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Abstract

In this article, we introduce a new class of entropy-penalized robust mean-
field game problems in which the representative agent is opposed to Nature.
The agent’s objective is formulated as a min—max stochastic control problem,
in which Nature distorts the reference probability measure at an entropic cost.
As a consequence, the distribution of the continuum of agents represented by
the player is given by the effective measure induced by Nature. Existence of a
mean-field game equilibrium is established via a Schauder fixed point argument.
To ensure uniqueness, we introduce a joint flat anti-monotonicity and displace-
ment monotonicity condition, extending the classical Lasry—Lions monotonicity
framework. Finally, we present two classes of N-player games for which the
mean-field game limit yields e-Nash equilibria.
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1 Introduction

In this article, we introduce a class of robust (or risk-averse) mean-field game prob-
lems in which, for a given mean-field configuration, a representative player optimizes
against an adversarial agent, referred to as Nature, who acts on the probability distri-
bution by emphasizing worst-case scenarios. For a fixed control of the representative
player, the mean-field configuration is defined as the marginal law of the controlled
state under the probability measure induced by Nature.

Formulation of the problem. Let [0, 7] be a finite time horizon and let (2, F,P)
be a probability space supporting a d-dimensional Brownian motion W = (W;)o<i<7
and an independent R™-valued random variable 7, representing the initial state of
the representative player. Here, n € N* denotes the state dimension and d € N*
the dimension of the driving noise. The P-complete filtration generated by (n, W) is
denoted by F = (F)o<t<7.
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Given a mean field coupling y, viewed as an element of the space M(R?) of non-
negative (possibly non-normalized) measures on R?, the representative agent seeks
to minimize a robust (risk-averse) objective functional of min—max type:

T (MinMax{pu])
where T1ul(0.0) = B arg(Xf ) + [ o) ds| - S(a).
Nature optimizes over a flow ¢ = (Qt)te[o,T} of random non-normalized density pro-
cess, while the representative player optimizes over a control v, with associated state
process XV = (X;/’ )tefo,r]- The functional S(g), defined precisely below, is referred
to as a generalized entropy, as it extends the classical relative entropy with respect
to P. The functions ¢ : Q x [0,7] x R” — R and g : R" x M(R") — R denote
respectively the running cost and the mean-field terminal cost of the representative
player. In this setting, min—max equilibria are sought within the class of open-loop
controls. The mean field consistency condition requires finding a measure p such
that, if (g,) is a saddle point of (MinMax[u]) (whose existence and uniqueness are
ensured under the assumptions stated below), then u coincides with the law of Xﬁ}p
under the effective measure g7P selected by Nature.

Admissible processes ¢ are assumed to admit the representation

g = eho Yodsg, (/0 zr. dWS>, t e [0,7], (1)

where (&(M) = exp(M; — %(M}t))te[oj] denotes the Doléans-Dade exponential of
a local martingale (M).cjor) with ((M)¢)ejo,r) as bracket, Y* = (Y*)ic,r) and
7* = (Zf )te[o’T] are two [F-progressively measurable processes with values in R and
R?, respectively, such that, P-almost surely, fOT |Y|ds and fOT |Z*|?ds are finite. In
particular, (%)te[O,T] satisfies the equation

t t
=1+ [avas+ [aziaw, e (2)
0 0

The generalized entropy of ¢ is defined as

sw=z|[ L (s Y2 z:)as 3)

and is required to be finite. The function f*: Q x [0,7] x R x R? — R is the ‘convex
dual’ driver (as it it the Legendre-Fenchel transform of some f introduced in the
assumptions below). When f*(s,y*,2*) = %|,z*|2 and Y* =0 in (1), S(q) coincides
with the standard relative entropy E[gr In(¢r)]. The set of admissible process ¢ is
denoted Q.

The admissible control set A consists of all F-progressively measurable, R™-valued
processes ¥ = (t),c[o,7] satisfying

S'(Y) <+oo,  S(Y) = sup {E[/OT(]SWAQCIS} —78(61)}’ (4)

where the constant v > 0 is specified below in accordance with the assumptions on the
model coefficients. Although this definition may appear technical at first glance, it in



fact captures the duality between the state of Nature and that of the representative
player. In particular, when S coincides with the relative entropy with respect to P,
condition (4) echoes the Donsker—Varadhan duality formula and effectively enforces
the existence of an exponential moment for fOT 4|2 ds. The role played by S* in
the analysis of problem (MinMax[u]) has been highlighted in our parallel work [16],
where the present framework is adapted to robust mean field control. For a given
control 1 € A, the state X¥ = (th)te[o,T] of the representative player is the solution
to

dXy = b(t, X¢, o) dt + o (t, ) dWy,  Xo =, (5)

where the drift b: 2 x [0,7] x R” x R — R™ and the volatility o:  x [0,7] x R" —
R™*? are possibly random. Implicitly, the coefficients b and o are assumed to be
F-progressively measurable. Their precise regularity and structural assumptions are
specified later in the paper. In particular, although the state equation (5) will ulti-
mately be taken to be linear, we keep its general form here for expositional purposes.

We now provide a more detailed description of the equilibrium condition. Let ¢
and ¥ denote the optimal state of Nature and the optimal control of the representative
agent respectively (see Theorem 2 for the existence and uniqueness of such a saddle
point). In the mean-field framework, the representative agent is assumed to be typical
of a continuum of statistically identical and independent agents, all playing the same
game. In particular, the mean-field equilibrium condition requires that the coupling
measure j coincides with the law of the terminal state Xéﬁ but under the effective
measure induced by Nature. Formally, the latter writes g : F 5 A — E[gl 4], and
the law of X% under ¢P is ¢P o (X% )~! (which we also write (¢P) X$) This leads to

the fixed point condition:
p=(qP)o (X7)~". (MFG-eq)

We refer to such a mean-field equilibrium as consistent, meaning that the mean-field
coupling observed by each agent at equilibrium is determined by the probability
measure induced by Nature. In this approach, the agent’s risk sensitivity is fully
reflected in the mean-field coupling.

Alternatively, one may consider the classical fixed point condition

p="Po (X4

However, under this prescription, the equilibrium is inconsistent: the representative
agent remains risk-averse with respect to their own idiosyncratic noise, yet anticipates
that the aggregate mean-field will materialize under the reference measure P. This
inconsistency arises from a mismatch between the agent’s risk perception and the
formation of the mean-field interaction.

In the rest of the article, the mean-field game problem thus consists in finding
a triple (¢, ¥, 1) € @ x A x M(R") solving (MinMax[u])-(MFG-eq), which may be
summarized as

T q) = jnf swp TWIW'q), = (aP)o (Xp) ™" (MFG)

FBSDE formulation In the existing literature, mean-field game equilibria are
typically characterized by a system of forward-backward partial differential equations
(PDEs)—specifically two Fokker-Planck and Hamilton-Jacobi-Bellman equations, see



[23, 24]—or, from a probabilistic standpoint, a system of forward-backward stochastic
differential equations (FBSDEs), see [13]|. In this work, we adopt the probabilistic
perspective. Under this formulation, the mean-field game FBSDE is viewed as the
first-order system describing the optimal control problem of a representative agent
interacting with a prescribed population distribution. The equilibrium is established
via a fixed-point condition, which requires that this distribution coincides with the
law induced by the agent’s optimal strategy under Nature’s density process. Within
our framework, the FBSDE associated with the representative agent is coupled with
another FBSDE, describing Nature’s optimal control. The resulting equilibrium must
therefore account for the simultaneous optimization of the agent and Nature, coupled
with the aggregate consistency stemming from the mean-field interaction.

Given an arbitrary measure u € M(R™), candidate for being a mean-field equilib-
rium, the two FBSDEs are driven by the following two pre-Hamiltonians, associated
with the representative player and Nature respectively:

H(t, x4, p, k,q) = qb(t, ) + p- b(t,2,9) + Tr(ko " (t,1)),
F(t,q,y", 2%y, 2,0) == qyy” + 2 - 2" = f*(t,y", 2%) + £(t, 1)) .

Given ¢ € Q, we say that a tuple (¢, p, k, X) satisfies the first order condition (RP[u])
for the representative player problem if (¢, p, k, X) is a solution to

(6)

—dp; =V H(t, X, Ve, pr, ke, qp)dt — kedWy, pr = QTVQ(XF}Z), 1),
dXy = b(t, Xy, ¢y)dt + o(t, vy)dWy, Xo =1,
Yy € argming H(t, Xy, o, pey ke, qr), dP ® dt-a.e.

The first equation is interpreted as the adjoint equation for the representative player,
the second equation as the state equation, and the last equation as the optimality
condition. Because the last equation creates a coupling between the first two equa-
tions, the system above is an FBSDE.

Given ¢ € A, we say that a tuple (Y, Z, q) satisfies the first order condition (N[u])
for Nature problem if (Y, Z, ¢) is a solution to

~dYy = 0yF (t,q, Y, 25, Ye, Zes )t — Zy - AWy, Y = g(X%, ),
dgt = @Y, dt + @27 - dWh, q =1,
(Y7, Zy) € argmaxyw goy F(t, g0, Y, 24, Yy, Zyyabe), dP @ dt-ace.

The first equation is interpreted as the adjoint equation to Nature’ state. The process
Y describes the time instantaneous value of the representative player. Indeed, when
is optimal for the representative player, Y can be seen as the solution to a (risk averse)
dynamic programming principle for the representative player. When (Y*, Z*) = 0
(and thus ¢ = 1), and (say) f*(s,0,0) = 0, we clearly recover the standard dynamic
programming principle. The second equation describes the dynamics of the control
variable, and the last equation is the optimality condition. This system of equations
is also an FBSDE for the same reason as the previous system. The two FBSDEs are
obviously coupled.

The FBSDE characterizing the Nash equilibria is given by (RP[u])-(N[u]) com-
plemented with the equilibrium condition (MFG-eq).

In the benchmark case where f*(s,y*, 2*) = 3|2*|? and f(s,y,2) = 3|2|?, the FB-
SDE for Y becomes quadratic. This structure significantly complicates the solvability



of the coupled systems, particularly when the terminal reward ¢ is an unbounded
function of the state. Under these conditions, the solvability of the quadratic BSDE
satisfied by Y appears to lie beyond the scope of standard results in the literature,
such as those found in [8, 9]. This difficulty prompted a dedicated investigation into
the properties of this BSDE in our companion work [16], where we provide a tailored
analysis leveraging the specific min-max structure of problem (MinMax[u]). Broadly
speaking, for a fixed measure u, we establish existence and uniqueness by exploiting
the underlying concavity in the variable ¢ and convexity in the variable ¥. These
structural properties are further utilized in our approach to resolving the fixed-point
condition (MFG-eq).

A typical situation where these conditions arise is that of a financial investor
seeking to maximize utility while being subject to trading costs. Assuming the
market consists of n assets, each evolving according to the dynamics

asi

L = cjdt + o}dWV,
St

where W is a d-dimensional noise process and the (potentially random) coefficients
¢ and ¢ are of appropriate dimensions, the investor’s self-financing portfolio X¥
evolves according to the equation

~, .dS
Y _ i Pt _
dxy ="y 5 Xo=1,
i=1 t
where the initial condition is arbitrarily chosen to be unitary. The problem of the
risk-averse investor, expressed in a min-max form, is given by

zgg dl)reli‘ T (q,v), (7)

where T
T(g, ) = E [goc}”) - /0 |¢3|2ds] _HQP), Q= aP,

2
with g7 = Er(f, Z:dWs), and g denotes a payoff function and H(Q|P) the relative
entropy of Q with respect to IP.

Under this formulation, given a probability measure Q equivalent to P, the
investor optimizes the portfolio return while incurring a quadratic trading cost.
Conversely, for a given investor strategy, Nature selects the worst-case probabil-
ity measure Q, subject to an entropic penalty. The parameter v > 0 models the
investor’s level of risk aversion. In a mean-field regime, the payoff may take the form
g(def — M), where A represents an interaction parameter and i denotes the mean
of u, representing the average wealth under the effective probability measure.

Literature. Mean-field games (MFGs) are competitive problems involving a con-
tinuum of agents whose interactions occur through a mean-field functional. They
naturally arise as the limit of large, symmetric, and anonymous finite-player games,
much like stochastic mean-field control problems. The theory was independently
introduced in [21] and [23, 24] and has since been extensively developed [6, 7, 10,
11, 13, 14]. MFGs have found numerous applications, including economics and fi-
nance |1, 12, 19, 27|, environmental studies [22, 25|, and electricity markets [2]. For
a comprehensive exposition of the theory, see the monograph [13].



The classical theory of mean field games (MFGs) primarily considers risk-neutral
agents minimizing expected costs. Extending this framework to account for risk
aversion has been the focus of several lines of research, each introducing different
ways to capture the agents’ attitudes toward uncertainty. In risk-sensitive MFGs
[26, 28, 29|, agents optimize exponential or variance-sensitive criteria, which penalize
high variability in costs (see also [5] for the mean-field control analogue problem).
More generally, risk-averse MFGs [15, 18, 20| incorporate abstract risk measures
into the cost functional, allowing a wide class of preferences beyond variance-based
penalties. Finally, robust or worst-case MFGs, often inspired by H® control, intro-
duce an explicit adversarial player (Nature) that acts to worsen the representative
agent’s outcome [4, 30|, capturing ambiguity and model uncertainty. These differ-
ent approaches reflect complementary ways to model agent sensitivity to risk and
uncertainty in large populations.

The robust mean-field game studied here is closely related to the risk-sensitive
framework: by the Gibbs-variational (Donsker—Varadhan) principle, minimizing an
exponential cost is equivalent to a min—max game in which Nature selects a worst-case
measure penalized by relative entropy. That said, unlike the standard risk-sensitive
setting, we model Nature explicitly as acting on the weighting of events, which allows
the equilibrium condition (MFG-eq) to be defined under the effective measure. To our
knowledge, this explicit incorporation of the effective measure into the equilibrium
definition is novel and provides a new perspective on robust mean-field equilibria.

Contributions. Beyond the model itself, which we find interesting, we contribute
the following results. First, based on Schauder’s theorem, we establish a general
existence result for equilibria (see Theorem 14). Compared to standard MFGs, the
proof requires careful treatment of Nature’s state. Continuity with respect to the
state of Nature is obtained by combining entropy-type inequalities, established under
ad-hoc convexity assumptions in [16], with Pinsker’s inequality, which ultimately
controls the total variation of Nature’s state. Next, we identify a general uniqueness
criterion (see Proposition 18), which can be seen as an analogue of the Lasry—Lions
monotonicity conditions (or displacement monotonicity in certain cases) in the risk-
neutral setting. When the game is derived from a potential, this criterion reduces to
a joint condition of flat concavity and displacement convexity for the potential. We
also provide examples of non-potential games where the condition holds. Finally, we
discuss the connection with finite-player models. This question is subtle, since the
law of large numbers underlying the derivation of the mean-field model is perturbed
by Nature’s behavior. We present two approaches to show how the mean-field regime
can emerge asymptotically and quantify to what extent the asymptotic equilibrium
induces approximate equilibria (Lemmas 25, 29, and 30). As in the rich literature on
convergence in MFG theory, the passage from finite-player games to the continuum
remains a challenging problem and certainly calls for further study.

Organization of the article. The article is organized as follows. In Section 2, we
useful introduce notations and definitions. In Section 3, we present the stochastic
maximum principle recently obtained in [16], which allows us to handle (MinMax|u])
when g is fixed. Section 4 addresses the solvability of the mean-field game, providing
both existence and uniqueness results. Finally, Section 5 is dedicated to the passage
from two forms of finite-player game to the mean-field limit.



Several results in the text are directly taken from [16]; nevertheless, we have
written the exposition to maintain a smooth and coherent flow.

2 Notations and definitions

This section introduces the notation used throughout the paper.

Spaces of random variables and processes. We work on the same filtered, com-
plete probability space (2, F,F,P) as in the introduction. When another probability
measure is used, this will be indicated explicitly in the notation of the corresponding
spaces of random variables or processes; for instance, we write LP(-,Q), which is the
first space defined in the list below.

For each t € [0,T], we denote by L°(F;,R?) the set of R? valued and Fi-
measurable random variables (r.v.’s in short). And then, for each p > 0, we define
the sets

o [P(F,RY) of rv.’'s X € LO(F;, RY) s.t. 1 X1 o (7, me) = E[| X]P] < +o00;
o LX(F;, R ofrv.’s X € LO(F;,RY) s.t. | X oo (7, Ry = esssup  sup | X (w)]

weQ ie{l,...,d}
< +00.

We denote by LO(F, R?) the space of F-progressively measurable random processes
(r.p.’s in short) with values in R%, and by S°(F, R?) the subset of L°(F, R?) comprising
processes with continuous trajectories. Given p > 0, we define the sets

T 1/p7
(/ |Xt|pdt> <
0

o LP(F,RY) of rp.’s X € LO(F,RY) s.t. || X||pp(mpa) == E

+00,

T p
(/ |Xt|2dt> <
0

e MP(F,RY) of r.p.’s X € LO(F,R?) s.t. 1 X | are(r Ry = E

+o0,
o LX(F,RY) of r.p.’s X € LO(F,RY) s.t. [ X oo (pray = sup [ Xellpoo( 7, rey <
t€[0,T]
+00,
e SP(F,RY) of r.p.’s X € SO(F,R?) s.t. | X |sp(rray = E | sup [X;fP| < +oo.
te[0,7

e D(F,R?) of r.p.’s X € SO(F,R?) such that the family (|X,|),, with 7 running

over the set of [0, T]-valued F-stopping times, is uniformly integrable.

For more details on the class D(F,R%), we refer to [17, Definition 20]. For each
space defined above, we omit the notation R¢ when d = 1.



Spaces of measures. We call P(R") the set of probability measures on R", and
M(R™) the set of finite non-negative measures on R". For any p > 1, we define the
sets

o Pp(R™) of p € P(R") s.t. [ |z[Pdp(z) < +o0,
o M,(R") of p€ MR") s.t. Mp(p) := [pa|2z[Pdpu(z) < +oo.

For any finite measure Q on €2 and any measurable mapping X: 2 — R", we
denote by Qx = Q o X! the image measure of Q under X. And, for any non-
negative measurable function f on €2, not necessarily normalized, we denote by fIP
the associated (possibly non-normalized) measure Q, defined by

@(A)z/Ade AcF

Duality. By definition of S and §* in (3) and (4), we have for any F-progressively
measurable processes ¢ and (, valued in R,

s +5°0 2 e[ ' wlclas). (®)

where S(g) and §*(¢) might take infinite values. Equality holds whenever

T
ocagmux {E| [ alepas] -5}
q'eQ 0

Miscellaneous. For finite-dimensional vectors x and y (in the same space), x -y
denotes their scalar product. We also define the entropy function Ent: Ry — R:

Ent(z) := z(In(z) — 1). 9)

3 Robust control within a fixed environment

In this section, we address the problem (MinMax[u]) when p € Ma_,(R™) is fixed.
The set-up is clarified in Subsection 3.1. In Subsection 3.2, we present an existence
and uniqueness result to (MinMax|u]), which directly follows from our companion
work [16]. In Subsection 3.3, we derive stability estimates, which are key in the
analysis of the mean-field game carried out in the next section.

3.1 Set-up

The assumptions are mostly derived from the analysis introduced in [16].

We use repeatedly the notion of progressive-measurable field. For a metric space
(X,d) and an integer k € N*, a random field F : Qx [0, T] x X — RF is progressively-
measurable if, for any ¢ € [0, 7], its restriction to  x [0,¢] x X is F; ® B([0,¢]) ®
B(X)/B(R¥) measurable.

Throughout, L and r are two constants, with L > 0 and r € {0,1}. The assump-
tions hold true for any fixed p € My_,(R"), and the constants L and r are assumed
to be independent of p. In fact, the only assumption in which p appears is (A7).
Therein, we pay special attention to introduce a tailored notation for the constants
that genuinely depend on p.



Al

A2

A3

A4

Ab

A6

Initial condition and drift. The initial condition n belongs to L>(Fy, R™), i.e.
71l oo (7o, r7) < +00, and the drift b: © x [0,T] x R™ x R™ — R" is linear, i.e.,

b(t,xz,v) = ar + bz + 1),

with a, band ¢ in L (F, R"), L%(F, R™") and L(F, R™), and |la]| o (5 g+
16/l oo (7,mn <) + (€]l oo (7RR 3y < L.

Volatility. The volatility o: € x [0,T] x R — R"*? is linear, the n x d entries
of the matrix o being of the form

(o(t, )i = ()i +7(08)ijkks

for (i,7,k) € {1,...,n} x {1,...,d} x{1,...,n}. Above, v and o are in
Loo(F,R™*) and L**(F,R™*%), and HVHLOO(ERnXd) + HUHLOO(IF,RMWH) <L

Driver. The driver f: Q x [0,T] x R x R? — R is progressively-measurable,
and twice continuously differentiable and convex in its last two last arguments.
There exist two positive constants «, 8 such that, almost surely in w and almost
everywhere in {,

g
[t9,2) S UL+ alyl+ 51 (5,2) R R,

where fY := f(0,0) € L*°(F). The second order derivatives in y and z are
bounded by L.

Dual driver. We call f*: Q x [0,7] x R x R? — R the Fenchel transform of the
driver f with respect to its variables (y, z),

f*(tay*WZ*) = sup {<(y*>z*)7(ya Z)> - f(t,y,z)}'
(y,2)ERxRE

It is shown in [16] that f* is progressively-measurable.

Running cost. The cost £: Q x [0,T] x R™ — R is progressively-measurable and
strongly convex, twice differentiable, and has a quadratic growth with respect
to the control variable:

(Vllt, ) — Vbt ) (b — ) > Tho— 0P, V38t )] < L,
and |((t,0)] < L for any t € [0,T] and 9,9’ € R™.
Coefficients. We fix the coefficient v in (4) to be given by
y = 2L T[T oo (1] oe + 6627 ]| 1o<)
When r = 0 we assume that the coefficients satisfy the condition
28T LIIT|| oo (g o) [V oo g,y < 1,
where I" is the solution to

d
al—‘t - bt]-_‘t7 te [OaT]u ]-_‘0 - In7

with I, standing for the n x n identity matrix.



A7 Terminal cost. We assume that g : R x My_.(R") — R is convex and twice
differentiable in x and, for any real C' > 0, there exists a constant Lo > 0 such
that, for any u € Mo_.(R™) with My_,(u) < C,

—Lo (14 |z]) < glz,p) < Lo (1+|z*T),
\Vag(z,p)] < Lo (1+z|'77), (10)
\V2g(z, )| < Le.

Remark 1. The growth condition (A3) implies that f*(¢,y*, z*) = +oo if |y*| > .
In particular, Y* in (2) is necessarily bounded by « if S(g) is finite (as it is required).
Moreover, it is proven in [16, Proposition 23| that there exists a constant C, only
depending on the parameters in the standing assumption such that, for ¢ € Q,

E[Ent(q)] < C(1+ S(q)), (11)

where Ent is given by (9).

In A6, the choice of v is dictated by the analysis carried out in [16].

In A7, g is assumed to be deterministic (contrary to the other coefficients). In
fact, g could be allowed to be random in some of the statements, but it is typically
deterministic in the whole discussion on uniqueness and on the N-player approxima-
tion.

3.2 Solvability of the robust control problem

Following [16], we study the optimization problem (MinMax[u]) (for a fixed p €
My_.(R™)) via the associated Pontryagin system. Under the standing assumptions,
the cost functionals are convex with respect to the state variable X and concave with
respect to the control variable ¢. As a consequence, the Pontryagin principle yields
a full characterization of the saddle point. This constitutes one of the main results
of [16].

As already explained in Introduction, the Pontryagin system takes the form of
two FBSDEs, each backward equation being driven by the derivative (with respect
to the corresponding coordinate) of the corresponding pre-Hamiltonian introduced
in (6).

Given ¢ € Q, the first order condition (RP[u]) for the representative player prob-
lem writes in the form of a foward-backward system, with (¢, p, k, X) as unknown:

—dps = VL H(t, X¢, V¢, pr, by, qp)dt — ke dWy
= b] pedt — kedW, pr = arVag(Xy, 1),

dXy = 0b(t, Xy, ¢y)dt + o (t,vy)dWs, Xo =1, (RP[u])

wt S argminoc H(t, Xt7a7ptakt7qt)7
ie. 0 = qtvwé(t, W) +pee+ rTr(UtTkt), dP ® dt-a.s.,

\

where we denote by convention

n d

( ) DD (@nigelke)ig : (12)

i=1j=1 (=1,..d

10



Solutions (¢, p, k, X) to (RP[u]) are sought within the space

o = A x D(F) x (668 1)Mﬁ (F,RY)) x S27"(F,R", Q), (13)

where QQ in the first line is the equivalent measure associated to ¢, i.e., Q = ¢P.

Given ¢ € A, the first order condition (N[u]) for the nature problem writes in the
form of another forward-backward system, with (Y, Z, ¢) as unknown:

( _d}/t - aqF(ta qt, }/t*, Z;7 tha Zta q/)t)dt - Zt : th
= (f(t.Ye, Z0) + £t $))dt = Zo - AWy, Yr = g(X7, ),
dg = Y dt + qZf - AW, g0 =1,
(Y;f*th*) € argma‘XF(t7Qt7Y*lvZ*lynaZtaqv/)t)
(Y*/7z*/)
e (Y, ZF) =0y f(t, Y, Zy), Vo f(t, Y, Zy)), dP ® dt-a.s.
(N[ud)
Solutions (¢, Y, Z) to (N[u]) are sought in the space
2:=QxD(F,Q) x ( N MFR',Q)). (14)

Be(0,1)

Here is now the main statement of [16] regarding the inf-sup mean-field stochastic
control problem (MinMax[u]).

Theorem 2. Let p € Mo_.(R™). Then, there exists a unique saddle point (¢, q) €
A x Q to Problem (MinMax[u]), i.e.

. / / . / /
ﬁé‘}\?ééj(q ) = glggqgl&j(q ) =T (g, 9).
Moreover, if a pair (¢,q) € A x Q is a solution to the problem (MinMax[u]),
then the tuples (1, p,k,X), obtained by solving in </ the two decoupled equations
in (RP[u]), and (¢,Y,Z), obtained by solving in 2 the two decoupled equations in
(N[p]), satisfy the optimality conditions in (RP[u]) and (N[u]) respectively. Con-
versely, if (Y,p,k,X,q,Y,Z) € of x 2 is the solution to (RP[u])-(N[u]), then the
pair (q,v) € Q x A is a solution to the problem (MinMax|u]).

In the rest of the article, we denote the unique saddle point by (¢, ¢*). Ac-
cordingly, the solution to (RP[u]) is denoted by (¢*,p*,k*, X*) and the solution
to (N[u]) is denoted by (¢, Y*, Z*). The representatives (Y*, Z*) of ¢ in (2) are
denoted by (Y*#, Z*H). )

The fact that the cost E[gfg(X7:, 1)] is well-defined is the consequence of A7 and
of the fact that X# € S277(F,R", Q). Generally speaking, the latter is a consequence
of the following lemma, which corresponds to [16, Lemma 43|:

Lemma 3. Let (¢,7) € Qx.A. Then, XV belongs to S*>~"(F,Q,R™), wherer € {0,1}
1s as in A2, and there exists a constant C, independent of g and v, such that

E [qr|X7]*7"] < C(1+8(q) + S*(v)).

11



3.3 Stability Estimates

The next result is taken from [16]. It is in fact part of the proof on which the
derivation of the stochastic minimum principle for the problem (RP[u]) relies.

Lemma 4. Let p, i € Ma_(R™). Then,

E |pf- (Xf - Xf)| = -E [ / vatat) WE-u)asl. 03

which implicitly implies that the expectations right above are well-defined.
Proof. This is the penultimate display in the proof of [16, Lemma 40]. O
We now recall the following result from convex analysis.

Lemma 5. There exists a constant ¢ > 0, only depending on the parameters in
A1-A7, such that, for any t € [0,T], y € R,z € RY, and hy, € R, h, € R?,

J7 0y f(ty, 2) + by, 0: f(t,y, 2) + hz)
2 f*(ayf(t7y> Z)>8Zf(t7ya Z)) + Y- hy +z- hZ +c (’hy|2 + |h2’2) .

Proof. By Fenchel’s duality and A3-A4, we have

0y f(ty,2),0:f(t,y,2) + f(t,y,2) = yOu f(t.y,2) + 2 - 0. f(t,y, 2).
And, for any k, € R and k. € R,
ot 0yf(ty, 2) + hy, 0. f(t,y,2) + )
> (y+ky) Oy f(t,y,2) + hy) + (2 + ko) - (0:f (8,9, 2) + he) — f(t,y + Ky, 2 + k2)
Z f* <t7ayf(t7y7 Z), 8Zf(t7 y? Z)) + yhy + Z - hz

- [f(tay + kya z+ kz) - f(tayv z) - kyayf(tv Y, Z) - kz : 8zf(tvy7 Z)]
+ kyhy + k. - h.

By A3, there exists a constant C' > 0 such that the penultimate term on the above
display is bounded by C(|ky|? + |ks|?). We deduce that

f* (t7 8yf(ta Y, z) + hyaazf(tv Y, z) + hZ)
> f* (ta 3yf(t,y,z),8zf(t, Y, Z)) + yhy +z-h:
+ kyhy + k- he — C(Jky|? + [k2]?).

Choosing k, = h,/(2C) and k, = h./(2C), we get

fr @0y f(t,y, 2) + by, 0 f (£, y, 2) + hz)

1
2 f* (t,ayf(t,y,z),ﬁzf(t,y,Z)) +yhy +Z ' hz + Ve

1o (hal*+ 1)

This completes the proof. O

Here is now the main result of this subsection:

12



Proposition 6. There exists a constant ¢ > 0, only depending on the parameters in
A1-A7, such that, the following two inequalities hold true, for any p, i € Mao_,(R™):

E [ (o(X4, 1) — 9(Xf ) + df (9(XFs 1) — 9(XE, 7))

> | [ () (1 U Y 2 ) ok "
and
[(%—q;)( (X 1) = g(xf 1)
> B | (4 Vag(X, 1) — i Vag(XE, 7)) - (X5 — XD)] (17)

T _ _ _ _
v | [ (d o) (10— ot 100 = YR 120 20 .
0

The fact that the expectations on the first line of (16) and on the first and second
lines of (17) are well-defined is a consequence of Lemma 3.

Proof. The proof is divided in three steps.
Step 1. From Step 3 in the proof of |16, Lemma 32|, we have

T
E {q;ﬂg(X%,m + [ wé‘)dt] _ (")

N T ~ B T/\TA
>E [Q%Q(Xﬁ,u)+/() Qfg(tvdjf)dt} - 8(@") + lim B [/0 Qfﬁft*dt] :

where (74) 40 is a collection of stopping time that converges almost surely to T (as
A tends to +00), and

Aft* _ f* (tyy;f*ﬂ’ ZZﬁﬁ) _ f* (t, Y;*,#’ ZZ(HU')
_ (}/t*v/i _ Y;*a#) Y;M _ (ZZSN _ Zt*vﬂ) . Ztli‘

By Lemma 5, we obtain
T
E |t + [ et oty - S@
~ T ~ ~
>E {qéﬁg(Xéf,u) +/O qff(t,%‘)dt] —S(q")

T N _
we | [Caf (W07 - v |2 - 2R .
0

And then, by strong convexity of £ (see A5), we obtain (for a new value of ¢),
T
E ot + [ et ut)ae] - S(@
~ T ~ ~ t ~ ~ ~ ~
>E [Q%Q(X%u) +/ qW(t,wé‘)dtJr/ AVt of) - (vt —of) dt} -8
0 0

T ~ ~ ~ ~
w k| [ ol (WF = ot P+ 1007 =P 1207 - ) ]
0

13



By Lemma 4,
T
E {q;gmf,m - q#e<t,¢#>dt] S
>E [qéﬁg(Xé}f,u) — ¢pVag(Xh, ) - (X9 — XT) + /0 q; Ut w#w] - S(¢") (18)
T, . )
+ cE [/ qt (W — P+ Y YR |20 - Z?’“\Q) dt] :
0

Step 2. We derive the first claim. By convexity of g in the first variable, we get the
following bound for the first term on the second line of (18)

g(XE ) > g(XE, 1) + Vag(XE, 1) - (XE — XE),
from which we deduce that
T
E [qgig%u) - q;‘m,w#)dt} ()
~ ~ T ~ ~ ~
>E [Q% (9(X§f,u) —9(Xfp, 1) + g(Xéf,ﬂ)) +/0 qff(t,@bf)dt] - S(q")
T ~ ~ ~ ~
w ek | [ ol (WF = ot P+ 107 - Y 1207 - 2 ]

By exchanging the roles of u and p’ and by adding the resulting two inequalities, we
obtain

0> B [ (oK% ) — 0¥ ) + i ((XF. ) — o(XF. )]
' i fi [ ~
we | [ (d o) (WF = 0P 07 - Y0P |20 - 2 .
0

which completes the proof of (16).

Step 3. We now derive the second claim. We come back to (18). Exchanging the
roles of pu and [i therein, and then summing the resulting two inequalities, we get

[( %_QT> ( T7M)—9(X§1w/1))}
( EV2g(XE 1) — iV eg(XY, ﬂ)) (X7 - erf)]

T ~ ~ ~ ~
vl | [ (d o) (WF = 0P 07 - Y0P |20 - 2
0

2) dt] :

This completes the proof. O

4 Mean-field games

This section is devoted to the study of the mean-field game problem (MFG). In
Subsection 4.1, we define the notion of a mean-field game equilibrium and introduce
the topology underlying the existence result, together with additional assumptions
on the interaction mapping ¢g. In Subsection 4.2, we derive uniform estimates on
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(", ") with respect to u, which are required to apply Schauder’s fixed point theo-
rem. Subsection 4.3 is devoted to our main existence result, stated in Theorem 14.
Finally, in Subsection 4.4, we establish a uniqueness result under a joint flat non-
increasing and displacement non-decreasing condition on the mapping g, as defined
in Definition 15; see Proposition 18.

4.1 Definition of an equilibrium

Definition 7. Forr as in (A2), we say that p € Ma_,.(R™) is an equilibrium to the
robust mean-field game set over (MinMax|u]) if the unique saddle point (g*,¢*) of
(MinMax[u]) satisfies

1= (¢rP)xs.

Topology. Below, we study existence and uniqueness separately. For this, we equip
the space of non-negative measures with the narrow topology, a sequence (fix)g>1 in
M(RF) converging narrowly to some p in M(R™) if, for any bounded and continuous
function f on R", it holds

iim [ F@)ala) = [ F)dua).

k—+oco Rn

In fact, we are only interested in elements p € M(R"™) whose mass p(R™) is less than
exp(aT). The reason is that, for any p € M(R"), E[¢}] < exp(aT). In this regard,
it is important to remember that Prokhorov’s theorem extends easily to non-negative
measures with a mass less than a fixed constant:

Lemma 8. Let C be a subset of M(R™) such that

sup pu(R™) < +o0.
nel

Then, C 1is relatively compact for the narrow topology if it is tight, i.e., for any e > 0,
there exists a compact subset K C R"™ such that

supu(R"\ K) <e.
nel

In what follows (see the forthcoming condition A9), we require the function g to
be continuous in p with respect to the narrow topology, but only on bounded subsets
of Ma_,(R"), i.e., on subsets of the form

Brs (€)= { € Maoy(®): [ (141oP ) duto) < O

This notion is motivated by the following standard lemma:
Lemma 9. Let h: R"™ — R be a continuous function such that, for some ¢ > 0 and

n € (0,2 —7), |hx)| < c(1+ |z 7="). Then, for any C > 0, the function

B, () D A h(z)dp(z)

18 continuous for the narrow topology.
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As it is well-known, the result becomes false when n = 0. In this case, continuity
just holds but on subsets of My_,.(R™) that are uniformly integrable. In our frame-
work, we are not able to prove that, in for generality, the collection ((¢/P) X ) peMo_r (R7)
is uniformly integrable, which explains why continuity with respect to the narrow
topology is required on larger subsets (and thus leads to less general examples, as
clearly illustrated by the above lemma).

We thus require further regularity properties on the cost function g with respect
to the measure argument:

Assumptions (continued)

A8 For the same L as in A1-A7, condition (10) holds true with L = L¢, for any
€ Ma_(R™) such that u(R") < exp(aT).

A9 For any C' > 0 and for any sequence (fu7)¢>1 in Bag, ,(C) that converges
narrowly to some p, it holds

1
nl_%loxsglgl [1 n ]:1:\2_” !g(w,un) g(xaﬂ)’] ( )

Remark 10. The following comments are in order.

e Thanks to Lemma 8, it is plain to see that, for a given C' > 0, the ball

By ()= {uwe Moy @) 5 [ 1+ e duto) < €]

is relatively compact for the narrow topology. In fact, it is also closed and
hence compact. In particular, the measure p in A9 is necessarily in By,_, (o)

e Following the above item, we notice that any real-valued function on M(R™)
that is continuous on By, . (C) with respect to the narrow topology, for some
C > 0, is in fact uniformly continuous. In particular, for each x € R", the func-
tion p — g(z,p) is, under condition A9, uniformly continuous on By, ,(C).
Somehow, condition A9 imposes an additional constraint on the modulus of
continuity, but uniformly in z.

e Following Lemma 9, a standard example of a function g that satisfies all the
requirements A7-A9 is

o= [ Ty)du(y).

where I is convex in the variable x and satisfies (all the derivatives below being
implicitly assumed to exist),

—L(1+z|'™") <T(z,y) <L(1+z*"),
Val(z,y)| < L(1+ |2['77),
IVyD(z,y)] < L(1+2[*7),

V2.T(z,y)| <L

16



The proof is as follows. Let C' > 0 and € > 0. By the first line above, we can
find a compact subset K C R™ such that, for any p € Ba, . (C),

/IRHF($’y)dM(y) —/Kf(x,y)du(y)H <e.

1
su —_—
i L + o

By the penultimate point, the functions (y — T'(z,v)/(1 + |2|>77))zern are
equicontinuous on K. Therefore, we can approximate any of them, to any
fixed accuracy for the sup norm on K, by a continuous function in a finite
collection. The proof is then easily completed.

Similar to [16], the presentation is restricted to games in which only the termi-
nal cost has a mean-field structure. That said, we could also consider mean-field
running cost of the separated form

g/(t7 Q;Z)ta Mt) - E(tv 1/%) + C(Xt7 :U’t))
where p; is the marginal law of X; under the probability measure q7P .

In the rest of this subsection, Assumptions A7-A9 are in force.

4.2 Entropy and moment estimates

In this subsection, we provide a series of bounds that are satisfied for any p €
Mo (R™).

We start with the following lemma:

Lemma 11. There exists a constant C1, only depending on the parameters in the
standing assumptions, such that

sup S(q") < .
HEMa_r(R™)

In particular, (up to a possibly new value of C1)

sup sup E[h(g")] < Ch.
MGMQ—T(Rn) tE[O,T]

Proof. The result is a direct consequence of [16, Lemma 28|. The main point is to

observe that the quantity G(q°, X%) appearing in the first step of the proof is here

equal to E[q%g(X% ,it)]. By convexity of g in the variable 2 and then by condition
A8, it is greater than

Elqd.9(X7, 1)] > E[q99(0, u)] + Elg)Vug(0, ) - X7]
> L (1+Elghx}1))

The key fact is that the constant L is here independent of u. This is the reason why
the constant C' in the statement can be chosen independently of u. O

Lemma 12. There exists a constant Co, only depending on the parameters in the
standing assumptions, such that

sup  S*(YH) < Cs.
pEMa_(R™)
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Proof. The proof is an adaptation of [16, Lemma 34|. The bound established therein
depends on g through g and Vg at = 0, but the latter two are bounded indepen-
dently of u, see AS8.

One also needs a bound for the cost driven by the null control. Thanks again to
A8, it is independent of p. O

Lemma 13. There exists a constant Cs, only depending on the parameters in the
standing assumptions, such that

sup K [¢h|XL*7] < Cs.
PEMa_r(R™)

Proof. This is a consequence of Lemmas 11 and 12 and 3. O

4.3 Existence

Here is the first main result of the article.

Theorem 14. Let Assumptions A1-A9 be in force. Then, there exists at least one
equilibrium to the mean-field game set over (MinMax[u]), in the sense of Definition
7.

Proof. The proof is an application of Schauder’s theorem, see [3, Corollary 17.56].
Throughout, we metricize the narrow topology introduced in Subsection 4.1 by means
of the Fortet-Mourier distance. In fact, the latter extends to a norm on the whole
space Mgign(R™) of signed measures on R", given by

s i=sup | [ ota)dnte)).

where the supremum is taken over functions ¢ that are bounded by 1 and 1-Lipschitz
continuous.

Given the constant C'5 from Lemma 13, we consider the collection C of measures
p € Ma_p(R™) such that u(R"™) < exp(aT) and My_,(u) < C3. By Lemma 8, we
easily deduce that C is compact for || - ||pp. Obviously, it is convex.

We then consider the mappping

:C3p (gP)xn.

By Lemma 13, C is stable by ®.

It remains to check that ® is continuous. We thus consider a sequence (ju¢)s>1 in C
that converges to u for the narrow topology. By closedness of C, u € C. For simplicity,
we write (g, X, v, Y*, Z%) for (¢, XH o, Y*H Z%) and (¢¢, Xt Y™, Z5Y) for
(ghe, XHe aphe [ Y*re Z5He) By (16) in Proposition 6, there exists a constant ¢ > 0
such that, for any £ > 1,

E (g (X1, 1) = 9(Xr.)) + ar (90X, 1) — g(Xh 1))

T
= [/ (a0 + af) (10f = P+ 7 = e+ 120" = 27 P) df} |
0
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By A9, there exists a sequence gy that tends to 0 such that
E|ar (9(Xr. 1) = 9(Xr.w) +ar (9(XF, 1) — 9(XF, 1) |
< [of (141X ) +ar (1+1X5777)]

By Lemmas 11, 12 and 3,

supE [f (1+ [ X7 *7) + ar (14 X577 | < +o0.
>1
By the last three displays we deduce that

T
lim E [/ (qt + qf) (|¢f — 2 VYR |2 - Z;P) dt} =0. (20
0

f—+00

Using the linearity of the dynamics of X, we observe that
Xp — X = X4

And then, following the proof |16, Lemma 43| (which corresponds to Lemma 3), we
deduce that

lim E [(qT + qé«) X — X§~|2”“] ~0. (21)
£—00
It then remains to prove that
lim E [|qr — ¢f/] = 0. (22)
{—00

Assume indeed that the above holds true. Then, by combining (21) and (22), we
obtain, for any test function ¢ : R”™ — R that is bounded by 1 and 1-Lipschitz,

E |lgre(Xr) — ng(X%)@ <E [|QT - qlﬂ} +E [QT’XT - X%|] :

Since the right-hand side tends to 0 (as ¢ tends to co) and is independent of ¢,
this gives [|(g7P)x, — (¢5P) Xt lem — 0 as ¢ tends to oo, which yields the required
continuity property.

We now prove (22). We let Ep := Ep( [y 2% - dW;) and & == Ep(; Z20 - awy).
By definition of g7 and q%, we have

T T
qr = exp ( / Yt*dt> Er,  ¢p = exp ( / Yt*’edt> Ep-
0 0

T T
exp (/ Y;*dt) — exp </ Y;*’edt> H
0 0
T
+E [exp (/ Yt*’gdt> ’5T - 5%”
0
T T
exp </ Yt*dt> — exp </ Yt*’edt> H
0 0

+ exp(aT)E HST . 5%“ : (23)

Therefore,

E[ler — o] <E [ST

SEQ[
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where we used the fact that Y*¢ is bounded by « in the last inequality.
We first consider the the first term on the last inequality (23). Since Y* and Y*¢
are bounded by «, we have that

T T
exp (/ det) — exp (/ Yt*’edt) H
0 0
T
< EC [/ vy - Yt*’é\dt]
0
1/2

T
< exp(aT)E [qT / v — Yt*f|2dt} , (24)
0

|

where the last line follows by Jensen’s inequality, the definition of ¢ and the bound-
edness of Y* again.

We now turn to the second term in (23). By Pinsker’s inequality, we know that
there exists a (universal) constant ¢y such that

E [|5T - 5{}” < cor/H (ErP|ELP), where H (m»wfm) —E [m <§5> gT] .
T
It is standard to prove that
5'T _ T * *,Z 2
In Er| =E [&Er |Zy — Z7"|2dt

T
<exp(al)E {QT / z; - 27"
0

th} :
And then, there exists a constant C(, independent of £, such that

y“. 25)

T
E [ng—gqéﬂ < CoE [QT/O ZF —

Finally combining (23)-(24)—(25), we obtain that

T 1/2 T 1/2
E [ler — 4] <© (E o [ v g fer [z - ) ,
0 0

for some C' > 0 independent on ¢, and the conclusion follows by (20). O

4.4 Uniqueness criterion

Uniqueness is a more subtle issue than in standard mean-field games, due the presence
of Nature. To understand this, we may just focus on the situation where 7' is small.
Of course, we want to use the stability inequality (17), which we recall here for
convenience:

E [(qéf—qéz) (Q(Xé‘w ) — g(XE, i) ﬂ)
(

> E [( Vag (XF. 1) — 4 V,0(XF. 1)) - (X% - XF)] (26)

! [ fi I ~
e U (gt b)) (10f =0+ 1" =P |20 = 2 dt] .
0
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In absence of Nature, this inequality becomes very much simpler and just writes

B [(Vag Xt - Vaa(hu)) - (5 - ) > e[ [ gy ]

Although we do not pretend that the derivation of the above display is rigorous, it
turns out that this is indeed what can be obtained by using the so-called ‘proba-
bilistic approach to mean-field games’, see for instance [13, Chapter 4. When pu is
understood as the law of X7 and ' as the law of X/, (under the common probability
measure IP), the left-hand side can be upper bounded, under Lipschitz assumptions
on the derivatives of g (the Lipschitz constant being denoted by the generic letter
L), by

E | (Veg(Xf. 1) = Vag(XF, 1)) - (XF — X)] < LTE [ / Cf - w#Pdt] .

The extra factor T on the right-hand side makes it possible to guarantee uniqueness
in small time.

Here, we want to argue, at least informally, that the same computation can not
be reproduced in the robust setting. When p and fi are understood as (qrP)x,
and (GrP) g, respectively (with (g7, Xr) standing for (g, X7), and (Gr, X7) for
(qéf, X%)), the first term on (26) can be estimated as follows, at least in the simpler
situation where X7 and Xp are equal (which is of course not true in general, but
which cannot make the difficulty worse). In the latter situation, we are led to estimate
9(Xr1, (¢rPx;)) — 9(X7, (GrP) x,). At best, we can expect to upper bound it by
E[|gr — Gr|]. Therefore, the first term on (26) can be bounded by E[|qr — ¢r[]?, up
to a multiplicative constant. Then, we know from the proof of Theorem 14 that this
term can be bounded by means of Pinsker inequality by E[gr fOT |ZF — ZF|?dt] (with
an obvious meaning for Z* and Z*). In particular, there is no extra factor T' that
could render its contribution smaller than the contribution of the corresponding term
on the right-hand side of (26).

Of course, a more direct way to obtain uniqueness is to multiply g by a small
parameter and then obtain the desired ‘contraction’ (in the sense that the right hand
side on (26) dominates the left hand side when p and fi are equilibria). Although
this could be one result towards uniqueness, we feel better to follow another route.
The main point is to focus on the difference

E | (¢f — o) (90X 1) - 9(Xf ) |
B (e Vag(XF ) — drVag (X 1) - (X~ X))
when p and i satisfy the fixed point conditions
p=(drP)xs, A= (arP) -
This prompts us to introduce the following definition:

Definition 15. The function g is said to be (jointly) flat non-increasing/displacement
non-decreasing if, for any non-negative-valued random variables q and ¢ with E[q], E[¢'] <
exp(aT), and any R™-valued random variables X and X' satisfying E[(q+q") (| X|*~"+

| X'|277)] < 400, it holds

E[(¢—q) (9(X. (aP)x) — 9(X, (¢P)x1))]

B [(Vag(X, (@B)x) — ¢ Veg(X, (¢P)x)) - (X — XY <0. D
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Remark 16. The following remarks are in order.

e It is easy to see that the property (27) only depends on the joint law of
(¢,¢', X, X") under P. In particular, the property (27) can be transferred from
one probability space to another.

In fact, since the space (£2, F,P) is here equipped with a Brownian motion, we
can construct, for any given law on (0, +00) x (0,400) x R" x R", a 4-tuple
(¢,¢', X, X’) having this law under P (as we can ‘reconstruct’ any random
variable from a random variable with uniform distribution on [0,1]). This
guarantees that, on any probability space, the above inequality is guaranteed
for any random variables ¢, ¢, X, X’ (taking values in the required spaces, and
satisfying the required integrability properties).

e Choose ¢ = ¢’ = 11in (27), and deduce that, for any R"-valued random variables
X, X' satisfying E[| X |*>~"], E[| X'|?>~"] < +o0,

which is the standard displacement monotonicity property.

e Choose now X = X’ in (27), and deduce that, for any ¢, ¢’ with positive values,

E[(¢-q) (9(X, (qP)x) — 9(X, (¢P)x))] < 0.

Choose now X as being uniformly distributed on a given domain Borel subset

A C R™ with finite Lebesgue measure (denoted Leb,(A)) and then (g,q’, X)
such that ¢ = Leb,,(A) f(X) and ¢’ = Leb, (A) f’(X) for two non-negative func-
tions f and f’ with support included in A, and satisfying fRn f(z)dx, fRn f(x)dx <
exp(aT) and [, ||*7" f(2)dz, [z, ||*" f'(z)dz < +oo. The above inequality
can be rewritten

/A (f(x) - f’(;v)) (g(x,fLebn) — g(=x, f’Lebn)) dr <0.

Obviously R™ can be substituted for A in the above display. And, then, by a
standard approximation argument (using the regularity of g in the measure ar-
gument), we deduce that the inequality holds true for f, f’ with [o, f(z)dz, [p. f/(z)dz <
exp(aT’). And then, approximating any (finite non-negative) measure on R" by
measures with densities, we deduce that, for any measures m, m’ € Ma_,.(R™),

/A (g(m,m) —g(z, m')) d (m — m’) (x) <0,

which is an anti-Lasry-Lions monotonicity condition.

e [t is not clear to us whether a function that is non-increasing in the flat sense
(as in the previous item) and, separately displacement non-decreasing (as in the
penultimate item), is (jointly) flat non-increasing/displacement non-decreasing
as in Definition 15.

We provide below a canonical example of a function g satisfying Definition 15.
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Lemma 17. Let G be a function from Mao_.(R™) that is flat concave and displace-
ment convex, in the sense that, for all p, ' € Mao_.(R™),

oG

Rn(s

6) = 60+ [ 8,0(n.2) - (v 2)dn(a.y).

G <G+ | =(wax)d(y —p)(z),

where ™ on the last term is a coupling between p and p', i.e. 7 has p as first marginal
on R™ and i/ as second marginal.
Then, the function

6G
s = 5 = My
(@, p) = g(z, 1) o (1, )
is flat non-increasing/displacement non-decreasing.

The notions of derivatives used in the statement are standard. In brief, the flat
derivative 0G/dp is defined as

 (1,2) =

5,“/ g (M + 55%) N UAS M?—T(Rn)7 T € Rna

de |e=0+

and the intrinsic derivative 9,,G as
6g n n
aug(ﬂ,x) = vx@(pﬂx)? JIAS MQ—T(R )) reR )

Precise definitions and examples of flat-concave/displacement-convex functions are
provided in |16, Subsection 4].

Proof. By [16, Corollary 17], the following two inequalities hold true for any ¢, ¢’ and
any X, X’ as in Definition 15:

G (qP)x') = G((aP)x) + E [¢9,G ((¢P)x, X) - (X" = X)] ,
/ 0G , (28)
G ((aP)x) < G((¢P)x) + o ((@P)x, ) d[(¢'P)x — (¢P)x] ().
We rewrite the second line as
g /
G((aP)x) = O((dP1x)+ | 5 ((aP)x,a)d [(@B)x — (P)x] (o)
And then, exchanging the roles of (¢, X) and of (¢/, X’) in the above inequality and

then using the first line of (28),

G ((¢P)xr) = G((aP)x') + yg(( P)xr,2) d [(@P)xr — (¢B)x] (2)
(

G((¢P)x)
+ /Rn 55 ((¢'P)x, w) d[(aP)x — (aP)x] (2).

v

+E [ ((gP)x, X) - (X' — X)]
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Next, we exchange once again the roles of (¢, X) and (¢’, X’) and then sum the two
resulting inqualities. We get

~E (49,8 ((¢P)x, X') = 49,6 ((gP)x, X)) - (X' = X)]
" /n gi ((¢P)xr,z) d [(¢P)xr — (¢P)x/] (2)

" /n gi ((¢P)x,2)d [(¢P)x — (¢'P)x] () 0.

Letting g(x, i) = [0G /6 u] (i, z) as done in the statement, and recalling that V,g(z, u) =
0,G (1, ), the above display can be rewritten as

—E [(¢V29 (X, (4P)x) — ¢'Vag (X', (¢'P)x)) - (X = X')]
[ ol Px)a W) - @Px] @)

+ [ 9@ @ dle)y - @] @) <o,

and then
—E[(qV2g (X, (qP)x) — ¢'Vag (X', (¢'P)x)) - (X — X")]
+E[(¢ —q) (9 (X', (¢P)x/) — g (X, (¢P)x))] <0,
which completes the proof. 0

Here is now the main result of this section:

Proposition 18. Let Assumptions A1-A9 be in force. If further, the function g is flat
non-increasing/displacement non-decreasing, then there exists a unique equilibrium
in the sense of Definition 7.

Proof. The proof is a straightforward consequence of (17).
Consider indeed two equilibria, denoted by wu, fi. Using the fact that

p=(rP)xp A= (aP) i,
we get
| (o o) (o (X5 (iP)xp) 0 (X5 052z
—E | (Va9 (X5 @P)xy ) — o Vog (XE (@) s ) ) - (F - XD)]

T ~ ~ ~
0

2|zt -z ) dt] .

By (27), the left-hand side is less than (or equal to) 0, from which we deduce that
the right-hand side is equal to 0. 0
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Constructing flat non-decreasing/displacement non-increasing functions
The purpose of this paragraph is to provide a tractable condition ensuring that g
satisfies Definition 15, beyond the potential regime introduced in the statement of
Lemma 17.

Typically, we require the function g to be jointly convex in the flat sense, i.e.

g’ 1) > g(e, p) + Veg(z, p) - (2" — x) + - gg (2, pyy)d (1 — ) (v),  (29)

for any 2,2’ € R™ and p, /' € Ma_.(R™). Implicitly, the function ¢ is assumed to
be differentiable (in the flat sense) with respect to the measure argument, and the
integral on the right-hand side is assumed to make sense.

Back to Definition 15, the purpose is to upper bound the left-hand side on (27).
Thanks to (29), we have

E [q (9(X, (CJP) ) = 9(X', (aP)xr) = Vag(X, (¢P)x) - (X — X'))]
—E[ X, (qP)x) — 9(X', (¢'P)x7) + Vag(X, (¢P)x) - (X' — X))]

[ / Su X, (qP)x,y) d ((¢'P)x — (qP)x) (y)} .

Exchanging the roles of (¢, X) and (¢/, X’) and summing the two resulting inequali-
ties, we get

E[(¢—d) (9(X, (@P)x) = g(X", (¢P)x))]
~E[(¢Vag(X, (aP)x) = d'Vag(X', (dP)x7)) - (X — X')]

SE{/n<§Z< WPR')—dﬁﬂﬂwmxwﬂd«wmx—wmxﬂw
:/}{é &7“*¢MX~wd@@h%@}d«dmxw—mmxﬂw

n O
- / [ §g (2, (¢P)x, y)d(qP)X(z)} d ((¢P)x' — (qP)x) (v).
n [JrRn Of

And then, in order to guarantee (27), it suffices to have

/n UR ﬁj (2.1 y) i/ (2) = /R E‘Z (2 11, 9) du(z)] d(p —p)(y) <0, (30)

for any p, ' € Ma_.(R™).
Here is a typical example:

Lemma 19. Let K : R® x R®™ — R be a smooth function, bounded with bounded
derivatives of any order, of negative type, i.e., satisfying for any smooth function
h:R™ — R with a compact support,

| K@)y <o (31)
R™ xR"™
Then, the function g defined by
9(@, 1) :/]R . K(z,y)duly), = €R", pe Mz (R"),
nX n

satisfies (30).
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Proof. The proof is quite obvious as the left-hand side on (30) rewrites

/n [/ngz () ') = RngZ(%M,y) du(2)| d (1 — u) ()
= /n - K(Z,y)d (:U’I _ M) (Z)d (M/ _ M) (y)

By (31), it is easy to see that the left-hand side is negative. O

Ezxample 20.

e A first example for K satisfying (31) is
K(z,y) = —o(x)d(y),

for a smooth function ¢ : R™ — R.

e Another example is
K(CE, y) = - R ¢($, T)(b(ya T)d)‘(r)v

where A is a compactly supported positive finite measure on R¥, and ¢ is a
smooth function from R™ x R* to R.

e The first two examples are symmetric in (z,y), as a result of which the function
g, as defined in Lemma 19, derives from a potential.
That said, any (smooth) function K that is anti-symmetric, i.e. K(z,y) =
—K(y, ), satisfies Lemma 19.

Of course, the function g defined in the statement of Lemma 19 does not satisfy
the joint convexity condition 29. To make it jointly convex, we may add a func-
tion that is convex in the variable z. Following the examples constructed in [16,
Subsection 4], we claim

Lemma 21. Let K be as in the statement of Lemma 19.

1. If r =0, we can find X large enough such that the function
A
gz, p) = glal + | K(@.y)du(y)

satisfies (29) and, therefore, is jointly flat non-decreasing/displacement non-
increasing functions.

2. If r =1 and K is compactly supported, we can find \ large enough such that
the function

o) = A (L+[2) 7 + / K(z,y)du(y)
.

satisfies (29) and, therefore, is jointly flat non-decreasing/displacement non-
increasing functions.

Here, the choice of the convex perturbation is adapted to the value of r, so that
g satisfies the required growth properties in A7.
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5 Limiting theory

In this section, we investigate the connection between the mean-field game problem
(MFG) and a finite-player game in which N players interact with Nature. The
model is presented in Subsection 5.1. In Subsection 5.2, we establish an exn-Nash
equilibrium result for the finite-player game.

5.1 Game with N competitive players vs. Nature

A primer on the law of large numbers. The construction of the N-player game
relies on the following variant of the law of large numbers:

Lemma 22. Let (¢, X) be a random variable with values in (0, +00) x R™. Assume
that E[q] = 1. Let (¢', X*)i>1 be an LI.D. sequence with the law of (g, X) as common
distribution (the sequence being constructed on (Q, F,P)). Then,

(Hq ) {drv (% SN yir(@P)x)>e} | — 0,

where dpn is the Fortet-Mourier distance dpnv(p, v) = || — v||pm, for p,v € P(R™),
and || - ||[pm @s defined in the proof of Theorem 14.

Ve > 0, lim E

N—+o00

This result says that the standard empirical measure converges, in probability
under ¢'...¢"VP, to (¢P)x

Proof. We consider an L.I.D. sequence (X*%);> with common distribution (glP)x un-
der P. It is easy to see that, for each N > 1, the law of (Xl,;..,XN) under
q'...¢"P is equal to [(¢P)x]*", which is also the law of (X',..., X") (but under

P). In particular,

Ve >0, E

N
qu {dr ( Z§16X17(QP)X)>5}]

1 N
{fn i) o)

but the right-hand side tends to 0, as a consequence of the law of large numbers. [

Presentation of the game. Based on Lemma 22, we now construct a game with
N competitive players playing against Nature, whose asymptotic version corresponds
to the game studied in Section 4. Due to the restriction on the mass of ¢ imposed
in Lemma 22, Nature’ state in (1) is assumed to be a Doléans-Dade exponential, i.e.
Y* =0 in the mean-field game.

We consider the product space (Q*V, F*N PXN) and we equip its i-th fac-
tor with an R%valued Brownian motion W = (W/);e,r] and an initial condi-
tion n*, n* and W* being independent. We assume that all the random variables
n',...,n"V are identically distributed, the support of their common statistical law
being bounded. We denote by FV = (FN)o<i<r the completion of the filtration
generated by (nt,...,pN, W1, ... W™n).

Below the function b is a copy of b on the i-th factor of Q% i.e., for any
w™ = (W, ... wN) € QN the quantity b(wN),t,x, 1)) depends on w®™) only
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through w’ and is thus equal to b’(w’,t,z,7). The functions o?, ¢/ and f*! are
constructed from b, o, £ and f* in the same way.

The admissible set of Nature, denoted by QW) is the class of FN-progressively
measurable, positive valued processes (Qf )iejo.) such that (compare with (1))

N .
S(N)(QN) < 400, in = Hgt </ Z50. de) , telo,T],
i=1 0

with (Z*1,..., Z*N) acting as Nature’s control. The mapping SV denotes the N-
player generalized entropy counterpart, defined as follows

T N
S(N)(QN) — ]E><N / QéV (Z f*’Z(S,Z:’Z)> dS] )
0 i=1
Here, the function
N . .
RdXN 5 (z*,1’ N .,Z*’N) N Z-f*ﬂ(t? 2*71)
i=1

is understood as the Fenchel-Legendre transform of the function
N
RN 5 (zl. .. .,ZN) — Zf’(t, 2,
i=1

where, as before, fi(w(N),t,z) is equal to f(t,w’, 2) (with f being now independent
of y as Nature’s mass remains equal to 1).

The control and state processes to player i € {1,..., N} are denoted by 1)’ =
(W)te[o,T] and X = (Xz)te[O,T] respectively, both processes taking values in R”™.
When needed, we write X*%" to emphasize the fact that X? is controlled by 1’
Following (5), the dynamics of X* write

dX; = b'(t, X}, ¥))dt + o' (t, ) dW], te[0,T], Xi=n"

The admissible set of each player i € {1,..., N} is denoted by AM) (it does not
depend on i) and consists in a class of F"-progressively-measurable, R"-valued pro-
cesses ¢ = (¢¢)o<t<T such that

T
5*,(N)(¢) < +o0, 3*’(N)(¢) = sup {E {/ Q£V|¢52d3:| —VS(N)(QN)}.
0

QNeQM

Importantly, the parameter v remains unchanged and is thus independent of N.
Given a control ¢ € QN of Nature, the cost to player i € {1,..., N} is defined as

RUQN, yL, ... ) = XN [Cﬁ (gi (Xfau?l’""w)ﬂ
+EXN [/TQiVEi(sjwi)dS] 7
0
where

N
1 N 1
R S (32)
=1

T
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The N adversarial players are also in competition against Nature, whose reward is
given by

JVQY . N =B

N
i 7 1 N
oo (x )]
=1 (33)
+ EXN

T N
/ QY Zﬂ‘(s,wz)ds] — s (@),
0

i=1

where h : R" x Py_,(R") — R is a function satisfying the same properties as g (It
may be equal to g, but not necessarily).

The intuition is as follows: when Nature is frozen, players act as a in ‘standard’
N-game under the measure ¢PP; but Nature penalizes them by choosing the worst
(standing from players’ viewpoint) ¢ according to the reward J (N,

In this framework, we have

Definition 23. A tuple (QV, (¢',...,¢N)) € QW) x [AMIN is said to be a Nash
equilibrium (over open loop controls) if, for any other tuple (QV, (¥, ...,¢vN)) in
the same class, the following N + 1 inequalities hold true:

Ri (QN7 (w:L? ce ’wN)) S Rl (QN7 (wlw . '7¢i717¢i7wi+17 s 7¢N)) 9
fori=1,....,N, and

TMQN, W) = T (@Y ().

5.2 Approximate Nash equilibria

Strategy induced by a mean-field equilibrium. Thanks to Theorem 14, we can
consider one equilibrium to the mean-field game set over (MinMax[u]). We denote ¢*
the Nature equilibrium state, and ¥* the player equilibrium control. Both ¢* and ¢*
are defined on the space (£2, F,P). On the extended product space (X, FXN PxN)
we let, forany i =1,..., N,

q*’i(wl, CLWN) = q*(wi), w*’i(wl, CLWN) = w*(wi), (wi,...,wn) € Q<N

which makes it possible to define

N
Q*,N — qz
I

Below, we write X' for X»¥™" and we represent ¢** in the form ¢** = 5.(fd AR
dW?).

The strategy constructed in this way is called a mean-field strategy. It could also
be referred to as a distributed strategy in the following sense :

Definition 24. A strategy (Q = ¢*...q"N, (W', ..., ¥")) is said to be distributed if,
for each i € {1,... . N}, (¢*,4") is o(n', W?)-measurable.
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Players deviating from the mean-field equilibrium. The purpose of the para-
graphs below is to show that, in a certain sense, the mean-field strategy is an ap-
proximate equilibrium of the N-player game. The whole analysis is carried out under
the following assumption, which is rather stronger than A7-A9 but which suffices to
illustrate our approach:

Assumptions (continued)
A10 The function g is the sum of two functions

g(x, 1) = go(x) + g1(x, p),

where g satisfies A7, and g1 also satisfies A7, and is bounded and Lipschitz
continuous in (z, u), when Py_,.(R™) is equipped with the Fortet-Mourier dis-
tance.

It is easy to see that A8 and A9 are necessarily satisfied under A10.

In the statement below, we show that a player who unilaterally deviates from
the mean-field strategy can only expect a modest reduction in their loss. This cor-
responds to the classical result in mean-field game theory.

Lemma 25. Let A1-A10 be in force. Then, there exists a sequence (en)n>1 con-
verging to 0 such that, for anyi=1,...,N, and any ' € AN, it holds

Ri (Q*’Nv ¢*717 s Q/)*’i_la Q;Z)iv ¢*7i+17 s 7¢*7N) > Rl (Q*’Na ¢*71, s 7QJZ)*’N) —EN-

Proof. Throughout the proof, we use the convenient notation Xi= X0,
By Assumption A10, we can find a constant C, independent of N, such that, for
any i € {1,...,N}.

~ . *,1 T *, N ~ . %
BN (@ (g (&™) = g (R (0 P)x) )|

N *N . 1 1 *
< CE*Y |Q7 min | 1,dpm NZ5X;,J- +N5X%’(q P)x+
JFi
By Lemma 22, the term on the second line tends to 0 as N tends to 4+oc. Therefore,
we can find a sequence (ey)n>1, independent of ', such that

Ri (Q*N7 ol ’¢*,¢—1’1;z" e ’w*,N)
> B [0 (o (%4 Px)) ] + 2 [ @, gas] e

By convexity properties of the function ¢* in the space variable and of the function
/% in the variable v, we get

R <Q*,N’ 2p*,17 . ,w*,ifl, ,szi’ w*,i+17 e w*vN)
> BN QY (9 (X5 (¢B)x-) ) | + BV UOT A Y] Vi)ds]
+EXN [Q?Nvmg (X:’F’i, (q*P)X*) (X7 - X;’i)}

T
LR [ /0 QN bi(s, 45 - (5 — :ﬂ>ds}—eN.
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The rest of the proof is quite standard and just consists in verifying that the strategy
Y* is optimal. The only difficulty is that the process ¢’ is defined on the product
space XN, A careful inspection shows that the proof of [16, Lemma 40|, which
is based on It6 calculus arguments and from which we already derived Lemma 4,
remains the same. This shows that the sum of the third and fourth terms on the
right-hand side is equal to 0.

Reverting the computations, we deduce that

Ri (Q*’N7 d)*Ja e 7w*7i_17 121117 7/)*’i+1, cee 7¢N> Z RZ (Q*’N’ ¢*71’ T ’w*7N) —EN-

This completes the proof. O

Mimicking the empirical distribution under QY € QN) Deviations by Na-
ture are more difficult to understand, due to the multiple correlations that may arise
when modifying Q*". To overcome this difficulty, we rely on a rewriting of the cost
function, whose principle is as follows and applies only to distributed strategies.

Lemma 26. Let h in (33) satisfy A7 and A10, and let ¢ > 0. Then, there exists a se-
quence (en)n>1 converging to 0 such that, for any distributed strategy (QN, (L, ..., 9pN)) €
QW) 5 AN ayith, sup;—; . nS(¢") < ¢ and sup;_;  y S*(¥') < ¢, it holds

N
~r 1 ~ . 71 TN
Y7 ) h(X%,ﬁ e )]
=1

1Y 1 Y
N | ~i g s
_NZ;EX Ginh X%,Nz;qTéX% <en.
= J=

Proof. Throughout the proof, € denotes a fixed positive real. Moreover, we let ¢ be a
compactly supported function from R™ to R that is equal to the identity on the ball
B, (0, A) of center 0 and of radius A, for a certain A > 0, and satisfies |p(x)| < |z
for all x € R™. With the shorthand notation

Xb = p(Xt), ie{l,...,N},

we deduce from condition A10 (for h) that, for a constant C' independent of N and
of (@Y, (¥1,...,v")),

T T» N X% T 7N X%
i=1

i=1

S CEXN
=1

N
s - A 1 L
0¥ (1015 - 1+ 3001 ) )

S CEXN

N
- 1 -
N N
Qrlygizay + Z; Qr ﬂ{fcfpzA}] :
1=
Because the strategy QY is distributed, we have

EN (0N 5y 5] = BV @2y
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Since S(§') < ¢ and S*(¢') < ¢, we can choose A large enough, only depending on €
and ¢, such that the right-hand side is less than €/(2C); see Lemma 3.

Next, we follow the proof of Lemma 22 and consider an N-tuple (Y7,...,Yy) of
independent random variables, constructed on (2, F,P), such that Y; ~ (Q%PXN ) X5

for each i € {1,...,N}. We have
| X
1 .
h (Y 5 E_l 5yl>] .

LN

N o1

Nh (X ¥ d s XT>
i=1

Following the standard L*-proof of the law of large numbers, we can find a universal

constant C' such that, for any real-valued function ¢ that is bounded by 1 and 1-
Lipschitz continuous on the ball B, (0, A),

(IRELN
v 2P [ e

E*N =E

4

< (35)

C
NZ’

where
N

1 :
N _ ~i XN\
w= N Z}(QTP ) Xi-
1=
Call now (pg)r>1 a sequence that is dense (for the sup norm topology on the ball
B, (0,A)) in the set of real-valued functions that are bounded by 1 and 1-Lipschitz
continuous on the ball B, (0, 4). We deduce from the above bound (together with
Markov inequality) that, P-a.s.,

N
v e = [ et @

And then, using the compactness of the collection of real-valued functions on B, (0, A)
that are bounded by 1 and 1-Lipschitz continuous, we deduce that, P-a.s.,

Jim_dpyy <NZ‘5YZ ) =0.

Since the constant C' in (35) is universal, it is easy to see that the rate is independent
of QV, in the sense that the rate at which the sequence

(o))

tends to 0, for any given € > 0, is independent of QN.
Combining with (34), we deduce that there exists a sequence (enx)n>1, as in the
statement, but depending on A, such that

N
~ ~. 1
EXN !Q?h (X%, N Z;%?%)] —E [h (Yl,,uN)]
which we rewrite as

N
~ ~. 1
N
Qrh (X}, N 21 5)2;)

lim =0.

N—oo

<e+en,

EXN <e+en.

i C )
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For a given a > 0, we now let

G = qz_'pn{%ga}, i=1,...,N

and then,
1 N
~N . ~ mXNY
H -—Nz;(QTP )XlT‘
1=
We have

N
1 .
~N N N | ~
dem (07, 1) < NZEX [Q%ﬂ{qua}} :
=1
And, by (11), we can choose a large enough, only depending on ¢, such that the
right-hand side is less than ¢/C', where C' is the Lipschitz constant of h with respect
to the Fortet-Mourier distance. This shows that

N
~ ~ 1
N 1 . XN 1 ~N
o (. 3o, )| -2 b (i)
1=
Following (35), we can find another constant, still denoted by C, only depending on

a, such that, for any real-valued function ¢ on the ball B, (0, A), bounded by 1 and
1-Lipschitz continuous,

s Z iho(Xh) = [ ol @)

Proceeding as before, this shows that, for any € > 0, the sequence

N
1 A/L‘ ~
g <{dM <NZ‘1T5X%’“N> g }>
=1

tends to 0, with a rate that is independent of QV. And then, for a possibly new
choice of the sequence (en)N>1,

N
~ ~, 1
o (530,

i=1

EXN < 2¢+epn.

4

c
< N2 (36)

EXN _EXN

< 2e+epn.

N
- o1 1 i
i (3o, )|

It remains to see from condition A10 that, for a new constant C,

] e
fhmin (1,;;\59—45)]

N
1 ,
~1 . ~
¢ min (1, N E quIl{(jiTZa}>] .
i=1

And, thanks to (11), we can increase the value of a, only in function of ¢, so that the

right-hand side is less than e. This gives

1N
AN w1
Qrh (XT’N 215”;)

S CEXN

S CEXN

]EXN _]EXN

< 3e+epn.
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Arguing in the same way, we can substitute XZ} for X'% in the above display, assuming
that A is large enough and adding a new e in the right-hand side. Substituting
(X%,X%) for (X%,X%), for any § = 2,..., N, and averaging over the indices j €
{1,..., N}, we complete the proof. O

Lemma 26 leads us to introduce a surrogate reward for nature:

Definition 27. Given (QV, (¢!, ..., ¥N)) € QW) x [ANN we define the surrogate
reward for nature as

N N
L a1 .
Tt (QV 0, 0N) = BN Y aph! | X3, 5>t
i=1 j=1

+ ]EXN

) / gy (€' (s,95) — f7'(s,237)) ds| -
i=170

Lemma 26 ensures that, for distributed strategies (QV, (1!,...,%")), the costs
ggfﬁog (QN, Pl ,1/)N) and JW) (QN, Pl ,1/)N) are asymptotically close as N —
00. Although this result is restricted to distributed strategies, we focus below on the
surrogate reward, even for non-distributed strategies. Implicitly, this leads to the
construction of approximate Nash equilibria, but for the surrogate game. When the
game is restricted to distributed strategies, approximate equilibria of the surrogate
game are also approximate equilibria of the original game.

When the strategy derives from a mean-field equilibrium, the empirical measure
in the surrogate reward is governed by the following form of large of large numbers,
which can be established as in the second part of the proof of Lemma 26:

Lemma 28. Let (¢*, X%);>1 be an I.I.D sequence with the law of (¢, X) as common
distribution on (0,+00) x R™(the sequence being constructed on (2, F,P)), where
Elg] = 1. Then, P-almost surely,

1 N

lim — 5y = (qP
NﬂlooNz;q xi = (¢P)x,
1=

the limiting being understood for the marrow convergence.

Nature locally deviating from the mean equilibrium. In this paragraph, we
choose h = g in (33).

Our goal is to show that, in this case, the surrogate reward cannot increase as
a result of a local deviation, that is, when only the weight ¢ corresponding to the
noise W' to which player i is subjected is modified. Below, we denote by Q[i] the
collection of Doléans-Dade exponentials §' of the form (g := &(f; 23" - dW))teom)

with Z*i being FN -progressively measurable and satisfying
S@) =B [ aLf (s Z0as < 4o
0

Lemma 29. Let ¢ > 0. There ezists a sequence (en)nso converging to 0 such that,
for any i€ {1,...,N} and any §* € Qli] such that S(¢*) < c,

T (@01, ™) < T (@Y 07, ™) + Ney,
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with
AN %1 k=1~ kit N
T =4y ---49p qr49p  ---4p -

Proof. By Lipschitz property A10 of g,
EXN qz g X’l izq*d(s *j—}—i(ji(s i _g<X—i (Q*P)X*>
T T N — T "Xy NATUXE T T
JF

N
~i . 1 *,7 *
< CE*N | @ min [ 1,dpym NZqT’](SX;,j,(q P)x:
j=1

1 ..
N . *,0 ~i
+ CE~ |:II1111 <1,N|qT —qT>] :

By Lemma 28, we know that P-a.s.,
1
1 *,7 . * J—
Nh_IgodFM N Equ 0 xmd (¢"P)xz | =0.
j:

Since S(§') < ¢, we can use (11) to find a sequence (en)n>o converging to 0, only
depending on §* via ¢, such that

N
S 1 X, o
BN NG (9| X Do 0 0x —g(err,(q P)x;) < en.
j=1

Of course, we can proceed similarly with the coordinates k # i. o
Hence, denoting by Z** the representative of ¢, i.e. ¢' = E.(f; 25" - dAWY), we
obtain

‘-7S(u]¥r)og <QN7¢*’1, ceey 1/1*’N) <EXN [ff%rg (X;’i7 (Q%P)X;>}
[ (#0120 s
+ Z {EXN [q;ﬁr’jg (X:?’ja (CJ?P)X;H
JF#i
e[ U (B (s, ) — £ (s, 200 x|}
0
+ Nen.

To handle the first two terms on the right-hand side, we use the optimality of ¢**. As
in the proof of Lemma 25, the main subtlety comes from the fact that the probability
space is not supported by € but by Q%Y. That said, we can apply the same Ito
expansion as in the proof of [16, Lemma 32| to show that

BV |Ghg (X7 (a5P)x; ) | + BV [ / i (s 02y = (s, 22) ds]

0

< EXN [q;lg <X;’Za (Q}P)X;>} —I—EXN |:/0 q:,z (EZ(S, ;m) _ f*’l(S,Z:’*’z)) d8:| :
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from which we deduce that

N
T (@070 < 3O iy (X0 i)y
j=1
pE | [ (s0rt) - £, 20 ) 0
0

+ Nep.

Repeating the computations, but with ¢** substituted for §*, we get

TN (@0, 0N ) < T (@Y, 0™, ™Y + New.
This completes the proof. O

Nature globally deviating when the game is potential In this paragraph, we
assume that there exists a smooth function G : M(R"™) — R such that

0G d
g1(x, p) = E(%l‘) = %|E=O+G (n+edy), xeR™

We still assume A7 and A10.
We choose, as surrogate cost,

N N
. . 1 :
t7s(11]¥r)og (QNv ¢15 v 7¢N) = ]EXN Z Q%gO(X%) + NG N Z q%"’(SX%ﬂW
i1 j=1

+ ]EXN

S [ (s - i 2) ds] ,
=170

Lemma 30. Assume that the function G is flat concave on the cone of non-negative
measures. Then, for any constant ¢ > 0, there exists a sequence (eN)N>1, converging
to 0 such that, for any QN € QW) with sup;—; N S(7') <c¢,

TWog (QV 07N ) < T (QV, 0 Y ) 4 New,

Proof. By concavity of G,

N N
1 : 1 ,
N ~J ) N *,] .
EXN | NG NE iy || <EXY NG NE 0770y
j=1 j=1

al iq [ 1 &
N ~ *,0 *,7 *,0
+) E~ (‘ﬁ“_QTZ) o NZQTJ(SX;,J'7XTZ
=1 j

By proceeding as in the proof of Lemma 29, we deduce that there exists a sequence
(eN)N>1 converging to 0 and only depending on QV via ¢ such that

N N
1 " 1 ]
E*N |NG NE @y | | SEXY NG N§ 47 Oy
J=1 J=1

AN TR
+ E [(qu —ar ) T ((QTIP’)X;7XT’ )} + Nep.
=1
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Once again by [16, Lemma 32|,

o [(+ e 9G (.
;E |:<QT_QT)5M<(QTP)X%aXT )]

B | [ s 0100

M=

é —
i=1

N T . . ~ . . . .
S| [ (@ 2 - e ) s

=1

Combining the last two displays, we easily complete the proof. O
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