()| < % by Gronwall’s lemma. O

We are now in the position to state the result about the costs. Because of the
symmetry of the problem, for the prelimit we shall consider only player one (i = 1).

Lemma 10. Under assumptions (A’) and (B’)

(5.17) I (@) = T (p,m)| <

Bl

Proof. Inequality (5.6), together with notation 2, yields

(5.18) [T (@,m) — J(p,m)| <

Bl
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While from (2.5), (5.14) and (5.15) we have
I (@) = I (@, m)| < B[p(X3(T), n™ (T)) — (Y (T), m(T))|

T
+E/O le(t, X3 (1), a7 (8), u (1)) — elt, Yi¥ (1), af' (8), m(#)) dt

T
< K, / [BIXN (1) = Y (1)) + Bl () — m(®)]] dt
1 [EIXN(T) - YT + Bl (T) - m(T)]]
C C C

<KT—+Koy——= < —,
=T UN YN T UN

which, combined with (5.18), gives the claim. O

We consider then any 3 € A and the perturbed strategy vector [a™"~1, 5]. We
denote by X ¥ the solution to

(5.19) XN(t) =€V + / /U F(5, XN (57), 0, [0, Bli(s), in (57 )N (ds, du)

for each i =1,..., N. Set also Y; := Xg,m and fin(t) = & Zfil 5)?.1\’(15)'

Lemma 11. Under assumption (A’), for anyt >0 and B € A

(5.20) Bl () - N0 < ¢
(5.21) BIRY @) =m0 <
(5.22) EIXN @) - Vi) < fN

Proof. We make the rough estimate

N
BN (1)~ V(0] < BN (0 - XY 0]+ 5 D2 EIXN () - XN 1)
=2

N oot
S]C\l[—i_]i];‘/o /UE|f(S,XZ-N(S),’U,7OZZN(S)7MN(S))

— f(5, XN (s),us ¥ (s), i (5)) v (du)ds

=N N; 1/0 [ |X;(s) = X5 (s)| + Bl (s) — an(s)]] ds.
Hence
1 & -
Blp™ () — fin ()| + NZE|XZN(t) — XN

<4 2K1NtEXN xN E|uN(s) — i d
< v 20y 3o [ (B = RO B 6) (o) s

and then, by Gronwall’s lemma,

1 < - d
EIuN(t)*ﬁN(t)HNZE\XfV(t)*XfV(t)\ <
1=2
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Therefore (5 20) is proved. Estimate (5.21) follows from (5.20) and (5.14) and the
fact that & < f for any N € N. While (5.22) is a consequence of (5.21):

EIXY () - i)
t S ~NS u s), un(s)) — S ~1S u S), m(s viau)as
< [ [ B[ B 0,080, (9) = 16, Fi0), 10300, ms)| ()

ds

—

<K [ [BIRY () = T + ¥ (s) = ms)

<K /Ot {E|)Affv(s) —Yi(s)| + \%} ds

and we conclude by Gronwall’s lemma. (]

Lemma 12. Under assumptions (A’) and (B’)

(5.23) Y ([0 B)) = J(8,m)| <

Sl

Proof. Inequalities (2.5), (5.21) and (5.22) give
[T (2™ 1,8]) = T(8,m)| < Elg(XY(T), iN(T)) — $(YA(T), m(T))|

T ~ ~
LB / le(t, XN (1), B(8), B (1)) — e(t, V1), B(®), m(t))dt
T
<&y [ [BIY0) = Talo)]+ B (0) = m(o) ]

+ Kz |[EIXY(T) = Va(T)] + B[ (T) = m(T)|]

C C
<KyT—+ Ko——
\F VK S VN
O
Theorem 8 is now a consequence of Lemmata 10 and 12:
Proof of Theorem 8. Inequalities (5.17), (5.23), and the optimality of p yield
C C C

JN (™) < J(p,m)+ — < J(B,m) + — < JV ([N, + —.

O

Remark 3. We observe that oY is still an e -Nash equilibrium if we assume only

(B) instead of (B’), but without the estimate of the order of convergence eny < %
Namely, there exists a sequence (en) such that limy .o eny = 0.

Proof of Theorem 9. The argument is the same as in the proof of Theorem 8. The
difference is that equations (5.10), (5.11) and (5.19) become respectively, for each
i=1,...,N,

. //st )1ty (5, XN (7)), o (57N (ds, da),
. / / F(5 Y (57w 2(5, Y (57)), m(s)) N (ds, dus)

and

= t s, XN(s7),u, YN Blils), fin (s )N (ds, du
_ ¢! +/O/Uf<,XZ< o, YV Bli(s), i (5™ )N (ds, du),
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where the latter means that
VO =+ [ [ XY 86 i (5N s, )
o JU
and
RO =€+ [ [ s X6 X )i (5 )N (s, )
o Ju

for i = 2,..., N, thanks to Notation 1. The estimates we need to apply Gronwall’s
lemma, in particular in the proof of Lemma 11, are found using also (2.4) and the
fact that dist(vy(s,x),v(s,y)) < Diam(A)|x — y| for every s and each z and y in
the finite 3. O

6. CONCLUSIONS

We summarize here the results we have obtained. The assumptions are given in
Section 2.1 and verified for a natural shape of the dynamics in Lemmata 3 and 4.

(1) Under assumptions (A) and (B), there exist a relaxed mean field game
solution and a relaxed feedback mean field game solution (in the sense of
Definition 7), see Theorems 2 and 3, respectively.

(2) Assuming (A), (B) and (C), there exists a feedback solution of the mean
field game (Definition 4), see Corollary 1. The feedback mean field game
solution is unique for small 7" under the additional assumptions of Sec-
tion 4.3 by Theorem 6; uniqueness for arbitrary time horizon holds under
the Lasry-Lions monotonicity assumptions, see Theorem 7.

(3) The relaxed mean field game solutions provide ey-Nash equilibria for the
N-player game (cf. Definition 2), both in open-loop and in feedback form
(not relaxed), with ey < \/% . If (A’) and (B’) hold, then the symmetric
open-loop strategy vector defined in Notation 2 is an ¢xn-Nash equilibrium
by Theorem 8. Assuming (A”) and (B”), the feedback strategy vector
defined in Notation 3, which is symmetric and decentralized, is a feedback
en-Nash equilibrium thanks to Theorem 9.

APPENDIX A. RELAXED POISSON MEASURES

In order to state the definition of the relaxed Poisson random measure we first
need to define the canonical space of integer valued random measures on a metric
space E. Following Jacod (1979), the setting is:

e () is the set of sequences (t,, y,) C [0,+00] x E such that (¢,) is increasing
and t, < tpy1 if £, < +o00; set tg := 0 and too := lim,, t,,;

o if W= (tn, Yn)nen write T, (@) := t,, and Y, (@) := yn;

e the canonical random measure is

N(@,B) := Z L7, @) <00} (T, (@), Yo () (B)

neN

for any B € B([0, +o0[x E);
e G, = o(ﬁ(-,B) : B € B([0,t] x E)), Fo is given, Fy = Fo V (ﬂs<t§5),

? = ?oo and F = (?t)tZO'
The filtered space (2, F,F) is then the canonical space of integer valued random
measures on E. A probability measure on it is the law of an integer valued random
measure on E, given an initial condition on F,. Note that the canonical measure
N is not the identity: for this reason we can work with M = M([0, +oo[x E) as
the state space of a random measure. Moreover, the set of integer valued random
measures is vaguely closed in M: see Theorem 15.7.4 in Kallenberg (1986) and the

references therein.
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Let now © be any integer valued random measure defined on a filtered probability
space (Q, F,F, P). It is determined by a sequence of stopping times 7, and random
variables X, which are Fr, -measurable. To any O is associated its compensator,
that is, a positive random measure n on E such that

(1) n([0,t] x B)>¢ is predictable for any B € B(E);

(2) (6([0,tAT,] x B) —n([0,t ATy] x B))¢>o is an F-martingale for each n and
B;

(3) n({t} x E) <1 for each t and n([To, 00[XE) = 0.

The compensator exists and is unique (up to a modification on a P-null set) for
any ©. The proof can be found in Jacod (1975), where the author also shows that
a process with the above properties uniquely determines an integer valued random
measure.

Consider then an arbitrary measurable space (', F’) and define Q := Q x €.
Set Fp = {@,ﬁ} and Fy := Fo ® F'. The canonical random measure N on € is
extended to Q via (T,,,Y,,).([@,w’) := (T, Y»).(@). Set F; := F; V Fo.

Theorem 10 (Jacod (1975)). Let Py be a probability measure on (2, Fo) and n
a predictable random measure satisfying (1) and (3). Then there exists a unique
probability measure P on (), Foo) whose restriction to Fo is Py and for which 1 is
the compensator of N.

By means of this theorem, we are able to define properly a relaxed Poisson
measure. Consider a relaxed control ((Q’,F”,P";F"),p,&,N) € R and let Q' =
D x ¥ x Q be the state space of the process p, the initial distribution ¢ and the
Poisson random measure A/. The o-algebra F’ is generated by the processes and P,
is the joint law of (p, &, ). So a relaxed Poisson measure N, related to the relaxed
control p, is an integer valued random measure on [0, 7] x U x A whose compensator
7, calculated on [0, ], Uy, Ao, is v(Up)p([0,t] x Ap). Its law is uniquely determined
on Q and thus has the martingale properties (2.17) and (2.18). Moreover, the joint
law of (N, p, &, N) is uniquely determined.

We can give an explicit construction of N,. Let p € R and (ay,) be a se-
quence in A which tends to p in the sense of Lemma 8, the chattering lemma.
Denote by p® the relaxed control representation of «,, and construct N, as in
(2.19): N, (¢, Uy, Ag) = fot Ju, Lag(an(s))N (ds, du). Then, by Theorem 1, the
sequence (Xg, , p®", Ny, ) is tight and any subsequence converges in distribution to
(X,, p,N,). The marginals are uniquely defined in this way, while to show that the
joint law of (p,NV,,) is unique we need to invoke the above Theorem 10.

A.1. Proof of Lemma 1. Let m € £ be fixed, which we shall omit. Let Z be the
space of stochastic processes with paths in D([0,T],X) and equip it with the norm
|X|| = E [supg<;<r | X (t)]]. Let p € R and define the map G : Z — Z by

G¢(X) :§+/Ot/U/Af(s,X(s),u,a)./\/p(ds,du,da)

for any X € Z. If we prove that this map is a contraction in the norm || - ||, then
pathwise existence and uniqueness of solutions to equation (2.20) follow. We have,
for any X,Y € Z,

1GL(X) — Gy(Y)| < / /U /A (5, X(57)w,0) — F(5,Y(s7), u, @) N (ds, du, da),
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hence

E{ sup |GH(X) —Gt(Y)I]

0<t<T
T
SE/ // |f(s, X (8),u,a) — f(s,Y(s),u,a)|ps(da)v(du)ds

< KlE/ / | X (s) s)|ps(da)ds < KyTE | sup |X(s) —Y(s)]
0<t<T

thanks to (2.1) and the fact that p, is a probability measure. Therefore G is a
contraction if T' < K%? and so uniqueness is proved for small time horizon; but then
iterating the same argument, we have uniqueness for any 7.

Consider now 7 € A and define G : 2 —s Z by

X) ::f—i—/ot/U/Af(s,X(s)7u,a)./\/pa,x(ds,du,da)

for any process X € Z. Then for any X and Y we have ||@(X) — @(Y)H <
[|1Z1]| + || Z2|| where

:/Ot/U/A|f(5,X(s),u,a)—f(s,Y(s),u7a)|/\/pa,y(ds7du,da)

:///|JP(57X(S_)7U7a)|‘/\/’pa,x—/\/pmw‘(d&du,da)7
0o JuJa

where |©| denotes the total variation of the signed measure © defined for any
C e B([0,T] xU x A) by |8|(C) :=supgce |©O(E)]; while the total variation norm
is [|©]|7v = |©]([0,T] x U x A). The first term Z; is bounded as above yielding
[|1Z1]| < K1T||X —Y||. For the second term, we use |f| < d to obtain

and

sup ZQ(t) S d||Np%,x _Np:/yYHTV =d sup |Np~7,x (E) —Npﬁ,Y(E)’ .
0<t<T EC[0,T]xUxA

Thanks to (2.17) and (2.13), we have E[|N 5.x =N s.v |7y < 2Tv(U), saying that
the right-hand side above is finite P-a.s. Since the measure N 5.x —N 5.y is integer
valued, we can assume that the above supremum is attained on a set C'(w) for P-a.e.
w, giving thus a random set C'. Moreover, we may assume that on such a set the
random measure considered is positive. The martingale property (2.18) now gives

[|Z2]| < dE [NWX(C) N’yY(C)]

p p

—d|E / //]lctua (t, X(8)) — A(t, Y (1))](da)v(du)dt

<dE / A, X (1) = A(8, Y (£) (A (U)dt
<2(U dE/ (t)|dt < K1T||X — Y]],

where in the last line above we have used the fact that 7 is a probability measure
and |z —y| > 1 for each  # y € X. Therefore, for T < the map G is a
contraction; the claim follows iterating the above procedure.

1
2K1’
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