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FROM THE MASTER EQUATION TO MEAN FIELD GAME LIMIT

THEORY: A CENTRAL LIMIT THEOREM

FRANCOIS DELARUE, DANIEL LACKER, AND KAVITA RAMANAN

ABSTRACT. Mean field games (MFGs) describe the limit, as n tends to infinity, of stochastic
differential games with n players interacting with one another through their common empirical
distribution. Under suitable smoothness assumptions that guarantee uniqueness of the MFG
equilibrium, a form of law of large of numbers (LLN), also known as propagation of chaos, has
been established to show that the MFG equilibrium arises as the limit of the sequence of empiri-
cal measures of the n-player game Nash equilibria, including the case when player dynamics are
driven by both idiosyncratic and common sources of noise. The proof of convergence relies on
the so-called master equation for the value function of the MFG, a partial differential equation
on the space of probability measures. In this work, under additional assumptions, we establish
a functional central limit theorem (CLT) that characterizes the limiting fluctuations around the
LLN limit as the unique solution of a linear stochastic PDE. The key idea is to use the solution
to the master equation to construct an associated McKean-Vlasov interacting n-particle system
that is sufficiently close to the Nash equilibrium dynamics of the n-player game for large n. We
then derive the CLT for the latter from the CLT for the former. Along the way, we obtain a new
multidimensional CLT for McKean-Vlasov systems. We also illustrate the broader applicability
of our methodology by applying it to establish a CLT for a specific linear-quadratic example
that does not satisfy our main assumptions, and we explicitly solve the resulting stochastic PDE
in this case.

Key Words. Mean field games, master equation, McKean-Vlasov, interacting particle systems,
common noise, fluctuations, central limit theorem, systemic risk.
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1. INTRODUCTION

Finite games and mean field games. Mean field games (MFG), introduced independently in
[32, B0, BI] and [24, B4], are models of competition among a continuum of symmetric agents,
each of whom dynamically controls a state variable; see the forthcoming books [8, @] for an
overview. Equilibria of MFGs were introduced as potentially more tractable approximations
of Nash equilibria of large finite systems of agents interacting with one another through their
common empirical distribution. While much of the theoretical work of the past decade has
focused on questions of existence and uniqueness of MF'G equilibria, the probabilistic limit theory
is less well understood. A law of large numbers has only recently come into focus [0, 28| [19],
clarifying how a MFG arises as the limit of a suitable sequence of n-player games as n — oo, in
the presence of both idiosyncratic and common sources of noise. In particular, given for each n
a Nash equilibrium for the n-player game, the limit of the sequence of empirical distributions of
state variables can be effectively characterized in terms of the equilibria of the MFG. The goal
of this paper is to complement this law of large numbers with a central limit theorem (CLT).
Using similar techniques, a large deviation principle and non-asymptotic concentration bounds
are obtained in a companion paper [I8].

The main tool in our analysis is the master equation, an infinite-dimensional partial differen-
tial equation (PDE), which plays a similar role to the Hamilton-Jacobi-Bellman (HJB) equation
in classical stochastic control theory. Lions [33] demonstrated how the master equation can
be used to construct an equilibrium for the MFG, and this construction was developed further
in [4, B [7]. To solve the master equation is no simple matter, though some preliminary well-
posedness results may be found in [21I] 4] in the case without common noise and [6] 9] in the
case with common noise.

A major breakthrough came in [6] with the discovery that, for a class of MFG with a unique
equilibrium, when the associated master equation has a smooth enough solution, it can be
used to prove convergence of n-player Nash equilibria to the unique MFG equilibrium. The
essential idea is that the solution to the master equation can be used to build a system of n
interacting diffusions of McKean-Vlasov type (see [35, B9] for standard references on McKean-
Vlasov equations) that is quantitatively “close” to the true n-player Nash equilibrium system
and whose empirical measure converges to the MFG equilibrium. This immediately implies
that the empirical measure of the n-player Nash equilibrium system converges to the MFG
equilibrium. In this paper we refine the “closeness” estimates to show that the distance between
the McKean-Vlasov and Nash systems decays rapidly enough that the fluctuations are the same.
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The results of this paper and the companion [I8] mark the first probabilistic limit theorems
for MFGs beyond the law of large numbers, at least for diffusion-based models. The very recent
simultaneous works [12] 13| 2] carry out a similar program 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 transferring limit theorems
(a law of large numbers, CLT, and LDP) from the latter to the former. Loosely related ideas
appeared also in [I], which uses FBSDE methods to study the convergence of MFGs as the
common noise parameter vanishes.

Main results. Let us explain the idea and main results more clearly. We consider n-player
stochastic differential games, in which agent i chooses a Markovian control o = o'(t, X;) lying

in an action space A to influence an (R?)"-valued state process X = (X',..., X") given by
dX; = b(X], mk,, ' (t, X;))dt + 0dB; + aodW;. (1.1)
Throughout, W and B',..., B" are independent Wiener processes, and we write
1 n
my == oy,
k=1
to denote the empirical measure of a vector = (z1,...,z,) in (R?)". Agent i seeks to minimize

the cost functional
T
B | [ 7Kool XM+ o(Xh )|
0

where the time horizon T' € (0, 00) is fixed. Define the Hamiltonian

H(x,m,y) = égg [b(m,m,a) Y+ f(a:,m,a)],

and let a(x, m,y) denote a minimizer, which we will always assume to exist. Nash equilibria of
this game (in closed-loop strategies), defined precisely in Section 23] can be studied in terms of
solutions (v™*)!_; of the PDE system

8tvn’i(t7 m) +H (:Eia mgv D:Bivmi(tv m)) + Z ijvn’i(t7 m) : b<$j7 m;, a(:pja m27 ijvn’j(t m)))
J#i
1 : 1< :
+ 5 ZTr [Dg,j@jv"”(t, m)JUT] + 5 Tr [D:%j,xkv"”(t,ac)aoaﬂ =0, (1.2)
j=1 jk=1

for (t,z) € [0,T] x (RY)", with terminal condition v™*(T,x) = g(z;,m%). The quantity v™"
describes the value function of the ith player in the n-player game. We assume this PDE system
has a smooth solution, in which case a (closed-loop) Nash equilibrium is given by

Q™ (t, X;) = @(Xf,m&t,Dmiv"’i(t, X4)).

Substituting these controls into the dynamics (LI]), we identify the Nash equilibrium empirical
measure (mg{t)te[o,T]. The value function of a typical player in the associated MFG is described
by the so-called master equation, whose definition we postpone to Section 2.3l Assuming, among
other things, the existence of a sufficiently smooth solution to the master equation, we show the
following:

(1) As n — oo, (m'k, )iejo,r) converges in law to the unique solution (u)iejo,r) to the MFG,
which is itself a stochastic flow of probability measures. This was already shown in [0,
Theorem 2.15] when the state space is the torus. Our extension to R? is straightfor-
ward provided the solution to the master equation together with its derivatives have an
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appropriate rate of growth and the system ([L2]) has a solution. Similar questions are
addressed in the forthcoming reference [9, Chapter 13, Section 6.3].

(2) Our main contribution is to show that the fluctuation process (v/n(m’%, — u))icjo,1]
converges in law (in a suitable distribution space) to the unique solution to a certain
linear stochastic PDE driven by a space-time Gaussian noise, the coefficients of which
depend on the solution to the master equation and on (,Ut)te[oﬂ-

These results are presented precisely in Section [3
Strategy of proof. The idea driving all of the results, both in this work and the companion

paper [I8], is to use the solution to the master equation, U = U(t,x,m), to construct an
interacting diffusion system X = (71, ..., X") of McKean-Vlasov type:
dX, = b(yi, mle 6(X, m%  D.U(t, X, m%t)))dt + 0dB! + oodWV,, (1.3)

starting from YB = Xé, and driven by the same Wiener processes. By showing that the functions
(u™i(t,x) := U(t,z;,m2))™, nearly solve the n-player PDE system written for (v™%)"_; above
(see the crucial Proposition E1]), we can find good estimates between D, v™® and D, u™’ (see
Theorem M.2), which enable an estimate of the distance between the empirical measures m'’y
and m"Y This was indeed the strategy of [0], where it is shown that

E [WLCd(mS‘(,m"Y)] = O(n_2), (1.4)

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. Equivalently, (L3 must be regarded
as an approximating n-particle system of the n-player Nash equilibrium. From McKean-Vlasov
theory (see, e.g., [22, 37, 39], or [11], 15l I7] and [0, Chapter 2, Section 2.1] for the common
noise case), we conclude that both empirical measure sequences converge in law to the unique
solution (pu)e(o,r) of the (conditional) McKean-Vlasov SDE

A, = b( X, s &( X, p, DUt X, o)) ) b + 0By + od Wi,
pre = Law (X | (W) s<t)-

Moreover, it is known from early work on the master equation that this limit (11¢),ej0,7) is the
unique equilibrium of the MFG, which is to say that (X;).e(o, ) solves the following optimization
problem in the environment (11t );c(o,7):

T
Sllp]E |:/ f(XtaNuOét)dt + g(XTauT):| )
a 0

s.t. dXt = b(Xt, Mt Oét)dt + O'dBt + O'Qth,

the supremum being taken over A-valued processes that are progressively measurable with re-
spect to the filtration generated by Xy, B and W. This leads to the convergence claimed in
point (1) of the program detailed above.

Next, to prove the CLT described in point (2) above, we study first the McKean-Vlasov fluc-
tuations (\/ﬁ(m%t — t))tejo,r]- The early results of [4T} 40, [36] only cover affine dependence on
the mean field term, but requiring the interaction in (I3]) to be affine is far too restrictive, except
perhaps in linear-quadratic models. On the other hand, the later work [27] treats more general
mean field interactions to include the non-affine yet smooth interactions that we obtain from
the solution to the master equation. However, the state space in [27] is only one-dimensional,
and so we extend their result to our multi-dimensional setting; further, in order to track the
influence of the dimension explicitly, we follow some of the arguments introduced in [36]. While
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O(n™') would not suffice, the estimate (4] is sharp enough to show that the fluctuations of
the McKean-Vlasov and Nash systems are then the same.

Under additional assumptions, the estimate ([4]) is further refined in the companion paper
[18] to establish exponential closeness of the McKean-Vlasov and Nash systems, which is then
used to obtain large deviations results and non-asymptotic concentration bounds.

Required assumptions and examples. The above results are proved under admittedly very
strong hypotheses. The main conditions, Assumptions [Al [B], and [B7, are spelled out in Sec-
tion below, and the CLT requires some additional hypotheses (see Assumption [C]). Most
notably, we assume throughout that U admits bounded derivatives up to order two in the mea-
sure argument. For the CLT, additional smoothness is required of the first and second order
derivatives with respect to m, the precise form of which depends on the dimension d of the
state space. In addition, we require either that the Hamiltonian H is Lipschitz in y or that
{v™ :n €N, i =1,...,n} are uniformly bounded. Although this rules out many natural
examples, such as linear-quadratic models (see, however, the discussion of the next paragraph),
the main well-posedness results of [6] ensure that our assumptions cover a broad class of co-
efficients. More importantly, we avoid as much as possible imposing specific assumptions on
the data (b, f, g); for instance, in contrast with [6], we do not impose any explicit monotonicity
condition on f and g. Instead, we aim as much as possible to create a “black box” in the
sense that our results should read as follows: If there exists a sufficiently regular solution to the
master equation, then the results (1) and (2) described above are valid. We hope that our work
will apply not only to the setting of [6] but also to those illuminated by future research on the
well-posedness of the master equation.

Despite the restrictive assumptions required for our general results, the same ideas can be
successfully adapted to specific examples which fall outside the scope of our main theorems. In
Section [6] we discuss the linear-quadratic model of [I0], which does not fit the assumptions of
our main theorems but for which an explicit solution is known for both the n-player and MFG
equilibria. These explicit solutions allow us to bypass the difficult estimates required in the
general setting, and we again connect the n-player equilibrium and a corresponding McKean-
Vlasov system. As before, this connection lets us transfer the CLT for the latter system to the
former. In other words, while a single unifying theorem seems out of reach for technical reasons,
the strategy of our arguments seems much more broadly applicable. In addition, we compute
the explicit solution for the limiting SPDE in this specific model.

Organization of the paper. The paper is organized as follows. In Section RPlwe carefully define
the n-player game and the Nash system, the MFG and the the master equation, and the main
sets of assumptions. Section [Blthen states precisely the main results, with the LLN in Section 3.1l
and the CLT in Section The key estimates relating the Nash system and master equation
are developed in Section [, to prepare for the proofs of the LLN in Section [£.4] and the CLT in
Section Bl Section [G] treats the specific model mentioned in the previous paragraph. Relevant
properties of derivatives of functionals on the Wasserstein space of probability measures are
collected in Appendix [Al

2. NASH SYSTEMS AND MASTER EQUATIONS

2.1. Notation and model inputs. For a normed space (E, || - ||), let P(E) denote the set of
Borel probability measures on E. Throughout the paper we make use of the standard notation
(1, ) := [ @dp for integrable functions ¢ on E and measures p on E. Given p € [1,00), we
write PP(E, || - ||), or simply PP(E) if the norm is understood, for the set of p € P(FE) satisfying
(i, || - ||P) < oo. For a separable Banach space (E, || - ||), we always endow PP(E, | - ||) with the
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p-Wasserstein metric W,  defined by

1/p
Wl i=int ([ flo = ylPatanan) (2.1)
n ExXE

where the infimum is over all probability measures m on £ X F with marginals ;4 and v. When
the space E' is understood, we may omit it from the subscript in W, g by writing simply W,.

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 = ([0, T];R*),

which are always endowed with the supremum norm ||z[|c = supcjo 7|2t For m € P(CF)
and t € [0,T], we write m; for the time-t marginal of m, i.e., the image of m under the map
Ck DX = Tt € RE.

For a set F and n € N, we often use boldface = (z1,...,z,) for an element of E", and we

write
1 n
my, = — Z Oz,
n
1=1
for the associated empirical measure, which lies in P(E).

2.2. Derivatives on Wasserstein space. To define the master equation, we must first intro-
duce a suitable derivative for functions of probability measures. As we will be applying but
not solving the master equation, we need very few properties of these derivatives, all of which
are outlined here. Following [6], we fix an exponent ¢ € [1,00), and we say that a function
V : PIRY) — Ris € if there exists a continuous map 2% : PI(R?) x R? — R satisfying
(i) For every W,-compact set K C P?(R?), there exists ¢ < oo such that sup,,c | 2% (m,v)| <
c(1+ |v|9) for all v € RY.
(ii) For every m,m’ € P4(R%),

V(m') — / /]Rd (5m (1 = t)ym +tm/,v) (m" —m)(dv) dt. (2.2)

Note that the condition (i) is designed to make the integral in (ii) well-defined. Only one function
8V can satisfy ([Z2), up to a constant shift; that is, if 3% satisfies (Z2) then so does 2% + ¢ for
any ¢ € R. For concreteness we always choose the shift to ensure

/ oV —(m,v) m(dv) = 0. (2.3)
R

aom

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

DV (m,v) = D, <§—7‘;(m,v)> : (2.4)

1%

where we use the notation D, for the gradient in v. If, for each v € R?, the map m S (m,v)

is €1, then we say that V is €2 and let 27‘2 denote its derivative, or more explicitly,

52V o <5V( v)) (m, o).

52 (m,v,0v") =
We will also make some use of the derivative

DUDmV(m, ’U) — Dv [Dmv(mv U)]7

om \ ém
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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%*~*d = R¥™ for k € N.
Finally, if V is €2 and if %(m, v,v") is twice continuously differentiable in (v,v"), we let
2
D2V (m,v,v') = Dav,%
denote the d x d matrix of partial derivatives (81,1.81,;_ [62V/6m?](m, v,v")); ;. Equivalently (see
[0, Lemma 2.4)),

(m,v,v)

D2V (m,v,v") = Dy (D V(-,0))(m,v").

Aside from these definitions, the only result we should state here is an important observation
on how these derivatives interact with empirical measures, essentially known from [6]. For
completeness, the proof is given in Appendix [Al

Proposition 2.1. Given V : P4(RY) — R, define u, : (R)™ — R by u,(x) = V(m?) for some
fixed n > 1.

(i) If V is €' and if D,,,V exists and is bounded and jointly continuous, then u, is continuously
differentiable, and

1 . .
Dy jup(x) = EDmV(mw,a:j), forj=1,... n. (2.5)

(ii) If V is €% and if D2V exists and is bounded and jointly continuous, then u is twice
continuously differentiable, and

1 1
Dy, Dy un(x) = ﬁDan(mg,xj,xk) + 5j,kEDUDmV(mg,xj),

where 05, =1 if j =k and d;, = 0 if j # k.

2.3. Nash systems and n-player games. We fix throughout the paper a filtered probability
space (Q, F,F = (-Ft)te[o,T]aP)7 supporting independent F-Wiener processes W of dimension d
and (BY)2°; of dimension d (we choose the dimension of the idiosyncratic noises equal to the
dimension of the state space for convenience only), as well as a sequence of i.i.d. Fp-measurable
Ré-valued initial states (X£)22, with distribution .

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

(b, f) : R x PP (RY) x A — R? x R,
g:RYx PP'(RY) — R,
along with two matrices o € R¥*?% and o € R%*d,

In the n-player game, players i = 1,...,n control state process (X; = (X}, ... 7th))te[0,T]7
given by

dX] = b(X{,mk,, o' (t, X;))dt + odB} + oodW,, (2.6)

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

T
J¥(at,. .. ,a") =E [/0 J(X{,m%,, o' (t, Xy))dt + g( X, mx,.)
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A (closed-loop) Nash equilibrium is defined in the usual way as a vector of feedback functions
(a',...,a™), where o : [0,T] x (RY)™ — A are such that the SDE (Z8)) is unique in law, such
that

Jiat, . a") < TVl et a et L an,

for any alternative choice of feedback control a.
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(x,m,y) = ggg[b(x,m,a) Y+ f($7m7 (1)]

Assume that this infimum is attained for each (z,m,y), and let a(z, m,y) denote a minimizer;
we will place assumptions on the function & in the next section. It is convenient to define the
functionals b and f on R? x PP"(R%) x R? by

~ ~

b(x,m,y) = b(z,m,a(z,m,y)) and f(z,m,y)= f(x,m,a(x,m,y)), (2.7)

and note that then

~

H(z,m,y) = g(x, m,y) -y + f(z,m,y). (2.8)

As already mentioned in the Introduction, see (2D, the n-player Nash system is a PDE system
for n functions, (v : [0,7] x (R} — R),, given by

atvmi(ta ZIZ) +H (xiamg7Dinn’i(t7w)) + Z ijvmi(ta ZIZ) '/b\(xjamga ijvmj(t?w))

j=1j#i
n

R . 1 .
+ 5 Z Tr [ng,wjvn’l(u w)UUT:| + 5 Tr {Dij,mkvn’l(u -’B)UOUOT] = 07
J=1 Jk=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,T] x (RY™ 5 (t,z) — & (x,ml, Dy o™ (¢, x)) .
As a result, the equilibrium state process X = (X!,..., X™) is governed by
dX} = b(X},m,, Dy, 0™ (t, X;))dt + 0dB} + aodW. (2.9)
Under Assumption [A] of Section below, the SDE (2.9) is uniquely solvable. Indeed, due
to assumption [Al(4), the second derivatives of v™" exist and are continuous, which ensures that
D,,v™" is locally Lipschitz. In light of Assumption[Al(1) and the fact that © — m[. is a Lipschitz

function from (R%)™ to (PP"(RY), W,+), this ensures that the SDE system (ZJ) has a unique
strong solution.
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2.4. The mean field game and master equation. The master equation is a PDE for a
function U : [0,T] x R x PP*(RY) — R, given by

0=0U(t,z,m)+ H(x,m, D, U(t,x,m))
+ %Tr [(JUT + ogog ) DU (t, z, m)]
+/ b(v,m, DU (t,v,m)) - DU (t, @, m,v) dm(v)
Rd
+ % / Tr |:(O'O'T + UoUJ)DvaU(t,x,m,’U)} dm(v) (2.10)
Rd
—l—l/ / Tr [JOJOTDEHU(t,x,m,U,v')] dm(v) dm(v")
2 Ra JRA
—1—/ Tr [JOUOTDmeU(t,x,m,v)] dm(v),
Rd

for (t,x,m) € (0,T) x R? x PP*(R?), with terminal condition U(T,z,m) = g(z,m). The
connection between the Nash system and the master equation will be made clear in Proposition
1] below; roughly speaking, v™i(t,x) is expected to be close to U(t,x;,m2) as n tends to
infinity.

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

dXt = /E(Xt, ot DxU(t, Xt, Nt))dt + O'dBtl + O'Qth, XQ = X&, n = ﬁ(X‘W), (211)

where L(X|W) denotes the conditional law of X’ given (the path) W, viewed as a random element
of PP"(C?). Here, a solution X = (X%)iejo,m) is required to be adapted to the filtration generated
by the process (Xg, Wy, Bf )iejo, - Notice that necessarily py = L(X|W) = L(X|(Wy)sepo.)
a.s., for each t € [0, 7], because (W — W})s>¢ is independent of (Xs, Wy)s<;. Assumptions[A]1)
and [A]5), stated in Section below, ensure that there is a unique strong solution to (Z.I1);
this follows from a straightforward adaptation of the arguments of Sznitman [39, Chapter 1]
(cf. [II, Section 7] and [, 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 (i1);cjo,7) is a weak
solution to the stochastic Fokker-Planck equation

dp = —diV@(',Mt,DmU(t ) i) dt + ATe[D2 (o0 + oog )ldt — (09 Dapur) - AW,

for t € [0,T], which follows from a straightforward application of Itd’s formula to the process
(#(X¢))iefo,r) for smooth test functions ¢.

Since U is a classical solution to the master equation with bounded derivatives (see Assump-
tions [Al1) and [Al5) in Section below), it is known that the measure flow p constructed
from the McKean-Vlasov equation (ZI1]) is the unique equilibrium of the mean field game; see
for instance [8, Proposition 5.106]. A mean field game equilibrium is usually defined as a fixed
point of the map ® which sends a W-measurable random measure z on C? (such that (1) eefo,1]
is adapted to the filtration generated by W) to a new random measure ®(u), defined as follows:

(i) Solve the stochastic optimal control problem, with p fixed:
SUPy E |:f(;r f(Xt7 Ht, at)dt + g(XT7 MT)] )
s.t. dXt = b(Xt, ot at)dt + O'dBt1 + O'Oth.
(ii) Letting X™* denote the optimally controlled state process, set ®(u) = L(X*|W).
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Note that if the optimization problem in step (i) has multiple solutions, the map ® may be
set-valued, and we seek u such that u € ®(u). The original formulation of Lasry and Lions [32]
is a forward-backward PDE system, which is essentially equivalent to this fixed point procedure,
when og = 0. When o9 # 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, [7] or [6, Section 1.2.4].
For our purposes, we simply take the McKean-Vlasov equation (2.11]) as the definition of u.

2.5. Assumptions. The following standing assumption holds throughout the paper. In fact,
more will be needed in Section [ to derive the central limit theorem, but Assumptions A, B
and B’ below form the foundation behind the key estimates used this paper and as well as the
companion [I8].

Assumption A.

(1) The exponent p* lies in [1,2]. A minimizer a(z,m,y) € argmingea[b(z,m,a) -y +
f(z,m,a)] exists for every (z,m,y) € RYx PP (RY) xR?, such that the function 3(3:, m,y)
defined in (7)) is Lipschitz in all variables. That is, there exists C' < oo such that, for
all z,2',y,y € R? and m,m’ € PP (R?),

[b(x,m,y) — b(a',m,y")| < C (|z — | + Wy (m,m’) + |y — y'])

where we recall that W, is shorthand for W« g |.)).

(2) The d x d matrix o is non-degenerate.

(3) The initial states (X})2°, are i.i.d. with law pg € PP (R?) for some p > 4.

(4) For each n, the n-player Nash system ([2.3]) has a classical solution (v™)™_,, in the sense
that each function v™!(t,x) is continuously differentiable in ¢ and twice continuously
differentiable in . Moreover, D, v™' has linear growth and v™ has quadratic growth,
for each n,4,j. That is, there exist L,; > 0 and L, ;; > 0 such that, for all ¢ € [0,7]
and x € (RY)",

[ D™ (t, )| < Lnij (1+ ),
0™ (8, )| < L (1+ |2[%),

where |z| in [Al(4) is the Euclidean norm of & € (R?)" = R,

(5) The master equation admits a classical solution U : [0,7] x R? x PP"(RY) > (¢,z,m)
U(t,z,m). The derivative D,U(t,x,m) exists and is Lipschitz in (z,m), uniformly in ¢
(using W, for the argument m € PP"(R?)), and U admits continuous derivatives 0,U,
DU, D,,U, DU, D,D,,U, D,D,,U, and D2U. Moreover, DU, D,,U, D,D,,U, and
D2U are assumed to be bounded.

Assumptions (A.4-5) are heavy, owing to the difficulty of solving the master equation and n-
player systems. As for[Al(4), earlier results on the solvability of systems of quasilinear parabolic
equations may be found in [29]. Those results suffice to guarantee the solvability of the Nash
system when the Hamiltonian H is globally Lipschitz, see for instance [6, Section 2.4.4], but a
modicum of care is needed when the Hamiltonian is quadratic in the variable y. We refer to [3]
and to the forthcoming book [9] (see Section 6.3.1 of Chapter 6 therein) for precise solvability
results that fit our framework. Regarding the master equation, the main examples of solvability
we have in mind may be found in [0, Theorems 2.8 and 2.9]. Results therein provide tractable
assumptions on the data (b, f, g) that ensure the existence and uniqueness of a classical solution
to the master equation satisfying [Al5). Yet it must be stressed that the results of [6] are stated
on the torus and under the rather demanding assumption that the Hamiltonian H is globally
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Lipschitz. Again, we refer to the forthcoming book [9] (specifically Section 5.4 of Chapter 5
therein) for an extension to the Euclidean setting that includes quadratic Hamiltonians. We also
refer to [14], Theorems 5.3 and 5.5] for another result on existence and uniqueness for the master
equation, although the boundedness requirements of the derivatives, as stated in [Al5), are not
entirely verified there. Lastly, observe that, for some of the arguments below, the assumptions
on the second order derivatives of U in the direction of the measure can be relaxed when oy = 0,
i.e., when there is no common noise. This fact is made clear in [6]: Therein, the assumptions
that are needed to prove the solvability of the master equation are slightly weaker in the absence
of a common noise (compare Theorems 2.8 and 2.9 in [6]). We refrain from distinguishing the
two cases g = 0 and og # 0 in our paper, since the second-order derivatives of U with respect
to m will be needed to establish the CLT, even in the case oy = 0, see Assumption [C]in Section
B3l

As indicated above, our analysis heavily depends on properties of theAHamiltonian H. We
thus need an additional assumption to control the growth of the function f, which is defined in
[27), using of course the same function @ from Assumption [A[1). We provide two alternatives
in Assumptions [Bl and [B’l Assumption [Blis more in the spirit of [6], while Assumption B fits
the framework addressed in [9, Sections 5.4 and 6.3].

~

Assumption B. f(z,m,y) is Lipschitz in y, uniformly in (z,m). That is, there exists C > 0
such that, for all z,y,y € R? and m € PP (R?),

f(z,m,y) — Fz,m,y)| < Cly —v/|.

We will make use of one more set of assumptions, which weakens the Lipschitz assumption
on f in favor of uniform boundedness of solutions to the m-player Nash systems. Note that
boundedness of D,U and D,,U in Assumption [Al5) ensures that U has linear growth, by
Lemma [A2l On the other hand, the following assumption will require U to be bounded.

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 i.

~

(3) f(x,m,y) is locally Lipschitz in y with quadratic growth, uniformly in (z,m). That is,
there exists C' > 0 such that, for all z,y,y’ € RY and m € PP" (R%),

|f(w,m,y) — fla,m,y)] < CA+ [yl + 1y DIy — ¥/

Remark 2.2. It is typically difficult to find estimates on the Nash system solutions v™* which
are uniform in n, and this is a key challenge of MFG analysis. However, assumption [B%(2)
can be directly verified in many situations. For instance, if f is of the form f(m,m,y) =
fi(x,m) + fao(x,m,y) -y, where fo is of linear growth in y uniformly in (z,m), and if f; and g
are uniformly bounded, then [B%2) holds. See [9, Chapter 6, Section 6.3.1] for details.

It may appear that we have not imposed any assumptions directly on the terminal cost
function g. In fact, there are implicit requirements coming from Assumption [Al5) along with
the boundary condition U (T, z,m) = g(z,m).

3. STATEMENTS OF MAIN RESULTS

This section summarizes the main results of the paper on the n-player equilibrium empirical
measures (m’ )n>1 and on their marginal flows ((m',)icjo,7])n>1, defined by the SDE (2.9).
Proofs are deferred to later sections.
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3.1. Law of large numbers. We first state the law of large numbers, regarding the convergence
of (m'% )n>1 to p, where p is defined by the McKean-Vlasov equation (ZII]). This is essentially
the result of [6], see also [9, Chapter 6], though we formulate the result in Euclidean space
instead of on the torus; we include the proof in Section 4.4l

Theorem 3.1. Suppose Assumption[A] holds, as well as either [B or[B1. Then
nh_}ngoE Wg’cd(mg(,,u)] = 0.

There are several ways to identify the rate of convergence in Theorem B.I] and the interested
reader is referred to the companion paper [18] for a detailed discussion. Notably, the dimension d
appears in the rate, and we explain below the role of the dimension in the central limit theorem.

3.2. Diffusively scaled fluctuations. The central limit theorem is stated as a limit theorem
for the sequence of rescaled differences ((S}' := /n(m'%, — iit))ic(o,7])n>1 between the empirical
measures and the solution to the MFG constructed above.

To state a central limit theorem, we will regard each (S7')ic[o,7] as a process with values in
a distributional space. To do so, we use the same spaces as in [36] or [25]. For an integer j > 0,
a real o > 0, and a smooth function g on R? with compact support, we let:

|D*g(a
ol = Y [ P (3.1)
|kl<j
where k denotes a multi-index k = (k1,--- ,kq) and |k| := k1 + - -+ + kg is its length. We then
call H7 the completion of the set of smooth functions on R% with compact support with respect
to || - |j.a- It is a Hilbert space when equipped with || - [|;,o. We denote by H ™7 its dual space.
Below, we see ((S}')tc[0,7])n>1 as a sequence with values in H—(H+22a) A for

Ao = |d/2] + 1.

The limiting law of the sequence ((Sf')icjo,r))n>1 Will be identified as the solution to a

properly stated SPDE. In order to formulate this SPDE, we define, for any m € PP (R%), the
operator Ay, by:

[(Au] () = Du(a) - B, m, DUt 2,m) + 5 THD20(@) (00 + 0007 )] -
. 3.2
b [ Delw) = [Bw,m, DU v m))] @) i), @ € B,

Rd m

for ¢ : R — R. Observe if needed that the derivative with respect to m in the second line may
be rewritten as:

2 b0, m, DU (10, m)] (2)

§ ~ ~ )
= < D, » Uy ) D ) 7Dx » Uy — D, y Uy Ty L )y
5mb(v,m, U(t,v,m),z) + Dyb(v,m, D, U(t,v m))dm U(t,v,m,x)

where D, acts on the third argument of b. We will see in (G.0) that, for ¢ € HAT2 A D p(x)
and D2¢(z) exist pointwise and are bounded by C|¢||s12x,.1,(1 + |z[*¢) for a universal constant
C; in particular, [A¢.,¢](z) exist pointwise. If, as functions of (¢,z,m), b(z, m, D U(t,z,m))

and [6/dm][b(y, m, D,U(t,y,m))](z) are sufficiently smooth and m € P (R%), then A;,,¢ €
H2+2)\d7)\d-

The limiting SPDE is driven by three inputs: an initial condition and two noises. To state
it properly, we assume that the probability space used to construct the mean field game is
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rich enough to carry a triple (W, 6p,&), where W is the same common noise as before, 6y is
independent of (W,€) and is a centered Gaussian random variable with values in H~(2+2Aa)Aa
with covariance:

Vo, ¢ € H2P2aA R [0y (h1)00(h2)] = (o, d1¢2),

and where ¢ is, conditional on W, a continuous centered Gaussian process with values in
H~(2+22). A with covariance:

SN\t
Vo, pp € HT2AaA s t € [0,T), E[&(h1)Es(do) | W] = /0 {ttry00 " Dypy - Dypo)dr-.

(Recall that p is W-measurable.) We will see in Section [l that both covariances are well-defined
provided p’ > 2)\4, with p’ as in Assumption A. In both of them, (-,-) denotes the duality
product.

We will see in Lemma that, with probability 1, for all ¢ € (0,7], u; has a density.

As a consequence, (&;);c(o,7) may be represented as (&(¢) = fg Vis(0 " Dy) - dBs)o<i<r, Where
B =(B',...,B%)is ady-tuple of independent cylindrical Wiener processes with values in L?(R?),
B being independent of (6, W). Since p is W-measurable, (W, 1), 6y and f are independent.

We state the SPDE for the weak limit (S¢)icjor) of ((S7')tcjo,r))n>1 as an equation in
H—(4+27a),Aa.

d(S1,6) = (St At @)t + (St 00 Dyg) - AW, + déy(¢), ¢ € [0,T], ¢ € WP M (3.3)

where (S;, 00 Dy) - dW; is understood as Y% (S;, (50" D)) - AW}

As we will see in the example treated in Section [6] an important feature of this SPDE is the
fact that the operator A; ,, is nonlocal. To clarify the challenges this presents, suppose for the
moment that there is no common noise, o9 = 0. Then, if A; ,, were local, we could regard (3.3)
as a (standard) parabolic partial differential equation driven by the adjoint Aj ,, and forced by
an additive noise; then, we could use existing results on the fundamental solution of AZM to
represent the solution. In a sense, the same is true when o( is non zero, because it suffices to
shift ¢ into ¢(- — o9W;) to recover the case without common noise.

Of course, the nonlocal term in (3.2)) arises because of the McKean-Vlasov interaction, and
we must be prepared to face it in practice. In the example in Section [6l the coefficients are linear-
quadratic, which makes the form of the interaction not too complicated. Ultimately, we manage
to derive an explicit expression for the solution to ([83]), by solving first for the interaction term
and then constructing the entire solution by proceeding as if the structure were local.

3.3. Additional assumptions and statement of the central limit theorem. In order to
state our CLT, we need the following additional set of assumptions:

Assumption C.

(1) b is locally bounded in y, uniformly in (z,m).

(2) b and D,U have derivatives up to the order 5+ 2\, with respect to (z,y) and z respec-
tively, and these derivatives are jointly continuous and uniformly bounded with respect
to all arguments.

(3) 0b/dm and 6(D,U)/dm exist, are bounded and jointly continuous in all the arguments,
and have derivatives in the variable v up to the order 44 2\, that are jointly continuous
and uniformly bounded with respect to all arguments.

-~

(4) 6(Dyb)/dm exists and is jointly continuous and uniformly bounded in all the arguments.

0(D,U)/dm, Dyg and 5(Dy3) /dm are Lipschitz continuous in m with respect to W,
(understood here as W) ga), uniformly in the other arguments.
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(5) 523/ dm? and 62(D,U)/dm? exist, are bounded and are Lipschitz continuous in m with
respect to Wy, uniformly in the other arguments.

Theorem 3.2. Let Assumptions [Al and [A hold, as well as either Assumption [Bl or [BJ, with
with p' > 12\g and p* = 1. Then, the sequence (S™)p,>1 converges in law on the space
C([0,T); H-R+2Xa)Ad) to the unique solution to the SPDE [B3) with So = 6y as initial con-
dition.

The rationale for requiring the coefficients to be so regular may be explained as follows.
In the proof of the CLT, we need to regard the coefficients (or their derivatives, depending on
the step of the proof) as test functions, namely as elements of the space H1t2*¢A¢  In this
respect, the fact that the dimension d of the state space enters the definition of the space of
test functions through the parameter \; should not come as a surprise. Indeed, the Wasserstein
distance between a probability distribution and the empirical measure formed by 7 i.i.d. samples
is less and less accurate as the dimension of the space increases (see, e.g., [20] or the refinement
of Theorem B1] above in our companion paper [I8, Theorem 3.1]). Still, we prove in Lemma
G101 below the rather striking fact (which seems to be a new point) that the rate of convergence
of the empirical distribution of a sample of i.i.d. random vectors with values R? can be made
dimension-free, provided the distance is measured using smooth enough test functions. Noting,
for example, that the 1-Wasserstein and total variation distances between two measures m and
m’ may each be written as a supremum of [ ¢ d(m—m’) over a suitable family of test functions ¢,
it is clear that the strength of a probability metric and thus the rate of convergence of empirical
measures therein depends heavily on the regularity of the test functions. Hence, to preserve the
O(y/n) fluctuations, we must be prepared to refine our family of test functions. The two key
difficulties are identifying the right level of smoothness and dealing with the supremum appearing
in a metric of the aforementioned form. Invoking suitable forms of Sobolev embeddings seems
to be the most efficient strategy for addressing both difficulties. As is well known, Sobolev
embeddings heavily depend on the dimension and this is precisely what dictates the choice of
the space of test functions.

Lastly, observe that requiring p* = 1 in Assumptions [Al [B] or is somewhat redundant
with the contents of Assumption[Cl Indeed, the fact that the derivatives 6b/dm and §(D,U)/6m
have bounded derivatives in v implies that both b and D, U are Lipschitz continuous in m with
respect to Wh.

As for the proof, we will follow the strategy put forth in the Introduction. Namely, we will
first prove (L)) in Section [l below. Then, extending earlier works on the same subject, we will
prove the CLT for the McKean-Vlasov system (3] in Section 5l We will conclude by combining
the two of them.

4. MAIN ESTIMATES

All of the results proved in this paper and in the companion one [I8] rely on the crucial
estimates developed in this section. In the following results and proofs, U is the classical solution
to the master equation (ZI0). 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 ¢ 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

4.1. A preliminary estimate. For (t,z) € [0,T] x (R%)", define

u"’i(t, x) =U(t,x;,my).
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The following result, largely borrowed from Proposition 6.3 in [6], shows that the functions
(u™")_; nearly solve the n-player Nash system defined in Section We provide the proof in
Appendix [Al

Proposition 4.1. Suppose Assumption [A] holds as well as either Asgumptz’on or[BA There
exist a constant C' < oo and, for each n € N, continuous functions r™* : [0,T] x (R)™ — R, for
1 <1 <n, with

17| < C/n,
such that

atu"’i(t,w) + H (wi,mZ,Dxiu"’i(t,w)) + Z iju"’i(t,a:) .g(xj,mg,iju"’j(t, :c))

=1,
n

. 1 .
+ = ZTr |:O'O'TD2 u™(t, a:)] + 3 Tr [0000 D?C 2 U ”(t,m)] = —r™i(t,x),
Jh=1

for (t,x) € (0,T) x (RH)".

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

. ~ 1 ~ . .
compare to the true Nash system. Precisely, let X = (X ,..., X n) solve the approximating
n-particle system

dXy = b(X4,m%,, DU (t, Xy, m'y ))dt + odBf + 00dWi, X = Xg. (4.1)

Because of Assumptions[A]1) and [Al(5), this SDE system admits a unique strong solution. We
make the following convenient abbreviations: for i, =1,...,n,

V=", X,),  Z)7 = Dgv™i(t Xy), (4.2)

Vi=U(t,X],m%,) =u"(t,X;), 27 =D, u™(t,Xy). (4.3)

Recalling the definition of u™?, we can apply Proposition 2] to get

,J i n leU(t7Xivmn 7Xj) lf]#za
Zt’] = ij[U(t7Xt7th)] =97 i ! n Xt 1t i on AT (4.4)
D, U(t, X{,m,) + 7 DU (t, Xy, mY%,, Xi) if j =i.
In particular, recalling that D, U and D,,U are bounded, we have the crucial bounds
ij,_ C o i
E< St B <C (4.5)
Also, in what follows, for ¢ = 1,...,n, define:
M = / > (21— Z29) 0dBl +> (Z2 — 2 - 0pdW, | (4.6)
0 \j=1 j=1
. t . . .
N = |-y (47)
0

4.2. Main estimate. We state and prove our main estimate first under assumptions [A] and [B],
and then under assumptions [Al and [B’
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Theorem 4.2. Suppose Assumptions[Al and[B| hold. Then, there exists C < oo such that, for
each n,

1 - 7 n 2 c
;ZE[/ | D™ (t, Xy) — DU (L, X{,m%,)| dt} < (4.8)
i=1
1 — P— C
- X' -X'4] <. 4.
22 uw] < (49)
Moreover, it holds almost surely that
_Z”Xz X% < _Z/ | Dy, 0™ (t, Xy) — DU (t, X[, m’k,) | dt, (4.10)
=1

n,i i on oy[2 i 0,412 C
52/0 | Do 0™ (8, Xp) — DUt X mi,)| dt < ;;/0 20— ZPPdt+ —, (411
and for all t € 0,71,

1 c - 1 1 - z c
_i:1[N ]tgﬁg[M i, and n;[M <5+ Z|NT| (4.12)

Remark 4.3. In this paper, we make no use of ([AI2]), which is used only in the companion
paper [I§]. Since the proofs follow from the same computations, we find it more convenient to
prove here all estimates at once. This permits us not to repeat the arguments in [I8] and to
instead directly invoke Theorem

Remark 4.4. As we will see in Section L4l below, the law of large numbers of Theorem Bl follows
quickly from Theorem [ Interestingly, these theorems together imply uniqueness for the
master equation, within the class described in Assumptlonm and we sketch the argument here.
Let U denote another smooth solution, and let (X 1) solve the corresponding McKean-Vlasov
equation (ZI1), driven by the same Wiener processes B! and W, but with D,U replaced by

D,U. Then Theorem BTl shows that (m', )ic[o,r) converges in probability in C([0,77; PP (RY))
to both (p¢)epo,r] and (fit)iefo,1), SO p = pp and X = X a.s. N
Combining (48] and (@3] and using in addition the smoothness of D,U and D,U, we get

0= lim —ZE/ DUt Xp mly ) — DU (8, X, ml )| dt

n—oo n
_ E/ |DLU(t, Xs, 1) — DU (t, Xy, i) |t
0

By expanding (U (t, X4, tt) )iejo,7) and ([7 (t, Xt, pt))iejo,r) using I1t6’s formula for functions defined
on P2(RY) (see for instance [I4] for the case op = 0 and [9, Chapter 4, Section 4.3] for the
general case), and by invoking the fact that both U and U solve the master equation, we finally
obtain that, for any t € [0,7T], U(t, X}, uy) and U (t, X, ue) are almost surely equal. Choosing
arbitrarily the initial condition of the game (i.e., choosing arbitrarily the initial time and the
initial distribution), we deduce that U(t,-,m) and ﬁ(t, -,m) are equal for any ¢ € [0,7] and
any m with full support. By a standard mollification argument, the same holds true for any m,
whether the support of m is full or not.
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Proof of Theorem We begin by proving that ([49]) follows from (L8)). Abbreviate
B t,x =b zi,m, Dy o™ (t, @
b '( ) A( (t,z)), (4.13)
b (t,x) = b(a:,,m D, U(t,x;,m ”)),

for (t,x) € [0,T] x (RY)™. Note first that (Z9), @I) and the Lipschitz assumption on b from
Assumption [A](1) yields:

1X; — X,
t
§T/ ds
0
t 2 t
§2T/ ds—|-2T/
0 0

t t .
gc/ \Dxiv"’%s,XS)—DxU<s,X;,m&s>\2ds+C/ (\X;—Yi\%vv%(m"xs
0 0

2

gn’i(s,XS) —g"’i(s,fs)

Zn’i(s, X) — g"’i(s, Xs)

- -2
b (s, Xg) — ™' (s, X5)| ds

m’%é)) ds.

By Gronwall’s inequality,

, t , . t
X -XP<C / | Da 0™ (s, X) = DoU(s, X2y mik,)|*ds + C / Wy (m,, m )ds. (4.14)
0 0 ’

Noting that

Wi (m%,,m Z\XZ X,

we may average (LI4]) over i = 1,...,n and apply Gronwall’s inequality once again to obtain

W3 (m,, m"% Z/ | D0 (s, Xs) — D U(s,X;',mg(S)fds.

Using this bound in ([.14) yields (@.I0). Also, (4.9) will follow from (8], which we now prove.
First, use Ito’s formula, (2:8]), the fact that v™* solves the Nash system, and (£2)) to obtain

. . n . -~ 1< .
AV} = 0™ (t, X;) + Y Dy ™ (t, Xy) - 0™ (t, Xy)dt + 3 > T [D?Ej’wjv"’l(t, X oo | dt
j=1 J=1

+ = ZTr[ 2 o V" X)ooo) | dt+ Y0 200 adB] + 3 27 - oodW,
]k 1 j—l

-7 <Xt,th, Z? ) dt + Z Z . odBj + Z 29 - aodW,.
7=1

J=1
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On the other hand, use 1t6’s formula, (2.8]), Proposition d1] and (£3) to get:

AV} = O™ (6, X0) + 3 Doyu (6, X0) b (X7, D™ (8, X miy,) ) dt

j=1
+- ZTr[ 2 ’(t,Xt)aaT] dt+5 > Tr [Dig ot ’(t,Xt)aoaﬂ dt
Jh=1

+ Z 20 0dB] +Y " 2]7 - 0pdW;
j=1 j=1

_— [f (X;’, m,, z;*l) + i, Xt)] dt+Y 27 0dB] +Y 27 oodW,
j=1 j=1

Z Z0d . <<Xg,mxt,Z“> b<X§,m’}¢t,Zg’j>>dt.

Use It6’s formula and the terminal conditions for the Nash system and the master equation to
get, for t € [0,T7,

T
(Y~ Vi) =2 / i - v d T mle, 20) — F (7, mi, 254)
t

n
>0 2 (b (XL mk,, 207) — b (XT i, 229) ) — (s, X,) ¢ ds
2

/ Z( (707 - Z”‘ds— / Zao 7z — Zi9)| ds

n

T
—2 [V -9 32 - 2 (2dB] + oudV,). (4.15)
t

J=1

Use the Lipschitz assumption on b along with the estimates (1)) to get:

>z (b(Xdmk, 207) — b (XL mk, 239)) )| < O |21 247 - 2

j=1
<Olzy -2+ Y |27 - 2.
J=1,j#i

Substitute the last inequality back into ([AI3]), and use the Lipschitz assumption on f from
Assumption [BY the elementary inequality 2ab < e~ 'a? +€b?, and the estimate |r™*| < C/n from
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Proposition 1] to obtain, for € > 0,
¢ L i\2 ivi ii2 , € . 3.3 12
E—’_C € (}/;_ys) +6’Zs _Zs’ +EZ’ZS _Zs ‘ ds
t —
J#i

Yy = V)? <
2

/Z‘a (ZH7 - Z”9|d8—/ ZO‘O — 2| ds

n

-2 / Z (27 — Z07) - (0dBI + ogdW) . (4.16)
7j=1

Here C does not depend on e. Noting that ¢ is non-degenerate, we may choose € small enough
and average over i = 1,...,n to get

1 . . T .
- Sl -+ / S |Zi — 2l ds (4.17)
Py N

- _+ Z / Z / Vi) 7~ 2i9) - (0dB] + oodVy )

7j=1

where the constant C' < oo depends only on o. It follows from Lemma below that the
stochastic integrals are martingales. Take conditional expectations to get, for r <,

IR 3 [ o -t

Using Gronwall’s inequality and taking r = ¢ we conclude that:

1 - ) 7\2 c
E;(Yt —yt) < m (4'18)

Also, taking conditional expectations in ([AI7), and using (£I8]), we find:

y y C
- ZZE [/ |Z5 — ZE2ds| Fy| < = (4.19)

lel

Then, returning to (4I6]), taking the conditional expectation given F;, and applying Gronwall’s
lemma yields

max (¥ Vi)’ < 5.

i=1,...,n

(4.20)

This implies that, for M and N defined in (Z.6)- (@),

n

n n T
W W= 3 [ o ) < 3,

i=1
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which proves the first part of (£.12]). On the other hand, applying (£I8) to (£I7) shows that

n

lzn:(yz_yz)2+12([M2] _[Mz] ) < £+gzn:/T(Yi_yi)2ds_§Zn:(Ni _Ni)
ni:1 t t n T t_ng ni:1t s s n T t

i=1 i=1

Take t = 0 to derive the second part of ([{I12]). '
Finally, using the definition (4.2]) of Z and recalling from (f.4)) and (€.3]) that D, U(t, X;, m’,) =

Zél - %DmU(t,Xti,mS‘(t,Xf) and that D,,U is bounded, we get:
1< (T 2 C < [T C
i B ; o i iig2 1%
5;/0 | Dy 0™ (¢, Xy) — DU (¢, X}, mi,)|” dt < - ;/0 \Zpt — 21 dt + —,

which is ({I1]). Taking expectations and using ([£I9]) with ¢ = 0, we get (LS8]). O

We close the section by proving standard integrability results that were used in the above
proof to conclude that a certain local martingale was in fact a martingale.

Lemma 4.5. Suppose Assumption [Al holds, as well as either Assumption [Bl or [B1 Then, for
all i,7,

E[[Y% + 12°7]%] < oe.
Proof. By the SDE (L)) for X*, we have:

t
[ Xil < [Xol +/ | Da; 0™ (t, X)|ds + |o| By| + |ool[Wi
0

t
< |Xi[ + L <T+ / |Xs|ds> T 1o1Bi] + ool Wi,
0

where L, ; ; is the constant from Assumption[Al(4). This holds for alli = 1,...,n, and Gronwall’s
inequality yields:

[ X[[oe <C <1 + Y 1XG DB oo + IIWlloo> :

i=1 i=1
where we note that the constant C' < oo may depend on n here. Recalling from Assumption
[Al(3) that X} are i.i.d. with finite moments of order p’ > 4, we conclude that E[|| X||%] < oc.
Using the definitions of Y* and Z*? from (2] along with assumption [Al4), we find

Y% = [0 (8, X)[* < 202 (1 + | XY, 1ZP7)2 <212, (14 | X4)?).

n7Z7-7

O

4.3. An alternative estimate. Under Assumption [B’ instead of Assumption [Bl we have
somewhat different estimates, based on an exponential transformation.

Theorem 4.6. Suppose Assumptions [Al and [BA hold. Then, (EIQ) and @EII) hold, and, for
sufficiently large n, the estimates (A8]) and [@9) hold. For i =1,...,n and a constant 1 > 0,
define M" as in [A6) and Q" by

Qi = /0 [2(¥? — Vi) + nsinh(n(Y] — Y1))] dM.
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Then, for sufficiently large n and n, we have for all t € [0,T],

n n

- Z Z[M’] and :L > My < <5 + Z Q4. (4.21)

i=1 =1

Proof. The proofs of (AI0) and (£II]) are the same as in Theorem In particular, (£.9)
follows from (A8]). The proof of ([LF]) given below is adapted from [9, Theorem 6.32].

Step 1: We first estimate (Y — V!)2, for s € [0,T]. Our starting point is the equation ([ZI%)
from the proof of Theorem “The local Lipschitz assumption on f along with the uniform
boundedness of v™¢, u™¢ and Z;" = D, u™(t, X;) implied by Assumption [B” shows that

o G S
<C(1+ |20+ |20Y) 1Y) — Vi Zh — 22
<C (Y] = Vi||Z8 = 21| + |75 — ZVP)
<C(JY; = YiP + |z} - ZH%).

Substitute this back into equation (ZIH]), using the Lipschitz continuity of Z, Proposition 1]
the estimate (@3)), and the elementary inequality 2ab < a? + b% to get

. . C T . . . . 1 & . .
i 2\ 2 i 7|2 1,0 1,02 = J o 712
e B LR R AR A WL AR

j=1
2
/ Z‘ (707 — Z”J‘dr— / Zao (709 — 209)| dr
= T<W—yz>i<zz’f—zz’f>-(ademodwr)-
S ]:1

Step 2: The |Z" — Z/'|> term poses some problems, as it is not canceled by the quadratic
variation term. To deal with this, our next step is to estimate cosh(n(Y} —)?)) for a fixed n > 0,
to be chosen later. We note that the constant C' < co will change from line to line but will not
depend on the value of 7. Use [t0’s formula to get:

dcosh(n(Yy — V7))

= ysinh(n(Y] = Y}) | =30 2 - (B (Xdm,. 27) ~ b (X]mk, . 237))

+ (s, Xy) — F (XL, m,, Z0) + F (XL mik,, 25) | ds
2

T cosh(n(Yi — V1)) o7 (2 - 2i9) ‘2 S o (209~ 29| | as
J=1 j=

3

Fnsinh(n(Y; YD) | Y207 - 219) - 0dB] + Y(2 — Z) - oudV,
j=1 j=1
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As before, use the fact from (4.35]) that Z" is uniformly bounded and the local Lipschitz conti-
nuity of f to get:

(nsinh(n(Y,? ) (f(Xﬁ,m”XT7 75 — }’\(Xi’mgl(r,zi,i)ﬂ
< C(1+1ZF + |20 [nsinh(n(Y; — V)| |24 — Zm|
< C |psinh(n(Y; — V)| |ZE — 22| + C |nsinh(n(Y, — Yi)| |25 — 252
< C s~ )+ € (1 i ) 75— 27
< Clysinb(n(Y,! = ¥))|” + C (1+ neosh(n(v} = ¥})) |25 — 272,

where the last line follows from the elementary inequality |sinh(x)| < cosh(x). Thus, use the
Lipschitz continuity of b, the inequality 2ab < a® + b?, and (@3] to obtain

cosh(n(Yy y’))

T
so/ RS2 (g(Y — V1)) + (14 ncosh(n(Y; — V)| Zi — 22

A i Ry j.j n,i 2
—|sinh(n(Y,’ — zZ3r — 27 (r, X d
+- | sinh(n(Y; yr))\j;\ P = Z A X)) dr

2 T . . " . 12 n . -
- % / cosh(n(Y;) = V})) Z\JT (zi — z,w)( +1> 0d (Zi0 — 209)] | dr
* j=1 j=1

n

—77/ sinh(n Z (Zb3 — 283) - (0dBI + oodW,.).
s j=1

Finally, since o is non-degenerate, use the estimate |[r™f||,, < C/n from Proposition EI] to
conclude that

2 T ) ) n . . . .
% / cosh(n(Y;! = V) Y 1217 — 219 2dr + cosh(n(Y{ — VL))

j=1

< SO [Pk = D) + (14 moosh(n(Y; = Y)IZE - 2 ar

—|smh(( — ) |Z|Z“ Z39|| dr
7j=1

~ T . . .. .. .
- Cn/ sinh(n(Y,! — })) Z(Zﬁ’] — Z7) - (0dB] 4 oodW,).

J=1

where the constant C' < oo depends only on o.
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Step 3: We now combine the previous estimates. Use the facts that sinh is locally Lipshitz and
Y and YV are uniformly bounded to find a constant ¢, < oo such that:

2 T
(v =+ [ coshtn(y; - ¥)) ZIZ“ 209 2dr

C T - 01+77 . o
< ﬁ—l—cn/s DA dr—l—T/s ;|Z£’9—Zﬂ’ﬂ| dr
2

/ Z‘ (207 — Z”‘dr— / ZUO (zi — 239)| dr

e / (1 + neosh(n(Y; — Y))|Z5 — 24 2dr
— [ (200 = 92+ Csinbln(y; - 9] S22~ 29) - (0B + roaWy)
s j=1
Now, for sufficiently large 7, we have:

2
C(1+ ncosh(nz)) < 2Cncosh(nz) < % cosh(nz),

for any € R. Hence, for large n, we find

) ) 2 T
(i =+ I [ coshtn(y; - ¥)) ZIZ“ z9Pdr

< ¢ TYZ yl 24qr Cn ZJ,J ZJ,J d
< 5t i | |“dr + — i E | 2dr
j=1
2

/ Z‘ (237 — Z”J‘dr— / ZUO (207 — 219)| dr

T n
- / [ (Y = Y}) + Crsinh(y(Y; y’))] > (77— 2}7) - (0dB] + oodW;) .
S =1

(4.22)
Averaging ([£22]) over i = 1,...,n and increasing the value of 7 if needed, we obtain
1< . 7 e [T . PN -
POV S [ ol =0 317 - 2P
i=1 i=1 j=1
2
1 O T T 1, i, 2 1 - it T ,] ,J
+ = Z/S o Z’]—Zr’])‘dr—kEZ/s Zao(zrvﬂ—z;ﬂ) dr
=1 j=1 =1 7j=1
¢ o ~ [T 12
§E+ZZ/S ¥ - Vildr (4.23)

n

no.T
- Z / [2 — Vi) + Cysinh(y(Y; — y;;))] S (Zi9 = Zi9) - (0dBl + ood W) .
j=1
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Noting that the stochastic integral is a martingale thanks to Lemma and the boundedness
of Y and )*, we take conditional expectations and apply Gronwall’s inequality as in ([AI8) to
find
L~ oi i C
— ) (Vi< . 4.24
=D (V- < (4.24)
i=1
Moreover, substituting ([@24]) back into (£.23]), using non-degeneracy of o, and taking conditional
expectations, we see that

hy hy C
- ZZE [/ | Zid — 281 2dr|Fy| < — (4.25)

=1 j=1
Returning to (£22]) and following the proof of ([£20]), we obtain:

. . C
% 1\2
s (200 (426)
Recall now that sinh is locally Lipschitz and Y and )} are uniformly bounded. Using (&20)) we
conclude that

i C g
Q" < E[M Jt,
for alli € {1,...,n} and ¢t € [0,7]. On the other hand, from (£23)) and ({28 we get:

ZMZT<_+ Z’QT’
This completes the proof of (IE[I)

Step 4: Finally, to prove (L8], it suffices to take expectations in ([LII]) and to use (£25). O

4.4. Law of large numbers. As in [6], the estimates of Theorems and imply a law of
large numbers for the equilibrium empirical measure m'y. That is, we can now prove Theorem

B.1

Proof of Theorem [l Note first that ([£L3]) implies

n n C
E [W;Cd(mx,my)] <. (4.27)
On the other hand, a standard McKean-Vlasov limit theorem (e.g., [I1l Section 7] or [9, Chapter
2, Section 2.1]) implies
R

This proves the theorem. ]

5. PROOF OF THE CENTRAL LIMIT THEOREM

As we already mentioned in the Introduction, the proof of the CLT is split into two parts.
The first part is to control the distance between the two particle systems X and X, which is
in fact the purpose of Theorem The second part consists of deriving a CLT for the flow
of empirical distributions (mnyt)OStST- The first part is addressed in Section [£.3] after we have
developed the requisite machinery, and we begin with the second part.

Generally speaking, the proof of the CLT goes along the lines of earlier works on the subject,
see for instance [23], [36], [25] and [27]. However, among these four references, only the last one

allows for a common noise in the particle system or a nonlinear mean field term. In the approach
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we implement below, we follow the main steps of [27], except that the space of distributions in
which the CLT is proven is taken from [36] 25].
A crucial point throughout the proof is that, under the assumption of Theorem[3.2land for the

same p’ as_therein, one has E[sup;cio 7] Jpa |z[P dps ()] < oo and supy<;<n E[supsefo 1 \Yi]f”/] <
oo, with X as in ([@1).

5.1. Tightness. The first step for proving a CLT for X is to show that the difference (g? =
\/ﬁ(m%t — pt))eejo,7) 18 tight in a suitable space of distributions. This is precisely the point where
we prefer to follow [36] 25] instead of [23] 27]. There are several reasons for that. First, the
framework used in [36] 25] allows for weaker integrability conditions of the initial distribution.
Second, the analysis therein is explicitly fitted to the higher-dimensional setting, whilst the one
performed in [23] 27] is in dimension 1 only; an additional effort would be needed to make the
latter adapted to the case d > 2, since, as we shall see below, the dimension plays a crucial role
in the definition of the space of distributions used in the statement of the CLT. In this regard,
it seems that the space we use below permits to track the dependence on the dimension in a
more explicit way.

Here, we use the same space of distributions as in [36, 25], as defined in ([BJ]). Roughly
speaking, we shall prove under the assumptions of Theorem that the sequence (g?)te[O,T] is
tight in the space C([0,T], H~(3+2Aa):2Ad) where Ay = |d/2| + 1. See Theorem [5.3] below for a
more precise statement.

We only provide the main steps of the proof, as it is quite similar to the aforementioned
references. There are two key ingredients, described in the following two subsections.

5.1.1. Coupling with the limiting process. The first step to get tightness is to prove that the

~1/2

particle system X is at most at distance n of the auxiliary particle system X defined as the

solution to the following SDE system:
dX} = Z(JAQ, 1, DLU(t, X, p1))dt + odBj + ood Wy, X} = Yé, (5.1)

for i € {1,...,n}. It is customary to introduce X in the analysis of mean field systems,
see for instance [39]. A key feature is that, conditional on W, the particles X Lo ,X' " are
independent. Below, we use the shortened notation g(t, x,m) = 3(3:, m, D,U(t,z,m)), which is
similar to ([I3]). We have the following bound, analogous to [27, Theorem 2.4].

Lemma 5.1. Under the assumptions of Theorem [3.3, we can find a constant C' such that, for
anyn >1 and any i € {1,...,n},

. 1/4
E [ sup |Yi — XHA‘] < Cn~/2,

t€[0,7]
Proof.
Step 1: The key point is to show the bound
1/4
n n \4 —-1/2
E | sup Wa(ms ,m% < Cn™ = (5.2)
[te[O,T} ( X Xt) ]

Although the derivation of (B.2]) may seem standard, as the rate n~1/2 is the one we expect

from the law of large numbers, there is in fact a subtle point. The proof would be fairly
straightforward if the mean field interaction was of order 1, in the sense that g(t,a;,m) was
of the form of [, b(t,z,2")dm(z’), for some Lipschitz function b : [0,7] x R? x R — R? (cf.,
[36L 25]). Obviously, there is no reason for this to be the case here, as U is expected to inherit the
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nonlinear structure of the master equation. As shown in [27] (see in particular the assumption
(S3) therein), ([5:2) holds true provided that for any n € N, any mg € PP (R%), any i.i.d. samples
¢= (.-, C) with law mg, any i € {1,...,n}, and any ¢ € [0,7] we have:

E“g(t Gismg) = b(t, Givmo) ﬂ v < C(l + /Rd |<E|4mo(d$)>n_1/2- (5.3)

The role of (B3] is well-understood. Indeed, the proof of (5.2]) is a straightforward application
of Gronwall’s lemma, provided we can estimate the term

T o - . 1/4
/0EUb(t,X;,mg?t)—b(t,X;,ut)\‘*] dt.

Now, it suffices to invoke ([B.3]) but under E[-|WW], as the particles ()A(tl, e ,)A(t") are i.i.d. with
law i, conditional on W.

Step 2: We turn to the proof of (B.3]). Using the Lipschitz property of b in m, we can easily
replace mC by mC ' the empirical measure of () k+i- Indeed, since bis Lipschitz, the left-hand
side in (B3] can be bounded by:

_ 1/4 ~ i 411/4
Cn 1/2EUCZ’4:| / +E “b(tu Ciu mz’ Z) - b(tu Ch mO) | :| .
By conditioning on ¢; in the second term and by changing the variable n into n — 1, it is in fact
sufficient to prove:

Eﬂg(t,az,mz‘) —Z(t,az,mo) ‘4] v < C(l + /]Rd |2/ mo(d:v')>n_1/27 (5.4)

for any x € Rd~, the constant C' being independent of . So, the only point is to find sufficient
conditions on b to guarantee (0.4]). This is exactly the purpose of Lemma in appendix. It
requires that m — g(t, x,m) is € in the sense defined in Subsection Z2lwith bounded derivatives
of order 1 and 2 and that the derivative of order 2 is Lipschitz continuous in m with respect
to the 1-Wasserstein distance, uniformly in the other parameters. This holds true under the
assumption of Theorem O

5.1.2. A preliminary bound toward tightness. A second important point in the proof is that the
following (Sobolev) embeddings are continuous:

. . d
Hl+ie <y @i, /> 5 J >0, a>0, (5.5)
. . d
@0 <y e a>—, j>0, (5.6)
2
, . d d

with similar Sobolev embeddings for the dual spaces (with converse order), where ¢/ is the
space of functions g with continuous partial derivatives up to order j such that:

|Dkg()|
|| =00 1+ |$|a
In the embeddings (G.5H5.6)), the space €7 is equipped with with the norm:
|D*g()|
lglleie = D sup 1D g(@)]

‘k‘< SCER 1 + "T‘a

In (B7), the symbol H.S. means that the embedding is Hilbert-Schmidt.

=0, for all multi-indices k such that |k| < j.
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As a consequence of Lemma 5.1l we have the following result, the proof of which is a mere
adaptation of Proposition 5.3 in [36].

Proposition 5.2. Under the assumptions of Theorem [32, for any € € (0,1) such that p' >
8Aa(1+€)/(1 —€) with p' as in Assumption A, it holds:

sup sup E[|[5)]*) < o0.
o 2ot U]
Proof. For a test function ¢ € H'*A:2A we let:
K7 (6) = n V2 Z (XD), LE(0) =n=2 3 (6(XD) ~ Elo(X)) [ W]),

i=1

noting that K, (¢) + L; (¢) = S} (¢). As for the first term, we use the fact that

2(1+¢) nlten =1 2(1+4¢€) . 2(1+¢)
HKt I~ (1+Xq) 2)\d = ‘ Z”dX XlH 1+>\d 22 1 ZHd_Z XZH (1+Xa):2Aq°

and we conclude as in the derivation of [36 (5.3)], using Hoélder instead of Cauchy-Schwarz
inequality with exponents 2/(1 + €) and 2/(1 — €). Here we define d, 4(¢) = ¢(x) — ¢(y) and
I |1 x0125, < Cla — gl(1+ 20 + [y24), see [36, Lemma 6.1]

Regarding the second term, we apply Rosenthal’s inequality for Hilbert-valued independent
random variables, see [38, Theorem 5.2]. Indeed, we observe that

_n —1/22 X1 |W])

with dy(¢) = ¢(x) and ||dal|—(142,)20, < C(1+ |2[**), see again [36]. In particular, ||dg; —
t

Eldgi]ll—(ap) 20, < C(1+ X2 + E[|X}|2*]). The result follows. O
t

5.1.3. Statement and proof of tightness. The proof of tightness relies on the following expansion,
which holds true for any smooth test function ¢ with compact support.

d<§?7 ¢> = \/ﬁ[<m%tme¢() 'Z(t’ '7mnft)> - <,uta Dﬂc¢() 'g(tv '7,ut)>] dt

+3(S}, Trl(o0 " + aooq )D2¢]>dt (5.8)

+ (S} 04 Dy) - th—i——Z o' D,¢(X))) - dB;.
Following [36] (5.6)], we let:
1 & —i .
MM = — / o' D,¢(X.)) - dB..
If we call (dyDy,)(¢) = (0¢/0x¢)(x) for £ € {1,--- ,d}, we have ||dyDy,||—(14x,)220, < C(1 +

|z|?A4), see the proof of [36, Lemma 6.1]. Hence, if (e;)r>1 denotes a complete orthonormal
system in H1tA22 we use Parseval’s identity to get

E | sup [MPP| < CZ/ [|Dyer(X,)[?]dt < C/ E[(1+ X, |")]dt < oc.

k>1t€l0.T] k>1
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Therefore, we can define:

M = Zvaeke;, t € 10,77,

k>1

where e} € H~(172):2Ad g defined by e} (¢) = (e, #). The process (M{")¢e(0,1) forms a continuous

224

martingale with values in H~(1FAa); Obviously, (M™(¢)).ejo,r) coincides almost surely with

M™%, Actually, following [36, Proposition 5.7], the above bound can be made stronger, namely
supE | sup || M2 (14,00, | < 00 (5.9)
n>1 t€[0,T]

Here is now the main claim of this subsection.

Proposition 5.3. Under the assumptions of Theorem [3.3, the sequences ((g?)te[O,T])nZI and
((M{")¢ejo,m))n>1 are tight on the space C([0,T], H~RF2Aa)Aa)  where again Ay == |d/2] + 1.

Proof.
Step 1: We write the first term in the right hand side of (B.8]) in the form:

Vi(mi , Dad(-) - b(t, - mi ) = (e, Dadb(-) - bt -, ue)) 5.10)
= (51 Dad() - bt m,)) + Al(9), |
where
= \/ﬁ<:ut7 Dx¢() 'g(tv -,m%t) - Dx¢() 'g(tv '7,Ut)>
= dp () /1 d\ | D.o(x) - 5—5(15 z, A%+ (1= Ny ) (v)dS; (v)
Rd 0 RE om T X !
—n 5b
= /]Rd ds; (v) [/}Rd D,é(x) - </0 g (t,z, Ami Rt )\)ut)(v)d)\>dut(a:)]
Following [36, (5.8)], we write A}(¢) as
A} (9) = (7. [G(t.ml, 1) 8] (), (5.11)

with

[G(t,m%,, 1) 9] (v) = <Nt7D:c¢(’) : (/0 ;:1( ty Aml + (1 — )\)ut)(v)d)\>>. (5.12)

We then have the analogue of [36l Lemma 5.6], namely

1/2
11601, 1)1 Ol 123, = Cllian [0+ 1P it

H ie,wel¢(')|’1+)\d,2)\d + HDﬂvz‘b(’)HHAd,z,\d < CH¢H3+Ad,2Ad7 0l =1,- .d, (5.13)

|[Da6 - b(t, -, Xt)](')HH,\d,z/\d = CH¢H3+,\d,2,\d‘

Indeed, under assumption [C] b and its derivatives in up to order \y + 1 are bounded, and
the last two lines follow easily. After noticing that l6ll34a0.20 < Clldll2s22,,0, since Ag > 1,

the first line follows from the fact that 5b/5m and its derivatives in v up to order Ay + 1 are
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bounded, see [36, Lemma 5.6]. Notice that the right-hand side in the first line is random, which
is a special feature due to the presence of the common noise. It implies in particular that

n *—=N (|2
1G (t,m% 1) S, H—(2+2Ad),Ad < C<1 + /Rd |Z/|2Addllt(y)> [EA (1470), 220" (5.14)

Step 2: We now have the analogue of [36] Proposition 5.9]. We claim that, for a complete
orthonormal system (i,),>1 in H2T2 A we have

supE Z sup (S}, ¢,)%| < oo. (5.15)
n>1 |25 tel0,T]

In comparison with the proof of [36, Proposition 5.9], there are two main differences, concerning
the two terms (see (0.8])):

/OTKEZ’ [g(s’m%svﬂs)wp](‘)>‘2ds, sup

te[0,7

t 2

/ (S%,00 Dyt ) - AW (5.16)
0

As for the first term, the difference with [36] comes from the fact that, in (5.I4]), the integral

with respect to y; is random. A careful inspection of the proof of [36, Proposition 5.9] combined

with the statement of our Proposition shows that (with € as therein)

E | D (S0 [6(me, 1m) 0] ()| =BG mSe 1) )1 g0,

p>1
gCEKlJr/Rd |y|2*ddut(y)>||5 [ 2>\d]

€

2\ % 1+e
SOE[(H [ ddut<y>) } .
R

Since p’ > 12\, we can choose € = 1/5, then 8\g(1+4¢€)/(1—€) = 12)\g and 2\4(1+¢€)/e = 12\,
and then Proposition holds true and the above right hand side is finite, uniformly in .
We now handle the second term in (5.I6]). This term is new. By Doob’s inequality,

> E / (Ss, 00 Datty) - AW, <CZZE[/ <FZ,Dmiwp<->>2ds]

p>1 p>12 1

T

< CZE [/0 ||DZiSZ‘|2—(2+2Ad)«\ddS]
=1
d T

< CZE [/0 15 H2—(1+2)\d),)\dd8:|
i=1

which completes the proof of (5I5) since H~(1+24):2A embeds (continuously) in H~(+2Xa)Aa,
We then complete the proof with an easy adaptation of |36, Proposition 5.10] and [36, Theorem
5.12). O

2

sup
te[0,T]

5.2. Identification of limit points. We now identify the (weak) limit points of the sequence
(S", M™)>1.
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5.2.1. Limit of (M™),>1. The first step is to identify the limit (in law) of the sequence (M™),,>1.
We follow the proof of [36], Theorem 5.14]. The only difference with the framework investigated
in [36] comes from the fact that the limit process (ju)ic[o,7] is random, which prompts us to
work conditionally its realization.

To state the result, we first construct, on the same probability space as the one used to define
the mean field game, a random element (Ay, &) of H~(FT2Xa)Aa x O([0, T], H~(3+2Aa)Aa) which,
as in Subsection B.2] satisfies the following: 6y and (W, i, ) are independent, 6 is a Gaussian
random variable with covariance

Vi, g € HPT2A K [0o(¢1)00(d2)] = (1o, p162), (5.17)

and ¢ is, conditional on (W, ), a continuous Gaussian process with covariance

Vo, o € HE P s t e [0,T],

sAL 5.18
E[&(%)ﬁs(@)lmu]:/o {ttrs00 " Dypr - Dypo)dr-. (5.18)

Notice from (5.5) that, for all ¢ € H!T2 @ the function R? 5 = +— ¢(z) /(1 + |z|*) is bounded.
Since p’ in Assumption A is greater than 2\, we have E[supcpo 7 (pu, #?)] < oo, which shows
that the above covariances make sense. Recall also that p is W-measurable, so that conditioning
on p in (B.I8)) is redundant. We claim:

Lemma 5.4. The sequence (W, ,u,gg,M")nzl converges in law to (W, u,0,&) on the space
C([O,T],Rdo) X C([O,T],Pl(Rd)) % H—(2+2)\d),>\d % C([O,T],']—[_(2+2)‘d)’)‘d),

Proof. Because the first two components (W, u) are fixed, it follows from Proposition that
the sequence in question is tight. Hence, we characterize the limit points.

We first observe that, for any n > 1, (W, u) is W-measurable and §g is measurable with
respect to (Xol, e ,Xév ). As a consequence, (W, 1) and §g are independent and, for any weak
limit (oo, v, 9g) of (W, u,?ﬁ)nzl, (w,v) and ¥y are also independent. For any ¢ € H2+? A4 the
law of ¥y (¢) is easily identified by means of the standard version of the central limit theorem.
As a byproduct, we easily identify the law of ¢, regarded as a random variable with values in
H (242224 with the law of 6.

We finally show that any weak limit (o, v, ¥, ¢) of the quadruple (W, p, §g, M™),>1 coincides
in law with (W, i1, 6, &). The proof is as follows. Fix ¢, € H2T? A We know that, for any
n > 1, M™(¢) can be written as

Mp(¢) = /0 %Z(UTDm@i))-dB;, te[0,7].
=1

1=

As (W, u,?(j) is independent of B',..., B", we easily deduce that, conditional on (W, u,?(}),
the three processes (M{"(¢))tejo,r), (M{*(¥))iefo,1], and

t
MM ()~ [ (ke 00T Do Dothds, te(0.7), (5.19)

are martingales. That is, for any real-valued bounded continuous functions hy on C/([0, 7], R%) x
C([0,T], P2(R%)) x H~(2+2Aa)Ad and hy on C([0,T],R) and for any 0 < s <t < T,

E [ (W2 1, ) ha (M, (90)) (M7(9) = M2 (9) ) | =,

and similarly for the other two martingales. Letting n tend to oo, we get

E| (v, 60)ha (Gs(6)) (G1(0) = Gs(@)) | = 0.
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Arguing similarly for the other two processes, we deduce that, conditional on (w,v,), the

processes ((t(¢))eejo,> (Gt(¥))eejo,r), and (the limit of (E.19))
t
D)) — /0 (v3,00" Dyp- Dytf)ds, 1€ [0,7]

are martingales. So, conditional on (w,v,v0), (Ci(®))icio,r) and (G¢(1))iepo,r] are Gaussian
with covariation process (f(f(Vs, loo " Dy - Dpp|? >ds)te[0 7

v-measurable, and since (w,r) and ¥y are independent, we deduce in particular that (w,v, ()
and 1 are independent. Moreover, we have found that, conditionally on (w,v), ( is a Gaussian
process on H —(242Xa): A with covariance

Vo, o € HEFTPAaX s t e [0,T],

Since this covariation process is

SN 5.20
E[¢e(¢1)¢s(¢2) |, v] = /0 <I/7«,O'UTDm¢1 - Dyho )dr. (5:20)

Since (W, ) and (w,v) have the same distribution, this shows that (w,v, () has the same law
as (W, i, §). O

5.2.2. Limit of (m”Y, VV,E”)nzl. We claim:

n

Lemma 5.5. Let (v,v/,@,(,S) be (weak) limit point of (m"f,,u,VV,M",g Jn>1. Then, with
probability 1, we have V' = v, and S solves the equation:
d{ S, ¢) = |:<St7D:c¢(') 'g(ta S )+ (S [ (8 Vt7Vt)¢](’)>]dt
+ 18, Tr[(o0 " + ooy )D2g))dt + (S;, 00 D) - deoy + dGi (o),
fort € 0,T] and ¢ € HP T2 with G as in (5.12).

Proof. The fact that v = 1/ is a mere consequence of the fact that supcjo 7] W2 (m%t, ) tends
to 0 with probability 1

In order to handle the second part of the statement, we come back to the expansion (0.8]),
see also (5.I0) and (5.I1]). We rewrite the expansion under the form

d(5), ) = [(3?,Dm¢- ) Bt mig,)) + (ST [G(tmig, 1) 8] ()] e
+ (8}, Tr[(o0 " + ogog )D2¢))dt + (S, 0 Dyg) - AWy + dM[(9), t € [0,T).

(5.21)

We take ¢ in the space HAH2AAd a5 in required in the statement. Under the assumption of
Theorem [3.2] b is differentiable in = up to the order 2 + 2)\;, with bounded and continuous
derivatives. Similarly, 53/ om is differentiable in the variable v up the order 2 + 24, with joint
continuous (in all the arguments) and bounded derivatives. In particular, Q(t,m"yt, 1e)¢ has
bounded derivatives up to the order 2 + 2)\;. The key point is that a function with derivatives
up the order 2 4+ 2\, that are at bounded is in H?*? @2 which follows from the fact that
RY > 2+ 1/(1 + |2|*) is integrable since 2)\q > d + 1. Hence, G(t, me ,ut)qﬁ converges almost

surely in H2+2AAd to G(t, g, p1t)¢ and there is no real difficulty for passmg to the limit in the
above expansion. We get (5.21]).

By a standard separability argument, (5.2 holds with probability 1 for all ¢ in the space
H4+2)\d7>\d- |:|

Observe that equation (B.2I)) may be regarded as an equation in the space H—(4+20a)Aa

while S is known to take values in the smaller space H~(2+2%a):Aa T order to prove convergence
of the sequence (m”Y, W, M™, Sn)nzl, one must prove uniqueness of the solution to this equation.
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5.2.3. Uniqueness to the limiting equation. We shall prove in Subsection 5.4l the following unique-
ness result:

Theorem 5.6. Fix a given filtered probability space (Z2,G,G,Q) equipped with an adapted triple
(w,v,() such that @ = (@)ejo,m s a d-dimensional Brownian motion, v = (Vi)ico1) 15 @
P2 (RY)-valued process, and, conditional on (w,v), ¢ is a Gaussian process with the same
covariance structure as in (5.20). Then, for any square integrable initial condition Sy with
values in H~ 22 A and independent of (w, v, (), the equation [ZI) has at most one (adapted)
square-integrable solution with paths in C([0,T], H~ 2 a)Aa),

Invoking Lemma 54 and recalling that strong uniqueness implies weak uniqueness in law,
we have the following corollary.
Corollary 5.7. The sequence (W, m%,?n)nzl converges in law on the space C([0,T],R?) x
C([0,T], PL(RY)) x C([0,T], H~P+2A) ) to the tuple (W, u,S) where S solves, for any ¢ €
HA2Aad the equation:
d<St7 ¢> = |:<St7 qub() : /l;(t’ ) Mt)> + <St7 [g(tv Mt Mt)qb] ()>:| dt
+ (8., Tr[(o0 " + aoog )D2¢))dt + (Si, 00 Dpg) - dW; + déy(), t € [0,T],
where & is given by (B8] and where Sy is independent of (W, u, &) and has the same law as 6y
in (BI7).
5.2.4. Reformulation of the limiting equation. In fact, we can provide another representation of

the term &, based on the fact that, almost surely, for any t > 0, p; has a density and may be
identified with a function, which is the purpose of the following lemma.

(5.22)

Lemma 5.8. With probability 1, for any t > 0, the probability measure py has a density with
respect to the Lebesque measure on R?.

Proof. Let Yy = Xy — ogW;. Then

dY; = b(t,Y; + ooWy, p)dt + odB;.
Let iy = L(Y3 | (Ws)s<t) = L(Y; | W) denote the flow of conditional laws of Y given W. Given W,
the process Y solves a deterministic SDE with uniformly bounded drift. By Girsanov’s theorem,

the law p1; has strictly positive density with respect to Lebesgue measure, almost surely. Hence,
so too does py = L(X; | (Ws)s<t), which is simply a translation of ji;. O

We then have the following result.

Proposition 5.9. Let (3 := (ﬁtl,...,ﬁfo))te[oj] be a W-independent dy-tuple of independent
cylindrical Wiener processes with values in L*>(R®). Then, the collection

t
([ernaa) ..
0 peH?> T2 d/ te[0,T]

defines a process with values in C([0,T], H~+2)Aa) which has the same joint law with (W, 1)
as & in (BI8).

In other words, the above statement says that, in ([0.21]), the term (;(¢) may be written as
Jo (/0T D) - dps.

Proof. The proof follows from a standard computation of covariance. To do so, it suffices to
observe from (55) that, for any ¢ € H2*+2X A the function RY 3 x + |Dyé(z)|/(1 + |z[*)
is bounded. As a result, the function (¢,2) — /p¢(x)D.¢(x) is square-integrable, since p’ in
Assumption A is greater than 2\,. O
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5.3. Proof of the fluctuation theorem for MFG. Postponing the proof of the uniqueness
Theorem [5.6] we are now in position to the complete the proof of Theorem

There are two steps. The first one is to observe that the limiting SPDE (5.22]) may be
rewritten in terms of A in (8.2]), simply by expanding the definition of G. Hence, the SPDE
(E22) may be easily identified with ([B.3]).

Then, it remains to show that (D} := ?ﬁ — S} )iejo,m) converges to zero in law on the space
C([0,T), H~(3*t22a)Aa)  In fact, we will show that E[supseio,r |1 DF = (242x4),0,] tends to 0 as n
tends to oco. Notice first that

E[ sup IDF]-2ior90,] =E[ sup  sup (D6
t€[0,T] t€[0,7] ||dll2+2x 4,04 <1
n
> 6(X) — 6(X0)

< —E[ sup
=1

\/_ tGOT ||¢||2+2)\d /\d<1 :|
For ¢ satisfying ||¢l2+2x,.0, < 1, we know from Sobolev’s embeddings that the function R¢ >

x> |Dyp(z)|/(1 + |z| ) is bounded, independently of ¢. Therefore, there exists a constant C,
independent of n, such that:

S (1 i+ XM - X

i=1

C
E| sup [|D §—E[sup
50 ID7-@mnann] < J7E | sup

By the Cauchy-Schwarz inequality, we get:

E[ sup 1DF]|-@s2r00)
t€[0,T]

L& . i 1/2 L T\ 2
< Cﬁ(E [ﬁ So(1+ X7 R + X ”°°d>D (E [ﬁ Sxi-X HOOD
i=1 i=1

The first expectation is bounded uniformly in n, and we may use (£9) to conclude that the
right-hand side tends to 0. U

5.4. Proof of the uniqueness Theorem In order to prove uniqueness of the solution
to (5.2I), we use the same argument as in [27]. To do so, we take two solutions S and S’ of
the limiting equation, with the same initial condition and with square-integrable and continuous
paths with values in H~(2+22d):Aa and we consider an orthonormal basis (fx)k>1 of the space
H-(H2Aa) A Letting (6S; = S; — S})ielo,r]> We know that, for any k > 1,

A(6S1, fi) = [(380 Dafi(e) - Bt 11)) + (881, [G(t v, ) fi] () |t
+ 168, T [(00 " + aoog ) D2 fi)] Yt + (6Sy, 00 Dy fy) - dey,  t € (0,77,
with 65y = 0. Then, recalling that o has dimension dy,
(58, fr)° = 2<5st,fk>(<5st,prk(-) Bt 1)) + (58, [G(t, viy 1) fi (-)>>dt

do

+ (65t 1) (051, Te[(00 " + 00 ) D2 fi] ydt + (88, (0g Dufir),)dt  (5:23)
i=1

+2(6S4, fx){3St, 00 Dy fi) - dwoy,  t € [0, 7).

At this stage, the problem is the same as in [27], namely the right hand side depends on higher
derivatives of the basis function f;,. To handle these higher derivatives, we proceed as follows.
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Step 1: As a first step, we tackle the second order term in (5.23]). Defining the operator
Ly = Tr[(co" + opog )D3(-)] and summing over k > 1, we get

> (880, fi) (55t Lofi) = (550 LEISE) _(4pan,y
k>1
where (-, ) _(412x,),2, stands for the inner product in H—U+22a)Aa and L3565, is the element of

H-(+22a)Aa defined as (L560Sy, @) = (65, Lo¢) for all ¢ € HAF2AaAd (which makes sense since
6S; € H~(+2Xa)Ad) We then make use of Riesz’ representation theorem. For an element p in
H—2F2Aa) A« H—(4+20a)Ad e call P its representative element in HAT2 A4 namely

Vo € HiTPara (¢.0) = <¢7 §>4+2>\d,>\d’

where (-,-) denotes the duality bracket while (-,-)4y2x, ), stands for the inner product in
HAH2Ae A We then take an element o € H~(2122a)Ad guch that o belongs to H6+2AAd . Since
Lio0 € H 22N we get

(0. L50)_ (4+2Xg), ) <@= Lio) = (Lod, 0) = (Lob; §>4+2)\d A
DF5( 2 DFo(x)
.
- Z oo +0000)ij D / 1 - |x|2)‘d dx
t,j=1 |k| <4427y
D, D¥6(x) Dy, D*5(x)
= Z(UJT—FUOJOT)Z- ; Z / = 1+\x!2)‘d dx
t,j=1 |k| <4427y
d
1
w3 o)y 3 [ DR (P (DM
,7=1 |k|<4+20g

-
~(lle Dxé’”4+2,\d,>\d + llog D:cQH4+2,\d,>\d) + O(”QH4+2,\d,>\d)

where HUTDmﬁH?HQAd,Ad is a shortened notation for Zi:l ‘|(O'TDx~)iH4+2)\d7)\d (and similarly for

the term ||O'(—)|—Dgcé~7||421+2>\d7>\d) and O(+) is the Landau notation.

Step 2: We now handle the quadratic term in (m Proceeding as before, we have

do
> (881, (00 Dafi), ZH 210517 (arang) age

k>1 i=1

where ((0g D;);0Sy,¢) = (654, (0] Dy)i@) for all ¢ € HAT2AaAd,
Choose now ¢ € H~(*t2Xa)Ad guch that g € HO+? aAa. Then, for any smooth function ¢
with compact support,

<(0'(—|]—Dm);‘kga ¢> = <§7 (O-(—)I—Dw)iqb>4+2)\d,)\d
_ D*g(x)(0g Dy)iD* ()
TR P v

k|<d+2)r, 'R
Ly [ PleEDaente),
lk|<at2r, ” R L |z

= Y @D+ 12 ) Dge) D o)

|| <4424
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Therefore,
<(U(—]FDI):Q7 ¢> = _<(U(—]FDI)Z§7 ¢>4+2)\d7)\d + O(Hg“4+2)\d,)\d”¢H4+2)\d7>\d)7

which shows that (UOT D,)fo belongs to H—(4+22a):Ad and that the above equality holds for any
¢ € HAT? a4 Hence,

T *
(o0 Da); ol —(av2xa)2a

= sup [ (00 D2)ils D) 4 ionyn, T 0(\\5H4+2Ad,AdH¢H4+2Ad,Ad)} (5.24)

llPllat2x,,2g<1
= [l(og Da)itllarorang + O(l2lla+2rs,)-
Step 3: Lastly, we handle the first term in the right-hand side of (5.23]). We have

> (081, fi) (950, Dafi(-) - b ZZ 05t fie){Dx, (g, 1,1y 058)  fie)

k>1 i=1 k>1

d
Z (654, D}, (10, 050)):

where, for o € H~(2+2Aa):Aa, IL; e is the element of H~(4+2Xa):Aa defined by

bi(t, v
(It bt ) ) = <Q= t,, 1)), for ¢ € A2 A

As above, we investigate the above term when g € H™ (242Xa):Ad gatisfies g € HOT2 A Since
the derivatives of b; are bounded, it is easily verified that b (t,-,v1)¢ belongs to HA*T2 A which
guarantees that the above right-hand side is well defined. In fact, when ¢ € H5T2 aAa,

<Hgi(t,-,vt)g’ le¢> - <§’gi(t’ K Vt)Dmi¢>4+2)\d,)\d'

Since the derivatives of 5 up to the order 542\, are bounded, the right-hand side is bounded by
O Dz; 0llar2rngxa + lellarargaa) [ €llararg ag- In particular, D7 (Tl , 1) belongs to the space
7_[ (4+2)\d) )\d and
12,05 oy Ol aany g = O Uz Bllasorgng + 8llas2rs0s)-

Then,

‘< D* ( bi(t, Vt)g) >H*(4+2)\d)72)\d - O(|’D$i§”4+2>\d,)\d”5”4-1-2)\617)\@1 + H§H421+2)\d,)\d)' (525)

Step 4: We next consolidate the first three steps into an estimate on the dt term of the right-
hand side of (5.23]), or rather the sum thereof over k£ € N, which can be rewritten as F(5¢),
where

d
[2 Z B (t,,01) 0) >—(4+2>\d),)\d

i=1

+2<Q’g(tvytvyt)*9> (442X4),A <Q’£OQ> (442X4) )\d] +ZH )?Q‘|2—(4+2)\d),)\d‘

Here, following the proof of (5.14)), G(t, vy, v;)* o is in H~(4F2Xa)Ad and ||G (¢, v, ve)*oll—(aror)ng <

c(1+ [pa |y|2>‘ddl/t(y))\|Q\|_(4+2)\d)7>\d. Returning to (5.:23]) and collecting (5.24]) and (5.25]), the
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second point is that (o) satisfies, for o € H~(2+22a).Aa guch that g € HOT2Aara,
0 st i ! _
F(0) = ~llo" Datl} o0, 5, + Ol8ss2r, 0l Dallaronson, + 1813 20, 5,)
+2(0.9(5,v5,75)"0) (4 ionns’

Using the fact that o is non-degenerate together with the corresponding form of (5.I4]), this
yields

12
F(p) < Cllel? ararg g + C[HQH%@HW,M (/Rd(l + \y’%d)st(y)> } (5.26)

Step 5: We now consider the general case when p € H~(2+2Aa)Aa « 4 ~(442Xa):Ad and 5 just
belongs to H*t?XaAd, Let (Mn)n>1 be a sequence of even mollifiers, and let (g,),>1 be the
sequence of elements in H~(2+2Xa)Ad defined by

(on,d) = (0, ¢ * M),

where * denotes the usual convolution product. Let g and 9, denote the elements of H>+2Ae:
such that, for all ¢ € H2H2 ara,

<§7 ¢>H2+2>\d,kd - <Q7 ¢>7 <§n7¢>2+2)\d )\d <Qn7¢>

Ad

Then,
<pn7 ¢> = <Q7 qb * 77”> = </Q\’ qb * 77H>2+2)\d,)\d'
We observe that

| D*(¢ % ) ()]
|’¢*77n”%+2)\d,)\d = Z / dx

|| <2424 1+ Jaf?re
_ [(D¥¢ 5 1) () [?
- Z 22 dx
|k| <2424 L+ ||
1 / k 2
< |D%¢(y)|“nn (2 —y)dy>drc
Iklgz\ /Rd L+ Jaf?a < R !
. / |D*¢(y) (/ (2 —y) (1 + IyIZAd)d:E)dy
k|<212\g L+ [yl \Jga 1+ [af?re

S C||¢H’H2+2Ad,>\d7

for a constant C' independent of n. For a given ¢ > 0, we choose ¢’ in Cgo(Rd) such that
10" = 0ll32+2x40q < € and we get

‘(Q 7¢ * 77n>2+2>\d,)\d - <§7 qb * "7n>2+2>\d7>\d‘ S C€||¢||H2+2>‘d'Ad‘ (527)
Now,

- Z / 1+ |y|2)‘d ( )</Rd M (y — ) [%Dk?(ﬂj) - D'“E’(y)] d$> dy.

lk|<4+2Xg

Since p’ has a compact support, we deduce that there exists a constant C, such that

Ce
(@b xm —9)| < ;H¢H2+2Ad,xd- (5.28)
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By (6.27) and (5.28]), we deduce that ||g, — g|]2_(2+2>\d)7>\d — 0 as n — oo. As a consequence,
we have |0, — §|"21+2>\d,)\d — 0 as n — oo. And then, HD%Z %En — D?E“%EH%HM A, 0 as
n — oo, for all i,j € {1,...,d}. Also, || D} 0n — D;Z_gHz_(H%d)/\ — 0 and || D7, (IT; (¢ Vt)gn) -
D3 (Mg N2 (ayorg) 2,

When g is replaced by g, (5:20) holds true. Passing to the limit over n — oo, we deduce
that (5.26]) remains true for a general g.

Conclusion of proof: We finally return to (523]), using (5.26) to get

1/2
v ([ P ] it
Rd
d

+ Y (84, (00 Dy);8Sy) - dewj.

i=1

— 0 as n — oco.

1165112 (sronna] < ClOSEIZ (4rar) 0

By expanding {55412 4, 1, , SXP(~Ct + [ fra [y vy (y))/2ds))], we get

t 1/2
E{exp<_c<t+/0 (/Rd ,y‘pddys(y)) ds))HéStHz_(H%de] =0, telo,T)

5.5. Auxiliary lemma: Rates of convergence for smooth functions of an empirical
sample. We prove here the remarkable fact that the rate of convergence of the empirical dis-
tribution of a sample of i.i.d. random vectors with values R? can be made dimension-free when
it is tested against test functions that are sufficiently smooth. This is in contrast with existing
results in the literature that address the rate of convergence in the p-Wasserstein distance, such

as [20].

Lemma 5.10. Assume that ¢ is a C? function on P*(R?), as defined in Section [Z3, with
bounded derivatives 6¢/dm and 5%¢/dm?, and that 62¢/dm? is Lipschitz continuous in m with
respect to Wi, uniformly in the other variables. Then, there exists a constant ¢, depending on
the bounds on the first and second-order derivatives and on the Lipschitz constant of the second-
order derivative such that, for any mg € P*(R?) and any i.i.d. sample ¢ = (C1,...,Cq) from

mo,
E[‘qﬁ(m@ — (b(mo)ﬂ v <c <1 + </Rd || mo(dx)> 1/4> n-1/2.

Proof. Since ¢ is differentiable, we have the following expansion:

O

1
qb(mZ) —op(mg) = /0 d\ y ;:; ()\mc +(1- /\)mo,v)d(mz - mo)(v)
= S1+5,,
where
S = / 5—¢ (mg,v (m’é — mo) (v),
Sy = / )\ Z—i—(l—)\)mo,v) - g—:;(mo,v)}d(mz—mo)(v).
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Step 1: We first deal with the term S; This may be rewritten as
1 o /06 5o
=— — i) —E|— , .
S - ;:1 <5 (mo, G) [5 (mo Cl)])

Since §¢/dm is bounded, we get E[|S;[*]'/* < en~1/2, for a constant ¢ < oo independent of n.
The value of ¢ is allowed to vary from line to line.

Step 2: Now, we turn to the term So, which we first rewrite in the form

I~ [t
== L dA
5 z/go ,

where we define, for i = 1,...,n and A € [0, 1],
oy = [% (Amg + (1 = X)mo, G) — %(mm Ci)}

N } (5.29)

~[5 ~ 1)
B[ 5% (g (1= Nmo.8) = 5 (o)

and where the expectation E is taken over the random variable Z , which has the same distribution
as (1 and which is independent of . Now, we have

1/ n 4
1So|* < n_4/0 <Z @3) dA,
=1

so we focus on estimating the integrand for a fixed A. We have

n ] 4 n ) ) ) ] )

() = + 3L AR + 4 )
i—1 i=1 i#j i#j (5.30)
+6 > eReR@R+ Y oleReel
i1,i2,13 distinct i1,i2,13,i4 distinct

Noting that cpg\ is bounded, uniformly in 7 and A, we bound the first three terms on the right-hand
side by cn?. The only difficulty is to upper bound the last two terms.

Step 3: We start with the sum over iy, i, i3 distinct. We let, for any (i1,2,43) € {1,...,n}>

)

mZ’_(il’i2’i3) = nL—3 Zé#i1,i2,i3 d¢,- We then observe that
59\ 09
o¢ ny— (i1 yi2,i3) d¢
— [%(/\mc P (1= Nmo, ¢) — %(mo’@')]

99
om

1 2 L L
= [ [ 55 (shmg (1= M) (1 W, G ) o),
0 R

— [6—(/\7712‘ + (1= A)ymo, &) —

i ()\mn,—(il,iz,i3) + (1 — A)mo, Cz)}

¢

Now,

n n,—(iryinyip) 1 3

J=11,12,i3 J711,i2,13
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and then, since 62¢/dm? is bounded, we get

) 1)
' [ﬁ(AmZ + (1= XN)mo, () — %(m()aCi)}
o 11,12,i3 o)
[5:;( i )+(1—)\)m0=@)—%(moaQ)HS%

Proceeding in the same way for the term containing E in (5.29), we get

[h — oy <
where
b— (i1 02,0 0¢ n,—(i1,i2,i o
Py (izts) — [5m( me i 3)+(1—>\)m0,@') —%(mo,@)}
d¢ n,— (i1 iz, 00 g
EH(;m( C —(i1,i2 3)+(1—)\)m0,C)—%(mo,C)H.
Therefore,

E Z 903\1 903\2 (90)\ )?
i1,i2,i3 distinct
<en?+E Z (’Di\l7—(i1,7:271'3)(70327—(1'17@'27@'3)((70337_(1'171'27@'3))2 ,
i1,i2,i3 distinct
and it is clear, by a conditional independence argument, that the last sum is in fact zero. This
shows that the left-hand side is less than cn?.

Step 4: It now remains to study the sum over distinct iy, --- ,i4 in (530). To do so, we may

define in a similar manner ¢3 ~(ia) g (i1,...,i4) € {1,--- ,n}*. Notice first that, for any

(21, .. ’L4)
(pl)}(pl)\?@?@? _(pz)\h (zl,...,i4)(‘Di\z,—(i17---72'4)()0337—(2'1,---71'4)(‘0;4,—(1'17---72'4) (5.32)
4 4
+ Z 137 (21, 74)) H (pi)\ky_(i17~~~7i4) + S5,
j=1 k=1
k#j

where S3 is a sum of terms that involve a product of four terms, at least two of which are of the

form ((pl)\ (pif’_(il""’i‘*)) for some j, and the rest are of the form 4,0;‘ or gpif’_(il""’u) But since
|<,0 ZJ’ (it | < ¢/n, and since the first term on the right-hand side of (5.32]) has mean

Z€ro, we ﬁnd

4
E[ > w?w?w?w&“]gcn”E[ > Z — oy T }
iy

11,82,i3,i4 distinct i1,...,04 distinct j=1

(5.33)



40 FRANCOIS DELARUE, DANIEL LACKER, AND KAVITA RAMANAN

Returning to the proof of the third step but using in addition the W;-Lipschitz property of
(52¢/ dm? with respect to the measure argument, we can write:

(217 -i4)

n —(81,-++514) ' (i)
/ /]Rd 5m2 1 +(1_)\)m07C17U> (mc—mc 1 4)(,0)

(5.34)
_E/ /]Rd 5m2 me’ (et )—1—(1—>\)m0,5,v> (mg —mg (- ’4))(1))
+ it
where
len < 5 (Gl + -+ [Gul) + — Z <k
Following (5.31)), we can write the difference ¢} — (’pi (@10e534) 51 the form
4
(‘03\ _ (,02)\’ (91 yee-y04) — E ZF(mZ (11,0018 aCmCzJ) + G( n,—(i1,...,0 7Cz) +€$L1,...,Z47
j=1

for bounded measurable functions F' and GG. Now note that F’ (mn’_(il""’u), Gig» Gi j) is measurable

with respect to ({¢ : £ € {i1,...,ia}° U {ig,;}), for k,j € {1,...,4}, and similarly for the G
term. On the other hand, for k =1,...,4,

Bl ™ (G 0 # )] =
Hence, for each j € {1,...,4} and each iy, ...,  distinct, we find that the corresponding term
in (B.33) simplifies in the sense that

4 4
B |30k - 0 i T | o
7=1 k=1
=y
This finally lets us bound the (iy,...,is)-term in (5.33) by cE[ei "] < en~2E[|¢]], which
completes the proof. O

6. A LINEAR-QUADRATIC EXAMPLE

This section discusses an explicitly solvable model that does not satisfy Assumption [Al
Nonetheless, we show that our strategy for deriving the central limit theorem by comparison
with a more classical McKean-Vlasov system is still successful.

6.1. Description of the model. Consider the mean field game model of systemic risk proposed
in [10]. Here, d = 1, o and oq are positive constants, the action space A = R, and for some
G,6,b>0and 0 < ¢ < € we have

b(z,m,a) = b(Mm — x) + a,
f(z,m,a) = %a2 —qa(m —x) + %(m — )%

gla,m) = S - 2)?,

where T = [, y dm(y). Both the drift and cost functions induce a herding behavior toward the
population average; see [10] for a thorough discussion.
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It was shown in [10] (3.24)] that the unique closed loop Nash equilibrium dynamics is given
by:

. 1 — .
o= |orot (1-1)| - xD. ren) (6.1
where X; = % S X}, and where ¢" is the unique solution to the Riccati equation:
n I n 1 n|2 2 n -
pr =200+ q)er +(1- 5 @il —(e~¢),  vr=g.
The explicit solution takes the form

—(e—¢?) (e(c;:{—é;)(T—t) _ 1> ~3 (52-6(53—5;)@—15) B 5_)
(5m e =000 —57) — g (1~ L) (et -s@-0 1)

mn

$r =

where

5E :—(6+q)i\/(6+q)2+ <1—n—12> (e — q2). (6.3)

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

) _ 1 _ . )
dX} = <b +q+ ¢} <1 — E)) (Xt — X})dt + 0dB; 4+ 0odWy, t € [0,T]. (6.4)

It is straightforward to show that ¢} — ¢f° as n — oo, uniformly in ¢ € [0, 7], where > is
the unique solution to the Riccati equation

o =20+ @) + PP — (e —¢*),  ¢F =37

The explicit solution is of the same form given by (6.2) and (6.3]), 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:

dYi = (b+q+ o) (Y, — Y)dt + 0d B} + oodW;, (6.5)

initialized at the same points Yoi = X{. Of course, it should be noted that the process Y plays
here the same role as the process X in ([1]), the solution U to the master equation being given
in the current framework by:

o0
U(t,x,m) = %(m - x)2.

In this regard, the fact that X and Y should be “close” is completely analogous to the statements
of Theorems and

In fact, there are two ways to compare X and Y. One is to use the explicit expressions for
their solutions. Another strategy, which we prefer, is to compare ([6.4]) and (6.0]) and use the fact
that Xo = Yy, applying Gronwall’s inequality to deduce that there exists a constant C' < oo
such that

L vi 1 L i
SN X —Yi e <oll(1=2) o —o® 25X, acs., 6.6
I R [ L IR ML SRR (6:6)
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where, as usual, || - ||« denotes the supremum norm on [0,77]. On the other hand, the equation
(64) and Gronwall’s inequality together yield

I~ i Im v I
D EINEE] (PR ol RR > MLINC M PP
i=1 =1 =1

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

L= o

P <— Z X))o > a) < exp(—62a?), for all a > C, n € N.
i

Assuming without any loss of generality that the constant C' in the last display coincides with

the one in ([G.0]), and letting r, = C H (1 - %) " — <,0°°HOO, we find that, for a > Cr,,,

1 n . . r n .
P (W ca(m%,my) >a) <P <E Z 1XF = Y7o > a) <P (Z” Z X [loo > a)

i=1 i=1

2 2
< exp <—6r—g> . (6.7)

n

It is straightforward to check that r, = O(1/n), which implies in particular ([ZJ3]).

6.2. Derivation of the CLT. Following our study in Section B the key estimate (6.7) is
sufficient to transfer a central limit theorem from the classical McKean-Vlasov particle system
Y over to the Nash system X. Still, the derivation of the CLT suffers from the fact that the
drift is unbounded, which prevents us from directly applying the results of Section Bl We explain
below how to adapt the arguments.

The first step in the analysis is to check that the tightness property, as stated in Proposition
(3] remains true. In fact, the main point is to revisit (BI3]). For A > 1, we have

19"l xox T 19120 < Cllellagn

H(ﬁ'ﬁ(@ " M)Hl-i-)\z)\ = CH¢H2+2)\,)\’

where b(t,z, 1) is here given by (b+ g+ ¢°)(z — ).
Similar to (LI2)), we let

[G(t,m, 1)¢] (v) = —(b+ g+ ©§°){u, ¢ Y.

It is then easily checked that the first line in (I3 remains true. The rest of the proof of
tightness, see the statement of Proposition [5.3] is similar. Importantly, it holds true for values
of X\ greater than or equal to |d/2| + 1 (which is here equal to 1), and not only for A = 1,
provided the constraint p’ > 12\ in the statement of Theorem is modified accordingly.

The second step, which is in fact more difficult, is the identification of the limit. The first
point is to write down the corresponding equation (B.2I]). The difficulty is twofold: first, the
function v ~ [G(t,m, 1)¢](v) is not in H**+4A when A\ = 1; second, when the test function ¢
is in the space H?*™*, the function ¢’g(t, -, it) may not belong to H?***2* because of the term
x¢'(x) in ¢ (x)b(t, x, ). The first difficulty may be easily circumvented by choosing A > 3/2,
in which case the identity function Id : v — v indeed belongs to H2*4*; as already explained,
this mostly requires us to change p’ accordingly.
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It is more challenging to deal with the fact that the function xz — z¢/(z) does not belong
to H22A. The key point is to modify the space of test functions. Indeed, if we assume that ¢
is in the space H***4*~1 then the function (b’g(t, ) is H22A For this, it suffices to write
down the analogue of (5.22]), but in a smaller space of test functions. Specifically, this takes the
form

d(St, ) = (b+q+ ¢{°) [(St, ¢ > (Id — i) ) — (Si, Id)(p, ¢/>]dt
+ 5(St, (0% + 05)¢" )dt + 00( Sy, ¢ )dW; + d&i (),

for ¢ in the space H2 A 4A-1,

Of course, the difficulty is then to prove uniqueness of the limiting equation. By linearity of
the equation, it suffices to prove that any solution (St)te[o,T] in H~2X2)A t6 the above equation,
with a null initial condition and with £ set to 0, is null. To do so, we assume that A > 5/2 (say
A = 3 to simplify). Choosing ¢ =1 as test function, it is clear that (S, 1) = 0. Then, choosing
¢ as the identity Id : x — ¢(x) = x as test function, we obtain d(S;,Id) = 0 The next step is
to take advantage of the linear structure of the drift. Indeed, for any ¢ € [0,7] and any test
function ¢ € H**42~1 we may consider the new test function ¢; : R 3  — ¢(¢;x), where

t
b = exp<—/ (l_)+q—|—<,0§°)ds>.
0

(6.8)

We then compute d(S¢, ¢;) as
d(St, dr) = —L(b+ q + o) (Se, ¢ (6-) )dt

E% 2 2N 11 / (6.9)
+ §<St, (O' + 0'0)(25 (Et)>dt + 00€t<5t, ¢ (ft)>th, t e [O,T]

In order to conclude, we call S} the element of #~(?**2):A defined by

<S£7 ¢> = <St7 w(gt)>
With this notation in hand, we can write
d<527 ¢> = _ét(g + q + (ptoo)ﬂt<527 ¢/>dt

2
+ %<S£= (0% + 03)¢")dt + 00ty (S;, ¢ )dWy, € [0,T7.

Obviously, S = 0. Once again, the above holds true for any test function ¢ € H2ATAAL but,
since the drift no longer involves the function z — ¢'(z)x, it also holds true for any test function
¢ € M4 Now, we can use the same argument in the proof of uniqueness in Section [ to
show that, necessarily, S’ is null.

6.3. Explicit solution of the SPDE. We now provide an explicit expression for the solution
to ([@8). To do so, we first notice that, in the above framework, the limiting McKean-Vlasov
equation takes the form

dX; = (b+ q + o) (@, — Xy)dt + 0dB} + oodW;, t € [0,T], (6.10)

where py = L(X|W) and 1, = E[X|W]. Equation (6.10) is the analogue of (2.I1]). Taking the
conditional mean with respect to W in (6.I0]), we deduce that @, = fy + ooW4, for ¢t € [0,T].
Also, we have

(X —1,) = —(b+ g+ ¢°) (X, — [i)dt + od By,
that is,

t
X, — T, = et<2c0 — T + a/ 68_1st1>,
0
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which shows that, conditional on (Xp, W), &} has a Gaussian distribution. We then get

t
= / N<€tx +(1— 4y + UOWt,szf/ €;2d8> dpg(x).
R 0

In particular, p; has a smooth density, with which we identify it.

Recall from Section the expression of the Gaussian process £ in terms of a cylindrical
white noise B with values in L?(R), independent of (6, W). Taking ¢ = Id in (6.8), we get as
in the previous paragraph that d<St, Id> = o(\/1iz, dBs). That is,

(S, 1d) = (6o,1d) —|—a/0t(\/u_5, dBs). (6.11)

Observe that, in the last term, the process ( fot (I, dPBs) )eefo,) is a standard Brownian motion.
Now, performing the same computation as in (G3)), we have for any ¢ € H*A A1

d( Sy, 1) = —le(b+ q + @) (St, ¢ () ydt — £4(b + q + ©7°) (e, 1d) (e, ' (€-) )t
2
+ %<St, (02 + 08)d" (i) )dt + 00l (St, &' (€))dW; + ol (/ 1 () B (6), dBi (),

where ¢y(-) = ¢(£-). For t € [0,T], let S; denote the element of H~ 22X given by (S, ¢) =
(Si, d(Ls-)), for ¢ € H2 22, Then, for ¢ € HPATHAL

d<§t, ¢) = —li(b+q+ @?O)ﬁt<§t, @'Yt — Ly(b+ g+ ©7°) (St Id) (g, ¢ (0-) )dt
2 ~
+ %<St= (‘72 + 0(2])¢">dt + 00€t<5t7 <Z5/>th + U€t<\/ Nt(')¢,(€t')a dﬂt(')>

— (b + g+ ) Sh, ¢t — (b+ g+ °)( Sy, Id)(y,ﬁ(z),(ﬂ(_»dt (6.12)

2 _ ‘ N
+ (8, (07 + o)yt + ool (Si, )W + 00 ESLIOREION

where 5 is a cylindrical Brownian motion with values in L?(R), independent of (6y, W), given
by

(6(),dBe()) = Vel d(tr), dBe ().
In particular, the stochastic term (y/z,, dB;) in the representation formula (€.IT]) may be rewrit-

ten as (/11,,dB:) = VI (\/ Mt(‘/ft)adgt('»-
Letting vy = — fg Ly (5 +q+ cp?o)ﬂsds + fg oolsdWy for t € [0,T1], this prompts us to let, as
a candidate for solving (6.12]),

Si(x) = (6o, go (- — ) —/0 (b+q+9F)(Ss, 1d){(gs (- — x),;%(?))ds

+/0t0\/€:<927t('—x)\/@’d@(»’ |

which makes sense in a distributional sense, with

1 q)<x+¢t_¢s>

gs,t($) =
\/ o2 f; 2dr  \Ny/o? f;@%dr
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where ® is the standard Gaussian density. To make it clear, for ¢ € H? 2,

~ t — .
(St ¢) = (60, 90,4 * &) — /0 (04 + @37) (56, 1d)(gs.p % &', s () )ds

+/0ta¢z<(gs,t*qa’)(-)\/@,dﬁs(-))

where * is the usual convolution operator. We prove below that this defines a square-integrable
process with values in C([0, T]; H~(?**2:A). Then, by standard arguments in stochastic calculus,
((gs,t * #)(x))t>s is a semi-martingale for any x € R? and any ¢ € H> 1 and, with probability
L,

(6.13)

dy (gs,t * ¢) () = —ft(l; +q+ 0 ) (gs,t * ¢/) (v)

£2
+ 502 (g&t * (b") (x)dt + ooty (g&t * (b/) (x)dWy, t>s,

with ¢(x) as initial condition. Following the proof of the It6-Wentzell formula (see, for instance,
[26]), we deduce that (612 holds true for ¢ € H2 421 By (6), this suffices to identify the
limit in the central limit theorem.

It then remains to check that (6I3]) defines a square-integrable process with values in
C([0,T); H*2A). This is easily checked for the first two terms in the right-hand side, but the
verification for the last term is more involved. To prove that it generates a square-integrable
process with values in C([0,7]; H~ 22 it suffices to prove that

[ V(000 )00 el ). 5.0)

and then to use the fact the embedding from H2t2} into H>**! is Hilbert Schmidt. To do so,
we use the factorization method for SPDEs, see [16, Chapter 7]. Notice indeed that, for € > 0
small enough and for ¢ € HZA 1,

/ot V(g1 ‘b/)(‘)\/@, aBy())
:Ce/ot(t—r)—1+e[/Rgr,t(:E)</or<(r—8) “(gor &) (- — 2)\V/1s Ms( )dﬂs()>> }dr?

where ¢ is a normalization constant such that c. fst(t — 7)1 (r — 5)"%dr = 1. By Holder’s
inequality, we notice that, for ¢ > 1, the right-hand side is less than

J(a-1)_a/(a—1) =1/
</ / —l+e)a/(a- 1>(1+\x!’\+3)q - gth (m)drdm)

y (/0 /R(1_|_|$|)\+3)—q

2
} < OllIZ s,

[ sup
0<t<T

q 1/q
) dr.

0T<(r_3) (gsr*ﬁb) _$\/7 /‘s( )dﬁs()>
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Choosing ¢ large enough, we can find a constant C' (the value of which is allowed to change from
line to line), independent of ¢ € [0, 7], such that

/ / —1+€)q/(q— 1)(1+|x|/\+3)q/(q 1)9%(11 1)( Vdrdz

C’(1+ sup | s |)(>\+3 a/(q— 1)/ (t—r)_1+€/2
s€[0,7T 0

§0(1+ sup |¢s|)(>\+3)q/(q—l)‘
s€[0,T

Hence, it suffices to prove that, for any ¢ > 2,

AL3\— T q
T:E%]E[/R(l—l—er) ‘1/0<(r—s) “(gsr &) (- (- — 2)\/ls ,us( )dﬁs()> d:z:]<oo
For r € [0, T], the Burkholder-Davis-Gundy inequality and boundedness of ¢ yield

r q

E|:/(1—|—’x‘>\+3)_ / <(r—s) (gsr %) (- — )/ Ls us( ) dﬁs()> ]
/2

<CE[/(1—Hx’/\+3 / [0 =900 e )= ) (L daz]
< CE [/0 L[ = 97 g+ ) = ) (L) dy]

Noticing from (Z5) that [(gs, * ¢')(z)| < C|[@llza+1(1 + || + supejo 1 [ )**1, the proof is
easily completed.

APPENDIX A. ON DERIVATIVES ON WASSERSTEIN SPACE

In this section we state two simple but useful technical results on the derivative D,,, and we
prove two results from the body of the paper.

Lemma A.1. For any function V.=V (x,m) : R x P4(R%) — R, we have
D, D,,V(x,m,v) = Dy, D,V (x,m,v), for all v e RY,

as long as the derivatives on both sides exist and are jointly continuous. More precisely, as-

sume that V is €' in the sense of Section [23, that the derivatives D,(6V/ém), D,V , and
§(D,V)/dm exist, and that for every compact set K C PI(RY) there exists ¢ < oo such that
SUP e i | D 2% (2,m, )| < c(1 + [z]? + [v]9) for all z,v € RY.

Proof. Fix x € RY, m,m/ € PI(R?), and for t € [0,1] let m' = (1 — t)m + tm’. Then by 22),

Vw,m') — V(w,m) / /R (2 m v) (! — m)(do)dt.

Apply D, to both sides and use dominated convergence to interchange the order of D, and the
integral to get

1
)
D,V (x,m") — D,V (x,m) = / Dx—v(m,mt,v)(m’ —m)(dv)dt.
0 Rd om
Another application of ([2.2)) shows that for every v € R,
oD,V 1%
(x,m,v) = Dy—/(x,m,v).

om om
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To conclude the proof, apply D, to both sides, commute D, and D, on the right-hand side, and
use the definition of D,, from (24]). O

Lemma A.2. Suppose a function V : [0,T] x R? x PI(R?) — R is continuous. Suppose also
that D,V and D,,V exist and are continuous and bounded. Then there exists C' < oo such that,
for all (t,z,m),

[V (t,z,m)| < C 1+ |z] + Wi(m, b)),
where W is the Wasserstein distance on P(R?) defined in Section 2.
Proof. Begin by writing
V(t,x,m)—V(t,0,0)

= /01 (m - D,V (t,ux, (1 —u)dy + um) + /R g—v(t,uzn, (1 —u)dy + um,v)(m — 50)(dv)> du.

da 0m

Since |D,, V| is bounded, say by a constant L < oo, the map v — %(t,x,m,v) is L-Lipschitz,
for each (t,z,m). Hence, Kantorovich duality implies

< LW1 (m, 50)

/ g—v(t, ux, (1 —u)dy + um,v)(m — do)(dv)
Rd OM

If C' < oo satisfies | D, V| < C pointwise, then we conclude
|V (t,z,m)| < |V(t,0,00)| + Clz| + LW (m, dp).

To complete the proof, note that the continuous function V'(-,0,dy) is bounded on [0, 7. O

Proof of Proposition 211 Let m € PY(R?) and & = (z1,...,7,) € (RY)". By continuity,
it suffices to prove the claims assuming the points z1,...,z, € R? are distinct. Fix an index
j€{l,...,n} and a bounded continuous function ¢ : R — R?, to be specified later. We claim
that, under the assumptions of part (i),

i V(mo (Id + h¢)~t) — V(m) _
hl0 h Rd

D,V (m,v) - ¢p(v)m(dv) (A1)

holds, where Id denotes the identity map on R?. Once (A1) is proven, we complete the proof
as follows. For a fixed vector v € R? we may choose ¢ such that ¢(z;) = v while ¢(z;) = 0 for
i # 4. Let v € (RY)™ have j'' coordinate equal to v and i*" coordinate zero for i # j. Then
up(x) = V(m3) satisfies

U (¢ + hv) — u,(x)

A h =l h
1 n
= > D V(my, xx) - d(x)
k=1

This proves (i). Under the additional assumptions, (ii) follows by applying (i) again.
It remains to prove (A). For h > 0, t € [0,1], and m € PI(R?), let my,, = tmo (Id +
hé¢)~! + (1 — t)m. Then, using 2) and (24, respectively, in the first and third equalities
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below, we obtain

V(mo (Id + he)~ — / /R 2 () (m o (1 + h) ™" — m)(d) di

/ /Rd ( (M, v+ ho(v)) - :55:; (mh,t,v)> m(dv) dt
N h/o /]R /0 DV (myp v + she(v)) - ¢(v) ds m(dv) dt.

As h | 0 we have my,; — m and shé(v) — 0, and we deduce (AJ)) from the bounded convergence
theorem and continuity of D,,. O

Proof of Proposition d.Il We follow the proof of Proposition 6.3 in [6]. For fixed n € N and
r € RY, recall that u™(t,x) = U(t,x;,mZ), and use Proposition 21l and Lemma [A1l to derive,
for distinct 7,7,k € {1,...,n}

Dot (t,) = DyU(t, 1, m™) + %DmU(t,:ni,m;,:ni) (A.2)

iju”’i(t,a:) = %DmU(t,xi,mg,xj) (A.3)
D2, " (t) = DUt 25, 103) + - Da DU (1 23,0, )

+ %DvaU(t,xi,mg,xi) + %D%U(t,xi,mg,xi,xi) (A.4)

waj ’i(t, x) = %DxDmU(t,xi,mg,xj) + %D%U(t,xi,mg,xi,xj) (A.5)

D:%J,xg it @) = %DvaU(t,xi,mZ,xj) + %D%U(t,:ni,mg,xj,a:j) (A.6)

D2, i (t) = 3 DU (b1, ). (A7)

Use the master equation (ZI0) to find
0 = Q™ (t, ) + ™ (t, ) + U™ (¢, ) + Z™'(t, ),

where we define

\IJ”’i(t,a:) = H(x,mbL, D, U(t,x;;my)) + Z(U,m;,DxU(t,v,mg)) - D U(t, 2, miy,v) dmpy (v),
Rd

. 1 1
O (t,x) = 3 /Rd Tr [O'O'TDUDmU(t,xi,m;,’U)} dmp(v) + §Tr JUTDzU(t,xi,m;)] ,

and

1

Em(t, x) ——/ Tr [ana—DvaU(t,xi,mg,’U)} dmy(v)
2 R4

1
+ —/ / Tr [UOJJD%U(t,xi,mg,v,v')} dm?(v) dmZ(v')
2 Rd ]Rd

1
+ / Tr [O‘oO'S—DmDmU(t,$Z’,m;,U)] dml(v) + §Tr [UOJOTD?EU(t,:Ei,m;)] .
Rd
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Now use (A3)), (A2]) and [2.3) to get
Zb (xj,my, DLU(t, x5, my)) - Dy U(t, x5, my, x5)

\I'mtac

+H(:17 mey, DU (t, z;,my))

n

B(xj,mg,DxU(t T, My)) - Dy u™ it x)

=L
(zi,mly, DU(t, 25, mly)) - (Dy ™ (t,x) — DLU(t, z;,my))
(zi,mpy, DU (t,x;,mL)) - D,U(t,x;,mp) +f(a:,,m D, U(t,x;,ml))

+b
+b
= by mp, DUt wj,mp)) - Dyu™ (L) + fwi,ml, DU (L mi,mb)).
j=1
Now, recall from Assumption [A]5) that D,,U and D,U are uniformly bounded. Thus, since
), we use (A2) and ([A.3) to obtain [|D,,u™"|| < C/n for j # i and

u™(t,x) = U(t,zj,m

| Dz, u™ || < C. Moreover, b(x,m,y) and f(z,m,y) are locally Lipschitz in y by respectively
Assumptions [Al1) and either Assumption [Blor [B’l(3). Hence, using (A2]), we have

x) — f(xl, mey, Dxiu"’i(t, w))

UL, x) Zb x],mg,DIju”’j(t,w)) Dy u™(t,

§CZ|iju (t,@)| | DU(t,xj,m}) — D, u’J(ta:)‘

2)| + [Dgu™

|) |D U(t,zi,my) — Dy, u™ (t,m)‘

+ C (1+|D,U(t,zi,m
C n
< —Z | Dy, u™ Utz )| 1D U (t, 25, mly, ;)| + — |D U(t, z;,mpy, x;)|

C
< —.

n
The argument for the volatility terms is similar, but somewhat more involved. Expand the

integrals and use (A4) and (A6) to get

n
| | |
it ) =— Y T [UJTDvaU(t,xi,mZ,xj)] 5 [UJTDgU(t,xi,mg)]

1
oo’ <D926U(t,xi,m2) + EDUDmU(t,:Ei,mg,xi)>]

—Tr [aa Dy DU (t, z;,mpy x])}

1
n
J=1,j#1
. 1 1

W (4@) ~ DDl 0,1, 0) — 3 DA i) )|

g (t,:l)) - ED%U(t,xi,mw,xﬁxj))] :

n
1
+ Z §Tr [aa <Dg2cj7xj
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Hence, using the bounds from Assumption [Al5), we obtain

. 1 .
O™ (t, ) — ETr [UJTD?CJ_@J_U"’Z(L:B)}

1
T <DxDmU(t,xi,m£,xi) + ED%U(t,m,mZ,m,m)) ‘
n
+ Z ‘O‘UTDran(t,$i,m;,l‘j,$j)
=1

< c

Finally, we use (A.4), (IEI), (A6), and (A7) to get

. 1
=V (t,x) = — Z —Tr [0000 D,D,U(t, :El,mw,:nj)} + s Z
s j=1 k=1

3

n

Tr [0000 D? U(t,xi,mg;,:nj,xk)]

(3]
N —

Tr [UOUS—DxDmU(t,xi,mZ,ZEj)} +

Tr [UOJOTD:%U(t, T, mg)]
j=1

1
2
1 1 1 "
§Tr 0000 D DU (t, zi,my, x;) + ;DmDmU(t,:Ei,mm,xi)
1

+ D;%U(t7xlvmg) + ﬁDgnU(t7x2ym;7$uxz)>:|

1 n

ty 2

J—LJ#Z

+ Z Tr [0000 < D, D,U(t, xz,mw,az])—i— D2 U(t,a:i,mg,xi,a:j)ﬂ
j=Lj#i

Tr |:O’00’0 < D,Dp U (t, zi,my, xj) + D2 U(t,xi,mg,xj,a;j)>}

1 n n
oz 2 > T [UOUOTD%U(WW,WZ’%,%)] ,
j=Li#i k=1k{i.j}

and then
_ 1 . -
=n, z(t x) = §Tr [0’000 D:%MZ } Z Tr [0’000 R ,Z(t,a:)}
J?ﬁz
—I—ZTr [0’00’0 “t,x } + - Z Z Tr [0—008— sl ,i(t,m)]
i ] Lj#ikg{ig}
n .
= —ZZTI‘ |:O'00'0 x, -’Ek ’Z(t7w)i| .

j=1k=1

Complete the proof by combining the above results. O
REFERENCES

1. S. Ahuja, W. Ren, and T.-W. Yang, Asymptotic analysis of mean field games with small common noise, arXiv
preprint arXiv:1707.09090 (2017).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

A CENTRAL LIMIT THEOREM FOR MEAN FIELD GAMES 51

. E. Bayraktar and A. Cohen, Analysis of a finite state many player game using its master equation, arXiv
preprint arXiv:1707.02648 (2017).

. A. Bensoussan and J. Frehse, Nonlinear elliptic systems in stochastic game theory, Universitat Bonn. SFB 72.
Approximation und Optimierung, 1983.

. A. Bensoussan, J. Frehse, and S.C.P. Yam, The master equation in mean field theory, Journal de
Mathématiques Pures et Appliquées 103 (2015), no. 6, 1441-1474.

, On the interpretation of the master equation, Stochastic Processes and their Applications 127 (2017),
no. 7, 2093-2137.

. P. Cardaliaguet, F. Delarue, J.-M. Lasry, and P.-L. Lions, The master equation and the convergence problem
in mean field games, arXiv preprint arXiv:1509.02505 (2015).

. R. Carmona and F. Delarue, The master equation for large population equilibriums, Stochastic Analysis and
Applications 2014, Springer, 2014, pp. 77-128.

. R. Carmona and F. Delarue, Probabilistic Theory of Mean Field Games: Vol. I, Mean Field FBSDEs, Control,
and Games, Stochastic Analysis and Applications, Springer Verlag, 2017.

, Probabilistic Theory of Mean Field Games: Vol. II, Mean Field Games with Common Noise and

Master Equations, Stochastic Analysis and Applications, Springer Verlag, 2017.

R. Carmona, J.-P. Fouque, and L.-H. Sun, Mean field games and systemic risk, Communications in Mathe-

matical Sciences 13 (2015), no. 4, 911-933.

R. Carmona and X. Zhu, A probabilistic approach to mean field games with major and minor players, The

Annals of Applied Probability 26 (2016), no. 3, 1535-1580.

A. Cecchin and M. Fischer, Probabilistic approach to finite state mean field games, arXiv preprint

arXiv:1704.00984 (2017).

A. Cecchin and G. Pelino, Convergence, fluctuations and large deviations for finite state mean field games via

the master equation, arXiv preprint arXiv:1707.01819 (2017).

J.-F. Chassagneux, D. Crisan, and F. Delarue, A probabilistic approach to classical solutions of the master

equation for large population equilibria, arXiv preprint arXiv:1411.3009 (2014).

M. Coghi and F. Flandoli, Propagation of chaos for interacting particles subject to environmental noise, Ann.

Appl. Probab. 26 (2016), no. 3, 1407-1442.

Giuseppe Da Prato and Jerzy Zabczyk, Stochastic equations in infinite dimensions, second ed., Encyclopedia

of Mathematics and its Applications, vol. 152, Cambridge University Press, Cambridge, 2014. MR 3236753

D. Dawson and J. Vaillancourt, Stochastic McKean-Vlasov equations, Nonlinear Differential Equations and

Applications NoDEA 2 (1995), no. 2, 199-229.

F. Delarue, D. Lacker, and K. Ramanan, From the master equation to mean field game limit theory: Large

deviations and concentration of measure, preprint.

M. Fischer, On the connection between symmetric n-player games and mean field games, The Annals of

Applied Probability 27 (2017), no. 2, 757-810.

N. Fournier and A. Guillin, On the rate of convergence in Wasserstein distance of the empirical measure,

Probability Theory and Related Fields 162 (2015), no. 3-4, 707-738.

W. Gangbo and A. Swiech, Fxistence of a solution to an equation arising from the theory of mean field games,

Journal of Differential Equations 259 (2015), no. 11, 6573-6643.

J. Gértner, On the McKean-Viasov limit for interacting diffusions, Mathematische Nachrichten 137 (1988),

no. 1, 197-248.

M. Hitsuda and I. Mitoma, Tightness problem and stochastic evolution equation arising from fluctuation

phenomena for interacting diffusions, Journal of Multivariate Analysis 19 (1986), no. 2, 311-328.

M. Huang, R. Malhamé, and P. Caines, Large population stochastic dynamic games: closed-loop McKean-

Viasov systems and the Nash certainty equivalence principle, Communications in Information & Systems 6

(2006), no. 3, 221-252.

B. Jourdain and S. Méléard, Propagation of chaos and fluctuations for a moderate model with smooth initial

data, 34 (1998), 727-766.

H. Kunita, Stochastic flows and stochastic differential equations, Cambridge Studies in Advanced Mathemat-

ics, Cambridge University Press, 1990.

T.G. Kurtz and J. Xiong, A stochastic evolution equation arising from the fluctuations of a class of interacting

particle systems, Communications in Mathematical Sciences 2 (2004), no. 3, 325-358.

D. Lacker, A general characterization of the mean field limit for stochastic differential games, Probability

Theory and Related Fields 165 (2016), no. 3-4, 581-648.

O.A. Ladyzhenskaia, V.A. Solonnikov, and N.N. Ural’'tseva, Linear and quasi-linear equations of parabolic

type, vol. 23, American Mathematical Soc., 1988.




52

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

FRANCOIS DELARUE, DANIEL LACKER, AND KAVITA RAMANAN

J.-M. Lasry and P.-L. Lions, Jeuz a champ moyen. i—le cas stationnaire, Comptes Rendus Mathématique 343
(2006), no. 9, 619-625.

, Jeux & champ moyen. ii—horizon fini et contréle optimal, Comptes Rendus Mathématique 343 (2006),
no. 10, 679-684.

, Mean field games, Japanese journal of mathematics 2 (2007), no. 1, 229-260.

P.-L. Lions, Cours au Collége de France.

Huang M, R. Malhamé, and P. Caines, Large-population cost-coupled LQG problems with nonuniform agents:
individual-mass behavior and decentralized €-Nash equilibria, IEEE transactions on automatic control 52
(2007), no. 9, 1560-1571.

H.P. McKean, A class of Markov processes associated with nonlinear parabolic equations, Proceedings of the
National Academy of Sciences 56 (1966), no. 6, 1907-1911.

S. Méléard, Asymptotic behaviour of some interacting particle systems; McKean-Viasov and Boltzmann mod-
els, Probabilistic models for nonlinear partial differential equations (Montecatini Terme, 1995), Lecture Notes
in Math., vol. 1627, Springer, 1996, pp. 42-95.

K. Oelschlager, A martingale approach to the law of large numbers for weakly interacting stochastic processes,
The Annals of Probability (1984), 458-479.

I. Pinelis, Optimum bounds for the distributions of martingales in Banach spaces, Ann. Probab. 22 (1994),
no. 4, 1679-1706.

A.-S. Sznitman, Topics in propagation of chaos, Ecole d’Eté de Probabilités de Saint-Flour XIX1989 (1991),
165-251.

A.S. Sznitman, A fluctuation result for nonlinear diffusions, Infinite Dimensional Analysis and Stochastic
Processes (1985), 145-160.

H. Tanaka and M. Hitsuda, Central limit theorem for a simple diffusion model of interacting particles, Hi-
roshima Mathematical Journal 11 (1981), no. 2, 415-423.



	1. Introduction
	2. Nash systems and Master equations
	2.1. Notation and model inputs
	2.2. Derivatives on Wasserstein space
	2.3. Nash systems and n-player games
	2.4. The mean field game and master equation
	2.5. Assumptions

	3. Statements of main results
	3.1. Law of large numbers
	3.2. Diffusively scaled fluctuations
	3.3. Additional assumptions and statement of the central limit theorem

	4. Main estimates
	4.1. A preliminary estimate
	4.2. Main estimate
	Proof of Theorem 4.2
	4.3. An alternative estimate
	4.4. Law of large numbers

	5. Proof of the central limit theorem
	5.1. Tightness
	5.2. Identification of limit points
	5.3. Proof of the fluctuation theorem for MFG
	5.4. Proof of the uniqueness Theorem 5.6
	5.5. Auxiliary lemma: Rates of convergence for smooth functions of an empirical sample

	6. A linear-quadratic example
	6.1. Description of the model
	6.2. Derivation of the CLT
	6.3. Explicit solution of the SPDE

	Appendix A. On derivatives on Wasserstein space
	Proof of Proposition 2.1
	Proof of Proposition 4.1

	References

