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ABSTRACT. We take a pathwise approach to classical McKean-Vlasov stochastic differ-
ential equations with additive noise, as e.g. exposed in Sznitmann [38]. Our study was
prompted by some concrete problems in battery modelling [23], and also by recent progrss
on rough-pathwise McKean-Vlasov theory, notably Cass—Lyons [10], and then Bailleul,
Catellier and Delarue [4]. Such a “pathwise McKean-Vlasov theory” can be traced back
to Tanaka [40]. This paper can be seen as an attempt to advertize the ideas, power and
simplicity of the pathwise appproach, not so easily extracted from [41[10,|40], together
with a number of novel applications. These include mean field convergence without a
priori independence and exchangeability assumption; common noise, cadlag noise, and
reflecting boundaries. Last not least, we generalize Dawson—Gértner large deviations
and the central limit theorem to a non-Brownian noise setting.

1. INTRODUCTION

We consider the following generalized McKean-Vlasov stochastic differential equation
(SDE) on a probability space (€2, .4, P),

dX, = b(t, Xy, L(X}))dt + dW,
(1.1) Xo = ¢

The input data to the problem is the random initial data and noise
W): Q@ — RixCr,

and
X :Q— Cr:=C([0,T],R%
is the solution (process). We denote by £(Y') the law of a random variable Y. Classically,
one takes W as a Brownian Motion. For us, it will be crucial to avoid any a priori
specification of the noise. Indeed, we are not even asking for any filtration on the space
Q) and equation will be studied pathwise. For p € [1,00), let Pp(Rd) be the space of
probability measures on R? with finite p-moment endowed with the p-Wasserstein metric.
The drift is a function
b:[0,T] x R x Py(RY) — RY,

which is assumed uniformly Lipschitz continuous in the last two variables, cf. Assumption

M below.

In a nutshell, McKean-Vlasov equations are SDEs which depend on the law of the solution.
They have been extensively studied in the literature, for a comprehensive introduction we
refer to [38]. They arise in many applications as limit of systems of interacting particles,
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for instance in the theory of mean field games developed by Lasry and Lions [27-29].
Other interesting applications arise in fluid-dynamics [6,21},32], also with common noise
features, neuroscience [16,31,41] and macroeconomics [33], also involving general driving
signals. Last not least, our motivation comes from a recent battery model, cf. below,
taken from [23], which is of the form but with reflecting boundary as given in (L.5)).

Closely related to the McKean-Vlasov equation is the system of particles (classically)
driven by independent Brownian motions W*, with independent identically distributed
(i.i.d.) initial conditions (*,

(1.2)

{dXZN_b(t XN, LN (xM))dt + awy =1,...,N.

X" =¢',
The particles interact with each other through the empirical measure, which is defined as

follows. Given a space F (such as R or C7) and a vector z¥) = (z1,...,2N) € EN, we
call P(E) the space of probability measures over E and we define

LN (™) Z%EP

Let X be a solution to equation (1.1)) with inputs (¢, W) distributed as (¢!, W1). When
the number of particles, N, grows to infinity, we have the following a.s. convergence in
P(Cr) equipped with the usual weak-* topology,

(1.3) LN(XM (W) 2 £(X), for P—ae. w.

This result, as well as the well-posedness of equation (1.1 is proved in [38] when the
particles are exchangeable and subjects to independent inputs. This approach can be
generalized to more general diffusion coefficients [13}25,26] using standard semi-martingale
theory.

Rough paths: Cass and Lyons [10] study McKean-Vlasov equations in the framework of
rough paths. That is, they construct (rough) pathwise solutions to the McKean-Vlasov
equation driven by suitable random rough paths, which lets them go beyond the classical
case when W is a semi-martingale under P. They can treat the case multiplicative noise,
that is with our dW replaced by o(X)dW, but with mean field dependence only in the
drift. This problem is revisited by Bailleul [3] in the case of a Lipschitz dependence of b
on the measure. Finally, Bailleul et al. [4,5] study the general case when both b and o
are (Lipschitz) dependent on the law of the solution. This requires extra assumptions of
differentiability with respect to the measure argument. The rough path case is technically
more involved, it especially requires more care when studying the mean-field convergence
since the solution map (£(¢, W) — L£(X)) is continuous, but not Lipschitz (cf. |5, Rmk
4.4.]), in contrast our Lipschitz estimate in Theorem 7| below. For a different approach to
rough differential equations with common noise, we refer also |14].

Tanaka: As already mentioned, in the context of battery modelling with additive noise
[23], no rough path machinery is necessary, leave alone some formidable difficulties for
rough differential equations to deal with reflecting boundaries [1,/18]. This was the initial
motivation for our pathwise study, which soon turned out informative and rather pleasing
in the generality displayed here. As our work neared completion we realized that we were



PATHWISE MCKEAN-VLASOV THEORY 3

not the first to go in this direction: the basic idea can be found (somewhat hidden) in a
paper by Tanaka, |40, Sec.2]. (There is no shortage of citations to [40], but we are unaware
of any particular work that makes use of the, for us, crucial Section 2 in that paper.) May
that be as it is, advertising this aspect of Tanaka’s work, as pathwise ancestor to |3}4,(10],
is another goal of this note, and in any case there is no significant overlap of our results
with [40].

The main intuition of Tanaka [40] and subsequent works is that equation can be
interpreted as equation by using a transformation of the probability space and the
input data. We explain this connection between the equations in Section [3.1l This ap-
proach makes it possible to reduce the study of the mean field limit to a stability result
for equation . This implies in particular that there is no need for asymptotical inde-
pendence or exchangeability of the particles in order to obtain convergence . Indeed,
one can show that the solution map

L(CW) = L(X)

that associates the law of the solution to the law of the inputs is continuous, and as soon
as there is convergence for the law of the input data there is also convergence for the law
of the solution. No independence, nor identical distributions (or even exchangeability) for
the inputs are required, as we explain in Sections and

Main ideas. Given a Polish space E, we work on the space of probability measures with
finite p-th moment, P,(E), endowed with the Wasserstein distance W, (see Section
for the precise definition). The idea is to construct the solution map of equation , for
a generic probability measure u,

(1.4) D : P,(R? x Cr) x Py(Cr) — Po(Cr), (L(C, W), ) — L(XH).

Here X* is the pathwise solution to equation when the inputs are {,W and the
measure in the drift is given as p, instead of the law of X. Existence and uniqueness
of the solutions of the McKean-Vlasov equation follow as a fixed point argument
of the parameter dependent map ®. Indeed, one can prove that, for fixed ({, W), the
map ®(L(¢,W),-) is a contraction on the space P,(Cr). Hence, there is a unique fixed
point i1 := a(L(¢,W)) = ®(L(¢, W), i). This fixed point uniquely determines a pathwise
solution X* to equation (1.1]).

Since ® is Lipschitz continuous in all its arguments, it follows from Proposition [6] that also
the map that associates the parameter to the fixed point, namely ¥ defined in (2.7)) is
Lipschitz continuous. This is the stability result that we need in order to prove convergence
of the particle system.
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Main results. In this setting, we obtain the following list of results.

Theorem (see Theorem [7). Let p € [1,00) and assume b Lipschitz. For i = 1,2, let
(¢, W) e LP(RE x Cp,PY) be two sets of input data. There exist unique pathwise solutions
X' € LP(Cr) to equation (1.1), driven by the respective input data. Moreover,

Wp(ﬁ(clﬂ W17 Xl)? ﬁ(CQ, W27X2)) S CWP(‘C(C17 Wl),ﬁ(C27 Wz))a
for some constant C = C(p,T,b) > 0.

We obtain a similar results for the case when the driver W is a random variable over the
cadlag space Drp.

Theorem (see Lemmas [19) and [20)). Assume b Lipschitz and bounded. For every ({,W) :
0 — R?% x Dy measurable, there exists a unique pathwise solution X : Q@ — Drp to equation
(1.1) driven by ({,W). Moreover, the map

®:P(R?x Dr) — P(Dr), L, W) L(X),

15 conlinuous with respect to the weak topology.

We note that, in the case of jump processes, we have only weak continuity of the law of
the solution with respect to the law of the inputs. We don’t prove Lipschitz continuity
with respect to the stronger Wasserstein norm W,.

As application off the main result, we have

Corollary (see Theorem . Consider the N -particle system with (not necessarily
Brownian! not necessarily independent!) random driving noise W) .= (WEN W)
and initial data V) = (CVN, ... NN, Assume convergence (in p-Wasserstein sense)
of the empirical measure

LN (M) (@), WM () = v e P,(RE x C)

for a.e. w (resp. in probability) w.r.t. P. Then the empirical measure LN (X)) of the
particle system converges in the same sense and the limiting law is characterized by a
generalized McKean-Viasov equation, with input data distributed like v.

Natural non-i.i.d. situations arises in presence of common noise, cf. Section or in
the presence of heterogeneous inputs, cf. Section In an i.i.d. setting, the required
assumption is (essentially trivially) verified by the law of large number. Independent
driving fractional Brownian motions, for instance, are immediately covered. Another
consequence concerns the large deviations.

Definition 1. Let E be a Polish space and (u"V)yen a sequence of Borel probability
measures on E. Let (ay)nen be a sequence of positive real numbers with limy o, ay = 0.
Given a lower semicontinuous function I : E — [0, 0], the sequence VN is said to satisfy
a large deviations principle with rate I if, for each Borel measurable set A C F,
— inf I(z) <liminfay! log(u™ (A)) <limsupay'log(u (4)) < — inf I(z).
TzEA° N—o00 €A

Here A° is the interior of A and A its closure. Moreover, if the sublevel sets of I are
compact, then I is said to be a good rate function.
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We say that a sequence of random variables (X )yen on E satisfies a large deviations
principle, if the sequence of the distributions (£L(X"))yen does.

The following generalizes a classical result of Dawson-Gértner [15], see also Deuschel et
al. [17].

Corollary (see Theorem . In the i.i.d. case, the empirical measure LN (X)) satisfies
a large deviations principle with rate function, defined on a suitable Wasserstein space
over Cr,

po= H(p | @(L(C W), ),
where H 1is the relative entropy and ® is introduced below.

This result is consistent with the one obtained in [40, Theorem 5.1], for the case of drivers
given as i.i.d. Brownian motions.

One can easily drop the i.i.d. assumption, and replace H by an “assumed” large deviations
principle I for the convergence of the input laws. In this case the outputs satisfy a large
deviations principle.

Corollary (see Lemma . If the empirical measure of the inputs LN (¢, WN)) sat-
isfies a large deviations principle with (good) rate function I, then the empirical measure
LN(XWN)Y satisfies a large deviations principle with (good) rate function p — I(f;iu),
defined on a suitable Wasserstein space over Cp. Here f* is defined in (4.1)).

Think of f* as the function that reconstruct the inputs (initial condition, driving path)
from the solution of an ordinary differential equation (ODE).

Moreover, we study the fluctuations of the empirical measure. We can prove the following
central limit theorem type of result

Corollary (see Corollary . Let ¢ be a test function. Assume that the drift b is differ-
entiable in both the spacial and the measure variable (see Assumption @) The following
converges in distribution to a Gaussian random variable, as N — oo,

N
1 A
N .__ AN
YN.=VN (NZ;D(X ) u(s@)) :
The method presented here can be also applied to SDE defined in a domain D C R
assumed to be a convex polyhedron for simplicity, and with reflection at the boundary.
We consider the generalized McKean-Vlasov Skorokhod problem
(1.5) dX; = b(t, Xy, L( Xy, ke))dt + dWy — dky,  Xo = ¢,

) d|]{7|t = 1X¢€8Dd|k|ta dk‘t = n(Xt)d\kh
We have the following:
Theorem (see Theorem ‘. Let p € [1,00) and assume b Lipschitz. For i = 1,2, let
(¢, W) € LP(D x Cr,P*) be two sets of input data. Then there exist unique pathwise
solutions (X', k") to the generalized McKean-Vlasov Skorokhod problem (1.5)), driven by
the respective input data. Moreover,

Wo(L(CH W XY, L(C W2, X2 %) < CW(L(C W), £(C2, W?)).

with C = C(p,T,b) > 0.
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Battery modelling. Our initial motivation for the heterogeneous particles case comes
from modeling lithium-ion batteries. The numerical simulations of [23] indicate that the
capacity of the battery and its efficiency is mainly determined by the size distribution of
the lithium iron phosphate particles. It is thus important to allow for the particles to be
of fixed different, predetermined sizes.

Lithium-ion batteries are the most promising storage devices to store and convert chemical
energy into electrical energy and vice versa. In [23] lithium-ion batteries are studied where
at least one of the two electrodes stores lithium within a many-particle ensemble, for
example each particle of the electrode is made of Lithium-iron-phosphate. One of the
practical achievements of [23] consists of the conclusions that the capacity of the battery
and its efficiency as well is dominantly determined by the size distribution of the storage
particles, ranging from 20 to 1000 nanometers. The radii r* of the particles in the battery
are distributed according to a distribution A € P([20,1000]). However, in the numerical
simulations, it leads to better accuracy to artificially choose the radii in advance, instead
of randomly sample them. For instance, assume that we want to simulate 1000 particles,
whose radii can be of exactly two given sizes, r1, ro, with equal probability. It is much more
convenient to choose 500 particles of radius r; and 500 of radius ry, instead of sampling
them from a binomial, as this could lead to imbalanced simulations and introduce an extra
source of error. For this reason it is important that the theoretical results support the
use of carefully chosen radii 7 of different length, such their empirical measure converges,
as the number of particles grows, to a desired distribution A. The radii so chosen, are
deterministic (hence, independent), but not identically distributed.

The dynamics of the charging/discharging process is modeled in |23] by a coupled system of
SDEs for the evolution of the lithium mole fractions YV € [0, 1] of particlesi = 1,2,..., N
of the particle ensemble. The evolution of YV over a time interval [0, 7] is described by
the following system of SDEs

AV = L (Mg i — pra(VN))dt + oid Wi — die™
iN i,N iN i,N iN .
(1.6) d“?t | = 1y;'*Ne{0,1}d|kt o dkyT =Y )dkT]
YN =ae0,1].

[l
=

We assume that all the particle have the same amount of lithium mole fraction a € [0, 1]
at time ¢ = 0. In practice, this initial condition is very close to 1, when the battery
is empty and very close to 0, when the battery is charged. The particles are driven
by a family of independent Brownian motions W) = (W%1<i<n, which account for
random fluctuations that can occur within the system during charging and discharging.
The quantity 7; = 7(r;), which is related to the relaxation time and to the particle active
surface, is a function of the radius r; of the particle. As discussed earlier, the radii can
only have values in a fixed range I := [Fpin, Tmaz] C (0,00). We assume that 7: I — R
and 771 : I — R is Lipschitz and bounded. We also assume that o; = o(r;) for a Lipschitz
and bounded function ¢ : I — R. The term ur; : R — R is the chemical potential of the
Lithium and, in this framework, it is also taken Lipschitz and bounded. The interaction
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between particles is encoded in the surface chemical potential

N . Vi
> =1 [Vj% + MLz‘(JU)r?]
t,Li += v )

7j

where ¢; is a given C' function characterizing the state of charge of the battery at time
t € [0,7] and Vj is the volume of the j-th particle. By the assumptions on fpz; and 7
and the bounds on the radii, the surface chemical potential is a bounded and Lipschitz
continuous function of the empirical distribution of the Lithium mole fractions and radii,
ph = % Zé\il 5(Y;,ri)-

Moreover, we impose on the particles Skorokhod-type boundary conditions, of the same
type as the ones described in Section @ We call n(x) the outer unit normal vector, which,
in this case, reduces to n(z) = (=1)**1, for x € {0, 1}. This will force the mole fraction of
each particle to remain in [0, 1]. Reflecting boundary conditions are imposed also in [19],
which considers the PDE counterpart of the model here in the case of 7; independent
of 7. Those boundary condtions are similar but not identical to the boundary conditions
here: in [19], the surface chemical potential A r; accounts also for mean field interactions
from the boundaries, we disgard those interactions here.

Under the previous assumptions, the particle system (|1.6]) can be essentially treated com-

bining the results of Theorem [47 and Corollary as follows. To unify the notation to
the rest of the paper, we define

b:[0,T]xRxRxPRxR) =R, (t,x,r,v) — (1)(—,uLZ~(:c) + At, Li),
T\T

where (calling V (r) = 4773 /3 the volume of the particles of radius 7),

J [V )i+ pnie) 58] vd(, )
A = v ,
f ) v(d(z,1))

and we consider the following generalized McKean-Vlasov Skorokhod equation

dX; = b(t, X, R, E(Xt, R))dt + O'(R)th —dky, Xp=a,
d|k‘|t = 1Xt68Dd|k|ta dk‘t = n(Xt)d|k|t,

The input data are given by a € [0,1], R € LP(I) and W € LP(Cr), for p € [1,00).
The solution is a couple (X,k) € Cr([0,1]) x Cp. When W := W) ¢ LP(Qy, Cr)
and R = RN) = (#1 ... +N) € LP(Qu, Cr(I)) (the radii are constant path in I), we
recover the system . We assume that the radii 7' are sampled from a distribution
A € P,(Cr(I)) in such a way that LY(RW)) X X\ this gives the limit process (X, k)
solution to (L.7)), driven by (W, R) € Cr x Cp(I) with law py @ A (here pyy is the Wiener
measure). We summarize this in the following proposition.

(1.7)

Proposition 2. Let p € [1,00) and let (W%)en be a family of independent Brownian
motions on R. Assume I C (0,00) is a closed interval and let (r*);eny C I be a sequence
in I, such that

LN(RM) 2 X e P,(D).
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Then, for every N € N, equation (1.6) admits a unique solution (Y(N), k:(N)) = (YN, ki’N)i:L_”,N.
Moreover,
LMy W) gy 5 £(X k),
where (X, k) is a solution to equation (1.7), with input data (W, R) € Cr x Cr(I) with
law pyy @ A.

The proof of this proposition (which we will not give in full details) follows exactly as the
proof of Corollary [27] and Remark [30, with the difference that, instead of Theorem [7], one
applies Theorem [7]

Structure of the paper. In Section [2| we prove the well-posedness for the generalized
McKean-Vlasov equation . In Section [3| we present applications to classical mean field
particle approximation, heterogeneous mean field and mean field with common noise as
corollaries of the main result. Then, we study other (classical) asymptotic for the particles
as a straightforward applications: a large deviations result in Section [} a central limit
theorem in Section Finally, we adapt the result to study McKean-Vlasov equations
with reflection at the boundary, see Section [6]

1.1. Notation. Given p in [1,400) and a Polish space E, with metric induced by a norm
| - ||z, we denote by P,(E) the space of probability measures on E with finite p-moment,
namely the measures p such that

/E lel%du(z) < +oo.

For T > 0, we denote by Cr(RY) := C([0,T],RY) (the space of continuous functions
from [0,7] to R%), endowed with the supremum norm ||f|lcc:r := supyepo,r | £ ()], for
f € C7(R%). When there is no risk of confusion about the codomain, we denote the space of
continuous functions by Cr. Moreover, when there is non risk of confusion about the time
interval, we use the lighter notation || - ||~. Moreover, we call Cro = {y € Cr | 70 = 0},
the subsets of paths that vanish at time 0.

For a domain D in R? we denote by Cp(D) := C([0,T], D) (continuous functions from
[0, 7] to D), endowed with the supremum norm || - [|oc-

Given t € [0, T, the projection ; is defined as the function 7; : C7 — R as my(7y) := ().
We define the marginal at time t of 1 € P,(Cr) as pt := (1) g € Pp(R?). We also denote
by piljo, the push forward of p with respect to the restriction on the subinterval [0, .

Given a Polish space (F,d), the p-Wasserstein metric on P,(E) is defined as

(18) Wep(u ) = inf // d(e,y)P'm(de.dy), v € Py(E),
mel(uwv) J JEXE

where I'(u, v) is the space of probability measures on F x E with first marginal equal to p
and second marginal equal to v. We will omit the space F from the notation when there
is no confusion.

We denote by £(X) the law of a random variable X.

We use C), to denote constants depending only on p.
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Let C2° and C™ be the set of infinitely differentiable differentiable real-valued functions of
compact support defined on R? and the set of n times continuously differentiable functions
on R? such that

lpllon = 3 sup D] < +oc.

d
\a|§n zeR

Let Lip; be the space of Lipschitz continuous functions in C?, such that

lellco, sup le(@) = oY)l

<1
r£yER? |:L‘ - y|

For T > 0, we denote by Dr(R%) := D([0,T],R?), the space of cadlag functions (right-
continuous with left limit) from [0, 7] to RY. When there is no risk of confusion about the
codomain, we denote the space of cadlag functions by Dz. For v € Dp(R?), ||7]lee:T :=
SUP;e(o,7] |f(t)|. Moreover, when there is no risk of confusion about the time interval, we
use the lighter notation || - ||oc. We endow D7 with the Skohorod metric, defined as follows

(1.9) c(y,y)=imf{AeA| M+ v =7 oA}, 77 €Dr,

where A is the space of strictly increasing bijections on [0,7] and

lo Asit
& t—s
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, AEA.

[[A[ = sup
s#t

The space (Dr, o) is a Polish space.

2. THE MAIN RESULT

In this section we study the generalized McKean-Vlasov SDE on a probability space
(QvA7 ]P))J
(2.1) dX; = b(t, Xy, L(Xy))dt + dW,

' Xo=C¢(.

Here the drift b : [0,7] x R? x P,(R?) — R? is a given Borel function, the input to the
problem is the random variable

W): Q — RixCr,
and X : Q — Cfr is the solution. As we will see later, the law £(X) of the solution depends
only on the law £(¢, W), for this reason we refer also to £(¢, W) as input.

Note two differences here with respect to classical SDEs: the drift depends on the solution
X also through its law and W is merely a random continuous paths; in particular, it does
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not have to be a Brownian motion. For these differences, it is worth giving the precise
definition of solution.

Definition 3. Let (Q, A,P) be a probability space and let ¢ : Q@ — R, W : Q — Cr
be random variables on it. A solution to equation (2.1)) with input ({, W) is a random
variable X : 2 — C7r such that, for a.e. w, the function X (w) satisfies the following integral
equality

X,(w) = ¢() +/0 b(s, Xs(w), £(X))ds + Wi(w).

We assume the following conditions on b:

Assumption 4. Let p € [1,00). The drift b: [0,T] x R? x P,(R?) — R? is a measurable
function and there exists a constant Ky such that,

‘b(thwu’) - b(tv xlvu,)|p < Ky (‘x - x/|p + W]Rd,p(unul)p) )
Yt € [0,T], 2,2 € RY p, 1’ € Pp(RY).

Before giving the main result, we introduce some notation. For a given p in P,(Cr), we
consider the SDE

(2.2) { dYF = b(t, Y, pu)dt + dW,

Y =¢.
We have the following well-posedness result

Lemma 5. Under Assumption for every input (¢, W) € LP(R? x C7) and pu € P,(Cr),
there exists a unique Y* € LP(Cr) which satisfies, Yw € 2,

V@) = C@)+ [ WY@ pa)ds + Wile).
0

Moreover, denote by

St RiEx Cpr — Cr
(zo,y) = S*(xo,7),

where S*(xg, ) is a solution to the ODE

(2.3)

¢
(2.4) T = T +/ b(s, xs, 1s)ds + .
0
Then, Y* = SH((,W).

Proof. For every couple (xg,7) € R? x Cr the ODE classically admits a solution
SH(xz0,7y), which is continuous with respect to the inputs (zg, 7). It is easy to verify that
SH(¢, W) solves equation . We only verify that Y* has finite p-moments. There exists
a constant C'(p,b,T') such that

T T
BIY*|% <BlGP+C 1+ [ Esup v+ [ [ laPdu(a)dt ) +EWIE.
0 seloy 0 JRrd

We notice that [pa|z[Pue(dz) < [o [7]5%du(y) < +oo. Gronwall’s inequality and the
assumptions on (¢, W) conclude the proof. O
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We call

D Pp(Rd X CT) X Pp(CT) — Pp(CT)

(2.5) (L(C, W), 1) = L(YH) = (SM)%L(CW),

the push forward of a probability measure £(¢, W) under the solution map S* defined in

23).
Note that X uniquely solves the McKean-Vlasov equation (2.1)) with input (¢, W), if and
only if £(X) is a fixed point of ®(L({, W), ):

e if X solves , then, by uniqueness for fixed u = £(X), X = SEX (¢, W)
P-a.s. and so £(X) is a fixed point of ®(L(¢, W), );

e conversely, if “&W) is a fixed point of ®(L(¢,W),:), then X = S"E(C’M(C, W)
has finite p-moment and solves .

Hence existence and uniqueness for (2.1)) in Theorem [7| follow from existence and unique-
ness for fixed points of W) for any law L(¢, W).

For this reason, the main ingredient in the proof of Theorem [7] is the following general
proposition, a version of the contraction principle with parameters. The proof is postponed
to the appendix.

Proposition 6. Let (E,dg) and (F,dr) be two complete metric spaces. Consider a func-
tion ® : F' x E — E with the following properties:

1) (uniform Lipschitz continuity) there exists L > 0 such that
dp(®(Q, P), ®(Q', P")) < L [dp(P, P') +dr(Q,Q")] .

2) (contraction) There exist a constant 0 < ¢ < 1 and a natural number k € N such
that

dp((®9)*(P), (29)*(P")) < cdp(P,P') ¥Q € F, YP,P' € E,
with ®9(P) := &(Q, P).
Then for every Q € F' there exists a unique Pg € E such that
(@, Po) = Fo.
Moreover,
(2.6) vQ,Q € F, dp(Pg, Py) < Cdr(Q,Q"),
where C := (Zle Li) (1—c)~ L
We give now the main result, from which most of the applications follow. It states well-

posedness of the generalized McKean-Vlasov equation and Lipschitz continuity with re-
spect to the driving signal.

Theorem 7. Let T > 0 be fized and let p € [1,00), assume Assumption .

(i) For every input (¢, W) € LP(R? x Cr), the map OLCEW) has a unique fized point,
LW
1
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(ii) The map that associates the law of the inputs to the fized point, namely

v Pp(RdXCT) — PP(CT)

(2.7) , o

is well-defined and Lipschitz continuous.

(iii) For every input (¢, W), there exists a unique solution X to the generalized McKean-
Vlasov , given by X = SYECW) (¢ W).

(w) There exists a constant C = C(p,T,b) > 0 such that: for every two inputs (¢, W?),
i = 1,2 (defined possibly on different probability spaces) with finite p-moments, the
following is satisfied

Wer p(L(X1), L(X?)) < CWharep (LW, L(C,W?)).

In particular, the law of a solution X depends only on the law of ((,W).

Proof. The result follows from Proposition @, applied to the spaces E := P,(Cr), F =
Pp(R? x Cr) and the map ® defined in (2.5)), provided we verify conditions 1) and 2).

Let now p € E be fixed, let v! and v2 be in P,(R? x Cr) and let m be an optimal plan on
(R% x Cr)? for these two measures. We call optimal plan a measure m that satisfies the
minimum in the Wasserstein distance, see (B.I). On the probability space (R x Cr)?,m),
we call ¢!, W the r.v. defined by the canonical projections and Y* = S#(¢', W) the
solution to equation (2.2 with input (¢?, W*%). By definition of the Wasserstein metric, we
have that

Werp(P(h, 1), @12, 1)) = Wor p (LY, LIY?))P < CpEn Y = Y22
The right hand side can be estimated using the equation,

Enl[Y' = Y22 SCoEm[C" — P + CpEn|W! = W22 1
T
+ Kbcp/ En|[Y! — Y25, dt.
0
Using Gronwall’s inequality we obtain

Worp(LY), LY?)P <Cpe 50 (B[t = CIP + En|W' = WL, 1)
(28) :EW]RdXC’T,p(Vla Vz)pv

where L := CpeTKbCP.

Let now (¢, W) be fixed with law v := £(¢,W). Consider pu!, y2 € E and call S*', for
i = 1,2, the corresponding solution map as defined in (2.3]) (driven by the initial datum ¢
and the path W). Let ¢ € [0,T] be fixed. Using equation (2.2)) again, we get that

t
/ 157" (0, 7) — S (0, 7) |24 di(0,7) < KpCh / We (10,65 12][0.4)Pds
RdxCT 0

t
Sy [ [ 0) = 8 (20,7) e bl )i
0 RdXCT
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We deduce by the definition of ®” := ®(v,-) and Wasserstein distance and applying
Gronwall’s lemma that

1% 14 2
We, p(® (1)]j0,4, P (4% ljo,)" < / 1% (20, 7) — S*" (20, 7) |y dv(0,7)
RexCp
t
(2.9) g@mﬁm%évwwwwwwmwww

Taking ¢t =T, we have that

(2.10) W (@ (1), 0¥ (12))? < DWW (1, 1)

With estimates (2.8]) and (2.10)) we have shown that ® satisfies 1).

To prove 2), we reiterate k times the application ®” and we use (2.9) to obtain

_ T tr to
WCT7P(((I>V)k(M1)7 ((I)V)k(NQ))p SLk/O /0 e 0 Wctpp(:ulh(),tl]vN2|[O,t1])pdtl ce dtk

5 T tr to
SLkWCTm(MI, ,UQ)p/O /0 s ; dty...dtg

(TL)¥
= k! WCT7p(M17N2)p~
By choosing k£ > 0 large enough, we have that ¢ := (T,ﬁ)k < 1. This shows point 2) and
concludes the proof. O

If the driving process is progressively measurable, then so is the solution:

Proposition 8. Let (F;)i>0 be a right-continuous, complete filtration on (2, A,P) such
that ¢ is Fo-measurable and W is (F;)i>0-progressively measurable. Then the solution X
to (2.1) is also (Fi)e>0-progressively measurable.

Proof. The proof is classical. Fix ¢ in [0, T, then, P-a.e., the restriction X|jg = X|j4(w)
on [0,1] of the solution X also solves (2.2)) on [0,?] with inputs ¢ and Wiy (restriction
of W on [0,?]) and input measure jj 4 (pushforward of 1 = £(X) by the restriction on

0,4]). Therefore X |jg.1(w) = S (¢, W]g). Since S/ is B(RY) @ B(C;)-measurable
and ¢ and W4 are Fi-measurable, also X, is Fi-measurable, in particular X|p is
Fir-measurable. Hence X is adapted and therefore progressively measurable by continuity
of its paths. O

2.1. Weak continuity. In this note we are generally interested in proving quantitative
convergence in the Wasserstein distance. However, one can show that the law of the
solution of the mean field equation is continuous in the weak topology of measures,
with respect to the law of the inputs, in the spirit of [40].

Assumption 9. Given a Polish space (E,d), we endow the space P(E) with a metric g,
with the following properties

(i) The metric Ilg is complete and metrizes the weak convergence of measures.
(it) For any two random variables X, X' : Q — E, we have

He(L(X),L(X") <Ed(X, X').
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Remark 10. Let Lip; be the space of bounded and Lipschitz functions on E, as defined in
Section [[L1l Define the Kantorovich-Rubinstein metric as

() = sup [ g —v),
peLip, JE

This metric satisfies Assumption [9] Note that [9] (i)] follows from [8, Theorem 8.3.2 and

Theorem 8.9.4]

For the drift we assume the following.

Assumption 11. The drift b : [0,T] x R? x P(R?) — R? is a measurable function and
there exists a constant K such that,

e (Lipschitz continuity)
b(t, @, 1) = b(t, 2’ 1) < K (o — 2’| + Tga(p, 1)) ,
vt € [0,T),z,2" € RY, p, ! € P(RY).
e (boundedness)
[b(t, z, p)| < K,
vt €[0,T),z € RY u € P(RY).
Remark 12. Assume that there exists a function B : R x R — R? such that there exists
a constant C' > 0,
B <C. 1B(e) = B < (\:c —d+ly—yl), Vol R,
and the drift satisfies b(t, z, u) fRd w(dy). Then b satisfies Assumptions with
= 3C'. This is the case treated in [40]
Lemma 13. Given v € P(R? x Cr), the solution map

SY . RdXCT — CT

2.11
( ) (x()v'.Y) — SV(;UOa’Y))
to the ODE
t
(2.12) xp = x0 + / b(s, zs, (xs)pv)ds + Y.
0

1s well defined.

Proof. We prove the lemma by iteration. For a fixed xg,y € RY x Cp, define ¥ := x¢ + v,
and 27! defined implicitly as 27! = 20 + f(f b(s, 2L, (%) 4v)ds + . Clearly, for every
n e N the function (zg,y) — z" is well defined and measurable.

We compute the following, for ¢ € [0,7], using Assumption Gronwall’s Lemma and

Assumption |9 (ii)|

t t
|z — 2Pt < KeKt/O e (22 ) pv, (27) gr)ds < KeKt/ /Rd . |zt — 27| dvds.
xXCr

Iterating this inequality down to n = 0, we obtain that there exists a positive constant
C(T, K), independent of n, such that
c(T,K)"

1
oy — 2] < S
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Hence, we have that, for every zg,7 € R? x Cr, the sequence (2" (z9,7))n>0 is Cauchy in
(Cr, | loo)- Indeed, for € > 0, there exists m > 0 big enough, such that for every n > m,

n—1 00 .
o O(T, K)
|l — 2|00 < Z 28 — 2o < Z 71.’! <€
1=m =m

We call z(zg,v) € Cr its limit as n — oo. The pointwise limit of Borel measurable
functions is measurable, hence (zg,7) — z is also measurable and (z,)4v is well-defined.
We can thus pass to the limit in equation (2.12)) to show that x is a solution to it.

To prove uniqueness, let x and y be two solutions with the same inputs g, and v. As
before, we can compute, for t € [0, 7],

t
|xy — | < KeKt/ / |zs — ys|dvds.
0 RdXCT

Integrating in dv(v) and applying Gronwall’s lemma we get that the righ hand side van-
ishes. Hence, x and y are the same for all ¢t € [0,7] and v € Cr. O

Lemma 14. The function

v (P(RdXCT)aanXCT) - (P(CT)vnc'T)

21 v - ()

is continuous. By Assumption |9 (i), this is equivalent to continuity with respect to the
topology induced by the weak convergence of measures.

Proof. Let (v")p>0 C PR? x Cr) be a sequence of probability measures that converges
weakly to v € P(R? x Cr). From Skohorokhod representation theorem, there exists a
probability space (2, 4,P) and a sequence ((",W") : @ — R? x Cr of random variables
distributed as ™ that converges almost surely to a random variable (¢, W) distributed as
v.

Let X™ := S¥"(¢", W"). By definition, p" := £(X™) = ¥(v") and X" solves the following
SDE in the sense of Definition

t
X =" +/ b(s, X7, L(X]))ds + W,
0

It is easy to check that the random variables X™ are equicontinuous and equibounded
and deduce that the family p” is tight in C7. With an abuse of notation, assume that
(u™)n>0 is a subsequence that converges weakly to some p € P(Cr), and (X"),>0 such
that £(X"™) = p". By using the equation, one can check that (X" (w))n>0 is a Cauchy
sequence in Cr for P — a.e. w. Let X be the almost sure limit of X", as n — oco. Clearly,
p" converges weakly to £(X), hence £(X) = u. Passing to the limit in the equation, we
can see that y = £(X) = ¥(v). This concludes the proof. O

2.2. Cadlag drivers. In this section we follow the same reasoning as Section [2.1] to study
the case when the drivers are discontinuous processes in (Dr, o). We first set some notation
and recall some results about cadlag functions.

Given t € [0,T], the projection 7; is defined, analogously to the continuous case, as the
function 7; : Dy — R as m;(y) := ().
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Definition 15. For a function v € D, we define its cadlag modulus as a function of
d€(0,1),

§) = inf
wy(8) = in e ti_lilslgm,- Vst

where the infimum is taken over all the partitions II with mash size bigger than é.

Then we have the following lemma, from [7, equation (13.3)].

Lemma 16. Let (v"),>0 C P(Dr) be a sequence of probability measures converging weakly
to v € P(Dr), then there exists a set T,, C [0,T] of full Lebesgue measure (actually TS is
at most countable) such that v}’ converges weakly to vy, for allt € T,.

Given a Polish space (E,d), we use once again the notation IIg to denote a distance on
P(E) that satisfies Assumption [9]

For the drift we assume the following.

Assumption 17. The drift b : R x P(R%) — R? is a measurable function and there exists
a constant K such that,

e (Lipschitz continuity)
e ) — ', )] < K (|2 — o/ + gl )
Vo, 2’ € R, p, 1’ € P(RY).

e (boundedness)
[b(x, )] < K,
Vr € R4, i€ P(RY).

Remark 18. The function b defined in Remark [12] also satisfies Assumptions

2.2.1. Well-posedness and continuity. We have the following results, analogously to Sec-

tion 211
Lemma 19. Let b satisfy Assumptions . Given v € P(R? x D7), the solution map
S”: RYx Dp — Dr

2.14
( ) (IEO/Y) = SV(anr)/)a
to the ODE
t
(2.15) Ty = T + / b(zs, (xs)gv)ds + V.
0

1s well defined.

Proof. The proof of this lemma follows exactly the proof of Lemma We define the
sequence (2")neny C Dr and show that it is a Cauchy sequence in the uniform norm || - |-
By taking A(t) = ¢ in the definition of o, equation , one notices immediately that o
is bounded by the distance induced by || - ||oc. Hence, (z")pen is a Cauchy sequence in o
and the conclusion follows as in Lemma 13 g
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Lemma 20. The function

U: (P(R?x Dr),Mgayp,) — (P(Dr),1p;)

(2.16) y . (5%) 41,

s continuous. By assumption, this is equivalent to continuity with respect to the topology
nduced by the weak convergence of measures.

Proof. Let (v™")n>0 C P(R? x Dr) be a sequence of probability measure that converges
weakly to v € P(Rd x D). From Skohorokhod representation theorem, there exists a
probability space (€2, 4, P) and a sequence (", W") : Q — R? x Dy, for n > 0, of random
variables distributed as v™ which converges almost surely to a random variable ({, W)
distributed as v.

Let X" := SV"(¢", W"). By definition, u" := £(X™) = ¥(v") and X" solves the following
SDE pathwise,

t
X ="+ / (XD, L(X]))ds + W]
0

By construction, the laws of W™ are tight. Equivalently, by |7, Theorem 13.2], they satisfy

(2.17) lim limsup P{||[W"||c > a} =0,
=30 p—oo
(2.18) Ve > 0, lim lim sup P{wyn (0) > €} = 0.

It follows from Assumption [L7]that the random variables X" also satisfy (2.17)) and (2.18)).

Thus, we deduce that the family " is tight in P(R? x Dr).

With an abuse of notation, assume that (1"),>0 is a subsequence that converges weakly

to some p € P(Dr), and (X™),>0 such that £(X"™) = p”. By using the equation, we now

check that (X" (w))n>0 is a Cauchy sequence in (Dr, o) for P — a.e. w.

First observe that Lemmaand Lebesgue dominated convergence imply that fOT Mga(p?, ps)ds —
0, as n — oo. Hence (1" )nen C LY([0,T], P(R?)) is a Cauchy sequence. Let now Q0 C Q

be a set of full measure such that (¢"(w), W"(w)) — (((w), W(w)), for all w € QY as

n — oo.

Fix w € Q9 € > 0 there exists N > 0, such that for all m,n > N, we have

T
o(W"(w), WM(w)) <€ [¢"(w) = ¢"(w)] <¢ /O ga(pg, pg')ds < e.

Moreover, since the sequence (W"(w)) converges, it is pre-compact in Dp. It follows
from |7, Theorem 12.3] that
(2.19) lim sup w(W"(w),0) = 0.

6—0 pn
It follows from Assumption [17| that |XT,(w)| < W2 (w)| + K|t — s|, for all ¢,s € [0,T]
and n € N. Hence, one can replace W" with X™ in (2.19). We omit now the dependence
of the random variables from w. There exists > 0, such that for every 0 < ¢ < 4,
sup,, w(X™",d) < e. We can choose § = € A §, and A := A\(w, d, m, n) such that

(2.20) I+ [[W" = WMo Moo <0 <€
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It follows from [7, equation (12.17)] that, for all ¢ € [0, 7],
M-t <M —1<ed—1a04,

Hence, for any ¢t € [0,7] and for any partition II of [0, 7] of mesh size bigger than § we
find at most one point of the partition between ¢ and A, which gives

[X™ — X™ o0 Moo < 2w(X™,6) < 2supw(X"™,§) < 2e.
n

We note that, for all ¢ € [0, T,

A A
/ ds
At Vi
where the last inequality follows from |7, equation (12.17)]. We can thus compute the
following, for ¢ € [0,T7,
At At
/ ds
At Vit

T T
<K (M — 1)+K/ HRd(p;‘,u;”)ds%—K/ X7~ X ds
0 0

<A —t < el — 1,

t At At At
] [ oxzmas = [ e | <x [ bOa ) — b s
0 0 0

T
<K (M —1) + Ke+ K/ | X7 — (X™ o \)|ds
0
T
+K/ X7 (X™ 0 \)s|ds
0

T
S/Le—f—/ | X7 — (X™ o N)slds
0

From which we deduce
t At
XP = (X™ 0 A IC™ — €[ 4 (W — (W™ o A)y| + ’ [ voxzas =[x s
0 0

T
et [Wh WMo +/ X7 (X™ o0 \)|ds
0

We add ||A|| on both sides, apply Gronwall’s Lemma and inequality (2.20)) to obtain
o(X"(w), X™(w)) < C(T, K)e.
Hence, we have that X"(w) is a Cauchy sequence in (Dr, o), for w € Q0.

Let X be the almost sure limit of X", as n — oco. The laws p™ converge weakly to £(X),
hence £(X) = p. Passing to the limit in the equation, we can see that p = £(X) = U(v).
This concludes the proof. (]

3. APPLICATIONS

3.1. Particle approximation. In this section we show how the results in Section [2] yield
a convergence result for a particle system associated with the McKean-Vlasov equation.
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Given inputs ¢ and W (on a probability space (2, .4,P)), we consider the following
McKean-Vlasov equation

(3.1) { dX; = b(t, X¢, L(Xy))dt + dW;

Xo=C.

To this, given N € N, we associate the corresponding interacting particle system (on a
probability space (Q2,.4,P)),

dX;N = o(t, XN, L SN 6w )dt + dWN,
XN = ¢, t

with given input

(3.2) i=1,...,N

(C(N)aW(N)) -0 = (Rd % CT)N
w = (N (W), W (w))1<i<n.

For a given N € N and an N-dimensional vector Y (V) = (Y ... | Y'V) with entries in a
Polish space E, we define the empirical measure associated with Y&V) as

N
LNy W) .:i Suri
(YN . NZ vi.
=1

As pointed out in the introduction, the main argument of Cass-Lyons/Tanaka approach is
that the particle system can be interpreted as the limiting McKean-Vlasov equation
by using a transformation of the probability space and the input data. The main
result Theorem [7] not only implies well-posedness of both McKean-Vlasov and particle
approximation, but also allows to deduce convergence of the particle system from conver-
gence of the corresponding signals, something which is usually easy to verify, for example,
if the signals are empirical measures of independent noises.

Now we show how to interpret equations and as generalized McKean-Vlasov

equation (2.1). Clearly (3.1) is (2.1) with inputs ¢ and W. For (3.2)), for fixed N € N,
we consider the space (Qn, An,Py), where Qn := {1,...,N}, Ay = 2ON and Py =

% Zf\;l 6;. On this space, we can identify any N-uple Y(V) = (Y1 ... YN) € EN, asa
random variable Qy 3 i — Y* € E. With this identification, the law of Y) on Qg is
precisely the empirical measure associated with Y), namely LY (Y(N )). Indeed, for each
continuous and bounded function ¢ on E, we have

N
B, [p(V )] = 32 Lo(v) = LN (r ™) g).
=1

We assume that (¢V)(w), W) (w)) is valued in (R? x C7)N for every N and for every
w e Q. We fix w € Q and N and we apply the previous argument to the N-uples

(M, W) (@) = (N W) (@), (YN, ) (W),
XM (W) = (XN (W),..., XNV (w)).

For fixed w € Q, the law of (M) (w), W™ (w)) on Qy is the empirical measure LY (¢(M), WN))(w)
and the law of X(V)(w) on Qy is the empirical measure LY (X ))(w), which appears ex-
actly in (3.2), projected at time t. Hence, for fixed w in 2, the interacting particle system
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(3.2)) is the generalized McKean-Vlasov equation ({2.1]), defined on the space (Qn, Anx,Pn)
and driven by the empirical measure L (¢V), W V) (w).

We are ready to apply Theorem|[7]to obtain the following result, which ties the convergence
of the particles to the convergence of the inputs. An immediate consequence is that the
empirical measure of the particle system converges if the input converges: no independence
or exchangeability are required.

Theorem 21. Let p € [1,00) and assume . Let (Q, A, P) be a probability space. For
a fivzed N € N, let ((MV), W)Y = (N Wol)cien = Q = (R x Cr)N be a family of
random variables. Let { € LP(Q,RY) and W € LP(Q,Cr). Then,

i for every w € Q, there exists a unique pathwise solution XN)(w) in the sense of
Definition @ to the interacting particle system . Moreover, w — XW) (w) is
A-measurable.

ii there exists a unique pathwise solution X in the sense of Definition @ to equation

B1).

114 there exists a constant C depending on b such that for all N > 1, for P-a.e. w € (1,
(3:3)  Werp(LN (XM (), LX) < CWrarey p (LN (N (w), W (@), LG W))P.

Proof. Let N € N. Fix w € Q, we apply Theorem [7]in the following setting
Q5 AP == (v, An, Pr), (LI () = (Y (w), W (),

(02, A% P?) = (Q, A P), (3 W) :=((,W).

The finite p-moment condition is satisfied by ({, W) by assumption and also by (¢(™) (w), WV (w)),
since

1 WY @I gy =Bpy [|<<N><w>|P+r\vv(N)(w)Wgo}
wa W+ Zuwz )5, < +oo.

Since the assumptions on the drift b are also satisfied, Theorem [7] establishes the existence
of solutions X*(w) =: X" (w) and X2 =: X. Moreover the map ¥ is continuous, hence
w s LV (XM)(w) is A—measurable which makes XM (w) = S EIN@) (¢ (w), W<N> (w))
measurable. This gives ({il) and ( . Theorem also gives exactly the inequality in
The proof is complete. D

Remark 22. We stress out that, when looking at the particle system, we are applying
Theorem [7| on the discrete space, for a fixed w, and the law that appears on the drift is
the empirical measure at fixed w.

Remark 23. In the proof of point [iii] of Theorem 21} we can actually get the bound for every
w if we use the pathwise solution XM (w) (in the sense of Definition , as this satisfies
for every w. However, the “P-a.s.” is required when dealing with a solution to the
interacting particle system in the usual probabilistic sense, where is required
to hold only P-a.s..
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3.2. Classical mean field limit. Now we specialize the previous result in the case of
i.i.d. inputs, recovering the classical result by Sznitman [38]:

Corollary 24. Given a filtered probability space (2, A, (Ft)i>0,P) (with the standard as-
sumptions) and p € (1,00) let (¢V)i>1 C LP(Q,RY), be a family of i.i.d. random variables
which are Fo-measurable and (W%);>1 be a family of independent adapted Brownian mo-
tions. Moreover, let ((,W) € LP(Q,R? x Cr) be an independent copy of (C',W?'). Then
the solutions XN) and X to the interacting particles system and the McKean-Viasov
SDE , respectively, given by Theorem are progressively measurable and we have
the following convergence

(3.4) LN(XWM) X £(X), P-—as.

Remark 25. The classical case when b is a convolution with a regular kernel, say b(¢, z, u) =
(K * pu)(z), is treated here, as b in this case satisfies the assumption of Theorem

Proof of Corollary[2]]. Progressive measurability for the particle system (3.2]) follows from
7| (i1)) of Theorem [7| and is a consequence of Proposition 8| for the McKean-Vlasov SDE
3.1)).

We prove now the convergence. First recall that Theorem and in particular inequality
(3.3), applies in this case. Hence, if we can prove that the right-hand-side of (3.3)) goes to
zero, we have the desired convergence (3.4]).

Hence, by Lemma we deduce the convergence in p’~-Wasserstein, for every p’ € (1,p).
This is the convergence of the right-hand-side of (3.3)). The proof is complete. 0

3.3. Mean field with common noise. In this section we study a system of interacting
particles with common noise. We consider the following system on the space (£, .4, P),
X;,N)dt + dW} + dB;

(3.5)

6, N __ i,N 1 N
{dXZ = bt X § Lz i=1,...,N

xpN =

Here (Ci)izl,._,, N C LP(Q,R%) is a family of i.i.d. random variables. This system repre-
sents N interacting particles where each particle is subject to the interaction with the
others as well as some randomness. There are two sources of randomness, one which acts
independently on each particle and is represented by the independent family of identi-
cally distributed random variables W) = (W?);<;<x C LP(Q,Cr). The second source
of randomness is the same for each particle and is represented by the random variable
B € L?(Q, Cr), which is assumed to be independent from the W*. Usually W' and B are
Brownian motions, but it is not necessary to assume it here. The Brownian motion case
was considered in [12].

Our aim is to prove that the empirical measure associate to the system converges, as
N — o0, to the conditional law, given B, of the solution of the following McKean-Vlasov
SDE

dXt = b(t, Xt, ﬁ(XAB))dt + th + dB;
(3.6) T
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Here ( is a random variable on R% and W is random variables on Cp distributed as ¢! and
W respectively. We denote by £(X|B) the conditional law of X given B. Our result is
the following.

Corollary 26. Let p € [1,00), p € (p,00), and assume . Let (Q, A,P) be a probability
space. On this space we consider independent families (V) = ((N1<i<n C ¥ (Q,RY),
W) = (Wi)icicy € LP(Q,Cr) of i.i.d. random variables. Let ¢ be distributed as ¢*N
and let W be distributed as WY and independent of (. Moreover, assume that B €
LP(Q, C7) is a random variable independent from the others. Then there exists a solution
XN e Lp(Q, (Cp)N) to equation and a solution X € LP(Q,Cr) to equation (3.6).
Moreover, we have

Werp (LN(X(N))»ﬁ(XB)) — 0, P—a.s as N — cc.

Proof. Since B is independent from the other variables, we can assume, without loss of
generality, that our probability space is of the form (Q, A, P) := (A x V' A® A, P P),
that the random variables (¢, , W* and W are defined on a space (£2, A, P) and the random
variable B is defined on the space (', A", ).

For a fixed path 8 € Cr, we consider the modified inputs, on (Q, 4, P), W8 .= Wi + 3
and W8 .= W + 3. Let X8 (respectively Xﬂ) be the solution to equation
(resp. equation ) with input (¢V), W)Y (resp. ¢, W?) given by Theorem The
Lipschitz bound in Theorem and the independence of ¢* and W*?, via Lemma
imply that, for P-a.e. w,

Wer p(LY (XP (), £(X7)) = 0.

Now we build the solution X and XN resp. to (3.6) and to (3.5). We claim that the
maps

QxCr 3B — XPw) eCr, QxCr3w,A)— XMHL)

have versions that are jointly measurable and, for such versions, we define X (w,w’) =
XB@)(w) and XM (w,w') = XW):BW) (). Note that, by the definition of X B, for every
fixed ' € @, we have P-a.s.

dX P = (1, XPD, Lp(XPE))dt + AW, + dBy(),

where the law is taken with respect to the space (©, A,P). But the independence of B
from the other variables implies that, P-a.s.,

Lp(XP) = Lpgp (XP|B).

Hence X is a solution to equation (3.6]) on the product space €2 x Q. Similarly X is a
solution to (3.5) on Q x €. Therefore we have, for P-a.e. (w,w’),

Werp (IN (X)) (w,), (X B)W)) = Wor p (LY (XV)(w), £(X7)) |s=pry— 0,

which is the desired convergence.
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It remains to prove the measurability claim on X B and X8 We prove it for X8 the
proof for X being analogous. Recall the notation in Section [2/ and note that the following
maps are Borel measurable

Fl : PP(CT) X Rd X CT > (/.L,l’o,’}/) = Su(x()ar}/) S CT7
Fy: Pp(RY x Cr) x C 3 (v, B) = (- + (0, B)) v € Pp(Cr),

(where -+ (0, 8) is the map on R% x Cr defined by (x,v) + (0, 3) = (x,v+3)). Indeed, F}
is continuous (because the solution of depends continuously on the drift, the initial
data and the signal), F} is also Lipschitz-continuous (indeed, for any (3,v) and (8',v/), if
m is an optimal plan between v and v/, then ((- + (0,5),- + (0, 8"))4m is an admissible
plan between Fy(83,v) and Fy(3',v') and standard bounds give the Lipschitz property).
Moreover let ¥ the map defined in . It is continuous, hence measurable. Now we can
write, for every g in Crp, for every i =1,... N,

XOOH(0) = F(B(B(LN (¢ (@), W), 8)). ¢ (@), W) + B), P—as

and the right-hand side above is composition of measurable maps, hence measurable.
Therefore the right-hand side is a measurable version of X V)-8, The proof is complete. [

3.4. Heterogeneous mean field. As a further application of Theorem [2I] we want to
consider the case of heterogeneous mean field. We will show the convergence even when
the drivers are not identically distributed. This applies in particular to the results of the
physical system studied in [23] as was discussed in the introduction. In that model, it is
assumed that the state of each particle is influenced by its radius. Particle ¢ has a radius
r?, which is deterministic, and it is known that the radii are distributed according to a
distribution A. We allow here for the radii to be stochastic and not necessarily identically
distributed, but still independent. Moreover, we will assume the volume to change in time.

Heterogeneous mean field systems appear also in other contexts, see for example (among
many others) [41], [11], which work with semimartingale inputs and use a coupling a la
Sznitman [38].

On the probability space (Q,.4,P), we consider a family (¢(N), W) = (¢, Wh)>1 C
LP(Q,R? x Cp(R%)). This family is taken i.i.d.
In addition, for each N € N, we consider a family R™Y) = (R*N),<;«y € LP(Cp(R™M)N).

We construct the following interacting particle system

(3.7) { ax;™ = v, XN, RPN, LN (XN, RO dt + awy

XN =
We call this an heterogeneous particle system because the particles are not exchangeable
anymore, if the R®Y are not exchangeable.

We assume that the R%" are independent of the ¢* and WW* and that there exists a measure
A € Pp(Cr(R™)) such that

LR (w) 2\, P—as.
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and actually in p’-Wasserstein distance for p’ > p. We also consider the following mean
field equation (on a probability space (€2,.4,P)):

dX; = b(t, Xy, Ry, L( Xy, Ry))dt + dW;
(3.8) Xo=¢

where ¢, W and R are independent random variables distributed resp. as ¢!, W* and \.
The following result is a corollary of Theorem We also use Lemma 28 and Lemma
to deal with the convergence of the input data.

Corollary 27. Letp € [1,00), p’ € (p,o0). Assume that b : [0, T] x R x P,(RT*") — R?
1s a measurable function and there exists a constant K; such that,

‘b(ta Ly :U') - b(ta mla :u/)’p < Kb (‘x - x/’p + WRd+",p(/*L7 M/)p) ’

Yt € [0,T], 2" € RU™ 1y € Pp(RITM).

Let (2, A, P) be a probability space. On this space we consider independent families ¢V =
(¢D)is1 © L¥'(Q,RY), W(iV) = (W1 € LY (Q,Cr) of i.i.d. random variables. Let ¢ be
distributed as ¢t and let W be distributed as W' and independent of C. Moreover, assume
that RWN) = (RoN)1<i<n is a family of independent random variables in LP (Q,R") which
are independent from the others. If there is convergence of the heterogeneous part (in
p'-Wasserstein distance),

WCT(]Rn)’pl(LN(R(N)),E(R)) —0 P—as as N — oo,
then also the solution converges (in p-Wasserstein distance),

WCT(Rd+n)7p(LN(X(N),R(N)),ﬁ(X,R)) P—a.s. as N — oo,

Proof. We start by rewriting the system (3.7)) so that we can invoke Theorem We
change the state space of the system from R® to R? x R"™ and we define on this new space
the process Y;"" := (X", R*N). Clearly, X"V is a solution to system (B.7) if and only if

YN solves
) i,N N i
dYtZ’N — ( b(t, Y, 7LN(Y;( ))) )dt—i—d( Wy )

0 RN
i ¢’ )
Y, N — < iN |-
0 RO’

A similar transformation can be applied to the McKean-Vlasov equation to obtain that

Y, = (Xy, Ry) solves
0 Ry

(i)

In this setting the inputs satisfy the assumption of Theorem Hence, we obtain the
following inequality. Vw € 2,

WCT(Rd+”),p(LN(X(N)7 R(N))7 ‘C(Xv R) )p
< CWRdXCT(RdJF"),p(LN (g(N)’ R(N)a W(N))v ‘c(&? R7 W))p

(3.9)
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By Lemma 29| (with X; := (¢*V, W) and V; y := (R*") on the spaces E := R% x Cr
and F' := R"), LN(<(N),R ),W(N)) converges weakly to £(¢,R,W) P-a.s.. Now, for
every q with p < ¢ < p/, LN(C(N), W) converges in g-Wasserstein distance, P-a.s., by
Lemma [54{ and LY (R(N )) converges also in g-Wasserstein distance, P-a.s., by assumption.
In particular, P-a.s., LV (¢(N), RN) W) have uniformly (in N) bounded ¢-th moments.
Hence, by Lemma LN (¢ () gIN) (N )) converges also in p-Wasserstein distance, IP-
a.s., and so WCT(Rd+n)7p(LN(X(N), R, £(X, R)) tends to 0. The proof is complete. [

The following variant of the strong law of large numbers will be useful to prove Lemma

Lemma 28. Let (X;);>1 be a sequence of i.i.d. real-valued centered random variables and
let (Yin)i<i<n be an independent family of real-valued independent random variables.
Moreover, assume that there exists C' > 0 such that

1XillLawy <€, IYinllpawy <C, Vi, N > 1.

Then,
1 N
SN .= N ZXiYi,N —0, P-—a.s

Proof. We first establish a bound on the fourth moment of the empirical sum SV .

C

BISYY b 3 B [ E Y]+ 3 B () (X2 [V E Vi) < .

i=1 ij=1
Only those two terms in the sum do not vanish, because the X;’s are centered. The
constant C' depends on the upper bounds of the random variables. Let p < %,

1
R N
Exn —{|S ’>Np}

Using Chebychev inequality, we have the following

oo oo o0
S P{EN} <> N¥E[SV]<C ) N2
N=1 N=1 N=1
For our choice of p, we have convergence of the series. Borel Cantelli’s Lemma implies
that
P{limsup BV} =0,
N—oo

which in turn implies almost sure convergence of S . O

Lemma 29. Letp € [1,00) be fized. Let (X;)i>1 be a sequence of i.i.d. random variables on
a space (2, A,P) taking values in a Polish space E, with law p € Pp(E). Let (Y; N)i1<i<N
be another sequence of random wariables taking values on a Polish space F, which is
independent from (X;)i>1. Assume that there exists a probability measure A € P,(F') such
that

(3.10) Ny ) Z(Syz v, Poas



26 MICHELE COGHI, JEAN-DOMINIQUE DEUSCHEL, PETER K. FRIZ, MARIO MAURELLI

Then,
INXM vy 2@ N, P— as.

Proof. Since (X;);>1 are a sequence of i.i.d. random variables, there exists a set of full
measure Q% C Q, such that LV (XN (w)) 2 pu, for every w € Q. Weak convergence
implies tightness of the sequence (LY(X®))(w)), thus, for every e > 0, there exists a
compact set E¥ C I, such that

INXM@W)(BE)) < 5, we Q.
In a similar way, there exists a set of full measure QY C ) such that for every € > 0 there

exists a compact F® C F that satisfies LV (Y™ (w))((F¥)°) < &, w € QY. For every

w e Q"N QOY, we can consider the compact K = E¥ x F C E x F and compute the
following

LY (XM (w), Y (@) (K)%) < LN (XM ) (B2)) + LYY M ) (F)) < e

We have thus shown that the sequence LN (X®) Y (V) is almost surely tight. With an
abuse of notation, we call LY a converging subsequence and we take a continuous and
bounded test function of the form ¢(z,y) := p1(x)p2(y) on E x F. We compute the
following

LX) YY)~ (n () = 3 (o) %)~ [ @it
N ’ E

+ Jbé/Egol(x)du(m) [902(Yiw) - /FSOQ(?J)CD\(Q)] :

The first term on the right hand side converges to zero thanks to Lemma 28] since the term
in the brackets is a collection of bounded centered i.i.d. random variables. The second
term on the right-hand side converges by assumption (3.10]). U

Remark 30. The same result Corollary holds actually in a slightly different context
of heterogeneous noises, namely when, in equation , the noise dW} in equation is
replaced by d[o(R;)W{] and, in equation (3.8)), the noise dW is replaced by d[o(R})W/],
for a continuous bounded function ¢ : R — R. Indeed, one can repeat the proof of
Corollary 27| replacing the noise in equation by

d o(RyM YW}
RAN

and similarly for corresponding McKean-Vlasov SDE, and one gets
WCT(]R‘Z"'”),p(LN (X(N)a R(N))7 E(Xv R))p
< CWRdXC’T(RdJF”),p(LN(C(N)a R(N)7 [U(R)W](N))v E(&? R7 [U(R)W]))p

Then one notes that (o(R*M)W? R“N) is a continuous function of (W%, R*Y)  hence,
since LN (¢V), RIN) W (N)) converges weakly P-a.s., then also LY (¢V), RM) | [o(R)W]WV))
converges weakly P-a.s.. Moreover, the convergence in ¢-Wasserstein distance, for p <
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q < ', of LN W)y and of LN(R™) and the boundedness of o imply the P-
a.s. uniform (in N) bound on the g-th moments of LY (¢N), RN [o(R)W]N)). Hence
LN (¢ RN [o(RYW]N)) converges also in p-Wasserstein distance P-a.s..

4. LARGE DEVIATIONS

In this section we assume that the driving paths W of equation (2.1]) live on the space
Cr,0 of continuous functions starting at 0. The results of Sections [2| and [3| apply also in
this case.

Let p € [1,00). Let b: [0,7] x R? x P,(RY) — R? be a drift as before and such that it
satisfies [l

As in Section 2| we define the function
D Pp(Rd X CT,O) X Pp(CT) — Pp(CT)
(L(¢, W), 1) = LX) = (S*)gL(C W),

where S* is the solution map of ODE (2.4)), as defined in (2.3)), with R? x Cr ¢ instead of
R? x Cr as a domain. Similarly, we consider the map ¥ defined as in (2.7)), replacing Cr
with Crp.

We introduce, for every p in P,(Cr), the map

(4.1) ffCraym— <70,7. — —/ b(s,%,,us)ds> e RY x Cryp.
0

Note that f#* = (S#)~1 and f* is continuous, in particular measurable.

Lemma 31. Let T > 0 be fizred and let p € [1,00), assume . The function ¥ is a
bijection, with inverse given by W~1(u) = f;;u.

Proof. For every v in P,(R% x Cr) and 1 in P,(Cr), we have
(v, ) = (S*)yv = n if and only if v = fiyn.
In particular, with n = u, we get that ¥(v) = p if and only if v = f;,u,. Hence ¥ is

invertible, with inverse given by ¥~=1(u) = f;fé p (one can also show that ¥~ is continuous).
O

For N € N, let (¢(M, W) = ("N WiN)qien : Q — (R x Crg)Y be a family of
random variables. We consider the system of interacting particles on R% as defined in

(-2), namely

“2) { dXN = b(t, XoN | LN (XNY)dt + dw PN

i, IN i, N
X(’) = (",

with solution X() := (X*N),_; . y. We have seen in Section that we can define a
suitable probability space (Qx, An,Px), such that

1
Lpy (CV W)y = LN (M) ywN)y .= v > S winys
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and equation (2.1)) is exactly the interacting particle system ([.2)). Let ({, W) € LP(R? x
Cr,), we call X € LP(Cr) the solution to the related McKean-Vlasov equation (3.1]).

This construction shows that ¥ is a continuous function that maps the empirical measure
of the inputs into the empirical measure of the particles, namely

v <LN(C(N), W(N))> = LV(X™), VYN eN.

This suggests the following immediate application to the contraction principle for large
deviations.

Lemma 32. Let ((N) W) = (¢WN WV o,cn € LP(R? x Cry) be a sequence of
random variables and let I : Py(RYx Cr ) — [0, +00] be a lower semi-continuous function.
Assume that that LN (CN) W)Y satisfies a large deviations principle with (good) rate
function I, in the sense of Definition[]]

Let XV) = (Xi’N)i:L_,_,N be the solution to the interacting particle system (4.2)) with
inputs (¢, Wi’N),-:L“_,N. Then the empirical law LN(X(N)) satisfies a large deviations
principle with (good) rate function

J(p) =10~ () = I(fln), Vu € Pp(Cr).

Proof. We know that the function ¥ is a continuous function, we can thus apply the
contraction principle for large deviations which ensures that LY (X (N )) satisfies a large
deviations principle with rate function

J () := inf {I(V) |V € Py(RY x Crg),  W(v) = #} . e Py(Cr).
From the bijectivity of ¥, given by Lemma we deduce that

J(p) = 1O~ () = I(fln), n€ Pp(Cr).
0

Given a Polish space E, the relative entropy between two measures p, 1’ € pp( E) is defined
as
dp /
H(/J | /.L/) = fElog(dp’)d:u’a )% << ILLA7
+00, otherwise.

We can specialize Lemma to the case when the rate function of the inputs is the
entropy with respect to a specific measure. In this case we obtain an even more explicit
rate function for the convergence of the empirical measure of the particles.

Lemma 33. Let ((N), W) = (¢"N WiN)cicy + Q@ = (R? x Oro)N be a sequence
of random variables such that: There exists v € Pp(R x Cry) such that LN (¢NV), W)

satisfies a large deviations principle with good rate function
H(v|p), YveP,(Rx Cryp).
Let XWV) = (Xi’N)i:L_,_’N be the solution to the interacting particle system (4.2)) with

inputs (CVN  WNY),_y .. . Then the empirical law LN (XWN)) satisfies a large deviations
principle with good rate function

H(p| @@, 1), Vue€ Pp(Cr).
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Proof. We can apply Lemma to obtain that LY (X W )) satisfies a large deviations prin-
ciple with rate function

I(u) == HW™ (n) | 7), € Py(Cr).

We show now that H(U~!(u) | #) = H(u | ®(7,p1)). For this, note that, by Lemma
and by the definition of ®,

U ) = flp, 7= Lo, p).

Here f;; is a push-forward via a measurable map f* with measurable inverse S*. Hence,

by standard facts in measure theory, U=!(u) < ¥ if and only if u < ®(7, i), in which case
we have

dv—'(w) _  dp
dv  d®(v,p)

o S*.

Hence, in the case that U~!(u) is not absolutely continuous with respect to 7, we have
H(U Y (p) | #) = H(p | ®(7, 1)) = +oo. In the case that W~!(p) is absolutely continuous
with respect to v, we have

d¥ " (p)

—1
) o) = [ o B oy o [ ais0) < (| a(0.10),

The proof is complete. U

We will now apply Sanov’s Theorem to i.i.d. inputs. The case when the convergence
happens in the Wasserstein metric was proved in [42], and it requires an exponential
integrability assumption on the law of the inputs.

Theorem 34. Let (¢!, W%);>1 C LP(R? x C7p) be a sequence of i.i.d. random variables
with law v := L(¢', W1). Assume that there exists (z°,7°) € RY x Cr such that

log/ exp(A(j2 — 2] + |7 = 7°loc)P)d7(x, 7) < +00, VA > 0.
RdXCT’O

Let XWV) .= (Xi’N)i:L,_,’N be the solution to the interacting particle system (4.2) with
inputs (CN) W)Y .= (¢, W)—1... n. Then the empirical law LY (X)) satisfies a
large deviations principle with good rate function

H(p | @@, 1), Yy € Pp(Cr).

Proof. Sanov’s theorem, as in [42, Theorem 1.1], gives that the empirical measure LN(C(N), W(N))
satisfies a large deviations principle with good rate function

I(v)=H(v|7), YveP,(RYx Crp).

The proof then follows from Lemma O
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5. CENTRAL LIMIT THEOREM

In this section we study the fluctuations of the empirical measure around the limit. In
order to do so, we apply an abstract result of Tanaka. In its original paper [40], Tanaka
studied McKean-Vlasov stochastic differential equations with linear drift, here we show
how this can be also applied to more general drifts.

We restate now [40, Theorem 1.1]. Let E be a Polish space and M(E) (resp. P(E)) the
space of signed (resp. probability) measures on F. In this section, given a function f(x)
on E, we use the notation f(u) to denote [, f(z)du(z), for p € M(E).

Theorem 35 (Tanaka). Let f : E x P(E) — R be a bounded function such that there
extsts

f ExExPE) >R
such that

(i) f' is bounded.
(11) There ezists a constant C > 0 such that, for all p,v € Py(E),

sup |f,(‘ray7u) - f/(xaya l/)’ < WI%E(IUH V)'
z,yeE

(iii) for all z € E, p,v € P(E),
1
F (@, v) = fo ) = /0 F(@yv = i+ 0l — 1)) d6,

where we used the notation f'(x, p, ) = [ f'(x,y, n)p(dy), for p e M.

Assume that (X%);en is a sequence of independent and identically distributed random vari-
ables on E with distribution u. We define

1N
N (N) il
2 X - N Z: Xis
Y= \/N[f(uN,uN) — flp ),
where we used the notation f(v, u) fE v(dy).

Then, the probability distribution of YN converges to a Gaussian distribution with mean
0 and variance o2, where

7 = [ 17(oap) + £ o) — mPp(d)
E

m = [E @)+ F (@ o, )(dr).

Remark 36. We changed slightly the conditions, the proof of the Theorem is exactly the
same in this case as in [40].

The main idea behind Theorem |35|is that one needs to linearize the solution map with
respect to the measure. Hence, we introduce the following definition of differentiability
with respect to a probability measure.
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Definition 37. Let E be a Polish space. A function b : E x P,(E) — R? is said to have
a linear functional derivative if there exists a function:

b Ex E X Py(E) > (2,y, 1) = dub(x,y, n) € RY,

continuous for the product topology, such that, for any x € F and any bounded subset
I C Pp(E), the function y — 9,b(z, y, p) is at most of p-growth in y, uniformly in p € K,
and

1
b(x, 1) — bz, p) = / b, ' — pu, o+ Ol — p])do, Vo € RY, 1 € Pyp(RY).
0
We prove the central limit theorem under suitable differentiability assumptions on the drift
with respect to the measure argument. In this section we assume the following assumption.

Assumption 38. Let b: Py(R%) x RY — R? and K > 0, assume

(i) b differentiable in the spatial variable x with derivative 0;b.

(ii) b differentiable in the sense of Deﬁm’tz’on with derivative 0,,b.
(iit) Oub differentiable in the spatial variable y with derivative 0y0,,b.
() (uniform Lipschitz continuity) For all z,x',y,y" € RY, u, 1’ € Pp(RY),

(y1.2) — b 2")| < K (Wi (o t) + ).
102b(, ) = Oab(', 2)| < K (Wi p (1, 1) + |2 — 2[)
|0ub(p, 2, y) = b’ &',y )| < K (Wha p (1, 1) + |2 — 2| + ly = o)) ,
10y 0ub(p, ,y) — 8y 0ub(1, 7'y )| < K (Wra (s 1) + |z — 2’| + |y = /) -
(v) (uniform boundedness) For all z,y € R%, i € Pp(RY).
[b(, )], 102b(2, )], 10,0 2, ), [0y Oublp, )| < K.
Remark 39. Let f € C1(R?), and g € C}(R? x R? x RY; R?), then

b@w%:f@@wmﬁ=f<4

satisfies Assumption The standard, linear case is when f(z) = x and g(x,y,z2) =
9(@,y).

g9(z,y, z)u(dy)u(d2>)

dyRd

To significantly simplify the notation in this section, we assume without loss of generality
that all the particles start at 0 and we remove the dependence of the solution on the initial
condition. With the previous simplification, we have that, for u € Cp, the solution map
defined in is S(p,vy) = S* : Cr — Cp. Moreover, for p € [1,00), ¥ : P,(Cr) —
P,(Cr) is the fixed point map defined in (2.7)). We first look at the derivative of F(v,v) :=
S(¥(v),7) with respect to v, denoted F'(v,7,v). For f € B = Cy(Cr;R?), define

(Ae() )(7) := Oxb(Fi(v,v), ¥(v):) f(’Y)‘f‘/C 0y0ub(S(Fi(y,v), Fy(7,v), ¥ (¥)e) f(7) dv(7),

Gt(77 Vs V) = aub(Ft<7a V), Ft(:Ya V)? \Il(V)t)'
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The derivative F’ formally satisfies the following linear differential equation in the Banach
space B, with parameters v € Cr and v € P,(Cr),

d
(51) %Ftl(u;yﬂ/) :At(V)Ft/('aﬁ/’V)+Gt(‘7f7’y)7 Ft/’t:()zo7
It follows from Assumption that the linear operator A and the forcing term G are

bounded, uniformly in ¢, , v.

Lemma 40. Assume that b satisfies Assumption |38 Then, for every v € Cr and v €
P(Cr), equation (5.1) admits a unique solution F'. Moreover,

(i) | F{(v; V)|l < C(K), for all v € Cp, v € Py(Cr), t € [0,T].
(ii) | F{ (v, 1) = F{(7,v)|lB < CK)Wp,0r (1, v), for v € Cp, v, € Pyp(Cr), t € [0,T].

Proof. Since A is a bounded linear operator, we know from standard theory of ordinary
differential equation that equation admits a unique solution F’ that satisfies

1F || < (1G] el e ¢ e [0, 7).
The proof of 40| (1)| and 40| (i1)| follows now form Assumption 0

It is now left to verify that the derivative F’ of F' = S(V) satisfies equation (5.1)). We first
need the following properties of the solution map.

Lemma 41. Let v,/ € P(Cr). For e € [0,1], we define v¢ = v + €[/ — v]. We have the
following,
(i) Wy(ve,v) =0, as e = 0.
(it) Wp(p€, 1) = Wp(T(v°),¥(v)) = 0, as e = 0.
(iti) sup,ec,. 1S, 7) = S Y)ller =0, as e = 0.

Proof. follows from the tightness of v, " and

41| (ii)| follows from |41 (i) and the Lipschitz continuity of W, |7] (ii)|

41| (i11)| is implied by [41f (ii){ and straight-forward computations. O
Lemma 42. For every v € Cp, the function Pp(Cr) : v = Fi(vy,v) = S(¥(v),7) is
differentiable in the sense of Definition |37 and its derivative satisfies equation ((5.1)).

Proof. Let v,/ € P,(Cr) and let F'(v,7,v) be a solution to equation (5.1)). Using the
equations for S, Lemma and standard (but lengthy) computations it can be proved

that
lim S(\IJ(ye)7fy) — S(\Ij(y)vfy)

e—0 €

- [ BGawdy - e =0
Cr

The main result of this section is the following, which is a corollary of Theorem

Corollary 43. Let (W*);cn be a family of independent and identically distributed random
variables on the Banach space Cp with law v and let XNV = (Xi’N)i:L_,_,N be the solution
of the interacting particle system with input (W%);en. Let W be a random variable
on Cp with law v, we call X the solution to the McKean-Viasov equation driven by
W. Define = L(X) = ¥(v).
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Let ¢ : Cp — R be a bounded Fréchet-differentiable test function with bounded derivative
. We have that

N

1 :

YN .= VN (N D (X)) — u(w))
i=1

converges, as N — oo, to a Gaussian N (0,0(yp)) with

() = / o(F(y,v)) + / & (F(3,0)) F' (v, 3,7)0(d7) — mPu(dn),
Cr Cr

mie) = [ )+ [ S EGNF e @)
T T
where F = S(¥) and F' is the solution to equation (5.1)).

Proof. The function f(v,v) := ¢(S(¥(v),7)) satisfies the assumption of Theorem [35 with
derivative f'(v,7,v) = ¢ (S(¥(v),7))F(v,7,v), where ¢’ is the Fréchet-derivative of ¢
and F' is a solution to equation ([5.1)).

Assumptions 35| (1)| and [35] (i1)| follow from Lemma Assumption [35] (iii)| follows from
Lemma 0

6. REFLECTION AT THE BOUNDARY

The problem of SDEs in a domain with reflection has been considered since the works
by Skorokhod [35], [36]. The literature is vast and we mention the works by Tanaka
[39], Lions and Sznitman [30] as two of the most important papers. The case of mean
field SDEs with reflection has also been studied, see for example the works by Sznitman
[37], Graham and Metivier [22], which establish well-posedness under general conditions
and particle approximation for independent inputs and with Brownian motion as driving
signal (possibly with a diffusion coefficient). Also other types of SDEs with mean field
interactions and in domains have been studied (with different kind of reflections), see for
example [24], 9].

Here we show how to adapt the main result, Theorem |7, and the argument to the case
of reflecting boundary conditions. With respect to the previously cited works, we can
allow general continuous paths as inputs, we do not need to assume independence nor
exchengeability of particles for particle approximation.

Throughout this section, we assume that D is a bounded convex polyhedron in RY with
nonempty interior (see Remark [52| below for extensions).

We are given a Borel vector field b that satisfies the following

Assumption 44. Let p € [1,+00). The function b: [0,T] x D x Pp(D x R?) — R is a
measurable function and there exists a constant Ky such that,

(1,2 1) — bt 2" )P < Ky (|2 — 2P+ Wi (s P)
vt € [0,T],2,2" € RY p, i’ € Py(D x RY).
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We consider the generalized McKean-Vlasov Skorokhod problem

X, = b(t, Xy, L(Xy, ke))dt + AW, — diy
(6.1) X € Or(D), Xo=¢,
ke BVT, d’k“t = 1Xt€8Dd’k’t; dk; = ’I?,(Xt)d“{’t

Let (©2,.A,P) be a probability space, the input to equation is a random variable (¢, W)
with values in D x Cr, the solution is the couple (X, k) of random variables satisfying the
equation above, |k| denotes the total variation process of k (not the modulus of k) and
n(x) is the outer normal at x, for « in 0D, see Remark 46| below for the precise meaning.
A short explanation on the meaning of the k term is given later after the main result.

We give now the precise definition of solution:

Definition 45. Let (2,.A,P) be a probability space and let ( : @ — D, W : Q — Cr be
random variables on it. A solution to the generalized McKean-Vlasov Skorokhod problem
with input (¢, W) is a couple of random variables X : Q — Cp(D) and k : Q — Cr
such that, for Lebesgue-a.e. t, £(X¢, k) is in Pp(D x R?) and, for a.e. w, equation
is satisfied (where X € Cp(D) means that X is Cp(D)-valued, k¥ € BVp means that
k € BVy := BV([0,T];R%) P-a.s. and where the last line is understood in the sense of
Remark 46| below).

Remark 46. Actually the last condition is only valid for smooth domains, which is not
the case for D convex polyhedron (it is not smooth at the intersections of the faces of the
polyhedron). For simplicity of notation, here and in what follows (also for the particle
system), we keep the formulation above, with the understanding that the precise condition
should be: for a.e. w there exists a Borel function v = ¥ : [0,7] — R? such that
dk; = v d|k|; and, for d|kl|-a.e. t, y; belongs to d(X;), where

d(x) = Z a;in; | a; >0, Z ani|l =1

1,2€0D; 1,2€0D;
and where 0D; are the faces of the polyhedron with outer normals n;.

Our main result is, as before, well-posedness of the generalized McKean-Vlasov Skorokhod
problem and Lipschitz continuity with respect to law of the input.

Theorem 47. Let T > 0 be fized and let p € [1,00). Assume that b satisfies .

(1) For every input (¢, W) (random wvariable in LP(D x Cr)) with finite p-moment,
there exists a unique solution (X, k) to the generalized McKean-Vlasov Skorokhod

problem .

(2) There exists a constant C = C(p, T,b) > 0 such that: for every two inputs (', W?),
i = 1,2 (defined possibly on different probability spaces) with finite p-moments, the
following is satisfied

WCT(D)XCT,p(‘C(X17 kl)’ ‘C(X27 k2)) < GWDXCT,p(L(C17 Wl)a L(<27 W2))

In particular, the law of a solution (X, k) depends only on the law of (¢, W).
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To prove this result, we regard the generalized McKean-Vlasov Skorokhod problem as
a fixed point problem with parameter. For this, we introduce the following Skorokhod
problem, for fixed p in P,(Cr(D) x Cr) (calling p1; the marginal at time ¢):

AV} = b(t, Y}, pe)dt + dW; — dht!
(6.2) YH e Cp(D), Y=,
Wt € BV, dh"|; = ly,copd|hPls, dhl' = n(Y;)d|h"|,.

We recall the following well-posedness result for p fixed:

Lemma 48. Fiz yi in Py(Cr(D) x Cr) and assume that b is Lipschitz and bounded as in
Theorem@. Then, for every T > 0, for every deterministic initial datum ¢ = xg in D and
for every deterministic path W =~ in Cr, there exists a unique solution (Y,h) = (Y*, h*)

in Cr(D) x Cr to the above equation.

This result is classical and one can see it as a consequence of well-posedness for Skorokhod
problem without drift, via Lemma [49| below, in the same line of the proof of Theorem
(see in particular the bound ) We call S* : D x O — Cr(D) x Cr the solution map
to (6.2)), that is, S*(zg,v) = (Y*, h*) where (Y*, h*) solves with deterministic input
(z9,7) € D x Cr.
For a general random input (¢, W) in LP(D x Cr), this result, applied to ({(w), W (w))
for a.e. w, gives existence and pathwise uniqueness of a solution (Y, h*) to (6.2]) and the
representation formula (Y#, h*) = SH¥(¢,W). Moreover, again from Lemma 49| below, if
the input (¢, W) has finite p-moment, then also the solution (Y#, h*) has finite p-moment.
We call

(O3 'PP(D X CT) X PP(CT(D) X CT> — PP(CT(D) X CT>,

(£(<7W)7M) = (Su)#ﬁ(C7 W)7

the law of a probability measure £(¢, W), under the solution map S% of the Skorokhod
problem with u fixed.

As in the case without boundaries, note that (X, k) solves the McKean-Vlasov Skorokhod

problem if and only if £(X, k) is a fixed point of ®(L({, W), -). Hence, Theorem [47|reduces
to a fixed point problem with parameter.

A key tool in the proof of this result is the Lipschitz dependence of the boundary term k on
the given path in the Skorokhod problem. The precise statement follows from |20, Theorem
2.2] (there the Skorokhod problem is formulated in the space of cadlag functions, but
continuity of the solution is ensured by [39, Lemma 2.4]).

Lemma 49. Fiz T" > 0. For zg in D, z in Cp. Then there exists a unique solution
(y, k) = (y*0%, k*%) in Cr(D) x Cr to the Skorokhod problem driven by z, namely

dy = dz — dk,

y € Cr(D), yo= o,
k€ BVy, dk|=1yeopdlk|, dk=n(y)d|k|.

Moreover there exists C > 0 (which is locally bounded in T') such that, for every xé, x% m
D, for every z', 2% in Cr,

™0 — 705 [0 + K707 — k%67 | oo < Clag — 23] + C|12" = 2% 0o,

1,1 1.1
ly"0%" = @gllo + 1570 [l < Cll2! |-
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Proof of Theorem[{7 The result follows from the abstract Proposition [6] provided we
verify conditions 1) and 2) on ®.

Let u € P,(Cr(D) x Cr) be fixed, let ! and v? be in P,(D x Cr) and let m be an optimal
plan on (Rd x Or)? for these two measures. On the probability space ((D x Cr)2?,m), we
call ¢!, W', i = 1,2, the r.v. defined by the canonical projections and (Y, h*) = SH(¢t, W*)
the solution to the Skorokhod problem with input (¢*, W*). We have

Wy(@W!, 1), 2% )P < EM(|Y = Yoo + [[B = h?[|0)?,
SO it is‘enough to bound the‘rigl‘lt—hapd side. We can apply Lemmato 2= fg b(t, Y}, p)dr+
Wtz = ¢ and so y* =Y", k* = h': we get
Y =Yoo + [P = h? oo < CIC = | + C/OT [b(t, Y, 1) = b(t, Y72, p)ldt + O W = W2 .
Using the Lipschitz property of b in  (uniformly in u), we get
IY' = Y2|loo + 2" = h?[loc < CICH = P+ C/OT IY' = Y2||oodt + C[W' = W?||cc.

By Gronwall inequality
V! = YZ[loo + [[B} = h?[loe < CICH = |+ CIW = W2 o

We take expectation (with respect to m) of the p-power and use the optimality of m, to
obtain

WP((I)(Vla M)v (I)(Vla ,u))p < CWP(V17 VQ)p'
This ends the proof of condition 1) of Proposition @
Let now (¢, W) be fixed with law v := £(¢,W). Consider pt, u? € Py(Cr(D) x Cr) and

call (Y% ht) = (Y“i, h*"), i = 1,2 the corresponding solutions to the Skorokhod problem
1j (driven by the initial datum ¢ and the path W). We can apply Lemma to

2° —fo (t, Y yydr + W, ri = (andsoy’ =YH ki =h': we get
IV =Yoo +[IB! — Bl < C / bt X2 ) — bt X
Taking the p-power and arguing as without Eoundaries, we get
HW—Yﬂ&+%hw%&scéﬂwtdﬂ&w+céﬂ%mmmmwt
and so, by Gronwall inequality,
(6.3 VA I <O [ W
Taking expectation, we conclude ’
Wy(@(v, 1), ® (v, p?)) < C/OT Wo, p(p's p?)Pdt.

As for without boundaries, iterating this inequality k times for k large enough (such that
(CT)*/k! < 1), we get condition 2) in Proposition @ The proof is complete. O
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As in the case without boundary, if the driving process is adapted, then so is the solution to
the McKean-Vlasov Skorokhod problem. We omit the proof as it is completely analogous
to the one without boundary.

Proposition 50. Let (F;); be a right-continuous, complete filtration on (Q, A,P) such
that ¢ is Fo-measurable and W is (F)¢-progressively measurable. Then the solution (X, k)
to (6.1) is also (F)i-progressively measurable.

Finally, following Section [3.1] we can obtain a particle approximation to the McKean-
Vlasov Skorokhod problem (6.1)), just as corollary of the main result Theorem Here
the corresponding particle system reads

dxN = o(t, X\, LN (X K a + awiN — agiN

(6.4) XN e cp(D), X§N =¢hN,

kN € BVp, dkiN| =1 dkN,, dkPN = n(XPNY RSN,

x;NeaD
Again the solution is an N-uple of couples (X, ki’N)i:L_._N (and again |k%"| denotes
the total variation process of k%" and k»"N € BVy means that k*" belongs to BVr P-
a.s.). The following result can be proven exactly as Theorem 21| (here we use a notation
analogous to that theorem).

Theorem 51. Let p € [1,00) and assume b satisfies Assumption[{4 Let (Q, A,P) be a
probability space. On this space we consider, for N € N, a family of random variables
(M) WY = (¢N WiNY iy taking values on D x Cp. Let ¢ € LP(Q, D) and W €
LP(Q,Cr). Then:

i There exists a unique pathwise solution (XN kM) (resp. (X,k)) to the inter-
acting particle system (6.4)) (resp. equation (6.1))).
11 There exists a constant C' depending on b such that for all N > 1, for a.e. w € 1,
Wer(yxcpp TN (XN (@), KNV (), £(X, k)P
< CWp o oL (¢ (), W (), L(C W))P.

i1 If the empirical L™ (CN), W)Y converges to £({, W) P-a.s., then also the emprical
measure of the solution converges.

Remark 52. More general cases can be treated, for example oblique reflection or even
more general domains D, possibly with some extra assumptions: as one can see from the
proof, it is enough to have an estimate as in Lemma [49] for the boundary term. The case
of oblique reflection (still with D convex polyhedron) is treated in [20] (see Assumptions
2.1 and Theorem 2.1 there). The case of more general domains is treated for example
in [34,39], though the Lipschitz constant in Lemma [49] seems in this case to depend also
on z.

APPENDIX A. PROOF OF PROPOSITION [6]

In this section we prove proposition [6}
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First, we must show that ®© has a unique fixed point. If k = 1, it is exactly the contraction
principle, so we will assume & > 1. Clearly (®%)* is a contraction, hence it is has a unique
fixed point Pg. Hence,

dp(®9(Pg), Po) = dp((®9)**(Pg), (29)*(Pg)) < cdp(2¥(Pg), Pq).

Since ¢ < 1, this implies dg(®%(Pg), Pg) = 0 and therefore Py is also a fixed point for
®?. Every fixed point of ®€ is also a fixed point for (®?)¥, hence Py is the only fixed
point of <.

We are left to prove (2.6). By induction, one can show that

k
¥Q,Q' € F,YP € B dp((®9)F(P), (®9)"(P)) < <Z Li> dr(Q,Q").
=1

Using a triangular inequality as well as assumption 2) and the previous inequality we
obtain

dpp(Pg, Pgr) =dp((99)*(P), ()" (P"))
<dp((®)*(P), (29)F(P")) + dp(®(P"), (89)*(P"))

<cdg(Pg, Py) + (Z L2> Q).
The proof is complete.

APPENDIX B. WASSERSTEIN METRIC

We now recall some useful information on the Wasserstein metric, which we defined in
(1.8). For more details the reader can refer to [2]. Let p € [1,00).

i The infimum in the definition of Wasserstein metric is a minimum. For each couple
p,v € Pp(E) there exists a measure m € I'(p, v) such that

(B.1) We p(p, v // d(z,y)Pm(dx, dy).
ExXE

ii The Wasserstein distance of two measures on the space of paths is larger than the
distance of the corresponding one-time marginals at ¢, for any ¢t. Indeed, note that,
for any p,v € Pp(Cr), if m is in I'(i, v), then my € I'(, 1), therefore we have

Wy (tit, )P < // & — o Py (de, da') = // e — APy, dy') < Wiy p(ja, v)P.
R xR4 CTXCT

iii Let E be a Polish space. For any given sequence (u")p>1 € Pp(E) the following
are equivalent
(a) (The sequence converges in Wassertein sense) limy, oo W p(tin, i) = 0.
(b) (The sequence converges weakly and is uniformly integrable) There exists
xg € F such that,

[y — i, asn — 00
limy 00 fE\Bk(xo) dP(z,z)dp™(x) = 0, uniformly in n.



PATHWISE MCKEAN-VLASOV THEORY 39

Cf. [2, Proposition 7.1.5].

As a consequence of point ({iii)), we give a sufficient condition to pass from weak convergence
of measures to convergence in the p-Wasserstein distance.

Lemma 53. Let (E,d) be a Polish space and u,, n € N, p be probability measures on E,
fiz q € [1,00). If the sequence (fin)nen converges to p in the weak topology on probability
measures and if, for some p € (q,00) and some xg in E,

(B.2) sup/Ed(a:,xo)pun(d:c) < 00,

n

then p, converges in q- Wasserstein metric to p € Py(E).

Proof. By property , it is enough to show that the map z — d(z,x¢)? is uniformly
integrable with respect to (i ),. For this, we have, for any R > 0, for any n,

/ d(z, o), (dx) < qu/ d(z, x0)P pn (dx).
d(xz,z0)>R

E
By the uniform bound (B.2)), we can choose R large enough to make the right-hand side
above small for all n. This shows that x +— d(z,z¢)? is uniformly integrable. O

Lemma 54. Given p € (1,00) and a separable Banach space (E,| - ), let (X)i>1 €
LP(Q, E) be a family of i.i.d. random variables on this space with law . Then,

Jim W (LY(X™), ) =0, g€ (Lp), P-as.
—00

Proof. Since (X?) are i.i.d., P-a.s. convergence in the weak topology
LN(XM (W) 2 (XY, P—as.

is a classical result, see for example [43] and references therein. Moreover, by the law of
large numbers, we have, for a.e. w,

N
/E j2PdLY (XM (w))(z) = ;{2 | X ()P = E|XP < oo.

We obtain condition (B.2]) in Lemma which concludes the proof. O
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