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DISCRETE-TIME MEAN FIELD GAMES WITH RISK-AVERSE
AGENTS*

J. FREDERIC BONNANS*, PIERRE LAVIGNE AND LAURENT PFEIFFER

Abstract. We propose and investigate a discrete-time mean field game model involving risk-averse
agents, each of them controlling a linear dynamical system. The model under study is a coupled system
of dynamic programming equations with a Kolmogorov equation. The agents’ risk aversion is modeled
by composite risk measures. The existence of a solution to the coupled system is obtained with a
fixed point approach. The corresponding feedback control allows to construct an approximate Nash
equilibrium for a related dynamic game with finitely many players.
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1. INTRODUCTION

The class of mean field games problem was introduced by Lasry and Lions in [18-20] and Huang et al.
[15], to study interactions among a large population of players. Many developments and applications have been
proposed this last decade, in particular in economics modeling and finance; one can refer for example to Achdou
et al. [1], Guéant et al. [14], and Cardaliaguet and Lehalle [8]. Economic models “4 la Cournot”, considering
interactions between the agents via a price variable, have recently received particular attention, let us mention
the works of Bensoussan and Graber [12], Bonnans et al. [7], Kobeissi [17], and Graber et al. [13].

The specificity of the mean field game of this article is the risk aversion of the involved agents. Here risk aver-
sion is modeled with the help of composite risk measures (also called dynamic risk measures). Mathematically,
a risk measure p is a map that assigns to a random variable U a real number, which is usually high when U is
very volatile. In this way p can be used to model the reluctance of a player to face highly uncertain expenses.
We refer to the seminal work by Artzner et al. [3]. We will make use of composite risk measures, the natural
extension of risk measures to a multistage framework, see for example the article of Shapiro and Ruszczynski
[24]; for an application to multistage portofolio selection one can refer to Shapiro [26].

Let us describe more precisely our coupled system and the obtained results. The coupled system describes
a population of identical agents which all optimize a linear discrete-time dynamical system (in a continuous
state space). In the model, the associated cost function depends on a variable called belief, which is related
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to the behavior of the whole group, whence a coupling between a single agent and the population. Assuming
that the population is very large, one can consider that an isolated representative agent has no impact on the
belief. Therefore his/her behavior can be conveniently described by dynamic programming equations (in which
the belief is a parameter). Mathematically, the belief is the probability distribution of the states and controls of
all agents at the different time steps of the game; it is described via the Kolmogorov equation. Our first result
is an existence result, obtained with a standard fixed point approach. In our second result, we show that an
optimal feedback control for the mean field game yields an e-Nash equilibrium for an N-player dynamic game,
where € — 0 as N — co. The proof of this result is based on an estimate of the expectation of the Wasserstein
distance between the empirical measure of i.i.d. variables and the law of these variables, obtained by Fournier
and Guillin ([11], Thm. 1). The approach that we follow was proposed by Huang et al. [16].

Discrete-time and continuous-space mean field game models have been studied in different works. The frame-
work that we propose in this article is close to the one of Saldi et al. [25], in particular, we make use of similar
weighted spaces. A few works have already investigated the issue of risk aversion. Most of them model risk
sensitivity via exponential utility functions, see for example Tembine et al. [27]. The case of robust mean field
games is investigated in problem (P2) in the work of Moon and Bagar [21]. In many economic situations, risk
modeling is of interest, in particular in the banking industry [4]. Our approach can also be relevant in situations
where mean field games are used to design telecommunication systems or smart grids; see Bertucci et al. [6] and
Alasseur et al. [2]. For example, in the latter reference, it could be interesting to take into account the risk of
individual no-energy situations or collective black-out situations via robust control.

The article is structured as follows. In Section 2 we introduce notations, assumptions, and the system of
coupled equations. In Section 3 we interpret this system as a mean field game system with risk averse agents. In
Section 4 we establish general technical results that will be helpful in Section 5, where we prove the existence of
a solution to the coupled system. Finally in Section 6 we investigate the connection between the coupled system
and an N-player game.

2. PROBLEM FORMULATION

2.1. Notations

We set 7 :={0,...,T—1} and T :={0,...,T} with 7€ N*. For any ¢ € T and any vector (zo,...,x:) we
denote

xpy = (To,. .., T¢).
We denote
id : R4 — R4,
the identity mapping.

2.1.1. Functions

Let C-Lip denote the set of Lipschitz functions of modulus C' on R?. We define the p-polynomially weighted
space

G0 = {1 R = RY, |f(@)| < C(lap + 1)},

where the dimension d’ depends on the context, with associated norm
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Let Qg C Qg denote the set of convex mappings f: R? — R satisfying
—C < f(x) <C(A+|zlP), VoeR (2.1)

2.1.2. Probability measures

Let P(R?) denote the set of probability measures on R%. Given p € [1,+00), we define the set of finite p-th
order moment measures

Py i= {m e PR, [ faPdm(e) <-+oo).

that we endow with the Rubinstein-Kantorovitch distance, defined by

di(p,v) = 4)6811111 o e P(z)d(p —v)(z),

for any p and v € P;(R?) (see Particular case 5.15 of [28] for more details). We recall that by the Holder
inequality, P,(R%) C P;(R?) for any p > 1. Given C > 0, we define

Ppc(Rd) = {m € Pp(RY), / |z|Pdm(x) < C’} .
Rd
We also consider the following sets of beliefs
By := (P(R*))T x Po(RT), By := (Py(R*))" x Py (RY),

endowed with the Rubinstein-Kantorovitch distances for the product topology, also denoted d;.
For any m and v € P(R?), we define the convolution product v * m by

/]Rd h(z)d(v * m)(z) := /Rd /]Rd h(y + z)dv(y)dm(z), (2.2)

for any bounded Borel map h € R? — R. For any m € P(R?) and for any Borel map g: R? — RY | we define
the image measure gim € P(R?) by

/ (h o g)(x)dm(z) = / h(y)dgim(y), (2.3)
R4

Rd
for any bounded Borel map h € R — RY .

2.2. Coupled system

Let us first introduce the data of the problem. We consider

— a congestion function F': 7 x R? x B, = R

— a price function P: T x By — R?

— an initial distribution m € Py(R?)

individual noise distributions (v(t));e7 € (P2(R%))T.
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The running cost £: T x R% x R? x By — R is defined by
Lo
((t,2,0,8) = glal® + {a, P(t, b)) + F(t,,b).

For modeling risk aversion, we consider a family of subsets (Z;);c7 such that
Z; C {Z € L>®(RY), / Z(y)dv(t,y) =1, Z > 0}, VteT.
R4

For any t € T, we define
M, = {£ e PRY), d¢ = Zdv(t), Z € Z,} . (2.4)

For any t € T, Z; is assumed to be nonempty and convex, thus M; is a nonempty and convex subset of P(]Rd).
We propose to study a risk averse mean field game (MFG), taking the form of the following coupled system:

u(t,x) = inf (Z(t,x,a, b) + sup / ult+l,z+a+ y)df(y)) ,
R

(i) a€R? £EM,
w(T,x) = F(T,,b),

a€R? feM,

(ii)  oy(x) = argmin (E(t,:z:,a, b) + sup /d w(t+ 1,z +a+ y)dé(y)) ,
. (MFG)

(i) {m(t +1) = v(t) * [(id + o )im ()],
(iv)  u(t) = (id, ap)gm(t),

(V) b:= (N(0)77M(T_ 1),m(T)),

for any (¢,2) € T x R%. The five unknowns in the above system are

— the value function u € (G2)T*!

the feedback control o € (G; N 1-Lip)?

— the distribution of states m € (Pq)T+!

— the joint distribution of states and controls u € (Pa(R2?))7T
the belief b € Bs.

Let us describe briefly the coupled system; we will justify it more in detail in Section 3. Equation (MFG,i) is
a dynamic programming equation associated with a discrete-time optimal control problem for a representative
agent. The belief b appears as a parameter of the equation, since a single agent has no impact on it. The
corresponding optimal feedback control « is then given by (MFG,ii). Now, assuming that all agents make use
of the feedback control a, the distribution of their state m is described by the Kolmogorov equation (MFGi;iii)
with initial condition m.

Our approach for proving the existence of a solution consists in formulating the system (MFG) as a fixed
point equation. For this purpose, we consider two mappings. The first one, that we call dynamic programming
mapping, assigns to a belief b the solutions u*(b) and a*(b) to equations (MFG,i) and (MFG,ii), respectively.
The second one, the Kolmogorov mapping, assigns to a feedback control « the triplet (m*(«), u* (@), d*(a)),
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where m*(a), u*(a), and b*(«) are the solutions to (MFG,iii), (MFG,iv), and (MFG,v), respectively. These two
mappings will be investigated in Section 5. They allow to reformulate the system (MFG) as an equivalent fixed
point equation

b= b* o a*(b).

2.3. Assumptions

We state now the assumptions on the data of the problem, in force all along the article. Note that for the
results of Section 6 (dealing with the N-player dynamic game), we will need a slightly stronger assumption on
the mapping F'.

We make use of the same constant C' to formulate the different assumptions. In the sequel, the constant C
denotes a generic constant depending only on those involved in the assumptions and T'; its value can change
from an inequality to the next one.

Assumption 2.1. There exists C > 0 such that m € P§ (R?) and such that for any t € T, v(t) € P§(R?).

Assumption 2.2. There exists C' > 0 such that for any ¢t € T and for any Z € Z;,

and there exists Z’ € Z; such that
1
7'> = ae.
25 ae

Remark 2.3. Assumption 2.2 implies the existence of C' > 0 such that
M, CPS(RY), vteT. (2.5)

The results obtained in Section 5 only require (2.5) to hold. The full Assumption 2.2 will be used in Section 6.
Assumption 2.4. There exists C' > 0 such that for any ¢ € T and for any by and by € Ba,

(i) F(t,-,b)e€ QQC,

(ii) |IF(, -, b1) = F(t, -, b2)llg.2 < Cdyi(b,ba),
(ili) |P(t,b1) — P(t,b2)| S Odl(bl,bg),

(iv) |P(t,b1)] < C.

Remark 2.5. In economics or in finance, prices typically depend on the aggregated demand or supply. One
could consider for example

P(t,b) = (t, L. adu(t,w) 7

where ¢: T x R? — R?. In this case, if ¢ is a C-Lipschitz mapping then for any b; and by € Bs, one has that

|P(t,b1) — P(t,b2)| < C ‘/R?d ad(py — p2)(t,x, @)

< Ody(pr, p2) < Cdy(by,b2),

which implies Assumption 2.4 (iii). Assumption 2.4 (iv) also holds if || < C.
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3. INTERPRETATION OF THE COUPLED SYSTEM

In Section 3.1 we describe the risk averse optimal control problem associated with (MFG,i-ii). In Section 3.2
we justify the Kolmogorov equation (MFGiiii).

3.1. Dynamic programming equation
3.1.1. Risk measures

Let Xo and (Y;):e7 be (T 4 1)-independent random variables defined on a probability space (2, F,P). Let
L(Xo) = mand L(Y;) = v(t). We define the filtration (F;):e7, where Fy := o(Xj) is the sigma-algebra generated

by Xo, and Fiy1 := 0(Xo, Y}y). We denote for any ¢ € T and any p € [1, +00)
LY(Q,RY) := LP(Q, F,, B,RY),

the space of F; measurable random variables with finite p-th order moment and value in R?. When the dimension
is d’ = 1, we simplify the notation: LY := LY (Q, R).

Definition 3.1. Given t € T, we say that a mapping p;: ]L%_H — L} is a one-step conditional risk mapping if
it satisfies the following conditions:

— (M) Monotonicity: For any U and U’ € L}, ; such that U < U’, we have
pe(U) < pe(U'),  as.
— (C) Convexity: For any U and U’ € L} 4, for any « € [0, 1], we have
pr(aU + (1 —a)U") < ap(U)+ (1 —a)p(U’), as.
— (TI) Translation Invariance: For any U € L}, ; and for any V € L}, we have
pe(U+V)=p:(U)+V, as.
~ (PH) Positive Homogeneity: For any a > 0, for any U € L, we have
pe(@U) = ap(U), as.

Quoting [23], the condional risk mapping p:(Us+1) can be interpreted as a fair one-time F-measurable charge
we would be willing to incur at time ¢ instead of the random futur cost U;1.
We fix now a family of one-step conditional risk mapping (pt)tet, pt: ]LtlH — L, defined by

pt(Uty1) (w0, ypp—1)) = ngzp /QUt+1<$07y[t71]7th(w))Z(Yrt(w))dP(w)a (3.1)

where the random variables Uz and p;(U11) are explicitly represented as measurable functions of (zg, y[t]) €
RO and (zg, y—1)) € RETDY respectively. Recalling the definition of M, (2.4), we have

Pt(Ut+1)(fE0ay[t—1]): Sup/ Ut+1($0,y[t—l],yt)df(yt)-
ceM, JRA
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We set
Qi1 :={Q=2Z(V1) as., Z € Z;}
so that p; can be expressed in the following form:

pt(Uip1) =  sup  E[U1Qu1|F]-
Qt+1€Q¢41

Finally we construct the associated composite risk measure p: L1 — R,

p(U):=E[pgo---0pr_1(U)],

which also satisfies (M), (C), (TI), and (PH).

Remark 3.2. Given a probability space (£, F’,P’) and given « € (0, 1], the conditional value at risk (also
called expected shortfall or average value at risk) of a random variable U € L*(Q, ', ') is defined by

QR, = inf “E[(U -
CV@R,(U) WEL&B',p,mW“‘ (U-W),],

where ;. = max{0, x} denotes the positive part of any = € R. It has the following dual representation (see [10],
Lem. 4.51 and Thm. 4.52):

CV@R,(U) = sup {E 4 ‘ Ze L=, F,P), Zc[0,a"] as., E[Z] = 1} .

Therefore, a natural extension of the conditional value at risk to the framework of the article is given by

pt(Ur1) = sup E[Up1 Z(Y:)|F],
Zez,

where

Z, = {Z c L“(Rd) Z € [O,ofl} a.e., /
]Rd

Z(y)dv(t,y) = 1} .

This particular definition of Z; satisfies Assumption 2.2. We refer to Definition 11.8 of [10] and Section 2.3.1 of
[9] for extensions of the conditional value at risk to general filtrations in a discrete-time setting.

Remark 3.3. The risk measure that we have constructed does not have the most general structure possible. In
our setting, the sets M; are fixed. In [23], these sets depend on the current state and control (see in particular
Sections 4 and 5). In this more general context, it is still possible to derive a dynamic programming principle
for the underlying optimal control problem (see [23], Thm. 2). However, the convexity of the value function,
which plays an important role in our analysis, is lost in such a setting.

3.1.2. Control problem

We consider the following set of controls for any ¢t € T,

.AtZ]L?(Q,Rd), A= A0X~~-><AT_1.
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Given a control A € A, the evolution of the state of the representative player is given by
Xe1 =X + A +Y,, VieT. ()

The initial condition is the random variable Xy fixed previously. Will call the the variable (X;),c+ associated
state with A. In the notation, we do not make explicit the dependence of (X;),c+ with respect to A, which is
always clear from the context. Note that by induction, X; € L2(2,R9) for any ¢t € T.

For a given belief b € B, the risk averse multistage cost of the representative agent is given by

(z_: (t, X, Ay, b) +F(T,XT,b)>. (3.2)

=0

The Corresponding problem is
i1 lf A . P

In what follows, we show how equations (MFG,i) and (MFGjii) allow to characterize the unique solution to
(P). Let us recall that b is fixed in this subsection. Let us denote by u € (G2)* ! the solution to (MFG,i) and
let us denote by a € (G; N 1-Lip)T the solution to (MFG,ii). The existence and uniqueness of these solutions
will be independently established in Lemma 5.1 and Lemma 5.2.

Lemma 3.4. There exists a unique control A € A with associated state X such that for allt € T,
A = au(Xy), a.s. (3.3)
Proof. Let (X;),c7 be the solution to the closed-loop system
X1 =Xe+ou(Xe)+ Y, VteT. (3.4)

It is easy to verify by induction that for all ¢ € T, the random variable X; is F;-measurable and has a bounded
second-order moment. Indeed, o is Lipschitz-continuous, thus has a linear growth; therefore, if X; has a bounded
second-order moment, then a;(X;) also has a bounded second-order moment. We define now A by

A = oy (Xy). (3.5)

Since X; is adapted to F;, we also have that A; is F;-measurable. As we already pointed out, oy (X;) has a
bounded second-order moment. This proves that A € A. Finally, it is clear that by (3.4) and (3.5), the pair
(A, X) satisfies the state equation (C).

Let us justify the uniqueness of A. Let A € A be such that At = oy (Xt) where X is the associated state.

Then, X is a solution to the closed-loop system (3.4). Therefore X = X and finally 4, = at(Xt) = ay(X;) = Ay
The lemma is proved. O

The following proposition states the optimality of the control A.
Proposition 3.5. We have

inf T(A,5) = E[u(0, Xo)] = /R u(0,x)dm(0,), (3.6)

where u solves the dynamic programming equation (MFG,i). Moreover, the control A defined in Lemma 3.4 is
the unique solution to Problem (P).
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Proof. The proof is directly adapted from Theorem 2 of [23]. As a consequence of the translation invariance
property (TT), the problem (P) can be expressed in a nested form

. f _ : f 1 f 1 e
/{IelAj(A,b) E[AiIéAUe(O’XO’AO’b)+pO<AiIel,Al€( 7X13A17b)+

+pT2<A inf £(T—1,XT1,AT1,b)+pT1<F(T7XT7b)>>~-~>} (3.7)

T-1€AT_1

By (MFG.,i), we have u(T, X7) = F(T, Xr,b) almost surely. We also have X7 = Xp_1 + Ap_1+ Yr_1, as a
consequence of the state equation (C). Therefore, the innermost subproblem in (3.7) is given by

inf K(T -1, X7r 1, Ar_1, b) + prl(u(T, Xr 1+Apr_1 + YTfl)). (38)
Ar_1€AT

Since Xr_1,Ar_1 € Fr_1, the unique solution to subproblem (3.8) is Ar_1 = ap_1(Xr_1). Moreover, the
value of subproblem (3.8) is u(T' — 1, X7_1). Proceeding iteratively for all times ¢ € 7, we conclude that (3.6)

holds and that any solution A to problem (P) with associated state X satisfies A; = c;(X¢). Therefore, by
Lemma 3.4, A is the unique solution to (P). The proof is complete. O

3.2. Kolmogorov equation

Lemma 3.6. Let a: T x RY — R? be a continuous vector field. Suppose that the state equation (C) is of the
feedback form

Xip1 =X +au(Xy) + Y3

Then for any t € T, m(t) = L(X;) € P(RY) is characterized by the Kolmogorov equation (MFG,iv).

Proof. Let ¢ be a bounded Borel test function. For any ¢ € T, by independence of X; and Y; we have

E ¢ (Xey1)] = E[p (Xi + au(Xt) +Y3)]

= [, [ o+ auo) + g)dmit,z)an(t.y).

Rd Rl_‘i

By definition of the push-forward (2.3) we obtain
o(z + oy (z) + y)dm(t, z) = o(z + y)d(id + ay)tm(t, 2).
R4 Rd
By definition of convolution (2.2) we have
L, [ o6+ wavteptid+ apmie2) = [ o) w0+ [ld + an)im(e) (@),

as was to be proved. O

4. TECHNICAL LEMMAS

This section contains independent technical lemmas. The reader only interested in the main results of the
article can skip it.
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Lemma 4.1. Let p € [1,+00) and let C > 0. For any my and mz in Pg(Rd), the probability measure my * mo

lies in ngC(Rd). In addition, given mgy € Pg(Rd), the mapping PpC(Rd) 3 m > mg * m is non-expansive for
the distance dj.

Proof. Let my and ms in PE(Rd). We have

[ et sma@ = [ e spamg)am(e)

= / / 2P~ (|y[P + |2[P)dmy (y)dma(2) < 2°C.
]Rd Rd'

Thus mq *mg € ngC(Rd). Moreover, given mq € PS5 (R?), we have

di(mo * my1,mg * mg) = sup ¢(x)d(mo * m1 —mo * m2)(x)
$el—Lip JR4
= sw [ ([ ot amt) ) doms - ma) o).
¢€1—Lip JRd R4

Since the mapping z +— fRd o(y + z)dmg(y) is non-expansive, we further obtain that
dy(mo *my,mo xma) < dy(mq,ms),

which concludes the proof. O

Lemma 4.2. Letp € [1,+00) and let C > 0. For anym € Pg (RY) and for any Borel map g € GC, the probability
measure gim lies in P} (RY), with ¢ = 2P~1CP(1 + C). In addition, the inequality

di(g1fima, gafma) < (1 + C)llg1 — g2llg.1 + Cdi(m, m2) (4.1)

holds for any m1 and ms in PI)C(RCZ) and for any Borel maps g, and go in G N C—Lip.

Proof. Let m € PS5 (R?) and let g € G{' be a Borel map. By (2.3) we have

[ lalagim(e) = [ lg(@)Pamiz) < gl [ 1+ falrdm(z) < o
]Rd ]Rd Rd'
Consider (g1, m;) and (g2, ms) in G& x PPC(Rd). We have

di(gifmy, gaima) = sup d(x)d(grimy — gaftma)(x)
¢€l—Lip JRE

— swp / (6001(2) — b0 ga(@)dma(@) + [ ¢ ogi(x)d(my — ma)(x)
Rd Rd

¢€1—Lip

o [+ aDdma(@) + swp [ gog(a)d(m —ma)(a)

$€1—Lip

< |lgr — g2|

<(1+0)g1 —g2llga +C  sup C™'¢ o gi(x)d(my — ma)(x).
¢€l—Lip JR2

Observing that C~1¢ o g; € 1-Lip, we deduce inequality (4.1). O
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Given a convex function u: R? — R, we define the Moreau envelope V,, and the proximal operator prox, of
u as follows:

1 1
V() := min =]z — y|? + u(y), prox,, (z) := argmin — |z — y|> + u(y). (4.2)
yeR 2 yERY 2

In the proofs, we will occasionally consider the map g, : R% x R — R, defined by
1 2
gu(2,y) = gle —yl” +uly).

Proposition 4.3. Let u: R? — R be a conver function. Then prox, and (id — prox,) are non-expansive.

Proof. Direct consequence of Proposition 12.27 in [5]. O

Lemma 4.4. Let R > 0 and let u € QI (the set was defined in (2.1)). Then |prox, |? € QQCI(R) and | prox, | €
1/2
giCI(R” , where C1(R) := 8R + 2.

Proof. Let u € QF. By Proposition 4.3, the map prox,, is non-expansive. Thus
| prox,, (z)| < | prox, (0)] 4 [x]. (4.3)

In addition, from the definition of the proximal operator (4.2), we have
1 2
51 prox, (0)1” + u(prox, (0)) < u(0).

Since u € QF, we deduce that | prox, (0)|? < 4R. We further obtain with (4.3) that

| prox,, (#)* < 2(jz/* + | prox, (0)[*) < C1(R)(1 + [a]*), (4.4)

1/2
as was to be proved. Taking the square root of (4.4), we infer that |prox, | € glcl(R) . O

Lemma 4.5. Let R >0 and let u € QF. Then V,, € QSZ(R), where
C2(R) .= (R+1)(1+ Ci(R)).

Proof. Let u € QF. Clearly V,, is convex as the infimum with respect to y € R? of the jointly convex map
(z,y) = gu(z,y). For any z € R?, we have

1
Vu(z) = §|x — prox, (z)|* + u(prox, (z)),
by definition of V,, and prox,. Since u € QI, we further obtain that
~ R < V() < |2 + | prox, («)]* + R(1 + | prox, (z)|*).

Applying Lemma 4.4, we finally obtain that V,, € Q§2(R). O

Lemma 4.6. Let R > 0. For any u and v in QF, the inequality

| prox,, — prox, [lg.1 < Cs(R)|lu—v|lgs (4.5)
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holds, where C5(R) := 1/2(1 + C1(R)).

Proof. Let v and v in QIf. Observing that g, and g,, are 1-strongly convex with respect to their second argument,
we have

1

51 prox, (z) — prox, (2)* < gu(@, prox, (z)) = gu(w, prox,(z)),

1

51 prox, (z) — prox, (z)|* < gu(, prox, («)) = gu(z, prox, (z)).
Summing up the two inequalities, we obtain that

| prox, (a) — prox, ()* < v(prox, () — u(prox, ()) + u(prox, («)) — v(prox,(z))

< (2+ | prox, (z)[* + [ prox, (z)|*) |u — v]jg,2- (4.6)

By Lemma 4.4,
2 + | prox, (z)|? 4 | prox, (z)|? < 2 + 2C1(R)(1 + |z]?) < C5(R)*(1 + |z|?). (4.7)
Combining (4.6) and (4.7) and taking the square root, we obtain (4.5). O

Lemma 4.7. Let R > 0. For any u and v in QF, we have
Vi = Vollg.2 < Ca(R)[Ju — vl|g,2, (4.8)

where C4(R) := 1+ C1(R).

Proof. Let u and v in QF. Recalling the definitions of g, and g,, we have

Vu(@) = Vo(2) < gu(w, prox, (z)) — go(z, prox, (x)) = u(prox,(z)) — v(prox, (z)).

Lemma 4.4 yields

V() = Vo(2) < (1 + [ prox, ()] )llw = vllg.2 < (1+ C1(R)(1 + [2f*))u — o]

G,2-
Exchanging v and v, we deduce (4.8). O
Lemma 4.8. Let R > 0. For any u € ng and for any (z,y) € R? x R,
Va(@) = Va(y)| < Cs(R)(A + [z] + [y]) 2 — yl. (4.9)

where C5(R) := 1+ 1/C1(R).
Proof. Let u € Qg'. ‘We have

V() = Vu(y) < gu(z, prox, (y)) — gu(y, prox,(y))

1 1
= glo = prox,W)I* = S ly — prox, (y)I?

IN

1
3l +y = 2prox,(y)| |z —yl.
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We further obtain with Lemma 4.4 that

|z +y — 2prox, (y)| < |z| + |y[ + 2V CL(R)(1 + |y]) < 2(1 + v C1(R))(1 + [] + [y]).
Combining the two obtained inequalities and exchanging z and y, we obtain (4.9). O

Lemma 4.9. Let R > 0 and let M be a subset of PF(R?). Given u € QF, consider the mapping Y[u](x) defined
for any x € R by

Yul(e) = sup [ ulr+ )0,

£eM

Then Y[u] € QgG(R), where Cg(R) = 2R(1 + R). Moreover, the map QF > u s Y[u] is Lipschitz continuous
with modulus 2(1 + R).

Proof. Let u € Q. For any £ € M, the map R? > z — [, u(x + y)d&(y) is convex, as can be easily verified.
Thus Y[u](z) is convex with respect to z, as a supremum of convex maps. Moreover, for any = € R, we have

~R<Yul(a) < sup [ 2R+ [of? + yP)dg(y) < 2RO +[af? + B,
EEM JRE

This proves that Y[u] € Q2C6(R). Consider now v € QF. We have

T [u](z) = Tlo](z)| < sup

[t ) = ol + p)act)

£eM
< [lu—vllg2 (Sup / (I+|z+ y|2)d§(y)> : (4.10)
EeM JRE
For any & € M, we further have
/ (14 |2 + yP)de(y) < 1+ 2022 + 2R < 2(1+ R)(1 + [2]2). (4.11)
Rd

Combining (4.10) and (4.11), we deduce that
IT[u] = To]llg2 < 2(1 + R)lju = vlig.2,

as was to be proved. O

5. EXISTENCE RESULT

In this section we prove the main existence result. We first investigate the continuity of the dynamic
programming mapping and the continuity of the Kolmogorov mapping introduced in Section 2.2.

5.1. Dynamic Programming mapping

In this section we show that for any given belief b € Bs, equations (MFG,i) and (MFG,ii) have unique
solutions u and a. We also investigate their dependence with respect to b. These equations can be equivalently
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formulated as follows, with an additional variable % € (Go)T*1:

a(t+ 1,0 = sup [ ult+ 1o+ )dg() (5.1)

geM, JRA

1
u(t,z) = inﬂ{d §|a|2 + {a, P(t,b)) + F(t,x,b) + u(t + 1,2 + a), (5.2)
ac

1

a(x) = :’;urgmin§|a|2 + {(a, P(t,b)) + F(t,z,b) + u(t + 1, + a), (5.3)
a€cR?

w(T,z) = F(T,x,b), (5.4)

for all t € T and for all € R?. The first step of our analysis consists in rewriting these equations in a functional
form, with the help of the Moreau envelope and the proximal operator (introduced in (4.2)).

Lemma 5.1. Let b € By. Let u € (Go)THL, let i € (Go)T™1, and let o € (Gy N 1-Lip)T. Then, for any t € T
and for any x € R?, equations (5.1)~(5.3) hold true if and only if
a(t+1,z) = Y+ 1, )](z), (5.5)
1
u(t,x) = Vagsr,y(x — P(t,b)) + F(t,2,b) — §|P(t, b) 2 (5.6)
ay(x) = (proxﬁ(H_L,) —id)(z — P(t,b)) — P(t,b). (5.7)

Proof. Equality (5.5) is obviously equivalent to (5.1), by the definition of T. By the change of variable y = = +a,
the dynamic programming equation (5.2) can be reformulated as follows:

u(t,z) = yienﬂgd (%|y — 22+ {((y — x), P(t,b)) + F(t,z,b) + a(t + 1, y))

= inf <;|y —(z — P(t,)))* + a(t + 1,y)> + F(t,z,b) — %|P(t,b)|2. (5.8)

yERY

This proves the equivalence between (5.2) and (5.6). Moreover, since @(t + 1, -) is convex, the right-hand side of
(5.8) has a unique minimizer given by

y* = PrOXﬁ(t+1,‘)(l’ — P(t,b))

and therefore, the unique minimizer in the right-hand side of (5.3) is y* — x, which proves the equivalence
between (5.3) and (5.7). The lemma is proved. O

Lemma 5.2. Let b € By. There exists a unique triplet (u,u, ) € (Go)"T! x (Go)T+! x (G1 N 1-Lip)” such that
(5.1)—~(5.4) holds true. Moreover, for anyt € T, we have

u(t7 ) € Q2cua (5.9)
and for any t € T, we have
(1) € G% N 1-Lip, (5.10)

for some positive constants Cy, and C,, independent of t and b.
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Proof. Since u(T),-) is uniquely defined by the terminal condition (5.4), @(T),-) is uniquely defined by (5.5) (with
t=T—1). Then u(T —1,-) and ar_1(-) are uniquely defined by (5.6) and (5.7) (with ¢t =T — 1) and so on,
until ¢ = 0.

Let us prove (5.9) by backward induction. The terminal condition w(T,-) = F(T,-,b) and Assumption 2.4 (i)
imply that (7T, -) € QF, for some constant C' > 0 (independent of b). Let us take t € T and let us suppose that
u(t+1,-) € QF. Then by Lemma 4.9 and relation 2.5, we have u(t,-) € Q. Recall that by Lemma 5.1, we have

u(t,) = Vi) (= PUD) + Flt,,b) = 5P (511)

By Assumptions 2.4 (i) and (iv), F(t,-,b) — 1|P(t,b)|> € QF . Using again Assumption 2.4 (iv) and Lemma 4.5,
we obtain that Vyi1,.)(- — P(t,b)) € QF. Therefore, the right-hand side of (5.11) lies in QF and finally,

u(t,-) € QF, where C is independent of b.
Let us prove (5.10). By Lemma 5.1, we have

a(r) = (proxﬂ(tﬂ,,) —id)(- — P(t,b)) — P(t,b). (5.12)
We already know that u(t + 1,-) € QF. Moreover, by Assumption 2.4 (iv), P(t,b) is bounded. Therefore, by
Lemma 4.4, proxg 41, (- — P(t,0)) € GY. Then it is easy to show that ay(-,b) € G, where again, C' does not

depend on b. Finally, «a(t,-) is non-expansive as a consequence of (5.12) and Proposition 4.3. The lemma is
proved. O

From now on, we denote by (u*(-,-,b),a*(-,-,b),a(-,b)) the unique solution to (MFG,i)-(MFGiii).
Lemma 5.3. There exists C > 0 such that for any (t,b1,b2) € T x By X Ba,

||u*(t, ',bl) - u*(t, ',bg)Hg’Q S Cdl(bl,bg), (513)
||ﬂ*(t, ',bl) — ﬂ*(t, -,bg)”g’g < Cdl(bl,bg). (514)

Proof. In the proof, all constants C are independent of b; and bs. We proceed by backward induction. By
Assumption 2.4 (iii) and by the terminal condition v* (7, -,b) = F(T,-,b), inequality (5.13) holds true for t = T.
Let t € T. Suppose that

||U*(t + 1, ‘y b1) — u*(t + 1, ‘y b2)||g72 S Cdl(b1, bg),
for some positive constant C' > 0 independent of b; and by. By Remark 2.3 and Lemma 4.9, we deduce that

||ﬂ*(t + 1, b1) - a*(t +1,-, bg)”g’g < Odl(bl, bg) (515)
By Lemma 5.1, we have

w*(t,x,b1) — u*(t,x,b2) = a1 (t,x, by, ba) + as(t,x,b1,b) + az(t,x, by, bs), (5.16)

where

ar(t,@,b1,02) == Vir(eq1,.00) (@ — P(t,01)) = Var41,-,5) (& — P(t,b1)),
az(t,x,b1,02) = Vix (441,.,00) (T — P(t,01)) = Ve (441, ,0) (& — P(t, b2)),

1
a3(t7‘rab17b2) = F(t7x7b1> - F(twrab?) + §(|P(t, b2)|2 - ‘P(t’ b1)|2)
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It remains to bound ay(t,-, by, bs), aa(t,-, b1,b), and as(t,-,b1,by) in GF. We deduce from Lemma 4.7,
Assumption 2.4 (iv), and estimate (5.15), that

la (t, 2, b1,b2)| < [[Var (t41,00) — Var (t41,0) lg,2(1 + |2 — P(2,b1)[?)
S COu*(t+1, b)) —a*(t+ 1, b2)[lg2(1 + |z]*)
< Cdy(by, bo)(1 + |z]?).

Then by Lemma 4.8 and Assumption 2.4 (iv), we have

laa(t,x,b1,b2)| < C(1+ |z — P(t,b1)| + |z — P(t,b2)|)| P(t, b2) — P(t,b1)]
S C(l + |I‘)d1(bl,b2>
S C(l + |.’L“2)d1(b1,b2).

Finally by Assumption 2.4 (ii-iv), we have

|a3(t7xab1’b2)| < ||F(t> '7b1) - F(tv '7b2>||g’2(1 + |‘T|2) + C|P(t,b1) - P(t7b2)|
< C(1 4+ |z|*)dy (b, ba).

Then combining (5.16) and the three estimates of a1, as, and az, we obtain that
”u*(tv K bl) - u*(t’ ) b2)||g72 < Cdl(blv b2)7

which concludes the proof. O
Lemma 5.4. There exists C > 0 such that for any (¢,b1,b2) € T x By X Ba,

7 (- b1) = a7 (b2 g < C (da(br,b2) /2 + da(br,b2) ) - (5.17)
Proof. Let (t,b1,b2) € T x By x By. By Lemma 5.1, we have
ay(z,b1) — af (z,be) = aq(t, z, b1,b2) + as(t, x, by, ba), (5.18)
where

as(t,,b1,b2) = ProXg. (141, p,)(T — P(t,b1)) — ProXg. i1, p,) (@ — P(t,01)),
as(t, ,b1,b2) = ProXgs(141,.p,)(T — P(t,b1)) — ProXg. i1, p,) (@ — P(t,02)).

Using successively Lemma 4.6, Assumption 2.4 (iv), and estimate (5.14), we obtain

|aa(t, 2,01, b2) < || ProXgs (s 1,.6y) = PrOXgs(141,.by) lg.1 (1 + [ = P(t, b1)])
< Cla*(t+1,,b1) = @ (t+ 1, b2) [V2(1 + |2])
< Cllda (b1, b2) |2 (1 + [a])-

Moreover, since proXgs«(;41,.,p,) i non-expansive, we have with Assumption 2.4 (iil) that

|a5(t,x,b1,b2)| S ‘(.Z‘ - P(t,bl)) - (33 - P(t,bz)” S dl(bl,bz).
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Combining the two obtained estimates of a4 and a5 with (5.18), we obtain (5.17). O

5.2. Kolmogorov mapping

We study now the Kolmogorov mapping
(G Nn1-Lip)T 3 a — (m*, u*,b*)(c),

where (m*, u*,b*) is the solution to (MFG,iii-v).
Lemma 5.5. There exists Cp > 0 such that for any o € (glca N1-Lip)T,

m*(a) € (PP @), pr(a) € (PSR, and b*(a) € BS.
In addition the three mappings m*, u* and b* are continuous.

Proof. Let a € (gf >N 1-Lip)”. All constants C in the proof are independent of . Let us first prove by induction
that for any t € T, there exists a constant C' > 0 independent of a such that m*(t,-,a) € P (R?) and such
that, m*(t,-,«) is continuous with respect to o.. The claim is clear for ¢ = 0, since m*(0,-,a) = m € P (R?),
by Assumption 2.1. Now, let us assume that the claim holds true for some t € 7. We recall that

m*(t+ 1, a) =v(t)* [(id + o) fm* (¢, -, )] .

Since v(t) € PS(R?) (by Assumption 2.1) and since a; € G N 1—Lip, we obtain with Lemma 4.1 and
Lemma 4.2 that m*(t + 1, -, a) € P§(R?) and that m*(t + 1, -, @) is a continuous function of a, by composition.
It remains to justify the boundedness of p* and b*. We recall that for any ¢t € T,

w(t, -, ) = (id, ap)Im* (¢, -, ).

We deduce from Lemma 4.2 that p*(t,-,a) € PY(R??) and that p*(,-, ) is a continuous function of a, by
composition. It immediately follows that b*(a) € BS and that b is continuous. O

5.3. Existence of equilibrium

We are ready to prove the existence of a solution of system (MFG). The proof relies on the Schauder fixed
point theorem, that we first recall.

Theorem 5.6. (Schauder) Let C be a convex and compact set in a Banach space X, and let T: C — C be a
continuous mapping. Then T has a fized point, i.e. there exists x € C such that
T(z) = x.
. c\T Ca - \T Cyp mpdy) T +1 Cyp m2d\\ T Ch
Theorem 5.7. There exists (u,,m, p,b) € (G*)" x (Gy* N1-Lip)" x (Py*(R?)) x (Py*(R?))" x By
solution to system (MFG), where Cy,, C, and Cy, are the constants obtained in Lemma 5.2 and Lemma 5.5.

Proof. By Lemma 5.4 and Lemma 5.5, the mapping
BS 5 b b* 0 a*(b) € BS"

is continuous for the distance d;. Moreover, Bg * is compact for di, see Lemma 25 of [22]. Therefore, by the
Schauder fixed point theorem, there exists b € BS® such that b = b* o o*(b). Let us set @ = u*(b), & = o*(b),

m = m*(a), and g = p*(&@). Then (4, @, m, fi,b) is solution to (MFG) and lies in the announced set. O
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6. CONNECTION WITH A FINITE PLAYER GAME

In this section we establish a connection between the coupled system (MFG) and a dynamic game with N

players. More precisely, we fix a solution (@, @, m, fi,b) of system (MFGQG) and consider the situation where each
of the N players adopts the feedback @. We show that this situation is an e-Nash equilibrium for the N-player
game and we quantify the rate of convergence of € to 0 as N goes to infinity.

To show this, the following restriction on Assumption 2.4 (ii) will be required, in particular to prove
Lemma 6.12.

Assumption 6.1. There exists C > 0 such that for any ¢ € 7 and for any b, and by in Bo,

(1) F(ta 'abl) € Q?v
(11) HF(tv '7b1) - F(ta 'ab2)||g,1 < Cdl(blvbQ)'

We have already fixed a solution to system (MFG), now we also fix the number of players N; all constants
C appearing in the sequel are independent of N.

6.1. Formulation of the game

Let N :={1,...,N} and let i € N. For any vector (z!,...,2") we denote

Consider a probability space (Q,F,P). Let (X{)iear be i.i.d. random variables with law £(X{) = m. Let

(Y)ienteT be independent random variables, independent of (X&);cnr, with law £(Y}) = v(t). We denote

v(t) := ®f\;1 v(t). We define the filtration (F;),c7 as follows: Fy := 0(Xj) is the sigma-algebra generated by

Xo, Fiy1:= 0(Xo, Y}y). In this section we denote
LY (Q,RY) .= LP(Q, Fy, P,RY),

the space of F; measurable random variables with finite p-th order moment and value in RY. When the
dimension is d’ = 1, we simplify the notation LY = L¥(2,R). For any ¢ € T, we consider the control set

A =L} (QRY),  A=Ayx--xAr,  AV:=]]A

For any t € T and for any constant C' > 0 we denote .Af the set of controls A € A; such that
[ 1Aw)Parw < ¢
Q

and we set AC = Aff X oo X Aff’,l. The control of player i € A/ is an adapted stochastic process A’ € A,
whose associated trajectory (X;[AY]),c+ is defined by the following state equation
Xig =X+ A +Y)

Remark 6.2. Let R > 0. There exists C' > 0 (depending on R) such that for any i € A" and for any A’ € Al
E [|X/[AY]|?] < C for any t € T, since L(X}) € P2(R?) and L(Y}) € P2(R%).
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Given A € A", we define the random empirical measure of the positions and the random empirical joint
measure of the positions and actions of players by

1 1
my(t) = N Z Oxifai]s paA(t) = N Z O(xi[Ai],A)>
ieN ieN

where ¢ denotes the Dirac measure. We set
by == (p(0), ..., pl{ (T — 1),mi(T)).

For any i € N and for any ¢ € T, we define the individual conditional risk measure p}: L{,, — L,

P, (Ues1) (@0, Yp—1)) = ZSUZP /QUt+1(f'307y[t—1]7Yt(W))Z(Yti(W))dP(W)'
€2y

We define the set
i1 ={QEeLy,,Q=2(Y))as, Z€Z}.
Then pi can be expressed in the following form:

pi(Uis1) =  sup  E[Up1Qea|Fel. (6.1)
Qe41€Q;

In addition we have that

pi(UtJrl)(wOvy[t—l}) = Sup / Ut+1(:c07y[t])du_i(t,y[i)df(y,f),
£eM; JRE JRNA

where v (t) 1= ®§.V€N\{i} v(t). Then (pi);e7 is a family of conditional risk mappings. We define the associated
individual composite risk measure p': L}, — R,

p'U)=E[pyo--opr_4(U)].
Here players are risk averse with respect to their individual noise only. For any A € AY the cost of the player
i € N is given by
JN(AL AT =) (Z 0t X{[A), AL, bR) + F(T, XHA%X)) :
t=0

Definition 6.3. Let ¢ > 0. We say that an N-uplet A e AV is an e-Nash equilibrium for the N-player game
if for any i € N,

TN(ATL AT < inf JPN(AT, A7) e (6.2)
Al A

For € = 0, we recover the usual definition of a Nash equilibrium.
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6.2. An approximate Nash equilibrium
For any player i € A/, we denote by (X}),c+ the solution to the closed-loop system
Xi =X, +a(X]) + Y.

We define the control A* € A by

A = ay(X)). (6.3)

Since Xti is adapted to F, the control fﬁ/ is also F;-measurable. More_over7 @y is 1-Lipschitz and the random
variables Xy and (Y:)te7 have a bounded second-order moment, thus A* € A. In addition, by Proposition 3.5,
A" minimizes the following cost J°:

T-1
j%ﬁ@:ﬁ(iymﬁmm£@+F@xmmmo. (6.4)

Finally we set A = (A',..., AN). The following result states that A is an e-Nash equilibrium.

Theorem 6.4. Let £ € (0,1/2). There exists a constant C' > 0, independent of N, such that the N-uplet A
defined above is an €-Nash equilibrium with

_ —7(d)/2 _ 1/2 —¢§ ifde {152}5
F=ON ’ T(d){l/d ifd> 3.

In addition we have that
\ji’N(A) . ji(/_li,i)ﬂ < C]\/'—T(d)/27 (6.5)

for anyi e N.

The proof of the theorem can be found at the end of Section 6.3 (page 25), which contains technical
intermediate lemmas. They rely on the following result.

Theorem 6.5. (Fournier-Guillin) Let ¢ > 0, let £ € (0,1/2), and let u € P§(R?). Consider N i.i.d. random
variables (Xi)ie{1,...,n} in R? with law p and denote by py their empirical measure, defined by

1 N

There exists a constant C > 0 depending only on c, d, and & such that
E [dy (s, un))] < CN7TD,

Proof. The theorem is a direct application of Theorem 1 in [11] with ¢ = ﬁ ifde {1,2} andg=2ifd > 3. O

6.3. Proof of Theorem 6.4

We begin with four technical lemmas dealing with the regularity of the individual risk measures p’.
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Lemma 6.6. For any player i € N the risk measure p' is subadditive, that is
p'(U+V) <p'(U) +p'(V),

for any U and V in L.

Proof. Let us define 7% (U) = U and 7} (U) = p} o pi, ;... o pr_1(U), for any U € L}.. Note that 7} = p} o m} 4,
for any t € 7. We prove by backward induction that 7} is subadditive for any ¢ € 7. The claim is trivial for
t=T.Let t € T. Assume that 7} ; is subadditive, let us prove that 7 is subadditive. First we observe that for
any U and V in L.,

pi(U+V)= sup E[U+V)Q|F

QEQ,,
< sup E[UQ|F:+ sup E[VQ|F: = pi(U) + pi(V), a.s.
QEQ,, QEQ,,

It follows with the monotonicity of pi that

m(U+V) = piom,(U+V)
< pi(ﬂH(U) +7"2+1(V))
< prom(U) +ppomy (V) =m(U) +m(V), as.

Recalling that p'(U) =E [pf o--- o ph_(U)] = E[m(U)], we conclude that p' is also subadditive. O

The following result is close to a triangle inequality for risk measures. The difference with the triangle
inequality is due to the positive homogeneity of risk measures, while norms are absolutely homogeneous.

Lemma 6.7. For anyi € N and for any U and V in Lk, we have
P (U + V) = 9 (0)] < p (V). (6.7)

Proof. By the subadditivity and by the monotonicity of p’, we have

PU+V)=p(U) < (p'(U) +p'(V)) = p'(U) = p'(V) < p'(IV]).
Similarly, we have

PU)=pU+V)=p(U+V =V)=p"(U+V) <p(=V) < p"([V]).

Inequality (6.7) follows. O
Lemma 6.8. There exists C > 0 such that for any (i,t) € N x T and for any U € L%,

SENUI < p'(0) < CE[U]. (63)

Proof. All constants C' in the proof are independent of U. Recall the definition of 7, introduced in the proof of
Lemma 6.6. We prove by backward induction that for any ¢ € T, there exists C' > 0 such that for any U € L.,

1 .
GE [|U]|F:] <7(U) < CE[|U||F¢], as.
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The claim is trivial for t = T'. Let t € T. Assume that the claim holds true for ¢ + 1. We first observe that for
any Ue L%—‘rh

1 .
ok [|UI|F¢] <pi(U) <CE[IU||F:], as., (6.9)

as a direct consequence of Assumption 2.2. It follows with the monotonicity of pi that

m(U) = pi o mi 4y (U)
< 4} (CE ]| Fin])
< CE [CE[|U||Fis1] |Fi] <CE[IU||F], as.
Similarly we prove that 7} (|U|) > &E [|U||F,] a.s. Recalling that p'(U) = E [ro(U)], we finally obtain (6.8). O
The following lemma is an estimate of the second-order moment of suboptimal controls (for problem (6.2)).

Lemma 6.9. There exists C > 0 such that for any i € N, if Al satisfies

TN (A A7) < inf J0N (AT, A 41, (6.10)
Ale A

then A’ € A°.
Proof. Let i € N and let Al satisfy (6.10). All constants C' in the proof are independent of AP, We have

T
JN(AT A7) < JN(0,A7) +1 = p' (ZF (t,Xf[O],bé\é’Ai))> +1.

t=0

By Assumption 2.4 (i), Lemma 6.8, and Remark 6.2,

T
5 <ZF (t,XZ[O],b%VAi))> < CE
t=0

Therefore,
TN (AL AT < C. (6.11)

We need now to bound J¥ (/Ti,A’i) from below. We obtain by using successively Lemmma 6.8, Assump-
tions 2.4 (i) and (iv), and Young’s inequality that

T-1 T-1
. ~ . 1 1 ~ ~, 1 ~,
EN(AT AT > —E S|A)P-C|AY )| -C > =E AP -C. 6.12
TN AT 2 g8 | 3 (G - C1R) | 02 gB | 1A (6.12)
We deduce then from (6.11) and (6.12) that E [EtT:_Ol \IZHQ] < C, which concludes the proof. O

In the following we fix a constant ¢ > 0 such that the result of Lemma 6.9 holds and such that Al € A for
any i € N. Let b and V' in B, for any (¢,t/,2) € T x T x R% we define

AP(t,b,b) = P(t,b) — P(t,V), AF{t,x,b,V) .= F(t',x,b) — F(t',x, V).
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For any (z,A) € RT x A we define
T-1 T
Al(x, A, b, V) := > (A, AP(t,b,0)) + > AF(t,z4,b,).
t=0 t=0

Remark 6.10. For any ¢ € T and for any b and b’ in Bs, we have
|AF (¢,-,b,6") [lg1 < 2Cdy (b, b)"/>.
Indeed if dy(b,0") > 1, Assumption 6.1 (i) yields

|AF (t,-,b,b")||g1 < 2sup ||[F(t-b)|g1 < 2C.
beB2

If dy (b, b') < 1, by Assumption 6.1 (ii) we have
[AF (1,6, g1 < Cda(b,b) < Cda(b,0)"2.

In the following lemma we study the convergence of the empirical belief to the reference belief b € Bs.

Lemma 6.11. There exists C > 0 such that for any i € N and for any A* € A°,
[dl (bw )b)} <ON-T@), (6.13)
Proof. Let i € N and let A* € A°. For any t € T, we have by the triangle inequality

di (e oy 1(0)) < d (1l a0 (O, mE(O)) + i (X0, A() (6.14)

Let us consider the first term of the right-hand side. By definition of the distance dy,
1 i pé i i T
dy (ufﬁi,gq)(t),u%(t)) < N (lXt [A] = X} + 4] - At|) ) a.s. (6.15)

Since the controls A* and A* belong to A°, the first-order moment of X;[A?] and X, are finite as a consequence
of Remark 6.2, thus

E [|X{[A7] - Xi|+]4i - Al < C. (6.16)
Therefore, by (6.15) and (6.16), we have

a (o (0050 < 5 (617)

Let us consider now the second-term of the right-hand side of (6.14). We recall that f(t) = (id, a;)fm(t). Since

Al = @,(X7), we also have MA( ) = (id, at)ﬁm (t). We deduce from the Lipschitz continuity of (id, &) and
from Lemma 4.2 that

di (/‘,]X (t)7 /j'(t)) =d ((id7 dt)ﬂm% (t), (id7 dt)ﬁm(t))
< Cdy (my (), m(t)) . (6.18)
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The random variables X7 are independent and £(X7) ~ m(t). Therefore, Theorem 6.5 applies and yields

E [dy (my(t),m(t))] < CN—"D.
Combining (6.14), (6.17), (6.18), and (6.19), we obtain
Edi (1, a0 ®:0(0))| < N7,
It is then easy to verify that
E [dl (ng4 A,i)(T),m(T))] < ON-T@,

Estimate (6.13) follows immediately.

(6.19)

Lemma 6.12. There exists C > 0 such that for any i € N, for anyt € T, and for any A* € A°, we have

EHAF (t DAV URT )H < ON-T@/2,

Proof. Let N € N* and let t € 7. By Remark 6.10, we have

E HAF (tXti[Al-LbévAi’A”)’g)H < CE [(1+ X7 [AY)]) dy (b(A, A i),b)l/Q} :

(6.20)

Since A’ € A°, by Remark 6.2 we have that E [|X}[A%]|?] < C. We obtain with the Cauchy-Schwarz inequality

and Lemma 6.11 that

E@+an(<lw@ﬂSEWHﬂWWW%W@&-me

< CN-Td)/2

Combining (6.20) and (6.21), we obtain the announced inequality.
Lemma 6.13. There exists C > 0 such that for anyi € N, for any t € T and for any A

H(A;,AP(MN i b)>H<ON )2,

Proof. Let i € N, let t € T, and let A* € A°. By the Cauchy-Schwarz inequality, we have

E [ |4}, AP (1,00 4 B))| ] < € <1E “AP @ bf\;ﬁ,Ai),b)‘QDl/z.

We obtain with Assumptions 2.4 (iii-iv) and Lemma 6.11 that
E [ AP (1,67 4-1).) ’2] < 2CE [ |AP (6% 4-0:0)] ]
< CE [dy (b 4-,0)| < ONTT@.

Combining (6.23) and (6.24), we deduce (6.22).

(6.21)

O

e A°, we have

(6.22)

(6.23)

(6.24)
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We finally prove the main result of the section.
Proof of Theorem 6.4. Let i € N'. We first show that for any A° € A°, the inequality
TN (A, A7) — JH(AL,b)| < ON~7(@/2 (6.25)

holds for some constant C' > 0 independent of A'. This will imply (6.5). For any A’ € A°, we can write
TN(AY A7) = pi(Y) and J (A%, b) = p'(Z), where

S
|

Yoo S0 (& XIAT, AL, 0% 4 ) + F (T, XA BN 4)

~
o

Z:= Y L(t,X][A], A}, b) + F (T, X;[A)],D).

t=0

!

Applying Lemma 6.7 with U = Z and V =Y — Z we have
(TN (AT, AT = THALD)| = |p'(Y) = p'(2)] < pH(IY — 2Z]).
In addition, Lemma 6.8 yields
pi(JY — Z)) < CE[|Y — Z|] = CE HM (X7A7,8% 4-):D) H .

We finally obtain (6.25) with Lemma 6.12 and Lemma 6.13.
Let us fix now A’ € A such that

WNAE A0 < [ inf 7PN (AT A ndl. N—T@/21 2
VAT < (a7 AL A ) min {18702} (6.26)

By Lemma 6.9, we have Ai € A°. Thus inequality (6.25) yields

ji(A\i7b) < ji,N(A\i7A7i)+CNfr(d)/2

IN

inf J9N(AY, A7Y) ) + ONTTD/2, (6.27)
Ale A

We apply again inequality (6.25) to A? = A*. Using also the optimality of A* (with respect to J%), we obtain
JN(A) - ONTTD2 < Fi(ALb) < JHALD). (6.28)

Finally, combining (6.27) and (6.28) we have

ji,N(A) < ( inf ji,N(Ai,Ai)> +CN77-(d)/2’
Aie A

which shows that A is an e-Nash equilibrium with e = CN—7(d/2, [
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7. CONCLUSION

This paper has studied a mean field game model with risk averse agents, and provided a framework under
which an equilibrium holds, for a large class of composite risk measures and congestion terms. The specific
structure of the integral cost of the agents has been exploited in order to rewrite the dynamic programming
equations in a functional form (using the Moreau envelope and the proximal operator). In that way, the coupled
system could be formulated as an equivalent fixed point equation, yielding the existence of a solution. Regu-
larity properties have been obtained for risk averse agents. This has allowed to show that an optimal feedback
control (for the mean field game) results in an e-Nash equilibrium for a related dynamic game with N players.
Future work could focus on the uniqueness of the Nash equilibrium with contraction arguments and smallness
assumptions on the coupling terms. In this work, risk averse (with respect to their own noise) agents have been
considered; investigating a mean field game model with common noise and risk averse agents would be of partic-
ular interest. Finally, we could investigate variants of our model involving agents driven by nonlinear dynamical
systems, nonconvex data functions, or exponential utility cost functions. In such a setting we cannot expect
anymore the value function to be convex and thus, a feedback policy cannot be defined in a unique manner.
A different notion of equilibrium must then be employed. An appropriate one may rely on the distribution of
the controls of the agents at each time, conditioned to their position, as for example in [25], where an existence
result is obtained with Kakutani’s theorem.
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