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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 players interact with each other through their empirical dis-
tribution. The unique Nash equilibrium empirical measure of the n-
player game is known to converge, as n goes to infinity, to the unique
equilibrium of an associated mean field game. Under suitable regu-
larity conditions, in the absence of common noise, we complement
this law of large numbers result with non-asymptotic concentration
bounds for the Wasserstein distance between the n-player Nash equi-
librium empirical measure and the mean field equilibrium. We also
show that the sequence of Nash equilibrium empirical measures sat-
isfies 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 equation that characterizes the value
function of the mean field game, to construct an associated McKean-
Vlasov interacting n-particle system that is exponentially close to
the Nash equilibrium dynamics of the n-player game for large n, by
refining estimates obtained in our companion paper. Then we estab-
lish a weak large deviation principle for McKean-Vlasov systems in
the presence of common noise. In the absence of common noise, we
upgrade this to a full large deviation principle and obtain new concen-
tration 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 methodology 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 de-
scription of the n-player game (see Section 2.3 for a complete description).
Let the empirical measure of a vector = (z1,...,z,) in (R?)" be denoted

by
> burs
k=1

where 6, is the Dirac delta mass at z € RY, which lies in P(R?), the
space of probability measures on R¢. Given independent R%-valued and
Re-valued Wiener processes W and B!,..., B" and R%valued initial con-
ditions (X¢,--+, X¥), a time horizon T < oo, an action space A, a drift
functional b : R x P(R%) x A — R? and two constant matrices o € R9*4
and op € R¥>*%  with o non-degenerate, the state of the n-player game at
time t is given by X; = (X}, ..., X"), where the state X? of the ith agent
follows the dynamics

S|

n _
mm—

(1.1) dX; = b(X;, m%,, o' (t, Xy))dt + 0dB; + oodWs.

Here, o : [0,7] x (RY)® — A is a Markovian control that is chosen to
minimize the i¢th objective function

T
12) ) =8 | [0 m ol Xt + oK)

for suitable cost functionals f and g. An n-tuple (a!,...,a") is said to
be a Nash equilibrium of this game (in closed-loop strategies) if for every
t=1,...,n, and Markov control &,

n( 1 i—1 i i+l n n( 1 i—1 ~ i+l n
JHa . ot akh et ) < e, ot et L al).

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 equation (PDE) system called the Nash system,
introduced in Section 2.3. If X = {X; = (X},..., X}),t € [0,7]}, is the
associated state process, then (mr)L(t)te[O,T} is referred to as the associated
Nash equilibrium empirical measure. Under additional regularity conditions,
it was also shown in [10] that (m,)icpo,7) converges, as n goes to infinity,
to the unique equilibrium (u)iepo,7) of a certain associated mean field game
(MFG), described in Section 2.4. The equilibrium g = (u, t € [0, T7]) is itself
a stochastic flow of probability measures, and can be described in terms of
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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, )i, 7] to
(11¢)1ejo,r) 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 num-
bers (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 = (Yl, LX)
of McKean-Vlasov type:

(1.3) dX} = b(t, X;,m'% )dt + odB] + oodWy,

for a suitable drift b defined in terms of the drift b and the solution to the
master equation. We then show that this McKean-Vlasov system is exponen-
tially 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 0 > 0 such that for every a > 0 and n > C/a
we have

(1.4) P (Wy ca(m, m%) > a) < 2ne=0""",

where W, ca denotes the p-Wasserstein distance on the space of probability
measures on the path space C? := C([0, T]; R?) with finite p™® 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 establish-
ing 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 gy = 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
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McKean-Vlasov systems [8, 7], motivated mostly by questions of long-
time convergence to equilibrium, restricted attention naturally to gra-
dient drift coefficients. We thus adopt a new approach, for Lipschitz
but non-gradient drifts, that yields not only deviation probability
bounds like those in [8, 7] but also full concentration of measure, in

the sense that Lipschitz functions of (Yl, ..., X") 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 concentration results for quantities like

P( sup W,ga(mXx,, ) > €],
t€[0,T7]

for ¢ > 0 and for exponents p € {1,2} (see Corollaries 3.3 and 3.5);
here, W), pa is the p-Wasserstein distance on the space of probability
measures on R? with finite p'" 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})" ; 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', ):e[o,1))nen Obeys
a large deviation principle (LDP) in the space of continous paths tak-
ing values in the space P(R?), equipped with the W ga metric. We
explicitly identify the rate function in a form similar to that of Dawson-
Gartner [19]. Our LDP can be obtained essentially by bootstrapping
known large deviations results for McKean-Vlasov systems, such as
those in [19, 1, 9]. Indeed, the result then nearly follows from the ex-
ponential 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 coeffi-
cients, 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., oy # 0), the LDP we obtain for
(Mm%, )iejo,r))nen is in fact a weak LDP, with a rate function that fails to
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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 com-
mon noise appear to be new as well. The recent papers [16, 17, 2] develop
similar techniques for MFGs with finite state space and without common
noise, using the (finite-dimensional) master equation to connect the n-player
equilibrium to a more classical interacting particle system, and then trans-
ferring 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 ad-
vantage 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 re-
sults 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 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.



LARGE DEVIATIONS AND CONCENTRATION FOR MEAN FIELD GAMES 7

2.1. Notation and model inputs. For a topological space E, let P(E)
denote the set of Borel probability measures on £. Throughout the paper we
make use of the standard notation (u, ) := | @ dp for integrable functions
@ on FE and measures g on E. Given n € N, we often use boldface ¢ =

(1,...,2y) for an element of E™, and we write
1 n
=1
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 PP(E) if
the norm is understood, for the set of u € P(E) satisfying (u, | - ||P) < oo.
For a separable Banach space (E, || - ||), we always endow PP(E, || - ||) with
the p-Wasserstein metric W, g, defined by

1/p
20 W) =it ([ fle=ylPatsan)
™ ExE

where the infimum is over all probability measures m on F x E with marginals
w and v. When the space E and/or the norm || - || is understood, we may
omit it from the subscript in W, (g .|, €-g., by writing W, or W, g, or
Wa,llI

For a positive integer k, we always equip R* with the Euclidean norm,
denoted |- |, unless stated otherwise. For fixed T' € (0, 00), we will make use
of the path spaces

ck.=C([0,T];R*), keN,

which are always endowed with the supremum norm ||z{[oc = supyepo 1y |7¢-

For m € P(C*) and t € [0, T, we write m; for the time-¢ marginal of m, i.e.,
the image of m under the map C* 3 z +— z; € R¥,

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 the companion paper [20, Section 4] make use of properties of this
derivative, but in this paper we simply apply these estimates.

For an exponent q € [1,00), we say that a function V : P¢(R%) — R is

¢ if there exists a continuous map g—XZ : PI(R?Y) x RY — R satisfying

(i) For every W, ga-compact set K C P?(R?), there exists ¢ < oo such
that sup,,cx \%(m, v)| < e(1+ |v]9) for all v € RY.
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(ii) For every m,m’ € P4(R9),
(2.2)

V(m') —=V(m _/ /Rd 6m (1 =t)ym +tm/,v) (m' —m)(dv) dt.

Note that the condition (i) is designed to make the integral in (ii) well-
deﬁned Only one function ‘W can satlsfy (2.2), up to a constant shift; that
is, if 9V S V. satisfies (2.2) then so does 2¥ S V. ¢ for any ¢ € R. For concreteness
we always choose the shift to ensure

/ oV —(m,v) m(dv) = 0.
R

a0om

If %(m,v) is continuously differentiable in v, we define its intrinsic
derivative D,V : P1(RY) x R? — RY by

oV
D, V(m,v) = D, (m(m,v)> ,
where we use the notation D, for the gradient in v. If, for each v € R?, the
2
map m — g—xl(m, v) is €', then we say that V is € and let % denote its
derivative, or more explicitly,

5 —5(m,v,v") =

sm \ 6m

% o <6V( v)) (m, ).

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

when it exists, and we note that D,D,,V takes values in R%*?:; for some
results, we will also consider higher order derivatives D¥D,,V (m,v) with
values in R%*-xd = R"™ for k € N. Finally, if V is €2 and if g%g(m,v,v’)
is twice continuously differentiable in (v,v"), we let
2 / o 8V
D V(m,v,v") = Dy 5 — (m,v,v')

denote the d x d matrix of partial derivatives (8%.81,9 [62V/6m?]|(m,v,v")); ;.
Equivalently (see [10, Lemma 2.4]),

D2V (m,v,v") = Dp(DpV(-,0))(m, ).
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2.3. Nash systems and n-player games. We fix throughout the paper a
filtered probability space (2, F,IF = (F;)icpo,1], P), supporting independent
[F-Wiener processes W of dimension dy (called common noise) and (B*)2,
of dimension d (called idiosyncratic noises) (we choose the dimension of the
idiosyncratic noises (Bi)fil to be equal to the dimension of the state space
for convenience only), as well as a sequence of i.i.d. Fo-measurable R%-valued
initial states (X})2°, with distribution po.

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, f) : REx PPT(RY) x A — R? x R,
g: R x Pp*(Rd) — R,

along with two matrices o € R4*? and oy € R¥%_ where ¢ is non-degenerate.
In the n-player game, players i = 1, ..., n control the state process (X; =
(Xt17 o 7th))t€[0,T]7 given by

(2.3) dX; = b(X}, mk,, o' (t, X¢))dt + 0d B + oodWs,

where we recall that m’y, denotes the empirical measure associated with the
vector X;. Here ' is the control chosen by player ¢ in feedback form. The
objective of player ¢ is to try to choose o' to minimize

T
J"i(al,...,a") =E [/0 FOXE,m,, @ (t, Xp))dt + g( X, mk.,)

A (closed-loop) Nash equilibrium is defined in the usual way as a vector of
feedback functions (a,...,a™), where o' : [0, 7] x (R9)" — A are such that
the SDE (2.3) is unique in law, and

JWiat, . a) < Vel o a et L an,

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 HJB equations. Define the Hamiltonian H : R?x PP" (R%) x R? —
R by

H(l‘amay) = égg[b(li’ mva) Y+ f(x,m,a)] :
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Assume that this infimum is attained for each (x,m,y), and let a(z, m,y)
denote a minimizer; 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 con-
straining. For instance, Assumption A requires the existence of a smooth
solution to the master equation, which is described in detail in the next sub-
section. In all existing works on the subject, existence of a smooth solution to
the master equation is in fact proven under the assumption that a(x, m,y)
is unique (see for instance [26, 18, 13]). In [10], the Hamiltonian is smooth
and b(x,m,a) = a: Following the proof of [35, Theorem 2], uniqueness of
the minimizer follows. It is convenient to define the functionals b and f on
R4 x PP*(RY) x R? by

(2.4)

~ o~

b($7 m7 y) = b(x7 m7 a(x? m’ y)) and f(x7 m? y) = f($7 m7 a(x7 m7 y))?
and note that then
(2.5) H(z,m,y) = b(z,m,y) -y + f(z,m,y).

The n-player Nash system is a PDE system for n functions, (v™° : [0,7T] x
(RH™ — R)™_,, given by

o™ (t, @) + H (i, My, Dy o™t z))

n

+ Z ijv"’i(t,ac)-g(l‘j,mg,Dsz”’j(t,w))
J=Li#i

IR ;
(2:6) —|—§ Z Tr [Dijyxjv"”(t, w)aaT}
j=1
1 - 2 n,i T
+§ Z Tr [Dzj,xkv (t, 33)0000} =0,
k=1

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

0,7) x (RY™ 5 (t, ) = & (@, m?, D™ (¢, x)) .

As a result, the in-equilibrium state process X = (X!,..., X™) is governed
by

(2.7) dX} = b(X},m%,, Dp,o™ (t, Xy))dt + odB + ogdWy,
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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 D,,v™" is locally Lipschitz. Also, Assumption
A(1) and the fact that @ ~ m? is a Lipschitz function from (R%)" to
(PP (R?), W, ga) 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 : [0,7] x R? x PP"(RY) — R, given by

0=0U(t,z,m)+ H(x,m,D,U(t,x,m))
1
+ §Tr [(UO’T + UOJS—)DgU(t,x,m)}

—|—/ /l;(v,m,DxU(t,v,m)) - Dy U(t, x, m,v) dm(v)
Rd

(2.8) + ;/ Tr [(UO’T + JQUOT)DvaU(t,a?,m,v)] dm(v)
R4

1
+ / / Tr |:000'(—)|—D72nU(t,1',m, v,v’)} dm(v) dm(v")
2 R4 JRA

+/ Tr [O‘oO’S—DxDmU(t,.T,m,U)} dm(v),
Rd

for (t,z,m) € (0,T) x R? x PP"(R?), with terminal condition U(T,x,m) =
g(z,m). The connection between the Nash system and the master equation
is clarified in [10] and [20, Proposition 4.1]; roughly speaking, v™(¢,z) is
expected to be close to U(t, z;,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

(2.9)  dX, = b(Xs, pe, DLU(t, Xo, 1))t + 0dBE + 00dWy, 1= L(X|W),

with initial condition Xy = X}, where £(X|W) denotes the conditional law
of X given (the path) W, viewed as a random element of P?"(C%). Here, a
solution X' = (X}),c[0,7] is required to be adapted to the filtration generated
by the process (X3, Wy, B} )iepo,r]- Notice that necessarily iy = L(X|W) =
L(X|(Ws)selo,) a-s., for each t € [0, T, because (Ws—Wy)s>¢ is independent
of (X5, Ws)s<¢. Assumptions A(1) and A(5), stated in Section 2.5 below,
ensure that there is a unique strong solution to (2.9); this follows from a
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straightforward adaptation of the arguments of Sznitman [37, Chapter 1]
(cf. [15, Section 7] and [13, Chapter 2, Section 2.1]). For the reader who is
more familiar with the PDE formulation of mean field games, we emphasize
that the process (Mt)te[o,T] is a weak solution to the stochastic Fokker-Planck
equation

dpy = —div(b(-, pe, DU (t, -, i) e )dt + STe[D2 (00 " + apoy )]dt
—(UoTDxﬂt) - dWy,

for ¢ € [0,T], which follows from a straightforward application of It6’s for-
mula to the process (¢(Xt))se[o,r) for smooth test functions ¢.

Since U is a classical solution to the master equation with bounded
derivatives (see Assumptions A(1) and A(5) in Section 2.5 below), it is
known that the measure flow p constructed from the McKean-Vlasov equa-
tion (2.9) is the unique equilibrium of the mean field game; see for instance
[12, Proposition 5.106]. A mean field game equilibrium is usually defined as
a fixed point of the map ® that sends a W-measurable random measure p
on C? (such that (1t)eefo,r) s adapted to the filtration generated by W) to
a new random measure ®(u), defined as follows:

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

infaE [fOTf(Xtavut)at)dt+g(X%7MT)i| )
s.t. dXt = b(Xél,,U,t, O[t)dt + O'd.Bt1 + O'Oth.

where (ai);c(0,7) is an A-valued progressively measurable process (with
respect to the filtration generated by X, 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 ®(u) =
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 p € ®(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 oy = 0.
When o # 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 [10, Section 1.2.4]. For our purposes, we simply take
the McKean-Vlasov equation (2.9) as the definition of u.
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out

2.5. Assumptions. The following standing assumption holds through-
the paper, and this is notably the same standing assumption as in the

companion paper [20, Assumption AJ:

1.

ASSUMPTION A.

A minimizer &(z, m,y) € argmingea [b(z,m,a) -y + f(z,m,a)] exists
for every (z,m,y) € R? x PP"(R?) x R?, for some p* € [1,2] such that
the function b(z,m,y) defined in (2.4) is Lipschitz in all variables.
That is, there exists C' < oo such that, for all z,2’,y,7/ € R? and
m,m’ € PP (R%),

b(z,m,y) — b(a',m y')] < C (|x — 2| + Wy (m,m") + |y — ¥/])

where Wy is shorthand for Wy ga.)).

2. The d x d matrix o is non-degenerate.
3. The initial states (X§)22, are iid. with law pog € PP (R?) for some

p >4

4. For each n, the n-player Nash system (2.6) has a classical solution

(v™)_,, in the sense that each function v™(¢, ) is continuously dif-
ferentiable in ¢ and twice continuously differentiable in . Moreover,
ijv”’i has at most linear growth and v™' has at most quadratic
growth, for each fixed n, 7, j. That is, there exist L, ; < oo and Ly, ; j< 00
such that, for all t € [0,T] and = € (R%)",

| D, 0™ (8, )| < Ly (1+|]),
0™ (8, )| < L (1 + |2[?).

5. The master equation admits a classical solution U : [0,7] x R x

P2RY) > (t,z,m) — U(t,z,m). The derivative D, U(t,z,m) exists
and is Lipschitz in (x,m), uniformly in ¢ (with respect to the metric
W, for the argument m € PP (R%)), and U admits continuous deriva-
tives O,U, DU, D,,U, DU, D,D,,U, D, D,,U, and D2,U. Moreover,
DU, D,U, D,.D,U, and DfnU are assumed to be bounded.

Recall that |x| in A(4) is the Euclidean norm of € (R%)"; in some

places, we denote it by ||x|/,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 f, defined in (2.4), using of course the same function

a fr

om Assumption A(1). We provide two alternatives:
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~

AssuMPTION B.  f(z,m,y) is Lipschitz in y, uniformly in (z, m). That
is, there exists C' < oo such that, for all x,7,7 € R? and m € PP (RY),

~ o~

|f(x,m,y) - f(a:,m,y')| S C|y - y/|
ASSUMPTION B’.

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

2. The Nash system solutions (v™%)"_; are bounded, uniformly in n and
1.

3. f(x,m,y) is locally Lipschitz in y with quadratic growth, uniformly in
(x,m). That is, there exists C' < oo such that, for all z,y,y’ € R% and

m € PP (RY),
|fla,m,y) — fla,m,y)] < CQA+ [yl + |y DIy — ¥/

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 of
[20] for a detailed discussion 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)n>1 and
on their marginal flows ((m, )ic(0,77)n>1, defined by the SDE (2.7). Proofs
are deferred to later sections. It is helpful to first recall the associated law
of large numbers associated, regarding the convergence of (m'yx)p>1 to p,
where 1 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 if d < 2p
(3.1) Tnp =<4 n ?log(l4+n) ifd=2p
n~P/d if d > 2p.

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

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

lim E[W;Cd(m?}(,u)] =0,

n—oo
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and there exists C < oo such that, for each n > 1,

sup B (WP o (m )| < O
t€[0,7] ’

E [ sup WQQ,Rd (mi,, )| < Cn~2/(d+8),

te(0,7

The two different ways of estimating the rate of convergence in Theo-
rem 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 [13, Chapter 6] for earlier appli-
cations 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 distribu-
tion 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 fluctua-
tions of the empirical distribution of a sample of i.i.d. random variables in
RY (see, for instance, [25]). In the central limit theorem of our companion
paper [20, Theorem 3.2], the dimension d also plays a notably 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, i.e., 09 = 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

P (W

e ca(m, p) >€), €>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 (C%),
namely the ¢! and ¢ norms. For = (z!,...,2") € (C%)", let

n

l2lln1 =D llztlloe, ]

i=1

n,2 +=—

Note that we still always use the standard sup-norm | - ||o on C%, defined by
[]lcc = supsejo.7] |2¢], where | | is the usual Euclidean norm on R<. For a
normed space (E, ||-||), write Lip(E, || -||) for the set of 1-Lipschitz functions,
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ie., the set of f: E — R with |f(z) — f(y)| < ||z — y|| for all z,y € E. If
the norm is understood, we write simply Lip(FE).

Recall in the following that po is the law of the initial state (see As-
sumption A(3)). We now state our first concentration result.

THEOREM 3.2. Assume p* = 1 and o9 = 0, and suppose Assumption
A holds, as well as either Assumption B or B’. Assume there exists k > 0
such that

(3.2) /Rd exp(k|z|?)po(dr) < oo.

Then there exist C < 00,9 > 0 such that, for every a > C, everyn > 1, and
every ® € Lip((CH)", || - ln,1), we have:

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

We quickly obtain a probabilistic rate of convergence, complementing
Theorem 3.1:

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, a®*8},
we have:

(3.4) P ( sup W, ga(m'x,, pis) > a) < 3nexp(—da’n).
s€[0,T

PROOF. Note that & — sup,ejo 1) Wi ra(my,, f1s) is (1/n)-Lipschitz from
((C€H™, || - |ln.1) to R. Observe also from Theorem 3.1 that

E

sup W ga(mk,, ps) | < en”/(4H8)
s€[0,T] ’

for some ¢ < co. Then, for any a > 0,

P| sup Wi ga(mXk,,ps) >a
s€[0,7

s€[0,T

< P( sup W pa(mx,, ps) —E | sup Wl,Rd(mnXsaus)] > a/2>
s€[0,T

+P (E [ sup leRd(m’}(s,,us)] > a/2> .
s€[0,T]



LARGE DEVIATIONS AND CONCENTRATION FOR MEAN FIELD GAMES 17

The second term vanishes if cn~1/(d+8) < a/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 Theorem 3.2. The corollary then holds with
C = max((2c)%+8,2¢). O

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

(i) o satisfies (3.2) for some k > 0.
(ii) There exists £ > 0 such that, for every ¢ € Lip(R?), we have:

po(y — (uo, ) > a) < exp(—a’/2k).
(iii) There exists a finite constant £ > 0 such that

(3.5)
Wi ra (o, v) < v/ 25R(v|po), for every v € PHRY) with v < pp.

Here R denotes relative entropy, defined by

W roe W gy ity <
—_— —_— it v ,
(3.6) R(vlpo) = 4 ) dmo °® dpug ™ po

o0 otherwise,

where v < g denotes that v is absolutely continuous with respect to ug. In
fact, the change in the constant x required between each of the conditions
(i-iii) is universal, in particular independent of both py and the underlying
metric space. We refer the reader to the book of Ledoux [34] for more discus-
sion 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 n.

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 shows
that dimension-free concentration is equivalent to the following quadratic
transport inequality:

(3.7)  Whyga(po,v) < /26R(v|po), for every v € PYRY) with v < po.
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More precisely, there exists a finite constant x > 0 such that (3.7) holds if
and only if there exists § > 0 such that for every n € N, every f € Lip((R4)")
(using the usual Euclidean metric on (R%)"), and every a > 0 we have:

uo (f = (uh, f) > a) < exp(—da?).

By now, many probability measures are known to satisfy (3.7). The standard
Gaussian measure on R?, for instance, satisfies (3.7) with x = 1. More
generally, if po(dz) = e~V ®dz for some twice continuously differentiable
function V on R? with Hessian bounded below (in semidefinite order) by cI
for some ¢ > 0, then pg satisfies (3.7) with k = 1/¢; see [28, Corollary 7.2].
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 oy = 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 < oo and 61,92 > 0 such
that, for every a > 0, every n > C/a?, and every ® € Lip((CH)", || - |ln.2), we
have:

(3.8) P(®(X) —E®(X) > a) < 2nexp(—di1a®n) + 2exp(—dqa?).
We immediately obtain an improvement of Corollary 3.3:

COROLLARY 3.5. Under the assumptions of Theorem 8.4, there ex-
ist C < oo and 01,09 > 0 such that, for every a > 0 and every n >
C/min(a, a®?), we have:

(3.9)
P ( sup Wy ga(m'x,, fis) > a) < 2nexp(—d1a*n?) + 2exp(—dra’n).
s€[0,T
PrOOF. Similar to Corollary 3.3, this follows from Theorem 3.4: Note

first that the mapping @ +— sup,co ) Wa ra (i, , f1s) is n~ 12 Lipschitz from
(€™, || - |ln.2) to R. Then, by Theorem 3.1, we have

E[ sup Weao(mk,, )] < en™ /(49

s€[0,7T

for a constant ¢ < oo. O
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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 Corollaries 3.3 and 3.5, using the triangle
inequality:

COROLLARY 3.6. Under the assumptions of Theorem 3.2, there ex-
ist C < oo and & > 0 such that, for every a > 0 and every n,k >
C/min{a, a®®}, we have:

P ( sup W ga (mk.,mx.) > a) < 3nexp(—da*n) + 3k exp(—da’k).
s€[0,T]

Alternatively, under the assumptions of Theorem 3.4, there exist C' < oo
and 81,69 > 0 such that, for every a > 0 and every n,k > C/min(a, a?*8),
we have:

P ( sup WQRd(m"XS,mgcs) > a> < 2nexp(—d1a*n?) + 2 exp(—daa’n)
s€[0,T

+ 2k exp(—61a2k?) + 2 exp(—daa’k).

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' < co and § > 0 such that for every a > 0 and n € N
satisfying a > C'max{n=1,r,1} we have:

sup P (W, ga(m'k_, pis) > a) < 3n exp(—dna?).
s€[0,T )
The key advantage is that the requirement @ > Cmax{n=! 7,1} is much

weaker; for a fixed a this inequality “kicks in” for much smaller n, as r, 1 <
—1/(d+38)
n .

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 1,
and Theorems 3.2 and 3.4 clearly fail. See Remark 5.7 for a brief discussion
of this possibility.
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Lastly, we discuss similar concentration inequalities for the in-equilibrium
controls themselves. 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:

dXti :/Z;(Xti7utv DIU(tv tha Mt))dt + O-de + UOtha n= ‘C(XZ|W)’

with initial condition X} = X¢, 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 Assump-
tions B or B’. Assume a(x,m,y) is Lipschitz on R? x PP"(R?) x Re. Define
the in-equilibrium controls

a?’i = a(XZ7 m}t, Dlvivn’i(t’ Xt))a
and the limiting controls
52 = a(tha bt DIU(tv Xg? ,Ut)),

fort € [0,T]. Then, with ryn, defined as in (3.1), we have for each n > 1:

1 = T n,i i|p*
(3.10) E [nZ/O o — Bi7" dt
i=1

If we assume also that oy = 0, then:

(i) If p* =1 and (3.2) holds for some k > 0, then there exist C' < co and
61 > 0 such that for every a > 0 and every n > C/min{a, a®*8},

1< [T . A
P < Z/ ‘a:ﬂz _ ﬁ;‘Zdt > a2> S 3n€—51a2n + 2”6_520’2”2‘
ni=Jo

(i1) If (3.7) holds for some k > 0, then there exist C < oo and 61,92 > 0
such that for every a > 0 and every n > C/min{a, a8},

1< T
P ( Z/ }a?ﬂ - 6“26” > a2> < 4ne—51a2n2 + 26—62(1271.
ni=Jo

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(z,m,a) =
—3lal?, for example. See also [12, Section 3.1.4] for additional examples, at

< Cryp-.
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least when @ does not depend on the measure, together with [12, Chapter
6, Lemma 6.18] for cases when & is allowed to depend on p. Notably, the
controls appear in Theorem 3.9 integrated in time; analogous results, with
the integral replaced by a SUP;e(o,775 would require a very different and likely
more involved argument.

3.2. Large deviations. In this section, we state a large deviation prin-
ciple (LDP) for the sequence (m,)icpo,7] regarded as a sequence of ran-
dom variables with values in the space C([0,7]; P}(R?)), where P*(R?) is
equipped with the 1-Wasserstein distance, and C([0, T]; P*(R%)) is equipped
with the resulting uniform topology. Below, let C2°(R%) denote the space of
smooth compactly supported functions on R%. It is convenient here to define

(3.11) b(t,x,m) ::/I;(:U,m7DxU(t,x,m)) = b(z,m,a(z,m, D;U(t, z,m))),

with @ being the minimizer in Assumption A(1).

Following [19], we now introduce the action functional, which requires
the following definition: we say that a distribution-valued path ¢ — v; defined
on [0,T] is absolutely continuous if, for each compact set K C R?, there
exists a neighborhood Uy of 0 (for the inductive topology) in the space
Ck (R?) of functions in C°(R%) whose support is included in K and an
absolutely continuous function dg : [0, 7] — R such that

‘<,ut>f>_<,us’f>}S‘éK(t)_dK(S)‘> SJE[O?T}’ fEUK-

We refer to [19] for more details. The action functional I : C([0, T]; P}(R%)) —
[0, 00] is then given by

(3.12)
1 T - % 2 . . .
Iv) {2 Jo e = Lf,,vll7,dt  if t — vy is absolutely continuous,
v) = ’

s otherwise,

where, for (t,m) € [0,T]x P}(R?), L}, is the formal adjoint of the operator

1 ~
Et,m‘P = §TI‘ [O-O-TD;%SO] + DJSQO : b(ta *y m),

for ¢ € C°(R?), and the seminorm || - ||, acts on Schwartz distributions by
(r,0)
Il == sup 7
" 00 (Rd) (m, |Dzp|?)
<m)|DI§0|2>7£0

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

/ exp (A|z]) po(dzr) < oo, for all X > 0.
Rd

Then the sequence (m&t,t € [0,T])nen satisfies a large deviation princi-
ple on C([0,T); PH(R?)), with good rate function v = (v)epor) = 1(v) +
R(vo|po), where I is given by (3.12) and R is as in (3.5).

This follows almost immediately from the results of [19] on large devia-
tions 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 coefficients
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 (7, : R? 3 2 + 2z — x),cpa the group of translations
on ]Rd as well as the orthogonal projection II,-1,, from R? onto the image
of 07 'og. Then, for any continuous path ¢ from [0,7] into R we define
1% to be the rate function as given by (3.12), but modified by replacing the
drift b with (t,z,m) — b(t T+ ¢, moT ; ) where it appears in the operator

Ltm. Also, for a path v € C([0, T]; PL(RY)), we let

MY = <0H - 1</Rdxd(1/t — o) (z) — /Ot<us,6(s,.,ys)>ds)>tem.

This allows us to define the following functional:
J7(v) = e <(Vt ° TM} )eelo, 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

/ exp (A|z]) po(dz) < oo, for all X > 0.
Rd



LARGE DEVIATIONS AND CONCENTRATION FOR MEAN FIELD GAMES 23

Then the sequence (m'x,,t € [0,T])nen satisfies the following weak large de-
viation principle in C([0,T]; P1(R?)):

(i) For any open subset O of C([0,T]; P (R%)),

1
lim inf = log P(m" > _ inf (.Jo0 .
iminf —logP(m. € 0) > J?o(‘] (v) 4+ R(vo|mo))

(i) For any compact subset K of C([0,T]; P*(R%)),

1
limsup —logP(myx € K) < — ig}f{(JUO(V) + R(vo|wo))-

n—oo TN

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

. 1 n o o
hrrlrl_}solip - logP(m’x € F) < — %1{‘% Vlggé (J7°(v) + R(vo|po))-

where Fs = {v € C([0,T); P1(R?)) : infycp supyepo,r) Wi (v, i) < 6}

It must be stressed that J°° coincides with I when oy = 0 since the
image of oo reduces to {0}, the process M*" is null, and =7,

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
og differs from the null matrix, the rate function is not a good rate function,
that is to say, 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 0y. In words, J?°(r) may remain bounded even if
the mean path of v has higher and higher oscillations.

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

dX7 = b(t, X0, L(X7))dt + 0dBE + oodydt, € [0,T),
and let v = (E(Yf))te[oj] denote its flow of marginal laws. In that case, M®”
coincides with og¢, and thus (v OTI\TH;*”)te[OvT} is the flow of marginal laws of
t

(Yf — 009t )iefo,1]; the latter solving the McKean-Vlasov equation (with no
common noise) with drift b given by (t,z,m) — b(t,z 4+ oops, m o T:;Oqst).

As a result, IM"” ((ve o TI\;I%”)tE[O’T]) is null, whatever ¢ is.
t



24 DELARUE, LACKER AND RAMANAN

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, e.g., 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 compare to the true Nash system. Precisely, let X =

(X 1, . ,Yn) solve the approximating n-particle system

(4.1)

X} = (X, m%  D.U(t, X, m% ))dt + odB] + 0odW;, X = X{.
Because of Assumptions A(1) and A(5), this SDE system admits a unique
strong solution.

We make the following abbreviations: For (¢, ) € [0,T] x (R?)", define

ui(t, ) = U(t, 2, m?).

Also, in what follows, for ¢ = 1,...,n, define:

t n
(4.2) M = / > (Drv™ (s, Xs) = Dyyu™(s, X)) - 0dB]
0
7j=1
(4.3) +/ Z(ijvn,z(s7Xs) — Dm]_un,z(37Xs)) - ogdWs,
0 =
7j=1

t
(4.4) N} = / (V™ (s, X4) — u™(s, X))dM?.
0

We may now state the main estimates from [20, Theorems 4.2 and 4.6].
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
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C < oo such that, for each n,

1 <& T ‘ . 9 C
(4.5) ;ZE UO | Dy v™i(t, X,) — DU (L, X{,m'k,)| dt} <
i=1
1 " ; 12 C
(46) S IX =X ||oo] <5
i=1
Moreover,
1 & o c < . C
(4.7) - DX =X < o > M+ 3
i=1 i=1

and for all t € [0,T7],

n n n

@8) SV < G and M < G O3 N

=1 i=1 =1 =1

THEOREM 4.2.  Suppose Assumptions A and B’ hold. Then (4.7) holds,
and, for sufficiently large 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

Qi = /0 (2005, X,) — ™ (5, X.)
+ psinh(n(v™ (s, X) — u™i(s, Xs)))} dM:.

Then, for sufficiently large n and n, we have for all t € [0,T],
n n n

@9) 23 < S and S < G40 Z|QT|

=1 =1 =1

The main estimate for our purposes is the following theorem, which
provides an exponential 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 Section 6.

THEOREM 4.3.  Suppose Assumption A holds, as well as either Assump-
tion B or B’. Then, there exist constants k1, ke € (0,00) such that for every
€ >0 and n > K1/e we have:

I, i
P (W ca(mii,me) > ¢) <P <n doIx - X% > 62)

(4.10) i=1
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The constants k1 and ko 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 Assumption 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), respectively. Recall
the definitions of M? and N from (4.2) and (4.4). Use (4.7) to get

1 " : -1 CO CO
(4.11) ~ > IXT =X < Z[MZ] ok
=1 =1

where ¢y < oo 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:

(4.12)
—Z]\” i:[Ml] and lznj[Mq < 2+C—3§:|Nw
=1 n =1 re TL2 n =1 m

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

P (nyp > §y + f;[NZ}T) < exp(—67)
and P < ’yNT > 0 —I— [NZ] ) < exp(—07).

Thus, defining the event A,, = {3 € {1,...,n} : y|NL| > éy+ L;[Ni]T}, we
have

P(A,) < ZIP> <7|NT| > 0y + L [N’] ) < 2nexp(—6v).
=1
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On the other hand, on A,
1 c €3 —
; 2 3 ;
Ly M < 2y 3N
i=1 i=1

n
C2 37y i
< = +ezd+ -y [N
< Sttt o H[ Ir

n
co ~ ;
< ﬁ + c30 + Clc3ﬁ ;[M ]T,

and for n? > (c1c37) V (c2/c36) it holds that 2 3% | [M']p < 4c3é. Thus, for
any such n,

n

[M'] > 4035> <P(A,) <2nexp(—d7).

S|

(4.13) P (

i=1

Recalling (4.11), we may choose ¢ > 0 and set § = €2/8c3co to get:

1 : 1< e 1
P(- X -X'N1E > <p| =M — - =
(33T > ) < (13 ©
<P lZn:[Mi] >i
- n T 2cg

i=1
2
< 2nexp <_8i:320> ,

whenever n? > (cie3y) V (8coca/€?) V (2¢0/€?). In particular, choose v =

n?/eies to deduce (4.10), with k1 = /(8c2co) V (2¢) and ko = 16¢ocic3. O

5. Proofs of concentration inequalities. In this section we prove
the claims of Section 3.1. Due to Theorem 4.3, it remains only to find concen-
tration 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.

5.1. Review of concentration inequalities. We begin by reviewing known
results characterizing concentration in terms of transport inequalities, com-
bining well known facts about subgaussian random variables with [28, Propo-
sition 6.3] and [6, Theorem 3.1]. Recall the definition of relative entropy R
from (3.6).
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THEOREM 5.1. Let (E,| - ||) be a separable Banach space and 6 €
PLE). Let k > 0. Consider the following statements:

(i) For allv < 0,
WiE(0,v) < /2kR(v|0).
(ii) For every A € R and ¢ € Lip(E, || - ||),

/E exp (A — (8, ¢))) 0(dz) < exp(kA2/2).
(111) For every a >0 and ¢ € Lip(E, || - ||),

0 (o~ (0,) > a) < exp(—a®/2k).

(iv) We have [, exp(|z||?>/6r)0(dz) < oo.

Then (i) < (i1) = (iit) = (iv). Moreover, if (iv) holds for a given k, then
(1) holds with k replaced by

/i’—6<1—|—4log/Eexp(]xH2/6m),u(dx)>.

In particular (i—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 [28, Proposition 1.9]. In what follows, given a separable
Banach space (E, ||-||) and p > 1, by (E™, || ||np) we will mean E™ equipped
with the /P norm,

n 1/p
(5.1) 1 |np = (Z II%'II”) :
i=1

for x = (z1,...,2,) € E™. The subscript in |||, indicates that we are using
the /P 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
0 € PLE).

(1) Suppose Wi g(0,v) < \/26R(v|0), for allv < 6. Then, for allv < 0",

we have
le(En7||'Hn,l)(0n7 I/) < 4/ QTLHR(V’Q’”).
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(11) Suppose Wa (0,v) < \/26R(v|0), for allv < 6. Then, for allv < 0",
we have

WL (B ) (075 V) S Wa (Bn |1 l,0) (0", V) < /26R(1]07).

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 [22, Corollary 4.1] (alternatively, see [38,
Theorem 1]):

THEOREM 5.3. For k € N, suppose b : [0,T] x RF — R* is jointly
measurable and there exists L < oo such that

|b(t,z) — b(t,y)| < L|lz —yl|, for all x,y € RE.
Assume also that

(5.2) sup |b(t,0)] < oo.
te[0,7

For another k' € N, let ¢ € R*¥  and let ||o]lop = sup{loz| : = €
Rk/, |z| <1} denote the operator norm. Fixz a probability space supporting a

k'-dimensional Wiener process W. Finally, let X* = (X{)icpo,r) denote the
unique strong solution to the SDE

dX}! =b(t, X})dt + cdWy, Xo ==,

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

(5.3)
Wit en) (@ Pr) < V2ER(QIPy), for all Q € PH(C) with Q < Py,

In particular, it holds for every a > 0 and ® € Lip(C*, || - ||x2) that
Py (® — (P, ®) > a) < exp (—a®/2k) .

PRrOOF. 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 x does not

depend on the values of k, k', or sup,cjo 1 [b(t,0)|. The final claim (“in
particular”) follows from the implication (i) = (i4i) in Theorem 5.1. O
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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 parame-
ter p € [1,2], to be specified later, and a drift b : [0, 7] x R? 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,z,m) —b(t',2',m")| < L (Jx — 2’| + Wy(m,m')), t € [0,T].

Assume also that

(5.5) sup [b(t,0,80)] < oc.
te[0,7

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 + odBy,

t
with initial conditions )?&, . ,)?61 which are i.i.d. with law pg satisfying
E[| X§[%] < oco.

For z € (R)", let P, € P((CYH)™) denote the law of the solution to
the SDE system (5.6) started from initial states ()?6, e ,)N((’}) = x. Then
x — Py is a version of the conditional law of X given f@. 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 Brownian motion. Let
Tz,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 T, p, and L (and not on n or the value of (5.5)), such that

(5.7) (P, ®) = (Py, ®)” S/Hx’—y/||ﬁ,p7fw,y(dx’ady/) < clle -yl

for all ® € Lip((CH)™, || - [|n,p) and z,y € (R%)™. For our first concentration
result, recall that ||z[|ec = sup,cjo,ry|2(s)], and that on (CH™ we make use
of the corresponding ¢! and ¢2 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 kg < 0o such that

(5.8) Wa (o, v) < v/2k0R(V|1i0), for v < .

Then there exist a constant § > 0, independent of n, such that for every
a >0 and every ® € Lip((C)", || - ||n.2) we have

P (@(3{) ~ES(X) > a) < 90’
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PrROOF. To apply Theorem 5.3, we first check that the constant x in
(5.3) does not grow with the dimension n. To this end, define 3, : [0,T] x

(RY)™ — (RD™ by B,(t, @) = (b(t, x1,mD), ..., b(t, zn, m")). Define also the
nd X nd volatility matrix ¥, by

o
with omitted entries understood to be zero. This way, we can write
dX, = Bu(t, X1)dt + SpdW,,

where W = (B!,... , B"). We wish to show that (,(t,-) is Lipschitz, uni-
formly in ¢ and n, and that sup,, ||X,[|,p, < oco. First notice that for & =
(z1,...,7) € (RY™ and y = (y1,...,yn) € (RY)" we have for ¢ € [0,T],

b(t, i, mi) = bty )| < L (Js — il + Wa(ms, my))

- 1<
< L Sy _ ]2
< |l — | + " ;21 |25 — ;]

= Llz; — y;| + Ln~ |z — y|,

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

LIS ~ 2
Balts @) = Bults )] < || - (Elwi — il + In12le — y))

i=1
< 2Lz —yl.

This shows that the Lipschitz constant L of 5, is uniform in n. It is clear
that || Zallop < [7]op-

Now, for & € (R?)" recall that x +— P, is a version of the conditional law
of X given X, o = x. By Theorem 5.3, there is a constant ¢ > 0, independent
of n due to the above considerations, such that for any ® € Lip((C%)", ||+|/n.2)
we have

Py(® — (Pg, ®) > a) < exp(—a?/2¢), for all a > 0.

Moreover, combining Theorem 5.2(ii) with Theorem 5.1, the assumption
(5.8) ensures that for every a > 0 and ¢ € Lip((R%)™, || - ||.2) we have

iy (v = (i, ) > a) < exp(—a®/2k0).
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Finally, fix any ® € Lip((C%)", || - ||5,2)- Then by (5.7), the map x — (P, ®)
is c-Lipschitz on (R%)"™ with respect to the Euclidean norm. Use this along
with the previous two inequalities (together with the fact that ff is the law

of X, 0) to conclude

P(2(X) - B8(X) > a) <E [P (2(X) - (Pg,, @) > 0/2| Xo)]

+P ((kao, P) ~ E(Pg,,P) > a/2)
< exp(—a?/8¢) + exp(—a?/8koc?).
The assertion of the theorem follows with ¢ = 1/(8 max{¢, koc?}). O

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

(5.9) Wi ga(fo, V) < \/260R(v|fio), for v < fig.
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 < oco. Then there exist

constants ¢,§ > 0, independent of n, such that for every a > 0 and every
@ € Lip((C)™, || lln1), we have

P (@()7) ~E®(X) > a) < 2exp(—da®/n).

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

(5.10) Wl:((Rd)n7||'Hn,l)(ﬁg’ v) < 1/271%073(”/78), for v < 11§

Thus, for any function ¢ € Lip((R?)™, || -

n,1), Theorem 5.1 yields

(5.11) fig (o = (i, @) > a) < exp(—a®/2nr).
Fix ® € Lip((CH)™, | - ||n1), and note that ® is \/n-Lipschitz with respect
to || - [|n,2 because of the elementary inequality || - [ln,1 < /7 - ||ln,2. Recall

that (RY)" 5 & + P, is a version of the conditional law of X given X,. 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(® — (P, ®) > a) < exp(—a?/2¢n), for all a > 0.
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Moreover, the map ® + (P, ®) is c-Lipschitz on ((RY)",] - [ln.1) due to
(5.7). Use (5.11) along with (5.12) to get

P (@(3{) ~E(X) > a) <E [P (@(f) — (P, ®) > a/Q‘ 3(’0)}

+P ((PYO, $) ~ E(Pg,,®) > a/2>
< exp(—a?/8n¢) + exp(—a?/8nkoc?).

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

5.3. McKean-Vlasov expectation bounds. The results of the previous
subsection (the notation of which we keep here) pertain to the concentration
of a function @(f ) around its mean but tell us nothing about the size of
E®(X). In this section, we study the rate of convergence of (rru%)te[oﬂ to

its limit (fi¢)se(o,7), defined through the McKean-Vlasov SDE
dY;' = b(t, V', fi)dt + odB}, Y& =X3, i = Law(Y}").

The assumptions on b in Section 5.2 ensure the existence of a unique strong

solution (Y1, i) to this equation (see, e.g., [15, Section 7] or [13, Chapter 2,

Section 2.1]). We next provide some quantitative bounds on E[Wé’ Rd (m% s i)
> t

for fixed t as well as a uniform bound, E[supte[O,T] WZZ; Rd

sults are essentially known but are provided for the sake of completeness.

(m”}z , fit)]. The re-

THEOREM 5.6. Fiz n € N, and assume (5.4) holds for some p € [1,2].
Recall the definition of 1y, from (3.1). If E[|X}|?PH9] < oo for some § > 0,
then there exists C' < oo such that for each n and each t € [0,T] we have

(5.13) E[Whmly )] < Crup.
IfE[|X3|%%5] < oo, then there exists C < oo such that for each n we have

(5.14) E | sup W2(m% ,is) | < Cn~2/(d+8),

s€[0,T7] Xs

PROOF. The proof begins with a standard coupling argument. Construct
Li.d. copies of the unique solution Y of the McKean-Vlasov equation, where
Y = (Y!,...,Y"), with

dY; = b(t, Y}, iy)dt + odBl, Y{ =X} = Law(Y}).
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Together with (5.6), this implies

‘XZ Y; ds

/ ‘b 5, XZ m"' _E(saiivﬁs)

gi/ (|xi-v
0

By Gronwall’s inequality, we have

+ Wy , ﬁs)) ds.

’)ZZ - ZZ = ;Saﬁs)ds

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

Wp(m)?t my Z )Xt 1%

<C/ Wi( m~,us)d
Use the triangle inequality and Gronwall’s inequality once more to obtain

Wg(m~ m~ <C/ W (m Y,,us)d

Using again the triangle inequality, we have
¢
(5.15) Wg(m"}t,ﬁt) < C’W}’,’(m%,ﬁt) + C/o Wg(m;i,s,ﬁs)ds.

Now, (5.14) fits exactly [29, Theorem 1.3]. To prove (5.13), it suffices to
show that

(5.16) E [W}?(m%,ﬁt)} < Crpp.
To this end, note that 17; are i.i.d. with law g;. Hence, by [25, Theorem 1],
[Wp( Yaﬂt)} < CrmpEHYtl’2p+5]p/(2p+6)’

where C depends only on p, §, and d. Finally, it suffices to note that standard
estimates yield

sup E[|%;![*) < € (1+E[I7 [7*]) < oo.
t€[0,T]
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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 [20, Theorem
3.1]. To prove the other two claims, note first that (4.6) implies

C
with X asin (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
mny, which were just identified in Theorem 5.6. O
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((C)™, ||-||n.1) we have:
P(®(X) - E®(X)>a) < P (<I>(X) ~o(X) > %)

+P (@(Y) _Eo(X) > g)

+P (E0(X) - E®(X) > g) ,

with X as in (2.7) and X as in (4.1). The result of Theorem 5.5 bounds
the second term by 2exp(—da?/n). The third term vanishes for a > 3v/C,
with C as in Theorem 4.1, because by (4.6) therein and the Cauchy-Schwarz
inequality, we have

n
E®(X) —ES(X) <EY X - X'
=1

n ‘ 1/2
< nl/? <EZ\Xi—7\\§O> <VC.
=1

Finally, using Theorem 4.3 with € = a/3n, we know there exist k1 < oo,
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ko > 0 such that for a > k1,
P ((I)(X) — (X)) > 9) <P (1 zn: X = X oo > a>
3 n 3n
<P <1i X — X2 > “2>
- n < In?

a2
< 2nexp <—9> .
K2

Combining the above results we find that for a suitable ¢ (smaller than the
above, if necessary), and a sufficiently large, we have for n > 2:

P(®(X)—E®(X) >a) < 3nexp (—522) :

O

PROOF OF THEOREM 3.4. Fix ® € Lip((C%)",|| - |ln2). We start with
the same inequality (5.18) as in the previous proof. The result of Theorem
5.4 bounds the second term therein by 2 exp(—da?). The third term is zero
for n > 9C/a?, with C as in Theorem 4.1, because by (4.6) therein, and
Jensen’s inequality, we have

E®(X) ~E®(X) <E,| Y IX - X% <\ [ED X - X|% < \f
n
i=1 i=1

Finally, use the Lipschitz continuity of ® and Theorem 4.3 with e = a/(3y/n)
to get:

a

3vn

i ((I)(X) —®(X) > 7) <P Tllzn: X — X2 >
=1

GZTL
< 2n exp (-9%) .
2

Letting 81 := 1/(9k2) and & := §, we find for n > 9C/a?:

P(®(X) —E®(X) > a) < 2nexp(—d1a°n) + 2 exp(—daa?).
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REMARK 5.7. It is worth commenting on a natural idea for extend-
ing 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 Yi —ooWy4. This line of reasoning leads
to various conditional concentration estimates, for example on expressions

of the form o o
P ((I)(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.

PRrROOF OF THEOREM 3.9. Define the controls
ni o~ —i
apt = a(Xt,m%t,DmU(t, Xt,m%t)).

We will separately estimate |a™* —a@™*| and then [@™" — 3*|. In the following,
the constant C' < oo can change from line but never depends on n or . First,
use the Lipschitz assumptions on @ and D,U to get

n,.
Qy

< C(1X7 = X3 + Wy o (i, g,

—+ ‘Dzivn’i(t, Xt) - DxU(tv ng mnXt)}

—n,i

+ | DUt X] ) — DU X))
< C(1X7 = X3 + Wy o (i, g,
| D™ (8, X0) = DU (1, X, m,)| )

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

1 [T 2
Z/ dt]gc;.
N7

n
Recall now the definitions of u™' and M" from the beginning of Section 4.
Note next that

ng  —n,i
Qi Qi

(5.18) E

; 1
Dy, u™ (t,x) = D U(t, x5, ml) + gDmU(t,xi,mg,xi), x € (RH)",

(see [20, equation (4.4) or Proposition 2.1]) and that D,,U is bounded by
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assumption. Since ¢ is non-degenerate, we find

T
/ Dy 0™ (1, X,) — DU (8, X3 m%, )| dt
0

C T ; ; 2
< -5 + 2/ ‘Dmivn”(t,Xt) — Dxiu’”(t, Xt)‘ dt
n 0
C .
< — + C[M)y.
n

Thus, using the inequality (4.13) from the proof of Theorem 4.3 (with v =
n?/eie3), we find 6; > 0 such that, for a > 0 and n > C/a,

1< [T .
(5.19) P ( Z/ |04?’Z _ 6?’1|2dt > a2> < 2ne_51“2”2.
ni=Jo

We next estimate |a™® — 3?|. Use again the Lipschitz assumptions on &
and D, U to get

@ = 8] < € (1K = ] + Wy palml, )

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

t
C'/ Wp*de(m"fs,us)ds.
0
Integrate, average, take expectations, and apply Theorem 5.6 to get
1 . T —n,i i |p*
- Z oy — BylP dt
=70

Combine this with (5.18), noting that n=! < Cr,, ,, to complete the proof of
(3.10). To prove the final claim, apply Corollary 3.3 or Corollary 3.5 (more

E < Crypr.

precisely, the easier analogues for the uncontrolled dynamics YZ) to find
82,03 > 0 such that, for every a > 0 and every n > C/ min{a, a®3},

{3ne_52“2" in case (i),

_ 2,2 _ 2 . .
2ne020°" 4 279307 ip case (ii).

P sup W, ga(m% ) >a | <
(te[o,T} P Xt

Combine this with (5.19) to complete the proof. O
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6. Large deviations of the empirical measure. In this section,
we prove an LDP for the sequence (m’ ),>1 regarded as a sequence of ran-
dom variables with values in the space C([0,T]; P*(R?)), where P1(R?) is
equipped with the 1-Wasserstein distance and C([0, T]; P*(R%)) is equipped
with the resulting uniform topology. A key result is the following exponential
equivalence of the sequences (m', );c(o,7] and (m”?t)te[ojT], i.e., 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 — logP Wy (m's ) > = —00.
Jo (s )2 o) =

PRrOOF. This follows immediately from Theorem 4.3. O

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 an LDP, then any exponentially equivalent sequence also
satisfies an LDP with the same rate function (e.g., [21, Theorem 4.2.13]). In
particular, due to Corollary 6.1, to derive an LDP for the sequence (m'x )n>1
of empirical measure flows of the Nash equilibrium dynamics, it suffices
to prove an LDP for the sequence (mnf)nzl 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 [19, 1, 9], all of them are obtained
in the absence of common noise (i.e., o9 = 0) and, strictly speaking, for
time-independent coefficients and non-random initial states.

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

(6.1) dX} =b(t, X}, m )dt + odB] + oodWr,

with some initial condition )?8, where o € R4 5, € R¥*d B and W
are independent Brownian motions as specified in Section 2.3, the families
()?8)2-21 and ((B%);>1, W) are all independent, and the drift b maps [0, 7] x
Re x PL(RY) to RY. As usual, we denote X; = (X},...,X"). Observe that,
except for the fact that og # 0, (6.1) is similar to (5.6).
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REMARK 6.2. Note that with the particular choice
E(t,x,m) zg(a:,m,DxU(t,:c,m)), te[0,7], z e RY me PYRY),

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

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

CONDITION 6.3. The following conditions are satisfied:

1. The initial conditions ()Z'Oi)izl are i.i.d. random variables with common
law po and finite exponential moments of any order, namely

(62)  WA>0, Efexp(AXi])] = /R exp(Alyl)ro(dy) < oo.

2. The drift functz’ong: [0, T x RIx PYHR?) — R 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 argu-
ments to conjecture the form of the rate function for (m%)nzl (see Theorem
6.6 and Corollary 6.7 below), and then show in the subsequent section that
(m%)nzl does indeed satisfy an LDP with this rate function.

The general strategy to allow og to be non-zero entails first freezing the
common noise. Indeed, by the standard support theorem for trajectories
of Brownian motion (see, e.g., [36, Lemma 3.1]), the path of W lives with
positive probability in any open ball of the path space Cg ={pecct:
¢o = 0}. Then, for any ¢ in the Cameron-Martin space H}([0,7];R%), let
()Aéd) = ()N(tl’d), ey )Z'f’(b))te[oj] denote the unique strong solution to the SDE

(6.3) dX}? = b(t, X9 m'y)dt + 0dB] + dudt,
t

with X? = X{ as initial condition. Here, recall that H}([0, T];R?) = {¢ €
HY([0,T];RY) = ¢pg = 0}, where H'([0,T]; R?) is the Hilbert space of R%
valued absolutely continuous functions ¢ on [0,7] whose weak derivative

¢ is also square integrable on [0,T], equipped with the norm |[|¢|ly1 =
1/2

T 1/2 T - /
(S5 o 2ae) ™+ (J 1oe)2at)

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
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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 ¢ 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 distributions, for m € P(R?), as well as the definition of absolutely
continuous (abs. cont. in abbreviated form) distribution-valued functions.
Following the notation in [19], for each ¢ € H!([0,T];R%), we define the
corresponding action functional I : C([0, 7] : P*(R%)) — [0, 00| by:

(6.4)

L o , .
I°(v) = 2/0 [Vt — L5, vt + div(vegy) ||, dt - if € — 14 is abs. cont.,
s otherwise,

where, for (t,m) € [0,T]x P}(R?), L}, is the formal adjoint of the operator
1 -
(6.5) Lymh(z) = 5Tr[aaTD?h(gc)] + Dh(z) - b(t,z,m), he CZRY).

Observe that the operator L, (-)—div(¢y - ) in (6.4) is the adjoint of Ly, (-)+
é¢ - D(+). Below, we will often use the action functional I°, given by I° = I?
for ¢ = 0.

The functional I® admits several alternative representations. Lemma, 6.4
presents one that will be used to extend the definition of I?® to continuous
¢. To present this representation, we first need to introduce some more
notation. Let (7, : RSz 2 — x)zer denote the group of translations on
RY. For (¢t,m) € [0,T] x P}(R?) and a path ¢ € Cg, define me[qb] to be the
formal adjoint of the operator

Et,m[qﬁ]h(a:) = %Tr [O‘UTDQ}L(QJ)]—I—Dh(m)-g(t,a?—i—qf)t, mOT:(;t), h € C’é’o(Rd).

Finally, define the modified action functional I% : C([0, T]; P*(R?)) — [0, o0
by

Y . .
(6.6) f¢(y) — 2/0 vy — £t,,jt [¢]ut||l2,tdt if t — 14 is abs. cont.,

00 otherwise.

In other words, this is the action functional corresponding to the drift

(t,z,m) — b(t,x + ¢y, m o T__qlbt).

We then have the following relationship between I? and 1%
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LEMMA 6.4. For ¢ € H}([0,T];RY),
(67) I¢(I/) = T¢ ((l/t ©) Tgf):l)tE[O,T}) .

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 I?(-) to functions ¢ that are merely continuous. Indeed, note
that, whenever ¢ € C% and v € C([0,T]; P*(R%)), the path (14 o T(;tl)ogtggp
is continuous due to the fact that

(6.8) Wi (v oty vso Tq;j) < |by — ps| + Wi (v, vs), s,t€10,T).

This ensures that the cost I?(v) is well defined. So, in the rest of the pre-
sentation of our main results, we take the identity in (6.7) as the definition
of the cost functional I? for just continuous ¢ with ¢y = 0. Observe that
this extension is especially meaningful since I®(v) may be finite even when
¢ does not lie in the Cameron-Martin space Hg([0,T];R). For instance, if
b= 0 and (1 = 0y, )o<t<r for some ¢ € Cd, then we have v; o Td)_l = J for
all t € [0,7T] and then I?(v) = 0.

Roughly speaking, [19] asserts that whenever the common law of ()?6)1-21

reduces to a Dirac mass, (m%% ,)n>1 satisfies an LDP with I ¢ as rate function.

Returning to (6.1), and denoting oop¢ by the path ¢ — og¢, this leads
naturally to the conjecture that the collection (m@f)nzl should then satisfy
an LDP with rate function

(6.9) Jo(v) := inf I7°?(v),

peCy

provided that v € C([0,T]; P*(R%)) is such that vy is equal to the com-
mon law of ()Z'Oi)izl. The intuitive argument behind this assertion is that,
by the standard support theorem for Brownian motion, the common noise
(00Wi)iejo,r) lives with a positive probability in the neighborhood of oo,
for any ¢ in C§. In other words, the cost for (coW;),e(o,7] to be in the neigh-
borhood of ¢ is null; as a result, the minimal cost for m’ff to be in the

neighborhood of some v € C([0, T]; P1(R?)) is the infimum of I99?(v) over
all ¢ in C¢. Of course, when o¢ = 0, I°°?(v) is independent of ¢ and J¥ co-
incides with I9. Observe that, whenever o # 0, J°(v) depends on o only
through its image space Im(op) This latter fact becomes apparent 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*(RY)) by

(610) MV = <M;} = / IEth(QZ)> € Cd.
Rd t€[0,T]
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In the following, let II,-1,, € R4 denote the orthogonal projection onto
the image of o~ toy.

PROPOSITION 6.5. Let v € C([0, T]; P1(RY)) be such that its mean path
MY from (6.10) lies in H'([0,T]);RY). Then, the functionals I° defined in
(6.4), with ¢ =0, and J°° defined in (6.9), satisfy

T
T () = I°(v) - ;/0 [T, (7 — <ut,5(t,-,yt)>>‘2dt.

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]; P*(R?)) and with MY as in (6.10),
let

~ t ~
Mg’y =0l 150" (M;’ — Mg — / (vs, b(s, -, Vs)>d8>, fort €10,T].
0

Then, J°° in (6.9) satisfies

M -1 .
Jo (1) = 1 ((l/t o TME,u)te[O,T]) if o9 # 0,

where I° and I® 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 expression may be restated in terms of the mean constant path
(v o TM;ME)E[QT}. (Observe that, if X; is a random variable with law v,

then X; — E[)Z't] has distribution vy o TM%, which justifies 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 € C([0,T]; PL(RY)) and oo # 0. Then,

J(v) = [-M7 MG ((Vt ° TM%_Mg)tG[O,T})

1

T ~
- / |HU*1000-_1<Vt7b(t7'7Vt)>|2dt‘
2 Jo
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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
oo is null and its maximum when og has full rank.

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 ()Nfé)izl, which we recall are i.i.d.
with law pg. Sanov’s theorem suggests the true rate function should take
the form

(6.11) (0, T); PHRY)) 3 v — JOOH (1) := J(v) + R(vo| o),

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@f)nz 1 takes the
following form; its proof is given in Section 6.3.

THEOREM 6.8. Under the stated assumptions, the sequence (mf‘Xv)nzl,

as defined by (6.1), satisfies a weak large deviation principle in C([0,T7; PLR?))
with rate function J°°H0 defined in (6.11). That is, the following hold:

(i) For any open subset O of C([0,T]; P1(R%)),

1 . ~
im inf — n_ > inf JO0H0 (1),
hnrglcgf - log P(m’% € 0) = Vlgg,] (v)

(i) For any closed subset F' of C([0,T]; P*(R%)),

1 ~
li —logP(m% € F) < — lim inf J0H0
imsup — log (mgeF) < Nim inf (v),

where Fs = {v € C([0,T]; P*(RY)) : infpep supyepo,r] Wi (v, i) < 6}

REMARK 6.9. It is worth mentioning that J°°, and therefore, j"o””o,
is not a good rate function (i.e., does not have compact level sets) except
when oy = 0, see Proposition 6.10 below. When oy # 0, we can easily see
that the level set {J7° < 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 ¢ € H}([0,T];R9),
as in Section 3.2, we may call X the unique solution to the McKean-Vlasov
equation

dX) =b(t, X7, L(XD))dt + 0dB} + oodedt, t € [0,T),
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with Xg) — X as initial condition. Then the path (v = E(Xf))te[oﬂ solves
the Fokker-Planck equation (see [37])
of = L7 i+ div(food) =0, te€0,T],
"t
in the distributional sense, with the initial condition yg) = . Also, I70?(v?)+

R(Vg’mo) = 0; hence, JoO(1?) + R(I/gs’u()) = 0. However, taking the mean in
the McKean-Vlasov dynamics, we see that

MY = (W8 b(t, -, v9)) + oody, t€[0,T).

Since b is bounded and ¢ may be arbitrarily chosen in H([0, T); RY), we
deduce that {M”G> : ¢ € H([0,T];RY)} is unbounded, and in particular
it is not pre-compact in C?. This clearly implies that the set {v? : ¢ €
H([0,T];R%)}, which is contained in {J°° < 0} by construction, is not
pre-compact in C([0, T]; P*(R?)).

As explained in Remark 6.9, the lack of compactness of the level sets of
J70 explains the need for the additional limit over ¢ in (4¢) in the statement
of Theorem 6.8. Fortunately, there is no longer need for such a relaxation
when F' is compact.

PROPOSITION 6.10.  Assume that og # 0 and that K is a compact subset
of C([0,T]; P(R?)). Then,

lim inf (J7°() + R(wl0)) = inf (J7 () + R(voluo))-

If o9 = 0, the above holds true for any closed (instead of compact) set F C
C([0,T]; PL(RY)). In the latter case, (m@i)nzl satisfies a standard LDP with

a good rate function.

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

PRrROPOSITION 6.11.  For any o9 # 0 and a > 0, there exists a compact
subset K C C([0,T]; P1(RY)) and a constant k < oo such that, for any v in
the level set

{v € (0,71, P'(R?)) : J7(7) + R(0luo) < a},

the following hold:
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(i) (vo TM;)te[QT] € K.
(ii) For any ¢ € C¢ satisfying I°°®(v) < a, the path (MY — o0bt)efo,1) lies
in H1([0,T];RY) and has H'-norm is less than k.

Proposition 6.11 shows that the counter-example that we constructed
prior to the statement of the proposition to prove the lack of compactness of
the level sets of J7° is somehow typical, as boundedness of the rate function
forces the “centered” path (v o TM%)tE[QT} to live in a compact subset.

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

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

T7 (M) = inf {R(Qluo x W) : 6 € Cf, Q € P'(R? x CF), W(Q,0) = 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 z = (z¢);c(o,7) of the
following McKean-Vlasov equation

t~
xt:e+/ b(s, s, Qo x; V)ds 4+ ow; + ooy, t€[0,T],
0

where (e, w = (wy)¢e[o,77) denotes the canonical process on the space R xCf.

When o9 = 0 and Q has first marginal pg, 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.

ProoOF oF THEOREM 3.10. Observe that, due to Theorem 6.6, the rate
function I(v)+R(vo|uo) in the statement of Theorem 3.10 coincides with the
rate function J70#0 defined in (6.11). Thus, Theorem 3.10 is an immediate
consequence of Theorem 6.8, Proposition 6.10 and the fact that o9 = 0. [
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6.2. LDP for the sequence (m’y)p>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 pg of the i.i.d. initial states
(XE)i>1 of the solutions (X™)n>1 to the Nash equilibrium dynamics satisfy
the exponential integrability condition (6.2). Then, the sequence (Mm% )n>1
satisfies (as in the statement of Theorem 6.8) a weak LDP with rate func-
tion JOOH0 defined in (6.11), provided the drift b in (6.5) satisfies

g(t,x,m) :B(:U,m,DxU(t,x,m)), te[0,7), z € R, m e PHRY).

REMARK 6.14. Note that the rate function J700 is defined in terms
of the quantities J7, I? and Ly, specified in (6.9), (6.4) and (6.5), and that
the dependence of J7#0 on the drift b is reflected in the definition (6.5) of
the operator Ly ,.

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 (7) in the state-
ment of Theorem 6.8, but for (m'y),>1. Without any loss of generality, we
can assume that inf,co j"o’“O(u) < 00, as otherwise the lower bound is
trivial. Then, for any 1 > 0, using (6.11), we can find v € O such that

ig(f) JOOHO (1) > JO0 (1/(’7)) + R(V(()n)m(]) —n.

Since O is open, we can find € > 0 such that the ball B(v" ¢) := {v €
C([0,T); PHRY)) : SUPe(0,7) Wl(ut,yt(n)) < e} is contained in O. By (i) of

Theorem 6.8, and the identity m% = m% , we have

hmlnf—logIP’(m € B(v () 5/2)) inf JOOHO (1)

n—oo n VGB(V("),E/Q)

_ [Jao (V(ﬁ)) + R(V(()U) ’NO)]
 inf (J7(v) + Risnljo)) — .

IV 1V
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Since the right-hand side of the last inequality is finite, using Corollary 6.1,
we then obtain

lim inf — log P(m% € O)

n—oo n

> hmlnf—log]}”(mx € B(V( m 5))

n—00 n

> lim inf — log]P’(m— € B(V(”),a/Z), sup Wl(m%t,m’}(t) < 5/2)

n—oo m t€[0,T

> _ inf (J“O( ) + R(volpo)) — -

veO

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

We now turn to the proof of the upper bound, namely the analog of (i)
in Theorem 6.8. We know that, for any ¢ > 0 and for any closed subset
Fe C([O,T];Pl(Rd)),

lim sup — logIP’(mX € F)
n—oo N

1
< limsup — log(P(m& € F, sup Wi(mk,,m% ) < 5)
n—oo T te[0,1] ' ‘

+ P(tes[%% W i) > )

< limsupllog(IP’(m € F.) +P( sup Wi(m%,,m ) > E))
n—oo N t€[0,17]

1
< max {lim sup — logP(mL € Fs)7

n—oo N

lim sup — logIP’ sup Wi(m'x,, ms >8].
n—oo TN (tG[OT] ( X Xt) )

By Corollary 6.1, the second argument in the maximum is —oco. Hence,

llmsup—logP(mX € F) < limsup — log]P(m € F)

n—oo N n—oo TN

Since F; is closed, Theorem 6.8 (ii) and the identity me = mg yield

lim su —10 P(m% € F') < lim inf (J°°(v)+ R(v ,
msup - log P(m € F) 5\0%(%)( (v) + R(vo| o))

Obviously, (Fs). C Fsie, form which we get

lim su —10 P(m% € F) < lim inf (J°(v) 4+ R(y .
msup - log (mk% € F) 6\0%1?“5( (v) + R(volpo))
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Letting ¢ tend to 0, we obtain, as required,

1
limsup —log P(m’ € F) < lim inf (J7(v) + R(vo|uo))-

n—oo N (5\0 V€F§

This completes the proof. O

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 .J0#0 (1) therein co-
incides with the the rate function J7°(v) + R(vp|uo) given above, due to
Theorem 6.6. O

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.

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

o 1 <&
(6.12) (Q", W) = <n;6(g373i),w>,
which we regard as a random element with values in the product space:
PR x Cf) x cd.

As above, Cg is equipped throughout the paragraph with the uniform topol-
ogy and P(R? x Cg) is equipped with the corresponding 1-Wasserstein
distance. Also, for a probability measure Q on R x Cg, we denote by
R(Q|uo x W) the relative entropy with respect to pg 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:
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(i) For any open subset O of PL(R? x Cd) x Cg,

1 _
lirginfﬁlogIP’((Qn,W) €0)>— inf R(Quox W);

(Q,9)€0

(ii) For any closed subset F' of P*(R? x C§) x C4,

1 ~
limsup — logP((Q",W) € F) < —lim _inf R(Q|uo x W),

n—oo N N0 (Q,p)EF}s
where

Fy={(Q,9) e P'(R?x Cf) x C :

(giﬁf)eF[maX(WﬂQ, Q). llo—¢ HOO)] < 5}'

PROOF. We start with the proof of (7). First, observe that for any £ > 0,
Q € PL(R? x Cd) and ¢ € C4, the independence of Q™ and W implies

logP(W1(Q",Q) < &, [W = lloc < )

(6.13) i
=1logP(W1(Q", Q) <¢) +logP(|W — ¢[lc < €).

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

1
lim —logP(|W — @] <€) =0.
n—oo n
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—oo N Q/E'Pl(Rchg)ZW1(Q,Q’)<E

> —R(Qluo x W),

Now, given an open set O C P}(RY x C§) x C¢, and > 0, choose (Q, ¢) € O
such that

inf  R(Q|po x W) > R(Q|ug x W) —n.
o' Heo (Qpo x W) = R(Q|pno x W) —n

By choosing € > 0 such that the set

{(2,¢') e PL(R? x C8) x Cf : max(W1(Q', Q), [|¢/ — b|loc) < €}
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is contained in O, we get

hmmfllogp((Q",W) € 0) > ~R(Qluo x W)

n—oo mn
> — inf  R(Q|ug x W) —n.
(Q,¢")€0 (Qlpo )=

\%

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 P1(R? x Cd) x C, and let

F'={Q:3¢peCj, (Q¢)€F},
which may not be closed. Then, the LDP for the sequence (Q"),>1 yields

1 _
limsup — logP((Q", W) € F) < — inf R(Qlug x W),
msup — log (( ) € F) - (Qlpo x W)
where cl(F”) is the closure of F’. In order to complete the proof, it suffices
to note that, if Q € cl(F”), then there exists a sequence (Q", ¢") € F such
that W1 (Q, Q") — 0. Hence, for any 6 > 0, we can choose n large enough
such that (Q, ¢") € Fs. Therefore,

inf R(Q xW)> inf R(Q X W),
ochfn (Q[ro x W) ot (Qlro )

which completes the proof. ]

6.3.2. Contraction principle for non-zero drift. We now consider the
general case with an arbitrary drift b that satisfies Condition 6.3. Let e
and w = (w¢)iepo,r] denote the canonical variables on RY x €, and for
(Q,¢) € PL(RY x Cd) x C¢ as above, consider the McKean-Vlasov equation:

t~
Tr=e¢ +/ b(s,a:s, Qo x;l)ds + ow + ooy, t€[0,T],
0

on the space R? x C¢ equipped with the probability measure Q on the Borel
o-field. Here, Q o xs_l stands for the law of x5 under Q. Under Condition
6.3, the above equation has a unique solution x. Let ¥ be the mapping that
takes (Q, ) to the probability measure Q o z=! on C%, and let ® be the
mapping that takes (Q, ¢) to the flow of marginal measures (Qox;, l)te[O,T]'
Note that then ¥(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) myx = (9", W).

It is easily verified that the mapping ® is continuous. Actually, we prove a
slightly stronger property:
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LEMMA 6.16. The mapping ® is uniformly continuous from the space
PHR? x ) x €4 into C([0,T); PL(RY)).

PROOF. Consider two probability measures Q and Q' on R? x Cg and
two paths ¢ and ¢ in C¢ such that Wi(Q, Q') < ¢ and ||¢ — ¢/l < &, for
some ¢ > 0. By definition of the 1-Wasserstein distance, we know that there
exists a probability measure M on (R% x C$)?, with Q and Q' as marginal
distributions, such that

/@w g e = €l = wlloc)AM((e,0), (¢ w)) <
Xl

Denoting by (e,w) and (¢/,w’) the canonical processes on (R? x C$)2, we
consider the system of two equations:

t/-\/
xt—e—i—/ b(s,xs,./\/loxgl)ds+awt+ao¢t,
0
t~
a:é:e’—i—/ b(s, 2, Mo (z})"V)ds + ow, + ooy, t € [0,T).
0

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

|2 — i
¢

< C(\e — €|+ |lw—woo +[|¢ — ¢|lco + / ds/ w5 — ol d./\/l>.
0 (RexCg)2

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

/ |z — 2| dM < 3Ce, t€]0,T],
(RexCg)2

which implies

sup Wi (Mo ;7 Mo (l‘;)_l) < 3Ce.
t€[0,T]

It is clear that, for all t € [0,7], Moz; ' = [®(Q,¢)]; and Mo (2})~" =
[®(Q, ¢')]t, from which we conclude that

sup Wi ([2(Q,9)]:, [2(Q', ¢)]:) < 3C,

te[0,7

which completes the proof. O
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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
(1) in the statement of Theorem 6.8. For any open set O of C([0, T]; P*(R%)),
the relation (6.14), the continuity property of ® established in Lemma 6.16
and Proposition 6.15 yield

1
liminf —logP(m'% € O) > — inf inf R(Q x W).
oo m (m5 € 0) $eCt QePI(RIXCL)):(Q,6)€0 (Qlro )

By Lemma 6.17 below, the right-hand side is equal to

— inf inf <IUO¢I/ + R(y ),
iof, inf, (v) + R(v0lpo)
where recall that I" is the functional defined in (6.7). This completes the
proof of the lower bound.

We turn to the proof of the upper bound (i). Similarly, for any closed
set ' c C([0,T]; P1(RY))

1
limsup — logP(m% € F') < — lim inf R(QO|ug x W).
n—>oop n 8 ( X ) ONO (Q,9)e(@~1(F))s (Quo )

By the uniform continuity of ® (Lemma 6.16), for any 1 > 0, we can choose
§ > 0 small enough such that for any (Q, ¢) € (®71(F))s, ®(Q, ¢) belongs
to F;,. Therefore,

1
limsup —logP(m% € F') < —lim inf R(Q|ug x W).
mm%lg(x ) mw@ﬁﬂ(lm )

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

inf R(Q|uo x W) = inf inf inf  R(Q|uo x W)

(Q7¢)1‘I’(Qa¢)€Fn VGF'W ¢€Cd Q@(Q,QS):V
= inf JOOHO (1),
vely,
which completes the proof. O

6.4. Proof of auziliary 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. Fixv € C([0,T]; PL(R?)) and ¢ € H}([0, T]; RY).
It is straightforward to check that v = (Vt)te[ojT] is absolutely continuous if
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and only if 7 := (1 0 Tq;tl)te[o,T] is. Now, suppose that v is absolutely con-
tinuous, and let us compute the time-derivative of v. For any test function
he CP(RY) and 0 < s <t < T, we have

= Vs, h) = (v, h(- = dr)) — (vs, h(- = &)
= (vt = v, h(- = bs)) + (vi, h(- = &) = h(- = 65))-

Assume first that ¢ is continuously differentiable. Then, by the absolute
continuity of ¢ — 14, the continuity of h and ¢ and the fact that A has
compact support, we may divide by ¢ — s and then send s — t (for a fixed
value of ¢) in the above to obtain

d

(6.15) &@ta h) = (U, h(- — é1)) — (1, Q.St - Dh(- — ¢1)),

where the derivative ¢; is understood in a (time-)distributional sense. By
approximation, noting that #'-convergence implies sup-norm convergence,
we can lift the restriction that ¢ is continuously differentiable and merely
require that ¢ € HE ([0, T]; RY).

Next, we claim that, for any h € C°(R%),

(6.16) (L3 5,010, h(-)) = (L5 v, h(- — ).

The proof is simple:
~ 4 1 ~ ~
(U, Lt 3,[9lh) = <Vt ° T¢t1a §TT[UO'TD2h(‘)] + Dh(-) - b(t,- + ¢, 1y o T_;t)>

1 -
= <I/t7 §TI'[O'O'TD21'L(' - ¢t)] + Dh( - (Z)t) . b(t, ° Vt)>
= (1, Et,uth(' — 1))
Combining (6.15) and (6.16), we may calculate, for h € C°(R%),

Uy — L} 5,[0]0, h)
d _ ~ -
= %@ta h) — <£t,§t (9], h)

= (0, h(- = @) — (e, ¢ - Dh(- — dr)) — (L5, ve, h(- — Br)).

Hence, changing h into k(- + ¢;) to pass from the second to the third line
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below, we get
Ve — L7 5, [0]7] 12,

(h — L} 5, [610, h)?

= sup —

heCg® (rRD): <Vt7 |Dh’2>

(Ut,| Dh|2)#0

. 2
(G5 1) = v, - D) = (L, 1)
= sup
heCse (Rd) <Vtv‘Dh|2>
<Vt7‘Dh‘2>7éo

= [l = L5 ve + div(de)|I7, -
Comparing the definitions of I and I¢ , the proof is complete. O

LEMMA 6.17.  For v € C([0,T); P*(R%)) and ¢ € CE,

om0, R0 X W) =T (0 7 L ietom) + Riwolo)

Observe that the first term on the right-hand side in Lemma 6.17 coin-
cides with 17°?((v)seq0.77) when ¢ € H{([0, T]; RY); when ¢ & H([0, T]; R?),
we called it IUOd’((Vt)tE[O,T}).)

PROOF OF LEMMA 6.17. First, let (e,w) be the coordinate maps on
RY x C?, as before, and let ®* : PYR? x d) — C(]0,T]; P*(R?)) be the
mapping that takes, for a frozen ¢ € Cf)l, Q to the flow of marginal laws of
the solution (yt);c(0,7) of the McKean-Vlasov equation:

t~
yt =€ + / b(S,ys + O-Od)S? Q © (T—G'()(lSsyS)il)dS + O'U)t, t € [07T]
0

We now claim that ®(Q,¢) = v if and only ®*(Q); = 1, o 7'0_0}% for all

t € [0,T], which can be seen by performing the change of variables (z; =
Yt + 000t )iejo,r) where (z1)iejo) solves

t~
Ty =e +/ b(s,xs, Qo x;l)ds + ow + ooy, t€[0,T].
0

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

(6.17) inf R(Q|po x W) = I7°? (1) + R (vo|1o)-
QePI(RIXCY): @*(Q)=v
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We start from the left-hand side of (6.17), for a fixed @ € P}(R? x CJ).
By Theorem D.13 in [21],

618 R(Qhwx W) = Riglu) + | R(Q™ W)da(an).

with ¢ € P(R?) denoting the first marginal of @ € P(R? x C), and with
(Q%),,cre denoting a regular conditional probability distribution of the cd
coordinate given the R? coordinate, under Q. In particular, replacing uo by
g in (6.18), we see that the second term in the right-hand side identifies with
R(Qlg x W).

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

t/-\./
(6.19) yt:e—F/ b(s,ys+00¢5,<I>*(Q)t07:10¢s)d8+0wt, t € 10,77,
0

g

noting of course that Q o y; ' = ®*(Q); for each t € [0, T], by construction.
The nondegeneracy of o (see Assumption A (2)) ensures that the map Z(zo, -)
is one-to-one from Cg to C%, for a fixed zg € R?. Hence, by the contraction
property for relative entropy,

R(Q™[W) = R(Q™ o E(zq, ) W o E(zo,-) ).

By the Donsker-Varadhan formula, see for instance [21, Lemma 6.2.13], we
have

(6.20)
R(Q™|W) = sup [/CdF(z(xo,.))deo—log< /CdeF(E(IO"))dWﬂ,

FeCy(CY)

where Cy(C?) is the set of bounded continuous functions on C%. The above
right-hand side is denoted by Lgiz] (Q%0 0 Z(z0,-)"1) in [19], see Lemma 4.6
therein. Using that same notation here, by (6.18), we end up with

(6.21)

R(Qugx W) = [ R(@™W)da(an) = | L) (@ 0=, ) daa).

0o
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Now, passing the integral inside the supremum in (6.20), we obtain
(6.22)
R(Qlg x W)

> sup / dq(xo) [/ F(E(zo,-)) dQ™ — log </ eF'(E(@o-)) dW)]
FeCy(cd) JRd cd cd

= sup [/ F(E(,)) dQ—/ dq(xo)log</ F'E(@o,)) dW)]
FeCy(cd) LI/RIxC R4 cd
= LM (QoE"1),

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

R(Qlg x W) =R(QoEZE"(g x W)o="1))

= sup {/ FoEdQ—log(/ eFOEd(qXW))].
FeCy(cd) LJRIxCE RixCd

By Jensen’s inequality and concavity of log, this is bounded above by the
right-hand side of (6.22), which shows that R(Q|g x W) = Lgl)(Q o E71),
Using this along with (6.21) in (6.18), we end up with

R(Qlpo x W) = R(qluo) + LD (Qo=71).

Recalling that ¢ denotes the first marginal of Q and that ®*(Q)y = ¢, we
have

inf R x W) = inf R + L =1
0oy, R(Qlo x W) = inf_ [R(xlyo) + Lg7(Qo=7)]

Finally, return to (6.19) and observe that (Q o =, l)te[O,T] coincides with
®*(Q). Also, for any two probability measures vy and P on R? and C?, with
v being the image of P by the mapping (7¢)icjo,r] = To, there exists a
unique Q € P(R? x C¢) such that P = Q o Z~1; if P is integrable then Q
is also integrable. Because, t — ¢; is continuous, the drift (¢,z) — b(t,x +
oopr, P*(Q)s 0 T:;O ¢S) is nice enough that we may apply [19, Lemma 4.6] as
well as Section 4.5 therein to conclude

inf R x W) =R + 170%(1).
0.l (Qlpo ) (v0]po) (v)
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Importantly, to check the above equality, we can assume that R(vy|uo) <
00, in which case vy € PY(R?); hence, by [19, (4.11)] with v = vy, it is
straightfoward to verify that the minimum of the right-hand side of [19,
(4.10)] may be restricted to the P’s that are integrable. By the previous
argument, those P can be written in the form Qo="!, with Q € P}(RYx (),
which yields the above identity.

[

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

PRrROOF. Take a path v such that J7°(v)+R(vo|po) < a. Then, modifying
without any loss of generality the value of a, we can find ¢ € C§ such
that 19°?(v) + R(vo|uo) < a. By Lemma 6.4, we deduce that the path
(y =1y o TO'_()%i)t)te[ovT] is absolutely continuous. Also, for any test function

h € C°(RY) such that |D,h| and |D2h| are bounded by 2, we have

T -
/0 (0 1) 2t < C(a),

where C(a) is a constant only depending on a and the uniform bounds on
b, o, and 0p. We can easily find a sequence of functions (hy),>1 in C°(R%)
converging to the identity function, uniformly on compact subsets, and satis-
fying at the same time the two constraints || Dzhplee < 2 and |[|[D2hy e < 2.
Using the fact that 7 € C([0,T]; P(R?)), we have

lim sup [(7, hy) — MY| = 0.
IHOOte[O,T]’< ! p> t‘

Since the set {1 € H1([0, T]; RY) : ||1]|2 < 1/C(a)} is closed for the uniform
topology, we deduce that MY = MY — g¢¢ is in H'([0,7];RY) and has H'-
norm bounded by y/C(a). This proves claim (ii).

Also, from Lemma 6.4 we know that

1709() + R(Boluo) = I7°%(v) + R{voluo) < 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

Iy (7) + R(#olo) < C(a),
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where I?o) is the action functional I° in the case when b = 0 (i.e., when
Lim = 3Tr[oo " D). By Lemma 6.17,

I\ (D) + R(7 = inf R W
0 () + R(%o|ko) 00 (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]; P*(R?)). We deduce that there exists a compact set
K c C([0,T]; P1(R%)), depending only on a > 0, such that 7 € K. Now,
Vg o TM; =70 TM;_ ooy tor all t. Using (6.8) and modifying the definition of
K, we easily deduce that (v 0 TM;)te[oyT] is in K, which completes the proof
of (i). O

We turn to the proof of Proposition 6.10.

PrOOF. We start with the first claim. We observe that the quantity
inf, ¢, (J7°(v) + R(vo|p0)) is non-decreasing as 6 decreases. In particular,
lim inf (/0 (v) + R(vo|o)) < inf (S () + R(volu).

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 x W) = inf (J°(v) + R(v .
(6.23) a0 er, (Qluo x W) = inf (J7(v) + R(volo))

Since the right-hand side is less than some C' > 0 independent of §, the
left-hand side can be rewritten as

Inf{R(Q[uo x W) : (Q, ¢) s.t. D(Q, ¢) € K5, R(Q|po x W) < C}.

Consider now a sequence (Q", ¢"),>1 in PHR? x Cd) x C¢, with ¢" €
Cd and R(Q"|uo x W) < C, yielding a 1/n-approximation of the infimum
when 0 = 1/n. Let v" = ®(Q",¢") € K,/,, and notice that (v"),>1 is
pre-compact in C([0,7]; P'(RY)) by compactness of K. Proposition 6.11
ensures that (0¢¢"),>1 must too be pre-compact in Cg, and thus without
loss of generality we may assume (¢"),>1 is pre-compact as well. Finally,
because R(-|g x W) is a good rate function on P(R? x C) by [39], we
deduce that (Q"),>1 is pre-compact. Relabel the subsequence and assume
that (u”, Q", ¢™)p>1 converges to some (i, Q,¢). By the continuity of ®
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(see Lemma 6.16), v = ®(Q, ¢) € K. Hence, by the lower semicontinuity of
relative entropy, we get

R(Qlpo x W) < lim inf R(Q"|pg x W) = gl\r“rg)@(glyg)feKaR(Q!uo x W).

Lemma 6.17 implies that (6.23) holds also without the 0, i.e.,

. e
@(Qlfgeﬁ@‘ﬂo x W) = inf (J°°(v) + R(volko)),

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 JO(-) + R(-0|uo) is a good rate function is a consequence of the proof
of Proposition 6.11. Equivalently, we can invoke Lemma 6.17, which asserts
that

0 .
J(v) + R(volpo) Q@(Hglfo)zyR(Qluo x W).
Since R is a good rate function on P'(C%) and ® is continuous, the left-
hand side forms a good rate function on C([0,7];P'(R%)). So, whenever
(inf, ey (J7°(v) + R(vo| o)) )s>0 is bounded, we may restrict v in a compact
set, and the passage to the limit works exactly as before. ]

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 function 170, Let Ca%([0,T] x RY) denote the set of compactly
supported functions ¢ on [0, 7] X R? possessing one time derivative and two
space derivatives. By [19, Lemma 4.8], we claim that for ¢ € C2([0, T]; RY):

1°°%(v) = sup [(VT, vr) — (v, Yo)

$eC:?([0,T]xR4)
T ) 1
- / <Vt, (at + ﬁtm)wt + 00t - Dptpr + 2‘UTDm¢t|2>dt} )
0

where we write ¢y (z) = (t,z). Since v € PY(C([0,T]; P1(R?))), we can
allow ¥ in the supremum to be at most of linear growth in z, uniformly

in time, with bounded derivatives. Now consider the change of variables
Vi(x) = Ye(x) — 00y - (00 7)1z, We then have

3#@(95) = Oy () — ooy - (00",
Dgc?Zt = Dythy — (00 ") oody,
Libi(x) = Liybe(x) — b(t,z,11) - [(00 ") " oody.
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We then find that

1°0%(v) = sup |:<VT7¢T> — (10, Yo)

PpeCd?([0,T]xR4)

/T<y (O + Lo )s + ~|o Dytnf?)d
t, \Ot toe )Wt 20 =Vt >t
0
— (M5 [(00 ) o0dr] = M - [(00 ) 000 )

T .
[y ooy ouiae

0

T
1 L -1_
[ (0Bl (o) o + Glovd] - (00 T) o]t
0
The first term on the right-hand side is I(v). By expanding the term on
the second line by integration by parts, we get

(6.24)
T ~ . .
Iw) = 1)+ [ [+ b))+ o0 - ) i

Note that this shows that 17°?(v) < oo if and only if I9(v) < co. We wish
to extend the identity (6.24) to ¢ € H}([0,T];R?). As the right-hand side
above is clearly continuous in H} ([0, 7'); R?), we must only show that the left-
hand side is as well, at least when suitable terms are finite. Fix a sequence
" € C2([0,T]; R%), converging in H'-norm to some ¢ € Hy([0, T]; R?). First,
use the definition to see that, for a finite constant C' depending on oy,

T
179" (v) < I7°%(v) + C/ 10t = L5, ve + div(veo0de) |v, [ dr — @i |dE

¢ / 6 — o2dt

(6.25) < I70%(w) + CI7° ()] 2|6 — ¢"[lgr + f||¢ ¢" |51
Similarly,

n n 1
(6:26)  I7%(v) <I7%"(v) + (17" ()26 — 8"l + 516 — ¢" I3

If 1°9?(v) = oo, then I99?"(v) = oo for all n, and likewise I°(v) = oo.
In this case the identity (6.24) holds for ¢. If I9°?(v) < oo, then (6.25)
implies sup,, I°°?" (v) < oco. Then, (6.25) and (6.26) together imply that
190%™ (1) — I°0%(v), and again (6.24) holds for &.
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Now that we know (6.24) holds for all ¢ € H}([0,T];R?), we take the
infimum on both sides. To do this, note that if S = R' R for some positive
definite d x d matrix R, if V a subspace of R, and if II the orthogonal
projection from R? to the subspace RV, then for any y € R? we have
inf ey Sz - (%l‘ —y) = —%\HRyP. With R = o~! and V equal to the image
of og, we find

il 100 = 0 < 3 [0 (18— () [
deH([0,T];R?) 2 /o o~ too t , 0T, -

In particular,

o 0 1 g -1 v 7 2
50) < 1°0) = 5 [ [Masoyo™ (187 B0
0

If the left-hand side is infinite, the proof is over. If it is finite, we know from
Proposition 6.11 that the infimum over C¢ in the definition of J°° can be
reduced to an infimum over H'([0, T]; R?), since M¥ is in H!([0, T]; R?). 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.

PRrROOF. Note that the operator oll,-1,, in the definition of MP" ensures

that there exists & € Cg such that M?" = 00& Thanks to Lemma 6.4, this
permits the following change of variables:

o . To -1
i (o)

— inf [o0(@+9) ~1 1
B diélcfg e <((Vt © TO’O¢>t) © Tao¢t)te[0,T})

(o))

where, for ¢ € C¢, we define Joosd just like J%° but with the drift modified
to (t,z,m) — b(t,z + ogth,mo T__;Owt). More precisely,
700, R T + -1
JOOV (1) = q;élgd Jo0(¢+) <(Vt o Toodn)te[o,T]) .
0

The analog of Proposition 6.5 for this modified drift now implies that if v
has mean path in H} ([0, T]; P*(R?)) then

jao,$(y) - ’fffoa(,/)

) \th.

oo

e : ~ -
- 2/ ’Ho*1000_1 (Mty - <Vta b(tv s 00¢t7 Vg o 7-:1
0
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~ -1 -1 . .
The mean path of o = (14 0 TME’” =0 Taoat)te[o;f] is precisely

t ~
MY =M} — oll,-1,,0 " <Mt" — Mg —/ (vs, b(s, -,I/s)>d8> ,
0
so the above yields

~ ~ _ ~ o B,V _
J 0:¢<(Vt o Tgolgt)tE[O,T]>: I 0¢(V) = jM ((Vt ° TMfl,u)te[07T]>‘

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 comparison with a more classical McKean-
Vlasov system is still successful in these cases.

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

b(z,m,a) = b(m — x) + a,

f(z,m,a) = %CLQ —qa(m —x) + %(m — a:)Q,

g,
g(z,m) = §(m — )%
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 [14, (3.24)] that the unique closed loop Nash equilibrium
dynamics is given by:

(71) i = oot (1-1)| Fe-xD. rep)

where X; = % S, X}, and where (" is the unique solution to the Riccati
equation:

. 1 _
sr=2 et + (1= ) IR~ @) =g
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The explicit solution takes the form

(e~ ¢?) (ewi—s;)(T—t) _ 1) —3 (5;6@ —on )(T=1) 6—)

n

(7.2) ¢ =

where

(73) 5f:—(5+q)i\/(5+q)2+ (1—7112> (c — ¢?).

In particular, the Nash equilibrium state process is given by the solution
X = (X!,...,X") of the SDE system:

(7.4)
. _ 1 _ ‘ .
dxi = (b g+ o7 (1 - n)) (X; — X})dt + 0dB} + oodW;, t € [0,T).

It is straightforward to show that ¢} — ¢f° as n — oo, uniformly in
t € [0,T], where > is the unique solution to the Riccati equation

¢ =20+ @) + o°* = (e— ¢*),  ¢F =37

The explicit solution is of the same form given by (7.2) and (7.3), with
n = oo. It follows that X = (X!,..., X™) should be “close” in some sense
to the solution Y = (Y!,...,Y™) of the auxiliary SDE system:

(7.5) dY} = (b+q+ o) (Y — Y))dt + 0d B, + oodWs,

initialized at the same points Yj = Xé. 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:
(o.¢]
U(t,x,m) = %(m— $)2.

In this regard, the fact that X and Y should be “close” is completely anal-
ogous to the statements 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 Xy = Yo, and we apply
Gronwall’s inequality to find a constant C' < co such that

1 & . . 1 1 & ,
(7.6) =D X' —Yie<C H (1 — ) " — (pOOH — > X loos as.,
n =1 n oo n i=1



LARGE DEVIATIONS AND CONCENTRATION FOR MEAN FIELD GAMES 65

where, as usual, || - ||oc denotes the supremum norm on [0,7’]. On the other
hand, the equation (7.4) and Gronwall’s inequality yield

1= o I v Ly o
2 IX <0 (H OIS D LU HW\oo> Cas.
i=1 =1 =1

As soon as (X{);>1 are i.i.d. and subgaussian (e.g., E[exp(x|X}|?)] < oo for
some k > 0), we find a uniform subgaussian bound on these averages; that
is, there exist constants C' < oo, d > 0, independent of n, such that

L~ i

P ( g | X oo > a) < exp(—6%a?), for all a > C, n € N.

n
i=1

Assuming without any loss of generality that the constant C in the last dis-
play coincides with the one in (7.6), and letting r, = C H (1 — %) " - 9000“007
we find that, for a > Cry,

1 — , ,
P (W ca(m%,my) > a) <P (n Z; [X" =Yoo > a)
1=

n
<P (jjz 1 X0 > )
i=1

< exp (—6%a*/r2).

(7.7)

It is straightforward to check that r, = O(1/n), which implies in particular
the exponential equivalence of (m’y) and (my,), in the sense that

1
lim —logP (W, ca(m’, my) > a) = —oo, for all a > 0.
n—oo M ’
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, (7.7) is the cor-
nerstone to get an LDP for (m'%),>1. Indeed, we can have the LDP for
(m¥y )n>1 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 duplicat-
ing the proof. In fact, the assumption that b is bounded is used only a few
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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(volpo),

where

Jo(v) = d)lélcfg 1° ((yt o Tgoét)tE[O,T])7
I° standing for Dawson and Gartner’s rate function as defined in the state-
ment of Lemma 6.4 with the drift b : (£, 2, p) — b+q+ @ (x — ) and with 7z
denoting the mean of . Remarkably, since g(t, T+ ¢y, mOT:;t) = g(t, x,m),
1% is completely independent of ¢, which ultimately leads to nice formulas
in our setting.

When ¢ = 0, there is no need to push further the analysis. So, for the
rest of this short discussion, we can assume oy > 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
J7°(v) (first changing og¢ into ¢ and then shifting ¢) as

o) o 0 —1 —1
T = chfgl <<(Vt ° TM?_ME) © Tor )te[O,T})

The key fact to observe here is that v; o TM;_MS has zero mean.
When ¢ is smooth enough, Lemma 6.4 provides another representation
for I°((1y OT(;tl)te[O,T]) 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 (1¢)c[o,7) has a constant mean, we have

IO((Vt o T@l)te[O,TO = IO((Vt)tG[OvT])

Arguing as in (6.25)—(6.26), the latter remains true when ¢ lies in ([0, T]; R%).
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

IO((’/t © detl)te[O,T]) < a,

for some a > 0, we can find a constant C(a,v) such that M” — ¢ lies in
HY([0, T]; R?) with an H' norm less than C(a, v). The main difference with
the proof of Proposition 6.10 is that the constant C' here depends on v, but
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it suffices to check that necessarily ¢ lies in H'([0, T]; R?). Therefore, (still
in the case where (14)yc[o,7] has a constant mean) we end up with

i (0 ) o) = (o)

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

J7(v) = IO((Vt o TM;—Mg)te[o,T])'

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 unbounded 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 ¢ = (X§, 8, 0i, p1i, 04, v;) and belonging to the space:

Z:={(2,6,0,pu,0,v) € R x (0,00) x [0,1] x (0,00) x [0,00)* 10 +v >c},

where ¢ > 0 is fixed. Suppose henceforth that we are given an infinite se-
quence of deterministic 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:
dXZ = ai(uidt + VidBf + 0, dWy),

where each X/ is one-dimensional. Agent i chooses (a%)te[o’T] to try to max-
imize the expected utility

—E [exp (-(51 (X4 — HZ'XT)):| ;

where X1 = %22:1 Xéi. This is essentially Merton’s problem of portfolio
optimization, under 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 ab-
solute and relative performance concerns; see [32] for a complete discussion.
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We express the equilibrium in terms of the constant

n

1 - 5kukak 1 91?0-]3
n ‘— — 1—-— )
K nzaz+ug(1—9k/n)/< nzaz+yg(1—9k/n)

k=1 k=1

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

ol dipti + nnbioi

Coop (L —0i/n)

The corresponding state process is given by:
X} = X} + oluit + oy Bl + ol'oy W

Now, as in the previous section, we can show that X is very close to a
particle system Y = (Y! ... Y") where

Y = X} + aluit + &ty BE + alo; W,
and where

. Oipli + b
YT T e
i Ty

" n a,%—i—l/]z n U,%—i—l/]%

k=1 k=1

Y

More precisely, note that the uniform bounds on the type parameters ensure
that there exists L > 0 such that |a — of'| < L/n for all n > 2 and all i,
and we conclude that:

. . L .
1XF = ¥l < —~ (1T + vil| B[ oo + 07| W][oo) -

By assuming that (X{);>1 are i.i.d. and subgaussian as in the previous sub-
section, it is straightforward to show that there exist constants C,é > 0,
independent of n, such that

(7.8)

1 <& . .
P < Z | X" =Yoo > a,) < exp(—d2n2a?), for all a > C/n, n > 2.
n

=1
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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
amap ¥ : P(Z x C) x Ct — P(C) by setting ¥(Q,w) equal to the image
of Qo }A/w_l, where Y,, : Z x C! — C! is defined for each w € C! by setting

(5[,6 + 5100'

i}w(gvg)(t) =0+ o2 + 12

(ut + ve(t) + ow(t)),

where ¢ = (z0,9,0, u,0,v), and where

_ ) 0 2

We may then write

n 1 .
=1

For a fixed M > 0, it is easily checked that the map V¥ is continuous (with re-
spect to weak convergence) when restricted to the subset of (Q,w) for which
Spo < M and 1 — 0o?/(0? + v?) > 1/M holds for Q-a.e. (¢,£). Therefore,
we may easily identify the limit of my, as n — oo, as long as % Yoy 0(¢,BY)
converges a.s. Moreover, if the type vectors (; are i.i.d. then the sequence
of empirical measures % S d(¢,,piy satisfies an LDP, according to Sanov’s
theorem. If o; = 0 for all 4, so there is no common noise, then ¥(Q, w) does
not depend on w, and we may deduce an LDP for m7y, from the contraction
principle. If the common noise is present, we can either deduce an LDP con-
ditionally 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.

8. Conclusions and open problems. In this paper and the com-
panion [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 theorem, and LDP, as
well as non-asymptotic 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
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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 [20, Section 4]) was in many ways parallel to Lipschitz
FBSDE estimates. To cover linear-quadratic models we should allow the
first derivatives of U(t,z,m) to grow linearly in x and W;(m,dp) and the
Hamiltonian to have quadratic growth in both z and «. This leads to a
quadratic FBSDE system, as we encountered in the proof of Theorem 4.2
(given in [20, Section 4]), 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 [30, 24] provide laws of large numbers for open-loop equilibria,
with the key advantage of addressing the non-unique 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 non-unique regime, which is important in
light of the fact that non-uniqueness 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 analogous
LDPs have been established in the non-unique regime in the simpler setting
of static games [31].
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