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We study a sequence of symmetric n-player stochastic differential games
driven by both idiosyncratic and common sources of noise, in which play-
ers interact with each other through their empirical distribution. The unique
Nash equilibrium empirical measure of the n-player game is known to con-
verge, as n goes to infinity, to the unique equilibrium of an associated mean
field game. Under suitable regularity conditions, in the absence of common
noise, we complement this law of large numbers result with nonasymptotic
concentration bounds for the Wasserstein distance between the n-player Nash
equilibrium empirical measure and the mean field equilibrium. We also show
that the sequence of Nash equilibrium empirical measures satisfies a weak
large deviation principle, which can be strengthened to a full large deviation
principle only in the absence of common noise. For both sets of results, we
first use the master equation, an infinite-dimensional partial differential equa-
tion that characterizes the value function of the mean field game, to construct
an associated McKean—Vlasov interacting n-particle system that is exponen-
tially close to the Nash equilibrium dynamics of the n-player game for large
n, by refining estimates obtained in our companion paper. Then we establish
a weak large deviation principle for McKean—Vlasov systems in the pres-
ence of common noise. In the absence of common noise, we upgrade this
to a full large deviation principle and obtain new concentration estimates for
McKean—Vlasov systems. Finally, in two specific examples that do not satisfy
the assumptions of our main theorems, we show how to adapt our methodol-
ogy to establish large deviations and concentration results.
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1. Introduction. Description of the model. In this article, we study Nash equilibria for
a class of symmetric n-player stochastic differential games, for large n. To describe our main
results, we first provide an informal description of the n-player game (see Section 2.3 for a
complete description). Let the empirical measure of a vector x = (x1, ..., x,) in (R%)" be
denoted by

l n
n
my=—3 by,
=

where 8, is the Dirac delta mass at x € R?, which lies in P(R?), the space of probability
measures on R?. Given independent R%-valued and R¢-valued Wiener processes W and
B!, ..., B" and R9-valued initial conditions (X(l), ..., X{), atime horizon T' < 00, an action
space A, a drift functional b : R x P(R?) x A — R? and two constant matrices o € R¢*4
and o € R?*%, with o nondegenerate, the state of the n-player game at time ¢ is given by
X, =X tl, ..., X7"), where the state X I of the ith agent follows the dynamics

(1.1) dX;=b(X|, my, . o' (t,X,))dt + 0 dB] +oodW;.

Here, o« : [0, T] x (Rd)” — A is a Markovian control that is chosen to minimize the ith
objective function

T . . .
(1.2) Jal, .. a") = E[./o F(Xp.m, o' (t, X)) dt + g(X7, m}r)]
for suitable cost functionals f and g. An n-tuple (a!, ..., @") is said to be a Nash equilibrium
of this game (in closed-loop strategies) if for every i =1, ..., n, and Markov control ¢,
Jl-"(al, U A L Lah) < ]i”(al, oo a et ol

Under suitable conditions, it was shown in [10] this game has a unique Nash equilibria
that can be characterized in terms of the classical solution of a certain partial differential
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equation (PDE) system called the Nash system, introduced in Section 2.3. If X = {X; =
x!, ..., X7, t €0, T]}, is the associated state process, then (m’)'(t)te[oj] is referred to as
the associated Nash equilibrium empirical measure. Under additional regularity conditions, it
was also shown in [10] that (m’}(t) te[0,7] converges, as n goes to infinity, to the unique equi-
librium (u,)se[0,7] of a certain associated mean field game (MFG), described in Section 2.4.
The equilibrium p = (us, t € [0, T']) is itself a stochastic flow of probability measures, and
can be described in terms of the value function of the MFG, which is the unique solution
to an infinite-dimensional PDE referred to as the so-called master equation (see Section 2.4
for full details). As we clarify below, the convergence of (m'}(t) 1€[0,7] t0 (1t)ref0,7] Must be
regarded as a Law of Large Numbers (LLN) for games of type (1.1)—(1.2).

Main results and strategy of proof. This is the second article in a two-part series, with
the first part [20] complementing the aforementioned LLN with a functional central limit
theorem; see [20] for a more thorough introduction and bibliography. In this work, we refine
the law of large numbers (LLN) convergence result of [10] mentioned above by establishing
non-asymptotic concentration bounds and large deviation results.

We first construct a related interacting diffusion system X = (71, ..., X") of McKean—
Vlasov type:
(1.3) dX; =b(t, X, m"y ) dt + o dB} + oy dW,,

for a suitable drift 5 defined in terms of the drift » and the solution to the master equation.
We then show that this McKean—Vlasov system is exponentially close to the Nash system.
More precisely, under suitable assumptions (see Assumptions A, B and B’ below) we prove
(see Theorem 4.3) that there exist constants C < oo and é > 0 such that for every a > 0 and
n > C/a we have

2”2

(1.4) PW, ca(m’y, m) > a) < 2ne™**"",

where W, ca denotes the p-Wasserstein distance on the space of probability measures on
the path space C¢ := C ([0, T]; RY) with finite pth moment. This is a refinement of cruder
estimates obtained in [10] and [20], relation (4.27), which are used to characterize LLN
and (central limit) fluctuations of the Nash equilibrium empirical measure from the MFG
equilibrium, respectively. The exponential equivalence estimate (1.4) reduces the problem of
establishing concentration estimates or LDPs for the (sequence of) Nash systems to that of
establishing analogous results for the (sequence of) McKean—Vlasov systems.

The following is the summary of our main results in the absence of common noise (i.e.,
when oo = 0):

1. We obtain concentration results for McKean—Vlasov systems of the form (1.3) (see
Section 5.2 and, in particular, Theorem 5.6), which are interesting in their own right. Prior
works on concentration for McKean—Vlasov systems [7, 8], motivated mostly by questions
of long-time convergence to equilibrium, restricted attention naturally to gradient drift coef-
ficients. We thus adopt a new approach, for Lipschitz but nongradient drifts, that yields not
only deviation probability bounds like those in [7, 8] but also full concentration of measure,

in the sense that Lipschitz functions of (71, e Yn) concentrate around their means. The
proofs rely on transport inequalities, crucially using a result of [22].

2. We use the exponential equivalence along with the result in (1) above to obtain concen-
tration results for quantities like

P( sup W, ga(my . ;) =€),
(te[o,pT] s (- 1) )
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for € > 0 and for exponents p € {1, 2} (see Corollaries 3.3 and 3.5); here, Wp’Rd is the p-

Wasserstein distance on the space of probability measures on R? with finite pth moment.
In fact, these bounds are consequences of more powerful results we obtain on concentration
of Lipschitz functions of X (see Theorems 3.2 and 3.4). Notably, we show that as soon
as the i.i.d. initial states (X 6)?:1 obey a dimension-free concentration of measure property,
then so do the Nash systems. In addition, under modest additional assumptions, we obtain
comparable results on the rate of convergence of the equilibrium controls in the n-player
game to the MFG equilibrium control (see Theorem 3.9).

3. We show (in Theorem 3.10) that the sequence ((m’}(t),e[oyr])neN obeys a large deviation

principle (LDP) in the space of continuous paths taking values in the space P(R%), equipped
with the W, ps metric. We explicitly identify the rate function in a form similar to that of
Dawson—Gértner [19]. Our LDP can be obtained essentially by bootstrapping known large
deviations results for McKean—Vlasov systems, such as those in [2, 9, 19]. Indeed, the result
then nearly follows from the exponential equivalence (1.4) and [19], except that our drift
coefficient b in (1.3) is (necessarily) time-dependent. In any case, we provide a complete
proof because, in our setting with constant volatility coefficients, a relatively simple argument
is available based on contraction mapping and, furthermore, because a similar argument is
required for the LDP in the presence of common noise described below, for which there are
no previous results.

In the presence of common noise (i.e., og # 0), the LDP we obtain for ((m’}(t) 1€[0,TPneN
is in fact a weak LDP, with a rate function that fails to be a good rate function; that is, the
rate function does not have compact level sets (see Theorem 3.11).

Our results on concentration and large deviations appear to be the first of their kind for
diffusion-based MFGs. Moreover, in the McKean—Vlasov setting, our concentration bounds
and our weak LDP in the case with common noise appear to be new as well. The recent
papers [1, 16, 17] develop similar techniques for MFGs with finite state space and without
common noise, using the (finite-dimensional) master equation to connect the n-player equi-
librium to a more classical interacting particle system, and then transferring limit theorems
(specifically, a LLN, CLT and LDP) from the latter to the former. Notably, the second and
third author recently developed in [31] a quite general LDP for static (i.e., one-shot) mean
field games, but the methods used therein do not seem adaptable to dynamic settings. To the
best of our knowledge, there are no prior results on LDPs in the presence of common noise
or concentration bounds for MFGs, whether in finite or infinite state space, or for static or
dynamic games.

Required assumptions and examples. As further elaborated in [20], the above results are all
proven under admittedly very strong hypotheses, namely Assumptions A, and Assumption B
or B/, which are spelled out in Section 2.5. That said, the same strategy of connecting the
n-player equilibrium and a corresponding McKean—Vlasov system in order to transfer limit
theorems seems to be more widely applicable than our rather restrictive assumptions might
suggest. We illustrate this in Section 7 via two models, the linear-quadratic model of [14]
and the Merton-type model of [32], which admit explicit solutions for both the n-player and
mean field games. Taking advantage of the explicit solutions, we are able to derive similar
concentration bounds and LDPs for these systems in spite of unbounded coefficients and
other technical impediments.

Organization of the paper. In Section 2, we introduce common notation, describe the Nash
system, the master equation, the MFG and the main sets of assumptions. In Section 3, we give
precise statements of the main results, with the concentration bounds in Section 3.1, and the
large deviations results in Section 3.2. The proofs of the concentration bounds and LDP are
given in Sections 5 and 6, respectively. These rely on exponential estimates between the Nash
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system and the master equation, which are first developed in Section 4. Section 7 provides two
examples that are not covered by the main theorem, but for which the general methodology
can still be shown to apply. Finally, we discuss some open problems in Section 8.

2. Nash systems and master equations.

2.1. Notation and model inputs. For a topological space E, let P(E) denote the set of
Borel probability measures on E. Throughout the paper, we make use of the standard notation
(i, ¢) :== [ @ dp for integrable functions ¢ on E and measures x on E. Given n € N, we
often use boldface X = (xy, ..., x,) for an element of E”, and we write

1 n
n ,__
my = — E Ox;
i

for the associated empirical measure, which lies in P(E). When (E, || - ||) is a normed space,
given p € [1, 00), we write PP(E, | - ||), or simply P?(E) if the norm is understood, for
the set of u € P(E) satisfying (u, || - ||”) < oo. For a separable Banach space (E, || - ||), we
always endow PP (E, || - ||) with the p-Wasserstein metric W), (g, |.) defined by

1/p
@1 Wpey e i=int( [ e = yiPaxdy)
ExE
where the infimum is over all probability measures 7 on £ x E with marginals p and v.
When the space E and/or the norm || - || is understood, we may omit it from the subscript in

Wh.(E,|-I)» for example, by writing W,,, or W, g, or W, ;.
For a positive integer k, we always equip R* with the Euclidean norm, denoted | - |, unless
stated otherwise. For fixed T € (0, co), we will make use of the path spaces

ck:=c(0,T];R¥), keN,

which are always endowed with the supremum norm ||x || o = Sup; o, 77 |%¢|- For m € P(Ch
and ¢ € [0, T'], we write m; for the time-# marginal of m, that is, the image of m under the
maka 5 x> x, € RE,

2.2. Derivatives on Wasserstein space. The formulation of the master equation requires
a suitable derivative for functions of probability measures. This section defines this notion of
derivative, but it is worth noting that this paper will make no use of this notion of derivative
except to state the master equation and the assumptions we impose on its solution. The main
estimates derived in Section 4 of the companion paper [20] make use of properties of this
derivative, but in this paper we simply apply these estimates.

For an exponent g € [1, 00), we say that a function V : P7(RY) — R is € if there exists

a continuous map g—x : P1(RY) x R? — R satisfying:

(i) For every W, pa-compact set K C P4 (R?), there exists ¢ < oo such that
Sup,,cx |§—X1(m, V)| < c(l+ |v]|9) forall v e RY.
(ii) For every m, m’ € P4(R?),

1 3%
2.2) V(m') — V(m) = /0 fR 5 (= ) = m)(dv) dir.

Note that the condition (i) is designed to make the integral in (ii) well-defined. Only one
function 2—,‘; can satisfy (2.2), up to a constant shift; that is, if 2_; satisfies (2.2) then so does

g—; + ¢ for any ¢ € R. For concreteness, we always choose the shift to ensure

8V
/Rd %(m, v)ym(dv) =0.
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If %(m, v) is continuously differentiable in v, we define its intrinsic derivative D,V :
P?(RY) x RY — R? by

sV
Dy, V(m,v) = Dv<—(m, v)),
om

where we use the notation D, for the gradient in v. If, for each v € RY, the map m —
% (m,v)is €, then we say that V is ¢ 2 and let ‘;m—‘g denote its derivative, or more explicitly,

82V N8 [8V ,
m(m, v, V') = —(—m(-, v))(m, v').

We will also make some use of the derivative
Dy Dy, V(m,v) = Dv[Dm V(m, U)],

when it exists, and we note that D, D,, V takes values in R?*4: for some results, we will also
. . .. . . o k1
consider higher order derivatives D{ij V (m, v) with values in R9*xd =~ R4 " fork eN.

Finally, if V is 2 and if g%(m, v, V') is twice continuously differentiable in (v, v'), we let

82V
D,%lV(m, v,v') = D>

v,v/m(m, v, V')

denote the d x d matrix of partial derivatives (9, 8,)} [82V/8m2](m, v, v"));,j. Equivalently
(see Lemma 2.4 in [10]),

D2V (m,v,v") = Dp (D V (-, v))(m, V).

2.3. Nash systems and n-player games. We fix throughout the paper a filtered probability
space (2, F,F = (Ft)ieq0,7]. P), supporting independent [F-Wiener processes W of dimen-
sion d (called common noise) and (Bi)l.oi | of dimension d (called idiosyncratic noises) (we
choose the dimension of the idiosyncratic noises (B! )72, to be equal to the dimension of the
state space for convenience only), as well as a sequence of i.i.d. Fy-measurable R¢-valued
initial states (Xf))j’i | with distribution fg.

We describe the n-player game and PDE systems first, deferring a precise statement of
assumptions to Section 2.5. We are given an exponent p* > 1, an action space A, assumed to
be a Polish space and Borel measurable functions

(b, £): R x PP (RY) x A — R x R,
g R x PP (RY) - R,
along with two matrices o € R4%d and oo € R9*do_where o is nondegenerate.

In the n-player game, players i = 1,...,n control the state process (X; = X!,
X))tefo, 11, given by

(2.3) dX} =b(X| my, o' (t,X,)dt +0dB] +oodW;,

where we recall that m’,’(t denotes the empirical measure associated with the vector X ;. Here,
o is the control chosen by player i in feedback form. The objective of player i is to try to

choose ! to minimize

J”’i(al,...,a")zE[/
0

T _ , .
f(X;,m o' (1, Xy))dt + g(X, m’;(r)i|
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A (closed-loop) Nash equilibrium is defined in the usual way as a vector of feedback functions
(a', ..., a"), where o : [0, T] x (R%)" — A are such that the SDE (2.3) is unique in law,
and

J"’i(al,...,a”)f J”’i(al,...,ai_l,&,ai“L],...,o/’),

for any alternative choice of feedback control & such that the SDE (2.3), with o' replaced by
@, is unique in law.

From the work of [3], we know that a Nash equilibrium can be built using a system of HIB
equations. Define the Hamiltonian H : R? x PrRY) xRY > R by

H(x,m,y) = in/f‘[b(x, m,a)-y+ f(x,m,a)].

Assume that this infimum is attained for each (x, m, y), and let @(x, m, y) denote a mini-
mizer; we will place assumptions on the function & in the next section. Although we do not
explicitly require @ to be unique, the reader must be aware of the fact that Assumption A
stated below is rather constraining. For instance, Assumption A requires the existence of a
smooth solution to the master equation, which is described in detail in the next subsection. In
all existing works on the subject, existence of a smooth solution to the master equation is in
fact proven under the assumption that &(x, m, y) is unique (see, for instance, [13, 18, 26]).
In [10], the Hamiltonian is smooth and b(x, m, a) = a: Following the proof of Theorem 2 in
[35], uniqueness of the minimizer follows. It is convenient to define the functionals b and f
on R? x PP"(RY) x RY by

04 E(x,m,y):b(x,m,b?(x,m,y)) and

fA(x9m9 )’) - f(x9 mva(x’ m, y))’

and note that then
(2.5) H(x,m,y)=b(x,m,y) y+ f(x,m,y).

The n-player Nash system is a PDE system for n functions, (v : [0, T] x (R%)" — R)?_,,
given by

™ (¢, x) + H (xi, my, Dy (1, %))

n
+ Z ijv"’i(t,x)-B(Xj,mZ,ijv”’j(t,x))
J=1j#i

(2.6) 1 & .
+3 > Tr[D)%jvxj Vi, x)o0 1]
j=1

1 < ;
+5 > Tr[D)%j,ka"”(t, x)o00g | =0,
=1

with terminal condition v/ (T, x) = g(x;, m%).
Using (classical) solutions to the n-player Nash system, we may construct an equilibrium
for the n-player game. The ith agent uses the feedback control

[0, T1 x (RY)" 3 (1, %) > G(x, m", Dy, v™ (2, x)).
As a result, the in-equilibrium state process X = (X!, ..., X") is governed by

2.7) dXi=b(X!,m%,  Dyv" (t,X,))dt + 0 dB} + ogdW,,
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with b defined in (2.4). Under Assumption A of Section 2.5 below, the SDE (2.7) is uniquely
solvable. Indeed, due to Assumption A(4), D, V™! is at most of linear growth; moreover,
the second derivatives of v™ exist and are continuous, which ensures that Dy, vl s locally
Lipschitz. Also, Assumption A(1) and the fact that x — m, is a Lipschitz function from
(R to (PP"(RY), W« ra) ensure that the SDE system (2.7) has a unique strong solution.

2.4. The mean field game and master equation. The master equation is a PDE for a
function U : [0, T] x R? x pr’ (R —> R, given by

0=20,U(t,x,m)+ H(x,m, DyU(t,x, m))
1
+ 3 Tr[(co " + oooq ) D2U (t, x,m)]

+ /d B(v, m, D U(t,v,m)) - D, U(t,x,m,v)dm(v)
R

(2.8) —i—l Tr[(ao + 000y )D Dy U(t,x,m,v)]dm(v)

2 1/ Tr[ 0000 U (8, x,m, v, v")]dm(v)dm(v')
R!
—i—/ ZTr[aoaOTDxDmU(t,x,m, v)|dm(v),

Rl

for (1, x,m) € (0, T) x RY x PP*(R?), with terminal condition U (T, x, m) = g(x, m). The
connection between the Nash system and the master equation is clarified in [10] and Propo-
sition 4.1 of [20]; roughly speaking, VRt x) s expected to be close to U (t, x;, m%) as n
tends to infinity.

Just as the n-player Nash system was used to build an equilibrium for the n-player game,
we will use the master equation to describe an equilibrium for the associated mean field game,
described below. First, consider the McKean—Vlasov equation

dX, :B(X,, e, DLU(t, X, ,U«t)) dt

(2.9)
+0dB! +00dW,, w=LEX|W),

with initial condition X = X(l), where L(X|W) denotes the conditional law of X given
(the path) W, viewed as a random element of 2L (C%). Here, a solution X = (X)refo.1]
is required to be adapted to the filtration generated by the process (X é, W, Btl)te[O,T]- No-
tice that necessarily wu; = L(X;|W) = L(X;|(Wy)sef0,1]) a.s., for each ¢ € [0, T], because
(Ws — W;)s>: 1s independent of (X, W)s<;. Assumptions A(1) and A(S), stated in Sec-
tion 2.5 below, ensure that there is a unique strong solution to (2.9); this follows from a
straightforward adaptation of the arguments in Chapter 1 of Sznitman [37] (cf. Section 7 of
[15], Section 7, and Section 2.1 of [13]). For the reader who is more familiar with the PDE
formulation of mean field games, we emphasize that the process (u;)s¢[0,1] 1s a weak solution
to the stochastic Fokker—Planck equation

.~ 1
dpe = —div(b(-, e, DxU (2, -, pur)) pur) dt + 3 Tr[ D2, (00 T 4 o9oq )] dt

—( xMt) dWwy,

for ¢ € [0, T'], which follows from a straightforward application of Itd’s formula to the process
(¢ (X1))tefo,1) for smooth test functions ¢.
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Since U is a classical solution to the master equation with bounded derivatives (see As-
sumptions A(1) and A(5) in Section 2.5 below), it is known that the measure flow @ con-
structed from the McKean—Vlasov equation (2.9) is the unique equilibrium of the mean field
game; see, for instance, Proposition 5.106 in [12]. A mean field game equilibrium is usually
defined as a fixed point of the map @ that sends a W-measurable random measure . on C¢
(such that (u/)sef0,7] 1s adapted to the filtration generated by W) to a new random measure
® (1), defined as follows:

(i) Solve the stochastic optimal control problem, with u fixed:

T
il [ (X5 )i+ (65 ) |
s.t.dX, =b(X%, w, ;) dt + o dB! + oodW,,

where (o;):c[0,7] 1s an A-valued progressively measurable process (with respect to the filtra-
tion generated by Xo, B and W) such that SDE admits a unique strong solution and the cost
functional makes sense (to simplify, we use strong solutions when dealing with stochastic
optimal controls over open loop controls).

(ii) Letting X* denote the optimally controlled state process, set ® () = L(X*|W).

Note that if the optimization problem in step (i) has multiple solutions, the map ¢ may be
set-valued, and we seek p such that u € ®(u). The original formulation of Lasry and Lions
[33] is a forward—backward PDE system, which is essentially equivalent to this fixed-point
procedure, when o = 0. When og # 0, the forward—backward PDE becomes stochastic, but
the same connection remains. For more details on the connection between the master equation
and more common PDE or probabilistic formulations of mean field games, see [4, 5, 11] or
Section 1.2.4 in [10]. For our purposes, we simply take the McKean—Vlasov equation (2.9)
as the definition of u.

2.5. Assumptions. The following standing assumption holds throughout the paper, and
this is notably the same standing assumption as in the companion paper [20] (specifically,
Assumption A therein).

ASSUMPTION A.

1. A minimizer &(x,m,y) € argmingea[b(x,m,a) - y + f(x,m,a)] exists for every
(x,m,y) e R¢ x PP (RY) x RY, for some p* € [1, 2] such that the function Z(x, m,y) de-
fined in (2.4) is Lipschitz in all variables. That is, there exists C < oo such that, for all
x,x',y,y €eRY and m, m’ € PP"(RY),

b, m,y) —b(x',m',y)| < C(|x = x'| + Wy (m,m') + |y — '

)-

where W« is shorthand for Wp*’(Rd’H).

2. The d x d matrix ¢ is nondegenerate.

3. The initial states (X4)%, are i.i.d. with law 19 € PP’ (R) for some p’ > 4.

4. For each n, the n-player Nash system (2.6) has a classical solution (v i_i» in the
sense that each function v (¢, x) is continuously differentiable in # and twice continuously
differentiable in x. Moreover, Dy, v™! has at most linear growth and v"! has at most quadratic
growth, for each fixed n, i, j. That is, there exist L, ; < oo and L, ; j< oo such that, for all

t €[0,T] and x € (RY)",
| D v (1, %) < L j (14 |x1),
W, x)| < Lo (14 |x)?).
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5. The master equation admits a classical solution U : [0, T] x R? x P>(R%) 5 (¢, x, m)
U(t, x,m). The derivative D, U(t, x, m) exists and is Lipschitz in (x,m), uniformly in ¢
(with respect to the metric W)« for the argument m € prt (R%)), and U admits continuous
derivatives 3,U, D, U, D,,U, D?U, D,D,U, DD, U and D2 U. Moreover, DU, D,,U,
D, D,,U and D,%1 U are assumed to be bounded.

Recall that |x| in A(4) is the Euclidean norm of x € (R?)"; in some places, we denote it by
lx|l,..2 in order to distinguish it explicitly from other norms, as in Section 3.1 below. We also
need some assumptions on the growth of the function £, defined in (2.4), using of course the
same function & from Assumption A(1). We provide two alternatives.

ASSUMPTION B. f(x, m, y) is Lipschitz in y, uniformly in (x, m). That is, there exists
C < oo such that, for all x, y, y' € R? and m € PP (RY),

|F e, m, ) = Flx,m, )| <Cly =

ASSUMPTION B’.

1. The solution U to the master equation is uniformly bounded.

2. TAhe Nash system solutions (v””');’:1 are bounded, uniformly in n and i.

3. f(x,m,y) islocally Lipschitz in y with quadratic growth, uniformly in (x, m). That is,
there exists C < oo such that, for all x, y, y' € R? and m € PP" (]Rd),

|Fee,m,y) = Fle,m, YN <C(A+ Iyl + [y )]y =y

These are admittedly very heavy assumptions, but they do cover a broad class of models.
We refer the reader to the end of Section 1 and Section 2.4 in [20] for a detailed discus-
sion and references. Notice that we do not place any assumptions directly on the terminal
cost function g, but A(5) along with the boundary condition U (T, x, m) = g(x, m) impose
implicit requirements on g.

3. Statements of main results. This section summarizes the main results on the
n-player Nash equilibrium empirical measures (m’y),>1 and on their marginal flows
((m’)‘(l),e[oj])nzl, defined by the SDE (2.7). Proofs are deferred to later sections. It is help-
ful to first recall the associated law of large numbers associated, regarding the convergence
of (m'y)n>1 to u, where u is defined by the McKean—Vlasov equation (2.9). The first part
is quoted from [20], and we elaborate here on the rate of convergence in various metrics.
Define, for p € [1, 2], the constants

n=1/2 ifd <2p,
(3.1) Fap=1n"Ylog(1 +n) ifd=2p,
n—rH ifd >2p.

The following law of large numbers is a slight elaboration on Theorem 3.1 of [20] and The-
orem 2.13 of [10], with the short proof deferred to the end of Section 5.3.

THEOREM 3.1. Suppose Assumption A holds, as well as either Assumption B or B'.
Then, with p* € [1,2] as in Assumption A,

lim E[sz,cd (m'y, n)] =0,

n—oo
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and there exists C < 0o such that, for eachn > 1,

sup E[WF,
1€[0,T] p

E[ sup Wi ga(m,. )] < Cn=2/0F0),
tel0,T]

Rd (mr)l(,v Mt)] =< Crn,p*’

The two different ways of estimating the rate of convergence in Theorem 3.1 (with the
supremum over ¢ inside or outside of the supremum) are somewhat standard in the theory of
McKean—Vlasov equations and related particle systems. See, for instance, [10] and Chapter 6
in [13] for earlier applications in the framework of MFGs. A key point is that the distance
between the initial sample in the n-player game and the initial theoretical distribution is kept
stable under the Nash equilibrium dynamics. As a result, all known estimates for the rate
of convergence in Theorem 3.1 do depend on the dimension d, which is a consequence of
existing results on the fluctuations of the empirical distribution of a sample of i.i.d. random
variables in R? (see, for instance, [25]). In the central limit theorem of our companion paper
[20] (see Theorem 3.2 therein) the dimension d also plays a notable role in the smoothness
assumptions required of b and in the precise space in which the limit is formulated.

3.1. Concentration inequalities in the absence of common noise. We next look for a
concentration bound for the empirical measure m’y of the Nash system, in the case of no
common noise, that is, og = 0. Precisely, we work here with the empirical measure of the full
paths, so that m'y is a random element of P(C?). We derive in this section an estimate on

POW e ca(m’k, 1) > €), €>0.

The proofs of the main results, Theorems 3.2 and 3.4, of this section are given in Section 5.4.
In the following, we consider two different choices of norms on cHn, namely the ¢! and
¢2 norms. For x = (x!, ..., x") € (CH", let

n n
Wl = % Ixllaz= | D)2
i=1 i=1

Note that we still always use the standard sup-norm | - |5, on C4, defined by [|X]leco =
sup;¢po. 77 1*¢|, where | - | is the usual Euclidean norm on R?. For a normed space (E, || - |,
write Lip(E, || - ||) for the set of 1-Lipschitz functions, that is, the set of f : E — R with
|f(x)— f()| <|lx —y] forall x, y € E. If the norm is understood, we write simply Lip(E).

Recall in the following that pq is the law of the initial state (see Assumption A(3)). We
now state our first concentration result.

THEOREM 3.2. Assume p* =1 and oy = 0, and suppose Assumption A holds, as well
as either Assumption B or B'. Assume there exists k > 0 such that

(3.2) ,/];Qd exp(k |x|?) po(dx) < oo.

Then there exist C < oo, § > 0 such that, for every a > C, every n > 1 and every ® €
Lip(CH", || - |,.1), we have

(3.3) P(®(X) — ED(X) > a) < 3nexp(—da’/n).

We quickly obtain a probabilistic rate of convergence, complementing Theorem 3.1.
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COROLLARY 3.3. Under the assumptions of Theorem 3.2, there exist C < oo and § > 0
such that, for every a > 0 and every n > C/min{a, ad+8}, we have

(3.4) IP’( sup W pa(m% ., ps) > a) <3nexp(—8a’n).
sel0,7] '

PROOF. Note that x > sup,co 77 Wl’Rd(mgs,/Ls) is (1/n)-Lipschitz from (A
I - 1l,,1) to R. Observe also from Theorem 3.1 that
—1/(d+8)

]E[ sup W ga(m’_, ;Ls)] <cn
5€[0,T]

for some ¢ < 0o. Then, for any a > 0,

]P’( sup Wy ga(mx_, is) >a)
s€[0,T]

< IP’( sup Wy ga(mx_, its) — E[ sup W ga(m’,, ,us)] > a/2)
5€[0,T] 5€[0,T]

—}—IP’(IE[ sup W ga(m,, ug)] > a/Z).
s€[0,T]
The second term vanishes if cn~!1/@+8) < 4/2. The first term is bounded by the right-hand
side of (3.4) when an > 2¢, with ¢ being defined as the constant C in the statement of Theo-
rem 3.2. The corollary then holds with C = max((2¢)?*8,2¢). O

The proof of Theorem 3.2 relies on the following well-known result of concentration of
measure, borrowed from Theorem 2.3 of [22] and Theorem 3.1 of [6], which asserts that the
following are equivalent:

(1) o satisfies (3.2) for some x > 0.
(ii) There exists ¥ > 0 such that, for every ¢ € Lip(R%), we have

1o(¢ — (1o, ) > a) < exp(—a’/2).

(iii) There exists a finite constant x > 0 such that

(3.5) W) e (R0, v) < /2R (V| 110), for every v € P'(RY) with v <« po.
Here, R denotes relative entropy, defined by

dv 1 dv J ifo«
—log——dpo 1mv K upo,
(3.6) Rw|pmo) = dpo  ~dpo

00 otherwise,

where v < 1 denotes that v is absolutely continuous with respect to wo. In fact, the change
in the constant k required between each of the conditions (i)—(iii) is universal, in particular
independent of both ¢ and the underlying metric space. We refer the reader to the book by
Ledoux [34] for more discussion on concentration of measure and alternative formulations
of (ii), some of which we collect in Section 5.1. The idea behind the proof of Theorem 3.2,
given in Section 5.4, is to show that the law of the solution X on the path space (C?)" satisfies
a transport inequality like (3.5) with a constant that depends optimally on the dimension 7.
If we are willing to strengthen the condition (3.2), then we may sharpen Theorem 3.2 to
make it dimension-free, in the sense that the bound will no longer depend on n. The proof
of Theorem 3.4 below has a similar flavor to that of Theorem 3.2. The starting point for our
strengthening of Theorem 3.2, in Theorem 3.4, is the remarkable result of Gozlan [27] that
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shows that dimension-free concentration is equivalent to the following quadratic transport
inequality:

3.7 W, rd (10, V) < /2kR(v|pmg), foreveryv e Pz(Rd) with v < .

More precisely, there exists a finite constant x > 0 such that (3.7) holds if and only if there
exists 8§ > 0 such that for every n € N, every f e Lip((R%)") (using the usual Euclidean
metric on (R4)"), and every a > 0 we have

wo(f = (1. f) > @) < exp(—ba’).
By now, many probability measures are known to satisfy (3.7). The standard Gaussian mea-
sure on R?, for instance, satisfies (3.7) with x = 1. More generally, if puo(dx) = e V) gy
for some twice continuously differentiable function V on R¢ with Hessian bounded below
(in semidefinite order) by ¢/ for some ¢ > 0, then pg satisfies (3.7) with x = 1/c; see Corol-
lary 7.2 in [28]. Of course, Dirac measures satisfy (3.7) trivially.
The following theorem is analogous to Theorem 3.2 but assumes (3.7) in place of (3.5), or
equivalently (3.2).

THEOREM 3.4. Assume og = 0, and suppose Assumption A holds, as well as either
Assumptions B or B'. Assume there exists a finite constant k > 0 such that (3.7) holds. Then
there exist C < 0o and 81,82 > 0 such that, for every a > 0, every n > C/a?, and every
® € Lip((C", || - l.2), we have

(3.8) P(d(X) — ED(X) > a) < 2nexp(—81a’n) + 2exp(—82a?).
We immediately obtain an improvement of Corollary 3.3.

COROLLARY 3.5. Under the assumptions of Theorem 3.4, there exist C < oo and
81, 62 > 0 such that, for every a > 0 and every n > C/ min(a, ad+8), we have

(3.9) ]P’( S[l(l)p ]WZ’Rd (m'y . s) > a) < 2nexp(—81a*n?) + 2exp(—82a>n).
sel0,T

PROOF. Similar to Corollary 3.3, this follows from Theorem 3.4: Note first that the map-
ping x = supycio. 7] Wa.rd (m?cs, s) 18 n_l/z—Lipschitz from ((C4)", Il - Il,.2) to R. Then, by
Theorem 3.1, we have

E[ sup WRd,z(mr)l(x,Ms)] < cn~1/U@FY)
s€[0,T]

for a constant ¢ < oco. [

A final notable corollary allows us to estimate the distance between the n-player and k-
player games, for different population sizes n and k. This follows immediately from Corol-
laries 3.3 and 3.5, using the triangle inequality.

COROLLARY 3.6. Under the assumptions of Theorem 3.2, there exist C < oo and § > 0
such that, for every a > 0 and every n, k > C/ min{a, ad+8}, we have

IP’( sup Wi ga(my ,m% ) > a) < 3nexp(—8a’n) + 3k exp(—8a’k).
s€[0,T] ’ ’
Alternatively, under the assumptions of Theorem 3.4, there exist C < oo and 81, 82 > 0 such
that, for every a > 0 and every n, k > C/min(a, a?*%), we have

IP’( sup W, ga(m m]%s) > a) < 2nexp(—81a*n?) + 2exp(—8ra*n)
5€[0,T]

4 2k exp(—81a°k?) + 2exp(—82a%k).
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REMARK 3.7. The exponent d + 8 that appears in all of the corollaries of this section
is suboptimal, stemming from our application of the second part of Theorem 3.1 (which
hinges on results of [29]). But we obtained a better rate (coming from [25]) in Theorem 3.1
by taking the supremum outside of the expectation. With this in mind, one easily derives
analogs of Corollaries 3.3, 3.5 and 3.6 in which the supremum is outside of the probability
and expectation. For instance, in the setting of Corollary 3.3, there exist constants C < 0o
and 8 > 0 such that for every a > 0 and n € N satisfying a > C max{n~', r,,.1} we have

sup POV ga(m'y , ts) > a) <3n exp(—8na?).
s€[0,T]
The key advantage is that the requirement @ > C max{n~', r, 1} is much weaker; for a fixed
a this inequality “kicks in” for much smaller n, as r;, | < n~1/@d+8),

REMARK 3.8. When there is common noise, it is natural to wonder what remains of
these concentration bounds. One certainly cannot expect exactly the same results to hold,
because concentration requires a degree of independence; for example, in the degenerate
case where X' = W for all i, and Theorems 3.2 and 3.4 clearly fail. See Remark 5.7 for a
brief discussion of this possibility.

Lastly, we discuss similar concentration inequalities for the in-equilibrium controls them-
selves. We find that the results are most naturally stated in terms of the natural coupling of
the in-equilibrium state processes with i.i.d. copies of the solution of the McKean—Vlasov
equation, driven by the same Brownian motions and initial states

dX =b(X], s, DU(t, X!, ;) dt + 0 dBl +00dW;, u=L(X'|W),

with initial condition Xé =X 6, where £(X?|W) denotes the conditional law of X given (the
path) W. The proof of the following is given in Section 5.4.

THEOREM 3.9. Suppose Assumption A holds, as well as either Assumptions B or B'.
Assume @(x,m, y) is Lipschitz on R? x PP"(RY) x RY. Define the in-equilibrium controls

ot =@(Xi, my , D™ (1, X)),
and the limiting controls
ﬁtl = 6‘\(Xti» e, DUt Xti’ 1)),
fort €[0,T). Then, with r,_  defined as in (3.1), we have for eachn > 1

1 T, -
3.10 E| - Wt BHP dr | < Cry pr.
( ) |:n ;/0 ’O{t :3;} ] =Crup

If we assume also that oo = 0, then:

(1) If p* =1 and (3.2) holds for some x > 0, then there exist C < o0 and §1 > 0 such
that for every a > 0 and every n > C/min{a, a®*8},

n
1 T n,i i|2 2 —81an —8ra’n?
P —E lo/"" — B;|"dt > a” | <3ne + 2ne .
n =1 0

(i) If (3.7) holds for some k > 0, then there exist C < 0o and 81, 8> > 0 such that for
every a > 0 and every n > C/min{a, a®*8},

1 T n,i i2 2 —81an? —82a’n
P —E / la"t — B;|"dt > a” | <4ne™* 4+ 2e72 ",
n':] 0
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The assumption that & is Lipschitz in its arguments is not unreasonable; it is valid in the
most common case where b(x,m,a) =a and f(x,m,a) = —%|a|2, for example. See also
Section 3.1.4 of [12] for additional examples, at least when & does not depend on the measure,
together with Lemma 6.18 in Chapter 6 of [12] for cases when & is allowed to depend on w.
Notably, the controls appear in Theorem 3.9 integrated in time; analogous results, with the
integral replaced by a sup,¢[o 71, would require a very different and likely more involved
argument.

3.2. Large deviations. In this section, we state a large deviation principle (LDP) for
the sequence (m’)’(t)te[oj] regarded as a sequence of random variables with values in the

space C([0, T1; P (RY)), where P!(R?) is equipped with the 1-Wasserstein distance, and
C([0, T1; P'(RY)) is equipped with the resulting uniform topology. Below, let C2° (R?) de-
note the space of smooth compactly supported functions on R¥. It is convenient here to define
b(t,x,m) = B(x m, DU (t, x,m))
(3.11)
= b(x,m,&(x,m, D,U(t, x,m))),
with & being the minimizer in Assumption A(1).

Following [19], we now introduce the action functional, which requires the following def-
inition: we say that a distribution-valued path ¢ — v, defined on [0, T'] is absolutely continu-
ous if, for each compact set K C R¢, there exists a neighborhood Uk of 0 (for the inductive
topology) in the space Cx (R?) of functions in Ccx (R4) whose support is included in K and
an absolutely continuous function d¢ : [0, T] — R such that

e, £) = (s, )] < 8k (1) = 8k ()|, 5,1 €0, T, f € Uk.

We refer to [19] for more details. The action functional I : C([0, T]; P'(R%)) — [0, oo] is
then given by

LT, « 2 . . .
(3.12) =13 /(; |or — L5, ve [, dt - if £ > vy is absolutely continuous,
00 otherwise,
where, for (¢, m) € [0, T] x P (R?), E;"’m is the formal adjoint of the operator
1 ~
Limp= 5 Tr[oaTngo] + Dy - b(t,-,m),

for o € C° (R%), and the seminorm || - || . acts on Schwartz distributions by

Iyl = sup L‘/’)zz
@eC®(RY) (m, |Dyo|=)
(m,| Dxp|?)70

the notation (-, -) here denoting the duality bracket.
We may now state the first main LDP, which covers the case without common noise (o9 =
0). Its proof is given in Section 6.1.3.

THEOREM 3.10. Assume p* = 1 and o9 = 0, and suppose Assumption A and either
Assumption B or B’ hold. Suppose also that

/d exp(Alx|)po(dx) < oo forall x> 0.
R

Then the sequence (m’}(t,t € [0, TDnen satisfies a large deviation principle on C([0, T];

PLRYY), with good rate function v = (V)ief0,71 — 1(v) + R(volpo), where I is given by
(3.12) and 'R is as in (3.5).
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This follows almost immediately from the results of [19] on large deviations for McKean—
Vlasov particle systems, once the exponential equivalence of the Nash system and the
McKean—Vlasov system is established. However, we revisit this classical question of large
deviations from the McKean—Vlasov limit and provide a simpler self-contained proof based
on the contraction principle, which is possible in our setting because the volatility coeffi-
cients are constant. Our main interest in providing our own proof is in addressing the case
with common noise, for which there are no known results. This leads to the weak LDP of
Theorem 3.11 below, for which we must first develop some notation.

We first introduce (ty : R? 5 7 +> 7 —x), ga the group of translations on RY, as well as the
orthogonal projection IT, -1, from R onto the image of o ~'o. Then, for any continuous
path ¢ from [0, T] into R?, we define 1% to be the rate function as given by (3.12), but
modified by replacing the drift b with (¢, x, m) — b(t,x + ¢, m o ‘L’__(;r) where it appears in
the operator L; ;. Also, for a path v € C([0, T']; PLRY)), we let

~ ' b
Mf v, <0H 150 - (_/Rdxd(v, — o)) — /o (v, b, l)S)>ds>>te[0,T].

This allows us to define the following functional:

o _
JOW)=T""((v 0 TMt%.u)te[O,T])'

We may now state the weak LDP, valid even when there is common noise. Its proof is deferred
to Section 6.2.2. Recall in the following that R denotes the relative entropy, defined in (3.6).

THEOREM 3.11. Assume p* = 1, and suppose Assumption A and either Assumptions B
or B" hold. Suppose also that

/d exp(Alx|)uo(dx) < oo, forall A > 0.
R

Then the sequence (m’,’(t, t € [0, T)nen satisfies the following weak large deviation principle
in C([0, TT; P'(RY)):

(i) For any open subset O of C([0, T1; Pl(Rd)),
1
liminf — log P(m’} > — inf (J° .
iminf —logP(my € 0) = — inf (/% (v) +R(vo|10))
(ii) For any compact subset K of C ([0, T]; PLRYY),

1
limsup — logP(m’y € K) < — 1nf (JUO(V) + R(vol10)).

n—oo N

(iii) For any closed subset F of C([0, T]; P'(RY)),

1
imsup — logP(m'y € < —lim in v) + 'R(volo
Ii logP(my € F 1\0 f J(v) + R(volpo)).

n—oo N

where Fs = {v € C([0, T]; P (RY)) : infyer sup, cfo. 11 Wi (31, 1) <8},

It must be stressed that J?° coincides with I when o = 0 since the image of oy reduces
to {0}, the process MPV is null and 10 = 1.

We also emphasize that other forms of the rate function J are given in Section 6. For
instance, the formulation provided in Proposition 6.5 is certainly more tractable than the one
given just prior to Theorem 3.11, but it has the major drawback of holding only for a special
class of paths v. In fact, all these different expressions for J°° convey the same idea: As soon
as o differs from the null matrix, the rate function is not a good rate function, that is to say,
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its level sets are not compact. The reason is quite clear: the common noise permits to shift
for free the mean of v in the directions included in the image of o¢. In words, J°°(v) may
remain bounded even if the mean path of v has higher and higher oscillations.

To illustrate the latter fact, let ¢ € C? with ¢ = 0, call X the solution to the McKean—
Vlasov equation:

dX? =b(, X!, L(X?))dt + 0 dB} +ood,dr, 1€[0,T],

and let v = (£(Y¢)),E[O T] denote its flow of marginal laws. In that case, MP¥ coincides

with op¢, and thus (v, o rM,, refo,7] 18 the flow of marginal laws of (X — 00®1)1e[0,T]> the

latter solving the McKean—Vlasov equation (with no common noise) with drift & given by
(t,x,m)— b(t,x +oo¢p;,mot_

¢ is.

4. Main estimates. The results announced in Section 3 hinge on the estimates developed
in this section. We begin by recalling two key estimates from [20], which we then use to derive
the central exponential approximation of Theorem 4.3.

In the following results and proofs, U is the classical solution to the master equation (2.8).
The letter C denotes a generic positive constant, which may change from line to line but is
universal in the sense that it never depends on i or n, though it may of course depend on
model parameters, including, for example, the bounds on the growth and the regularity of U
and its derivatives, the Lipschitz constants of b and f, and the time horizon T'.

To proceed, we define an n-particle SDE system of McKean—Vlasov type, which we will

—00¢ ). As aresult, ™ ((vt o ‘EI;H%’V)IG[(),T]) is null, whatever
t

compare to the true Nash system. Precisely, let X = (71, ..., X") solve the approximating
n-particle system

@1 dX;=b(X;,my , DU, X, m ) di + 0 dB} +00dW,, X,= X,

Because of Assumptions A(l) and A(5), this SDE system admits a unique strong solution.
We make the following abbreviations: For (¢, x) € [0, T'] x (R9Y", define

umi(t,x) = U(t, x;, m").

Also, in what follows, fori =1, ..., n, define
) r . . )
4.2) M 2/ D (Dyv™ (s, Xg) — Dyu™' (s, Xy)) -0 dB]
t I . .
3) [ D s X = Dy (5, X)) - a0 AW,
) o . .
4.4) N/ :/(; (W' (s, X5) —u™" (s, X)) dM;.

We may now state the main estimates from Theorems 4.2 and 4.6 of [20]. These two estimates
are quite similar, but one holds under Assumption B and the other under Assumption B'.

THEOREM 4.1. Suppose Assumptions A and B hold. Then there exists C < 0o such that,
for each n,

1 & T . C

45) ;;15:[ [ 1D 0~ DU X )Par] = 6

1 & C

46) 15T )< S
i=1
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Moreover,
1 S —ip2 c . C
4.7 — X' —-X < — M! —
@n S DIX T = M+ o,
and forallt €0, T],
C 1 & . cC CcJa. .
(4.8) —Z —32 poand ) M= —54+— N7,
izl i=1

i=l

THEOREM 4.2. Suppose Assumptions A and B’ hold. Then (4.7) holds, and, for suffi-
ciently lalrge n, the estimates (4.5) and (4.6) hold. For i =1, ...,n and a constant n > 0,
define M' as in (4.2) and Q' by

. t . .
0; :./0 [2(0™"" (s, X5) —u™' (s, X§))

+ nsinh(n(v™ (s, X5) — u™' (s, X5)))]d M.
Then, for sufficiently large n and n, we have for all t € [0, T],
C & : 1 & C CZ

13
(4.9) ;Z[Q’]ISF [M'],,  and ;Z[Ml =2ty Z|QT|
i=1

i=l i=1

The main estimate for our purposes is the following theorem, which provides an expo-
nential estimate of the distance between the solutions X and X of the SDEs (2.7) and (4.1),
respectively. These estimates will also serve us well in our study of large deviations in Sec-
tion 6.

THEOREM 4.3. Suppose Assumption A holds, as well as either Assumption B or B'.
Then there exist constants k1, k2 € (0, 00) such that for every € > 0 and n > «1/€ we have

1 .
PO, culmy. m) > €) < P(— Sxi -X 2, )
’ i

€n?
<2n exp(——).
K2

(4.10)

The constants k1 and k depend (in an increasing manner) only on the Lipschitz constants
and uniform bounds of the coefficients in Assumptions A and B or B’.

PROOF. The first inequality in (4.10) is an immediate consequence of the definition (2.1)
of the 2-Wasserstein metric. Turning to the second inequality, we prove the case where As-
sumption B holds; the proof under Assumption B’ is obtained by simply replacing every
occurrence of N, Theorem 4.1 and the estimate (4.8) with Q’, Theorem 4.2, and (4.9), re-
spectively. Recall the definitions of M’ and N’ from (4.2) and (4.4). Use (4.7) to get

LSy i €0
(4.11) § X - -X'% nZ[M] +3

i=1

where cg < o0 is a constant (independent of n), which we will now keep track of to clarify
the following arguments. From Theorem 4.1, we have the estimates

n

1z . n . 1 ) n
@12 NN =M, and Y[ <S4
i L ncon0

3
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where the constants ¢y, ¢z, c3 < 0o do not depend on i or n. Fix i for the moment, as well
as 8,y > 0, to be determined later. Note that for every continuous local martingale R, we
have E[exp(Rr — %[R]T)] < 1. Combining this with Markov’s inequality, we have for each
i=1,....n

2
P(VN’T >y + %[N’]T> <exp(—dy)

2

and IF’(—)/N% >3y + %[Ni]T> <exp(—=8y).
Thus, defining the event A, ={3i € {1, ...,n}: y|N’ | > 8y + L [N’]T} we have

IP(z%)SZIP’( |NE| >8y+ > [N’] >§2nexp(—8y).
i=1

On the other hand, on Aj,

. C2 C3 .
2 M =S+ [N
i=1 i=1
2 Y <
<= 5+ — N'
3 Had+ ;[ Ir
=< n— +c36 + ClC3 Z
and for n? > (c1e3y) V (c2/c38) it holds that - 1 [M’]T <4c3é. Thus, for any such n,
1 & .
4.13) JP’(— Z[M’]T > 4C38) <P(A;) <2nexp(—48y).
n*
i=1

Recalling (4.11), we may choose € > 0 and set § = 62/86‘300 to get

(L5 yx X ) <p( LSy, - € -]
J— —_— >___
i = i T n?

1 & - €2
<Pl - M! —
- (Z[ b )

2
€
<2n exp(— 8C3);() ) ,

whenever n2 > (¢ 1c3y) VvV (8coca/ eV (2co / €2).In particular, choose y = n? /c1c3 to deduce

(4.10), with k1 = +/(8c2c0) V (2¢p) and kp = 16coc1c§. ]

5. Proofs of concentration inequalities. In this section, we prove the claims of Sec-
tion 3.1. Due to Theorem 4.3, it remains only to find concentration estimates for the McKean—
Vlasov system X. We did not find directly applicable results for this, so we develop our own
in Sections 5.1-5.3 below. Finally, in Section 5.4 we address the MFG system.



230 F. DELARUE, D. LACKER AND K. RAMANAN

5.1. Review of concentration inequalities. 'We begin by reviewing known results charac-
terizing concentration in terms of transport inequalities, combining well-known facts about
sub-Gaussian random variables with Proposition 6.3 of [28] and Theorem 3.1 of [6]. Recall
the definition of relative entropy R from (3.6).

THEOREM 5.1. Let (E, || - ||) be a separable Banach space and 6 € PYUE). Let k > 0.
Consider the following statements:

WiLe@©,v) S\/m.

(ii) Forevery A € Rand ¢ € Lip(E, | - |),

(1) Forallv K0,

| explale = (6.9)pdx) < exp(ci?/2).
(iii) For every a >0 and ¢ € Lip(E, | - 1),
0(¢ — (0, 9) > a) < exp(—a®/2).
(iv) We have [g exp(||x||2/6lc)9(dx) < 00.

Then (i) < (ii)) = (iii) = (iv). Moreover, if (iv) holds for a given K, then (i) holds with «
replaced by

— 6(1 + 4logf exp(||x||2/6/<)u(dx)).
E
In particular, (1)—(iv) are equivalent up to a universal change in the constant k.

In addition, we will need two well-known tensorization results, both of which follow from
Proposition 1.9 of [28]. In what follows, given a separable Banach space (E, || - ||) and p > 1,

by (E", || - I, ) we will mean E" equipped with the £” norm,
n 1/p
(5.1) 1% 1, p = (Z ||x,~||"> :
i=1
for x = (x1,...,x,) € E". The subscript in || - ||n’p indicates that we are using the £ norm

on the n-fold product space; while one might more descriptively include the space E” itself
in the subscript, the underlying space E should always be clear from context. Typically, p
will be either 1 or 2.

THEOREM 5.2. Let (E, || - ||) be a separable Banach space, k > 0 and 6 € P'(E).
(i) Suppose W1 g0, v) < /2kR(v|0), for all v KL 6. Then, for all v K 0", we have

W (En 1,0 (0", V) < /2R (v]07).

(i1) Suppose W» E(0,v) < 2k R(v|0), for all v K 0. Then, for all v K 0", we have

WL ED a2 (075 V) S Wa En 1,2 (0", v) < /2R (v]6").

The key difference between (i) and (ii) in Theorem 5.2 is of course that (ii) is dimension-
free. Before we can apply these general principles to the study of concentration of interacting
diffusions of McKean—Vlasov type, we first quote a slight modification of Corollary 4.1 of
[22] (alternatively, see Theorem 1 of [38]).
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THEOREM 5.3. Fork € N, suppose b : [0, T1 x R* — R* is jointly measurable and there
exists L < oo such that

b(t,x) —b(t,y)| < L|x —y|, forallx,yeRk
Assume also that

(5.2) sup |b(t,0)| < oo.
tel0,T]

For another k' € N, let o € ]Rka,, and let ||o||op = supflox|:x € ]Rk/, |x| < 1} denote the op-

erator norm. Fix a probability space supporting a k'-dimensional Wiener process W . Finally,
let X* = (X7 ):el0,1] denote the unique strong solution to the SDE

dX} =b(t, X7)dt + o dW,, Xo=x,

and let P, € P(C([0, TT; Rk)) denote the law of X*. Then there exists k < 00, depending
onlyon T, L, and |0 |op (and not on the values of k, k', (5.2)), such that, for all x € R* we
have

(53) Wl,(ck,”.”k_z)(Q,Px)S\/ZKR(Q|Px),

forall Q € P'(C*) with Q <« Px.
In particular, it holds for every a > 0 and ® € Lip(Ck, |- lk.2) that
Pe(® — (P, P)>a) < exp(—a2/2/c).

PROOF. This would follow immediately from [22], Corollary 4.1 (or [38], Theorem 1),
except that we are using the operator norm instead of the Hilbert—Schmidt (Frobenius) norm
for o. It is straightforward to check that their proof goes through with no change and that the
constant « does not depend on the values of k, k¥’ or sup,¢po. 77 1b(t, 0)|. The final claim (“in
particular”) follows from the implication (i) = (iii) in Theorem 5.1. [

5.2. McKean—Vlasov concentration inequalities. 'We now specialize this result to obtain
concentration bounds for interacting diffusions. Let B!, ..., B" be i.i.d. standard Wiener
processes of dimension d. We are given a parameter p € [1, 2], to be specified later, and a
drift b : [0, T] x RY x PP(R?) — R which is Lipschitz in the space and measure arguments;
more precisely, there exists L < oo such that

(5.4) b(t,x,m) —b(t',x',m)| < L(|x —x'| + Wy(m,m’)), tel0,T].
Assume also that
(5.5) sup |b(z,0,80)| < o0.
tel0,T]

Lastly, we are given o € R?*¢. Now, consider the n-particle system X =X, ..., X" that
is the unique strong solution to the SDE system
(5.6) dX’_b(t X’ m~)dt+odB’
with initial conditions X}, ..., X2 which are i.i.d. with law [ satisfying E[|X}|?]

For x € (RY)", let Py € P((Cd) ') denote the law of the solution to the SDE system (5 6)
started from initial states (X 0 X o) =Xx. Then x > Py is a version of the conditional law

of X given Xo. Moreover, for any x and y in (R)" we can couple P, and Py in the usual
way, by solving the SDE system from the two initial states with the same Browman motion.
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Let 7y y denote this coupling. In what follows, we will make use of the following standard
estimates: Under assumption (5.4), there exists a constant ¢ that depends only on 7', p, and
L (and not on n or the value of (5.5)), such that

(5.7) |(Pr, ®) — (Py, ®)|7 < /||x/ = Y'I7 ey (dx’ dy') < cllx = ylf .,

forall ® e Lip((Cd Y, ») andx,y € (R4)" . For our first concentration result, recall that

[Xlloc = Supgepo, 77 1% (s)|, and that on (C%)" we make use of the corresponding ¢! and ¢°
norms on the product space as in (5.1).

THEOREM 5.4. Assume that the Lipschitz condition (5.4) holds with p = 2. Assume also
that there exists ko < 0o such that

(5.8) Wa(fo, v) <+/2k0R(vIfio), forv < flo.

Then there exist a constant § > 0, independent of n, such that for every a > 0 and every
® € Lip((C", || - II,.,) we have

P(®(X) — E®(X) > a) <27

PROOF. To apply Theorem 5.3, we first check that the constant « in (5.3) does not
grow with the dimi:nsion n. To this end, define 8, : [0, T] x (R — (R by B,(t,x) =
(b(t,x1,m%), ..., b(t, x,, my)). Define also the nd x nd volatility matrix X, by

o
with omitted entries understood to be zero. This way, we can write
dX: = pu(t, X)) dt + Z, W,

where W = (B!, ..., B"). We wish to show that Bn(t,-) is Lipschitz, uniformly in ¢ and
n, and that sup, || X, |lop < oco. First, notice that for x = (x1,...,x,) € (R?)" and y=
(V1s ..., yn) € (RY)" we have for r € [0, T,

b(t, x;,m") = b(t, y;, my)| < L(1x;i — yil + Wa(m?, m’))

~ 1
§L<|xi —yi|+J ;ZPC/‘ —yj|2)
j=1

=Llx; — yi| + Ln™"?|x — y|,

where |x — y| as usual denotes the Euclidean distance. Hence,

n

|Bu(t, x) = Bu(t, y)| < J SO(LIxi — yil + Ln=121x — y|)?

i=1
<2L|x —y|.

This shows that the Lipschitz constant L of B, is uniform in n. It is clear that || X, [lop <
llo llop-
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_ Now, for x € (R9)" recall that x — Py is a version of the conditional law of X given
Xo = x. By Theorem 5.3, there is a constant ¢ > 0, independent of n due to the above con-
siderations, such that for any ® € Lip((C?)", || - ||,,.o) we have

Py(® — (Py,®) >a) < exp(—a2/2E), foralla > 0.
Moreover, combining Theorem 5.2(ii) with Theorem 5.1, the assumption (5.8) ensures that
foreverya > 0 and ¢ € Lip((]Rd)”, Il - 1l,.2) we have
(¢ — (1. ) > a) < exp(—a®/2«0)-

Finally, fix any ® € Lip((C%)", || - ||».2). Then by (5.7), the map x > (Py, ®) is c-Lipschitz on
(R?)" with respect to the Euclidean norm. Use this along with the previous two inequalities
(together with the fact that i is the law of X() to conclude

P(®(X) —E®(X) > a) <E[P(®(X) — (Pg,. ) > a/2|Xo)]
+P((Pg,. ®) — E(Pg,. ®) > a/2)
< exp(—a?/8¢) + exp(—a’*/8koc?).

The assertion of the theorem follows with § = 1/(8 max{c, koc?)). O

We now treat the case where p = 1 in (5.4) and i satisfies the much weaker assumption

(5.9) W ra (o, V) </ 2k0R(V|[o), for v < [o.

Adapting the proof of Theorem 5.4 yields the following.

THEOREM 5.5. Assume that the Lipschitz condition (5.4) holds with p = 1. Assume also
that (5.9) holds for some ko < 0o. Then there exist constants c, § > 0, independent of n, such
that for every a > 0 and every ® € Lip((C)", || - ||,..1), we have

P(®(X) — E®(X) > a) < 2exp(—8a*/n).

PROOF. We proceed as in the proof of Theorem 5.4. It follows from (5.9) and Theo-
rem 5.2(i) that

(510) Wls((Rd)n;”‘Hn,l)(ﬁg’ V) < ‘/2nKOR(U|/:I:8), for V<L /jg

Thus, for any function ¢ € Lip(RY)", || - ||,,.,), Theorem 5.1 yields

(5.11) e (o — (7B, ) > a) < exp(—a®/2nko).

Fix @ € Lip((Cd)”, Il - Il,.1), and note that ® is J/n-Lipschitz with respect to || - |2 because
of the elementary inequality | - ||, | < N n.2- Recall that (R 5 x > Py is a version of
the conditional law of X given Xo. By Theorem 5.3, there is a constant ¢ > 0, independent
of n and @ (as argued in the proof of Theorem 5.4), such that

(5.12) Py (® — (Py, @) > a) < exp(—a?/2¢n), foralla > 0.

Moreover, the map x — (Py, ®) is c-Lipschitz on (R, || - ll.,1) due to (5.7). Use (5.11)
along with (5.12) to get

P(®(X) —E®(X) > a) <E[P(®(X) — (Pg,. ) > a/2|Xo)]
+P((Pg, ®) — E(Pg,. ) > a/2)
< exp(—a?/8n?) + exp(—a?/8nkoc?).

The assertion of the theorem follows with § = 1/(8 max{c, koc?)). O
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5.3. McKean—Vlasov expectation bounds. The results of the previous subsection (the no-
tation of which we keep here) pertain to the concentration of a function ® (X) around its mean
but tell us nothing about the size of ECD(X’ ). In this section, we study the rate of convergence
of (m’)’?t),e[o,r] to its limit (fi;);¢[0,7], defined through the McKean—Vlasov SDE

dY' =b(t, Y fi;)dt +odB}, Y} =X} [ =Law(¥}).

The assumptions on b in Section 5.2 ensure the existence of a unique strong solution Y0
to this equation (see, e.g., Section 7 of [15], or Section 2.1 in Chapter 2 of [13]). We next
provide some quantitative bounds on IE[WP RY (m’L , y)] for fixed ¢ as well as a uniform

bound, E[sup, ¢, 7) 4% b RY (m's o ti:)]. The results are essentially known but are provided for
the sake of cornpleteness

THEOREM 5.6. Fix n € N, and assume (5.4) holds for some p € [1, 2]. Recall the defi-
nition of ry, p from (3.1). IfE[|Xé|2P+‘S] < 00 for some & > 0, then there exists C < 00 such
that for each n and each t € [0, T] we have

(5.13) E[W[’;(m;’?t, )] < Cra,p.
IfE[lXé |93 < o0, then there exists C < oo such that for each n we have

(5.14) E| sup_ Wi (', )] < Cn =2/,
sel0, X

PROOF. The proof begins with a standard coupling argument. Construct i.i.d. copies of
the unique solution Y of the McKean—Vlasov equation, where Y=, ..., Y, with

dY! =b(t,Y}, i) dt +odB!, Yi=X., i, =Law( ;').
Together with (5.6), this implies

-~ t ~
|x;_y;|§/0 B(s. Xiom®y ) = B(s. ¥, i) ds
~ t ~ . ~
< [ (1% =B+ Wy 7)) ds.
By Gronwall’s inequality, we have
-~ t
|X; —Y/| < C/o Wp(m')’?s,ﬁs)ds.

Taking the power to the p and averaging the left-hand side of the last inequality over i =
1,...,n, we get

Il o o ! -
Whm oy ) <3 |%5 = 1|7 < C/o WE (' | fis) ds.
Use the triangle inequality and Gronwall’s inequality once more to obtain
W”(X,~ C/W” 'Il,ﬁ)d
Using again the triangle inequality, we have

(5.15) WE (' . ir) < CWE(m's . +c/ WE (' i) ds.
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Now, (5.14) fits exactly Theorem 1.3 of [29]. To prove (5.13), it suffices to show that
(5.16) E[W[’,’(m’%r )] < Crap.
To this end, note that ?f are i.i.d. with law [i;. Hence, by Theorem 1 of [25],
~ F112p+81p/2p+8)
E[W§ (% , i) < Cra pB[|¥) [P0/ CPF),
where C depends only on p, 6 and d. Finally, it suffices to note that standard estimates yield

sup B[] 7] = C(1 + BT[] < o0, _
tel0,T]

These estimates allow us to now provide a proof of the law of large numbers for the MFG
system, stated in Theorem 3.1.

PROOF OF THEOREM 3.1. The first claim is proved in Theorem 3.1 of [20]. To prove the
other two claims, note first that (4.6) implies

C
(5.17) E[W3 ¢ (s mp)] < =

with X as in (2.7) and X as in (4.1). We now simply simply use (5.17) along with the rates
of convergence for the McKean—Vlasov empirical measures m”., which were just identified
in Theorem 5.6. [

5.4. Proofs of Theorems 3.2, 3.4 and 3.9. Using the developments of Section 5.2, we are
now ready to prove the main results on concentration for the MFG system.

PROOF OF THEOREM 3.2. Note that for ® € Lip((CH)", || - ll,.1) we have

P(®(X) — E®(X) > a) < IP’(CD(X) —oX) > %)

— J— a
(5.18) +IP’(d>(X) _ESX) > 5)

4 P(M(Y) —Ed(X) > %)

with X asin (2.7) and X as in (4.1). Comparing (4.1) with o = 0 to (5.6) with b defined as in
(3.11), and noting that when p* = 1, Assumptions A.1—-A.5 ensure that b satisfies condition
(5.4), the result of Theorem 5.5 can be applied to bound the second term by 2 exp(—8a’/n).
The third term vanishes for a > 3+/C, with C as in Theorem 4.1, because by (4.6) therein
and the Cauchy—Schwarz inequality, we have

E®(X) —E®(X) <EY X' - X'|
i=1

n _ 1/2

<n!l? <EZ||xi _x ||§O) <VC.
i=1

Finally, using Theorem 4.3 with € = a/3n, we know there exist k] < 00, k2 > 0 such that for

az=ki,

- a a
]P’<Q>(X)—<D(X)> 5) §P(;;|\X ~X' > 3—n)
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1 1 : —i 2 612
<P[- Xt —-X > —
<P(; i - 5

<o)
<2nexp|——).
7%)

Combining the above results, we find that for a suitable § (smaller than the above, if neces-
sary), and a sufficiently large, we have for n > 2

sa?
IP(CI)(X)—ECI)(X)>a)§3nexp(—7). 0

PROOF OF THEOREM 3.4. Fix ® € Lip((C%)", | - ln.2). We start with the same inequal-
ity (5.18) as in the previous proof. Comparing (4.1) with oy = 0 to (5.6) with b defined as in
(3.11), and noting that Assumptions A.1-A.5 ensure that b satisfies condition (5.4), the result
of Theorem 5.4 can be applied to bound the second term therein by 2exp(—8a?). The third
term is zero forn > 9C/ a?, with C as in Theorem 4.1, because by (4.6) therein, and Jensen’s
inequality, we have

m@)_ma)f@lz”xi —YiHioSJEZHXf . e
i=1 i=1 vn

Finally, use the Lipschitz continuity of ® and Theorem 4.3 with € = a/(34/n) to get

IP’(CD(X) —o(X) > %) SPQ %Xn:Hxi _XP s ﬁ)
i=1

a’n
<2n exp(— 9—) .
K2

Letting §1 := 1/(9«>) and 6, :=§, we find for n > 9C/a2:
P(®(X) — ED(X) > a) < 2nexp(—81a*n) + 2exp(—82a?). O

REMARK 5.7. It is worth commenting on a natural idea for extending the arguments
of this section to the case with common noise. For the McKean—Vlasov system X, one can

bootstrap the arguments of Sections 5.2 and 5.3 by studying the shifted paths 7; — oo W;.
This line of reasoning leads to various conditional concentration estimates, for example, on
expressions of the form

P(®(X) — E[®(X)|W] > €|W).

However, we are unable to transfer such estimates to the Nash system X, because our main
estimate (Theorem 4.3) of the distance between the two systems X and X does not appear to
have a conditional analogue.

PROOF OF THEOREM 3.9. Define the controls
—ni i —i
o =a(X,, m"Yt, D.U(t, X,, m"Yr))

We will separately estimate o' — @"/| and then |’ — B/|. In the following, the constant
C < oo can change from line but never depends on n or i. First, use the Lipschitz assumptions
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ona® and D, U to get
o — @ | < C(|XE =X+ W, g (. mt )
+ Dy v (1, X)) — DU (¢, X1, m'y )|
+ DU X mly)) = DU Xyl ))
< C(|X; — Y” + Wp*,Rd (m'}(t, mnx)
+ | Dy v™ (2, X,) — DU (2, X!, m'y )]).

Using (4.5) and (4.6) (recalling 1 < p* < 2), we conclude

1 T R _nip2 C
(5.19) E[;lglfo ot — | dt]f—Q.

n
Recall now the definitions of u”/ and M’ from the beginning of Section 4. Note next that
. 1
Dyu™' (t,x)=D,U(t,x;,my) + =D, U(t, x;,m}y, x;i), x¢€ (Rd)n
n

(see equation (4.4) or Proposition 2.1 of [20]) and that D,, U is bounded by assumption. Since
o is nondegenerate, we find

T
i i 2
/O | Dy 0" (2, X0) — DU (8, X! my, ) dt
C T n,i n,i 2
< ﬁ+2/0 ’Dxil) ’ (t,X[)_Dxiu ’ (tht)| dt

c i
SF'FC[M ]T‘

Thus, using inequality (4.13) from the proof of Theorem 4.3 (with y = n?/cic3), we find
81 > O such that, fora >0 and n > C/a,

1 n T P i12 2 § 2.2
(5.20) P —Z/ |l — @)t |"dt > a” | <2ne 19",
n—Jo

We next estimate [/ — B'|. Use again the Lipschitz assumptions on @ and D, U to get
i i i ;
@ — Bi] = (1K) = X[+ Wy palmly 1))

A straightforward application of Gronwall’s inequality, exactly as in the proof of Theo-
rem 5.6, lets us bound this further by

t
C/O Wy jd (m”YY ws)ds.
Integrate, average, take expectations, and apply Theorem 5.6 to get

I
E[—Z/ l' — B |" dt:| < Crp, p*.
nl.=1 0

Combine this with (5.19), noting that n~! < Cr,, p*» to complete the proof of (3.10). To prove
the final claim, apply Corollary 3.3 or Corollary 3.5 (more precisely, the easier analogues



238 F. DELARUE, D. LACKER AND K. RAMANAN

for the uncontrolled dynamics Yi) to find &3, 83 > 0 such that, for every a > 0 and every
n > C/min{a, a?*8},

2 . .
—&2a%n in case (i),

3ne
P sup W pa(my M) >a) <
(te[O . PR (i, ) ) dne~82a'* L 2e=8a% i cage ().

Combine this with (5.20) to complete the proof. [J

6. Large deviations of the empirical measure. In this section, we prove a LDP for
the sequence (m’y),>1 regarded as a sequence of random variables with values in the
space C([0, T1; P (RY)), where P'(RY) is equipped with the 1-Wasserstein distance and
C ([0, T1; P1(R?)) is equipped with the resulting uniform topology. A key result is the fol-
lowing exponential equivalence of the sequences (m’;(t)te[O,T] and (m”Y[),e[o, 71, that is, the
empirical measure flows associated with the n-player Nash equilibrium dynamics and the
approximating n-particle system, respectively.

COROLLARY 6.1. Suppose Assumptions A and either B or B' hold, with p* = 1. Then,
for every e > 0,

1
lim —logIF’< sup Wi (m',.m%g ) > 6) = —o00.

n—oon +€[0,T]

PROOF. This follows immediately from Theorem 4.3. [J

6.1. LDP for weakly interacting diffusions in the presence of common noise. A simple
and well-known result of large deviations theory is that if a sequence satisfies a LDP, then
any exponentially equivalent sequence also satisfies a LDP with the same rate function (e.g.,
Theorem 4.2.13 of [21]). In particular, due to Corollary 6.1, to derive a LDP for the sequence
(m’y)n>1 of empirical measure flows of the Nash equilibrium dynamics, it suffices to prove a
LDP for the sequence (m”Y) n>1 of empirical measure flows of the approximating n-particle
system of weakly interacting diffusions. While there exist several forms of LDPs for the
empirical measures of McKean—Vlasov or weakly interacting diffusions [2, 9, 19], all of
them are obtained in the absence of common noise (i.e., o9 = 0) and, strictly speaking, for
time-independent coefficients and nonrandom initial states.

This prompts us to revisit the aforementioned results and to first establish an LDP for the
sequence of empirical measures of a general n-particle system of weakly interacting diffu-
sions that has the following form:

6.1) Xm_b(t X’ m’y )dt+odBl+aodW,,
with some initial condition )~(f), where 0 € R4 g5y € R¥*% B and W are independent
Brownian motions as speciﬁed in Section 2.3, the families (X(')),> 1 and ((B'),>1 W) are
all mdependent and the drift b maps [0, T] x R? x PI(R?) to R?. As usual, we denote
=X X! .. X ). Observe that, except for the fact that og # 0, (6.1) is similar to (5.6).
REMARK 6.2. Note that with the particular choice
b(t,x,m) = (x m, D, U(t,x,m)), t€]l0, T],xeRd,mEPI(Rd),

the general n-particle system X coincides with X, the n-particle approximation to the Nash
equilibrium dynamics proposed in (4.1), which is the primary object of interest.



LARGE DEVIATIONS AND CONCENTRATION FOR MEAN FIELD GAMES 239

We impose the following conditions on the general n-particle system dynamics.

CONDITION 6.3. The following conditions are satisfied:

1. The initial conditions ()?6),21 are i.i.d. random variables with common law gy and
finite exponential moments of any order, namely

(6.2) Va>0, E[exp(r|X}|)]= fRd exp(Aly|)ro(dy) < oo.

2. The drift function b: [0, T]1x R4 x PY(RY) — RY is bounded, continuous and Lipschitz
continuous in the last two arguments, uniformly in time.

6.1.1. Form of the rate function. In this section, we use informal arguments to conjecture
the form of the rate function for (m’;?)nz 1 (see Theorem 6.6 and Corollary 6.7 below), and
then show in the subsequent section that (m’}()nz 1 does indeed satisty a LDP with this rate
function.

The general strategy to allow o( to be nonzero entails first freezing the common noise.
Indeed, by the standard support theorem for trajectories of Brownian motion (see, e.g.,
Lemma 3.1 of [36]), the path of W lives with positive probability in any open ball of the path
space C¢ := {¢ € C? : ¢p = 0}. Then, for any ¢ in the Cameron—Martin space 7—[(1)([0, T1; RY),

let ()N(;/) = ()?tl’¢, - )N("’¢))t€[o 71 denote the unique strong solution to the SDE

(6.3) dXP? =51, X7, m~¢,)dt—|—adB’ + y dt,

with X§ = X}, as initial condition. Here, recall that HA([0, T1; RY) = {¢ € H'([0, T]; RY) :
¢o = 0}, where H! (10, TT; R4 ) is the Hilbert space of R4 -valued absolutely continuous func-
tions ¢ on [0, T'] whose weak derivative ¢ is also square integrable on [0, T'], equipped with
the norm [|¢ 131 = (fy |¢(®)1*dD)'* + (fy 1) dr)'/2.

The dynamics in (6.3) fail to fall under the scope of [9] because b is not continuous with
respect to the weak topology on P(R?). Moreover, while the results of [19] permit more
general continuity assumptions, they do not quite cover our dynamics (6.3) because of the
time-dependence in b and é and the randomness of the initial states. Nevertheless, we borrow
the associated rate function obtained in [19].

Recall from Section 3.2 the notation for the seminorm | - ||, acting on Schwartz distri-
butions, for m € PL(R?), as well as the definition of absolutely continuous (abs. cont. in
abbreviated form) distribution-valued functions. Following the notation in [19], for each ¢ €
HL([0, T1; RY), we define the corresponding action functional / ¢.C(0,T]: PLRY)) —
[0, oo] by

| N . : . .
64)  1%0) = 5/0 v = L7, v + dlv(vt¢,)|}il dt if t — v, is abs. cont.,
00

otherwise,

where, for (1, m) € [0, T] x P (RY), L7, s the formal adjoint of the operator
1 ~
(6.5) Limh(x) =5 Tr{oo " D?h(x)] + Dh(x) - b(t,x,m), he CZ(RY).

Observe that the operator Lf |, (1) — div(¢,;-) in (6.4) is the adjoint of £; ,, (-) + b - D().
Below, we will often use the action functional 79, given by [ 0— 719 for ¢=0.

The functional /¢ admits several alternative representations. Lemma 6.4 presents one that
will be used to extend the definition of 7% to continuous ¢. To present this representation, we
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first need to introduce some more notation. Let (7, : R 3 z > z — x) YeR denote the group
of translations on R¥. For (¢, m) € [0, T] x P'(R¢) and a path ¢ € CO, define E*’ [¢] to be
the formal adjoint of the operator

Limlplh(x) = %Tr[aaTDzh(x)]
+ Dh(x)-b(t,x + ¢, mo r:ét), h e C(RY).

Finally, define the modified action functional 1°:.C ([0, T1; P'(R4)) — [0, oo] by

LT . .
6.6) () = 5/0 v = L7, [@]v, ”1211 dt ift — v, is abs. cont.,

00 otherwise.

In other words, this is the action functional corresponding to the drift (¢, x, m) — l;(t, X+
Gr.mot ).
We then have the following relationship between I¢ and I?.

LEMMA 6.4. For ¢ € H} ([0, T]; RY),

6.7) 19() =T?((v; 0 r(;[l)te[o’”).

The proof of Lemma 6.4 is deferred to Section 6.4. Its importance arises from the fact that
it allows one to extend the definition of the actional functional 7?(-) to functions ¢ that are
merely continuous. Indeed, note that, whenever ¢ € C? and v € C([0, T]; PL(R?)), the path
(v 0 rq;tl)of,fr is continuous due to the fact that

(68) Wl(vlorqb_tlavsorqﬁ_sl) S |¢t _d)SI—i_Wl(vlva)’ S,t € [07 T]

This ensures that the cost I ?(v) is well-defined. So, in the rest of the presentation of our
main results, we take the identity in (6.7) as the definition of the cost functional 7% for just
continuous ¢ with ¢y = 0. Observe that this extension is especially meaningful since 1% (v)
may be finite even when ¢ does not lie in the Cameron—Martin space H(l)([O, T1; R4). For
instance, if b = 0 and (v; = 8¢,)o</<r for some ¢ € Cg, then we have v; o ‘L'¢_l = §¢ for all
t € [0, T] and then I?(v) =

Roughly speaking, [19] asserts that whenever the common law of (i(i))iz 1 reduces to a
Dirac mass, (m’)’? #)n>1 satisfies a LDP with / ¢ as rate function. Returning to (6.1), and de-
noting op¢ by the path t — og¢r, this leads naturally to the conjecture that the collection
(m’)i() n>1 should then satisfy a LDP with rate function

(6.9) JOO(v) := inf 1°9?(v),
pecd

provided that v € C([0, T']; PLRY)) is such that vy is equal to the common law of ()?6),21.
The intuitive argument behind this assertion is that, by the standard support theorem for
Brownian motion, the common noise (oo W;):c[0,7] lives with a positive probability in the
neighborhood of ap¢, for any ¢ in CO In other words, the cost for (o9 W;);c[0,7] to be in the
neighborhood of ¢ is null; as a result, the minimal cost for m to be in the neighborhood

of some v € C([0, T]; P (R?)) is the infimum of 7°0?(v) over all ¢ in Cd. Of course, when
o0=0,1 "0‘”(1)) is independent of ¢ and J 0 coincides with 79. Observe that, whenever o # 0,
J%(v) depends on oq only through its image space Im(og) This latter fact becomes apparent
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with the following explicit expression for J°°(v) in Proposition 6.5, when v is smooth. First,
define the mean path of a measure flow v € C([0, T]; P'(R%)) by

(6.10) MY = (M}’ :=/ xdv,(x)) ec.
R4 1€[0,T]

In the following, let I, -1, € R?*4 denote the orthogonal projection onto the image of
-1
0~ 00.

PROPOSITION 6.5. Let v € C([0, T]; PL(R?)) be such that its mean path MV from
(6.10) lies in H' ([0, T1; RY). Then the functionals 1° defined in (6.4), with ¢ =0, and J°
defined in (6.9), satisfy

1 [T P ~
IO =1) - 5/0 Mg 100 ™ (7 = o, Bt -, w))) .

The proof of Proposition 6.5 is relegated to Section 6.6. In the general case, when the mean
path is not necessarily absolutely continuous, we have another expression for J°, based on
the same factorization as in Lemma 6.4. This may be regarded as our main statement on the
form of the rate function. See the discussion following Theorem 3.11 for intuition regarding
this form of the rate function.

THEOREM 6.6. Take v € C([0, T]; PL(R?)) and with M as in (6.10), let

t ~
Mf’” = o*l'l(,_lgoo**1 <I\\/[[;’ — M — / (vs, b(s, -, vs))ds), fort €[0,T].
0
Then J°° in (6.9) satisfies

oy B .
Jv) = I (o TMEN)IE[O,T]) if oo #0,
IO(V)’ lfo—() — O,

where 1° and T are defined in (6.4) and (6.6), respectively.

The proof of Theorem 6.6 is given in Section 6.6. As this proof shows, the above expres-
sion may be restated in terms of the mean constant path (v; o IME_MV )tefo,7]- (Observe that, if
t 0

X ¢ 1s a random variable with law v;, then X = ]E[}? ¢] has distribution v; o TML which justifies
t
the terminology, “mean constant path”.)
As a corollary, we obtain the following result, whose proof is also deferred to Section 6.6.

COROLLARY 6.7. Take v e C([0, T]; PL(R?)) and oy # 0. Then

JO(v) = T_MV"FM(‘;((U[ o TI\;I;—MS)IE[O,T])

1 T —1 Ny 2
— Efo |Ty=15,0 " (ve, b(2, -, vp))| " dt.

Observe that the first term on the right-hand side does not depend upon og. This is in
contrast with the second term, which attains its minimum when o is null and its maximum
when o has full rank.
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6.1.2. The form of the LDP. 'We now provide the form of the LDP. The conjectured form
of the rate function of the previous subsection did not take into account the random initial
states (556)121, which we recall are i.i.d. with law pg. Sanov’s theorem suggests the true rate
function should take the form

(6.11) C ([0, T1; PHRY)) 3 v > JOOHO(v) := J%0(v) 4+ R(vo|e0),

where R denotes relative entropy, defined in (3.6), and J is as defined in (6.9).
The precise large deviation principle for the sequence (m’}()nzl takes the following form;
its proof is given in Section 6.3.

THEOREM 6.8. Under the stated assumptions, the sequence (m')’?)nz 1, as defined by
(~6.1), satisfies a weak large deviation principle in C ([0, T]; PYRY)) with rate function
JO010 defined in (6.11). That is, the following hold:

(i) For any open subset O ofC([O T1; P'(RY)),

liminf — logIP(m')’( €0)> 1nf JO0R0 (),

n—oo p

(i1) For any closed subset F of C ([0, T]; PLRY)),

1
limsup — log P € F) < —lim inf Jo0-H0(y
n-)oopn g (m ) SN\OveFs ( )

where Fs = {v € C([0, T]; P (RY)) : infye sup, 0. 11 Wi (31, 1) < 68},

REMARK 6.9. It is worth mentioning that J°° and, therefore, J 90.10 " is not a good rate
function (i.e., does not have compact level sets) except when og = 0; see Proposition 6.10 be-
low. When og # 0, we can easily see that the level set {J°° < 0} = {J?° = 0} is not compact.
This can be seen either from Theorem 6.6 or via a direct computation (but very much in the
spirit of the statement of the theorem). Indeed, for any ¢ € 7—[(1)([0, Tl; R4 ), as in Section 3.2,
we may call X? the unique solution to the McKean—Vlasov equation

dX? =b(t, X?, £(X?))dt + 0 dB! + oody dit, 1 €[0,T],

with X§ = X} as initial condition. Then the path (v = L£(X?));cf0.7] solves the Fokker-
Planck equation (see [37])

—Lr v +div(vfood) =0, 1€[0,T],
>Vt

in the distributional sense, with the initial condition vg’ = Wo. Also, 1 %09 (y?) 4 R(vg |po) =
0; hence, J0(v?) 4+ R(vg’ |io) = 0. However, taking the mean in the McKean—Vlasov dy-
namics, we see that

v®

M (v, ,b(t, LV )) +oody, te€[0,T].

Since b is bounded and ¢ may be arbitrarily chosen in 7—[(1)([0, T1; R?), we deduce that
{M”¢ ONS 7—[(1)([0, T1; R%)} is unbounded, and in particular it is not precompact in C¢. This
clearly implies that the set {v¢ 1¢ € 7—[(1)([0, TI; Rd)}, which is contained in {J°° < 0} by
construction, is not precompact in C ([0, T']; P! (R?)).

As explained in Remark 6.9, the lack of compactness of the level sets of J°0 explains the
need for the additional limit over § in (i1) in the statement of Theorem 6.8. Fortunately, there
is no longer need for such a relaxation when F is compact.
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PROPOSITION 6.10. Assume that oy # 0 and that K is a compact subset of C ([0, T'];
PL(RY)). Then

lim inf (J = inf (J .
BI{I(I)UIEHKB(J (v) + R(vol o)) Ung(J (v) + R(volwo))

If o9 = 0, the above holds true for any closed (instead of compact) set F C C([0,T];
PLRY)). In the latter case, (m’)’?) n>1 satisfies a standard LDP with a good rate function.

Although the level sets of J°° are not compact when o # 0, we have the following weaker
version. The proofs of both Propositions 6.10 and 6.11 are given in Section 6.6.

PROPOSITION 6.11. For any oy # 0 and a > 0, there exists a compact subset K C
C ([0, T1; PL(R?)) and a constant k < 0o such that, for any v in the level set

{y € C((0, T1; P (RY)) : J(y) + R(yolpo) < a},
the following hold:

(i) (vo TI\ZI;)te[O,T] €K.
(i1) Forany ¢ € Cg satisfying 1°0? (v) < a, the path (M — 00¢1):cjo.1) lies in H ([0, T1;
R?) and has H'-norm is less than «.

Proposition 6.11 shows that the counterexample that we constructed prior to the statement
of the proposition to prove the lack of compactness of the level sets of J? is somehow
typical, as boundedness of the rate function forces the “centered” path (v; o TM;);G[()’T] to
live in a compact subset.

REMARK 6.12. Instead of a LDP for the marginal empirical measures of the system
(6.1), we could also provide a LDP for the empirical measure of the paths, as done in [9] and
[23] for the case og = 0.

In fact, our proof of Theorem 6.8 shows that the rate function for the latter would take the
following variational form:

TP(M) = inf{R(Qpo x W) : ¢ €C§, Q e PL(RY x CT), W(Q, ¢p) = M},

for M € P1(C?), where W stands for the Wiener measure, and ¥ maps a pair (Q, ¢) onto
the law under Q of the solution x = (x;);¢[0,7] of the following McKean—Vlasov equation:

t~
x,=e+/ b(s,xs,Qox;l)ds—l—ow,—|—c70¢>t, tel0,T],
0

where (e, w = (w;)¢[0,7]) denotes the canonical process on the space RY x Cg .

When op = 0 and Q has first marginal pq, this formulation essentially reduces to the one
obtained in [9] and [23]. We prefer to focus on the LDP for the flow m'y of marginal empirical
measures instead of empirical measures on the path space, for the following reasons. First,
its rate function has a more pleasant form, though this is hardly more than a matter of taste.
Second, it is precisely this quantity that governs the interactions between the players.

6.1.3. Proof of the large deviations principle without common noise. We now obtain
Theorem 3.10 as a simple corollary of the results established above.

PROOF OF THEOREM 3.10. Observe that, due to Theorem 6.6, the rate function 7 (v) +
R (vglup) in the statement of Theorem 3.10 coincides with the rate function Jo0:10 defined in
(6.11). Thus, Theorem 3.10 is an immediate consequence of Theorem 6.8, Proposition 6.10
and the fact that 09 = 0. [J



244 F. DELARUE, D. LACKER AND K. RAMANAN

6.2. LDP for the sequence (m'y),>1. In Sections 6.2.1 and 6.2.2, we establish the weak
LDP without and with common noise, respectively.

6.2.1. A weak LDP. By combining Corollary 6.1 and Theorem 6.8, we end up with the
following statement.

THEOREM 6.13.  Suppose Assumptions A and either Assumption B or B” hold, and that
the common distribution g of the i.i.d. initial states (Xf))izl of the solutions (X"),>1 to
the Nash equilibrium dynamics satisfy the exponential integrability condition (6.2). Then
the sequence (m Yn>1 satisfies (as in the statement of Theorem 6.8) a weak LDP with rate
function J joo-Ho defined in (6.11), provided the drift b in (6.5) satisfies

b(t,x,m)=Db(x,m, D;U(t,x,m)), t€[0,T],x eR? meP(RY).

REMARK 6.14. Note that the rate function J°0-“0 is defined in terms of the quantities
Jo, I~¢ and L; ,, specified in (6.9), (6.4) and (6.5), and that the dependence of J°0#0 on the
drift b is reflected in the definition (6.5) of the operator L; ,,.

PROOF. We first note that, as already observed in Remark 6.2, with the definition of b
given as above, X of (6.1) coincides with X of (4.1). The basic idea behind the proof is
to apply Theorem 6.8 to immediately obtain a weak LDP for m% % = m , and then apply
Corollary 6.1 to transfer the weak LDP to m'y. The proof is fairly standard except that some
care is needed because the rate function does not have compact level sets.

We first prove the lower bound, that is, the analogue of (i) in the statement of Theorem 6.8,
but for (m'y),>1. Without any loss of generality, we can assume that inf,co J 00:10 () < 00,
as otherwise the lower bound is trivial. Then, for any 1 > 0, using (6.11), we can find v e 0
such that

ln(f) JGO Ko (p) > _]00( (?7)) + R( (’7)|M0) —.
ve

Since O is open, we can find & > 0 such that the ball B, g):={veC(0,T]; PLRY)) :

sup,6 (0.7 W1 (v, v,(n)) < ¢} is contained in O. By (i) of Theorem 6.8, and the identity m’}( =

LE h
mX,we ave

1 ~
liminf — log P my € B(v™, ¢/2 inf JOO-HO(y,
n—00 n g ( ( / )) veB(v("),e/Z) 2

> —[J7(v®) + R I100)]
> — inf (J7(v) + R(vol o)) -

Since the right-hand side of the last inequality is finite, using Corollary 6.1, we then obtain

1
liminf —log P(m'y € O)

n—o0 p

> liminf — logIP’(m e B(v™, ¢))

n—-oo n
e n () mh
> l%rggéfn logIP’(mX e B(v'", ¢/2), tes[l(l)pT] Wi (m% ,mY,) < 8/2)

> — inf (J7(v) + R(volpo)) — 1.
veO

Letting n tend to 0, this proves the lower bound.



LARGE DEVIATIONS AND CONCENTRATION FOR MEAN FIELD GAMES 245

We now turn to the proof of the upper bound, namely the analog of (ii) in Theorem 6.8.
We know that, for any ¢ > 0 and for any closed subset F € C ([0, T]; PLRDY),

1
lim sup — logIP(my € F)

n—»oo N

1
< limsup —log([P’(m’,’( € F, sup Wi(m'y,,m% ) < 8)

n—o0o N 1€[0,T] Xi
n n
#E( o k) > )

1
<limsup — log<IP’(m"Y €F,)+ IP( sup Wy (mY,, m% ) > 8))

n—oo N t€[0,T] X,

. 1
< max [llm sup — log P(m’ € F),
n—oo N

1
limsup — logP( sup Wi(my ,mZ ) >¢ :|
n—>oopn g <te[O,pT] 1( i Xt) )

By Corollary 6.1, the second argument in the maximum is —oo. Hence,
1 1
limsup —logP(m'y € F) <limsup —log P(m’y € F).
n—oo N n—oo N
Since Fy is closed, Theorem 6.8(ii) and the identity m’)’~( = m”Y yield
1
limsup —logP(m’y € F) <lim inf (J°®W)+RW .
msup — logP(my € F) < lim inf (J%(v) +R(voluo))
Obviously, (Fs); C Fs4e, from which we get
1
limsup —logP(m’y € F) <lim inf (J°°®W)+ R(v .
msup - logP(m € F) < lim inf (J%(v) +R(voluo))
Letting ¢ tend to 0, we obtain, as required,
1
limsup — log P(m’ € F) < lim inf (J°°() + R(v .
msup — log (m € F) < 5\0@5( (1) + R(volpo))

This completes the proof. [

6.2.2. Proof of the weak LDP in the presence of common noise. 'We are now in a position
to complete the proof of the weak LDP in the presence of common noise.

PROOF OF THEOREM 3.11. The result is an immediate consequence of Theorem 6.13
after observing that the rate function J?0-#0(v) therein coincides with the the rate function
J () + R(volmo) given above, due to Theorem 6.6. [

6.3. Proof of Theorem 6.8. Our proof relies on the so-called contraction principle, which
is somewhat similar to the approach developed in [9] and [23]. In particular, the strategy
used in this section may be adapted to obtain an LDP for the empirical distribution of the
paths of (6.1) (instead of the marginal empirical distributions), with the rate function having
a variational representation; see Remark 6.12.
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_ 6.3.1. Case when b=0. The first step of the proof is to focus on the case when the drift
b is trivial. Then we can have a look at the pair

= 12

which we regard as a random element with values in the product space:

PIRY x ¢d) x cd.
As above, Cg is equipped throughout the paragraph with the uniform topology and P! (R? x
Cg ) is equipped with the corresponding 1-Wasserstein distance. Also, for a probability mea-
sure Q on R? x Cg , we denote by R(Q|uo x W) the relative entropy with respect to po x W,
where W is the Wiener measure on the space Cg . Then we have the following statement.

PROPOSITION 6.15.  The pair (Q", W),>1 satisfies the following weak LDP:
(i) For any open subset O of P (R? x Cg) x C4,

1 _
liminf —log P((Q", W) e O) > — inf R W);
iminf —log (@', W)e0)=> ot (Qlpo x W)

(ii) For any closed subset F of P'(R? x Cg) X Cg,

1 _
limsup —logP((Q*,W)e F)<—1lim inf R x W),
n—>oop n £ ((Q ) ) d\O0 (Q,p)eF;s (Q“LO )

where

Fs=1{(Q.¢) e P'(R! x Cff) x C§

: inf Wi (Q, @),
@iffermx M2 Q)

6= ')] <8}

PROOF. We start with the proof of (i). First, observe that for any ¢ > 0, Q € PHRY x Cg )
and ¢ € C¢, the independence of Q" and W implies

logP(W1(Q", Q) <&, W — $lloo < &)
=logPW1(Q", Q) < &) +10gP(|W — ¢|loc < &).

By the support theorem for the trajectories of a Brownian motion (see Lemma 3.1 in [36]),

(6.13)

1
nlgrologlog]P’(llW — Plloc <€) =0.

Also, on dividing the first term in the second line of (6.13) by n and taking the limit inferior,
Sanov’s theorem in the 1-Wasserstein topology (see, for instance, [39]) implies that
1 -
liminf —logP(W;(Q", Q) <¢) > — inf R(Q' o x W)
n—>00 n Q'ePI(RIXCY: W (Q,Q)<e
> —R(Qlpo x W).
Now, given an open set O C Pl(Rd X Cg) X Cg, and 1 > 0, choose (9, ¢) € O such that

inf  R(Q'|no x W) = R(Qluo x W) —n.
(Q.¢)c0
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By choosing ¢ > 0 such that the set

(2, ¢) e PLR? x Cd) x C& : max(W1(Q, Q),

¢ = ¢loo) <}

is contained in O, we get

liminfllogIP’((Q”, W) e 0)>—R(Qluo x W)

n—-oo n
>— inf R(Q|mo x W) —n.
(Q.¢)€0 ( I ) 1

The proof of (i) follows on sending 7 to 0.
We now prove the upper bound (ii). Consider a closed set F in the product space P! (R? x
C(‘)’) x C2, and let

F'={Q:3¢ €Cf,(Q,¢) € F},
which may not be closed. Then the LDP for the sequence (Q”)n21 yields

1 _

limsup —logP((Q", W) € F) < — inf R(Q|po x W),
n—oo N Qecl(F)

where cl(F’) is the closure of F’. In order to complete the proof, it suffices to note that, if

Q € cI(F’), then there exists a sequence (Q", ¢") € F such that W;(Q, Q") — 0. Hence, for

any § > 0, we can choose n large enough such that (Q, ¢") € F;s. Therefore,

inf R xW)> inf R x W),
ot (Qluro )_(Q’(p)er (Qluro )

which completes the proof. [J

6.3.2. Contraction principle for nonzero drift. 'We now consider the general case with an
arbitrary drift b that satisfies Condition 6.3. Let e and w = (wy)tefo, 77 denote the canonical
variables on R? x Cg , and for (Q, ¢) € P'(R? x Cg) X Cg as above, consider the McKean—
Vlasov equation:

tN
xt:e+/ b(s,xs,Qox;I)ds+ow,+Go¢t, tel0,T],
0

on the space R? x C? equipped with the probability measure Q on the Borel o -field. Here,
Qox, I stands for the law of xs under Q. Under Condition 6.3, the above equation has
a unique solution x. Let W be the mapping that takes (Q, ¢) to the probability measure
Qox~!onC? and let ® be the mapping that takes (Q, ¢) to the flow of marginal measures
(Q ox,‘l)te[oyr]. Note that then W (Q, ¢) is an element of P!(C?) and ®(Q, ¢) is an element
of C([0, T]; P'(R)), and we have the following useful relation for each n:

(6.14) mly = ®(Q", W).
It is easily verified that the mapping & is continuous. Actually, we prove a slightly stronger

property.

LEMMA 6.16. The mapping ® is uniformly continuous from the space P (R? x Cg ) X Cg
into C ([0, T1; PL(RY)).

PROOF. Consider two probability measures Q and Q" on RY x Cg and two paths ¢ and
¢’ in Cg such that W (Q, Q') < ¢ and ||¢ — ¢'|lco < &, for some & > 0. By definition of the
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1-Wasserstein distance, we know that there exists a probability measure M on (R x Cg )2,
with @ and Q' as marginal distributions, such that

/(Rdxc(‘)l)z max(|

Denoting by (e, w) and (¢/, w’) the canonical processes on (RY x Cg)z, we consider the
system of two equations:

o) dM((e, ), (€', w')) <e.

xt_e—i-/ (s, x5, Moxg )ds+awt+cro¢>l,

x;=e +/ s, x4, Mo (x )l)ds—l—aw;-i-aoqﬁ;, tel0,T].

By Gronwall’s lemma, there exists C < oo (possibly depending on o and o¢) such that for
every t € [0, T],

[xe — x|
<C<|e—e/|+Hw W+ ¢ —9¢| —i—/ dsf(Rd —x;|d/\/l).

Integrating with respect to M, applying Gronwall’s lemma once again and allowing the con-
stant C to increase from line to line, we obtain

xcd)2

/(Rd cd)2‘ ¢ —x;|dM <3Ce, 1€][0,T],

which implies

sup Wi(Mox !, Mo (x))!) <3cCe.
t€l0,T]
It is clear that, for all ¢ € [0, T], M oxf1 =[P (Q, ¢)]; and Mo (x;)~ L= [®(Q, ¢)];, from
which we conclude that

sup Wi([@(Q,¢)],, [2(Q', ¢')],) = 3Ce,

t€l0,T]

which completes the proof. [J

6.3.3. Proof of Theorem 6.8. 'We can now make use of the contraction principle to prove
Theorem 6.8. We start with the proof of the lower bound (i) in the statement of Theorem 6.8.
For any open set O of C([0, T]; PL(R?)), the relation (6.14), the continuity property of &
established in Lemma 6.16 and Proposition 6.15 yield

1
liminf — logIP’(mX € 0) > — inf inf R(Q| o x W).
=00 peCd QePI(RIxCE)):®(Q,¢)€0
By Lemma 6.17 below, the right-hand side is equal to

— inf inf (I“‘)¢(v) + R(vol120)),
veO ¢€c

where recall that [ is the functional defined in (6.7). This completes the proof of the lower
bound.

We turn to the proof of the upper bound (ii). Similarly, for any closed set F C
C([0.T); P (RY),

1
limsup — logP(my € F) < — lim inf R(O| o x W).
e 1 OB (m € F) N0 (Q.¢) (@1 (F))s (Ql )
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By the uniform continuity of ® (Lemma 6.16), for any n > 0, we can choose § > 0 small
enough such that for any (Q, ¢) € (1 (F))s, P(Q, ¢) belongs to F;. Therefore,

1
limsup — logP(m’% € F) < — lim inf R x W).
n—>oopl’l & ( X ) M\O0 ®(Q,¢)eF, (Qlro )

To complete the proof, apply Lemma 6.17 once again to conclude that

inf R(QO X W) = inf inf inf R(QO x W
@pamper, Qo x W)= 10l I oiBt, (Lo x W)
— inf JOOHO(y),
vlenF,, (V)

which completes the proof.

6.4. Proof of auxiliary lemmas. We now prove the auxiliary Lemma 6.17 below. This
relies on Lemma 6.4, which we first prove.

PROOF OF LEMMA 6.4. Fix v € C([0,T]; P!(RY)) and ¢ € H}([0,T;RY). It is
straightforward to check that v = (v;);¢[0,7] is absolutely continuous if and only if V :=
(v o ‘L'¢_t 1),6[0,71 is. Now, suppose that v is absolutely continuous, and let us compute the

time-derivative of V. For any test function & € C2° (Rd) and0<s <t <T, we have
(T)’t - D‘Ss h) = <UI’ h( - ¢Z)) - (Vs, h( - ¢S)>
= (v — s, B (- — @)+ (vr, h(- — @) — h(- — y)).

Assume first that ¢ is continuously differentiable. Then, by the absolute continuity of ¢ — vy,
the continuity of 4 and ¢ and the fact that 4 has compact support, we may divide by t — s
and then send s — ¢ (for a fixed value of 7) in the above to obtain

d .
(6.15) E(ﬁt7 h) = (f)z, h(-— ¢t)> - <Vt, ¢: - Dh(- — ¢t)>,

where the derivative ¢, is understood in a (time-)distributional sense. By approximation,
noting that H'-convergence implies sup-norm convergence, we can lift the restriction that ¢
is continuously differentiable and merely require that ¢ € ’Hé([O, T1; RY).

Next, we claim that, for any h € C° (]Rd),

(6.16) (L5, (@107, h()) = (LF, ve A (- — ¢y)).
The proof is simple:

(Vr, Lo 5, [$1h) = (v o r¢ , = Tr{oo " D*h()] + Dh(-) - b(t, - + ¢,V o T—_ql,)>

<
(3
= (vr, Lr,h(- — ).

Combining (6.15) and (6.16), we may calculate, for 1 € C2° (R,
(¥ — Ly, (619, h)

—Tr O‘O’TDzl’l( — ¢1)|+ Dh(- —¢) - b(t, - ,Vz)>

d ~
= Z(ih h) - (»C;kj, [¢]§z, h)
= (0, h(- — @) — (vr. @y - DR (- — b)) — (L5, vi, h (- — ).
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Hence, changing / into i (- + ¢;) to pass from the second to the third line below, we get
15 — L 5, 919113,
(U — L}, 910, h)?

hecwquay (0 [DRP)

(%1, DAI2)70
W)= DR = 2 )

heC(RY) (i, |Dh|?)

(vr, | DRI)£0

= o = L5, v+ v},

Comparing the definitions of /% and %, the proof is complete. [

LEMMA 6.17.  Forv e C([0, T]; PY(RY)) and ¢ € C¢,

. __ JO ) —1
QEPI(RdXICIf)IIE@(Q@):v R(Qlpo x W) = 17((v1 © 7504, );cj0.77) + R(vol1o)-

Observe that the first term on the right-hand side in Lemma 6.17 coincides with
1°%((vy)ref0,r1) When ¢ € HL(0, TT; RY); when ¢ ¢ HI([0, TT; RY), we called it
1909 ((V)se10.71)-

PROOF OF LEMMA 6.17. First, let (e, w) be the coordinate maps on R? x €4, as before,
and let ®* : PH(RY x Cg) — C([0, T]; Pl(Rd)) be the mapping that takes, for a frozen ¢ €
Cg , Q to the flow of marginal laws of the solution (y;);¢[o,7] of the McKean—Vlasov equation:

l~
yt:e—i—/ b(s,ys—l—aoqbs,Qo(t_aoqbsys)_l)ds—l—aw,, tel0,T].

We now claim that ®(Q, ¢) = v if and only ®*(Q); =v; o7, (1]5 for all ¢ € [0, T'], which
can be seen by performing the change of variables (x; = y; + 00¢;):e[0,7] Where (X;):¢[0,7]
solves

t~
x,:e—i—/ b(s,xs,Qoxs_l)ds+ow,+do¢t, tel0,T].
0

Hence, since ¢¢9 = 0, it suffices now to show that

(6.17) inf R(Qlpo x W) = I? (v) + R(vol o).
QeP! (RIxC):*(Q)=v

We start from the left-hand side of (6.17), for a fixed Q € P! (R? x Cg ). By Theorem D.13
in [21],
(6.18) R(Qluo x W) =R(gqlmo) + / (Q™ W) dq(xo),

with ¢ € P(R?) denoting the first marginal of Q € P(R¥ x Cg ), and with (Q™), ' g denot-

ing a regular conditional probability distribution of the C¢ coordinate given the R? coordi-
nate, under Q. In particular, replacing ©o by ¢ in (6.18), we see that the second term in the
right-hand side identifies with R(Q|g x W).

Now, for (e, w) € R? x Cg ,let E(e, w) € C¢ denote the solution y of the equation

tN
(6.19) y,:e—l—/o b(s,ys+GQ¢S,CI>*(Q),ot:;o%)ds—i—aw,, tel0,T],
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noting of course that Q oy, I'= 9*(Q), foreachr € [0, T}, by construction. The nondegen-
eracy of o (see Assumption A(2)) ensures that the map E (xo, -) is one-to-one from Cg to C4,
for a fixed xo € R¢. Hence, by the contraction property for relative entropy,

R(Q™IW) =R(Q™ 0 E(x0.-) ' [Wo E(xo,-) ).
By the Donsker—Varadhan formula (see, for instance, Lemma 6.2.13 in [21]), we have

R(QP|W) = sup [fch(E(xo,-))dQ"O

FeCp(CY)

_ log(/ e (E(x0.)) dW)i|,
Cd

where C;,(C?) is the set of bounded continuous functions on C¢. The above right-hand side is
denoted by Lgi()) (O% 6 E(xp, -)~1) in [19]; see Lemma 4.6 therein. Using that same notation
here, by (6.18), we end up with

(6.20)

R(Qlq x W) = [ R(QIW)dq(xo)
(6.21)
= [, L@ o B, ) dgxo)

Now, passing the integral inside the supremum in (6.20), we obtain

R(Qlg x W)

> s [ dgtoo)| [ F(E 0. 0)aQ

FeCpy(cd) /RY

_10g(/ eF(E(xo,-»dW)]
cd

— sup U F(E(,9)dQ
FeCp(Cd) R4 xcd

—/ dq(xo)log</ eF (Ex0,)) dW)]
R4 cd

= L{P(QoE7),

(6.22)

where the definition in the last line agrees with the notation in Lemma 4.6 of [19]. In fact,
the converse inequality holds as well: Because Z is a one-to-one map of R¢ x Cg to C4, we
again use the contraction property of relative entropy to get

R(Qlg x W) =R(Qo E7(g x W)o 7))

= sup [/ FoEdQ—log(f eFOEd(qu)>].
FeCp(Cd) R4 xcd R4 xcd

By Jensen’s inequality and concavity of log, this is bounded above by the right-hand side
of (6.22), which shows that R(Qlg x W) = L (Q o E~"). Using this along with (6.21) in
(6.18), we end up with

R(Qluo x W) =R(qluo) + L (Qo E™Y).
Recalling that ¢ denotes the first marginal of Q and that ®*(Q)o = ¢, we have

inf R x W) = inf R(v +L(1) E_l )
Q:9*(Q)=v (Qluo ) Q:@*(Q):u[ (Vol#o) 4 (Qo )]
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Finally, return to (6.19) and observe that (Q o E; 1),6[0]] coincides with ®*(Q). Also, for
any two probability measures vy and P on R¢ and C?, with vy being the image of P by the
mapping (x;):e[0,7] —> Xo, there exists a unique Q € PR? x Cg) such that P = Qo B 15 if
P is integrable then Q is also integrable. Because, ¢ — ¢, is continuous, the drift (¢, x)
b(t, x + ooy, D*(Q); 0 f—_;o ¢,) 1s nice enough that we may apply Lemma 4.6 from [19], as
well as Section 4.5 therein to conclude
; — To09
Q@}}(lg):vR(Qluo x W) =R(volpo) + 17°7(v).

Importantly, to check the above equality, we can assume that R(vg|uo) < oo, in which case
vo € P'(RY); hence, by (4.11) in [19], with v = vy, it is straightforward to verify that the
minimum of the right-hand side of (4.10) in [19], may be restricted to the P’s that are
integrable. By the previous argument, those P can be written in the form Q o 7!, with
Qe P'(R? x Cg ), which yields the above identity. [

6.5. Proofs of Propositions 6.10 and 6.11. We start with the proof of Proposition 6.11.

PROOF. Take a path v such that J?°(v) + R(volpo) < a. Then, modifying without any
loss of generality the value of a, we can find ¢ € Cg such that 1°0? (v) + R(vo|po) < a. By
Lemma 6.4, we deduce that the path (V; = v; o ‘L'U_O ;,)te[O,T] is absolutely continuous. Also,
for any test function 7 € C2° (R?) such that | D k| and |D)%h| are bounded by 2, we have

T .
fo (¢, 1) P dt < C(a),

where C(a) is a constant only depending on a and the uniform bounds on b, o, and oy.
We can easily find a sequence of functions (h)),>1 in C° (R9) converging to the identity
function, uniformly on compact subsets, and satisfying at the same time the two constraints
IDyhplloo <2 and || D2k, 0o < 2. Using the fact that ¥ € C ([0, T1; P! (R?)), we have

lim sup |(V;,h,) —M’|=0.
p_’ooze[O,T]’ Htp z‘
Since the set {lﬁ e H'([0, T]; RY) [Vl < +/C(a)} is closed for the uniform topology, we
deduce that Ml = MY — op¢ is in H1 ([0, T1; R?) and has H!-norm bounded by +/C(a). This
proves claim (ii).
Also, from Lemma 6.4 we know that

Tffo¢(’g) + R olpo) = IOOd)(V) + R(volpmo) < a.

Returning to the definition (6.4) of the action functional and using the fact that b is bounded,
we can find a new constant, still denoted by C(a) (and depending only on the same quantities
as above), such that

I, () + R(Volno) < C(a),

where [ (%) is the action functional 7° in the case when b = 0 (i.e.,when L; ,, = % Tr[GGTD%]).
By Lemma 6.17,
19, ) +RWolno) = inf  R(Qluo x W),
0@ +RGoluo) = inf | R(Qluo x W)
where ® g is the map @ in the case when b = 0. By Sanov’s theorem for the 1-Wasserstein

topology (see [39]), R is a good rate function on P! (C%). Hence, by the contraction principle,
the left-hand side forms a good rate function on C ([0, T']; PLRY)). We deduce that there
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exists a compact set K C C([0, T]; P} (R?)), depending only on a > 0, such that ¥ € K.
Now, v; o rM; =70 ‘L'M;_UO & for all ¢. Using (6.8) and modifying the definition of K, we

easily deduce that (v; o rl\;[;),e[o,r] is in K, which completes the proof of (i). [
We turn to the proof of Proposition 6.10.

PROOF OF PROPOSITION 6.11.  We start with the first claim. We observe that the quantity
inf, ek, (J7°(v) + R(vp| o)) is nondecreasing as § decreases. In particular,
lim inf (J°° R < inf (J9° R .
Jim VIGHKS( (v) + R(volpo)) < vng( (v) + R(volpo))

In order to prove the converse bound, we proceed as follows. By the above inequality, we can

assume that the left-hand side is finite, as otherwise there is nothing to prove. Recall from
Lemma 6.17 that

inf R W) = inf (J° R .
(6.23) ook, R(CQlHo x W) Jnf (J%(v) +R(voluo))
Since the right-hand side is less than some C > 0 independent of §, the left-hand side can be
rewritten as

inf{R(Qluo x W) : (Q, ¢) s.t. D(Q, ¢) € K5, R(Qluo x W) < C}.

Consider now a sequence (Q", ¢"),>1 in PLRY x Cg) X Cg, with ¢" € Cg and R(9Q"| g x
W) < C, yielding a 1/n-approximation of the infimum when § = 1/n. Let v" = ®(Q", ¢") €
K1/,, and notice that (v"),>1 is precompact in C([0, T']; Pl(Rd)) by compactness of K.
Proposition 6.11 ensures that (op¢™),>1 must too be precompact in Cg , and thus without loss
of generality we may assume (¢"),>1 is precompact as well. Finally, because R(-|pno x W)
is a good rate function on PHRY x Cg) by [39], we deduce that (Q"),>; is precompact.
Relabel the subsequence and assume that (1", Q", ¢"),>1 converges to some (i, 9, ¢). By
the continuity of ® (see Lemma 6.16), v = ®(Q, ¢) € K. Hence, by the lower semicontinuity
of relative entropy, we get

. . s .
R(Qlpo x W) <liminf R(Q"|uo x W) = %@)@(Q{%GKSR(QIMO x W).

Lemma 6.17 implies that (6.23) holds also without the §, that is,

inf R W) = inf (J° R ,
o™k (Qlpmo x W) Vng( (v) + R(volpo))
and the proof of the first claim is complete.

It remains to prove the second claim. In the case when oy = 0, the fact that J 0C) +
R(-0lp0) is a good rate function is a consequence of the proof of Proposition 6.11. Equiva-
lently, we can invoke Lemma 6.17, which asserts that

JOW) + R = inf  R(Qluo x W).
(v) (volmo) oo, (Qlro )
Since R is a good rate function on PL(C?) and ® is continuous, the left-hand side forms a
good rate function on C ([0, T']; PI(R")). So, whenever (inf,cr; (J7°(v) + R(vo|io0)))s=0 is

bounded, we may restrict v in a compact set, and the passage to the limit works exactly as
before. [J
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6.6. Proofs of Proposition 6.5, Theorem 6.6 and Corollary 6.7. We start with the proof
of Proposition 6.5.

PROOF OF PROPOSITION 6.5. The proof relies on another formulation of the rate func-
tion 1909 Let CCI’Z([O, T] x R?) denote the set of compactly supported functions ¢ on
[0, 7] x R4 possessing one time derivative and two space derivatives. By [19], Lemma 4.8,
we claim that for ¢ € Cg([O, T]; R9)

%)= sup [w, 1) — (v0. o)
veCl?(10,T]1xRY)

T . 1
- /0 <vt, O + Lyv)V1 + 001 - Dy + ElaTDxW}dz],

where we write ¥ (x) = ¥ (¢, x). Since v € P1(C([0, T]; P (R))), we can allow 1 in the
supremum to be at most of linear growth in x, uniformly in time, with bounded derivatives.
Now consider the change of variables v/, (x) = ¥, (x) — o0¢; - (6o ')~ 'x. We then have

0 (x) = 9, (x) — ooy - (00 1),

Dx‘Zz =Dy — (UUT)ilo'Oqst,
Lo Wt (X) = Loy e (x) = b(t, x,v7) - [(00 7)) oo ].
We then find that

0= sup [<vr, Wr) — (v, Vo)
YeCl?([0,T1xRY)

T 1
- /(; <Vz, 0 + Ls )V + E|6TDXWI|2>dt]
— (M} [(00 ") oodr] = My - [(00 ") ™ oodo])

T ..
+ /0 M - [(o0 ) ood] dt

4 [ (1B, w0} [0 ™) b ]

1. 1

+ E[Gogb,] . [(aaT) laoqbt]) dt.

The first term on the right-hand side is /°(v). By expanding the term on the second line by
integration by parts, we get

T . . .
120y = 1°0) + [—M}’ (o, Bt - )+ 100(15;}
(6.24) 0 2

. [(o*o—r)_laoql')t]dt.

Note that this shows that 77?(v) < oo if and only if 19(v) < co. We wish to extend the
identity (6.24) to ¢ € ’H(l)([O, T1; RY). As the right-hand side above is clearly continuous in
”H(l)([O, TI; ]Rd), we must only show that the left-hand side is as well, at least when suitable
terms are finite. Fix a sequence ¢" € Cg([O, T1; Rd), converging in H!-norm to some ¢ €
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’H(l)([O, T]; R4 ). First, use the definition to see that, for a finite constant C depending on oy,

n T . . .
IO’O¢ (V) < IUO¢(])) + CA ” ].)t - E;k’vt V¢ + diV(V[UO¢[) ” vy ‘QS[ - ¢;l ’ dt
c (7. .
(6.25) + 3/0 |y — gy | dt

C
< [90% () +C[IUO¢(U)]1/2”¢ —(p”HHl + E”‘Ib _¢n||’%-[l

Similarly,
n n 1
(6.26) I”0¢(V) < Jo0¢ ) + [Iao¢ (v)]1/2H¢ —¢" ”7_’51 + 5”¢ — " H?—tl

If 71°90%(v) = o0, then Jo0¢" (v) = oo for all n, and likewise 1°(v) = co. In this case, the
identity (6.24) holds for ¢. If 1°0¢(v) < oo, then (6.25) implies sup, 17°%" (v) < co. Then
(6.25) and (6.26) together imply that 790" (v) — 190 (v), and again (6.24) holds for ¢.

Now that we know (6.24) holds for all ¢ € 7—[(1)([0, T1; R?), we take the infimum on both
sides. To do this, note that if S = RT R for some positive definite d x d matrix R, if V a
subspace of R?, and if IT the orthogonal projection from R? to the subspace RV, then for
any y € R? we have inf,cy Sx - (%x —y)= —%|1'[Ry|2. With R =o~! and V equal to the
image of op, we find

1 T . ~
inf ]UO¢(V)=IO(V) - _/ |HU—IUOU_I(M;} _<vt’b(t"’vl)>)|2dt'
$EH(0.T;RY) 2Jo

In particular,
0o 0 LT —1nmv Y 2
JOWw) <1 (u)—5 A |Ty-15,0 " (M} — (v, b(t, -, v)))| dr.

If the left-hand side is infinite, the proof is over. If it is finite, we know from Proposi-
tion 6.11 that the infimum over C(‘)l in the definition of J°° can be reduced to an infimum
over H([0, TT; R?), since M is in H! ([0, T1; RY). This completes the proof. [

We now turn to the proof of Theorem 6.6. The proof of Corollary 6.7 is similar, so we omit
it.
PROOF OF THEOREM 6.6. Note that the operator oI, in the definition of M?-

ensures that there exists 5 € Cg such that MPV = 005. Thanks to Lemma 6.4, this permits
the following change of variables:

. ~ —1
7= ¢>12§d 1004)((”’ ° rooczﬁf)ze[o,r])
0

= inf T°0@FP(((v, 0 TG_O(%,) © Toop)reio.71)

. 700, —1
= JUO ¢((Vt o Tcr()(z,)te[oyT])’

where, for ¥ € C¢, we define Joov just like J°° but with the drift modified to (¢, x, m) —
I;(t, X+ oYy, mo r__;m/,[). More precisely,

Fo0 (1) o o TOO(E -1
Jo 1/](V) = qblélcfd 10 1//>((Vf © TU()@)[E[O,T])'
0
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The analog of Proposition 6.5 for this modified drift now implies that if v has mean path in
HA(0, T1; PL(R?)) then

708 (1) = 7909 (1)

o0

1 (7 o - ~ _ 5
‘Efo IMy-10,0 ™ (V) — (v B(t. -+ o0fr v 0™} 2 ).

~ —1 —1 . .
The mean path of v = (v; o TME"’ =vort, Nt)te[O’T] is precisely
t

~ t ~
M} =M — 01'[01006_1(1\41}’ - Mg — / (vs, bC(s, -, vs))ds>,
0
so the above yields

TO ,(E —1 __ Jo $ ~N "MEV —1
J7?((vy OTao(z,);e[o,T]) =17"0) =1 ((ve OTMtZ,v)te[O,T])' O
7. Examples. This section discusses two explicitly solvable models that do not fit our
assumptions A. Nonetheless, we show that our strategy for deriving limit theorems by com-
parison with a more classical McKean—Vlasov system is still successful in these cases.

7.1. A linear-quadratic model. 1In this section, we discuss how our ideas apply to the
mean field game model of systemic risk proposed in [14]. Here, d = 1, o and oy are positive
constants, the action space A = R, and for some g, €, b > 0 and 0 < q2 < € we have

b(x,m,a) =bm —x)+a,

_1 2 . € ’
f(x,m,a)_ia —qa(m—x)—i—i(m—x) ,

g
g0x,m) = S — x)%,

where m = [ ydm(y). Both the drift and cost functions induce a herding behavior toward
the population average; see [14] for a thorough discussion.

It was shown in (3.24) of [14] that the unique closed loop Nash equilibrium dynamics is
given by

. 1 — .
(7.1) afz[q+<pl”<l——>}(X,—X;), te[0,T],
n

where X, = % "_, X!, and where " is the unique solution to the Riccati equation:

g.

. - 1 2
¢f =2(b+q)e; + (1 - ;>|¢Z’| —(e—4%), ¢}
The explicit solution takes the form

(7.2) o = —(e — qZ)(e(B,T—ﬁn_)(T—t) —1)— g((gr—ll—e(éj—én_)(T—z) —87)
. =

(8 BT =0T =0 — 5y — (1 — L) (e® =5 (T=D — 1)’

where

_ - 1
(13) 8f=—<b+q>i\/(b+q>2+(1—;)(6—#).
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In particular, the Nash equilibrium state process is given by the solution X = (X', ..., X")
of the SDE system

. - 1 _ . .
(7.4) n
tel0,T].
It is straightforward to show that ¢} — ¢ as n — oo, uniformly in ¢ € [0, T'], where ¢>°
is the unique solution to the Riccati equation
. - 2 -
o =20+ ¢ + g —(e—a?). =8
The explicit solution is of the same form given by (7.2) and (7.3), with n = oo. It follows that

= (Xl, ..., X™) should be “close” in some sense to the solution ¥ = (Yl, ..., Y™ of the
auxiliary SDE system
(7.5) dY! = (b+q+¢>) (Y, —Y])dt + 0 dB' +0odW,,

initialized at the same points ¥} = X 6. Of course, it should be noted that the process Y plays

here the same role as the process X in (4.1), the solution U to the master equation being
given in the current framework by
e.¢]

Ut x.m) = ‘%(m —x)>2.

In this regard, the fact that X and Y should be “close” is completely analogous to the state-
ments of Theorems 4.1 and 4.2. Here, we prefer to use Y instead of the notation X used in
previous sections, to avoid any confusion with the empirical mean process that appears in
(7.1).

To compare (7.4) and (7.5), we use the fact that Xo = Y, and we apply Gronwall’s in-
equality to find a constant C < oo such that

1< - - 1 1< -
(7.6) s —vi|, < cH (1 _ —)(p” _ goOOH IS, as.
i3 n ool iy
where, as usual, || - ||, denotes the supremum norm on [0, 7']. On the other hand, the equation

(7.4) and Gronwall’s inequality yield
1 & - 1 & . 1 & :
SULINEE (PP oINS D LUNRRLN IS
As soon as (X )i>1 are i.i.d. and sub-Gaussian (e.g., E[exp(KlX | )] < oo for some « > 0),

we find a umform sub-Gaussian bound on these averages; that is, there exist constants C <
00, § > 0, independent of n, such that

1 .
Pl 2 X <exp(—82a?), foralla>C,neN.
(155001 0) o5 foratazcne

Assuming without any loss of generality that the constant C in the last display coincides with
the one in (7.6), and letting r, = C||(1 — l)(,o” — 9|0, We find that, for a > Cr,,,

POV, s ) = ) <2 21 =] =)
7.7 n .
77 SP<r—"Z||X’|Ioo>a)
L

<exp(—82a*/r?).
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It is straightforward to check that r,, = O(1/n), which implies in particular the exponential
equivalence of (m'y) and (mYy ), in the sense that

1
Jlim. " logP(W) ca(m’y, my) >a)=—oc foralla > 0.
Moreover, the concentration estimates of Section 3.1 are all valid; all that was used in the
proofs were the estimates in (7.7) and the concentration bounds for McKean—Vlasov systems
of Sections 5.2 and 5.3.

Derivation of the LDP.  As made clear in Section 6, the relation (7.7) is the cornerstone to
get a LDP for (m'y),>1. Indeed, we can have the LDP for (mYy),> by adapting the arguments
of Section 6, but this requires some care as the drift here is no longer bounded.

Most of the derivation of Theorem 6.8 is based upon on the contraction principle: the fact
that the drift is unbounded is not a problem for duplicating the proof. In fact, the assump-
tion that b is bounded is used only a few times in Section 6, mainly for the derivation of
Propositions 6.10 and 6.11. We explain below how to accommodate the unboundedness of b.

Notice in particular that, specialized to the present setting, the rate function of the weak
LDP (see Theorem 6.8) has the form

J7(v) + R(volro),
where

JOW) = inf I°((vi 0 Ty )reqo.71)-
9eCy
10 standing for Dawson and Gartner’s rate function as defined in the statement of Lemma 6.4
with the drift b : (t,x, )~ b+qg+ @;°(x — ) and with &z denoting the mean of u. Re-
markably, since l;(t, x+¢;,mo r__(;t) = l;(t, x,m), 1°is completely independent of ¢, which
ultimately leads to nice formulas in our setting.

When og = 0, there is no need to push further the analysis. So, for the rest of this short
discussion, we can assume og > 0. To proceed, we observe that, due to the special form
of interaction in the dynamics, we can easily shift the path ¢ appearing in the definition of
J%(v). Indeed, we can rewrite J°°(v) (first changing o(¢ into ¢ and then shifting ¢) as

J) = inf 19(((vr © Tagt _azp) © T, icror)-
0

The key fact to observe here is that v; o rM&_M(u) has zero mean.
t

When ¢ is smooth enough, Lemma 6.4 provides another representation for / O((v o
r¢_t 1) tef0,71) and the relation (6.24) in the proof of Proposition 6.5 remains true as well. Thus,
combining the special form of the drift together with (6.24), we see that, when (v;);¢[0,7] has
a constant mean, we have

IO((U[ [¢] I(P:I)IE[O,T]) Z IO((VI)IG[O,T])'
Arguing as in (6.25)—(6.26), the latter remains true when ¢ lies in 7-[(1)([0, T1; RY). We now

want to check that this remains true when ¢ € Cg. To do so, we must revisit the first step in
the proof of Proposition 6.10. If
0 -1
(v 0 7y, )sego,r) <@

for some a > 0, we can find a constant C(a, v) such that M” — ¢ lies in HL([0, T1; RY)
with an 7' norm less than C(a, v). The main difference with the proof of Proposition 6.10
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is that the constant C here depends on v, but it suffices to check that necessarily ¢ lies in
H! ([0, TT; R4 ). Therefore, (still in the case where (v;)sc[0,7] has a constant mean) we end up
with

infd IO((Vt o T(;I)IG[O,T]) = IO((VZ‘)Z‘G[O,T])'
$eCy

In the general case when the mean is not constant, this yields

JOW)=1%((v 0 7o) 1) o, )

Then, if needed, we can revisit the proof of Proposition 6.10 to specialize the upper bound
in the case of compact sets. The only fact that is needed from Proposition 6.11 is that the
aforementioned constant C(a, v) is uniform in v in compact subsets, which can be shown to
be true. This suffices to obtain the complete form of the LDP, as stated in Theorem 3.11.

7.2. A Merton-type model. We now turn to one of the models of [32], which fails to fit
our general assumptions for a number of reasons. As in Section 7.1, the coefficients are un-
bounded and the Hamiltonian is non-Lipschitz. But now both volatility terms are controlled,
and agents are more heterogeneous in the sense that each is assigned a certain type vector,
denoted by ¢; = (Xf), i, 6i, 1i, oi, v;) and belonging to the space

Z:={(x,8,0,1,0,v) €R x (0,00) x [0, 1] x (0, 00) x [0,00)*: 0 +v>c},

where ¢ > 0 is fixed. Suppose henceforth that we are given an infinite sequence of deter-
ministic type vectors ({;);eN. Assume also, for simplicity, that all of these parameters are
uniformly bounded from above.

The n-player game is described by a state process X = (X', ..., X") given by

dX| = o (uidt +vidB} 4 0; dW;),

where each X ; is one-dimensional. Agent i chooses (ai)te[o’ﬂ to try to maximize the ex-
pected utility

1. _
—E[exp(—g(X’T — QiXT)):|,
1
where X7 = % DI/, ¢ ]; This is essentially Merton’s problem of portfolio optimization, un-
der exponential utility, but with each agent concerned not only with absolute wealth but also
with relative wealth, as measured by the average X 7. The parameter 6; € [0, 1] determines
the tradeoff between absolute and relative performance concerns; see [32] for a complete
discussion.
We express the equilibrium in terms of the constant

1 Sk k0K 1 ko
Uk D o X e —am)
k=1%% T Vi k/n) i=1 %% T Vi (1 = 6/n)

assuming the denominator is nonzero (which certainly holds if 6; < 1 for at least one k). It
is shown in Theorem 3 of [32] that there exists a Nash equilibrium in which agent i chooses
the constant (i.e., time- and state-independent) control

n._ Sipi +nnbio;
T I 2 —0,/n)
i i i
The corresponding state process is given by

X! = X{ 4 o it + v Bl + ol oy W
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Now, as in the previous section, we can show that X is very close to a particle system
Y= (Yl,...,Y”),where

Y= X4+ @ it + @' BY + @ oy Wy,
and where

n . Oili +nnbio;
o = 2, 2
of + V;

i =
1 & Skmkok 1 & 6o
77n-=; ol +v? 1_; ol +v2 )
k=1 "k k k=1 "k k
More precisely, note that the uniform bounds on the type parameters ensure that there exists
L > 0 such that | —o'| < L /n forall n > 2 and all i, and we conclude that

L
[X' =Yoo = —(iT + i B o + 0 W o).

By assuming that (Xf)),-zl are i.i.d. and sub-Gaussian as in the previous subsection, it is
straightforward to show that there exist constants C, § > 0, independent of n, such that

1A
(7.8) ]P’(— dYxt =y > a) <exp(—8°n%a?), foralla>C/n,n>2.
n -

Again, this estimate allows us to transfer limit theorems and concentration estimates for Y
over to X.

While Y is not exactly a standard McKean—Vlasov system because of the type parameters,
it is close enough that we can do some similar analysis. Let us illustrate one simple way to
study the limiting behavior of my . Define a map ¥ : P(Z x C Iy x ¢! — P(C") by setting
W (Q, w) equal to the image of Q o ?Ujl, where ?w : Z x C' — C! is defined for each w € C!
by setting

P (2, 0)(1) = xo +%( {4+ ve(t) + ow()),

where ¢ = (x9, 6, 0, u, o, v), and where

= Suo fo?
Q1= /2xcl 02 4?2 / (1 62+v2)Q(d§’d€)'

We may then write

1 n
m}; = \IJ(; Z(S(CI,Bi)’ W)
i=1

For a fixed M > 0, it is easily checked that the map W is continuous (with respect to weak
convergence) when restricted to the subset of (Q, w) for which §puoc < M and 1 — Ho? / (02 +
v2) > 1/M holds for Q-a.e. (¢,£). Therefore, we may easily identify the limit of my as
n — 00, as long as %Z?: 1 8¢, By converges a.s. Moreover, if the type vectors ¢; are 1.i.d.

then the sequence of empirical measures % > 8¢, pi) satisfies a LDP, according to Sanov’s
theorem. If o; = O for all i, so there is no common noise, then ¥ (Q, w) does not depend on
w, and we may deduce a LDP for mY, from the contraction principle. If the common noise is
present, we can either deduce a LDP conditionally on W (i.e., quenched), or we can deduce
an unconditional (i.e., annealed) weak LDP, as is done in Propositions 6.15 and Theorem 6.8
in a general setting.
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8. Conclusions and open problems. In this paper and the companion [20], we have
seen how a sufficiently well behaved solution to the master equation can be used to derive
asymptotics for mean field games, in the form of a law of large numbers, central limit theo-
rem and LDP, as well as nonasymptotic concentration bounds. This worked under a class of
reasonable but restrictive assumptions, notably including boundedness of various derivatives
of the master equation. Without this boundedess, it is not clear if we can always expect the
Nash system m’y and the McKean—Vlasov system m”Y to share the same large deviations,
or to be exponentially equivalent as in Theorem 4.3. In the two examples we presented in
Section 7, there were no difficulties, but it is not clear how much regularity we really need
for the master equation.

To comment more on this point, note that the proof of our main estimate Theorem 4.1
(given in Section 4 of [20]) was in many ways parallel to Lipschitz FBSDE estimates. To
cover linear-quadratic models, we should allow the first derivatives of U (¢, x, m) to grow
linearly in x and W (m, 8p) and the Hamiltonian to have quadratic growth in both x and «.
This leads to a quadratic FBSDE system, as we encountered in the proof of Theorem 4.2
(given in Section 4 of [20]), but with unbounded coefficients controlled only in terms of the
forward component. This would certainly require a much more delicate analysis.

Technical assumptions notwithstanding, there is an interesting gap in the current state of
the limit theory for closed-loop versus open-loop equilibria. The papers [24, 30] provide
laws of large numbers for open-loop equilibria, with the key advantage of addressing the
nonunique regime, that is, when there are multiple mean field equilibria. A sequence of
n-player equilibria may have multiple limit points as n — oo, but any such limit point is
a mean field equilibrium in a suitable weak sense. In the closed-loop setting, there are no
limit theorems addressing the nonunique regime, which is important in light of the fact that
nonuniqueness is a key feature of many game theoretic models. On the other hand, we now
have a central limit theorem and LDP for closed-loop equilibria, in the unique regime, and no
such results are known for open-loop equilibria. However, it is worth mentioning that anal-
ogous LDPs have been established in the nonunique regime in the simpler setting of static
games [31].
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