ESAIM: COCV 26 (2020) 33 ESAIM: Control, Optimisation and Calculus of Variations
https://doi.org/10.1051/cocv/2019013 WWW.esaim-cocv.org

VIABILITY ANALYSIS OF THE FIRST-ORDER MEAN
FIELD GAMES*

YURII AVERBOUKH"2**

Abstract. In the paper, we examine the dependence of the solution of the deterministic mean field
game on the initial distribution of players. The main object of study is the mapping which assigns to the
initial time and the initial distribution of players the set of expected rewards of the representative player
corresponding to solutions of mean field game. This mapping can be regarded as a value multifunction.
We obtain the sufficient condition for a multifunction to be a value multifunction. It states that if a
multifunction is viable with respect to the dynamics generated by the original mean field game, then
it is a value multifunction. Furthermore, the infinitesimal variant of this condition is derived.
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1. INTRODUCTION

The theory of mean field games (MFG) aims to study noncooperative dynamical games of a large number
similar players. The main idea of MFG approach is to examine the limit case when the number of players tends
to infinity and each player becomes negligible.

The concept of mean field games was proposed by Lasry and Lions [29-31] and by Huang et al. [23, 24].
Nowadays, there are several approaches to the mean field game theory. First one reduces the mean field game
to the backward-forward system of fully-coupled nonlinear PDEs. The first equation is the Hamilton-Jacobi
equation which describes the value function of the representative player. The second equation is the Chapman-
Kolmogorov equation and it characterizes the distribution of all players. Within the framework of this approach
the existence and uniqueness problems for mean field games were studied (see [22, 25, 30, 31], and reference
therein). Moreover, one can construct an approximate Nash equilibrium for the finite player game given a
solution of the mean field game [25, 32].

The second approach to the mean field games is called probabilistic. It involves the study of infinite player
dynamical game with similar players and mean field interaction among them. The probabilistic approach con-
siders the solution of mean field game as the symmetric Nash equilibrium in this game (see [10, 12-15, 27]).
This allows to prove that the open-loop equilibria of finite players games converge to the solution of mean field
game when the number of players tends to infinity [16, 28].
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The third approach is concerned with the study of the partial differential equation involving the derivatives
in the space of probabilities called the master equation. It was proposed by Lions in his seminal lectures [32]
(see also [8]). The master equation encapsulates the necessary information to describe the solution of mean field
game. It is used to establish the convergence of feedback equilibia of finite player games to a solution of mean
field game a nondegenerate stochastic game [9]. Moreover, Lions noticed that the classical mean field game
system is the characteristic system of the master equation. The master equation was discussed in [6, 7, 11]. Note
that in [11] the master equation was formally derived using the dynamic programming arguments applied to
the optimization problem for the representative player. In [26] approximate equilibria in the finite player game
with exogenous noise were constructed based on the solution of the mean field game with common noise.

Nowadays, the existence theorem for the master equation is obtained for the case of nondegenerate stochastic
mean field games (possibly, with common noise) satisfying Lasry-Lions monotonicity condition [9]. The proof
is based on the fact that the usual mean field game system provides characteristics for the master equation.
Furthermore, the short-term existence theorem is proved in [13, 19].

The paper aims to extend the approach of the master equation to the case when one can not expect the
uniqueness of solution to mean field game as well as the continuous dependence on the measure variable. Notice
that this situation is quite general [5] (see also [28]). We examine the dependence of the solution of the mean
field game on the initial position using the viability theory arguments (see [2, 3]). The paper can be considered
as an effort to develop a mean field game analog of the viability formulation of the viscosity solution to the
Hamilton-Jacobi equations arising in the theory of the zero-sum differential game (see [17, 35, 37, 39]).

We restrict our attention to the deterministic mean field game. Moreover, for simplicity, we assume the
periodic boundary conditions i.e. the phase space for each player is the d-dimensional torus T¢ £ R%/Z4. We
follow the framework of the probabilistic approach. In this case the study of the deterministic mean field game
is reduced to the study of the symmetric of equilibrium of the continuum player game where the dynamics of
each agent is

d
&x(t) = f(t,xz(t), m(t), u(t, z(t))). (1.1)

Here m(t) is a probability on T¢ describing the distribution of all players at time ¢, t € [0,T], z(t) € T¢,
u(t,z(t)) € U, U is a control space. We assume that the each player aims to maximize his/her payoff given by

J(x(T),m(T))—l—/ g(t, x(t), m(t), u(t, z(t)))dt. (1.2)

to

To present the main objective of the paper let us consider the finite player game analogy. If one examine
the N player non-cooperative differential game with weakly coupled dynamics of agents, then the state space
is (T4)"N, while the players’ outcome is a N-dimensional vector. In this finite player game the value function
(multifunction) is the mapping which assigns to each initial position the set of Nash values.

Turning to the continuum player game, we get that the phase space should be (T9)¢, while the players’
outcome is an element of R¢. Here ¢ is a continuum set. In the mean field game setting we can reduce the phase
space of the game to the set of probabilities on T¢. Further, since we are seeking for the symmetric equilibrium,
the players starting at the same point get the same outcome. Thus, we can index the players by the points
of T? i.e. we put ¢ = T?. Simultaneously, given a solution of the mean field game, the expected reward of the
representative player depends on his/her initial state continuously. Therefore, the mean field game analog of the
value function is the mapping which assigns to an initial time ¢y, and an initial players’ distribution mg a set
of continuous functions from T? to R. Each element of this set is a value function for the representative player
corresponding to a solution of the mean field game with the initial condition m(ty) = my.

The link between the master equation and the approach developed in the paper is as follows. If the function
o(t,z, m) solves the master equation for the mean field game, then the mapping (t,m) — {¢(¢,...,m)} is a
value multifunction in the sense of the paper. Conversely, under certain regularity conditions those include
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the uniqueness of the solution of the mean field game, the value multifunction is single-valued and provides a
solution of the master equation for mean field game. However, as it was mentioned above, we can not restrict
our attention to single-valued functions due to the multiplicity of the solutions of the mean field games [5].

To examine the value multifunction we introduce a family of set-valued mappings ¥™* : P}(T?) x C(T%) =
PL(T?) x C(T?) (s,r € [0,T], r > s). Here P1(T?) stands for the set of probabilities on T?. Given m € P(T4),
¢ € C(T4), U™*(m, ¢) is the set of pairs (u, 1) such that ¢ is a reward of the representative player corresponding
to a solution of the mean field game on [s, ] with dynamics (1.1), the initial condition m(s) = m and the payoff
functional of each agent given by

P((r) + /Tg(tw(t),m(t),U(tvx(t)))dt,

while the probability u is the corresponding distribution of agents at the time r. The family of transforms {¥U"*}
determines a forward dynamics on P*(T%) x C(T?). Below we call it a mean field game dynamics. Apparently,
the notion of mean field game dynamics is close to the forward-forward mean field games studied in [21].

We prove that if a multifunction is viable with respect to the mean field game dynamics, then this multifunc-
tion is a value multifunction. Furthermore, we study the infinitesimal form of the proposed viability condition.
To this end we introduce the set-valued derivative of the multifunction V : [0, T] x P! (T?) = C(T?) by virtue
of the mean field game dynamics. The viability theorem proved in the paper states that the multifunction V
is viable with respect to the dynamics if and only if the set-valued derivative is nonempty at any point of the
graph of V.

The paper is organized as follows. General notation and assumption are introduced in Section 2. Moreover,
in this section we give some properties of the dynamics of distribution of players. Section 3 is concerned with
the definition of solution to the first-order mean field game. In Section 4 we introduce the notion of the value
multifunction and formulate the sufficient condition for a given multifucntion of time and probability to be a
value multifunction. The condition involves the viability property with respect to the mean field game dynamics.
The viability theorem which provides the infinitesimal form of the viability property is introduced in Section 5.
The subsequent sections are devoted to the proof of this theorem. Auxiliary lemmas are given in Section 6. The
sufficiency and necessity parts of the viability theorem are proved in Sections 7 and 8 respectively. The proof
of some properties of dynamical systems in the space of probability measures is given in Appendix A. Finally,
Appendix B provides the list of main notation.

2. PRELIMINARIES

2.1. General notations

If (X, px) is a separable metric space, T C X, z € X, then put
dist(z, T) £ inf{px(2,9) : y € T}.

Below B(X) stands for the Borel o-algebra on X. We denote by P(X) the set of all Borel probabilities on X.
Further, let P!(X) stand for the set of probabilities m on X such that, for some x, € X,

/ px (z, z)m(dz) < oco.
X
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We endow P!(X) with the Kantorovich-Rubinstein metric (1-Wasserstein metric) defined by the rule: for
mi, Mo S ,PI(X)7

Wi(my,mo) £ inf {/X . px(x1, zo)m(d(x1,22)) 1 W € H(ml,mg)}
X (2.1)

—sup{ [ ooy (o) - [ oomatao) 6 € Lin,(0)}.

Here II(m1, ms9) is the set of probabilities 7 on X x X such that its marginal distributions are m; and mq
respectively, i.e.

M(my,me) ={r e P(X x X) : 7(T x X) =my(T), 7(X xT)=ma(Y)};
Lip (X) denotes the set of K-Lipschitz continuous functions ¢ : X — R. Note that, if X is compact, then the
Wasserstein distance metrizes the narrow convergence and P!(X) is also compact.

If (21,31 and (22, %?) are measurable spaces, h : Q' — Q2 is measurable, m is a probability of X!, then
denote by hym the probability on Y2 given by the rule: for T € £2,

(hygm)(T) £ m(h~'(T)). (2.2)

If (X, px), (Y, py) are separable metric spaces, m € P(X x Y'), then denote by 7(+|z) a conditional distribution
on Y given z i.e., for each x, w(-|x) is a probability on Y and, for any ¢ € Cp(X x Y),

/X () - /X /Y o (z,y)m(dy|z)m(dz). (2.3)

Here m is a marginal distribution on X of 7.

Now, let (X,px), (Y,py) and (Z,pz) be separable metric spaces, and let m1 2 € P(X xY) and my3 €
P(Y x Z) have the same marginal distribution on Y equal to m. We define the probability 71 2 %7 3 € P(X X Z)
by the following rule: for ¢ € Cy(X x Z),

/X @) ma e, 2) 2 /Y /X /Z (@, 2)ma 3(dzly)m 2(dely)m(dy). (2.4)

The probability 7 o * m2 3 is the composition of 71 2 and 73 3. Note that in [1] it is denoted by 72 3 0 71 2.
If Y is a multifunction from [s, r] to finite dimensional euclidean space, then [ V(t)dt stands for the Aumann
integral i.e.

/:y(t)dt s {/Sry(t)dt . y(-) integrable, y(t) € V(¢) a_e_}.

2.2. Probabilities on state space and on space of motions

As it was mentioned above, we assume that the phase space is d-dimensional torus T¢ = R?/Z?. Further,
T x R is an extended phase space; p denotes a natural projection from T¢ x R onto T. If (x,z) € T? x R, then

I, 2 =l + 2]

Notice that the set Cs, = C([s, 7], T x R) is the set of motions on [s, 7] in the extended space.
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Let e; : Cs» — T¢ and é; : Cs,» — T¢ x R be evaluation operators defined by the rules: if w(-) = (x(:), 2(:)) €
Cs,r, then

er(w() = x(t), é(w(:) = wt). (2.5)

Notice that e; = p o é;.
Furthermore, if s,7 € [0,T], s <1, t € [s,7], x1, x2 € P'(Cs,), then

Wilersxt, erpxz) < Wi(lesxi, €rxXx2) < Wilxi, x2)- (2.6)

Denote the set of all measurable functions from [s, ] to P1(T%) by M, ;. Analogously, let N, stand for the
set of all measurable functions defined on [s, r] taking values in P(T? x R). We will call elements of both M
and N, flows of probabilities.

For m € P}(T%), denote by m its lifting to P*(T?¢ x R) defined by the rule: for ¢ € Cy(T? x R),

/ gp(x,z)ﬁ%(d(x,z))é/ o(x,0)m(dx). (2.7)
TdxR

Td

If ¢ € C(T9) and v € PY(T? x R), then denote by [¢,v] the averaging of the function (z,z) — ¢(z) + z
according to v i.e.

6.2 [ (60 + (d(e.2), (238)
Td xR
Remark 2.1. If v = é54 X, then
0.0 = [ (@la(s)) + (DA, 2(0)).
Conr
The definition of [¢, v] implies that, if ¢, ¢’ € Lip(T%), v,/ € P1(T? x R), then

1601 =19/,

<|l¢ — ¢l + KWy (v, ). (2.9)

Now let us introduce the notion of concatenations of the probabilities on the set of motions. First, we recall
the notion of concatenation of motions. Let s < r < 0. If wi(-) € Cs , wa(-) € Cr ¢ are such that wq(r) = wa(r),
then wy () ® wa(+) is a motion w(-) € Cs ¢ given by

wy(t), t€s,r],
w(t) = { wy(t), t€rb). (2.10)

Now, let x1 € P1(Cs,r), x2 € P(Cy0) be such that é,4x1 = é.4x2. Let xa(d(w(-))|wo) denote the disintegration
of x2 along é,4x2. Define the concatenation of probabilities x1 and x2 x £ Y1 ® x2 by the following rule: for
any ¢ € Cp(Cs,9),

[ stwonawen = [ [ e owedummmadew o). @)
Cs,0 Cs,r J/Cryo



6 Y. AVERBOUKH

2.3. Dynamics of distribution of players

We assume that the set U and the functions f, g, o satisfy the following assumptions.

(M1) U is a metric compact;

(M2) functions f, g and ¢ are continuous;

(M3) there exists a function a : R — [0, +00) such that a(d) — 0 as § — 0 and, for any ', € [0,T], z € T¢,
m € PYTY), u e U,

£t e m ) = F(E wm,u)l| < ot — "),
lg(t', @, m,u) — g(t", @,m,u)| < a(t —t").

(M4) f and g are Lipschitz continuous with respect to the space variable x and probability m, i.e. there exists
a constant L such that, for any ¢ € [0,7], 2/, 2" € T¢, m/,m"” € P}(T%), u € U,

Hf(ta x/,m/,u) - f(t,m",m”,u)H < L(H:C/ - {ENH + Wl(m/a mll))v
lg(t, 2", m’,u) — g(t, 2", m" w)| < L([|2" — 2" || + Wi(m/, m"));
(M5) there exists a constant s such that, for any 2/, 2" € T¢ and any m € P(T9),
lo(z',m) —o(x",m)| < s’ —2"|.
Conditions (M1)—(M5) imply the existence of a constant R such that

1f(t 2, m, ), [g(t, z,m,u)| < R (2.12)

Using the relaxation of the control problem for the representative player (see [38]), we get that his/her
dynamics in the extended phase space obeys the following differential inclusion:

(#(¢), 2(t)) € F(t,z(t), m(t)). (2.13)
Here
F(t,z,m) £ co{(f(t,z,m,u),g(t,z,m,u)) :u € U}. (2.14)

An equivalent approach to the relaxation of control problems is based on measure-valued controls [38]. A
measure-valued control is a function & : [s, 7] x B(U) — [0, 1] satisfying the following conditions:

— for each t € [s,r], £(t,+) is a probability on U;
— for any ¢ € C(U), the functions

Fis /U P(W)E(E, du)

is measurable.
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We denote the set of measure-valued controls on [s, r] by Us .. Notice (see [38]) that under conditions (M1)—-(M5),
if (z(-),2(+)) € Cs,, satisfies differential inclusion (2.13), then there exists { € U, such that, for a.e. t € [s, 7],

i(t) = /U F(t (t), m(t), Wt du), 3(t) = /U ot 2(), m(t), WE(t, du). (2.15)

If s,r €[0,T], s <r, yeT% m(-) € Ms,, then denote by Sol(r,s,y,m(-)) the set of solution of (2.13)
satisfying x(s) = y. Further, put

SOL(r, s,m(-)) £ U Sol(r, s,y, m(+)). (2.16)

yeTd
Notice that, for any s,r € [0,T], m(-) € M, each (z(-),2(-)) € SOL(r, s,m(-)) is absolutely continuous and
|z, [2(t)] < R ae. te[s,r]. (2.17)

Integrating (2.13), we get that the dynamics of distribution of players in the extended space can be described
by the following mean field type differential inclusion:

%V(t) e (F(t,...,v(t), V)v(b), (2.18)

where F(t, w, v) is defined by the rule

F(t,w,v) £ co{(f(t,p(w), pgv,u), f(t,p(w), pgr,u)) : u € U}. (2.19)

In the general form the notion of solution to the mean field type differential inclusion can be introduced as
follows.

Definition 2.2. Let X be a finite dimensional Euclidean space. Further, let G(t, w, v) be a multivalued function
defined on [0,7] x X x P1(X) with values in X. We say that the function [s,7] > t — v(t) € P1(X) solves the
mean field type differential inclusion (shortly, MFDI)

if there exists a probability xy € P(C[s,r], X) such that v(¢) is an evaluation of y at time ¢, and y-a.e. w(-) €
C([s,r], X) satisfies the differential inclusion

d

—w(t) € G(t, w(t),v(t)).

dit

Remark 2.3. Notice that v(-) solves mean field type differential inclusion (2.18) on [s,r] if and only if there
exists y € P!(Cs.) such that v(t) = é;4x and supp(x) C SOL(r, s,m(-)) for m(t) = pxv(t).

Using the same methods as in [36], one can prove the existence of at least one solution to (2.18) satisfying
v(8) = V.

Now let us list the properties of the solutions to mean field type differential inclusion (2.18). They are proved
in the Appendix A.

Proposition 2.4. Let v(:) € Ny, solve (2.18), and let v, € PY(T? x R) be such that pyv(s) = pyv«. Then
there exists a flow of probabilities v(-) € N, such that
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D(-) solves (2.18);

p#V(t) = ppi(t);

v(s) = vy

for any ¢ € C(T9), and any t € [s, 7],

B oo~

(6. 7(8)] = [, v(t)] — /

Td xR

2v(s,d(z, 2)) + / 2v,(d(z, 2)).

TdxR

Proposition 2.5. If sg, s1, 82 € [0,T7], so < s1 < 82, 1(+) € Ny 5,5 V2 € Ny, s, S0lve (2.18) and v1(s1) = v2(s2),
then

1/1(1/L)7 te [80,81];

v(t) = { va(t), t € [s1,s89)

is also a solution to (2.18).

Proposition 2.6. Let {r;}32, C [s,7], T € [s,7], {vi(-)}2, C Nup, {7}52, € PH(T? x R), v% € PL(T? x R).
Assume that, for each i, v;(-) solves (2.18) and satisfies v;(1;) = 1/?. Additionally, assume that 7; — T,
Wl(uf, V%) = 0 as i — oo. Then there exist a sequence {ix} and a flow of probabilities v*(-) € N, such that

1. v*(-) solves (2.18);
2. v¥(r) =8
8. lim sup Wi(vy, (t),v*(t)) = 0.

k—ro0 te[s,r]

3. SOLUTION OF THE FIRST-ORDER MEAN FIELD GAME

As it was mentioned in the Introduction, there are several methods to analyze mean field game (1.1) and
(1.2). The approach based on PDEs reduces the original problem to the mean field game system

O Hlt,a,m(1), YY) = 0,V(T,2) = o(a,m(T),

g0 = (ZEEAOTD G ), mte) = mo

Here, for t € [0,T], z € T4, m € P}(T?), p € R,
H(t,x,m,p) é mea[}{Kp,f(t,x,m,U)) +g(t7x,m,p)]

Within the framework of this approach a solution of the mean field game is defined as a solution of this system.
However, for our purposes it is convenient to use the probabilistic approach. The link between the mentioned
approached is discussed in [27].

We adapt the probabilistic approach for the first order mean field game. The following definition is close to
one proposed in [4].

Definition 3.1. We say that a pair (V,m(-)), where V : [to,T] x T — R is a continuous function and m(-) €
My, 7, is a solution to mean field game (1.1), (1.2), if there exists a probability x € P!(Cy,.7) such that

1. m(t) = e x;
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2. V(s,y) is a value of the optimization problem

maximize [o(x(T),m(T)) + 2(T) — z(s)]

subject to (z(-), 2(-)) € Sol(T, s,y, m(-));

3. supp(x) C SOL(T,tg, m(+));
4. for any s,r € [t.,T], s <r, and any (z(-),2(+)) € supp(x),

Vs, x(s)) + 2(s) = V(r,z(r)) + 2(r).

Given mg € P1(T?), there exists at least one solution (V,m(-)) to mean field game (1.1), (1.2) satisfying
m(tg) = mo [4]. However, the uniqueness result is not valid in the general case [5].

Now let us introduce the equivalent formulation of Definition 3.1 using the notion of solution to the differential
inclusion. To this end, for s,r € [0,T], s <r, m(-) € M., define the operator B,S,;(.) : C(T?) — O(T?) by the
rule:

By () = {((r) + 2(r) — 2(s) : (2(-), 2(-)) € Sol(r, s, y,m("))}. (3.1)

The family {B;T(")}Sgr is a backward propagator. Indeed, if m(-) is a flow of probabilities on [s, 6], r € [s, 6],
then

= B>’ (3.2)

BB ()

( Q)

Moreover, B;’L(J = Id. Notice that, for any s,r € [0,7], s < r, the operator Bfr;?) is linear in max-plus algebra.
Proposition 3.2. The pair (V,m(-)) is a solution to mean field differential game (1.1), (1.2) if and only if
there exists a solution to MFDI (2.18) on [to, T| v(-) such that, for any s € [to, T},

1. m(s) = pgr(s), s € [to, T);
2. V(s,-) = B:;f)a(~,m(T)),‘
3. Jo(m(T)),v(T)] 2 [V(s,-),v(s)].

Proof. By Remark 2.3 we have that conditions 1 and 3 of Definition 3.1 are equivalent to the fact that v(-)
solves (2.18) and m(s) = pgv(t). Clearly, condition 2 of Definition 3.1 can be rewritten in the form V(s,-) =
B;{)J(',M(T)). It remains to show that condition 4 of Definition 3.1 and condition 3 of the proposition

are equivalent. Let x be such that v(t) = é.xx and supp(x) C SOL(r, s,m(-)). To prove the first implication
integrate condition 4 of Definition 3.1, for 7 = T'. Thus, using Remark 2.3, we get

Conversely, since V (s,-) = B;€)0(~,m(T)), we have that, for any (x(-),z(+)) € SOL(T, to, m(+)),

V(s,2(s)) + 2(s) 2 o(x(T), m(T)) + 2(T).
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Further, using Remark 2.1, one can rewrite condition 3 of the proposition in the form

L wwammw»+4ﬂumumwo»z/ [Vi(s,2(5)) + 2(8)x(d(z(), 2()).

Cs,
Therefore, we conclude that, for x-a.e. (z(-), 2(+)) € SOL(T, tg, m(-)),
o(x(T),m(T)) + z(T) = V(s,z(s)) + z(s).
This and continuity of the functions ¢ and V imply condition 4 of Definition 3.1. O

In the end of this section let us present the continuity properties of the propagator B. These properties will
be widely used below. In the following the constant R satisfies (2.12).

Lemma 3.3. Assume that m(-) € Mo, K > 0, 1 € Lipg(r) and ¢ € C([0,7] x T¢) is such that, for all
s€[0,7], ¢(s,-) = B> y¥. Then

m(-

1. for s € [0,T], p(s,-) € Lip(K+1)eL(r_.g)7l(Td),'
2. for any 5,5’ € [0,7], o(5,9) — @(', y)| < RK + 1)ebr—maxts' s — g1

Proof. Let y1,ys € T?. Since (s, ) = B:;;?_)z/}, there exist (z1(+),21(+)) € Cs and § € Us 1 such that (z1(+), 21(+))
solves differential inclusion (2.13), z1(s) = y1,

¢(s,y1) = P(x1(r)) + 21(r) — 21(s),
and (2.15) holds for z(-) = z1(+), 2(-) = z1(-) and & = &;.

Let (22(-), 22(+)) solve initial the value problem for (2.15) with £ = & and z2(s) = ya, 22(s) = 21(s). We have
that

[21(t) = 2] < llyr —vall + L/: [21(7) — 2 (7)]|dT.
Using Gronwall’s inequality we get
l1(8) = w2()]| < llyr — yolle"~*). (3-3)
Further,
21(8) = 22(8)] < [lys — 2]l (") — 1), (3-4)
Since (22(+), 22(+)) solves (2.13) and ¢(s,-) = B‘;’:(".)z/), we have that
@(s,y2) 2 Y(x2(r)) + 22(r) — 21(s).
Combining this, (3.3) and (3.4) we conclude that
(5,92) = @(s,91) = —[(K +1)e"™) —1]|ly1 — pa.

The opposite inequality is proved in the same way.
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Now, we turn to the second statement of the Lemma. Without loss of generality assume that s’ < s. The

yS

semigroup property for the operator B (see (3.2)) implies that (s, ) = Bfrl(,)go(s, -). Thus, for each y € TY,
there exists a trajectory (z(-), z(+)) € Sol(s, ', y, m(-)) such that

p(s',y) = (s, 2(s)) + 2(s) — 2(s).
Hence,
o(s,y) = (s, y) = (s, 2(s)) = p(s,y) + 2(s) — 2(s")| < l(s,2(s)) = @(s, )| + |2(s) — 2(s)]-
By the first statement of the Lemma and inequality (2.17) we have that
(' y) = (s,)| < R(K 4 1)ebrmmaxtssh (g — ),

This completes the proof of the second statement of the Lemma.

Lemma 3.4. If s,r,7’ € [0,T], s<r <7/, m(-),m'(-) € Mg, K >0, 1,9 € Lipg(T?), then

1B2 6 — BE 0/ < ' =l + (K + DR 1)
+ L(KelT + LTel™ + 1) (r — s) sup Wi(m/(t), m(t)).
te[s,r]

Proof. Let y € T? and let (21(), 21(-)) € Sol(r, s,y, m(+)) be such that

(B9 ) =¥/ @1(") + 2167) = 215,

There exists a relaxed control & € U ,» such that (2.15) holds true for z(-) = z1(:), 2(-) = z1(-). Let x2()
solve the initial value problem

G20 = [ s m. et du). a0 = v

Further, put

2(t) 2 21 (s) + / ' /U ot 2a(8), m(t), wE(t, du)dt.
We have that

le1(8) = 22 (B)]] < L/ [21(0) — x2(6)[|d6 + L(t — s) b, Wi(m(6),m'(6)).

Using Gronwall’s inequality, we get

J1(6) =220 < LTt =) sup Wa(m(0),'(0). (3.5)
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Further,

21(t) — 22(8)] < L/ [21(6) — 22(0)[|d0 + L(t — s) oo, Wi(m(6),m' (6)).

Using (3.5), we get

|21(t) — 22(t)| < L(LTeX™ 4+ 1)(t — s) eesEJp/] Wi (m(0),m'(9)). (3.6)

Since Y(xo(r)) + 22(r) < B> T)w( ), from (3.5) and (3.6) we conclude that

:nf( VW' (y ) P (z1(r')) + 21 (r") — z1(s)

Y(xr (1) + 21(r") = 21(s) + [ = 4|

Y(x1(r) + 21(r) — 21(8) + (K + DR —7) + [ — 9|

Y(w2(r)) + 22(r) — 22(8) + Kl|z1(r) — z2(r)[| + [21(r) — 22(r)]
1

+(K+ DR —r) + [[¢ — /||

<B 7()1/’( )+ L(KeET + LTeET +1)(r —s) sup Wi(m(6),m’(9))
0€[s,r’]

+ (K +1)R(r" —r) + |l —4'||.

Analogously, one can prove that

BT (y) < B v (y) + LUK + LT + 1)(r — 5) 2, Wi (m(6),m' (0))
Els,r’

+ (K +DR(r" —r) + [ = 4.

These two inequalities yield the conclusion of the lemma. O

4. VALUE MULTIFUNCTION

In this section, we introduce the notion of the value multifunction that describes the dependence of the
solution of the mean field game on the initial distribution and examine this dependence using the viability
approach.

Definition 4.1. We say that a upper semicontinuous function multifunction V : [0, 7] x P}(T%) = C(T9) is a
value multifunction of mean field game (1.1), (1.2) if, for any ¢y € [0, T], mo € P*(T9), and ¢ € V(to, my), there
exists a solution to mean field game (1.1), (1.2) (V,m(-)) such that

V(to,") = ¢(-), m(to) = mo. (4.1)

The assumption that the value function is upper semicontinuous is not restrictive. This is supported by the
following.

Proposition 4.2. IfV : [0,T] x P1(T?%) = C(T9) is such that, for any to € [0,T], mg € P(T), ¢ € V(to, mo),
there exists a solution to mean field game (1.1), (1.2) (V,m(-)) satisfying (4.1), then its closure V* is a value
multifunction. Here VY is defined by the rule: ¢ belongs to Vi (to,mo) iff there exist sequences {t;} C [0,T],
{m;} € PYTY) and {¢;} C C(T9) such that (t;,m;) — (to,mo), ||¢i — ¢|| = 0 as i — .
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Proof. First, notice that V! is upper semicontinuous.

Now, let ¢ € Vi(tg, mo). We shall prove that ¢ = V (¢, ), mg = m(ty) for some solution to mean field game
(11), (12) Let {tz}, {mz}, {gﬁl} are such that (;52 S V(t“mz) and (tz,ml) — (to,mo), H(,bi — d)H — 0. Since
@i € V(t;,;m;), one can find a pair (V;,m;(-)) that is a solution of mean field game satisfying the properties
Vi(ti,-) = @i(+), m; = m;(¢;). Hence, by Proposition 3.2 there exists v;(-) solving MFDI (2.18) such that, for
any s € [t;, T,

TTLZ(S) = p#Vi(S), Vl(sv ) = B;;T(.)O'(-, mi(T))7 [U('7mi(T))7 Vi(T)] > [Vi(sﬂ ')7 V(S)] (4‘2)
Without loss of generality, one can assume that v;(t) and V;(¢,-) are defined for ¢ € [t*,T], where t* =
inf{to, t1,ta, . ..}. Moreover, by Proposition 2.4 we additionally suppose that v;(t;) = m;. Here m; are defined
by (2.7).

Using Proposition 2.6, get that there exist a subsequence {v;, } and a solution to MFDI (2.18) v(-) such that
sup, W1 (v, (1), v(t)) — 0 and v(to) = mg. Put m(t) £ pxr(t). We have that

sup W (m, (1), m(1)) = 0. (4.3)

Further, the functions V; are Lipschitz continuous with the constant depending only on the bounds of f g and
Lipschitz constant of o w.r.t. z (see Lem. 3.3). This implies that {V;} is also relatively compact. Without loss
of generality, we can assume that {V;, } converges to some function V : [tg, 7] x T¢ — R. Passing to the limit in
(4.2), using (4.3), Lemma 3.4 and Proposition 3.2, we conclude that (V,m(-)) is a solution to mean field game
(1.1), (1.2) and satisfies V (g, ) = ¢(+), m(to) = mo. O

Remark 4.3. Note that the value multifunction is not defied in the unique way. It is natural to say that
W :[0,T] x PYH(T?) = C(T) is the maximal value multifunction if it is a value multifunction and, for any value
multifunction V,

V(t,m) C W(t,m), tec0,T], m € PY(T?.

The existence result for the maximal value function can be proved using the facts that the closure of union of
value multifunctions is also a value multifucntion (see Prop. 4.2). Furthermore, it follows from the existence
theorem for the solution to the mean field game that W(t,m) # @ for any t € [0, T] and m € P(T4).

Remark 4.4. Let us describe the relation between the value multifunction and the master equation for mean
field game. For the case of the deterministic mean field game the master equation takes the form (see [13,
(I1.4.41)]):

dp OH (t,z,m,V,p)
— 4+ H(t =
g THGEm Y ‘PH/W op

Omep(t,x,m)(y)m(dy) = 0. (4.4)

Here ¢ is a function from [0, 7] x T¢ x PL(T?) with values in R, dp/0t, V,p, V.o stand for its derivatives
w.r.t to time, state and measure variable. The precise definition of the derivative w.r.t. measure can be found,
for example, at [9] or ([12], Sect. 5). The master equation is strictly connected with the value function of mean
field game T" which assigns to a triple (to, g, mo) an expected reward of the representative player who starts at
the time tg, at the state xg under the condition that the distribution of all players is mg. It is proved that under
certain regularity conditions the classical solution to the master equation (4.4) is a value function (see [11],
Prop. 4.1). Conversely, if the coefficients of (4.4) are continuous, the value function I' is well-defined, unique
and continuous with its derivative w.r.t. x, then it solves master equation (4.4) in the viscosity sense ([13],
Prop. 4.20). However, the existence of the classical solution is proved only for the special case of nondegenerate
stochastic mean field game [9] or on the short time interval [13, 19, 34]. Furthermore, since there are examples
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of multiplicity of solutions to the mean field game [5], the regularity conditions required in ([13], Prop. 4.20)
are not fulfilled in the general case.

On the other hand, the notion of the value multifunction is a natural extension of the notion of the value
function. Indeed, if T" is a value function, then the multifunction V defined by the rule

V(th mO) £ {F(to, LR mO)} (45)

is a value multifunction. Conversely, if V is single-valued i.e. V(to,mo) = {Pty.me}, then the function
I'(tg, zo,mg) = ®ty,mo (Z0) 1s a value function. This implies that the classical solution of master equation (4.4)
gives a value multifunction. Simultaneously, if the value multifunction is single-valued and sufficiently smooth
it provides the viscosity solution to master equation (4.4).

We look for a sufficient condition for a multifunction V : [0, 7] x P1(T?) = C(T?) to be a value multifunction.
To this end we introduce the dynamical system on P'(T%) x C(T¢9).

Definition 4.5. For each s, € [0,7], s < r, define the multifunction ¥"* : P*(T?) x C(T¢) = P(T%) x C(T9)
by the rule: (u,1) € ¥™*(m, ¢) if and only if there exists a solution of MFDI (2.18) on [s,r] v(-), satisfying the
following properties for m(t) = pxv(t):

(W1) ms) = m, m(r) = p;
(W2) 6= B3, vy
(3) [, 0(r)] > [6.0(5)]

We shall show that the family of set-valued mappings ¥ = {U™*},<, provides a dynamics in the space
PL(T?) x C(T?). First, notice that U**(m, ¢) = {(m, ¢)}.

Proposition 4.6. U satisfies the semigroup property i.e., for any sg, 1,82 € [0,T], s <r < 0,
PS2,50 — \[s2:51 o \JS1:50

Here we define the composition of multivalued maps in the usual manner, i.e. if (X, px) is a metric space,
then the composition of multivalued mappings @1, P2 : X = X is

(@20@1)(@) = [ 2a(y)

yEP1 ()

Proof of Proposition 4.6. First, let us prove that Ws2:51 o Wst:so w250 Pick (m?,¢), (m!, ¢l), (m?,¢?) €
PL(T?) x O(T?) such that (m?!, ¢t) € Us1:50(m0, @Y%), (m?, $?) € U251 (m!, ¢'). We are to prove that (m?, ¢?) €
U250 (m0 ¢Y). For i = 1,2, let v;(-) € Ny, .5, mi(-) € My, s, be such that m;(t) = pavi(t), vi(-) solves
MFDI (2.18) on [s;_1, 8i], mi(si—1) = m'™L, m;(s;) = m?, ¢~ 1 = Bzi‘(f)’sigbi, (%, vi(s:)] > [0, vi(si—1)]. Due
to Proposition 2.4, one may assume that v1(s1) = v2(s1). Let

l/(t) é{ lll(t), te [80,81],

I/g(t), te [81,32],
m(t) £ pxr(t). Notice that m(t) coincides with my(t) on [sg, s1] and with ma(#) on [s1, s2]. By Proposition 2.5
we have that v(-) is a solution to (2.18) on [sg, s2]. Using the semigroup property for the family of operators B

(see (3.2)), we get

(bO — B;‘Sr?{S)2¢2
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Further,

(0%, v(s2)] = [¢%,12(s2)] = [0, 12(s1)] = [0, 11(s1)] = [¢°, v1(50)] = [¢°, v (s0)].

Thus, we obtain the inclusion W#2:%1 o U190 C Js2:50,

Now we turn to the opposite inclusion. Pick (m°, ¢%), (m?2,¢?) such that (m?2,¢?) € Wsz:50(m0, ¢°%). We
shall prove that there exists (m!, ¢') such that (m!,¢!) € U150 (m® ¢%) and (m?,¢?) € U251 (m!, ¢!). Let
V(+) € Nsy.sp, m(-) € My, s, satisfy conditions (¥1)—(¥3) for s = s, 7 = 52, m =m?, ¢ = ¢°, up=m?, ¢ = ¢°.
There exists x € P(Cs,.s,) such that v(t) = é,4x and supp(x) C SOL(s2, 89, m(+)). Notice that the function
¢° is a value of the problem

maximize ¢*(z(s2)) + 2(s2) — 2(s0) (4.6)
subject to (z(-),2(+)) € SOL(s2, so,m(-)). (4.7)

Additionally, one can rewrite (¥3) in the form

/C (6% (2(s2)) + (2(s2) — 2(s0)x(d(@ ("), 2(-))) = / ¢ (x(s0)x(d(2(-), 2()))-

50,82 Cso,sg

Using inclusion supp(x) C SOL(s3, sg, m(:)) we conclude that y is concentrated on the set of optimal motions
to problem (4.6), (4.7).

Now set m! = m(sy), ¢! = B;l(’_‘?(i)z. Further, for ¢ € [s;_1,s;], put v;(t) be equal to v(t), m;(t) = pyv;(t).
The dynamic programming gives that

d)i—l — Bsi—lysid)i’ i = 172

m;(-)
It remains to prove that
[¢",vi(s:)] > [ ", vilsio1)). (4.8)
Let x; be a projection of x on Cj, , 5,. We have that v;(t) = é.x:, supp(x;) C SOL(s;, s;—1, m;(-)). Moreover,
4

since  is concentrated on optimal motions to (4.6), (4.7), we have that each motion (z(-),z(:)) € supp(x:)
provides the solution to the problem

maximize ¢’ (2(s;)) + 2(si) — 2(si—1)
subject to (z(-), z(-)) € SOL(s;, s;—1, m;(+)).

Integrating this and taking into account the property supp(x;) C SOL(s;, s;—1,m;i(+)), we get

/c (' (x(s:)) + 2(s)xa(d(x(), 2())) = / (6" (@ (si-1)) + 2(si-1))xi(d(x(), 2()))-

Si—1554 Csi—lvsi

This implies (4.8). O

Recall (see Sect. 1) that we call the dynamics generated by the family {U"*},<, the mean field game
dynamics.
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Definition 4.7. We say that a upper semicontinuous multifunction V : [0, T] x P!(T¢) = C(T4) is viable with
respect to the mean field game dynamics if, for any s, € [0,7], s < r, m € P}(T%), ¢ € V(s,m), there exist
w € T and ¢ € C(T?) such that

o (,u,’L/J) € \IIT7S(m7¢);
- eV(r, ).
Remark 4.8. It is more accurate to say that the graph of the multifunction V is viable with respect to the

mean field game dynamics. However, for the sake of shortness we will say that the multifunction V itself is
viable.

Remark 4.9. One can prove that the maximal value function is viable with respect to the mean field game
dynamics.

The link between viability property and value function is given in the following statement.

Theorem 4.10. Assume that a upper semicontinuous multifunction V : [0,T] x T = C(T9) is viable with
respect to the mean field game dynamics and V(T,m) = {o(-,m)}. Then V is a value multifunction.

Proof. We shall prove that if V is viable with respect to the mean field game dynamics, then, for any ¢, € [0, 7],
m, € PY(T?) and ¢, € V(t.,m.), there exists a solution to (1.1), (1.2) (V,m(-)) such that V(t.,-) = ¢.(-) and
m(ty) = M.

Let N be a natural number, and let t&; £ t, + (T —t.)/N. By assumption we have that there exists a sequence
of pairs {(u, ¢%) Y, € PHT?) x C(T?) satisfying the following conditions:

— ¢ eV(t;’V,mv) i=0,1,...,N;

S

(leN7¢z ) \IItN’ (M?\?lv gl)vizla"'7N§

— on() =l ny).

Since (piy, i) € WININ ' (uiy?, i h), there exist vl () € Nyio1 i and miy(-) € M1y such that

~ V& () is a solution of (2.18) on [t !, ty];
miy(t) = P#VN( ) when t € [ﬁvl,tz J;

- mN(tN ) NN ) mN(tN) K

- (b?\/' = tj\i,() ¢

- [¢§V7VN(tN)] 7[ N vVN(tZ 1)]

By Proposition 2.4 we can assume without loss of generality that Vict () = vi (E ). Define vy (1) € Ni, 7
by the rule: if ¢ € [th;*, ], then

vn(t) £ vy (t).
Further, let my(t) £ pgvn(t). By Proposition 2.5 we have that vy (-) solves (2.18). Moreover, my (t.) = m..

Proposition 2.6 implies that there exist a flow of probabilities v(-) € Ny, 1 and a sequence { Ny} ; such that
v(-) is a solution of (2.18), and

lim sup Wi(vn,(t),v(t)) =0.

k—o0 L€ty T]

Put

m(t) 2 py(t). (4.9)
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For s € [t.,T], set

Vn(s,) = B*T yo (mu (T)). (4.10)

my (-

By Lemma 3.3 the functions Vi are C;-Lipschitz continuous functions, where the constant C7 does not depend
on N. Hence, without loss of generality, one can assume that the sequence {Vy, } converges to some function
Ve C([t., T] x T?).

Let us prove that (V,m(-)) is a solution of mean field game (1.1), (1.2). To this end we check the conditions
of Proposition 3.2. By construction we have that m(t) = pxv(t), where v(-) solves MFDI (2.18). Notice that
Wa(may, (£), m(t)) < Wa (v, (£),v(1)). Thus,

lim  sup Wi(mu,(t),m(t)) =0. (4.11)
k—ootelt, 1)

It follows from (4.10) that, for any k,

1V (s,) = Byo Com(TD < IV (s,) = Vi (s, ) |+ 1By, (o Coma, (T) = By o (,m(T))].

m() mN()

Using Lemma 3.4, we estimate the right-hand side of this inequality and get

IV (s,) = Byyo (m(T)]

<V(s:-) = V(s )l + lo (- m(T)) — o (-, ma (T))
+ L(e™" 4 LT +1)(T — ) sEup ] Wi (mp, (), m(t)).
te[t,T

Passing to the limit when k& — 0 and using (4.11), we conclude that

IV(s,) = B o (m(T)| = 0. (4.12)

It remains to prove that
[o(-,m(T)),v(T)] = [V (s,-), v(s)]- (4.13)

To this end notice that vy (t) = v (¢ ) for te [t}?l,t?v], VN (ty, ) = ¢& () and VN (T,-) = o(-,mn(T)). This
and the inequalities ¢y, v (th)] > [o 1, Vi (t 1)] vield that

[o(,mn(T)),vn(T)] > [V (), vn(ty )], i=1,...,N.

Further, let i be such that s € [t)y ", tiy]. We have that ||V (s,) — Vi (ty ", -)|| < C1/N. Since vy (-) solves MFDI
(2.18), Wi(vn(s), vn(ty ') < 2R/N. Therefore, by (2.9)

[o(-,mn(T)),vn(T)] > [VN(s,"),vn(s)] — C1(1+ 2R)/N. (4.14)

Further, the functions = — o(x,m(T)), x — V(s,z) are Lipschitz continuous with the constants s and Cj
respectively. Hence, using (4.14) for N = N, and (2.9), we conclude

[o(;m(T)),v(T)] = [V(s,-),v(s)] = C1(1 + 2R) /Ny, — [|o (-, m(T)) — o (-, mn, (T))|
—V(s,) = Vi (s, )l = 2eWh((T), v, (T)) = CiWi(v(s), vy (s))-
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Passing to the limit, we get (4.13).

The fact that v(-) is a solution to (2.18), equalities (4.9), (4.12)and inequality (4.13) imply that (V,m(-))
is a solution of mean field game (1.1), (1.2) (see Prop. 3.2). Furthermore, by construction m(t.) = m, and
V(ts,ms) = ¢«. Thus, V is a value multifunction. O

5. STATEMENT OF THE VIABILITY THEOREM

In this section we formulate the infinitesimal form of the viability property for mean field game dynamics.

To this end we use the probabilities on tangent bundles to T¢ x {0} and T? x R. Let m € P!(T%). Denote
by L(m) the set of probabilities 3 € P!(T¢ x R4*!) with the marginal on T¢ equal to m. Analogously, if
v € PHT? x R), then L.(v) stands for the set of probabilities v € P*(T? x R x R¥*!) with the marginal on
T x R equal to v. If ¢ > 0, then put

L(m) 2 {B € L(m) : suppB C T x B, x [—¢, ]}, (5.1)

LE(m) & {y € L.(m) : suppy € T x R x B, x [—¢, (]} (5.2)

Here B, stands for the closed ball in R? of the radius ¢ centered at the origin.
If m € PY(TY), s,r € [0,T], s < r, then denote by A" the operator on C(T%) acting by the rule

(A% ) (@) £ sup{g(z + (r — s)a) + (r — s)b: (a,b) € F(s,z,m)}. (5.3)
Here F is defined by (2.14). For t > 0, let the operator ©7 : T¢ x R¥! — T x R be given by
O7(x,a,b) = (x + Ta,Tb). (5.4)

Let V : [0,7] x P}(T¢) = C(T?) be upper semicontinuous, t € [0,7], m € P(T?), ¢ € C(T?). Now, we turn
to the definition of set-valued derivative of the multifunction V at ¢,m,¢ by virtue of F' under constraints
determined by constant c. We denote this derivative by DGV (¢, m, ¢).

Definition 5.1. A probability 5 € £L°(m) belongs to D%V(t,m, @) if there exist sequences {7,}22; C (0, +00),
{Bn}32, C L£8(m) and {¢,}22; C C(T?) satisfying the following properties for v, £ ©™ 43, and m,, £ pyvy:

Tn, W1(B, Bn) — 0 as n — oc;

n € V(t + T, mn);
IAL ™ 6u0ll _

lim ;
n—00 Tn
[Pn,vn]—[¢,m] > 07

Tn

lim
n— oo

Jpasgass dist(v; F(t, z,m))B(d(z,v)) = 0.

For M,C > 0, let BLys ¢ denote the set of functions ¢ € Lip(T?) such that

CU R LN

o]l < M.

Theorem 5.2. Assume that the upper semicontinuous multifunction V : [0, T] x PY(T4) = C(T4) has nonempty
values and there exist constants M and C such that, for any t € [0,T], m € PY(T4),

V(t,m) C BLyso(TY).
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Then, V is viable with respect to the mean field game dynamics if and only if, there exists a constant ¢ > 0 such
that, for any t € [0,T], m € PY(T%), ¢ € V(t,m),

Di(t,m, ¢) # 2.
Here m is defined by (2.7).

Theorems 4.10, 5.2 immediately implies the following.

Corollary 5.3. Let the upper semicontinuous multifunction V : [0,T] x P*(T?) = C(T?) have nonempty values.
Assume that, for any t € [0,T], m € PH(T%), ¢ € V(t,m),

- V(t,m) C BLysc(T?) where the constants M and C do not dependent on t and m;

- V(T,m) ={o(-,m)};
— DS (t,m, ¢) # &, where the constant ¢ does not depend on t, m and ¢.

Then V is a value multifunction of mean field game (1.1), (1.2).

6. PROPERTIES OF THE “FROZEN” DYNAMICS

In this section we present auxiliary statements those are used in the proof of Theorem 5.2.
For each 7 > 0, let Z7 be an operator from T¢ x R x R4 to T x R defined by the rule

ET(w,v) & w4+ Tv. (6.1)

Lemma 6.1. Ifv,v/ € PY(T?), v € L.(v), 7,7 >0, 7° € I(/,v) is an optimal plan between V' and v, then

1 Wi(ETy7, BT 4y) < |7 — | f’H‘dXRXRd+1 lvlly(d(w, v));
2. Wl(ET#’Yv ET#(WO * PY)) < Wl(ya l//)'

Proof. First, we have that

Wi(E 47,5 47) = swp {/ [o(w + 70) = p(w + 7'v)]y(d(w, v))}
p€Lip, (T*xR) TdxRxRd+1
<|r—7| [oly(d(w, ).

Td xRxRd+1

This proves the first statement of the Lemma.
Further, we have that

WiE 40T (0 7)) = sup {/ /'[ﬂw+fmwwHTMhmwww%awmm}
p€Lip, (T?xR) (TdxR)2 JRE+1L

g/ o — wl®(d(w’,w)).
(T4 xR)?2

This inequality yields the second statement of the Lemma.

The following statements are concerned with the continuity of the operator A.
s,r

Lemma 6.2. If m € PYT%), s,r € [0,T], s <7, K >0, ¥ € Lipy (T?), then A3 € Lip[(g41)ero—o 1] (T9).

The lemma is proved in the same way as the first statement of Lemma 3.3.



20 Y. AVERBOUKH
Lemma 6.3. If m,m’ € PY(T9), K >0, ¢,9' € Lipg(T?), s5,5',7 €[0,T], s <r, s <r, then
[AZ % — A5 Y < Y = @[ + (K + D[L(r — ) Wi(m,m') + R|s — s'| + a(s = &') - (r = 3)],

where § = inf{s, s'}.

Proof. First, recall that

F(t,z,m) = {/ (f(t,x,m,u), g(t,z,m,u)){(du) : £ € 7’(U)}~ (6.2)
U
Without loss of generality we can assume that s < s’. Thus, we have that
(A7) (x)

= sup [ (ot (= ) f (s )) + (7 = (s, m, w)E(d)
EeP(U)JU

< sup / W+ (r =) f(s',z,m’ u)) + (r = s")g (s, 2, m’, u))E (du))
EeP(U)JU

+HEAD[L(r — s)Wi(m,m') + Rls — §'| + a(s — &) - (r — 5)]

< swp [ @k (= S ) + = gl w)€(dw)
EePU)JU
+Hl—='|| + (K + D[L(r — s)Wi(m,m') + R|s — s'| + a(s — 5") - (r — s)]

= (4570 @) + [0 — |
+(K+1)[L(r — s)Wi(m,m') + R|s — §'| + a(s — §') - (r — s)].

This proves the Lemma. O

The following lemma provides the comparison of the original and the “frozen” dynamics.

Lemma 6.4. Let m(-) be a flow of probabilities on [s,r], m, € PY(T?), and let 1,1’ € Lip (T?). Assume that,
for allt € [s,r], Wi(m(t),m.) < 61, then

IAZ Y = Byl < (K + 1) (alr = ) + LR(r — s) + Loy)(r — s) + [ — 4.
Proof. First, by Lemma 6.3 we conclude that
[AZ W = ALT ¢ < vy — ). (6.3)
Let y € T and let (a*,b*) € F(s,y,m.) be such that
(AL () =9 (y + (r = s)a”) + (r — s)b".

Using (6.2), we obtain that there exists a probability £ € P(U) such that

(a*,b*):/U(f(t,x,m*,u),g(t,x,m*,u))ﬁ(du).
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Consider the motion (x(-), z(+)) satisfying

i(t) = /U F(t2(t), m(t), wE(du), () = /U o(t,x(t), m(t), u)E(du),

and z(s) =y, z(s) = 0.
We have that ||z(t) — y|| < R(t — s). Thus, for every t € [s, 1],

|&(t) — a*|| < ot — s) + LR(t — s) + Lo,

[2(t) = b*| < at —s) + LR(t — s) + Lo;.
Therefore,

[2(r) —y = (r = s)a™[| < (a(r = s) + LR(r — ) + L61)(r — s),

|z(r) — (r — $)b™|| < (a(r — 8) + LR(r — s) + Lé1)(r — s).
This yields the inequality

AST Y =4 (y+ (r—s)a*) + (r — s)b*
</ (z(r)) + 2(r) + (K + 1)(a(r — 8) + LR(r — s) + L51)(r — s)
< BTS,;?.)ZZ’/ + (K +1)(a(r —s)+ LR(r —s) + Lé1)(r — s).

The opposite inequality
By < ATy + (K +1)(a(r — s) + LR(r — s) + Lo1)(r — s)
is proved in the same way. This, (6.3) and (6.4) imply the conclusion of the Lemma.

7. PROOF OF THE VIABILITY THEOREM. SUFFICIENCY
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(6.4)

In this section, we assume that the upper semicontinuous multifunction V : [0, 7] x P(T?) = C(T¢) has

nonempty values and, for any ¢ € [0, T], m € P}(T9), ¢ € V(t,m), the following properties hold true

¢ S BLJV],C’(Td)7 ’D%V(tama ¢) # .

Here ¢, M and C' are constants that do not dependent on s, m and ¢.

We shall prove that under this assumption V is viable with respect to the mean field game dynamics. The

proof is a modification of the proof of the classic viability theorem presented in [2].

Denote by Z the set of triples (¢, v, ¢) € [0,T] x PY(T¢ x R) x BLjs,¢(T?) such that supp(v) C T? x [—ct, ct]
and ¢ € V(t,pgr). Further, for n € N, set Z,, £ 2N ([0,7 — 1/n] x PY(T¢ x R) x BLjs,(T?)). Clearly, the sets

Z and Z, are compacts.

Lemma 7.1. There exists a number 0,, € (0,1/n) such that, for any (t,v,¢) € Z,, one can find (t*, v+, ¢7) € Z

and v € LS(v) such that the following properties hold true for m = puv:

1. Wi (Bt ) < (7 —t)/n;
2. AL ot — || < (tF —t)/n;
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3. (ot vt] > [o,v] — (tT —t)/n;
4 Jpaspxgasr dist (U, F(t,w, V)) ~v(d(z,v)) < 1/n.

Here F defined by (2.19).

Proof. Let (s,m,%) € Z,. Denote p, = pgn. Since DE(s,uy,¢) # & and the mapping [
Jpa s pxga+r dist(v, F(t,z,m))B(d(x,v)) is continuous, there exist s,y € (0,1/n), wspy € L (1), f];mw €
T? x R and ¢, , € Lipc(T?) such that

B ﬁ:n,w = Oy 4 s
- 1/):_77 ¢ € V(s + Qﬂs,n,wap#ﬁ:n,w)Q

294
AR =] < D/

B [,(/Js,n,dﬂ ﬁ:nﬂ/)] > [¢7 l/’t\”l] - 1957777w/n;
— Jraygars dist(v, F(t, 2, m))ws ¢ (d(z,v) < 1/(2n).

Now define the probability (s, 4 € P(T? x R x R41) in the following way. If ¢ € C(T? x R x RHL),
/ (0,210, 8)Con (A, 2,0,1)
Td X RxR+1

éAwmééﬁyugﬂ@%wwa&wmwwmwwn

Clearly7 the projection of (s ;.4 on T? x R4 is w, , 4, when its projection on T¢ x R is 0. Thus, (s .4 € LS(n).

Let 17, , = E*79m% 4C . We have that pyns, g = Dgils,n,p and

+ + o + +
sl = [ 0@+ 2 (4 2)
[ L e+ 20u00) £ 2 4 20 B DD ) ()
= o 4 20000) 4 20, DBy 0) + [ [ @zl o)

= W)+ [ end2))

TdxR

Analogously,
o) = o)+ [ enl(a ).
TdxR

Finally, let Sjn " £ 5+ 2050

One can summarize the properties of (s s> ng e 1/)3 . w) and (., as follows.

~ (s jnw’n:nw’d}:n,w) €2

N = B ™)

- w{nﬁi Vf jn va#nf,n )3

= |Apyn " 1/’57,11; 7/"<(3171p s)/(2n);
~ W 1) > ] = (s, — 9)/(2n);
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n f’H‘dx]Rde+1 diSt(%F\(tvw7V))Cs,n,w(d(w,’U)) < 1/(2n).

Let &,y be a set of triples (¢,v, ¢) € Z,, such that, for some vy € L$(m), the following properties hold true:

(E1) te(s— snwi5+79’7nv¢)§

(E2) W1(773 o B Ty < (sE = 1)/
(E3) HAp#bu"‘” s — Ol < (s Sen —t)/n;

(E4) [ snz[}”r’é’r]w] [¢7 ]_(s’qd) t)/n?

(E5) Jpaypypars dist(v, F(t,w,v))y(d(w,v)) < 1/n.

Now, we shall prove that each set & ,, 4 is open in Z,,. Let (ti, v, ¢4) € &g - There exists v, € L (vy) such
that conditions (E1)—(E5) are fulfilled for (¢.,v., ¢.) and .. Further, let § > 0, and let (¢,v,¢) € Z, be such
that [t. —t] < 0, Wi (vs,v) < 0, ||@x — ¢|| < §. We shall show that, if ¢ is sufficiently small, then conditions
(E1)~(E5) hold true for (t,m,¢) and v = 70, *~,. Here ) , stands for an optimal plan between v and v,
while * denotes the composition of probabilities introduced by (2.4). This will imply that &, is open.

First, notice that if 7. € ££(v.), then v = 70, * 7. belongs to LS(v).

Further, condition (E1) holds for (¢,v,¢) if § < ¥4 5.4 — [t« — 5.

Since v, € L$(vy), by Lemma 6.1 we have that

—_ '—*S+ —t
|W1(: #’y,: s 27)| < 2¢4.
Therefore, condition (E2) is valid for (¢, v, ¢), if
;—‘s+ —t
(2¢+1/n)é < (S:n»w —ty)/n— Wl(n:n,wz T ).

Analogously, by Lemma 6.3

t*a
HA e -¢l—1A p#V*n¢¢s 1 = @ul[| <64+ (C+ 1)[L3Vs 5,40 + RS + 305 ,0(5)].

b#V ,77 W
Therefore, in the case when

(14 L3V (C+1)+ R+1/n)d + 39 ,4(C + 1)a(9)

t*7 !
< (st —t)In—Ag vl — ol

condition (E3) holds for (¢, v, ¢).
By (2.9) we have that |[¢., v.] — [¢, V]| < (C + 1)d. Therefore, condition (E4) holds true for (¢,v, ¢) if

(C+1+1/n)é < [7/15 M, 1/,7775 , ¢] [P ] + (5:7,,1/, —t)/n.

Finally, notice that |dist(v, F(t,w,v) — dist(v, F(t,w,v,)| < 2LW;(v,v,) and the function (w,v) —
dist(v, F(t,w,v,) is (2L + 1)-Lipschitz continuous. Thus, by the second statement of Lemma 6.1 we get

’/ dist(v, F(t, w, v,) )7, (d(w, v)) — / dist(v, F(t, w,v))y(d(w,v))| < (4L + 1)s.
TdxRxRI+1 TdxRxRI+1
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Therefore, if one pick ¢ less than

~

1 1
I dist(v, B (t, w, v:))7e(d(w, v) | |
et [ L st P w) e, 0)

then condition (E5) is valid for (¢, v, ¢) and +.

We have proved that if (t., vy, ¢x) € Es .y, then its d-neighborhood in Z,, also lies in &, for sufficiently
small 0. Furthermore, by construction (s,n,1) € &y . Thus, {Es 4 }(smw)ez, is an open cover of Z,. Since
Z,, is compact, there exists a finite number of triples {(s;,7:,)}/_, such that

I'VL
Zn C U Esimistpi-
i=1

Put

A .
971 = mmn 1931'7771';1111"
i=1,I"

If (t,v, ¢) € Z,, then there exists ¢ = 1, I" such that

(t7 v, (b) € gsz',m,wi .

Choose tT £ s;mh%, vt & 77;717“%, o 1/):171!) Finally, let v be such that conditions (E1)—(E5) are fulfilled
for (t,v,¢) and ~. O

For 7,0 € [0,T], 7 < 6, define the mapping A™? : T? x R x R¥*! — C, 4 by the rule: if w € T¢ x R, v € R4*1,
then put A™%(w,v) be equal to the function t — (w + (t — 7)v).
Assume that s,7 € [0,T], s <1, m, € PH(T%), ¢, € V(s,m.). Put r, =r — 1/n. Without loss of generality

we assume that r,, > s. Now, we construct a number .J,,, a sequence of times {t/, j;o, sequences of probabilities

{an};]lo, {77%};207 {~i ;];1, %A ;]21 and a sequence of functions {¢} }‘]20 by the following rules.

~ Set 12 25, 10 =00 2 m,, ¢ £ ¢,
— I3 vi=t pi=t $I=1 are already constructed and /=1 < r,, then apply Lemma 7.1 with ¢t = /=1,
o = e ; , ,
v=u)"" ¢ = ¢! and choose t], equal to t*, v} equal to v", ¢}, equal to ¢, 7}, equal to . Note
that ¢, € V(#1, parvi=t), 44 € LS(vi71). Let m~! be an optimal plan between n7~! and vi~!. Set

79 & i1 % 47, Obviously, 7/ € £S(n)~1). Define the probability x/, € P'(Cyi-1 45 ) by the rule:

o
X5, & AR50 (7.1)

Finally, set 7 = ét%#x% = Eti_tiﬂ#'ﬂ.
— If tJ, > ry,, then choose J,, to be equal to j.
Notice that tJt1 —¢J > 6,,. Thus, J,, is finite.
Let v/t € £¢(v]") be such that

/ dist(v, E(t]", w, v"))y2» T (d(, v)) = 0.
Td xRxRa+1
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J

n

Let :Y;{n+1 S 71-7{71, * ,Y;{n-i-l

Pl(ctgn ,.) by the rule:

, where m/" is an optimal plan between 7" and v;/». Define the probability yx/»*1 €

N (7.2)
We have that
&, € V(th, D).
Put
Xn 2 X0 O @ x (7.3)
Here © stands for concatenation of probabilities (see (2.11)). Since €5 42X}, = €3 x5 when j = 1,...,J,, the

probability x,, is well-defined. Moreover, x,, € P*(Cs.,.), € #Xn = n.
Let us point out the properties of the constructed sequences.

Lemma 7.2. For j =0,J,,
Wi(nd,vi) < (t2 — s)/n.

Proof. First, we have that Wy (n%,v2) = 0. Further, notice that

Thus, if Wi (=1, vi=1) < (/71 — s)/n, then, using the second statement of Lemma 6.1 and Lemma 7.1, we
conclude that

SWAET gy (m T ), BT )+ WAES T e )

O
Let ¢,(-) € M, be defined by the rule: g, (t) = e;4xn. Notice that
0 (th) =Dy G =0, Jn. (7.4)
Lemma 7.3. There exist constants ¢1 and co such that the following estimate holds true:
1B, 60 — 6.l < eral(L/m) + ea/n.
Proof. To simplify designations put mJ, £ pavi.
Let us show that
A AT S ol — Gl < (4 — ). (75)
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We prove this inequality by the backward induction on j. By Lemma 7.1 we have that

17tJ7L d _
A g — g <

£ /.
Now, assume that that inequality (7.5) holds true for some j. We have that
+1

HA%J 1nAt31 ot

n Jn
AtJT}—l’ltn .]n
. Tn—

—on 'l
, t] tJ tJ” 1 tJ!L tI—1 4d . tjfl)tj . .

< Al I AT At T gl — A T AT gl — e

By Lemma 7.1 we have that

(=1 4
1A, —

el < (), —t7h/n.
This, Lemma 6.3 and assumption (7.5) imply the inequality
A% AT A S g — g <
Hence (75) is fulfilled for any j =0

—t)/n+ ), —t;71)/n.
cyddp—1

Definition of ¢,(-), (7.4) and Lemma 7.2 give, for each j, the estimate

sup  Wi(gn(t), m7,)
tefth ]
Further, put

< (T +c)/n.

(7.6)

C*(s) = [(C+1)e L(T=s) _ 1].
Now, let us prove that, for any j =0,...,J, — 1,
HB it n ¢J tJ t1+1 tin*

" < () + D (a(l/n) + LR+ T +c) /n+T/n)(t,"
As above, we prove this inequality by the backward induction. First, since C(
estimate (7.6) we have that

—td). (7.7)

) > C, by Lemma 6.4 and

tIn=14In 5 tJ" 1 gn
||B n P ¢ n o __
an (") n

Jn ) n ¢J7L

(C*(tym) + 1) (a(l/n) + L(R+ T + c)/n)(
Further, assume that (7.7) is fulfilled for some j. We have that

n In—1
—to ).
N g, pth

qn ¢ B

Jn
QH( ) QH ) ¢
Additionally, by Lemmas 3.3 and 6.2 we have that

td ¢In 1 t’* tJ'n 1
By g At AT

" g € Lipg. (13, (T9).
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This, assumption of the induction (see (7.7)) and Lemma 6.4 imply that

tJ 1t7 1 t7+1 tJn lt.]n

'n.A'n,) A ¢J

t] 1 t‘] T
H a() O
(it BTN BT e
Bq:() (Bq() d)J) 17, (Amib .A Jn 1 ¢J)‘
< (C*(t) + 1)(a(l/n) + L(R+T +c)/n+T/n)(t], —t57")

+(C* () + 1) (a(l/n) + L(R4+T +c)/n+T/n)(t!" —t7).

Since the function s — C*(s) decrease, we conclude that (7.7) is fulfilled for all j.
Since t2 = s, combining (7.5) and (7.7), we get

B2 6o — .l < (C*(0) + 1)(a(1/n) + (LR + LT + Le +T) /n).

qn ()

Finally, using Lemma 3.4, we have that
BST gl — BYU gl < (C+1)R(r — %) < (C + 1)R
1B27 ot — B 611 < (C+ DR(r — 1) < (C + DR/m.

This and inequality (7.8) yield the conclusion of the lemma.

Lemma 7.4. The following estimate holds true, for some constant c3 > 0:

(@5 ] > [ ] — 3/
Proof. First, notice that by construction
(07, va] > o vl = (1, — 1) /n
Therefore, since ¢0 = ¢, V) = m,, s =10 r >t/ we get
[ vin] > [fus ] = (r = ) /.
Recall that ¢/» € Lip.(T?). Hence, using (2.9) and Lemma 7.2, we conclude that

D 1] > [fw ] = (C +1)(r = 5)/n.

Proof of Theorem 5.2. Sufficiency. We will prove that there exists (u,) such that ¥ € V(r,u) and (u

27

O

) €

U™3 (my, ¢, ). By construction we have that, for each n, supp(x,) lies in the compact set consisting of absolutely
continuous trajectories (z(-),z(-)) € Cs - such that ||Z(t)|], |2(t)| < c for a.e. t € [s,r]. Additionally, elements of
supp(x») are uniformly bounded. Thus, by ([1], Prop. 7.1.5) we conclude that {x,} is relatively compact. This

means that there exists a sequence {n;} and a probability x € Cor such that
Wi (Xnys X) — 0 as k — oc.

Further, put

v(t) & érpx, m(t) S pgr(t), psm(r).

(7.9)
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Recall that {¢/"} C Lipo(T?) and ||¢/»|| < M. Thus, {¢J"} is relatively compact. We can assume without
loss of generality that the sequence {(b;{k"} converges to a function 1 € Lips(T¢). By (2.6) we have that

4} (m(t)7 ny (t)) <W (Xnk7X)- (710)

.. Jn Jn Jn Jng  JIn
Additionally, r — t,0* < 1/n, Wi(gn, (), qn, (")) < clt’ — "], Wi(gn, (Ent ) Patn) < Wilnnp*, vnet) <

. In Jn Jn . . .
(r —s)/n. Since ¢n,* € V(tn,*, p#Vn,") and V is upper semicontinuous, we have that

Y eV(r,p). (7.11)

To show that (u, ) € ¥™%(m., ¢.) let us check that v(-) solves (2.18) and v(-), ¢ satisty conditions (¥1)—(T3).

To prove that v(-) is a solution of (2.18) pick 79,71 € [s,7]. There exist numbers I?, and I} such that

0 0 1 1

€ [t ] m € [t ). With,

k=10,...,I} =1, put hk £ ¢k Set hi® & 7. Further, denote sk & pk — k=1 Additionally, let @, () £ é;4Xn-
Notice that g, (t) = pgon(t). For any w(-) € supp(xy), we have that

. Without loss of generality we can assume that IO < I}. Put hlo=! £ 7. For

dist (w(ﬁ) —w(n), / 0 w(@),wn(e))de)

70

I nh
< 3 dist (w(ht) —w(hﬁ‘l),/kil F(0.w(0). ,(0))d0)
k=19 han,
s
< 3 dist (w(hk) — w(hk ), 5B w(th ™), wa(th 1)) + (rh = 79)[a(1/n) + 2Le/n].
k=10

Therefore, by the construction of x,, (see 7.3) and x* (see (7.1) and (7.2))

T1

[ dise(wtm) —wim). [ B 06, 2(6)d0)xaldl)

70,71

1T
<30 [ i (hh) — ) BP0 )k ()

k=I9 TO,T1
+ (1, = m)la(l/n) + 2Le/n]
I
= Z/ 5deist<v,ﬁ(tfbfl,w,rﬁ*l)’?ﬁ(d(w,v))
k=10 TdxRxRa+1

+ (1} = ) [a(1/n) + 2Lc/n).

Since functions (w,v) — dist(v, F(t,w,v)), v — dist(v, F(t,w,v)) are Lipschitz continuous with constants
(2L + 1) and 2L respectively, by the second statement of Lemma 6.1, Lemma 7.2 and choice of 7%, ~F
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we have that

J

dist(w(ﬁ) — w(7), /T F(o, w(@),wn(G))de)xn(d(w(-)))

Z / 55dist(v,ﬁ(tﬁ‘17w,yﬁ_l)%’j(d(wm))
h—T0 TdxRxRd+1

+ (1} = 70 [e(1/n) + 4Le/n + (1 +4L)T/n]
< (r =) [a(1/n) +4Le/n + (1 +4L)T /n + 1/n).

T0,T1

IN

Hence, using the fact that the function w(-) — dist(w(m) — w(7), f:ol F(0,w(8),@,(0))d8) is (2 + 2L(r; —
7p))-Lipschitz continuous and inequality (7.10), we get that

[ dist(wm)  wtm), [ F6.00).6)d0)x(dw ()

TO,T1 70

< [ st - wim) / F(0, w(60), @0, (6))d0) o, (d(0()))

T0>T1

+ (2 + 4L(Tl - TO))Wl(X7XTLk)
S (2 + 2L(Tl - TO))WI(X7 X’ﬂk)
+ (’rgk - Tgk)[a(l/nk) +4Le/ng + (1 4+4L)T/ny + 1/ng].

Passing to the limit when k& — oo, using the equality F'(6, p(w(f)), pxv(6)) = F(0,w(6),v(6)) and convergence
(7.9), we conclude that, for any 79,71 € [s,7],

| s (wm) ~ ). [ Fw,p(w(e»,m(e)do) x(d(w())) = 0.

TO,T1 0

This means that, for x-a.e. w(-) € Cs -, w(:) € SOL(r, s,m(-)). This and definition of v(-) imply that v(-) solves
(2.18) on [s,7].

Further, we have that property (¥1) is fulfilled by construction. Property (¥2) follows from Lemmas 3.4, 7.3
and convergences

JIn
||'(/J - ¢nkk

[, sup Wi(gn, (t),m(t)) — 0 as k — oo.
te(s,r]

Finally, convergence of 77}{:’“ to v(r) and Lemma 7.4 yield (¥3).
Thus, we prove that (p, 1) € ¥"*(m., ¢.). This and inclusion ¢ € V(r, 1) (see (7.11)) implies the sufficiency
part of Theorem 5.2. O

8. PROOF OF THE VIABILITY THEOREM. NECESSITY

Proof of Theorem 5.2. Necessity. Let V be viable with respect to the mean field game dynamics. Choose
s € [0,7], m € T¢ ¢ € V(s,m). By Definition 4.7, for any 7 > s, there exist flows of probabilities
v'(-) € Ny, m"(-) € My, and a function " € C(T?) such that v"(:) solves (2.18), m"(t) = pxv"(t) and
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conditions (¥1)—(¥3) hold true. Furthermore, " € V(r,m"(r)). Without loss of generality one can assume that
v (s) = m.

Let x" € Cs, be such that v"(t) = é,4x" and supp(x”) C SOL(r, s, m"(-)).

Further, we define the operator A*" : C,,. — T? x R%*! by the rule:

A (a(), () = (x<s>, 2(r) — a(s) 2(r) - Z<S)) . 5.1)

r—s ' r—s
Set
BT A AST 4y
Notice that 8" € £(m) for ¢ = R. Since ||Bfr;:(,)1/f — ¢|| = 0, using Lemma 6.4 we have that
|45 67 — 8]l < (C + D)(alr — 5) + 2LR(r — 8))(r — ). (8:2)
Notice that ©" 48" = v"(r). Furthermore, by construction we have that
(0", v"(r)] = &, m]. (8.3)

For any w(-) = (z(-),2(-)) € supp(x"), we have that

0 dist (w(r) — w(s), / "R, m”(t))dt)
> dist (w(r) —w(s), (r —s)F(s,z(s),m(s))) — (r — s)[a(r — s) + 4LR(r — s)].

Thus,

r—s

dist (w(r)—w(s)’ F(s,z(s), m(s))) < ar—s)+4LR(r — s).
Hence we have

/dew+1 dist (v, F(s,z,m)) 7 (d(z,v)) < a(r — s) + 4LR(r — s). (8.4)

Since the set £¢(m) is compact in P*(T?¢ x R¥*1) we have that there exists a probability 3 and a sequence
{rn}52, such that r, — s, W1 (8™,8) — 0 as n — oo.

Let us show that the probability 5 € D$V(s, m, ¢). Letting 7, £ 1, — s we get the first condition. We have
that ¢™ € V(r™, ©"™ =5, 4™). Thus, the second condition of Definition 5.1 is fulfilled. The third condition of
Definition 5.1 follows from (8.2). Analogously, (8.3) implies condition 4 for ™ £ v™ (r,,). Finally, passing to the
limit in (8.4) we get the last condition of Definition 5.1. O

9. CONCLUDING REMARKS

In the paper we examined the value multifunction of the mean field game. It assigns to each time and
probability on the phase space the set of continuous functions such that every function from this set is a reward
of the representative player corresponding to a solution of the mean field game. We find the sufficient condition
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on a given upper semicontinuous set-valued mapping to be a value multifunctions. This condition is expressed
in the terms of the viability theory. Moreover, we obtain the infinitesimal form of this condition. It involves the
notion of the set-valued derivative with respect to the mean field game dynamics. The results of the paper can
be regarded as an extension of the master equation of the mean field game in the framework of the viability
theory. The proposed approach works even in the case when the solution of the mean field game is nonunique
or discontinuously depends on the initial distribution of players.

In the paper we considered only deterministic mean field games. The extension of the results of the paper
to the stochastic mean field games and especially to the mean field games with common noise is a subject of a
future research.

Notice that in the general case the value multifunction is nonunique. Thus, it is natural to consider the
maximal value multifunction. The maximal value multifunction is always viable under the mean field game
dynamics. The search of the characterization of the maximal value function is also a theme of future research.

In the paper we use a set-valued derivative of the multifunction depending on time and probability. When
the value multifunction is reduced to the usual function it is natural question to find the relation between the
set-valued derivative on the one hand and existing approaches to the smooth and nonsmooth analysis in the
space of probability (see, for details, [1, 9, 12, 13, 18, 20, 33]) on the other hand. The answer to this question
will clarify the relation between the master equation and the results of the paper.

Finally, it is worth to mention that the master equation was used in [9] to derive the convergence of feedback
Nash equilibria for N player games to the solution of the limiting mean field game under Lasry-Lions mono-
tonicity condition which assures the uniqueness of solution of the mean field game. It is intriguing to apply the
results of this paper to obtain analogs of the mentioned convergence for the deterministic mean field games with
the multiplicity of solutions.

APPENDIX A. PROPERTIES OF THE SOLUTIONS TO MEAN FIELD TYPE
DIFFERENTIAL INCLUSIONS

Proof of Proposition 2.4. Let x € P}(Cs,) be such that v(t) = éxx, and let, for m(t) £ pyv(t) = erpX,
supp(x) C SOL(r, s, m(-)). Now, we define the probability ¥ € P!(Cs,) in the following way. Let {x.} be a
disintegration of x along m(s) i.e. for every ¢ € Cy(Cs ),

[, stwtnamon = [ [ ettt o
For ¢ € Cy(Cs,r), set
/C e(w(-)x(d(w(-)) £ /Td /cs,r/R(p(z(.)’Z(’) — 2(8) + 2)xa(d(2 (), 2()))va(dzs |2)m(s, dz).

Put 7 £ é;4x. Obviously, px7(t) = m(t) = pgv(t), ¥(s) = v.. Thus, statements 2 and 3 of the proposition
are obtained.

Now, we shall prove that 7(-) solves MFDI (2.18). To this end let us show the inclusion supp(x) C
SOL(r, s,m(-)). We have that i is concentrated on the set of motions (z(-),z(-) + h), where (z(-), z(-)) solves
(2.13) and h does not depend on ¢. Therefore the motion (x(-),z(-) + h) itself is a solution of (2.13). Thus,
supp(x) C SOL(r, s, m(-)). This proves the first statement of the proposition.
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Finally, for ¢ € C(T¢) and t € [s, 7], we have
(9, 0(t)] = /T de(¢(x) + 2)i(t,d(z, 2))
[ tetatt)+ =)t 0
- deésmlz;<¢<x<t>>+—z<t>-z<s>4_z*>y*<dzLE>Xx<d<x(),Z(J))n@<s7dx)
:/Cs,r/R(qs(x(t))+Z(t))X(d(x(')’Z(.)))_/CS,T/RZ(S)X(d(x(.)?Z(')))+/deRZV*(d(x’Z))
=Ade(qb(w)Jrz)v(t,d(x,z))—/TdXRzy(s,d(m,z)H/ v (d(, 2).

TdxR

This gives the forth statement of the proposition.
O

Proof of Proposition 2.5. For i = 1,2, pick x; € P1(Cs,_, s;) such that v;(t) = é,4x:, and, for m;(t) = pyvi(t),
supp(x:) € SOL(s;, 8,1, m()). Put x £ x1 ® X2, v(t) = é;4x. Further, denote m(t) = p4v(t). Since

ma(t), tE€ [so,s1];
miy £ { il Ll

we have that supp(x) C SOL(sq, s2,m(+)). This proves the proposition. O

Proof of Proposition 2.6. Pick x; € P'(Cs,) such that v;(t) = é;xx; and supp(x) C SOL(r,s,m;(-)) where
m;(t) = puvi(t). Notice that, for every 4, x; is concentrated on the set of 2R-Lipschitz continuous motions.
Moreover, if w(-) € supp(x;), then

[w(7i)]| = 2R(r — s) < [w()|| < [[w(m)]| +2R(r — s).
Hence, taking into account the equality é,, 4 x; = VE € P(T?¢ x R), and the convergences 7; — T, Wl(uf, vf) — 0,

we get that the sequence {x;} is tight and has uniformly integrable 1-moment. Thus, there exists a subsequence
{Xi, } and a probability x* € P*(C, ) such that

lim W3 (xi,, x*) = 0.
k—o0
Put v*(t) £ éux*, m*(t) £ pur*(t) = e;px*. By (2.6) we have that

lim sup Wi(y;, (t),v*(t)) = lim sup Wi(m,, (£),m*(t)) = 0.

k=00 te(s,r] k—ootels,r]
This implies that

Wi (v* (1), Vh) = Wi(érpx", Vh)

. R R . R . Al
< lim (W (ErpX™, ér, 4X7) + Willr, X 6r, #X0) + Wi(er, wxi,, V7)) (A1)
k—oc0

Using the fact that the probability x* is concentrated on 2R-Lipschitz motions, we get that the firs term in
the right-hand side of (A.1) is bounded by 2R|r;, — 7|. Further, the second term is bounded by Wi (x*, xi, )-
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Finally, the third term is equal to Wl(ufk, v%). Taking into account that 7; — 7, Wi (x*, xi,), W1 (Z/E, v8) = 0,
we conclude from (A.1) that v*(7) = V5.

Now, let us prove that v*(-) solves (2.18) for m(-) = m*(-). It suffices to prove that supp(x*) C
SOL(r, s,m*(-)). Let w(-) € supp(x*). By ([1], Prop. 5.1.8) there exists a sequence {w;, (-)} € Cs, such that
w;,, € supp(x;,) and ||w(-) — w;, (+)]] = 0 as k — oco. Furthermore, since supp(x;, ) C SOL(r, s,m;,()), we have
that, for every t/,t" € [s,7], t' <",

dist <wik(t”) i, (1), /t Pt p(ws, (t)),mik(t))dt> —0.

By condition (M4), we have that the functions

g

‘dist (w(t”) —w(), [ F(t,plw()), m*(t))dt)

— dist (wlk (") —w, (1), /t/t” F(t, p(wi, (1)), mi, (t))dt) )

< 24 D)flwi, () —w()l + L sup Wi(mg, (t),m*(t)).

t€ls,r]

Hence, we conclude that for any t',t"” € [s,r], ¢’ < t”,

’

dist (w(t”) - w(t’),/t F(up(w(t)),m*(t))dt) =0.

This means that w(-) is a solution of (2.13) for m(t) = m™*(t). Therefore, v* solves MFDI (2.18) for m(-) =
m*(-). O

APPENDIX B. LIST OF NOTATION

dist(z, T) distance between the point x and the set T; see Section 2.1

P(X) the set of probabilities on the metric space X; see Section 2.1
PLX) the set of probabilities on the metric space X with the finite first moment; see
Section 2.1

Wi(my,me) Kantorovich-Rubinstein (1-Wasserstein) distance between probabilities my,ms €
PL(X); see (2.1)

Lip g (X) the set of K-Lipschitz continuous functions from the metric space X to R; see
Section 2.1

hygm pushforward measure of m by the mapping h; see (2.2)

m(-|x) disintegration of the probability 7 defined on X x Y7; see (2.3)

1,2 % T23 composition of probabilities 71 2 and 7 3; see (2.4)

T d-dimensional torus; see Section 2.2

p natural projection of extended state space T¢ x R on T%; see Section 2.2

Cs,r C([s,7]; T? x R); see Section 2.2

e, €t evaluation operators from Cs , to T4 and T x R respectively; see (2.5)

M, the set of measurable functions from [s, 7] to P*(T%); see Section 2.2

N r the set of measurable functions from [s, 7] to P1(T? x R); see Section 2.2

m lifting of m € PY(T9) to P1(T? x R); see (2.7)

[0, V] the averaging of the function (z, z) — ¢(z) + 2z according to v; see (2.8)
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) operation of concatenation; see (2.10) and (2.11)

F(t,x,m) vectogram of the dynamics in the extended state space; see (2.14)
ﬁ(t, w, V) F(t,p(w), pr); see (2.19)

Us » set of relaxed controls on [s, 7]; see Section 2.3

Sol(r, s,y, m(+))

SOL(r, s,m(-))

set of solutions of differential inclusion (&(t), 2(t)) € F(t, z(t), m(t)) on [s, r] satistying
x(s) = y; see Section 2.3

set of all solutions of differential inclusion (i(t),2(t)) € F(¢t,z(t),m(t)) on [s,r];
see (2.16)

B;?) Bellman operator on [s,r] for the control problem with dynamics (1.1), integral part
of the reward function g and the given flow of probabilities m(-); see (3.1)

g set-valued mapping from P!(T¢) x C(T4) to itself determining the mean field game
dynamics; see Definition 4.5

B. closed ball in R? of the radius c centered at the origin; see Section 5

L(m) set of probabilities on T¢ x R4*! concentrated on T¢ x B, x [—¢, ¢] with the marginal
distribution on T¢ equal to m; see (5.1)

LS (v) set of probabilities on T¢ x R x R4*! concentrated on T? x R x B, x [—c, c] with the
marginal distribution on T? equal to v; see (5.2)

AsT Bellman operator on [s,r] for the control problem with “frozen” dynamics; see (5.3)

er shift operator defined on T? x R¥*! with values in T¢ x R; see (5.4)

DLV(t, m, ¢) set-valued derivative of the multifunction V at t, m, ¢ by virtue of F' under constraints
determined by constant c; see Definition 5.1

BLum ¢ set of functions ¢ € Lip(T?) bounded by M; see Section 5

=T shift operator defined on T x R x R¥*! with values in T¢ x R; see (6.1)

AST difference operator; see (8.1)
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